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Figure 13.-Nomogram for estimating WAR values for return periods between 2 and 
100 years. 

In general, the spatial variation shown by both studies is quite 
similar, especially in its broadscale features (see appendix E). 
There appeared to be an underlying decrease from northwest to 
southeast which was probably related to distance from the major 
moisture supply (Pacific Ocean). The smaller-scale variations in 
the WAR fields are generally related to the topography with larger 
values associated with the higher elevations. (See fig. 3 for 
elevation contours.) Both studies show broad minima in major basins 
(Columbia River drainage in Washington and northern Oregon, and the 
Snake River valley in Idaho). In a few areas, minima occurred in 
the lee of major topographic barriers. A prominent example is the 
broad minimum just to the west of the point where the Washington, 
Oregon, and Idaho state lines meet. The WAR maximum to the west 
along the crest of the Blue Mountains suggests that the moisture 
supply is depleted when westerly flow, forced up the Blue Mountains, 
condenses and results in considerable precipitation and higher WAR 
amounts. Lower WAR amounts associated with the larger valleys, such 
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Figure 15.--Example of WAR duration interpolation for the 10-yr 
amounts at 47°N, 1190W. 

Figure 14.-Examples of WAR return period interpolation for 47°N, 
119°W, (a) 5-day amounts~ and (b) 15-day amounts. 
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Figure 17 .-Example of WAR duration interpolation for the 50-yr 
amounts at 41°30'N, 112°10'W. 

Figure 16.-Examples of WAR return period interpolation for 41°30'N, 
112°10'W, (a) 1-day amounts, and (b) 5-day amounts. 
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116 precipitation and WAR amounts were generally 
similar. The modest differences resulted, in part, 
from the fact that short-duration snowmelt processes 
generally cannot make water available as rapidly as 
extreme short duration rainfall rates. Hence, short 
duration rain events are more likely to produce the 
maximum annual WAR event than snowmelt, although these 
rain events may be enhanced by snowmelt. 
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Differences between precipitation and WAR frequency 
estimates at longer durations could be expected to be 
larger because the time scale associated with extreme 
snowmelt events is probably longer than 24 hr. To 
evaluate these differences we determined 2-yr 5- and 
10-day precipitation amounts using an approach similar 
to that used by Miller (1964). Miller outlines a 
method of using 2-yr 24-hr and 2-yr 1-hr 
precipitation-frequency and latitude to estimate 2-yr 
10-day precipitation-frequency amounts. The method 
involves the use of figure 6 in that publication. 
This figure was digitized for computer processing and 
2-yr 10-day precipitation-frequency values were 
estimated using the 2-yr 24-hr and 2-yr 1-hr values 
from NOAA Atlas 2 (Miller et al. 1973). Five-day 
estimates were obtained by using the interpolation 
nomogram in Miller (1964). The next step involved 
estimation of the 100-yr. values. In Miller ( 1964), 
the 100-yr 10-day map was obtained through application 
of a geographically varying ratio to the 2-yr 10-day 
map. The same ratio was used in this study to convert 
2-yr 10-day to 100-yr 10-day values. The 100-yr 5-day 
precipitation-frequency maps were generated using the 
duration interpolation diagram in Miller. The 2- and 
100-yr 10-day WAR amounts were computed by the 
procedure of this study, namely using the 5- and 
15-day maps and the factors in table 4. 

• OIXIE 

Figure lB.--comparison of 2-yr 5-day WAR estimates found in the present study 
with 2-yr 5-day precipitation-frequency estimates found by application of the 
techniques described by Miller (1964). 

An example__, of the differences between 2-yr 5-day 
WAR-frequency estimates for the present study and 
precipitat·ion-frequency estimates for a portion of the 
study area is shown in figure 18. While the general 
pattern is similar to the differences between the 2-yr 
24-hr NOAA Atlas 2 and WAR frequency values (not 
shown), the magnitude of the differences is 
considerably larger. This figure highlights the 

as the Yakima Valley and the John Day KLver Valley, are prominent in 
the analysis. Although there were indications of lower WAR amounts 
in some of the smaller valleys, the resolution of the data was not 
sufficient to determine whether all such valleys were consistently 
associated with localized minima. Valleys, especially those in 
higher elevations, may have been too limited in size to 
significantly affect the larger-scale meteorological flow that 
produced high WAR values over broad mountainous areas. An enhanced 
snowpack, due to accumulation of snow blowing into smaller valleys, 
may also have increased the snowpack above that due to local 
precipitation alone. Because of these considerations, we chose not 
to include such small-scale detail in the analysis. 

