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INTERDTJRATION PRECIPITATION RELATIONS FOR STORHS--HESTERN UNITF.:D STATES 

Ralph H. Frederick, John F. Hiller, Francis P. Richards 
and Richard W. Schwerdt 

Office of Hydrology 
NOAA, National i..Jeather Service 

Silver Spring, Haryland 

ABSTRACT. Annual maximum precipitation events for durations 
of N = 1, 2, 3, 6, 12, and 24 hours are identified. The 
largest precipitation amounts for durations of M = 1, 2, 3, 6, 
12, and 24 hours (H :/: N) concurrent with the N-hr event are 
then selected. The events are stratified according to magnitude 
(quartiles) and relations between the N-hr and H-hr event are 
studied by forming a ratio of shorter to longer duration precipi
tation totals. Accumulated probabilities of this ratio are 
suggested as a tool to estimate precipitation increments nec
essary in the synthesis of precipitation mass curves. By analyz
ing the relative timing of the shorter duration event within the 
longer duration event, a characteristic time distribution can be 
developed. 

INTRODUCTION 

l~en hydraulic engineers or designers lack sufficient runoff and/or stream flow 
data to define flow frequencies for a specific project, they usually estimate such 
data through the use of hydrologic models that take advantage of (generally) more 
copious precipitation data. An often used practice is to synthesize a precipita
tion vs. time relationship from available precipitation-frequency values and deter
mine a design hydrograph from it. Such a procedure requires using precipitation
frequency values for several durations in order to estimate both peak discharge and 
volume of water involved. A common practice fixes a frequency (return period) and 
combines precipitation amounts for the available durations from precipitation-fre
quency atlases (i.e., Hershfield 1961, Hiller et al. 1973, Frederick et al. 1977). 
In preparation of these atlases each duration has been treated independently from 
all other durations, i.e., the maximum value for the 1-hr duration for each year is 
selected without regard for whether values for other durations in that event are an
nual maxima or not. But the precipitation estimates for the various durations may 
not be completely independent. For a given year, there is some possibility that 
amounts for two durations of approximately the same length (e.g., 1 hr and 2 hr, 
1 hr and 3 hr, etc.) come from the same event. As the lengths of the two durations 
become more dissimilar, (e.g. 1 hr and 6 hr, 1 hr and 24 hr, etc.) it becomes in
creasingly less likely that the data samples contain amounts from the same event 
and are more truly independent. \..Jhere the time differences are greatest the larg
est events may be completely independent and each may result from a weather situa
tion that cannot realistically be combined with the other. This likelihood varies 
from one station to another and from one region to another depending on both large 
and small scale atmospheric flow patterns and to a lesser extent on local terrain 
effects. The probability of the concurrence of the two events is undefined and 
adds uncertainty to the probability of the design storm. Indeed, if the 100-yr 1-, 
2-, 3-, 6-, 12- and 24-hr precipitation values were truly independent, the 
probability of observing a precipitation vs. time distribution similar to that 



synthesized from them would be no more than lo-12 [(0.01) 6 ]. Further, this assumes 
that the placement of the various durations within the 24-hr period had been 
appropriately selected. 

As polnted out above, H is not likely that all durations will be independent. 
This increases the probability that the synthesis described above may be reasonable 
for design purposes. Rut, it would be nearly impossible to quantify how probable 
or exactly how representative such a synthesis really was. This study makes a 
first attempt to provide the designer with guidance on the selection of appropriate 
incremental values to be used in the preparation of a precipitation vs. time curve. 
It also attempts to indicate a likely placement of events of various durations with
in the total precipitation event. This is done by examining relationships between 
concurrent annual maximum precipitation events for 1, 2, 3, 6, 12, and 24 hours 
and the largest rainfall amounts within or surrounding these annual events. The 
report illustrates one approach to estimating incremental precipitation values 
and constructing a precipitation mass curve. The procedure requires the engineer 
or designer to first identify a hydrologically critical storm in terms of dura-
tion and frequency. Then the critical probability for precipitation increments 
to be combined with the critical storm in constructing the precipitation mass 
curve must be selected. 

DEFINITION OF TERMS 

This is the second study in the NOAA Technical Report series to investigate the 
sequential and quantitative relation between what are defined as "storms" and "rain
falls". The terminology adopted for this study is the same as that used in the 
initial study that covered the Southeastern United States (Frederick 1979). The 
words "storm" and "rainfall" a:s used in the remainder of this report have specific 
meanings defined in this section. Until their definitions are understood, subse
quent sections of this report could be confusing to the reader. 

A "storm" is the largest total precipitation event at a station for N-consecutive 
hours (N =I, 2, 3, 6, 12, 24) during a calendar year. The duration of this annual 
maximum "storm" is termed an independent duration (ID). It is independent because 
no consideration is given to the concurrence of this precipitation event with 
events for other durations. Independent duration events are henceforth referred to 
as "storms." 

For each annual maximum "storm", five other precipitation values are abstracted. 
These are the largest concurrent precipitation totals for M-consecutive hours (M = 
1, 2, 3, 6, 12 and 24, M ~ N). These are events which include (surround) or are 
contained within the annual maximum "storm". These are called dependent duration 
(DD) events since they are dependent upon the occurrence of the ID "storm". DD 
events are referred to as "rainfalls" in this study. 

Both "storms" and "rainfalls" begin with measurable precipitation during the 
first hour. After the first hour, each other hour may, or may not, have measur
able precipitation. Thus, an N-hr "storm" or M-hr "rainfall" may actually have 
precipitation for as little as 1 hour and can have, or not have, some precipita
tion in each of the other hours. l'lhen there is no measurable precipitation in the 
last hour(s) of a "storm" or "rainfall", the hour(s) following the last hour with 
precipitation to the end of the perlod are filled with trailing zeros. 
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Two exaf!'lples are given. At some station in some year, the largest 2-hr precipi
tation occurred between 6 and 8 p.m. (table 1 (a)) from thunderstorms on a warm sum
mer evening. This is the annual maximum 2-hr event for that station and that 
year. The depth of the 2-hr "storm" (ID) is 25.9 mm. On this day, however, some 
rain fell intermittently from ernooon until nearly 8 p.m. The 6-hr "rainfall" 
(DD) associated with this "storm" occurred between 3 and 9 p.m. and the depth was 
34.5 mm. Notice that there was no rain between 8 ancl 9 p.m. so the 6-hr rainfall 
had one trailing zero. At this same station during this same year, a severe 
winter extratropical cyclone (table 1 (b)) brought the annual maximum 6-hr "storm". 
Between the hours of 8 a.m. and 2 p.m., 44.5 mm of precipitation was observed. The 
6-hr inilependent duration "storm" for this year at this station has now been selec-
ted. The largest 2-hr precipitation dur this storm (18.0 mm) fell between 11 
a.m. and 1 p.m. This 2-hr event defines dependent duration "rainfall" associated 
with the 6-hr storm. 

Table I.--Excerpts from the hourly precipitation record for a hypothetical 
station in the western United States 

Hour 
2 
3 
4 
5 
6 
7 
8 
9 

(a) A warm summer evening 
Precipi-

ending tation (mm) 
p.m. 0-.3 

2-hr 
storm 

trailing zero 

o.o 

2.5 
5.6 

{
1""8.""'r 

7.6 
0.0 

6-hr 
rainfall 

(b) A stormy 

Hour ending 
8 a.m. 
9 
10 
11 
noon 
1 p.m. 
2 
3 

6-hr 
storm 

winter day 
Precipi

tation (mm) 

. 
o:s 

AREA OF STUDY AND ITS PRECIPITATION CLPIATOLOGY 

In choosing areas for a study of this nature, two opposing constraints must be 
reconciled. The data sample must be 1) climatologically homogeneous for the ele
ments studied, and 2) large enough to define the variations with time and in magni
tude of the precipitation distributions found in nature. If an area were truly 
climatologically homogeneous, its climatology could be defined by studying the 
data from a single station with a sufficiently long record •. In the Unitecl States, 
there are no stations with "sufficient long" records and there are no reasonably 
sized areas that are climatologically homogeneous in the strict sense. Therefore, 
in a study of this type the requirement of climatological homogeneity may have to 
be relaxed to permit a data set large enough to minimize potential sampling errors. 

Consideration of topographic features and a preliminary revie\v of the pre
cipitation climatology suggested clividing the western United States into several 
regions (figure 1). Initial boundaries were ed along the Cascade-Sierra Nevada 
crest ani! the Continental Divide. This separates the cortstal rlrainages of 
t.Jashington and Oregon and the east facing slopes of the Rockies from an interior 
region. 

Further examination of the east facing slopes of the Rockies led to two modi fica
tions. First, the area was split into two regions. At the northern bounclary of 
the South Platte River Rasin, the general orientation of the mountain chain shifts 
from north-south to northwest-southeast. This difference in orientation suggested 
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Figure 1.--Stucty area showing station years of data per region. 
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a separation into two regions. Second, for the southern portion of the east facing 
slopes, the Sangre de Cristo and Sacramento Mountains form a barrier to direct 
access of Gulf of Mexico moisture well east of the Continental Divide. Examination 
of storms east and west of a generalized crest line along these mountain chains sug
gested this would be a more appropriate boundary south of approximately 38°N than 
the Continental Divide. ~1e eastern boundary of both regions was placed along a 
generalized 3000-ft elevation contour. 

