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Introduction

Analysis

Objective

Although generalized maps of precipitation-frequency values
have been available for many years, the construction of isopluvial
lines in mountainous regions has been done considering topography
and its effect on precipitation in a general sense only. Investiga-
tions for this Atlas were undertaken to depict more accurately
variations in the precipitation-frequency regime in mountainous
regions of the 11 conterminous states west of approximately 103°
W. These investigations are intended to provide material for use in
developing planning and design criteria for the Watershed Protec-
tion and Flood Prevention programs.

Primary emphasis has been placed on developing generalized
maps for precipitation of 6- and 24-hr duration and for return
periods of 2 to 100 yrs. Procedures also have been developed to
estimate values for 1-hr duration. Values for other durations can
be estimated from the 1-, 6-, and 24-hr duration values.

Historical Review

The first generalized study of the precipitation-frequency re-
gime for the United States was prepared in the early 1930’s by
David L. Yarnell (1935). Yarnell’s publication contains a series of
generalized rainfall maps for durations of 5 min to 24 hrs
for return periods of 2 to 100 yrs. Yarnell’s study served as a
basic source of frequency data for economic and engineering de-
sign until the middle 1950’s. The maps were based on data from
about 200 first-order Weather Bureau stations equipped with re-
cording precipitation gages. In 1940, about 5 yrs after Yarnell’s
study was published, a hydrologic network of recording gages,
supported largely by the U.S. Army Corps of Engineers, was in-
stalled. This was done to supplement the Weather Bureau record-
ing-gage network and the network of a relatively large number of
nonrecording gages maintained by private individuals in coopera-
tion with the Weather Bureau, for a long period of years. The
additional recording gages have subsequently increased the amount
of short-duration (1- to 24-hr) precipitation data by a factor of
about 20.

Weather Bureau Technical Paper No. 24, published in two
parts, (U.S. Weather Bureau 1953-54a) was prepared for the
Corps of Engineers, in connection with its military construction
program. This Technical Paper contained the results of the first
investigation of precipitation-frequency information for an exten-
sive region of the increased hydrologic data network. The results
showed the importance of the additional data for defining the
short-duration rainfall-frequency regime in a mountainous region
of the western United States. In many instances, the differences
between the values given in Technical Paper No. 24 and those
given by Yarnell reach a factor of three, with Yarnell’s figures
generally higher. Results from these two studies in the United
States were then used to prepare similar reports for the coastal
regions of North Africa (U.S. Weather Bureau 1954b) and for
several Arctic regions (U.S. Weather Bureau 1955a) where re-
cording-gage data were lacking. These reports were also prepared
in cooperation with the Corps of Engineers to support its military
construction program.

In 1955, the Weather Bureau and the Soil Conservation Serv-
ice began a cooperative effort to define the depth-area-duration
precipitation-frequency regime in the entire United States. Weather
Bureau Technical Paper No. 25 (U.S. Weather Bureau 1955b),
partly a byproduct of previous work done for the Corps of Engi-

neers, was the first study published under the sponsorship of the
Soil Conservation Service; it contains a series of precipitation in-
tensity-duration-frequency curves for about 200 first-order
Weather Bureau stations. This was followed by Weather Bureau
Technical Paper No. 28 (U.S. Weather Bureau 1956) which was
an expansion of information contained in Technical Paper No. 24
to longer return periods and durations. The five parts of Weather
Bureau Technical Paper No. 29 (U.S. Weather Bureau 1957-60),
for the region east of longitude 90° W., were published next. This
Technical Paper included seasonal variation on a frequency basis
and area-depth curves so that the point-frequency values could be
transformed to areal-frequency values.

In the next study, Weather Bureau Technical Paper No. 40
(U.S. Weather Bureau 1961), the results of previous Weather
Bureau investigations of the precipitation-frequency regime of the
conterminous United States were combined into a single publica-
tion. Investigations by the Weather Bureau during the 1950’s had
not covered the region between longitudes 90° and 105° W. Tech-
nical Paper No. 40 contained the results of an investigation for this
region, and was the first such study of the midwestern plains region
since Yarnell's work of the early 1930’s. Topography was consid-
ered only in a general sense in this and earlier studies.

Technical Paper No. 40 has been accepted as the standard
source for precipitation-frequency information in the United States
for the past decade. Results presented in that publication are most
reliable in relatively flat plains. While the averages of point values
over relatively large mountainous regions are reliable, the varia-
tions within such regions are not adequately defined. In the largest
ol these regions, the western United States, topography plays a
significant role in the incidence and distribution of precipitation.
Consequently, the variations in precipitation-frequency values are
actually greater than portrayed in the region. Investigations re-
ported herein were made using currently available longer records
and the maximum number of stations possible (consistent with the
constraints explained in the section on Basic Data).

Approach

The approach used for this Atlas is basically the same as that
used for Technical Paper No. 40, in which simplified relations
between duration and return period were used to determine numer-
ous combinations of return periods and durations from several
generalized key maps. For this Atlas, relations were developed
between precipitation-frequency values and meteorologic and topo-
graphic factors at observing sites. These were used to aid in inte:-
polating values between stations on the key maps.

The key maps developed in this study were for 2- and 100-yr
return periods for 6- and 24-hr durations. The initial map devel-
oped was for the 2-yr return period for the 24-hr duration. This
return period was selected because values for shorter return peri-
ods can be estimated with greater reliability than for longer return
periods. The 24-hr duration was selected because this permitted
use of data from both recording and nonrecording gages. Also,
because an extensive nonrecording-gage network was in existence
for many years before the recording-gage network was established
in 1940, the period of record available for 24-hr observations is
much longer than that for the 6-hr duration. The second map
developed was for the 100-yr return period for the 24-hr duration.
In the development of this map the advantage of maximum sample
size and length of record was retained at the expense of some
decrease in reliability of computed values. The 6-hr maps for the
2- and 100-yr return periods followed. For the 6-hr duration, the
sample size was materially smaller in both numbers and length of
record because only recording-gage data could be used. After these
four maps were completed, values for intermediate return periods
were computed for a grid of about 47,000 points, and appropriate
maps were prepared.

In previous studies, topography was considered only in a
general sense and the isopluvials were drawn by interpolating
subjectively between the individual stations. In preparing this
Atlas, multiple linear regression equations were developed for each
of many regions of the western United States as an aid to estimat-
ing the precipitation-frequency values at each of about 47,000 grid
points. These equations related topographic and climatologic fac-
tors to the variations in the precipitation-frequency values. Iso-
pluvials were smoothed subjectively between values in adjoining
regions. The subjective smoothing was based upon experience in
analyzing precipitation-frequency maps; the amount of smoothing
was rarely greater than the standard error of estimate for the
equations in the adjoining regions.

Basic Data

Station location. Frequency analysis of precipitation data re-
quires a relatively long and stable station record. In analyzing a
mean annual or a seasonal precipitation map, it is possible to use
double-mass curve analysis to evaluate the effects of changes in
station location or exposure. Within limits, the effects of differing
locations on the annual precipitation values can be eliminated by
use of relations determined from the double-mass curve analysis
(Weiss and Wilson 1953). However, no technique for evaluation
and modification of a series of extreme precipitation values has
been developed. Therefore, it was necessary to ensure that the data
used in this Atlas represented, as nearly as possible, observations
taken from a single location.

Official records of station locations (latitude, longitude, and
elevation) were examined to determine physical moves. The crite-
rion was adopted that if a move at any station changed the eleva-
tion 100 ft or more or changed the horizontal location 5 mi or
more, its data were treated as though they came from separate
stations. In some cases, a station retained the same name but
investigation indicated that it had been moved beyond acceptable
limits. In such cases, the records for the station were terminated
and new records were started. In other cases, published sources
indicated location changes beyond acceptable limits, but subse-
quent inspection of records indicated these changes were correc-
tions to reported values of elevation, latitude, or longitude rather
than actual physical moves. Thus, the observations for the station
actually were continuous at one location. Occasionally, a lesser
move resulted in a significant difference in exposure, such as from
the windward to the lee side of a mountain range. Data from
stations such as these also were treated as data from separate
stations.

Types of data, The primary data used in this Atlas can be
divided into two categories. First, there are data from recording
gages; these data are published for clock-hour intervals. These data
were processed to obtain maximum 6- and 24-consecutive clock-
hour amounts for each month of record. The time interval selected
did not have to start at a particular hour; for example, the 6-hr
interval might be from 1 to 7 a.m., or from 3 to 9 p.m.; the 24-hr
interval might be from 4 a.m. on one day to 4 a.m. on the
following day, or from 2 p.m. on one day to 2 p.m. on the next.
Second, there is the large amount of data from nonrecording gages.
At these gages, observations are usually made once each day at a
given time for each station. At observation time, the amount of
precipitation that fell in the preceding 24-hr interval is measured;
this precipitation may have fallen during any part or all of the
24-hr period. These data are commonly referred to as observa-
tion-day amounts.

A subset of data in the first category is the recording-gage
data from the long-record first-order Weather Bureau (now Na-
tional Weather Service) stations. There are approximately 200
such stations in the entire country (about 50 in the western United
States). Maximum values for each year of record from these sta-
tions have been tabulated for the various durations to the nearest
minute. The maximum 6-hr amount recorded ecach year is for a
period of 360 consecutive minutes, regardless of the time begin-
ning; for example, such a period might begin at 2:03 p.m. or at
3:59 p.m. Similarly, data for the 24-hr duration are for a 1,440-
min period. These amounts are commonly referred to as n-minute
amounts.




Figure 1. Relation between 2-yr 1,440-min precipitation and
2-yr observation-day precipitation.
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Fixed- versus true-interval precipitation values. The continu-
ous clock-hour and observation-day data from most stations are
available for intervals fixed by arbitrary clock intervals. Because
the time of occurrence of precipitation is a random phenomenon,
straddling often occurs; for example, part of the maximum precipi-
tation may start in one time interval and end in the succeeding
time interval. Seldom does maximum precipitation for a specified
duration occur within a mandatory measurement interval. For this
reason, it was necessary to use relations between fixed-time inter-
vals (of actual occurrence) and the 360- and 1,440-min periods to
make maximum use of available data.

These relations have been investigated in previous studies
(U.S. Weather Bureau 1954a, 1956, 1957-60). It was found that
on the average 1.13 times a statistical value for a particular return
period, based on a series of annual maximum observation-day
(fixed-interval) amounts, was equivalent to a statistical value for
the same return period obtained from a series of 1,440-min
(true-interval) values. The ratio of statistical values computed
from a series of six consecutive clock-hour measurements to those
from a series of 360-min observations is 1.02; a similar ratio of
statistical values computed from 24 consecutive clock-hour
amounts to those from 1,440 min values is 1.01.

These ratios (for example, n-year 1,440-min precipitation
equals 1.13 times n-year observation-day precipitation) are not
built on a causal relation. They are average index ratios because
the distributions of observation-day, n-hour, and n-minute precipi-
tation are irregular and unpredictable. For example, the annual
maxima of the two series for the same year do not necessarily
come from the same storm. Graphical comparison of the values for
the 2-yr return period based on observation-day and 1,440-min
precipitation data is shown in figure 1.

The frequency and amount of straddling that occur can be
investigated on probability considerations as well as empirically.
The time axis can be represented by a straight line separated into
uniform time intervals by an evenly spaced series of points. These
intervals can represent individual hours, 6- or 24-hr periods, an
observation day, and so forth. The maximum precipitation for any
duration can be assumed to occur at a uniform rate in a time unit
exactly equal to one of the fixed intervals, but without regard to
the location of the fixed intervals. This time unit may fall at
random with respect to the fixed intervals and will, in general,
overlap two adjacent intervals. Using probability theory, Weiss
(1964) confirmed the empirical values used.