WAR values from this study were compared to precipitation­
frequency estimates from NOAA Atlas 2 (Miller et al. 1973). This 
comparison indicated that the WAR values were generally about 
10 percent larger than the 2-yr 24-hr (annual series) precipitation 
amounts, with some differences as large as 25 percent associated 
with higher elevations. The annual series for both the 
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relationship of the differences to elevation. Smaller differences 
are generally associated with major valleys and the broad basin 
between the Cascades and the Bitterroots. The largest differences 
are associated with the 7,000-ft elevation contours where WAR values 
were as much as twice as large as the precipitation estimates. 
Other local maxima, as well as localized minima associated with 
small valleys also occur, but are not shown in the analysis. The 
main purpose of this figure is to focus on the broadscale 
differences between the precipitation and WAR estimates. These 
differences are generally similar but are possibly somewhat smaller 
than the corresponding comparison described by Frederick and Tracey 
(1976). This appears to be consistent with adjustments necessary in 
the merger regions. In general, the WAR amounts of Frederick and 
Tracey were reduced slightly to ensure continuous isolines across 
the interface. In other words, the results of Frederick and Tracey, 
while generally consistent with those of the present study, may have 
regions of relatively higher amounts with respect to 5- and 10-day 
estimates of precipitation-frequency amounts determined by the 
methods outlined by Miller (1964). 
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Figure 19.--Effect of NWSRFS snow accumulation and ablation model on 
the input data. For each duration, the WAR and precipitation 
frequency estimates are normalized with either the 2-yr or lOD-yr 
WAR amount and the average of all stations is plotted. 

Another comparison was made in an attempt to isolate effects due 
to the physical processes embodied in the snowmelt model. At 
98 stations within the area shown in figure 18, 1- to 15-day annual 
maximum precipitation series were determined and frequency values 
estimated. The stations were stratified into three groups located 
in those regions of figure 18 where the differences between 
precipitation and WAR estimates were (1) less than 25 percent 
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(2) between 25 and 50 percent, and (3) greater than 50 percent. At 
all stations within each group, the 2-yr 1- to 15-day precipitation 
and WAR values were normalized by the 2-yr 15-day WAR value. 
Similarly, all 100-yr values (both precipitation and WAR) were 
normalized with the 100-yr 15-day WAR value. The normalized values 
for all stations within each group were averaged and the results 
plotted as a function of duration (fig. 19). At both the 2- and 
100-yr return periods the WAR values exceed the precipitation values 
at all durations in all three groups. The differences increase with 
duration, and the differences for the 100-yr values are consistently 
larger than those for the 2-yr values for all three groups. 

9. SUMMARY AND CONCLUSIONS 

Climatic precipitation and temperature data were used as input to 
a snow accumulation and ablation model that yielded annual maximum 
WAR series. These data were fit to a Fisher-Tippett Type I 
frequency distribution and the resulting values were used to produce 
maps of WAR-frequency estimates (appendix E). The broad features of 
the spatial variation of the WAR field were qualitatively similar to 
previously published precipitation-frequency maps at the shorter 
durations, with the WAR values at least 10 percent larger .for the 
24-hr duration. As both the duration and return period increased, 
the geographic pattern of the WAR values did not vary significantly, 
but the magnitudes became progressively larger than corresponding 
precipitation values. The increase was greatest in higher 
elevations where snowpack accumulation and spring snowmelt were 
considerable. At durations in excess of five days, there were broad 
higher elevation regions where the WAR-frequency values were more 
than 50 percent greater than corresponding precipitation-frequency 
values. At some of the highest elevations, the 10-day, 100-yr WAR 
amounts were as much as three times as large as previous 
precipitation-frequency estimates. This study's main purpose was to 
provide WAR estimates in the lower-lying agricultural areas. It's 
use in higher elevations should be used with some caution because 
there were a limited number of stations in the mountainous portions 
of the study area. Additionally, the effect of the orography 
probably produces patterns far more complex than we were able to 
depict on the maps in appendix E. Any application involving use of 
these estimates in the higher elevation regions should fully take 
into account these uncertainties. Examination of any available snow 
course or snow pillow data could reduce the degree of uncertainty 
somewhat. 
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APPENDIX A: LIST OF STATIONS 