~e interior region, including the Great Basin, has a varied, complex 
topography. ~e major causes of precipitation in the northern valleys are different 
from those of the southern deserts. East of the crest of the Cascades are the 
Columbia River Valley, the Palouse Valley, the Snake River Valley, and other valleys 
divided hy many small mountain ranges but no well organized massive range. 
Precipitation in this region falls either from small area thunderstorms or 
extratropical cyclones. The moisture generally advances from the Pacific Ocean in a 
southwesterly air flow. 

South of the Columbia Basin, the region between the Cascade-Sierra Nevada crest 
and the east facing slopes of the Rockies is logically separated into two major 
areas. The first is relatively open to moist air from the south and southwest and 
consists of Nevada and portions of Utah, Arizona and New Hexico. In this region, 
precipitation usually results from thunderstorms, or extratropical systems that are 
generally less well organized than those found in the Columbia Basin, or from 
decadent tropical cyclones. In the latter case, the system may have been so 
disrupted by passage over terrain features that a tropical cyclone circulation can 
no longer be discerned. 

The last region in the study 
which restrict moist air flow. 
normally not as well organized 
organized systems aloft. 

area is surrounded by multiple mountain harriers 
Weather systems that penetrate this region are 

near the surface and frequently can only be found as 

Table 2 provides a detailed description of the areas used in this study. Two sec
tions of the western United States were not considered. ~e first is the Pacific 
Ocean drainages in California. ~is area will be covered in a subsequent study. 
The second includes the Bitterroot and Salmon River Mountains of Montana and Idaho 
and the Tetons in eastern Idaho and western Wyoming. In this region, no recording 
gages were available with sufficient data to permit a reliable analysis. 

After the six geographic regions were selected to provide a reasonable climato
logical and topographic homogeneity, the stations were examined to see if suffi
cient data were available to define reliable statistics (as already mentioned one 
region was excluded because of a lack of sufficient recording gage data). Table 
2 and figure 1 show the number of station years of data available within each 
region. The number of station years varied from 1302 for the Southwest Mountains 
to 2330 for the Great Basin. In the previous study by Frederick (1979), about 6000 
station years of data were available for the southeastern United States. While 
the data sample for the present study is not as large, we believe it is adequate. 
The smaller data sample requires grouping data into quartiles rather than finer 
class intervals as was done in the previous study by Frederick (1979). It is ob
vious that precipitation is not climatologically homogeneous even in the limited 
subregions chosen for this study. However, the meteorological and topographic 
factors affecting each subregion are more uniform than for the western United 
States as a whole. 
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Table 2.--Station years of data used to define interstorm relations - by regions 

Region 
Pacific Northwest (West) 
The Pacific Ocean drainage of I..J'ashington and Oregon 
west of the crest of the Cascade Hountains. 

Pacific Northwest (East) 
The Columbia Basin of Washington and Oregon and that 
portion of the Snake River drainage in Idaho below a 
generalized 5,000-ft contour. 

Great Basin 
The area immediately to the south of the the Pacific 
Northwest (East) including Utah west of the crest of 
the \l)'asatch l1ountains and a continuation of the crest 
southward through Arizona to the Hogollon Rim. The 
boundary continues eastward along the crest of the 
Mogollon Rim to the Escadilla 1'1ountains, then across 
New Mexico along the crest of the Datil and Gallinas 
Mountains to the crest of the Jicarilla Hountains. 
The western boundary of the region is formed by the 
crest of the Sierra Nevada, Tehachapi Mountains, and 
coastal ranges of southern California. 

South~-1est Mountains 
The region north of a line along the crest of the 
Nogollon Rim, Escadilla Mountains, Datil and Gallinas 
}1ountains in Arizona and New Mexico, east of the crest 
of the Wasatch and its continuation southward, west of 
the crest of the Sangre de Cristo Mountains and south 
of the Continental Divide in T.Jyoming. 

Front Face Rockies (North) 
The east facing slopes of the Rocky Mountains north 
of the South Platte drainage extending from the Con
tinental Divide eastward to a eastward to a generalized 
3,000-ft contour in the plains region. 

Front Face Rockies (South) 
The east facing slopes of the Rocky Mountains, south of 
the southern boundary of the Front Face Rockies (North) 
from the Continental Divide or the crest of the Sangre 
de Cristo and Sacramento Mountains (whichever of the 
latter two is farther eastward) than the Continental 
Divide to the plains region as far as the generalized 
3,000-ft contour. 
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Station years 
State 

California 
Oregon 
Washington 

Total 

California 
Idaho 
Oregon 
I..J'ashington 

Total 

Arizona 
California 
Idaho 
Nevada 
New Hexico 
Utah 

Arizona 
Colorado 
New Mexico 
Utah 
Wyoming 

Total 

Hontana 
Nebraska 
South Dakota 
Wyoming 

Total 

Colorado 
Kansas 
Nebraska 
New Mexico 
Oklahoma 
Texas 
lfJyoming 

Total 

of data 
Years 

71 
1264 

872 
2207 

104 
361 
503 
556 

1524 

664 
414 

40 
490 
251 
471 

2330 

119 
562 
371 
190 

60 
1302 

988 
146 
248 
743 

2125 

977 
168 

69 
542 

49 
456 

52 
2313 



Normal annual precipitation varies within each of the six regions. The lar 
values are in the Paci fie Northwest (\'lest) where amounts on the Olympic Nountains 
exceed 1RO em per year. The lowest values are in the Great Rasin where some 
locations receive less than 10 em per year.. Ranges of normal annual precipitation 
within each region are shown in table 3 together with the ranges of some other 
climatological inrl1ces. Although the ranges are larger than may be desirable, they 
are not cons1dered so large as to make our assumption of approximate homogeneity in
valid. The exception might appear to be the Pacific Northwest (West) where the 
range in normal annual precipitation is over 300 em. If a few very small areas in 
the Olympic and Cascade Mountains were excluded, the range would decrease to 
approximately 132 em. Taking into account the trade-off between meteorological 
homogeneity and sample size, we rlo not consider this range excessive. 

Table 3.--Ranges of indices used to assess climatological homogeneity; numbers in 
parentheses are lower and upper bounds. 

Region 

Pacific Northwest O•Jest) 
Pacific northwest (East) 
Great Basin 
Southwest Mountains 
Front Face Rockies (North) 
Front Face Rockies (South) 

Normal annual 
precipitatio~ 

(1931-60) 
(em) 

330 (50-380) 
82 (20-102) 
71 (10- 81) 
82 (20-102) 
82 (20-102) 
82 (20-102) 

®~nvironmental Data Services (1968) 
+Hiller amrl Frederick (1966) 
OTT.S. \ileather Bureau (19'52) 

Days with 
precipitation+ 

(1931-60) 
(>1.3 em) 

94 (14-108) 
75 ( 3- 78) 
19 ( 3- 22) 
28 ( 2- 30) 

9 ( 5- 14) 
8 ( 6- 14) 

SELECTION AND PROCESSING OF DATA 

Number of 
thunderstorms 

daysD 

7 ( 3-10) 
15 (10-25) 
35 ( 8-43) 
20 (35-55) 
25 (20-45) 
30 (30-60) 

The hourly precipitation observations published in "Climatological Data" (U.S. 
TJeather Bureau 1<)48-51) and "Hourly Precipitation Data" (Environmental Data Service 
1951-75) for the periorl 1948 (in most cases mirl-1948) through 1975 (1972 for the 
Pacific Northwest and 1974 for the northern part of the Front Face Rockies) were 
available on magnetic tape (Peck et al. 1977). The hourly precipitation data were 
scanned and the numher of hours having missing precipitatfon data for each year was 
totaled. The number of hours with accumulated precipitation* was also totaled. 
Precipitation accumulations were handler! in the following ~;.;ray: 1) for periods of 6 
hours or less the accumulation w·as distributed uniformly over each of the 6 hours, 
and 2) for periods over 6 hours the hourly amounts (including the accumulation 
total) were treated as missing data. 

The 6 storms (ID = 1, 2, 3, 6, 12 and 24 hr) and the associated 30 rainfalls and 
their times of occurrence for each station year were then listed together v.Jith the 

*Accumulated precipitation is a total for several hours which is recorded on 
the rain gage chart as falling during a short perioil. For example, snow falls 
into the funnel of a nonwinterized gage anrl melts at some later time; or the 
clock drive of the recording gage stops so that the pen trace remains at the 
same time. 
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number of hours missing or with accumulated data. This output was screened visually 
and compared with the missing and accumulated data to give reasonable assurance that 
the selected values were truly the maximum values for that station for that year. 
If it was likely that the largest storm for any of the durations for that station 
year occurred when the data were missing or zeroed because of long accumulations, 
all data for that year were eliminated from the station's series. The screened and, 
edited data series for those stations with 15 or more years of data were then 
accepted for analysis. 

Table 4 illustrates the number and percentage distribution of stations and sta
tion years of data by length of record for each of the 6 geographic regions 
studied. In the Pacific Northwest, the Great Basin, and the Southwest Mountains 
areas, over two-thirds of the data sample comes from stations with 20 or more 
years of record. This figure increases to more than 80 percent for the two Front 
Face Rockies regions. The total number of station years is 11,801 from 537 sta
t ions in all 6 areas. 