Data sources. The primary data sources used were Climato-
logical Data for the United States by Sections (National Climatic
Center 1897-1970) and Hourly Precipitation Data (National
Climatic Center 1940-70). In California, it was possible to in-
crease the data sample 15 to 20 percent by using unpublished data
from gages maintained by the State, local agencies, private corpora-
tions, or individuals (California, Department of Water Resources
1900-69). Published data are routinely of high quality because of
periodic checks of observing sites and observation techniques and
the quality-control procedures used in the publication process. The
quality of unpublished data must be checked by a review of the
inspection records of the organization maintaining the gage and by
a careful screening of the data.

Length and period of record. In preparing generalized maps
of precipitation-frequency values, a uniform period of record sev-
eral times the length of the return period desired and computed at
a relatively dense network of stations (for sampling all data and
topographic extremes) is the ideal. In practical work, compromises
are necessary.

The use of a nonuniform record period, especially when the
period is short, may result in unrealistic relations between stations.
For instance, if data taken during a short-record period at one
station were taken during a relatively dry period, while data from
the neighboring station were taken during a relatively wet period,
the interstation relation would not be valid. Because the objective
of this investigation is to define the geographic variation in moun-
tainous regions, it is desirable to minimize other causes of varia-
tion. Use of a standard base period would minimize the above
variation. This is common practice in the preparation of mean
annual precipitation maps and also can be applied to the prepara-
tion of precipitation-frequency maps for shorter return periods.

Determination of precipitation-frequency values is usually
based upon the longest record available. These values are assumed
to be reasonably representative of the values that would be ob-
tained if the entire record were known. The use of a short-record
base period requires testing to determine if the data provide un-
biased results representative of values that would be obtained from
use of a long-record base period. For most regions covered in this
study, the most recent 15-yr period immediately preceding the
period when the maps for this Atlas were developed was used to
compute precipitation values for the 2-yr return period. At loca-
tions with at least 30 years of data, the 2-yr values from the 15-yr
base period were compared with the 2-yr values computed using
the total record. If the differences between the two series were
small and randomly distributed, the 15-yr base period was adopted
for all stations. Figure 2 shows the result of such a test for the

24-hr duration values for stations in Washington. The same test
was made for the rest of the western states.

In most of California and Nevada, the values computed from
the 15-yr base period data showed significant differences and some
bias to values based upon the total record. In this region, it was
necessary to use values based on the longest record possible for
each station in preparation of the 2-yr maps. Stations without data
during all or most of the more recent years were identified on the
working maps.

To make use of data from the maximum number of stations,
data from stations with 10 to 14 yrs of record were used in
preparing the 2-yr maps. Such stations also were suitably identified
on the working maps so that the analyst could use judgment in his
interpretation of such values.

While a 15-yr record provides data several times the length of
the return period for 2-yr maps, it provides only a small fraction of
the length of the 100-yr return period. During a 15-yr period,
some stations may experience precipitation amounts equivalent to a
return period of 50, 100, or more years. However, the probability
of having a 100-yr value in any preselected 15-yr period is only
0.14. Similarly, the probability of not having a true 15-yr return
period value in any preselected 15-yr period is about 0.09. Thus,
in a given 15-yr period, the probability that a station has received
its true 100-yr value is not greatly different from the probability
that its neighboring station has notr experienced its true 15-yr
value. While, admittedly, this would be an extreme case, this exam-
ple shows the importance of using as long a record as possible
when preparing precipitation-frequency maps for long return peri-
ods. In this study, records for as long as possible for each station
(without violating the 100-ft or 5-mi criterion) were used to com-
pute the 100-yr return period values. The length of record and a
confidence band to indicate the range of values likely to be experi-
enced at each station were included in the plotting model. With
this information, the analyst could more effectively evaluate the
reliability of each data point.

Published and unpublished data from approximately 3,300
stations were used in this study. The number of stations grouped
by length of record and state are shown in table 1. Many recording
gages were established at sites where nonrecording gages had been
located for many years. In table 1, the first column for each state
shows the number of stations with recording-gage data. The second
column for each state shows the total period of record for which
observation-day data were available for each of these stations. The
total record includes both recording and nonrecording data for the
recording-gage station. (Note: The total number of stations in
columns 1 and 2 are equal.) The third column for each state
shows the number of stations with nonrecording-gage data only.

Figure 3 shows the location of the 1,030 recording stations
used in this study. The length of record indicated is for the longest
available record and includes the period where only a nonrecording
gage may have been located at the particular station. Figure 4
shows the location of the 2,292 nonrecording gages that, together
with the recording gages, were used to provide data to define the
24-hr isopluvial pattern. A few additional stations with records of
less than 10yrs were used to provide guidance for estimating the
precipitation pattern in extremely mountainous regions where no
other data were available. Most of the data were for observation
days. Empirical adjustments were used to convert statistical analy-
ses of these data to the equivalent of 1,440-min data.

Figure 2. Test of 2-yr 24-hr precipitation values from short-
and long-record stations for the State of Washington.



Table 1. Number of precipitation stations by length and type of record in each Western State

Total

Years of record State Percent
Arizona New Mexico Colorado Utah Wyoming Montana Idaho Washington Oregon Nevada California
RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR RGR TR NR Stns. RGR TR NR Total

10-14 ....... 6 5 38 29 10 33 18 18 28 13 8 20 23 16 31 29 22 78 19 18 10 31 20 19 26 19 33 11 6 10 98 95 209 303 237 509 812 294 23.0 222 24.4
15-19 ....... 9 8 28 8 16 34 14 11 29 2 0 11 2. 1 11 5 3 19 2 41 7 4 2 13 3 3 13 6 5 b5 37 35 92 92 85 262 354 89 83 114 10.6
20-24 ....... 23 12 30 34 12 36 52 36 31 18 9 16 31 20 14 59 50 23 3 2 5 15 14 21 15 15 29 6 T 6 47 42 132 303 219 343 646 294 213 15.0 19.4
2529 ....... 1 15 7 15 3 15 28 3 7 2 15 16 10 11 37 25 8 50 36 30 15 5 4 140 114 97 258 208 224 482 250 20.2 98 145
30-34 ....... 1 9 3 15 3 ¥ Es o7 1 8 2 14 2 7 1 19 3 25 3 3 53 54 59 53 74 173 226 bl 72 786 6.8
3539 .uoeieien 2 10 3 11 0 9 4 4 2 6 2 9 1 4 4 19 4 11 1 3 14 18 43 14 41 129 143 14 40 56 4.3
4044 ....... 6 53 2 16 2 10 1 9 1 8 1 8 0 10 4 12 0 9 0o 2 5 15 70 5 32 207 212 05 31 90 6.4
A5:8G: ..oirnisreri 0 1 4 16 0 10 0O b5 3 8 I 5 0 15 3 8 1 4 5 3 0 2 16 0 19 91 91 00 18 4.0 2.7
LT LY. | Y | 5 13 4 12 2 13 2 6 511 1 14 4 15 2 10 2 4 0 1 13 0 29 112 112 00 28 49 34
5559 .. .ueen 1 4 8 14 2 7 1. 3 5 8 1 9 4 8 0 9 4 6 0 b5 0 3 13 0 29 86 86 00 28 38 2.6
BO64. o mmiirars 0 1 L 3 0 6 2 14 0O 5 4 3 0 6 3 4 1 2 1 2 1 6 13 l 18 59 60 01 1.7 26 1.8
6569 ... 1 1 0 4 1 B8 3 4 2 2 0 1 . 3 7 8 3 2 3 2 0 2 19 0O 23 59 59 00 22 26 1.8
7074 . ...... 4 6 0 1 3 1 0 8 21 0 15 29 29 0 15 1.3 0.9
75-79 . ...... 0] 0 4 0 0 4 4 00 00 02 0.1
8084 ....... 1 1 4 1 1 4 5 0.1 01 0.2 0.2
BEBY: . .wsumun 0 0 0 0 0 00 0.0 00 0.0
90-94 ....... 0 1 0 1 1 00 00 00 0.0+

Number:
By type ...... 38 191 71 210 84 178 33 113 56 114 93 195 40 100 87 156 94 180 38 49 396 806 | 1,030 2,292 3,322
Total stns . ... 229 281 262 146 170 288 140 243 274 87 1,202 3,322

Percent:
By type ...... 3.7 8.3 6.9 9.2 8.2 7.8 3.2 49 5.4 5.0 9.0 85 39 4.4 8.4 6.8 9.1 7.9 a7 2.1 384 35.1
Total stns . . .. 6.9 8.4 7.9 4.4 5.1 86 4.2 7.3 8.2 26 36.1

Note: RGR = stations having recording-gage record.

TR = stations having recording gage for part of the record; total record includes both recording- and nonrecording-gage record.

NR = stations having only nonrecording-gage record.

Data tabulations. The maximum observed 24-hr (and 1- and
6-hr for recording gages) precipitation amount for each month was
tabulated for each station. The maximum amount for each year of
record was determined from these maximum monthly amounts. In
the tabulations, data for some stations were missing or of question-
able reliability for all or part of one or more years. For each such
case, the data were evaluated individually to obtain the maximum
length of record for the station. For instance, if data for a few
months were missing, the maximum amount recorded for the re-
mainder of the year was used to determine the maximum yearly
amount if it appeared reasonable when compared with other years
and with the maxima for that year at surrounding stations. This
could result in an underestimation of the accepted amount, but it is
felt that such errors are small and of little consequence.

Every effort was made to keep spurious data to a minimum.
Reports of unusually large amounts at a station, or of large
amounts at one station surrounded by stations reporting little or
no precipitation, were examined to determine whether these large
amounts were meteorologically reasonable. Cool season data were
examined to ascertain if unusually large amounts were depth of
snow rather than its water equivalent. However, not all large
amounts were examined, nor could conclusive determinations be
made regarding all of the large amounts that were examined. It is
believed that most of the spurious data have been corrected.

Frequency Analysis

Two types of series. There are two methods of selecting data
for analysis of extreme values. The first method produces the
annual series. This method selects the largest single event that
occurred within each year of record. In the annual series, year may
be calendar year, water year, or any other consecutive 12-mo
period. The limiting factor is that one, and only one, piece of
datum is accepted for each year. The second method of selecting
data produces the partial-duration series. This method recognizes
that large amounts are not calendar bound and that more than one
large event may occur in the time unit used as a year. In a
partial-duration series, the largest N events are used regardless of
how many occur in the same year; the only restriction is that
independence of individual events be maintained. The number of
events used is at least equal to the number of years of record.

One requirement in the preparation of this Atlas is that the
results be expressed in terms of partial-duration frequencies. To
avoid the laborious processing of partial-duration data, the annual
series data were collected and analyzed and the resulting statistics
were transformed to partial-duration statistics.

Conversion factors between annual and partial-duration se-
ries, Table 2 gives the empirical factors used to multiply partial-
duration series analysis values to obtain the equivalent annual

series analysis values. It is based on a sample of about 200 widely
scattered first-order Weather Bureau stations. Only about one-
fourth of these stations are in the western United States. The
factors used in table 2 were taken from Weather Bureau Technical
Paper No. 40. Reciprocals of these factors were used to convert
the statistics of the annual series to those of the partial-duration
series.