This appendix contains a list of stations used in the analysis of 
the WAR maps contained in this report. The stations are listed by 
state and, for each state, they are listed in alphabetical order. A 
station "ID" code associated with each station is provided for use 
with appendix C. In addition, each station's location and elevation 
are listed. Finally, the mean annual precipitation (MAP) and the 
average annual snowfall at each station are given. MAP values for 
stations without asterisks came from "Monthly Normals of 
Temperature, Precipitation, and Heating and Cooling Degree Days, 
1941-1970" (Environmental Data Service 1973). MAP values were not 
directly available at those stations marked with asterisks. In 
Utah, the values with asterisks were estimated from "Normal Annual 
Seasonal May-September and October-April Precipitation Maps" 
prepared by the NWS River Forecast Center in Salt Lake City, Utah, 
and are based on the 1931-60 period. (These maps may be obtained 
from the Utah State Engineer Office, State Capitol Building, Salt 
Lake City, Utah 84114). The remaining MAP values marked with 
asterisks are estimates read from "Normal Annual Precipitation Map" 
prepared by the NWS River Forecast Center in Portland, Oregon, and 
are based on a period from 1930-57. (This map is available from the 
National Technical Service Center, u.s. Department of Agriculture, 
Soil Conservation Service, Room 209, 511 NW Broadway, Portland, 
Oregon 97209). Mean snowfall data came from the "Climatic Summary 
of the United States Supplement for 1951 through 1960" 
(Environmental Data Service, 1964-65) and its predecessor 
publications. The averages in the table included available data for 
the years 1931-60. The actual number of years used in the 
calculation of the average is also indicated. 
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APPENDIX B: DATA PROCESSING 

As indicated in section 2, the daily data used for this study were 
obtained from magnetic tapes, prepared by the National Climatic Data 
Center in Asheville, North Carolina, for the National Weather 
Service's (NWS) Office of Hydrology (Peck et al., 1977). Depending 
on the particular station, these tapes contain observations of some 
or all of the following: precipitation, maximum and minimum air 
temperature, snowfall, snow on the ground, and water equivalent of 
snow cover. Almost all stations record precipitation amounts as 
well as maximum and minimum temperatures. In the areas of the 
western United States where the water supply is heavily dependent on 
snowfall, a large number of the stations also report snowfall and 
snow on the ground. Few stations report water equivalent. The 
original set of data tapes covered the period 1948-73. These tapes 
were supplemented by a set of data tapes covering the years 
1974-76. Subject to funding availability, updates are planned for 
subsequent periods, but, at the time of this study, no further data 
were available to the Office of Hydrology. Not all stations had 
observations for all years. (See table 1 in text.) 

While only those stations with 15 or more years of data were 
ultimately used, all available precipitation, maximum and minimum 
temperature, snowfall, snow on the ground, and water equivalent data 
for all stations within the study area were extracted from the 
magnetic tapes and transferred to direct access disk files. An 
indexing system allowed random access to any quantity for any 
station and for any year. This greatly facilitated quality control 
and further processing of the data. Because the primary inputs to 
the snowmelt model were precipitation and maximum and minimum 
temperature, these quantities were automatically screened for 
potential problems. A computer program flagged large gaps in the 
data, printed all values outside predetermined upper and lower 
bounds, and produced frequency distributions of the data for each 
year. Using the frequency distributions, the program also indicated 
the dates of observations that were "outliers." Another possible 
problem, limited to precipitation, was the occurrence of 
accumulations. Accumulated precipitation is a total over some 
number of days, and is recorded on the last day of the accumulation 
period. Accumulations extending over long periods were also 
automatically flagged. The program flagged large day-to-day 
temperature variations. Large changes usually indicated either 
erroneous data or the passage of a frontal system. 

The output from the screening program was used as the basis of a 
manual review and edit of the data. No data were actually discarded 
or edited automatically. In some cases, data available in published 
form (Environmental Data Service, 1948-76), had not been included on 
the magnetic tapes. The manual edit also added these values to the 
data base. 

On completion of the manual editing, the data base was "clean" but 
still had gaps due to missing data, andF in the case of 
precipitation, due to accumulations. Because the snowmelt model 
required continuous observations, these gaps had to be filled if the 
model were to be run on a given year. For missing values, linear 
interpolation between the last observation before the gap and the 
first observation after the gap was rejected. This would not have 
been appropriate for precipitation because of its sporadic 
day-to-day variability. While the time variation of temperature is 
considerably smoother than that of precipitation, winter 
precipitation is frequently associated with the passage of frontal 
systems. Because accurate temperatures are vital to the model's 
ability to discriminate between rain and snow and, hence, are 
crucial to the successful modeling of snowpack buildup, temporal 
interpolation may not have provided adequate estimates. 
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As an alternate to time interpolation, the possibility of spatial 
interpolation was examined. Scatter diagrams showing the 
relationship between daily observations of precipitation and maximum 
and minimum temperature between pairs of stations were generated. 
Although the scatter was considerable in some cases, there was no 
indication that the relationship was anything but linear. The 
scatter increased as the separation between the two stations became 
larger, and there was much more scatter for precipitation than for 
either maximum or minimum temperatures. 