DIVISION OF STORM SAMPLE INTO QUARTILES 

To examine differences between large and small storms, the ID data sets were 
ranked according to magnitude and divided into quartiles. The DD values were 
classed using the same quartile class intervals as those applied to the ID data 
set for that station and duration. Therefore, the relative magnitudes of both 
storms and rainfalls for each station were measured against the same standard at 
each duration. Each station was treated independently in determining the appro
priate quartile. Hereafter, the quartile with the top 25 percent of the storms 
will be referred to as quartile I, the next lower quartile will be referred to as 
quartile II, etc. In determining quartiles, a station with a record length not 
divisible by 4 had the remaining storms assigned to lower quartiles, i.e., a sta
tion with a 25-yr record had 6 quartile I, II and III storms and 7 quartile IV 
storms. The quartile assignment was strictly by rank according to magnitude. 
This led to the possibility that two storms of the same magnitude could be placed in 
adjacent quartiles. This distribution of storms was such that quartiles I (heaviest 
storms) and IV (lightest storms) adequately define the distribution. Because 
interpolation for the other two quartiles is appropriate, this report concentrates 
on the two bracketing quartiles. 

ANALYSIS OF JOINT FREQUENCY OF STORMS AND RAINFALLS 

The quartile classification of each storm vs. the quartile of each of its rain
falls was tabulated in two-way frequency distributions. (Remember that quartile 
class intervals for the DD values are determined from the ID data set for the 
station and duration.) Table 5 depicts one such distribution for the Front Face 
Rockies (South). For example, this table shows that 97 of the 24-hr storms of 
quartile II had 12-hr rainfalls in quartile III. No quartile I 12-hr rainfalls were 
associated with quartile IV 24-hr storms. Joint frequency tables comparable to 
table 5 for all 30 ID-DD combinations for all 6 areas are contained in appendix I. 
(See fiche Number 1 in pocket on inside rear cover.) 

Table 6(a) shows the distribution of 24-hr rainfalls (DD) surrounding 1-hr storms 
(ID) in quartile I for the 6 areas expressed as a percent of the total number of 
storm occurrences. Less than 20 percent of the 24-hr rainfalls surrounding the 
1-hr storms are in quartile I in the Pacific Northwest (East and 1.\lest), with the 
proportion increasing to over 40 percent for the Front Face Rockies (South). Over 
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Table 4.--Distribution of stations and station years by on and length of record 

Length of record (years) 

Region 15 16 17 1R 1Cl 20 21 22 23 24 2'1 26 27 2R <:;1J1'1 

Pacific Stations Numher 4 8 1 8 10 6 8 10 23 ]C) 7 104 
Percent 3.8 7.7 1.0 7.7 9.6 5.8 7.7 9.6 22.1 18.3 fi.7 100.0 

Station Number 60 128 17 144 190 120 168 220 529 456 175 2207 
years Percent 2.7 5.8 0.8 6.5 8.6 5.4 7.6 10.0 24.0 20.7 7.9 100.0 

Pacific Stations Number 6 3 2 q 6 5 6 15 10 10 2 74 
Northwest Percent 8.1 4.0 2.7 12.2 8.1 6.8 8.1 20.3 13.5 13.5 2.7 1.00.() 

) Stat ion Numher 90 48 34 162 114 100 126 330 230 240 so 1524 
years Percent 5.9 3.1 2.2 10.11 7.5 ().6 8.3 21.7 15.1 15.7 3.3 100.() 

Great Stat ions Numher 5 3 10 10 2 6 9 5 12 12 11 8 ll 2 1()6 
Basin Percent 4.7 2.8 9.4 9.4 1.9 5.7 8.5 4.7 11.3 11.3 10.4 7.5 10.4 1.9 99.9 

Stat ion Number 75 48 170 lRO 38 120 1A9 110 276 288 27S 208 2Q7 56 2330 
years Percent 3.2 2.1 7.3 7.7 1.6 5.2 8.1 4.7 11.8 12.4 11.8 8.9 12.7 2.4 9Q.9 

\.0 

Southwest Stations Number 1 1 4 7 4 4 2 f) 8 7 5 4 2 4 sq 
'Mountains Percent 1.7 1.7 6.8 11.Q 6.8 6.8 3.4 10.2 13.6 11.9 R.S 6.8 3.4 6.8 100.3 

Station Num'ber 15 16 68 126 76 80 42 132 184 168 125 104 54 112 1302 
years Percent 1.2 1.2 5.2 9.7 5.8 6.1 3.2 10.1 14.1 12.9 9.6 8.0 4 .l 8.6 99.8 

Front Face Stations Numher 4 4 1 2 5 7 6 7 12 14 14 n 11 93 
Rocl<:ies Percent 4.3 4.3 1.1 3.2 5.3 7.4 6.4 7.4 12.8 14.9 14.9 f).4 11.7 100. I 
(Nortl,) Station Numher 60 64 17 54 95 140 126 154 276 336 350 l Sf) 2Q7 2125 

years Percent 2.R 3.0 o.R 2.5 4.5 6.6 5.9 7.2 13.0 15.8 lfJ.S 7.3 14.0 90.9 

Front Face Stat ions Numher 2 6 4 4 4 6 7 2 ll 12 17 10 14 2 J.l)l 
~ocki.es Percent 2.0 5.9 4.0 4.0 4.0 5.9 6.9 2.0 10.9 11.9 16.8 9.C) 13.9 2.0 100.1 
(South) Stat ion Numher. 30 96 68 72 76 120 147 4!+ 253 28R 42S 2nn 37,~ 511 2311 

years Percent l. 3 4.2 2.9 3.1 3.3 5.2 6.4 1.9 10.9 12.5 18.4 11.2 lfJ.3 2.4 100. () 



Table 5.--Joint frequency distribution (number of events) of 
24-hr storms (ID) and 12-hr rainfalls (DD) for Front Face 
Rockies (South) 

Rainfall Storm quartile 
quartile I II III IV SUN 

I 403 106 1 0 510 
II 94 305 116 1 516 

III 36 97 314 107 554 
IV 7 63 156 507 733 

SUH 540 571 587 615 2313 

the Front Face Rockies (South), the Great Basin, and Southwest Hountains regions, 
large short duration precipitation events are frequently associated with convec
tive activity. The 1-hr storm is generally either an isolated event, often con
tributing substantially to large daily (24-hr) rainfalls or is part of a general 
storm containing significant shower activity. This is not as true over the more 
northerly regions where large rains are usually general and more continuous with 
less convective activity. Table 6(b) illustrates the joint frequency of quartile 
I 24-hr storms (ID) and the embedded 6-hr rainfalls (DD). For all regions less 
than 12 percent of the rainfalls are in quartile IV. All regions show at least 45 
percent of the 6-hr rainfalls occur in quartile I, with values reaching more than 
60 percent within the Front Face Rockies (South). The data in table 6 are derived 
from the tables in appendix I. 

Table 6.--Quartile distribution as a percentage of the total number of events 

(a) 24-hour DD when 1-hour ID value is in first quartile 
Front Front 

Pacific Pacific Face Face 
Quartile Northwest Northwest Great Southwest Rockies Rockies 

(Hest) (East) Basin Hountains (North) (South) 
I 15.3 18.3 29.4 34.0 20.4 40.9 

II 9.8 13.7 26.1 23.1 22.3 29.8 
III 9.6 13.7 20.7 22.4 25.7 20.2 

IV 65.3 54.3 23.8 20.5 31.6 9.1 
(b) 6-hour DD when 24-hour In value is in first guartile 

Front Front 
Pacific Pacific Face Face 

Quartile Northwest Northwest Great Southwest Rockies Rockies 
("hTest) (East) Basin Mountains (North) (South) 

I 49.1 47.7 59.3 55.4 53.0 62.8 
II 28.2 24.6 23.5 23.8 26.5 20.5 

III 14.9 16.3 12.0 13.5 14.4 11.5 
IV 7.8 11.4 5.2 7.3 6.1 5.2 

As expected, smaller storms and rainfalls tend to be associated, no matter what 
durations are involved. Table 7 shows the simultaneous occurrence of quartile IV 
storms and rainfalls of all 18 tables in appendix I (next to last column, next to 
last row) converted to percent. The quartile IV percentage exceeds 70 for all dur
ation combinations for all 6 areas. The largest simultaneous occurrence is 89.8 
percent for the 2-hr storm and the 3-hr rainfall for the Front Face Rockies (South). 
All areas have at least one coincidence of at least 85 percent. 
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Table 7.--Percent of concurrent storms and rainfalls of quartile IV 

Pacific Northwest (Hest) 
ID 1 2 3 6 12 24 

1 82.0 83.8 85.7 84.7 85.4 
2 75.4 84.0 83.7 83.2 83.0 
3 75.4 82.5 81.8 79.6 81.1 
6 77.0 78.9 79.7 82.5 79.6 

12 79.9 77.1 78.4 79.2 79.0 
24 80.2 81.4 79.9 78.0 81.3 

ID 
DD 

1 
Great Basin 

2 3 6 12 24 

1 82.5 79.6 79.6 77.4 76.7 
2 82.5 83.8 76.8 75.5 75.5 
3 79.6 83.5 81.1 75.5 75.8 
6 80.0 78.0 84.8 81.4 76.9 