These relations have also been investigated by Langbein
(1949) and Chow (1950) with equivalent results. The quality of
the relation between the mean of the partial-duration series and
that of the annual series data for 6- and 24-hr durations is shown
in figure 5. The means for both series are equivalent to the 2.3-yr
return period. Tests for samples of from 10 to 50 yrs of record
length indicate that the factors of table 2 are independent of the
record length.

Return period Conversion factor

2-yr 0.88
5-yr 0.96
10-yr 0.99

Frequency distribution. The frequency distribution used was
the Fisher-Tippett Type I distribution; the fitting procedure was
that developed by Gumbel (1958). This distribution and fitting
procedure were used by the National Weather Service in previous
studies of short-duration precipitation values (U.S. Weather Bu-
reau 1953, 1954a, 1954b, 1955a, 1955b, 1956, 1957-60, and
1961). Studies by Hershfield and Kohler (1960) and Hershfield
(1962) have demonstrated the applicability of this distribution to
precipitation extremes. The distribution was fitted by the method
of moments. The 2-yr value measures the first moment, the central
tendency of the distribution. The relation of the 2-yr to the 100-yr
value is a measure of the second moment, the dispersion of the
distribution. The 2-yr and 100-yr precipitation can be used for
estimating values for other return periods.

The return-period diagram, figure 6, taken from Weather Bu-
reau Technical Paper No. 40, is based on data from National
Weather Service stations having long records. The spacing of the
vertical lines on the diagram is partly empirical and partly theoreti-
cal. From 1- to 10-yr return periods, it is entirely empirical, based
on freehand curves drawn through plottings of partial-duration
series data. For 20-yr and longer return periods, reliance was
placed on the Gumbel procedure for fitting annual series data to
the Fisher-Tippett Type I distribution. The transition was
smoothed subjectively between the 10- and 20-yr return periods. If

Table 2. Empirical factors for converting partial-duration
series to annual series
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precipitation values for return periods between 2 and 100 yrs are
desired, it is necessary to obtain the 2- and 100-yr values from this
series of generalized precipitation-frequency maps. These values
are then plotted on the appropriate verticals and connected with a
straight line. The precipitation values for the intermediate return
periods are determined by reading values where the straight line
intersects the appropriate verticals. If the rainfall values are then
converted to the annual series by applying the factors of table 2
and plotted on either Gumbel or log-normal graph paper, the
points will very nearly approximate a straight line.

Isopluvial Maps

Methodology. The factors considered to determine the se-
quence of preparation of the basic isopluvial maps for this series of
generalized precipitation-frequency maps were (1) availability of
data, (2) reliability of estimates for the return period, and (3)
range of durations and return periods. Because of the large amount
of data for the 24-hr duration and the relatively small standard
error associated with the 2-yr values, a map showing such data was
selected for preparation as the basic map for this series. The
second map was prepared for the 24-hr duration and 100 yrs,
the longest return period of interest. Next, the 2-yr 6-hr and
the 100-yr 6-hr precipitation maps were prepared. These four
key maps envelop the range of durations and return periods re-
quired and provide the data to be used for obtaining values for
four intermediate return period maps at each duration.

Development of relations for interpolating precipitation-fre-
quency values. The adequacy of the basic data network for deter-
mining precipitation-frequency values varies from place to place
within the western United States. The greatest station density
occurs along the Pacific coast west of the Cascade and Sierra
Nevada Ranges (figs. 3 and 4). The lowest densities are in the
intermountain plateau—between the Cascade-Sierra Nevada ranges
and the Continental Divide—particularly in Nevada and in the
Salmon River Mountains of Idaho. Even within particular regions,
the stations are not evenly distributed. Most of the stations are
located in the coastal plains, the river valleys, the western portion
of the Great Plains, and the lower foothills of the mountains.
Relatively few stations are located on steep slopes or on crests of
mountains, in sparsely populated areas, or in areas where access is
difficult.

It is desirable, therefore, to develop relations that can be used
in interpolating precipitation-frequency values between stations in
regions where data are relatively scarce. A preferred method is to
relate variations in precipitation-frequency directly to variations in
topographic factors; this is done when an adequate relation can be
developed. The primary advantage of this procedure is that topo-
graphic factors can be determined at any point in a region. Topo-
graphic maps can be prepared from aerial photographs or surveys,
or by other methods that do not require observations taken at a
fixed point over a period of time. Among topographic factors
frequently considered are: (1) elevation of the station, either the
actual elevation or some effective elevation (an average elevation
determined along a circle of a given radius around the station);
(2) slope of the terrain near the station, both in the small and
large scales; (3) distances from both major and minor barriers;
(4) distances and directions from moisture sources; and (5)
roughness of the terrain in the vicinity of the station.

Figure 3. Geographic distribution of stations with recording
gages. Symbols indicate total length of record available.



It has not been possible to develop such relations for all
regions. Hence, it also was necessary to develop relations that
included climatological or meteorological factors. The factors se-
lected for use must be available at locations where precipitation
data for durations of between 1 and 24 hrs are not available.
Otherwise, they would not provide additional information needed
for use in interpolating between locations with frequency values.
An example of such a factor is normal annual precipitation. In the
construction of such a map, data from snow courses, adjusted short
records, and storage gages that give weekly, seasonal, or annual
accumulations of precipitation can be used. Such records do not
yield the short-duration precipitation amounts necessary for this
study. Thus, normal annual precipitation data, particularly because
it provides greater areal coverage in mountainous regions, might be
of definite use in developing the patterns of the precipitation-fre-
quency maps.

Several other meteorologic factors can be used in combination
with normal annual precipitation data and topographic factors to
interpolate short-duration precipitation-frequency values at inter-
mediate points. Examples of such factors are: (1) number of
thunderstorm days, (2) number of days or hours with precipitation
above a threshold value, (3) percentage frequencies of various
wind directions and speeds, and (4) percentage frequencies of
class intervals of relative humidity. Since these factors can be
obtained only where there are recording meteorological gages or
where there are observers to record the data they do not supple-
ment the available short-duration precipitation-frequency values by
providing data at additional sites.

It would have been desirable to develop a single equation,
utilizing physiographic factors, to interpolate between locations
with short-duration precipitation-frequency values for the western
United States. Such an equation could not be developed, so rela-
tions for interpolating the precipitation-frequency values were de-
veloped for each of several smaller regions considered to be meteo-
rologically homogeneous. The extent of each region was deter-
mined from consideration of the weather situations that could be
expected to produce large precipitation amounts. Among the ques-
tions asked and answered were: What is the source and from what
direction does moisture for major storms come and are there major
orographic barriers that influence the precipitation process? Figure
7 shows some of the principal paths of moisture inflow for the
western United States and the major orographic barriers to such
inflow.

The regions selected for their homogeneity normally are river
basins or combinations of river basins. The river basins selected
were usually bounded by major orographic barriers that signifi-
cantly influence the precipitation regime. The size of these regions
varied, partly because of meteorologic and topographic considera-
tions and partly because of the availability of data. Some regions
included more variability in topographic and meteorologic factors
than was ideal. Efforts made to reduce the size of the regions were
not successful because sample sizes decreased to less than accepta-
ble limits.

After the geographic regions were selected, various topo-
graphic factors that could cause variation of precipitation-fre-
quency values within limited regions such as slope, elevation,
roughness, and orientation were examined. Individual precipita-
tion-frequency values and exposures around the stations were ex-
amined to gain insight into topographic factors that could be im-

Figure 4. Geographic distribution of stations with nonrecording
gages. Symbols indicate total length of record available.
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Figure 5. Relation between annual and partial-duration series. Figure 7. Principal paths of moisture inflow in the western
United States for storms producing large precipitation
amounts. Toned areas are major orographic barriers.
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variables until the variance explained by an additional variable was
less than some preselected amount or until a fixed number of
variables was selected. Final equations did not contain more than
five independent variables.

In the development of these equations, data from all stations
with daily or hourly observations were considered. The data sam-
ple used was not completely adequate. First, it did not include for
each factor the full range of values that occur within the region.
Application of the equation, therefore, required unavoidable ex-
trapolation. Second, the number of data points used to develop
these equations was occasionally less than desirable. Nevertheless,
the equations provided the best available method of developing
preliminary estimates of frequency values in regions lacking ade-
quate data.

Relations for interpolating between 24-hr precipitation-fre-
quency data points. Figure 8 shows generalized boundaries of the
regions used to develop relations for interpolation between loca-
tions with 2-yr 24-hr precipitation values. Topographic maps show
recognizable topographic barriers chosen as the boundary lines of
most regions. For example, the boundary separating regions 3 and
4 from those to the west is the Continental Divide. The boundary
separating region 15 from 14 is the crest of the Cascade Range. A
few of the boundaries between adjoining regions may appear some-
what arbitrary, but examination of detailed topographic maps will
show a physical basis for each.

In areas where topographic variation is gradual and where
there are no large differences in elevations or slopes over short
distances, precipitation-frequency values at a station usually are
representative of a much larger area than are such values in a
mountainous region. Within the western United States, some rather
extensive regions met this criteria. Within these regions, there were
also numerous stations with suitable records. The lack of topo-
graphic controls means only there is limited variation in precipita-
tion-frequency values, and this variation is such that it can be
depicted using the numerous station data points. No equations for
interpolating between stations were developed for such regions
(shown shaded in fig. 8).

The equations developed for interpolating between locations
with 2-yr 24-hr precipitation values in regions of sparse data were
not all equally reliable. On the average, the 28 equations developed
for estimating the 2-yr 24-hr precipitation values at intermediate
points in western United States explained about 70 percent of the
variance. The standard error of estimate averaged about 13 percent
of the average station value for 2-yr 24-hr precipitation. The corre-
lation coefficient, the number of stations used, the average 2-yr
precipitation value, and the standard error of estimate for each
equation used to estimate 2-yr 24-hr precipitation values are shown
in table 3.

The equation that explained the least variance, only slightly
over one-half, was for western Utah and most of Nevada (region
8, fig. 8). This is a region with diverse topography and no well-de-
fined orographic barrier. It is also a region where a wide variety of
storms produce large precipitation amounts. The equation devel-
oped for the coastal mountains of California (region 18, fig. 8)
explained the greatest portion of the variance, about 90 percent.
The region consists primarily of mountain ranges oriented north-
northwest to south-southeast; within this region, large precipitation
amounts generally result from one storm type.

Figure 8. Regions used to develop statistical parameters for
interstation interpolation of 2-yr 24-hr precipitation values.
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Table 4. Factors most useful in relations for interstation
interpolation for 2-yr 24-hr precipitation values

Percent
of total
Factors Number Percent Number number
(by category) of equa- of of times of times
tions equations each each
using using factor factor
factor factor used used
Slope 18 64 37 42
Normal annual
precipitation 15 54 15 17
Barrier to airflow 10 36 11 12
Elevation 10 36 10 11
Distance to moisture 9 32 9 10
Location (latitude
or longitude) 4 14 5 6
Roughness 2 7 2 2

Two equations were developed for region 8 (fig. 8), which
includes western Utah and Nevada except for the Snake and Virgin
River Basins and a spillover zone east of the Sierra Nevada. The
two relations had nearly equal correlation coefficients and standard
error of estimates. The first equation was developed using normal
annual precipitation, the second topographic factors only. The
equation using normal annual precipitation data was developed
during preparation of maps for Utah because reliable normal an-
nual precipitation maps were available. Investigations countinued,
and a relation that gave about equally reliable results was obtained
during the development of the maps for Nevada. Values computed
using both equations for points near the Nevada-Utah border
showed results that did not differ greatly. The second equation was
then used to prepare the maps for Nevada.