Based on an examination of the scatter diagrams (not shown), 
linear correlation coefficients between precipitation or temperature 
at a number of "base" stations and all other stations within the 
study area were calculated and plotted as a function of separation 
distance. (To avoid the amount of computing time that would have 
been required, the correlation as a function of separation distance 
was computed for only a representative sample of stations.) This 
was used as a guide to determine separation distances over which 
spatial interpolation would be reasonable. Figure B-1 shows an 
example of how tlie correlation between precipitation, and maximum 
and minimum temperatures at Anatone, Washington, and other stations 
within the study area varied as a function of separation distance. 
These curves are based on averages of all stations falling within 
3-mile radius intervals. They show a general decrease with 
separation distance. The low precipitation correlation around 
25 miles appeared to be specific to Anatone because it did not occur 
at other stations that were examined. Similar anomalously low (and 
high) correlations occurred randomly at separation distances that 
varied from station to station. 

The curves for maximum and minimum temperature at Anatone show 
much higher correlation than for precipitation, and the decrease 
with increasing separation distance is much smaller. This reflects 
the fact that spatial temperature variation is much smoother than 
that for precipitation which, at times, tends to be stochastic in 
nature. Based on the data sample that was examined, the factor 
limiting the separation distance over which spatial filling was 
attempted was the spatial decay of the precipitation correlation 
coefficient. A preliminary range cutoff of 50 miles was selected. 
At this range, a typical precipitation correlation coefficient was 
about 0.5 and the maximum and minimum temperature correlations were 
about 0.9 and 0.8, respectively. 

All stations were automatically examined on a year-by-year basis 
for missing data. For those stations that had missing values, a 
search was made for all other stations that fell within 50 miles of 
that station. A further check was made to eliriri.nate all stations 
that were more than 100 feet above or below the station with missing 
data. Correlation coefficients were computed between the station 
with missing data and all stations within this cylinder (radius 
50 mi, height 200 ft) centered on the station. 

If there were more than four stations within the cylinder, the 
four stations with the highest correlations were selected. This 
selection was made separately for each year and for each quantity. 
This meant that the stations used to fill one variable, say maximum 
temperature, could be different from those used to fill another, 
such as minimum temperature. Also, the stations used could vary 
from year to year. If there were less than four stations available, 
those that were available were used. In any case, 1) no station was 
used if the correlation was less than 0.37, 2) at least one station 
had to have a correlation of 0.5 before filling was attempted, 
3) stations with correlations less than 0.5 were flagged to indicate 
that the interpolations should be checked, and 4) the length of the 
gap to be filled was no greater than a preselected duration. 
Because of the highly variable nature of precipitation, gaps longer 
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Figure B-1.--correlation between (a) daily precipitation amounts 
(b) min.i.Dmm temperature, and (c) maximum temperature at 
Anatone, Washington, and all other stations as a function of 
separation distance. All correlation coefficients w:l.thin 3-mi 
radial intervals were averaged. 

than one week were generally not filled on the first pass. The very 
high correlation between the temperatures at various stations 
permitted sufficient confidence to allow filling of temperature gaps 
of almost any length. 

Using those stations available within the cylinder that met the 
above conditions, a missing value was filled with the weighted 
average of the simultaneous values of the surrounding stations. The 
weighting factors were determined by normalizing the square(s) of 
the correlation coefficient(s) between the station with gaps and the 
surrounding station(s) by the sum of squares of all correlation 
coefficients. (The square of the correlation coefficient is a 
measure of the amount of variability that a linear relationship 
between the two stations would explain.) In the case of large gaps 
in the temperature data, there had to be at least 100 days where 
both the station with missing values and the one used for filling 
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Table B-1.--Example of scheme used to .distribute precipitation 
accumulations 

Station 
Day A B c Factor 

Precipitation Precip. Fraction Precip. Fraction 
amount (in.) amt. of total amt. of total 
before after (in.) amount (in.) amount 

1 * 0.11 0.20 0.19 0 0 0.095 
2 * 0.25 0.25 0.24 0.20 0.17 0.205 
3 * 0 0 0 0 0 0 
4 * 0.82 0.60 0.57 0.95 0.79 0.680 
5 1.20 0.02 0 0 0.05 0.04 0.020 

Total 1.20 1.05 1.20 

had simultaneous observations. This was done as a practical matter 
to ensure representative correlation coefficients and, hence, 
representative weights. A bias adjustment was also made to the 
temperature data, primarily to account for the vertical lapse rate 
of temperature. This was done by simply adding or subtracting the 
mean difference between the two stations 1 temperatures before the 
weighted average was computed. 