12 81.7 79.3 79.0 R6.2 82.4 
24 80.3 79.2 79.0 83.0 87.7 

Front Face Rockies (North) 
ID 1 2 3 6 12 24 

1 78.9 76.2 74.8 75.7 75.3 
2 78.5 81.7 72.8 73.2 72.5 
3 76.6 84.7 77.1 73.2 72.3 
6 77.3 78.9 80.3 77.4 74.4 

12 78.2 77.1 78.9 81.9 80.3 
24 78.0 77.3 79.6 79.2 85.3 

Pacific Northwest (East) 
ID 1 2 3 6 12 24 

1 80.3 82.0 82.0 85.0 83.3 
2 75.1 83.5 79.6 81.5 83.3 
3 73.2 83.7 77.8 79.3 79.6 
6 74.9 76.6 76.6 75.6 73.4 

12 78.6 77.6 76.6 81.5 79.1 
24 78.6 80.5 79.8 76.8 83.3 

ID 
DD 

Southwest Mountains 
1 2 3 6 12 24 

1 78.0 74.6 75.7 76.9 77.2 
2 79.8 83.5 73.7 76.3 75.1 
3 78.3 86.7 75.7 73.4 71.7 
6 79.2 79.8 83.2 79.8 74.0 

12 81.5 80.1 79.5 84.1 78.3 
24 82.9 80.1 78.9 80.3 83.2 

Front Face Rockies (South) 
ID 1 2 3 6 12 24 

DD 

1 79.8 77.4 72.4 73.7 72.7 
2 84.4 84.6 73.5 72.2 70.9 
3 83.9 89.8 79.2 74.5 72.0 
6 80.8 82.1 84.9 82.1 75.6 

12 82.0 79.5 80.5 87.8 82.4 
24 82.1 78.0 80.3 83.7 85.5 

Table 8 shows that the relative frequency of large storms and rainfalls (quar
tile I) that occur simultaneously is as high as 88 percent (at ID = 2, DD = 3, 
Front Face Rockies (South)). However, percentages decrease rather rapidly away 
from the table diagonal, reaching 15.3 percent at ID = 1, DD = 24, Pacific North
west (Hest). The average for the 10 values adjacent to the diagonal ranges from 
79.4 percent for the Front Face Rockies (South) to 66.7 percent for the Pacific 
Northwest (H'est). 

Table 7 indicates that small storms and rainfalls tend to occur at the same time 
regardless of the difference in time interval between the durations. In contrast, 
table 8 indicates large storms and rainfalls occur at the same time only when their 
respective durations differ by only a few hours. ~fuile there are only minor 
regional differences in the simultaneous occurrence of small storms and rainfalls, 
the regional differences are greater for the larger storms. Over the three southern 
regions common occurrences tend to he somewhat more frequent for durations separated 
by more than a few hours than they are for the more northerly regions. They can 
exceed 50 percent at durations separated by as much as 21 hours (ID = 3, DD = 24, 
Front Face Rockies (South)). 
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Tahle 8.--Percent of concurrent storms and rainfalls of quartile I 

Pacific Northwest (West) 
ID 1 2 3 6 12 24 

DD 

1 63.4 49.5 29.4 22.3 15.9 
2 61.1 75.1 52.3 38.0 25.4 
3 46.4 74.0 65.8 47.0 31.1 
6 28.4 51.1 65.2 66.7 49.1 

12 21.1 37.8 46.8 65.9 64.0 
24 15.3 25.2 31.1 48.1 65.9 

ID 
DD 

1 
Great Basin 

2 3 6 12 24 

1 73.4 63.8 49.0 37.9 28.8 
2 74.5 83.2 65.4 49.2 38.4 
3 64.0 83.5 75.2 56.4 45.8 
6 48.6 64.1 74.5 73.2 59.3 

12 36.8 48.2 56.4 74.5 72.5 
24 29.4 37.0 44.5 60.8 75.6 

Front Face Rockies (North) 
ID 1 2 3 6 12 24 

DD 

1 74.1 62.3 44.1 27.7 20.4 
2 74.7 82.4 59.7 38.3 28.5 
3 62.8 81.8 69.6 45.3 34.6 
6 44.5 58.9 70.0 68.2 53.0 

12 28.7 37.4 46.2 69.2 72.7 
24 20.4 27.7 34.6 52.4 73.1 

Pacific Northwest (East) 
ID 1 2 3 6 12 24 

DD 

1 72.0 62.6 39.1 26.9 19.7 
2 71.4 83.4 54.0 36.9 28.3 
3 62.3 84.6 64.6 46.6 34.3 
6 38.9 52.3 62.3 67.7 47.7 

12 26.0 33.7 42.9 66.9 62.9 
24 18.3 26.6 31.7 49.7 64.6 

Southwest Mountains 
ID 

DD 
1 2 3 6 12 24 

1 78.9 71.0 56.8 40.3 33.7 
2 81.2 87.5 69.6 49.8 40.9 
3 74.3 87.5 76.6 55.4 46.2 
6 58.7 69.3 76.2 70.0 55.4 

12 41.9 50.2 56.1 71.3 71.0 
24 34.0 40.6 45.1 55.1 72.9 

Front Face Rockies (South) 
ID 1 2 3 6 12 24 

DD 

1 74.4 67.8 57.6 47.6 39.4 
2 75.4 87.2 70.9 57.8 47.0 
3 68.9 88.0 78.3 64.1 53.1 
6 58.5 72.8 80.2 79.3 62.8 

12 49.3 59.6 65.7 80.7 74.6 
24 40.9 49.1 54.4 64.3 76.3 

STORM/RAI~~ALL RElATIONS BY RATIO 

Concurrent storms and rainfalls were compared by forming a ratio of the shorter 
duration (either ID or DD) to the longer duration (either ID or DD) precipitation 
event. This was done for each ID-DD comhination for quartiles I and IV. Cumula
tive (empirical) prohahility distributions of this ratio for each region were 
examined. As an example, figure 2 shows the accumulated prohability of the 1-hr 
ID/24-hr DD for the Pacific Northwest (East). There is considerable difference 
between the cumulative prohahility of the ratio for the larger storms (quartile I) 
and the smaller storms (quartile IV). As shown by the dashed lines, quartile IV 
1-hr storms are 21 percent or more of the concurrent 24-hr rainfall 80 percent of 
the time, while quartile I storms are 44 percent of the concurrent 24-hr rainfall 
80 percent of the time (i.e., the heavier 1-hr storms make a larger contribution to 
the 24-hr rainfalls). This means the prohahility is 0.80 that the 24-hr rainfall 
associated with the quartile I 1-hr storm will be no more than 2.27 times that 1-hr 
value (1.00/0.44 = 2.27). Furthermore, the probahility is only a 0.20 that the 
24-hr rainfall will exceed 2. 27 times the 1-hr value. 
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Figure 2.--Accumulated prohabilitv for ratio 1-hr ID/24-hr DD by quarti 
for Pacific Northwest (East). 
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Accumulated probability figures for each storm duration for quartiles I and IV 
make up appendix II. All prescribed DD possibilities are shown for each ID. The 
curves in appendix II for each area have been subjectively smoothed and have been 
checked to insure that the accumulated probability curves for the various ID/DD 
ratios provide incremental rainfall amounts that smoothly decrease with time. 
Interpolation between the curves of quartiles I and IV to estimate quartile II and 
III relations is appropriate. 

COHPARATIVE SEASONALITY OF STORHS 

To study seasonal variations, the month of occurrence of storms for each area, 
duration, and quartile was tabulated. Month of occurrence was defined as the month 
in which the first hour of precipitation fell. The results are shown in appendix 
III. (See fiche Number 2 in pocket on inside rear cover.) Inspection of the 144 
graphs making up the appendix indicated enough differences to preclude combining 
quartiles to simplify their study. 

Figures 3(a)-3(f) depict the fraction of the total number of 1- and 24-hr quar
tile I and IV storms that occurred in each month for all six areas under consider
ation. For quartile I storms, except for the Pacific Northwest (West), the 1-hr 
storm attains a maximum in summer that is larger than that for the 24-hr storm. 
But, for all other areas, the 24-hr storm generally occurs more frequently than the 
the 1-hr storm in quartile I for all but 2 or 3 summer months. These 1-hr storms are 
usually the result of heavy convective precipitation associated with summer thunder
showers. West of the Cascades, where thunderstorms are infrequent, cyclonic storms 
during the late fall and winter months produce the heaviest 24-hr precipitation as 
reflected in figure 3(a). The quartile IV storms generally show considerably less 
seasonal variation than quartile I storms. Also, the variation between the two 
storm durations in quartile IV is not as large as that observed in quartile I. 

Figures 4(a)-4(f) each show four curves, two for quartile I and two for quartile 
IV. One of the two curves for each quartile represents the winter months of Decem
ber, January and February, while the other represents the summer months of June, 
July and August. These curves depict the percentage of quartile I or IV storms for 
each duration that occur during the winter or summer season, e.g., of the 350 
quart IV 1-hr storms in the Pacific Northwest (West) 48 percent, or 168 storms, 
occurred in the winter season, and 26 percent of the 406 quartile I storms occurred 
in this season. 