Table 4 shows the factors, grouped in general categories,
found most useful in depicting variations in the 2-yr 24-hr precipi-
tation values for the western United States. The first and second
columns show the number and percent of equations in which each
factor was used. The total for the second column is larger than 100
percent because several factors were used in the equations devel-
oped for each region. The third column shows the total number of
times each factor was used, and the fourth what percentage each
factor used was of the total number of factors. For example, of the
89 different factors used in the 28 equations, 37 were some meas-
ure of slope; the use of the slope factor represents 42 percent of
the total number of factors used.

The single most important factor considered was slope, a
topographic factor. Measurement of slope varied from region to
region. In some regions, slope was measured directly by dividing
the difference in height between two points by the distance between
the points. In the Cascade and Coast Ranges of Washington and
Oregon, the difference between the station elevation and the aver-
age elevation at a distance of 20 miles in the western quadrant

proved to be the most significant factor. A less direct measure was
used in north-central Wyoming and south-central Montana, where
the greatest change in elevation between the station and the lowest
point within 20 miles was used and the distance between the
station and such a point was not involved. In several portions of
California, a more complicated method was used. A path 5 miles
wide was oriented along the prevailing direction of moist airflow.
At 1-mi intervals along this path, the average height was measured.
The difference in height between adjoining lines indicated whether
there was an upslope or a downslope in this particular segment.
The summation of the upslopes and downslopes, separately, was an
indirect measurement of slope. A combination of these upslopes
and downslopes, each divided by the distance between the station
and the center of the area included between two adjoining lines,

was a direct measurement of slope.
The second most important topographic factor was found to

be the barrier to moist airflow; this factor is actually a combination
of meteorology and topography. In selecting a barrier, the first
consideration was the direction of moist air inflow. The barrier had
to be normal, or nearly normal, to this direction. The barrier
range, or ranges, had to be sufficiently massive to cause a signifi-
cant disruption in the airflow. Barriers of limited lateral extent that
would permit air to flow around as easily as over were not consid-
ered. A generalized crest line was drawn along the significant
barrier, and measurements of barrier height or distances or direc-
tions to this barrier were then made from the station to this general-
ized crestline. The orientation of barriers to moist airflow was
determined as appropriate for each region. For example, along the
Pacific coast, a westerly direction of moist airflow was used; in
Colorado and New Mexico, a southeasterly airflow was appropri-
ate. The direction selected was determined from an examination of
the moist air inflow in storms that produce large precipitation
amounts in these regions. In some regions, the distance behind the

barrier was important. In others, the height of the barrier proved
to be more significant.

The distance to the principal moisture source, a combination
of topographic and meteorologic influences, was another important
factor. In northeastern New Mexico, central Colorado, and south-
eastern Wyoming (region 4, fig. 8), examination of a topographic
map and consideration of the moist air inflow in storms that pro-
duced large precipitation amounts (fig. 7), made it evident that the
general moist airflow was from the Gulf of Mexico. Distance to
moisture was therefore measured in that direction.

Another topographic factor used frequently was the elevation
of the station, either the actual station elevation or, preferably,
where narrow valleys and ridges predominate in the area the aver-
age elevation around the station at some distance (effective eleva-
tion). Elevation alone usually correlated rather poorly with precip-
itation-frequency values. In many regions, the simple correlation
between elevation and precipitation-frequency values was not sta-
tistically significant at either the 0.01 or 0.05 level. It was not
elevation alone but a combination of elevation with other factors,
such as slope, height of intervening barriers, and distance to mois-
ture source, that was significant.

Normal annual precipitation was used in many of these index
relations. However, the policy adopted was that normal annual
precipitation was not used if an equally reliable relation could be
derived solely on the basis of topographic factors, even though
normals could have been used in almost every region. The one

exception was the southeastern desert regions of California, where
normal annual precipitation did not correlate well with precipita-
tion-frequency values. Normal annual precipitation maps are most
exact at points where data are available. Isopleths used to arrive at
estimates in areas where data are not available are only as accurate
as the standard error of estimate of the relation used in the inter-
polation and as the skill of the analyst will permit. Therefore,
where estimates of normal annual precipitation (or other climato-
logical factors) are used to develop precipitation-frequency maps,
the error incorporated in development of the normal annual pre-
cipitation map is combined with the standard error of estimate of
the relation for precipitation-frequency maps. Normal annual pre-
cipitation maps were, however, helpful and were used. Storage-
gage and snow-course data, streamflow data, and vegetation maps
are useful for drawing accurate normal annual or seasonal precipi-
tation maps in regions where lack of short-duration precipitation
data decreases the reliability of relations between frequency values
and topographic factors. Normal annual precipitation was used as
a factor where topographic factors could not be quantified to esti-
mate the precipitation-frequency values with sufficient accuracy.

Table 5 shows the statistical parameters of the interpolating
equations used to estimate the 100-yr 24-hr precipitation values.
The equations were developed for the same regions as those for the
2-yr return period, with one exception (fig. 9). This was in Ari-
zona where data from the Gila, Williams, and lower Colorado
Basins were combined with data from the San Juan, Little Colo-
rado, and Virgin River Basins. In regions relatively unaffected by
orography, equations were developed that related the 2-yr 24-hr
precipitation values to those for the 100-yr return period. These
equations were developed as an additional aid for interpolating
between stations in these regions because of the relatively few
stations with long records available. Although the longest record
stations were generally within the nonorographic regions, most
states had less than 20 percent of the stations within these regions
with 50 or more years of record. Equations for these regions
provided an objective method of providing space-averaged ratios
between 100-yr 24-hr precipitation values and 2-yr 24-hr precipi-
tation values. )

As with the relations for estimating the values for the 2-yr
return period, the equations did not all have the same degree of
reliability. The orographic region for which the equation accounted
for the least variance (not quite one-half of the variation) was the
region including the Yampa River Basin, the Green River Basin
above the confluence of the Green and Yampa Rivers, and the
Bear River Basin east of the Wasatch Mountains (region 5, fig. 9).
For several regions in California, over 90 percent of the variance
was accounted for by the equations. The equation developed for
the San Rafael, San Bernardino, Santa Monica, and San Gabriel
Mountains (region 20, fig. 9) accounted for the greatest amount of
the variation. On the average, the 35 equations developed to inter-
polate the 100-yr 24-hr precipitation values in this portion of the
United States accounted for about 75 percent of the variance, and
the standard error of estimate averaged about 12 percent of the
average station value.

There was one region (region 7, fig. 9) for which two equa-
tions were developed. In the preparation of frequency maps for
Utah, basins that were wholly or partly within Utah were investi-
gated. One region extended westward from Utah to include most of
Nevada. Within this region, a relation was developed that

accounted for about 60 percent of the variance. During subsequent
investigations, a superior relation was developed when frequency
maps for Nevada were prepared. The newly developed equation
accounted for about 80 percent of the variance.

Table 6 shows the factors found most useful for interpolating
variations in the 100-yr 24-hr precipitation values in sparse-data
areas of the western United States. This table is in the same format
as table 4. The definitions of the variables—slope, distance to
moisture, elevation, etc.—are the same as those for table 4. Again,
slope is the most important topographic factor. The next most
important topographic factor was elevation. In the equations, the
2-yr 24-hr precipitation values were used in interpolation. In
table 6, it can be seen that the 2-yr 24-hr precipitation value was
the most important variable. However, this may be misleading
because about one-fourth of the regions for which equations were
developed were considered nonorographic. In such regions, the use
of the 2-yr 24-hr precipitation value in an equation was similar to
using an average 100- to 2-yr ratio. Frequently, these equations
included a location factor that reflected the variation of such a
ratio over the region. As with other meteorological or climatologi-
cal factors—for example, normal annual precipitation—it would
have been preferable to avoid the use of precipitation-frequency
values in the equations. However, this was not always possible.

Relations for estimating the 6-hr precipitation-frequency
values. Data from both recording and nonrecording gages can be
incorporated in equations for estimating precipitation-frequency
values for the 24-hr duration. For durations of less than 24 hrs,
only data from recording gages can be used. This frequently re-
duces the number of data points within a particular region by
one-half or more. The effect of topography on precipitation-fre-
quency values decreases as the duration decreases. Thus, there is
less variability in the precipitation-frequency values for the 6-hr
duration. For these reasons, larger regions are used to develop
interpolation equations for 6-hr duration maps. Figure 10 shows
the regions used to develop the equations for estimating 2-yr 6-hr
precipitation values. The regions used for developing relations for
the 100-yr return period were the same with one exception; the
region south of the Snake, Bear, Yampa, and North Platte River
Basins (region 1, fig. 10). This region was divided approximately
along the Arizona-Utah and the New Mexico-Colorado boundary
lines into Regions 1A and 1B.

The equation for the northern Sierra Nevada region of Cali-
fornia (region 7, fig. 10) accounted for the least amount of varia-
tion—about 60 percent—in the 2-yr 6-hr precipitation values
(table 7). The equation for the coastal mountains of California
(region 6, fig. 10) accounted for over 90 percent of the variation
and was the most reliable equation developed. On the average, the
equations accounted for over 80 percent of the variations and had
a standard error of estimate of about 11 percent of the average
2-yr 6-hr precipitation values.

For the 100-yr 6-hr precipitation values, the equation for the
coastal mountains of California (region 6, fig. 10) accounted for
the greatest amount of variation in these values (table 8). In this
region, over 90 percent of the variation in the data sample was
accounted for. The equation for the northern Great Basin (region
3, fig. 10) accounted for the least variation. In this region, the
equation accounted for about 60 percent of the variation. On the
average, the equations accounted for over 80 percent of the varia-
tion with a standard error of estimate of about 14 percent of the




Tahle 6. Factors most useful in relations for interstation
interpolation for 100-yr 24-hr precipitation values

Mean of Standard

Corr. No. of computed error of

Region of applicahility coeff stations stn. values estimate
(inches) (inches)