In some cases, all missing data for a particular station, year and 
quantity were not filled on the first pass. Generally, at least one 
more pass was attempted in order to fill the remaining missing 
values. The approach was to examine the correlation at more 
stations by increasing either the radius and/or the elevation used 
to define the cylinder containing these stations. The amount of 
radial and elevation increase depended on whether the quantity was 
precipitation or temperature. In . the case of precipitation, the 
limits were more stringent because of the rapid decrease in 
correlation as a function of separation distance (fig. B-1). On 
occasion, a second pass was made in an attempt to fill gaps in the 
precipitation data that were longer than a week when the surrounding 
stations showed high correlation with the station containing the 
missing data. In all cases of precipitation filling, large 
interpolated values (more than 1 in./day) were manually verifed 
against supporting data from surrounding stations. 

The method of filling gaps in the precipitation data that resulted 
from accumulations was also_., based on those stations falling within 
the cylinder described above; the stations used were identified and 
selected in the same manner. Since the total amount of 
precipitation that fell. during the gap was known, the limit on the 
interval that could be filled was increased to two weeks. The 
remaining problem was to determine how to distribute the 
precipitation over the accumulation interval. For each surrounding 
station used, the total precipitation that fell during the 
accumulation interval was determined. Then the fraction of this 
total that fell on each day was determined. The weighted average of 
all fractions was then applied to the accumulation total for the 
station to be filled. 

To illustrate this, consider the example presented in table B-1. 
Data from three hypothetical stations are presented. Over this 
period a total of 1.20 in. of precipitation fell at station A. 



During this same period 1.05 in. fell at station B and 1.20 in. fell 
at station C. For station B, 0.19 of the 5-day total fell on 
day one, 0.24 fell on day two, no precipitation fell on day three, 
0.57 of the total fell on day four, and none fell on day five. The 
corresponding values for station C are: 0, 0.17, 0, 0.79, and 
0.04 percent. Assuming both stations are within the cylinder, and 
that both have the same correlation (equal weights), the factors 
applied to the accumulation for station A are given in the last 
column. That is, the day one value is found by multiplying 1.20 by 
0 .095, etc. The resulting interpolated amounts for station A are 
given in the "after" column. When all accumulation gaps were not 
filled during the first pass, subsequent passes with increased 
limits (on the search cylinder size) were generally attempted. 

In some cases small gaps, either due to missing values or 
accumulations, could not be filled using the above approach because 
there were no stations within the cylinder with a high enough 
correlation. In a few isolated cases, if it was unlikely that 
erroneous values would be introduced, subjective interpolations were 
made. The most common case occurred when a missing precipitation 
value was filled with zero because few if any of the surrounding 
stations recorded any appreciable precipitation. 
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APPENDU C 

Model-Derived, 1-Day Water Equivalent Frequency Estimates 

As a by-product of this study, annual series of 1-day water 
equivalent values were determined from the model simulations. While 
the frequency estimates in this appendix are given to two decimal 
places, this is not meant to imply confidence at this level. In 
general, the same problems associated with short duration WAR 
estimates are likely to affect the water equivalent estimates. (See 
section 5.2.) In addition to these model-associated uncertainties 
that are nearly impossible to quantify, there are uncertainties 
associated with the fitting of the data (using the Gumbel technique) 
to the Fisher-Tippett Type I frequency distribution. While it seems 
reasonable to fit the data to a Fisher-Tippett distribution, we are 
unaware of any work examining the appropriateness of the use of this 
distribution with water equivalent measurements. No attempt was 
made to explore this question as part of this study. The only 
component of uncertainty that was readily quantifiable is that 
associated with the (small) sample size. For each station in the 
table that follows, two values are given for each return period. 
The numbers on the first line are the water equivalent frequency 
estimates. The numbers on the second line provide a factor that can 
be added to or subtracted from the corresponding frequency estimate 
to yield the 95 percent confidence interval and were determined 
using the technique of Kaczmarek (1957). As a practical matter, the 
values provided in this section should probably be rounded to the 
nearest whole number. We feel that no greater confidence is 
warranted. 

Water equivalent frequency estimates in this appendix are only 
provided at station locations. Maps portraying these fields would 
have been subject to considerable uncertainty in data sparse 
regions. Additionally, the work required to depict these fields was 
beyond the scope of this study. The listing that follows is divided 
into two sections: the first section contains the stations in the 
Tri-State region and the second contains estimates for stations in 
the northern Utah area. The stations are identified by their code 
numbers. The first two-digit number is the state code (10 = ID, 
35 = OR, 42 = UT, 45 = WA) and the second 3- or 4-digit number is 
the station code. Appendix A contains a table providing a list of 
station code numbers, station names, and their locations that can be 
used as a cross reference. 