For all areas except the Pacific Northwest (West), the summer season quartile I 
storms show the largest percentages of any of the curves from ID = 1 through at 
least ID = 12 and through ID = 24 if the Pacific Northwest (East) is excluded. The 
winter season curves (quartiles I and IV) result in the largest percentages in the 
Pacific Northwest (West), although these percentages are not as large as those for 
quartile I in the summer season for the other five areas at ID = 1, 2, and 3. In 
the Pacific Northwest (West) at ID = I, quartile I, the summer season percentage is 
nearly as large as that for the winter season. 

The Pacific Northwest (East) appears to be a transition zone between the area 
west of the Cascades and the remaining four areas. Figure 4 (as well as figure 3) 
shows that the heavier storms (quartile I), at least at the shorter durations, have 
a summertime peak, indicating the influence of convection. The 24-hr quartile I 
storms are somewhat more likely in winter. This is due to the late fall-early 
winter peak in large scale cyclones that move eastward across the coast. On the 
other hand, the smaller quartile IV storms are more strongly influenced by these 
general storms, with only ID = 1 hr showing more summer than winter storms. 
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Figure 3.--Honthly distribution of annual maximum 1-hr (dashed line) and 24-hr 
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(West), (b) Pacific Northwest (East), (c) Great Basin, (d) Southwest 
Hountains, (e) Front Face Rockies (North), and (f) Front Face Rockies (South). 
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The areas outside the Pacific NortbJest (figs. 4(c)-4(f)) show similar patterns. 
First, the two summer season curves exceed the two winter season curves. Second, 
whereas the quartile I summer season curves show higher percentages than the quar
tile IV summer season curves, the quartile IV winter season curves exceed those for 
quartile I. In these four areas, summertime convective storms produce the heaviest 
rains of the year more often than wintertime cyclonic storms. In the Front Face 
Rockies (South), quartile I storms occur less than 0. 5 percent durin~ the winter 
season. For this area, almost all storms occur in the spring, stmmer, or fall with 
more than 60 percent of quartile I storms at all durations occurring in June, July 
and August. 

DIFFERENCES BETWEEN STORHS AND RAINFAtLS 

Table 9 illustrates some differences between storms and rainfalls in quartiles I 
and IV for the six areas. The top part of the table addresses the question: How 
likely is it that a storm (or rainfall) has precipitation in each of the hours? It 
is more likely that all hours contain some precipitation in the Pacific Northwest 
(West) than the other areas and, of course, less likely as duration increases. At 
ID = 12 and ID = 24, quartile I storms are more likely than quartile IV storms to 
have precipitation in each of the hours but even then the possibility is less than 
one-in-four ID = 24 in the Pacific Northwest (West) where the probability is 
nearly three-in-four. For all quartiles, at ID = 6, the probability exceeds seven
in-ten in the Pacific Northwest and more than two-in-five in all other areas except 
the Front Face Rockies (South), quartile IV. ~fost 24-hour rainfalls surrounding 
the 1-hr storm do not have precipitation in all 24 hours. The Pacific Northwest 
('t\lest) shows the strongest tendency for precipitation in all 24 hours due to the 
fact that most annual storms/rainfalls occur in late fall-early winter as the result 
of widespsread precipitation associated with large scale cyclones. 

1lliat fraction of the storm or rainfall hours contain measurable precipitation? 
The midnle part of tahle 9 illustrates this quantity. The Pacific Northwest (Hest) 
exceens the other areas in hours with measurable precipitation. This again shows 
the storms and rainfalls west of the f.ascades typically extenil over periods of a 
day (or more), as opposeil to the intermittent, convective, thunilerstorm varietY 
that contributes ficantly to heavy precipitation events elsewhere. Hore than 
98 percent of the hours in 6-hr storms ann 88 percent of the hours in 24-hr storms 
have measurable precipitation in the Pacific Northwest (\\lest), compared with 73 and 
43 percent as the minima for the other five areas. Typically, for all areas, the 
24-hr rainfalls have smaller proportions of hours with measurable precipitation than 
12-hr rainfalls which in turn have smaller proportions of hours with measurable 
precipitation than 6-hr rainfalls. 

The bottom part of table 9 investigates trailin[', zeros (see "Definition of 
Terms"). Once again, the Pacific Northwest (\\Test) leads the other areas in the 
highest percentage of storms ann rainfalls with no trailing zeros. In all areas 
except the Pacific Northwest, (both East and lvest) the 12-hr rainfalls associate(! 
with 1-hr storms in quartile I register the lowest percentages. Both ID = 1, DD = 6 
and ID = 1, DD = 24 combinations give higher values. In the Paci fie Northwest, the 
ID = 1, DD = 24 combination yields the lowest 

Figures S(a)-5(1) illustrate differenc~s between 24-hr storms and rainfalls for 
quartiles I and IV as well as differences in pr ation climatology over the 
western United States. These figures show the cumulative probability that 24-hr 
storms or rainfalls have a certain numher of hours without precipitation. Data 
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Table 9.--Djfferences between storms ani! rainfalls 

Pacific Front Face Front Face 
Northwest Northwest Great Southwest Rock:i.es Rock:i.es 

) ) Rasin Hountains (North) (South) 
Quartile Ouartile Ouartile Quartile Quartile 

ID DD I IV I I IV I IV I IV I IV 

Percent of 24 73.5 33.7 22.3 6.2 13.5 4.3 9.6 5.8 16.6 5.3 11.3 3.7 
storms-rainfalls 1 24 16.3 1~.0 0.9 3.0 1.3 1.3 0.3 0.9 1.6 2.1 1.1 0.5 
with measurable 12 -- R5.5 57.7 53.7 36.5 34.6 1R.8 28.4 19.1 45.5 24.5 25.2 19. s 
precipitation 1 12 39.6 47.8 5.4 14.3 3.3 7.5 1.0 7.2 3.8 9.8 2.4 4.1 
in all of the 6 -- 96.5 95.9 70.0 70.7 53.0 46.6 40.9 41.6 55.9 51.3 46.9 36.6 
N-bours 1 6 60.0 76.5 22.3 44.8 17.2 24.5 10.6 35.4 14.6 27.4 20.2 19.5 

Percent of 24 -- 97.0 88.6 7 5.2 61.4 61.4 44.7 59.2 47.3 70.1 51.6 56.5 43.0 
storm-rainfall 1 24 62.2 71.9 31.3 44.2 24.2 30.4 24.2 30.8 26.1 33.6 26.4 27.0 
hours witl-J. 12 -- 99.2 96.7 84.3 81.4 72.3 62.1 68.6 63.5 80.4 68.1 66.7 60.2 
measurable 1 12 74.0 84.1 45.0 38.4 37.3 45.6 35.5 .3 35.3 37.6 40.5 41.2 

N 
precipitation 6 99.0 98.9 88.7 90.1 82.2 79.2 7 6.2 77.9 82.9 80.0 80.8 73.8 0 --

1 6 84.1 92.8 63.0 78.4 58.7 64.3 56.8 63.2 57.1 63.9 64.5 61.6 

Percent of 24 -- 93.5 81.3 60.9 42.4 45.3 25.2 46.5 28.6 52.6 34.1 45.1 29.1 
storms-rainfalls 1 24 54.3 64.1 17.7 26.1 18.9 17.5 21.5 19.4 22.1 20.1 18.5 IR.O 
with no trai 6 24 77.5 69.8 33.4 27.8 26.4 20.2 2 5.4 24.9 25.6 24.2 24.3 21.5 
zeros 12 -- 97.6 91.6 69.4 61.8 53.6 42.0 52.8 45.7 66.R 49.2 45.4 40.2 

1 12 75.1 79.2 26.3 41.9 13.1 28.6 13.2 26.3 18.2 2 9. 7 14.6 20.0 
6 12 92.2 85.4 48.6 47.0 37.0 34.3 31.4 34.1 44.5 38.7 28.0 27.6 
6 -- 98.2 97.4 80.0 79.3 62.8 61.1 53.8 56.9 66.8 63.6 58.0 50.1 
1 6 75.3 86.9 39.7 61.3 27.9 40.1 25.4 40.2 28.3 41.9 33.5 31.7 
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are extracteil from the figures in the following manner: In figure S(c), 20 percent 
of the 24-hr rainfalls concurrent with 1-hr storms have about 12 or fewer hours 
vli.t1l0nt precipitation. The figures shm,;r that the Pacific Northwest (\vest) has the 
fewest hours <¥ithout precipitation for 24-hr storms and 24-hr rainfalls concurrent 
\vith 1- ann 6-hr storms. The Pacific Northwest (Bast) has the next fewest hours 
followeil hy the Front Face Rockies (North). The three southernmost areas have the 
most hours without precipitation. For all six areas, the curves in quartile I are 
more spreail apart than those in quartile IV. For 24-hr storms, the number of zero 
hours increases or stays the same at the same percentage as we move from quartile I 
to quartile IV (curves Oisplaced to the right). In contrast, for 24-hr rainfalls 
concurrent with 1-hr storms, the number of zero hours decreases or remains constant 
in moving from quartile I to quartile IV. 