Gila, Williams, San Juan, Little Colorado, and Virgin River Basins (1) . ........ ... 0.80 148 3.98 0.59
Rio Grande Basin north of El Paso, TeX. (2) . ..ot i iit it et i et ettt tia et aaee s 0.78 110 3.26 0.48
Crest of Continental Divide and Sangre de Cristo Mountains to generalized 7,000-ft contour from
southern Wyoming to southern tip of Sangre de Cristo Mountains (3) ............ ..., 0.91 69 3.28 0.38
Upper Colorado and Gunnison River Basins and Green River Basin below confluence of
Green and Yampa: RIVAYS ()] . i wios s it sus 5165 sumn sease: s, ssn sasis se. simsn passa smom (sine sl s0b Sie o o 0.79 53 2.57 0.31
Yampa River Basin, Green River Basin above confluence of Green and Yampa Rivers, and Bear River
east of Wasatch MOUNLAING (B) . coire weininn covie sime sivie simimine wisie wes s ehiix waisinds scbos sioe vis §ins sin bon 0.68 27 241 0.30
Mountains: oFCemtral VHRRNEY . ..o vo cni sandin msd » spvn sinderems soim stbis i o oo S & s St 5 s 0.88 65 284 0.25
Western Utah and Nevada, except Snake and Virgin River Basins and spillover zone east of
Sierra Nevada Crat(Z)R o vals i sovn wwie i3 som swms s ws S5 B0 G B9 R HEG S8R TE SE SY S e e 0.77 64 2.50 0.29
Western Utah and Nevada, except Snake and Virgin River Basins and spillover zone east of
SEPras NEVETE CIBBRITIR L v rm it o 53 B Wood & B3 o s Baind ol Bis Tl B s o WEL R B i £ 0.90 55 242 0.22
Big Horn River Basin above Saint Xavier and minor portions of North Platte, Powder, Tongue,
and Yellowstone River Basing (8) . ... ..ottt ittt ittt et e e 0.94 47 3.10 0.31
Upper Missouri River Basin above Holter Dam, Mont.; Snake River Basin ahove Alpine, Wyo.;
and upper Yellowstone River Basin above Springdale, Mont. (9) ... ... .uuurirniinrnnnnnns. 0.88 48 2.68 0.34
From generalized 4,000-ft contour on the east to crests of Crazy and Little Belt Mountains
AndiLewis Rangs on THe WESHIL0) .55 cus s sk fus &5 Bai 250 ve 600 S5s3I Vs 060 Frd ¥ ad v 0.85 41 371 0.44
West of Continental Divide, but east of Bitteroot Range and Cabinet and Selkirk Mountains (11) ... ... 0.90 37 2.87 0.20
Mountainous region of eastern Washington and Oregon and of Idaho west of Bitteroot Range crest
and Continental Divide, and north of southern boundary of Snake River Basin—excluding Snake
River Valley below a generalized 5,000-ft contour (12) ... ......oit it eiiiniinnanennns 0.87 99 2,74 0.32
Orographic region east of crest of Cascade Range and west of Snake River Basin (13) ............. 0.92 115 3.76 0.61
Western slopes of Coast Ranges, Olympic Mountains, and Cascade Range (14) ................. 0.80 119 7.09 1.13
Spillover zone east of crest of Sierra Nevada (15) .. . oo vii ittt i i e e e e e e i ne s 0.91 28 5.39 0.75
Eel River Basin; southern portion of Klamath River Basin; and Cottonwood, Elder, Thomas,
and GlEdstone TreeRE T1B8). & v o v o v iaw 6 & e Ko ol D65 W 5 005 Vs werv B e VoY B9 5 e S b 0.85 26 8.34 1.42
Russian River, Cache and Putah Creeks, and coastal drainages west of Russian River (17) .......... 0.88 35 10.17 1.24
Santa Cruz Mountains and La Panza, Santa Lucia, and Coast Ranges (18) ............c.ciuvuuinnn. 0.96 26 10.90 1.25
Biablo, Gabilan, and Temblor Range® {19) . s mea o owwwe sran s v el Gais a0 S o s ol Do e 0.97 29 5.26 0.48
San Rafael, San Bernardino, Santa Monica, and San Gabriel Mountains (20) .................... 0.98 68 11.72 0.97
Santa Ana, Santa Rosa, Coyote, and other extreme southern coastal mountains (21) ............... 0.87 29 6.74 1.06
Northern Sierra Nevada north of Mokelumne River Basin (22) ... ... ... iiiirineninnnennn. 0.96 65 9.74 1.01
Southern Sierra Nevada south of Consumnes River Basin (23) . ........ciririnininrrninenanns 0.89 42 8.14 1.29
Southeastern desert region of California (24) ..« oo xcivinviu v s vassiam st sin sie ses s ase cas s 0.93 41 3.37 0.47
Spillover zone east of crest of coastal mountains of southern California (25) .................... 0.98 10 6.20 0.50
New Mexico east of Rio Grande Basini(26) . «.av i i swors covvin i cae i a0 savs iabid 8506 5als 515 s20% b 0.66 136 5.28 0.88
Colorado east of generalized 7,000-ft contour, and southeastern Wyoming east of generalized 7,000-ft
contour and south of North Platte River Basin (27) . .. ..ottt e 0.82 119 4,73 0.52
Eastern Wyoming and southeastern Montana east of generalized 6,000- to 5,000-ft contour and south
of generalized 4,000-ft contour in vicinity of Wyoming-Montana border (28) ................... 0.83 66 4.08 0.45
Montana east and north of generalized 4,000-ft contour (29) . .. ...ttt 0.76 83 3.86 0.42
Snake River Valley below 5,000 ft (30) . . ..ttt vttt et e e e e e et e e e 0.85 48 2.25 0.21
Coastal Plain, Puget Sound region, and Williamette Valley below 1,000 ft (31) ........ccvvnunnnn. 0.94 146 5.47 0.62
Nonorographic region east of crest of Cascade Range (32) . ... oviu it ittt e ieenennns 0.71 50 2.07 0.25
Sacramento and San Joaquin River Valleys of California below 1,000 ft (33) .. ... ..o vivrinrnnn. 0.94 102 4.07 0.51
Coastal lowlands o Calitamiai(BaY oo s spmnn 5 im0 s i 68 555 B85 50055 5 0R 55508t fasis somns 0.87 180 6.65 1.03

' Numbers in parentheses refer to geographic regions shown in figure 9.
* Two different equations were used in region 7. See text for explanation.

average 100-yr 6-hr precipitation values.

The factors used most frequently in the equations for estimat-
ing the 2-yr 6-hr precipitation values are listed in table 9; those for
the 100-yr 6-hr precipitation values are given in table 10. The
format and definitions of variables of tables 9 and 10 are the same
as those of table 4. For the 2-yr return period, the factor used most
frequently was a measurement of slope. Most equations, however,
related variations in the 6-hr precipitation values to variations in
the 24-hr values. For the 100-yr return period, slope and elevation
were equally important topographic factors. As with the 100-yr
24-hr and 2-yr 6-hr maps, precipitation-frequency values were
used in the equations for some regions.

Typical multiple linear regression equations. It is beyond the
scope of this publication to present all the equations used for
estimating precipitation-frequency values for this Atlas. However,
it is useful to discuss in some detail two equations used to estimate
the 2-yr 24-hr precipitation values. The factors used and the
accuracy of the results obtained are typical of other equations
developed.

The first of these is the equation for the northern Coastal
Mountains of California (region 16, fig. 8). This region includes
the Eel River Basin, some southern portions of the Klamath River
Basin, and the western portion of the Sacramento River Basin.
This equation is

Y= 3.117 4 1.814(X,;) + 0.016(X,) — 0.049(X;), (1)

where Y is the 2-yr 24-hr precipitation value in inches, and X,

Percent
of total

Factors Number Percent Number number

(by category) of equa- of of times of times
tions equations each each
using using factor factor
factor factor used used

2-yr 24-hr

precipitation 27 77 27 29

Slope 26 74 26 28

Elevation 20 57 20 22

Distance to moisture 6 17 6 7

Location (latitude

or longitude) 5 14 6 7

Normal annual

precipitation 4 11

Barrier to airflow 2 6 2 2

Roughness 1 3

is the average elevation (in hundreds of feet) of the points on a
I-mile radius circle centered on the station and divided by the
distance (in miles) to the coast. X, is the slope of the terrain near

Mean of Standard

Corr. No. of computed error of

Region of applicahility* coeff. stations stn, values estimate
(inches) (inches)

Arizona, New Mexico, extreme eastern California, Nevada south of the Snake River Basin, Utah south
of the Snake and Bear River Basins, and Colorado south of the Yampa and North Platte River Basins
(3t T 0 - e e SN SR I e RSN . e e S S W Gy A 0.92 262 1.10 0.16
Montana and Wyoming east of a generalized crestline extending along the Continental Divide in
northern Montana, the Crazy and Little Belt Mountains, the Absaroka Range, and the Continental
Pivide i southiern Wyoming (2) .-.uu cee eoen smase o @ gscs s sioi sme s wee simm & axs 6606 S0 £30s Seres s 094 125 1.07 0.10
Region north of the southern boundaries of the Snake, Bear, and Yampa River Basins and between
a generalized crestline of the Cascades and a generalized crestline extending along the Continental
Divide in northern Montana, the Crazy and Little Belt Mountains, the Absaroka Range, and the
Continental Divide in southern Wyoming and northern Colorado (3) ..., 091 151 0.73 0.07
Orographic regions of western Washington, Oregon, and California from the crest of the Cascade
Range to the Pacific Ocean extending southward to include the area drained by the Klamath
and Salmon Rivers in northern California (4) ... ..ovu it tin it ernr i snennreeennenasnses 0.78 57 1.66 0.23
Nonorographic coastal lowlands of Washington and Oregon (5) .. .....coviriiurnniinneennannn. 0.97 59 141 0.10
Coastal mountains of California from the Trinity River Basin in the north to the Mexican border (6) . . 0.97 87 1.85 0.16
Northern Sierra Nevada north of Mokelumne River Basin (7) .......ciiiiiiinniinnniinnnns 0.78 31 2.03 0.34
Southern Sierra Nevada south of Consumnes River Basin (8) .........cvtiiriiieainnenans 0.92 26 1.68 0.18
Spillover zone east of the crests of the Sierra Nevada and the coastal mountains of southern
California and the southeastern desert region of California (9) ........c.oiiiuiiinnenennnans 0.86 25 0.84 0.12
Coastal lowlands and San Joaquin and Sacramento Valleys of California (10) .................... 0.95 73 1.37 0.11

* Numbers in parentheses refer to geographic regions shown in figure 10.

Table 5. Statistical parameters for relations used for interstation
interpolation of 100-yr 24-hr precipiation values

Table 7. Statistical parameters for relations used for interstation
interpolation of 2-yr 6-hr precipitation values
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the station (in hundreds of feet per mile). X. was computed by
subtracting the average height along a 90° arc centered 10 miles
southwest of the station (downwind for the most prevalent storm-
wind direction) from the average height along a 90° arc centered
5 miles northeast of the station (upwind for the most prevalent
storm-wind direction). X, is the average height (in hundreds
of feet) of the final crest (measured along a 10° arc) divided
by the distance (in miles) between the station and the final crest.
The final crest was a generalized crestline that separated the
Sacramento River Basin from basins to the west; it was drawn on a
1:1,000,000 World Aeronautical Chart. Distances to the east of
this crest were considered negative.

The first factor, X;, combines the measurements of the horizon-
tal and vertical distances from moisture. It also measures the aver-
age slope between the station and the coast. The second factor,
X,, is a measure of the lift imparted to the airflow in the vicinity
of the station—small-scale slope. The third factor, Xs, is a meas-
ure of large-scale lifting—Ilarge-scale slope. It can also be consid-
ered to represent the general distortion in the large-scale moist
ajrflow caused by the major orographic barrier.

This equation explains about 84 percent of the variance in the
2-yr 24-hr precipitation values, with a standard error of estimate of
0.50 in. which is about 12 percent of the average 2-yr 24-hr
precipitation value for stations in the region. Of the total variance,
the first variable accounts for about 70 percent, the second, 9
percent, and the third, 4 percent. Other variables examined did not
account for significant additional portions of the variance. The
geographic distribution of the errors is shown in figure 11. The
upper number at each station is the actual difference (in hun-
dredths of inches) between the value computed from observed data
and that estimated from the equation. The lower number is the
error expressed in a percent of the 2-yr 24-hr precipitation value
at the station. No discernible regional pattern in the errors was
apparent. Although the factors used in this and the other equations
have a physical meaning, the equation is a statistical relation of
physical factors. There is no intention to imply a cause-and-effect
relation. The requisite knowledge of the precipitation process is not
yet available to develop equations that incorporate the dynamics of
motion, condensation, and other factors to predict precipitation
frequency.