TRI-STATE REGION 

STATE/ NO. 2-YR 5-YR 10-YR 25-YH 50-YK lOU-YI'l STATION YRS. 
10/ 525 20 5.52 ~.22 11.67 14.77 17.0/ 1~.35 

1.18 2.20 3.06 4.20 5oUi::l ti.93 

10/ 667 28 2.58 4.42 !).64 7.18 8.3.<! 9.46 
0.52 U.9ll- 1.30 1.78 2.14 2.50 

10/1956 28 2.97 5.61f. 7.41 ~.65 l1o3U 12.95 
0.75 1.36 1.88 ~.58 3olU 3.63 

10/2154 19 1.9<> .j.93 5.23 E:>.8t; t;olU 9.31 
0.64 1.20 1.67 2.29 2.76 3.23 

10/2575 24 15.11 20.09 23.39 2f.55 30.6'+ 33.71 
1.4.<\ 01!.73 j.78 ti.18 6.2~ 7.29 



STATE/ NO. 
STATION YRS. 

10/2875 16 

10/2892 24 

10/3143 28 

10/3771 23 

10/4150 17 

10/4831 26 

10/5Q11 27 

10/5241 28 

10/5708 27 

10/6152 28 

10/6388 26 

10/6424 24 

10/6681 28 

10/6891 27 

10/7301 

10/7386 28 

10/8D62 26 

10/8137 28 

10/9498 28 

10/9840 17 

35/ 197 28 

35/ 265 27 

35/ 412 28 

35/ 417 25 

35/ 897 28 

35/1765 25 

35/1926 24 

TRI-STATE REGION 

2-YR 5-YR 10-YR 25-YR 50-YK 100-YR 

8.27 12.99 16.12 20.07 23.0U 25.91 
1o64 5.11 4.34 5.97 7.2U 8.43 

10.36 15.69 19.23 26.69 27.01 30.30 
1.59 2.92 4.05 5.55 6.6~ 7.62 

4.58 7.99 10.24 1~.08 15.1~ 17.29 
0.95 1.74 2.40 5.28 3.90 4.62 

1o49 2o56 3.26 4.16 4o8~ 5.48 
o.32 u.60 o.83 1.14 1.31 1.oo 

9.18 14.43 17.91 22.29 25.50 28.78 
1.78 5.36 4.69 6.44 7.71 9.10 

3.15 ~.80 7.55 9.77 11.42 13.05 
0.76 1.40 1.94 2.65 3.1~ 3.74 

1.18 1.91 2.40 3.01 3.41 3.92 
o.21 o.38 o.53 0.12 o.81 1.02 

0.65 1.25 1.64 2.14 2.51 2.b7 
o.11 o.3o o.42 o.57 o.6~ o.a1 

10.74 13.89 15.98 18.62 20.58 22.52 
0.90 1.64 2.27 5.1U 3.76 4.36 

2o33 4.56 bo03 7.90 9.2~ 10oh5 
0.62 1.1~ 1.57 2.15 2.5~ 3.03 

7.10 9.77 11.54 13.77 15.4j 17.08 
0.77 1.41 1.95 ~.67 3.22 3.76 

1.68 2.67 3.33 4.16 4.78 5.39 
o.3o o.s4 o.76 1.o3 1.2o 1.46 

1.33 2.60 3.44 4.50 5.2~ 6.07 
0 0 35 0 0 65 0.89 lo22 1o47 1.72 

0.94 1.58 2.01 2.55 2.90 3.35 
o.18 o.33 o.46 ~.63 o.7b o.89 

2.08 6.87 5.05 6.55 7.6b 8.76 
o.53 o.9R 1.36 1.86 2.24 2.62 

s.os 11.49 13.74 16.59 18.71 20.80 
0.95 1.74 2.40 3.29 3.9& 4.63 

3.42 ~.96 7.65 9.77 11.30 12.92 
0.73 1.34 1.86 2.54 3.0b 3.58 

5.32 8.31 10.29 12.79 14.64 16.48 
0.84 1.52 2.11 2.88 3.4/ 4.06 

5.74 9.21 11.51 14.42 16.58 18.71 
0.97 1.77 2.45 5.35 4.0j 4.72 

3o01 5o09 6.47 8.21 9o51 10.79 
0.71 1.33 1.86 2.56 3.08 3.61 

Oo78 1 0 37 1.75 2.24 2o6l 2.97 
0.16 0.30 0.41 0.56 0.68 0.79 

Oo62 1o21 1.60 2.09 2o4b 2.U2 
0.11 o.31 o.42 u.sa u.7u u.a1 

0.93 1.53 1.94 ~.44 2.82 3.20 
0.17 0.31 0.43 0.59 0.71 0.82 

lo05 1o75 2.21 2.79 3.2~ 3ob5 
o.20 o.37 o.52 0.11 o.8b 1.oo 

2.28 q.48 5.94 fo78 9o10 10.~0 
Oo62 1.12 1o55 2.13 2o5b 2.99 

Oo81 1.3~ 1.69 2o13 2o4b 2.78 
Oo15 0.28 0.39 U.54 0.60 0.76 

1o15 2.07 2o68 j.45 4.0~ 4o59 
0.27 u.so u.70 0.96 1.1~ 1.35 

STATE/ NO. 
STATION YRS. 