THfE DISTRIF\UTION OF PRECIPITATION IN STORMS AND RAINFALLS 

Storms and rainfalls in this report have measurable precipitation dur their 
first hour. Any hours without precipitation needed to complete the N-hour period 
would be at the end of the period (trailing zeros). In order to construct relations 
of precipitation vs. time, we need to establish a time sequence to accompany 
precipitation increments. Our approach was to tabulate, by quartiles, the time of 
occurrence of the beginning of the shorter duration precipitation event within the 
longer duration event for all ID-DD combinations. Since all storms and rainfalls do 
not have measurable precipitation in the final hour(s), the actual length of the 
precipitation for 6-, 12-, and 24-hr events was tabulated by counting the number of 
trailing zeros. Ry combining these two tabulations, we were able to analyze the 
time rlistrihution in an attempt to define "typical" patterns for the six regional 
areas. 

The first step determines the frequency distribution of the starting hour of the 
shorter duration within longer duration precipitation events by simple conversion to 
percentages of occurrences for each hour. To illustrate, of 624 quartile IV storms 
in the Great Basin, 72 had the maximum annual 3-hr storm begin during the third hour 
of the snrrounti 6-hr rainfall. Thus, 72/624 = .1 is the observed frequency 
for that hour as shown on the line of table 10 labeled "Observed." 

In order to better explain ohserve(1 frequencies, the statistical effects of 
trailing zeros must be isolated. F'or example, if the last four hours of the 
associateit 6-hr rainfall have no precipitation (four trailing zeros), the 3-hr 
storm cannot begin in the third hour, hut must begin in the first or second hour. 
Continning this exaMple, an expected frequency of the timing of the 3-hr storm 
within 6-hr rainfalls based on a uniform distribution of the 3-hr storms within the 
period during which precipitation actually fell is determined.. The observed and 
expected frequencies are then compared. 

Table 10 illustrates this procedure for 3-hr storms within surrounding 6-hr 
rainfalls of quartile IV for the Great Rasin. The second column of table 10 lists 
the total number of rainfalls with 0 to 2, 3, 4 and 5 trailing zeros. In the first 
colurm, rainfalls with O, 1, and 2 trailing zeros (precipitation in all hours, all 
but the 6th hour, anrl all but the 5th and 6th hours) are comhinerl because a 3-hr 
storm cannot h in the 5th or 6th rain fall hour of a 6-hr rainfall. For 1-hr 
storms snrrounr'Jed by 6-hr rainfalls, there woulrl he six rainfall hour columns and 
separate listings for trailing zero categories 0, 1 and 2. The third column of 
table 10 shows the fraction of rainfalls having the number of trailing zeros 
indicaterl. For this example, there are 469 rainfalls that have 0-2 trailing zeros 
out of 624 rainfalls. 'T'I]us, 469/624 = O. 75Hi. If the chance of precipitation 
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'l'ah1e 10.--T>:xal'lple of' til'lP ilistrihutlon anA s nsin~ 3-hr qnartilP IV 
storms surrounrleil hv 6-hr rainfalls for the Great ~asin sturly area 

Trailing 
zeros 
0,1,2 

3 
4 
5 

Numher of 
rainfalls in 
ea. category 

624 
469 

67 
60 
2R 

Fraction 
of 

r::dnfalls 
=1.0000 
0.7516 
0.1074 
0.0%2 
0.0448 

"Fxpecterl" (E) 
"Ohserverl" (0) 
Rat:i.o (0/V.) 

Uni forftl prohahi.lity 
T?.ainfall hours 

1 2 3 4 

0.1 R7 9 
0.03')8 
().0481 
0.0448 

0.31.66 
0.5593 
1.77 

0.1 ~7 9 
0.0358 
0.0481 

0.2718 
0.1891 
0.69 

0.1879 0.1879 
0.0358 

0.2237 
0.1153 
0.51 

0.1879 
0.1362 
0.7? 

start in anv given hour is assumed to he the same, a uniform cHstrihution of 
O. 7'516 over 4 honrs Honlr1 vielrl a nrohahilitv of 0.1879 for each honr (rest of ton 
row). Rainfalls with three traili11g zeros rseconrl rm<I) can have nrecinitation in 
onlv the first 3 hours, so in this cRse t1!eir fraction (0.1074) is r1ivir1er1 into 
threP enual narts, not fonr. The nn1'1hers in the other two rovls Rre rleve1oneil 
throug1! si.milar reasoninP;. The sul'l of' each honr's uniform prohahilittes ileterl'linP.s 
the fip.;ures i.n the "F.xpecterl" line. Tlte hottoTYl line shm<Is the ohserveil-exnecteil 
(O/F.) ratio. O/F ratios greater than one inrficate that the ohserverl precinitation 
occur.rerl more o+ten than ~.Joulrl he exnecter1 if the preci ati.on were rlistrihuteo 
uni f'orm1v over the hours t1!at actna11v contain£>"! nrecinitation. In general, hi.ql,er 
0/F. ratios inrl:i.cate hours when precipitation is most likely. But those 0/E ratios 
that we.re large nril'1arily hecause the exnecterl prohahilitv was very STYlall (i.e., 
mostly trRi ling zeros) were gener eliminatecl from consirteration. The highest 
rati.o is i.nterpreteci as signi the most Likely hegi.nn hour for the 3-hr 
quartile IV storm in a 6-hr rRinfall with no trailing zeros, and like1<Jise RS a 
comnosite position that woulrl result if the trailinp; zeros were replacecl hy srr1all 
amounts of precipitation. This is the first hour in the present exaT'lple. 

This s!'lme procedure was used for all In-nn comhinations containing fl-, 12-, 
durations for quartile I and quartile IV storms. 'T'ahle 11 shows, for the six 
areas, the most likely hegi.nning hour of the shorter ouration nn or ID 1vithin 
duration ID or DD for quartile I. Tahle 12 illustrates the same type of time 
sequence for quartile IV. The numhers helow ann to the left of the rHagonals in 
tahles 11 ani! 12 are the most heginni.ng hours for storms within longer 
cluration rainfalls, while those ahove ancl to the ri?.;ht of the table rliaqonals are 
the most likely heginning hours of the rainfalls within lonp;er nurRt ion storrr1s. For 
col'lhinati.ons of 1 hours or less, the o1!serven rlata were ileterr'li.neri to he Rll that 
were neecler! to rHscern the most likely heginninp.; honr; therefore norrr1alization :in 
the style of tahle J 0 was not unriertaken. 

Tables 11 ann 12 are not haseil solely on 0/E r::ttios. Other factors were ::tlso 
useil i.n neterTY~ining the ar1onterl tiTYle ili strthntions. All "lurati.ons (1, 2, 3, fl, 
12 anr'l 24 hours) !'lre assul'len to renresent one-hurst storms ancl rainfalls. This 
me<tns that the shorter nnration storMs or rainfalls are nesterl within the longer 
rlurati.on storl'ls anil rainfalls. For those regions Rnil ID-DD coMhinations that harl 
two hursts in t1!eir stl'ltistics, t1!e hour v.rith the next 0/E ratio was gen
erally sel ecterl if it ensnreil !'ln i.nternaJly consi.stent si.np:le-hurst storrr1 or rai.n
fall. For exal'lnle, in the Southl.Jest l1onntRins area (quartilo:> IV) the most likely 
heginninP; hour of the 1-hr rainfall within the 24-hr storm is hour 22. Rut the 
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1'Ahle ] 1. --Host Hkely heginning hour of shorter dur.at ion storm (In) 

or r!'linfall (nn) within longer duration rainfall or storm, 
quartile I 

Pacific Northwest (lJest) 

nn 

2 1 1 or 2 q or 10 12 
3 1 1 R or q 11 or 12 
6 ] 1 1 7 10 

12 1 1 6 6 10 
24 l 1 17 Hi 13 

Paci fie Northwest (East) 

nn 

? l 1 1 
::\ 1 1 1 1 
fi l 1 1 1 1 

12 1 1 1 1 1 
24 1 1 1 1 1 

Great Rasln 

In 1 2 3 6 12 24 
nn 

2 1 1 
3 1 1 
6 1 1 1 

12 1 1 1 1 
24 1 1 1 1 1 

Southwest Hountains 

In 1 2 3 6 12 24 
nn 

1 1 1 1 or 2 1 or 2 1 
2 1 1 1 1 1 
3 1 1 1 1 1 
6 1 1 1 1 1 

12 1 1 1 1 1 
24 1 1 I 1 1 
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Table ll.--Host likely beginning hour of shorter duration storm (ID) 
or rainfall (nn) within longer duration rainfall or storm, quartile 
I (cant inned) 

Front Face Rockies (North) 

ID 1 2 3 6 12 24 
DD 

1 1 1 1 or 2 1 or 2 1 or 2 
2 1 1 1 1 1 
3 1 1 1 1 1 
6 1 1 1 1 1 

12 1 1 1 1 1 
24 1 1 1 1 1 

Front Face Rockies (South) 

ID 1 2 3 6 12 24 
DD 

1 1 1 1 or 2 1 or 2 1 or 2 
2 1 1 1 l 1 
3 1 1 1 1 1 
6 1 1 1 1 1 

12 1 1 1 1 1 
24 1 1 1 1 1 

most likely beginning hour for the 2-, 6-, and 12-hr rainfalls is hour 1. He did 
not select hour 22 for the 3-hr rainfall because it did not encompass the 2-hr 
rainfall nor would it be encompassed by the 6- and 12-hr rainfalls. He therefo-ce 
chose hour 1 (the second most likely beginning hour) as the most likely beginning 
hour for the 3-hr rainfall within the 24-hr storm. 