The second illustrative equation was developed for the Big
Horn River Basin, south of Saint Xavier, Mont. (region 9, fig. 8).
Minor portions of the North Platte, Powder, Tongue, and Yellow-
stone River Basins were also included in this region. The equation is

Y = 1.497 + 0.027(X,) 4+ 0.002(X;) — 0.023(X,). (2)

Y is the estimated 2-yr 24-hr precipitation value in inches. X, is
the difference between the station elevation and the lowest eleva-
tion within 20 miles (in hundreds of feet). X; is the difference
between the sum of the maximum heights within 40 miles along
radials to the northwest, west, and southwest, and the sum of the
maximum elevations within 40 miles along radials to the northeast,
east, and southeast (in hundreds of feet). Xq is the direction to the
nearest point on the Continental Divide within the sector from
southwest to north. If, however, there is a peak higher than 9,000
ft within this sector and it is closer to the station than is the
Continental Divide, X is the direction to this peak.

USCOMM-WE.DC

Figure 9. Regions used to develop statistical parameters for
interstation interpolation of 100-yr 24-hr precipitation values.



All three variables are related to the effect of the ground slope
in the vicinity of the station. The first two variables measure
differences in height over small and medium distances and reflect
the importance of the steepness of the slope in the precipitation
process. Here, the moist airflow of large storms comes from an
easterly direction, frequently associated with a cyclonic center
south or southeast of the region, and ground elevation generally
increases toward the west or northwest. The third variable relates
the orientation of the ground slope and its effectiveness in the
precipitation process to an optimum inflow direction. The total
amount of the variance accounted for by this relation is about 60
percent, with a standard error of estimate of 0.21 in., or about
17 percent of the average 2-yr 24-hr precipitation value. The first
variable accounts for about 41 percent of the variance; the second,
11 percent; and the last, 8 percent. The geographic distribution of
the errors from this equation is shown in figure 12.

It would have been possible to include normal annual precipi-
tation in this relation. This factor would have accounted for an
additional 15 percent of the variance and a corresponding decrease
in the standard error of estimate. Where this factor could be
determined from data, the use of normal annual precipitation
would have improved the results. As indicated earlier, the results
would include some points for which short-duration precipitation
data were not available. At points where such data were not availa-
ble, any improvement would have been dependent on the ability to
estimate normal annual precipitation. In using an equation with
normal annual precipitation, the standard error of estimate incor-
porated in the procedure for preparing normal annual precipitation
maps is combined with the standard error of estimate for the
interpolating equation for 2-yr 24-hr precipitation values. When
this combined error is greater than the standard error of estimate
for an interpolating equation for 2-yr 24-hr precipitation that does
not include normal annual precipitation, there is a loss of accuracy
through use of the equation including normal annual precipitation.
Within this particular region, the uncertainty in estimating normal
annual precipitation at nondata points was sufficiently large and an
equation developed using only topographic factors was sufficiently
reliable that use of the equation containing normal annual precipi-
tation for estimating the 2-yr 24-hr precipitation values was not
justified. _

Drawing of isopluvial lines on four key maps. In preparing
the isopluvial maps, the computed precipitation-frequency values
for all stations were plotted. In addition to the computed values,
the width of the confidence band, computed according to standard
statistical procedures, was plotted for the 100-yr return-period
maps. Values estimated from the equations described in the pre-
ceding section were plotted for a latitude-longitude grid with 5-min
grid points. The total number of grid points was approxi-
mately 47,000. Along the boundaries of each region, values were
estimated by the equations applicable to each of the adjoining
regions.

In the construction of isopluvial lines, the question arises as to
how much the station and grid-point data should be smoothed for
the most effective use of the maps. When drawing the isopluvial
lines through the field of grid points and station data, the standard
error of estimate for the various multiple regression equations and
the confidence band about the station data must be considered.
Also, smoothing between adjoining regions, where multiple regres-
sion equations give somewhat different values at the boundary

Figure 10. Regions used to develop statistical parameters
for interstation interpolation of 2-yr and 100-yr
6-hr precipitation values.

120°

. |

———

] i
] 35°)
30°

15*

110°

105°

USCOMM-WB.DC

11



12

Table 8. Statistical parameters for relations used for interstation
interpolation of 100-yr 6-hr precipitation values

Figure 11. Geographic distribution of errors for equation used
to interpolate 2-yr 24-hr precipitation values for
the Eel River Basin; southern portion of Klamath
River Basin; and Cottonwood, Elder, Thomas,
and Gladstone Creeks, California.

Mean of Standard
Corr. No. of computed error of
Region of applicability* coeff. stations stn. values estimate
(inches) (inches)
Arizona, New Mexico, and lower Colorado River Basin in southeastern California (1a) ... .. 0.91 103 3.16 0.50
Nevada south of the Snake River Basin, Utah south of the Snake and Bear River Basins,
and Colorado south of the Yampa and North Platte River Basins (1b) ................. 0.91 144 234 0.47
Montana and Wyoming east of a generalized crestline extending along the Continental Divide
in northern Montana, the Crazy and Little Belt Mountains, the Absaroka Range, and the
| Continental Divide in southern Wyoming (2) .. . ..ottt e e e eae s 0.92 110 2.62 0.31
Region north of the southern boundaries of the Snake, Bear, and Yampa River Basins and
between a generalized crestline of the Cascades and a generalized crestline extending along
the Continental Divide in northern Montana, the Crazy and Little Belt Mountains, the
Absaroka Range, and the Continental Divide in southern Wyoming and northern Colorado (3). 0.79 120 1.62 0.22
Orographic regions of western Washington, Oregon, and California from the crest of the
Cascade Range to the Pacific Ocean extending southward to include the area drained by the
Klamath and Salmon Rivers in northern California (4) . .........ouiiiiinann.. 0.89 57 2.98 0.33
Nonorographic coastal lowlands of Washington and Oregon (5) ..........covvvnenn.. 091 59 2.49 0.31
Coastal mountains of California from the Trinity River Basin in the north to the Mexican
BORABE 06! wni « cvn s s s » vwn v oeve Cipis § e RIS WO SR TR VR BRI Y R b e 0.97 87 3.95 0.39
Northern Sierra Nevada north of Mokelumne River Basin (7) ... ......co'iiunnennn .. 0.93 31 3.81 0.45
Southern Sierra Nevada south of Consumnes River Basin (8) .. ........couvvnnennn.. 0.93 26 3.87 0.50
Spillover zone east of the crests of the Sierra Nevada and the coastal mountains of southern
California and the southeastern desert region of California (9) ... .......ccoovvron.... 0.84 25 2.29 0.36
Coastal lowlands and San Joaquin and Sacramento Valleys of California (10) ... .......... 0.87 71 2.98 0.41
* Numbers in parentheses refer to geographic regions shown in figure 10.
Percent Percent
of total of total
Number Percent Number number Number Percent Number number
Factors of equa- of of times of times Factors of equa- of times of times
(by category) tions equations each each (by category) tions equations each each
using using factor factor using using factor factor
factor factor used used factor factor used used
SIONE . ¢ wom simes sumen wstom 558 4 40 10 38 2-yr 6-hr precipitation ........ 5 55 5 23
i 100-yr 24-hr precipitation .... 4 36 4 19
2-yr 24-hr precipitation ...... 7 70 7 2T
Elevation ................. 4 36 4 19
Location (latitude or longitude) . 4 40 4 15 S 4 36 4 19
EIVEHOM » o van wemm s wasmn 3 30 3 12 2yr 24-hr precipitation ..... ... L 2 1 5
Normal annual precipitation .. 1 9 1 5
Barrier to airflow . ........... 1 10 i 4
Distance to moisture ........ 1 9 1 5
Distance to moisture .. ....... 1 10 1 4 Location ................. 1 9 1 5

lines, must be considered separately. Isolines can be drawn to fit
every point plotted on the map, although this would not allow for
some of the random differences between adjoining grid points that
result from errors in the multiple regression equation or sampling
errors in station data. Also, the courseness of even a 5-min latitude-
longitude grid is such that sometimes narrow ridges and valleys are
missed. Because of these considerations, occasionally it was neces-
sary to make additional computations for such locations. Some
subjective smoothing must be used to make allowances for factors
that could not be expressed quantitatively.

In analysis, smoothness and closeness of fit are basically in-
consistent in that smoothing cannot be carried beyond a certain
point without some sacrifice of closeness of fit and vice versa. As
the isolines were drawn, the sampling error of the station values
and the standard error of estimate were considered.

Additional working maps. Additional working maps were pre-
pared showing the 100- to 2-yr ratios for the 6- and 24-hr dura-
tions and the 6- to 24-hr ratios for the 2- and 100-yr return
periods. To minimize the exaggerated effect of an outlier (anomo-
lous event) from a short record, only data from those stations with
a minimum record length of 20 yrs for the 6- and 24-hr dura-
tions at the 100-yr return period were used in these working maps.
Experience has shown that for long-record station data, the ratio
of 6- to 24-hr values for the same return period and the 100- to
2-yr ratio for the same duration do not vary greatly over relatively
large areas. The variation present is consistent with the variations
in relations between meteorologic and topographic characteristics.
Climatic factors that provide general guides on variations of pre-
cipitation-frequency values were examined and considered in a
qualitative sense., Among these factors are the mean annual number
of thunderstorm days (U.S. Weather Bureau 1952, 1947), normal
monthly number of days above various threshold values (Environ-
mental Science Services Administration, Weather Bureau, 1966),
and mean number of days with rain (Environmental Science Serv-
ices Administration, Environmental Data Service 1968).

Intermediate maps. The 47,000-point grid described earlier
was also used in the analysis of the isopluvial patterns of the eight
intermediate maps. These maps—for 5-, 10-, 25-, and 50-yr return
periods for 6- and 24-hr durations were prepared primarily for the
convenience of the user, because it is technically sufficient to pro-
vide two points of the frequency curve for a particular duration
and to describe the method of interpolation. Four values, one from
each of the four key maps, were read for each grid point. These
four values were used in a computer program based on the return-
period diagram (fig. 6) to compute values for eight additional
maps. The key maps were used as underlays to maintain the basic
isopluvial pattern on all maps.
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Table 9. Factors most useful in relations for interstation
interpolation of 2-yr 6-hr precipitation values

Tahle 10. Factors most useful in relations for interstation

interpolation for 100-yr 6-hr precipitation values

Figure 12. Geographic distribution of errors for equation
used to interpolate 2-yr 24-hr precipitation values for
the Big Horn River Basin above Saint Xavier,
Montana; minor portions of the North Platte,
Powder, and Tongue River Basins in eastern Wyom-
ing,; and minor portions of the Yellowstone River
Basin in northwestern Wyoming and southeastern
Montana.



Interpretation of Results

Figure 13. Examples of (A) isohyetal pattern centered over
basin as would be the case for storm-centered
depth-area curves and (B) two possible occurrences
of isohyetal patterns over a geographically fixed
area as would be the case in development of curves
for a geographically fixed area.

Season of Occurrence

The maps in this Atlas are based upon data for the entire
year. In certain sections of the West, precipitation is highly sea-
sonal. Thus, rainy season precipitation-frequency values approach
the annual values. In sections where the greatest annual n-hour
precipitation amount may be observed in any season, seasonal
precipitation-frequency maps would differ from those presented in
this Atlas. In no case could the seasonal value be greater than the
annual value. However, the seasonal values would be a certain
percent of the annual values, with the percent varying according to
the frequency of large storms during the season under investiga-
tion. Generalizations about the seasonal distribution of large
storms can be obtained from ESSA, U.S. Weather Bureau Techni-
cal Paper No. 57 (Environmental Science Services Administration,
Weather Bureau, 1966). Currently, there is no convenient manner
of applying this knowledge to the maps of this Atlas, other than
subjectively.