35/2168 24 

35/2440 25 

35/2482 26 

35/2564 17 

35/2597 23 

35/2672 27 

35/3038 24 

35/3121 26 

35/3402 15 

35/3604 23 

35/3827 26 

35/3.847 28 

35/4003 27 

35/4291 20 

35/4615 17 

35/5139 26 

35/5396 22 

35/5515 21 

35/5545 19 

35/5593 25 

35/5610 15 

35/5711 15 

35/5734 28 

35/6464 19 

35/6540 18 

35/6546 28 
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TRI-STATE REGION 

2-YR 5-YR 10-YR 25-YR. 50-YK 100-YR 

o.51 o.a~ 1.06 1.34 1.5q 1.75 
0.10 U.l8 0.2j 0.3~ 0.4~ 0.49 

1.19 2.29 3.02 3.95 4.6j 5.31 
o.32 u.s? o.a2 1.13 1.3o 1.~8 

0.88 1.7~ 2.30 5.02 3.50 4.08 
o.25 o.~5 u.63 o.a6 1.05 1.21 

0.58 1.04 1.34 1.72 2.01 2.29 
o.15 u.29 o.41 u.56 o.6tl o.79 

1.66 3.01 ~.~u 5.02 5.Bb 6.68 
o.41 o.75 1.04 1.43 1.7~ 2.01 

1.10 1o83. 2o31 2.92 3.38 3.82 
0.21 o.3B 0.52 0.72 o.8& 1.01 

0.65 1.21 1.57 2.03 2.3d 2.72 
0.16 0.30 0.42 0.57 0.6~ U.H1 

2.22 4.0~ 5.23 6.74 7.P-b 8.97 
o.52 u.95 1.32 1.a1 2.18 2.o4 

17.15 ~~.99 36 0 86 4b.75 54.01 61.66 
4.20 3.01 11.21 15.43 18.62 21.J1 

4.56 7.07 8.74 1U.84 12.41 13.96 
0.76 1.40 1.95 ~.67 3.22 3.76 

0.74 1.27 1.63 2.07 2.4~ 2.73 
o.15 o.2s o.39 u.53 o.6~ u.75 

0.66 1.10 1.39 1.75 2.02 2.29 
0.12 o.22 o.31 o.42 o.s1 o.s9 

2.31 q.4b 5.91 1.75 9.08 10.41 
o.62 1.13 1.56 ~.13 2.57 3.oo 

0.66 1.03 1.28 1.59 1.8~ 2.04 
0.12 o.22 u.31 o.42 o.s1 o.59 

0.90 ~.56 1.99 2.55 2.9b 3.36 
0.18 0.34 0.47 0.64 0.71 U.YO 

1.16 2.35 3.15 q.15 4.89 5.63 
0.41 0.77 1.07 1.47 1.71 2.08 

0.65 1.16 1.49 1.91 2.22 2.53 
0.14 0.27 0.37 0.50 0.61 0.71 

7.34 12 0 04 15.15 19.08 22o0U 24.90 
1.45 2.68 3.72 o.1o 6.1~ 7.19 

o.58 1.05 1.36 1.75 2.oq 2.32 
o.15 0.21 o.38 u.s2 0.62 0.73 

Oo57 0 0 95 1.20 1.53 1o76 2.00 
0.12 o.23 o.33 u.45 o.54 o.63 

0.72 1.23 1.58 2.01 2.35 2.65 
o.15 o.2a o.39 o.s3 o.6q o.74 

4.96 7.52 9.22 11.37 12.96 14.54 
0.91 1.7~ 2.43 j.34 4.0j 4.72 

o.6o u.96 1.2o 1.51 1.76 1.96 
o.13 o.25 o.34 u.47 o.s1 o.67 

0.95 1.65 2.11 2.70 3.14 3.57 
0.20 0.36 0.50 0.68 0.82 0.95 

4.49 8.54 11.22 14.60 17.1~ 19.61 
1.32 2.46 3.43 4o71 5.68 bo65 

0.86 1.59 2.08 2.69 3.1q 3.59 
o.24 o.46 o.64 u.87 1.0~ 1.23 

0.67 1.2G 1.66 2.16 2.5~ 2.90 
0.17 0.30 0.42 0.58 0.69 0.81 



STATE/ NO. 
STATION YRS • 

35/6.634- 20 

35/6883 27 

35/7052 28 

35/7062 27 

35/7160 16 

35/8009 18. 