Each of the 6 areas in tables 11 and 12 contains at least 1 double entry, e.g., 
"1 or 2", "9 or 10", etc. Such entries indicate approximately equal probabili
ties. Thus, a synthesized storm using either hour would be acceptable. 

Tables ll and 12 are to be used as guides in constructing precipitation vs. time 
relations. Hourly events can all he placed as shown in the tables. Any hours not 
specifically assigned values, e.g., the llth and 12th hours of a 12-hr storm can 
have their remaining amounts distributed linearly. That is, these 2 hours could 
each have one-sixth the difference between the 12-hr value and the 6-hr value. In 
spite of the fact that storms and, particularly, rainfalls typically contain hours 
without precipitation, the precipitation amounts remaining to be spread over the 
remaining hours are generally small. From a hydrological standpoint, it makes 
little difference whether the precipitation is spread evenly over some hours vJith no 
precipitation because the runoff should not be much different once the steep portion 
of the precipitation vs. time relation or hyetograph is fixed. 

When hydrologically critical, precipitation vs. time relations using a time 
distribution varying (by a fe,.;r hours) from those in tables 11 and 12 would not 
he impractical as long as the distribution remains internally consistent. Our 
recommended distributions are what we consider to be "most likely." They generally 
have a higher probability of occurrence than most other possibilities. 



Table 12.--Host likely beginning hour of shorter duration storm (ID) 
or rainfall (DD) within longer duration rainfall or storm, 
quartile IV 

DD 

2 1 or 2 1 or 2 4 or 5 19 
3 2 1 or 2 4 19 
6 2 2 1 19 

12 1 2 or 3 1 1 13 
24 2 3 1 1 l 

ID 
DD 

2 1 1 1 or 2 
3 1 or 2 1 1 l 
6 2 1 1 1 

12 2 l 1 l 1 
24 2 l l l 1 

Great Basin 

ID 1 2 3 6 12 24 
nn 

1 1 1 or 2 1 or 2 1 or 2 1 or 2 
2 1 1 1 l 1 
3 1 1 1 1 1 
6 1 1 1 l 1 

12 1 1 1 1 1 
24 1 1 1 1 1 

Southwest Hountains 

DD 

2 1 1 1 1 
3 1 1 1 1 
6 1 1 1 1 

12 I 1 1 1 1 
24 1 1 1 1 1 
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Tahle 12.--Host likelv hep;inning honr of shorter duration storr1 (TD) 
or rainfall (DD) l>l'ithin longer duration ra·infall or st:on'l, 
quartile TV (conti.nue<O 

Front Face Pocldes (North) 

nn 

2 1 1 l l 1 
1 1 1 l 1 l 
6 1 l 1 l 

11. 1 l 1 l 1 
24 1 ] 1 l 1 

Front Face "Rockies (~outh) 

TD 1 2 3 6 12 24 
nn 

2 1 l 1 1 
3 1 1 1 
6 1 1 1 

12 l 1 1 1 
24 1 1 1 1 

Tahles 11 and 12 show that for all areas excent the Pacific Northwest (Hest), the 
maximum short duration precipitation is most likely at the heginning of the longer 
duration precipitation regar<iless of which is the inilependent anti which is the 
depen<ient duration. This pattern is often the result of the many large convective 
precipitation events of liniteo rlurati.on. Large amounts of rain iluring the first 
few hours result in the longer nuration annnal events having trailing zeros during 
the last hours of the event. 'T'h.is is r1ue, in nart, to the r'lefiniti.on of a storm or 
rainfall which mnst with measur,qhle precipitation. Shorter rluration storms 
ani! rainfal1s can ani! ilo fall r1uring the last severA.] hours of a longer ilurA.tion 
rA.infall or storm. This is more common than ones in ,.nich shorter duration 
nrecinitation cones rluri.ng the mi.rlrile hours of the longer rluration nreci.pHati.on. 

ToJest of the C:ascarles, over the uacific. Northwest (qest), major precipitation 
events are much more 1 ike l.v to he assoc.iaten with svnopt ic. scale eve lones rather 
tltan with convective or thunderstorm Rctivitv. Tn this area, when the innepenr1ent 
nuration is longer than t"'"'e nepenrlent riuration, tl-Je nax:i.mun within storm rainfall 
tenils to occur near the mi.r1rlle or tlte enr'l portion of 6-, 12-, anri 24-hr storms. 
Hhen the depenrient duration is longer than the inCiepenflent nuration, the heavier 3-, 
6-, and 12-hr storms of quartile I tend to occur near the mindle or end portion of 
the longer nuration rainfalls. Tn quartile IV, these same cluration storms occur at 
the heginning of the rainfalls. The 1- and 2-hr storms most fr ly hegin in 
the first hour of the longer duration rainfalls. 

ESTIHATION OF RAINFALL FOR STORH PRECIPITATION VS. THfE RELATION~ 

We now suggest a method to obtain rainfall increments to 
precipitation vs. tine relations for hydrologic. purposes. 
and quartile have to be selected using appropriate factors 
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cost, ,qnrl safety. Incremental rainfalls are estimateri from the curves in appendix 
II. Quartiles II and III can be interpolated from appendix II. 

T,Jhile the choice of which quartile, duration, or probability level for depenrient 
rainfall is not the subject of this report, we would like to briefly discuss some 
considerations that may influence their choice. As mentioned in the introduction, 
the combination of 1-, 2-, 3-, 6-, 12-, and 24-hr precipitation estimates into a 
single precipit~f~on vs. time sequence has a probability of occurrence that is 
greater than 10 • The exact value is nearly impossible to determine and is 
affected primarily by the fact that the value for each duration is not completely 
independent from some or all of the other durations. In this light, the termin
ology that the precipitation vs. time distribution synthesized from events, each 
with a frequency of 0.01 is a "1 percent synthetic time distribution" is also 
not appropriate. The combination of six specific events each with a 1 percent 
probability yields a joint probability considerably lower than 1 percent. 

How, then, does the selection of a specific quartile and associated probability 
level relate to past hydrologic design practice? If the available data records 
were exactly 100 years long and if the observations were completely representa
tive of the underlying population, quartile I would contain the 100-yr through 
the 76-yr storms (0.01-0.13 probability of occurrence). As shown in table 4, 
there are no data records as long as 30 years, and a typical length of record 
would be closer to 20 - 25 years. As shown by Hershfielcl (1973) the following 
formula gives an estimate of the probability of observing an N-yr storm at least 
once in an H-yr sample: 

Therefore, the probability that the 100-yr storm was observed in a 25-yr record is 
about 0.22. Similarly, the probability of observing the 50-, 25-, 10-, 5-, and 2-yr 
storms in a 25-yr data sample is 0.40, 0.64, 0.93, 0.996 and almost 1.00, respec
tively. It is quite possible that records of the length available for this study 
would often not contain the 100-yr storm. Quartile I storms are simply the largest 
25 percent of the available data sample. 

Projects that require a considerable degree of safety would probably be designed 
using precipitation values with low frequency of occurrence. While there could be 
many reasons to make other choices, the use of quartile I would be consistent with 
longer return periods, for instance a 100-yr storm. It must be re-emphasized that 
because of the small sample size, quartile I does not necessarily contain the 100-
yr storm. Even if quartile I did contain the 100-yr storm, it does not necessarily 
produce the largest ratio. for instance, the 100-yr 24-hr storm could be 100 mm and 
the concurrent rainfall could be 25 mm. The 25-yr 24-hr storm for the same location 
could be 50 mm and also have a 1-hr rainfall of 25 mm. The 1-hr (DD)/24-hr (ID) 
ratio would be 0.25 for the 100-yr storm but 0.50 for the 50-yr storm. Higher 
probability levels yield larger ratios and larger overall precipitation totals. 

For the design of low risk structures, a quartile other than quartile I might be 
more appropriate. Selection of an appropriate probability level will also depend on 
the relevant design criteria. Hhile the simplest approach would be to select a 
single probability level for all durations, it is possible to let the probability 
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level vary with duration. For instance, the design criteria might specify that the 
100-yr 6-hr storm should be used for calculation of total volume, but the 1-hr value 
is critical for peak flow considerations. The 1-hr (DD)/6-hr (ID) ratio could be 
selected using the 0.99 probability level from quartile I. Because rainfalls at the 
longer durations are not as important to the peak flow, the 2-hr and 3-hr to 6-hr 
ratios could use the 0.90 probability level, while the 12-hr and 24-hr to 6-hr 
ratios could use the 0.80 probability level. If different probability levels are 
used, care must be taken to ensure that the various durations are internally 
consistent. That is, the 2-hr value must be at least as large as the 1-hr value, 
and the 3-hr value must he at least as large as the 2-hr value, etc. 

EXAMPLES OF THE CONSTRUCTION OF PRECIPITATION VS. TIME RELATIONS 

Pacific Northwest (West) 

A proposed structure in western Oregon at 45°00'N anrl 123°00'W requires the use of 
a 100-yr 6-hr storm as the critical value for volume. An incremental precipita
tion vs. time curve for 24 hours must be constructed to include the 100-yr 6-hr 
storm. The design engineer has ascertained that he/she should use an accumulated 
probability of 0.50 to relate the storm to its associated rainfalls. 