Within Vs. Among Storms

Data for the various duration maps and diagrams in this Atlas
were determined independently; that is, there was no requirement
that the maximum 6- or 1-hr amount for a particular year be
included within the maximum 24-hr amount for that year. The
maps, therefore, represent an “among” storm distribution. In re-
gions where winter-type storms predominate, the 6-hr value for a
particular return period would more closely approximate the 6-hr
value within the 24-hr storm for the same return period than would
generally be the case in regions where convective storms predomi-
nate. In a study for the United States east of the Mississippi River,
Miller (1971) showed that the ratio between the 2-yr 1-hr value
computed from the maximum 1-hr amount within the 24-hr maxi-
mum and the 2-yr l-hr value computed using maximum 1-hr
amounts varied between 0.52 and 0.91. Studies have not been
undertaken of this relation in the West, but a wide range in such
ratios and similar ratios for the 6-hr duration could be expected.

Point Probabilities

The maps in this Atlas are derived from and depict point
probabilities; the data points are independent of each other. Pre-
cipitation over a region is variable, even in large general area
storms; neighboring stations do not necessarily experience maxi-
mum annual amounts from the same storm. Thus, the individual
points on these maps express individual probabilities. That a point
within a particular watershed may receive an amount equal to or
greater than its 50- or 100-yr value on a particular day does not
affect probabilities for any other point within that watershed. A
second point within the watershed may experience an amount
equal to or greater than its 50- or 100-yr value within the same

storm or on the next day, within the next week or at any other time.

Areal Analysis

A value read from an isopluvial map in this Atlas is the value
for that point and the amount for that particular duration which
will be equaled or exceeded, on the average, once during the
period indicated on the individual map. In hydrologic design, engi-
neers are more concerned with the average depth of precipitation

over an area than with the depth at a particular point. Depth-area
curves were developed to meet this need. The depth-area curve is
an attempt to relate the average of all point values for a given
duration and frequency within a basin to the average depth over
the basin for the same duration and frequency.

Generally, there are two types of depth-area relations. The
first is the storm-centered relation; that is, the maximum precipita-
tion occurring when the storm is centered on the area affected (fig.
13). The second type is the geographically fixed-area relation
where the area is fixed and the storm is either centered over it or is
displaced so only a portion of the storm affects the area (fig. 13).
We can say that storm-centered rainfall data represent profiles of
discrete storms, whereas the fixed-area data are statistical averages
in which the maximum point values frequently come from different
storms. At times, the maximum areal value for the network is from
a storm that does not produce maximum point amounts. Each type
of depth-area relation is useful, but each must be applied to appro-
priate data. Generally, the storm-centered relations are used for
preparing estimates of probable maximum precipitation, while the
geographically fixed relations are used for studies of precipitation-
frequency values for basins.

Dense networks of precipitation gages are required to furnish
basic data used in developing depth-area relations for fixed areas.
The criteria used in selecting dense networks for the determination
of areal precipitation-frequencies by the National Weather Service
have been:

1. A network should be composed entirely of recording gages.
The use of nonrecording gages may greatly increase the number
and density of stations within a network, but it involves the con-
struction of mass curves and introduces additional subjectivity.
Nonrecording gages are read at various hours, usually early morn-
ing, late afternoon, or midnight. Because of conflicting activities, a
cooperative observer may not always be able to read his precipita-
tion gage at the exact hour specified. In these cases, the exact time
of the observation may not be available, so it is hard to relate the
reported amounts to those of surrounding stations with the preci-
sion required for development of depth-area relations.

2. A minimum length of record should be established to
ensure a reasonable estimate of the 2-yr areal precipitation.

3. Gage locations and exposures should remain consistent
during the period of record analyzed.

4. Gages should be located so that there is at least one gage
located within each 100 square-mile area.

The average depth-area curves in this Atlas (fig. 14) are for
fixed areas and were developed from dense networks meeting the
above criteria. The curves were first prepared for an earlier study
(U.S. Weather Bureau 1957-60) and have since been rechecked
against longer record data; no changes were needed. Application of
these curves must be consistent with the manner in which they
were developed. The following steps are used:

1. Estimate point values from a grid of many points over the
basin of interest for the duration and return period required.

2. Compute an average of the point values obtained in step 1.

3. Use figure 14 to obtain an areal reduction factor required
for the precipitation duration and size of area under consideration.

4. Multiply the average value obtained in step 2 by the ratio
obtained in step 3. The value obtained in this step provides the
areal value for the basin af interest for the duration and return
period under consideration.
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Figure 14. Depth-Area curves.
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Data used to develop and validate the curves of figure 14
exhibited no systematic regional pattern. Duration turned out to be
the major factor. The curves shown are based on data for the 2-yr
return period. Within the accuracy of the data available, it could
be shown that neither magnitude nor return period was a signifi-
cant factor.

Importance of Snow in Estimating
Frequency Values

The contribution of snow amounts to the precipitation-fre-
quency values for durations of 24 hours or less has been investi-
gated in most of the western United States. In many parts of this
region, particularly at higher elevations, snow accounts for over 50
percent of the normal annual precipitation. Thus, the importance
of snowfall to short-duration (6- to 24-hr) precipitation-frequency
values is of interest for a more complete understanding of the
precipitation-frequency regime.

Mean annual precipitation containing a high percentage of
snow occurrences does not necessarily mean that snow contributed
significantly to the annual series of maximum 6- or 24-hr precipita-
tion amounts. This problem was investigated by tabulating two sets
of data for all stations where snowfall observations were made
routinely. The first set of data contained the greatest 24-hr (and
6-hr amounts at recording-gage stations) precipitation amount for
each year, regardless of type of precipitation (water equivalent for
snowfall amounts). The second series was restricted solely to rain-
fall events. In some cases, the second series contained amounts as
low as the fifth highest for a particular year. Results of these
investigations are reported in the section for each state.

Reliability of Results

The term “reliability” is used here as an indication of the
degree of confidence that can be placed in the accuracy of the
results obtained from the maps. The reliability of these results is
influenced by the sampling errors in time and space, and by the
manner in which the maps were constructed. Sampling errors in
time and space result from: (1) the chance occurrence of an
anomalous storm which has a disproportionate effect on the statis-
tics for one station, but not on those for a nearby station, and (2)
the geographic distribution of stations. In the relatively nonoro-
graphic regions (shown shaded on fig. 8), the occurrence of
large precipitation events can be considered to be relatively ran-
dom over a limited geographic area. Thus, a large precipitation
event (especially of convective nature) at a station could just as
easily have occurred at a neighboring station or between statioas.
Results from a generalized analysis based on space-averaging tech-
niques are considered more nearly correct than results determined
from an analysis of only individual station data. In the more
mountainous regions, orography has greater control on the location
and magnitude of the largest storms and simple space averaging
between neighboring stations is inappropriate; consideration must
be given to effects of the slopes of surrounding terrain, station
elevations, the intervening barrier between station location and
moisture source, etc.

The locations of the stations used in the analyses are shown in
figures 3 and 4. This geographic network of stations does not
reveal with complete accuracy the very detailed structure of the
isopluvial patterns in the mountainous regions of the West. The
multiple regression equations discussed earlier were used to help in
interpolation between values computed for these stations. The
standard error of estimate for these relations should be considered
when using the precipitation-frequency values shown on the maps.
In general, the accuracy of the estimates obtained from the maps
of this Atlas varies from a minimum of about 10 percent for the
shorter return periods in relatively nonorographic regions to 20
percent for the longer return periods in the more rugged oro-
graphic regions.

The values shown on these maps are in general agreement
with those of Weather Bureau Technical Paper No. 40 (U.S.
Weather Bureau 1961). Differences are found because of the
greater attention paid to physiographic features in the present
study. Even though the precipitation-frequency maps presented are
prepared considering physiographic factors, only those of a major
scale could be considered. There are some basins, therefore, that
are more sheltered or exposed than a generalized topographic map
would indicate. The map values may not be representative of the
precipitation regimes in such basins.

The major centers of large precipitation-frequency values are
located on the most exposed and steepest slopes of the mountains.
Objective studies (such as the regression analysis previously dis-
cussed) and experience in precipitation-frequency analysis have
indicated some general guidelines for the placement of isopluvial
centers along crests and on slopes of mountain ranges. Two exam-
ples will serve to illustrate such guidelines. For an initial com-
pletely exposed orographic barrier, where the crest of the range
was 3,000 to 4,000 ft. above the plains region to the windward of
the mountain and the slope was on the order of 300 ft per mile,
the largest isopluvial line should extend past the crest and include a

little of the lee side of the mountain. Where the crest of the range
was 8,000 to 10,000 ft above the plains region to the windward
of the mountain range and the slope was on the order of 1,000 ft
per mile, the isopluvial center would generally be about 4,000 to
6,000 ft above the plains region. For mountain ranges with crests
and slopes having other combinations of these values, the place-
ment of the highest precipitation-frequency values would depend
upon the degree of exposure of the mountain range to moisture-
bearing wind, the steepness of the slope, the height of the crest,
and other orographic factors. In general, isopluvial centers for the
longer return periods tend to be located at lower elevations than
the centers for the shorter return periods. The distance downslope
that the center is displaced depends on the exposure and steepness
of the slope. Centers will be displaced less on a steep slope than on
a gentle slope similarly exposed.




Wyoming

Figure 15. Ratio of 2-yr 24-hr value for all data to 2-yr 24-hr
value for rainfall only vs. latitude.

Table 11. Equations for estimating 1-hr values in Wyoming with statistical parameters for each equation

Discussion of Maps

Figures 20 through 31 present precipitation-frequency maps
for Wyoming for the 6- and 24-hr durations for return periods of
2, 5, 10, 25, 50, and 100 yrs. The isopluvial maps represent the
360- and 1,440-min durations for the partial-duration series. Data
were tabulated for clock and observation-day intervals for the
annual series and were adjusted by the empirical factors given in
the ANALYSIS section.

Isoline interval. The isoline interval selected was designed to
provide a reasonably complete description of the isopluvial pattern
in various regions of the state. The intervals on the maps for
Wyoming for the 24-hr duration are 0.2 in. where precipitation-
frequency values are below 3.0 in., 0.4 in., between 3.0 and 5.0 in.,
and 0.5 in. over 5.0 in. For the 6-hr duration, the isopluvial
interval is 0.1 in. for precipitation-frequency values below 1.6 in.,
0.2 in. for values from 1.6 to 3.0 in., and 0.4 in. for values above
3.0 in. Dashed intermediate lines have been placed between widely
separated isolines and in regions where a linear interpolation
between the normal isopluvial interval would lead to erroneous
interpolation. “Lows” that close within the boundaries of a particu-
lar map have been hatched on the low-valued side of the isoline.

Importance of snow in precipitation-frequency values. Within
and immediately adjacent to Wyoming above a smoothed 5,000-ft
contour, more than 50 percent of the normal annual precipitation
occurs as snow. Below this elevation, only about 30 percent of the
normal annual precipitation occurs as snow. A high percentage of
snow occurrences contributing to normal annual precipitation does
not necessarily mean that snow contributes significantly to a series
of maximum annual 6- or 24-hr precipitation amounts.

The maps in this Atlas represent frequency values of precipi-
tation regardless of type. For many hydrologic purposes, precipita-
tion falling as rain must be treated in a different manner from that
falling as snow. The contribution of snow amounts to precipitation-
frequency values in Wyoming and the Rocky Mountain States
(roughly Montana, Wyoming, Colorado, New Mexico, and Utah)
was investigated. In this area, there were about 50 stations per
state having 10 to 15 yrs of observations of snowfall as part of the
precipitation observing program. For each such station, two data
series were formed as discussed under Interpretation of Results,
Importance of Snow in Estimating Frequency Values.

Figure 15 shows the ratio between the 2-yr 24-hr values from
a series based on all-precipitation data and the 2-yr 24-hr values
from a series containing rainfall data only. Some of the scatter in
this diagram is caused by sampling error. The length of record for
the stations used varied from 10 to 14 yrs. The major portion of
scatter, however, is caused by other factors affecting the ratio, such
as elevation, slope, exposure, and types of storms producing heavy
precipitation in this region. Over two-thirds of the data show a
difference of less than 10 percent between the two series, while
well over one-half show a difference of less than 5 percent. Only
six stations have a ratio greater than 1.20. Similar tests of values
for the 25-yr return period show similar results.

In the selection of data for the series made up of amounts
containing rain only, all observations containing snow were
eliminated. Thus, an eliminated amount could have contained only
a small portion of the precipitation as snow or it could have been
all snow. In some cases, the amount of rain in a storm with only
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a little snow could have been greater than the value actually
selected for that year, since only a few stations report water con-
tent of snow (which would have enabled the tabulator to segre-
gate such cases). Thus, the data selected for the rain-only series
could, when analyzed, yield rain-only values actually less than
would a series composed of data from which only water content of
snow was removed from the observed precipitation amounts.
Therefore, the ratios compared tended to be maximum values.

Less than 15 percent of the observing stations used in this
Atlas make snowfall measurements. These stations represent an
inadequate sample of the range in elevations and exposures within
the region. Data from the remaining stations were used to provide
indirect information on the importance of snowfall in estimates of
the precipitation-frequency values. Two forms of indirect infor-
mation were used:

1. Seasonal variation of the number of days with precipita-

tion equal to or greater than 0.50 in., and

2. Seasonal variation of the values that make up the annual

series of precipitation amounts used in computing the
frequency values.

The 0.50-in. threshold was selected because most amounts in
the annual series are larger than this value. At the latitude of
Wyoming, more than 70 percent of the precipitation above this
threshold falls during the warmer months (May through October)
when snow is unlikely. These percentages are the same whether
data from all stations or from only those stations at higher eleva-
tions are considered. Therefore, the probability of moderate or
greater precipitation occurring in the colder months is small.

The other indirect measurement was an examination of the
frequency at which the annual maxima occur in the warmer
months. In Montana and Wyoming, approximately 80 percent of

Mean of Standard
Corr. No. of computed error of
Region of applicability* Equation coeff. stations  stn. values estimate
(inches) (inches)
Wyoming east of Continental Yy = 0.028 + 0.890[(X,)(X1/X2)] 0.93 90 0.60 0.062
Divide and north of South Platte Y100 = 0.671 + 0.757 [(Xa)(Xa/X4)]
Drainage (1) — 0.003Z 91 88 1.71 .236
Wyoming west of Continental Yo = 0.019 4 0.711[(X;)(X:/X2)]
Divide (2) -+ 0.001Z .82 98 0.40 .031
Y100 = 0.338 +- 0.670[Xs)(Xs/X4)]
-+ 0.001Z .80 79 1.04 141
South Platte Drainage (3) Yo =0.218 4 0.709[(X1)(X1/X2)] .94 75 1.01 .074
Y100 = 1.897 4 0.439[(Xs)(Xa/Xs)]
— 0.008Z .84 75 2.68 B

*Numbers in parentheses refer to geographic regions shown in figure 19. See text for more complete description.

List of variables

Y, = 2-yr 1-hr estimated value

Y100 = 100-yr 1-hr estimated value

X; == 2-yr 6-hr value from precipitation-frequency maps

X, = 2-yr 24-hr value from precipitation-frequency maps
Xz = 100-yr 6-hr value from precipitation-frequency maps
Xy = 100-yr 24-hr value from precipitation-frequency maps
Z = point elevation in hundreds of feet

such values occur during the warmer months. These facts led to
the conclusion that precipitation-frequency values for durations of
24 hrs or less are essentially unaffected by snow. Some differences
might exist at the 2-yr return period, but such differences would
be confined to (1) the higher elevations and (2) areas along the
Utah and Colorado borders. In such areas, differences would
average less than 10 percent.

Procedures for Estimating Values for
Durations Other Than 6 and 24 Hrs

The isopluvial maps in this Atlas are for 6- and 24-hr dura-
tions. For many hydrologic purposes, values for other durations are
necessary. Such values can be estimated using the 6- and 24-hr
maps and the empirical methods outlined in the following sections.
The procedures detailed below for obtaining 1-, 2-, and 3-hr esti-
mates were developed specifically for this Atlas. The procedures
for obtaining estimates for less than 1-hr duration and for 12-hr
duration were adopted from Weather Bureau Technical Paper No.
40 (U.S. Weather Bureau 1961) only after investigation demon-
strated their applicability to data from the area covered by this
Atlas.

Procedures for estimating 1-hr (60-min) precipitation-fre-
quency values. Multiple-regression screening techniques were used
to develop equations for estimating 1-hr duration values. Factors
considered in the screening process were restricted to those that
could be determined easily from the maps of this Atlas or from
generally available topographic maps.

The 11 western states were separated into several geographic
regions. The regions were chosen on the basis of meteorological
and climatological homogeneity and are generally combinations of

river basins separated by prominent divides. Three of these geo-
graphic regions are partially within Wyoming. For convenience
and use as an overlay on the precipitation-frequency maps, these
regions are outlined on figure 19. The first region (Region 1, fig.
19) is the area east of the Continental Divide and north of the
dividing line between the drainages of the North and South Platte
Rivers. The second region is the mountainous portion of the area
between the Continental Divide and the crest of the Cascade
Range. The portion that lies within Wyoming is that part of the
State west of the Continental Divide (Region 2, fig. 19). The third
region (Region 3, fig. 19) is the southeastern tip of the State that
is drained by the South Platte River. This is part of a larger
region that extends through Colorado and New Mexico. Equations
to provide estimates for the 1-hr duration for 2- and 100-yr return
periods are shown in table 11. Also listed are the statistical
parameters associated with each equation. In these equations,
the variable [(X)(X1/X2)] or [(X3)(Xs/X4)] can be regarded as
the 6-hr value times the slope of the line connecting the 6- and
24-hr values for the appropriate return period.

As with any separation into regions, the boundary can only be
regarded as the sharpest portion of a zone of transition between
regions. These equations have been tested for boundary disconti-
nuities by computing values using equations from both sides of the
boundary. Differences were found to be mostly under 15 percent.
However, it is suggested that when computing estimates along or
within a few miles of a regional boundary computations be made
using equations applicable to each region and that the average of
such computations be adopted.

Estimates of 1-hr precipitation-frequency values for return
periods between 2 and 100 yrs. The 1-hr values for the 2- and
100-yr return periods can be plotted on the nomogram of figure 6
to obtain values for return periods greater than 2 yrs or less than
100 yrs. Draw a straight line connecting the 2- and 100-yr values
and read the desired return-period value from the nomogram.
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Table 12. Adjustment factors to obtain n-min estimates
from 1-hr values

Table 13. Precipitation data for depth-frequency atlas
computation point 43°00" N., 109°00" W.

Estimates for 2- and 3-hr (120- and 180-min) precipitation-
frequency values. To obtain estimates of precipitation-frequency
values for 2 or 3 hrs, plot the 1- and 6-hr values from the Atlas on
the appropriate nomogram of figure 16. Draw a straight line con-
necting the 1- and 6-hr values, and read the 2- and 3-hr values
from the nomogram. This nomogram is independent of return
period. It was developed using data from the same regions used to
develop the 1-hr equations. In some cases, data from adjoining
regions were so similar that one nomogram was developed for use
in two or more regions. Such was the case for Wyoming where
data from both east and west of the Continental Divide were com-
bined to form a single nomogram for two regions.

The mathematical solution from the data used to develop
figure 16 gives the following equations for estimating the 2- and
3-hr values:

For Regions 1 2-hr = 0.250 (6-hr) 4 0.750 (1-hr)  (3)

and 2, figure 19  3-hr = 0.467 (6-hr) ++ 0.533 (1-hr) (4)

For Region 3, 2-hr = 0.342 (6-hr) 4 0.658 (1-hr)  (5)

figure 19 3-hr = 0.597 (6-hr) + 0.403 (1-hr)  (6)

Estimates for 12-hr (720-min) precipitation-frequency values.
To obtain estimates for the 12-hr duration, plot values from the
6- and 24-hr maps on figure 17. Read the 12-hr estimates at the
intersection of the line connecting these points with the 12-hr
duration line of the nomogram.

Estimates for less than 1 hr. To obtain estimates for dura-
tions of less than 1 hr, apply the values in table 12 to the 1-hr
value for the return period of interest.

Precipitation Depth (Inches)

Duration (Hours) :

I I
|
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|
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Precipitation Depth (Inches)

1

Duration (Hours)

lllustration of Use of Precipitation-Frequency
Maps, Diagrams, and Equations

To illustrate the use of these maps, values were read from
figures 20 to 31 for the point at 43°00” N. and 109°00” W. These
values are shown in boldface type in table 13. The values read
from the maps should be plotted on the return-period diagram of
figure 6 because (1) not all points are as easy to locate on a series
of maps as are latitude-longitude intersections, (2) there may be
some slight registration differences in printing, and (3) precise
interpolation between isolines is difficult. This has been done for
the 6-hr values in table 13 (fig. 18a) and a line of best fit has been
drawn subjectively. On this nomogram, the 5- and 25-yr values
appear somewhat off the line, so the value read from the maps is
corrected (as shown by the strikeouts in table 13); such corrected
values are adopted in preference to the original readings.

The 2- and 100-yr 1-hr values for the point were computed
from the equations applicable to the region east of the Continental
Divide and north of the South Platte Drainage (from table 11).
The 2-yr 1-hr estimate is 0.62 in. (2-yr 6- and 24-hr values from
table 13); the estimated 100-yr 1-hr value is 1.52 in. (using 100-yr
6- and 24-hr values from table 13 and elevation of 6,000 ft). By
plotting these 1-hr values on figure 6 and connecting them with a
straight line, one can obtain estimates for return periods of 5, 10,
25, and 50 yrs.

The 2- and 3-hr values can be estimated by using the nomo-
gram of figure 16 or equations (3) and (4). The 1- and 6-hr values
for the desired return period are obtained as above. Plot these
points on the appropriate nomogram of figure 16 and connect them
with a straight line. Read the estimates for 2 or 3 hrs at the inter-
sections of the connecting line and the 2- and 3-hr vertical lines.
An example is shown in figure 18b for the 2-yr return period. The
2-yr 2-hr value is 0.74 in. and the 2-yr 3-hr value is 0.84 in., as
shown in italics in table 13.
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Ratio to 1-hr 0.29 0.45 0.57 0.79

(Adopted from U.S. Weather Bureau Technical Paper No. 40,
1961.)
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2-yr 0.62 0.74 0.84 1.09 1.78

1.42
5yr 43— 2.25
10-yr 1.59 2.65
1.92
25-yr 95— 3.10
50-yr 2.19 3.70
100-yr 1.52 2.37 4.15

Figure 16. Precipitation depth-duration diagram (I- to 6-hr).
a. Wyoming east of Continental Divide and north of
South Platte Drainage (Region 1, fig. 19) and
Wyoming west of Continental Divide (Region 2,
fig. 19).
b. South Platte Drainage (Region 3, fig. 19).

Figure 17. Precipitation depth-duration diagram (6- to 24-hr).

Figure 18. Illustration of use of precipitation-frequency diagrams
using values from precipitation-frequency maps and
relations at 43°00’ N., 109°00" W.
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