First, the 100-yr 6-hr value at 45° OO'N, 123°00'1" is determined to he 52.6 mm 
from NOAA Atlas 2 (Miller et al. 1973)* as shown in table 13, column 2. Then, 
storm-rainfall ratios are read from the ID = 6, quartile I, figure in appendix II. 
The 1-, 2-, 3-, 12-, and 24-hr ratios are determined by reading up or down the 0.50 
accumulated probability line on this figure. Rainfall ratios are 0.24, 0.435, 0.60, 
0.69 and 0.53 at the 1-, 2-, 3-, 12-, and 24-hr durations, respectively. These 
ratios are tabulated in column 3, table 13. Hultiplication of these ratios by 52.6 

Table 13.--Construction of a precipitation vs. time relation for the 100-yr 
6-hr storm at 45°00'N, 123°00'W using an accumulated rainfall probability 
of 0.50 (quartile I) 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 
ID Precip. DD/ID (3 P = 0.5 Design 
(From NOAA from event Beginning Hour 

Duration Atlas 2) Ar:eenctix II Precip. DD in ID ID in DD in 24-hr 
(hours) (mm) (mm) 

1 22.9 0.24 12.6 5 20 
2 30.0 0.435 22.9 4 19 
3 36.6 0.60 31.6 4 19 
6 52.6 16 

12 85.3 1/0.69 76.2 6 10 
24 118.1 1/0.53 99.2 16 l 

*Technical Paper No. 40 (Hershfield 1961) and/or NOAA Technical Hemorandum NlvS HYDRO 
35 (Frederick et al. 1977) is to be used in lieu of NOAA Atlas 2 over Texas, 
Oklahoma, Kansas, Nebraska and the Dakotas. 
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results in the incremental rainfall values given in column 4. Using the ID = 6 
column of table 11 (Pacific Northwest (West)), the beginning hour for each rainfall 
increment is tabulated in column 5 for the DD in ID and column 6 for the ID in the 
DD. We selected the 5th hour rather than the 4th hour as the beginning hour for the 
1-hr rainfall within the 6-hr storm because we felt that such timing would 
contribute to the production of more runoff and therefore be hydrologically more 
critical. The 2- and 3-hr rainfalls begin in the 4th hour of the 6-hr storm. 
Notice that the 6-hr storm begins at the 16th hour of the 24-hr (column 7) rainfall 
and the beginning of the 6th hour of the 12-hr rainfall. To accomplish this, the 
6-hr storm must begin at the beginning of the 16th hour of the 24-hr rainfall while 
the 12-hr rainfall must begin at the beginning of the lOth hour of the 24-hr 
rainfall. Finally, the 1-hr rainfall occurs during the 20th hour and the 2- and 
3-hr rainfalls begin at the 19th hour of the 24-hr rainfall. 

The precipitation vs. time relations constructed out to 24 hours using the 0.50 
accumulated probability values in table 13 is shown by the solid line in figure 6. 
The dashed line shows the relation obtained by using the NOAA Atlas 2 values de
rived from independent data samples and an identical time distribution. Rainfall 
for the first 9 hours and the last 3 hours is distributed linearly. Rainfalls for 
all five durations are lower than the corresponding durational values in NOAA Atlas 
2. 

Front Face Rockies (South) 

The area most distant from the Pacific Northwest (West) is the Front Face Rockies 
(South), which experiences a very different precipitation climatology. 

A project at 33°00'N and 104°00'\..J in southeastern New Mexico necessitates the use 
of a 5-yr 24-hr storm. An accumulated probability of 0.90 from quartile IV is to be 
used to relate the storm to its associated rainfalls. 

The 5-yr 24-hr storm value from NOAA Atlas 2 at 33°00'N, 104°00'vJ is 69.1 mm 
(table 14 column 2). The storm-rainfall ratios for ID = 24, quartile IV, for 
the 1-, 2-, 3-, 6- and 12-hr durations are found by referring to the abscissa 
scale at the top of the proper figure in appendix II (accumulated probability 
(DD<ID))*. Reading down the 0.90 accumulated probability line the rainfall values 
are 0.998, 0.991, 0.982, 0.954 and 0.859 for the 12-, 6-, 3-, 2- and 1-hr ratios, 
respectively. The 0.90 probability means that 90 percent of the time the maximum 
1-hr rainfall within a maximum annual 24-hr storm will be less than 85.9 percent of 
the 24-hr value, etc. As before, the rainfall ratios, incremental rainfall values, 
and beginning hours are tabulated in columns 3-5. All five rainfalls begin in the 
first hour of the 24-hr storm. 

A comparison of columns 2 and 4 in table 14 indicates that the rainfall values 
resulting from the ratios in column 3 are higher than the corresponding five dur
ational values from NOAA Atlas 2. This is in contrast to what we found in the 

*hie shoulrJ note that if we were dealing with a 12-hr storm instead of a 24-hr one, 
the 24-hr rainfall would be determined from the bottom abscissa scale (accumulated 
probability (DD)ID)) but the 1-, 2-, 3- and 6-hr rainfalls would still be found by 
employing the top scale. The rule is: for rainfalls within storms use the top 
scale and for rainfalls surrounding storms use the bottom scale. 
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Figure 6.--t1ass curves of precipitation at 45°00'N, 123°00'W. 
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Table 14.--Construction of a precipitation vs. time relation for the 5-yr 
24-hr storm at 33°00tN, 104°00t~.J using an accumulated rainfall probability of 
0.90 (quartile IV) 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 

ID precip. DD/ID @ P = 0.9 Design 
(from NOAA from event Beginning Hour 

Duration Atlas 2) AEEendix II PreciE• DD in ID ID in DD in 24-hr 
(hours) (mm) (mm) 

1 43.2 0.859 59.4 1 1 
2 47.8 0.954 65.9 1 1 
3 51.2 0.982 67.9 1 1 
6 56.6 0.991 68.5 1 1 

12 62.2 0.998 69.0 1 1 
4 69 1 69 1 

Pacific Northwest (West), quartile I, for the 100-yr 6-hr storm, where 
(using the 0.50 accumulated probability) the rainfalls were all lower than the 
NOAA Atlas 2 values. Storm-rainfall ratios and their resulting rainfalls depend 
on such items as the chosen accumulated probability, the selected quartile, and 
the closeness to which the precipitation climatology at a given point matches the 
overall areal precipitation climatology for a given area. Accumulated probabili
ties can be selected to create rainfalls that can undercut or envelop those from 
NOAA Atlas 2. Differences between point and areal precipitation climatology will 
in general be small but in some instances could be appreciable. In the Pacific 
Northwest (West) case, these factors combined to yield rainfall values lower than 
NOAA Atlas 2, while in this case the combined result gave higher values in column 4 
than in column 2 (table 14). 

Using the 0.90 accumulated probability values of quartile IV (table 14), we 
constructed another precipitation vs. time relation, shown by the solid line in 
figure 7. Values from NOAA Atlas 2 are joined together by the dashed line using the 
same time distribution. Rainfall for the last 12 hours is distributed linearly in 
each case. 

The relations in figures 6 and 7 are quite different. In figure 6 (west of the 
Cascades) the precipitation is generally spread throughout the 24-hr period. In 
figure 7, nearly 86 percent falls in the first hour (about 63 percent using NOAA 
Atlas 2) with progressively decreasing amounts thereafter. Had we chosen an 
accumulated probability of O. 90 in the Pacific Northwest (Hest), the 1-, 2-, and 3-
hr rainfalls would have been larger but the 12-hr and 24-hr rainfall would have been 
smaller. The relation would have peaked at 66.6 mm after 24 hours. Also, if an 
accumulated probability of 0.50 in the Front Face Rockies (South) had been selected, 
the five rainfalls would have all been less than in figure 7; the 1-hr rainfall 
would have totaled 27.6 mm or less than the 1-hr value from NOAA Atlas 2. 

The use of accumulated probability levels of 0.90 in this example, 0.50 in 
first example, and 0.80 in the discussion of figure 2 earlier in the report are 
not intended to be recommendations or proposed standards for the areas under con
sideration. It is up to the design engineer or hydrologist to determine exact 
quartile levels for different design storms. 
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APPENDIX I. TABLES OF JOINT FREQUENCY DISTRIBUTION OF N-HR STORHS 
(ID) WITH M-HR RAINFALLS (DD) 
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APPENDIX II. GRAPHS OF ACCUMULATED PROBABILITY FOR QUARILE I AND IV N-HR STORMS 
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NOAA TECHNICAL REPORTS 

National Weather Service Series 

The National Weather Service (NWS) observes and measures atmospheric phenomena; develops and distrib
utes forecasts of weather conditions and warnings of adverse weather; collects and disseminates weather 
information to meet the needs of the public and specialized users. The NWS develops the national 
meteorological service system and improves procedures, techniques, and dissemination for weather and 
hydrologic measurements, and forecasts. 

NWS series of NOAA Technical Reports is a continuation of the former series, 
Weather Bureau (WB). 

ESSA Technical Report 

Reports listed below are available from the National Technical Information 
ment of Commerce, Sills Bldg., 5285 Port Royal Road, Springfield, Va. 22161. 
accession number (given in parentheses). 
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Order by Prices vary. 
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