35/84-07 20 

35/8726 24 

35/8734 17 

35/8746 28 

35/8985 27 

35/8997 22 

4-5/ 184 25 

45/ 217 17 

45/ 668 21 

45/1350 18 

45/1Jl. 0 0 2L+ 

45/1586 28 

45/1690 15 

4-5/1767 28 

45/1968 28 

45/2007 24 

45/2030 26 

45/2505 20 

45/254-0 17 

TRI-STATE REGION 

2-YR 

0.69 
0.11+ 

0.61 
o.11 

0.70 
0.13 

0.86 
0.16 

0.87 
0.22 

0.39 
0.10 

1.16 
0.1+5 

1.73 
0.29 

0.53 
0.19 

0.65 
0.10 

3.81+ 
1.18 

1.58 
0.36 

2.59 
0.1+8 

5.37 
1.56 

1.86 
0.49 

1.57 
0.47 

1.56 
0.38 

1.39 
0.42 

0.71 
0.25 

1.46 
0.24 

1.28 
0.35 

2.56 
0.59 

0.97 
0.26 

1.56 
0.42 

0.70 
0.19 

5-YR 10-YK 25-YR 50-YH 100-YR 

1.14 1.1+3 1.80 2.0~ 2.35 
0.26 o.37 u.~1 o.61 o.71 

0.99 1.23 1.55 t.7d 2.U1 
u.19 0.21 u.37 o.4~ u.52 

1.16 1.47 1.87 2.1b 2.44 
o.24 o.33 u.45 o.5L+ o.64 

1.42 1.79 2.26 2o6U 2.95 
u.29 o.4u o.55 o.Go o.77 

1.1+9 1.91 2.43 2.81 6.20 
0.41 0.57 0.79 0.9~ 1.11 

o.69 o.aa 1.15 1.31 1.jo 
o.1a o.26 o.35 o.46 o.~o 

2.55 3.47 ~.64 5.51 6.36 
o.85 1.18 1.62 1.9b 2.~9 

2.69 3.33 4.14 4.7L+ 5.33 
o.53 o.73 1.oo 1.21 1.41 

1.07 1.4L+ 1.89 2.26 2.57 
o.35 o.49 o.67 o.81 o.95 

1.02 1.26 1.57 1.7~ 2.02 
u.19 o.26 o.35 o.4~ o.5o 

8.oo 10.16 1~.2~ 16.A~ 19.38 
2.16 2.99 L+.09 4-.9~ 5.75 

2.74 3.50 L+.47 5.1~ 5.90 
0.66 0.91 1.25 1.51 1.77 

4.2~ 5.36 6.71 7.7~ 8.74 
o.sa 1.23 1.66 2.0~ 2.66 

9.9a 13.o6 1b.B6 19.74 22.sa 
2.95 4.12 ~.66 6.8~ 7.99 

3.42 4.45 ~.76 6.76 7.b9 
0.91 1.26 1.73 2.0d 2.~4 

2.98 3.91 5.09 5.9n 6.83 
u.aa 1.22 1.68 2.o6 2.37 

2.84 3.69 4.77 5.51 6.36 
o.10 o.98 1.34 1.6! 1.oa 

2.89 3.8o ~.1~ hoOb b.78 
u.76 1~06 1.44 1~7~ 2.03 

1.40 1.86 2.44 2.8U 3.60 
0.47 0.66 0.91 1.0~ 1.?.8 

2.34 2.91 3.65 4.1~ L+.72 
0 0 45 0.62 Uo84 1.0! 1.19 

2.54 3.37 4.42 5.20 5.97 
0.64 0.89 1.21 1.4b 1.70 

4.54 s.a6 7.52 a.7o 9.~7 
1.09 1.51 2.06 2.4~ 2.j1 

1.86 2.44 3.19 3.74 4.?-8 
u.47 u.65 u.a9 1.01 1.25 

2.89 3.77 4.88 5.71 6.52 
0.79 1.10 1.51 1.8~ 2.13 

1.27 1.65 2.12 2.4~ 2.83 
o.36 0.51 u.7o o.84 o.99 
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STATE/ NO. 
STATION YRS. 

45/261 1~ 27 

1+5/354-6 28 

45/3883 19 

45/4154 28 

45/4159 24 

45/4338 28 

45/4572 

L+5/ll679 28 

45/5231 15 

45/5613 24 

45/5688 28 

45/5832 28 

45/6039 28 

1+5/6215 23 

45/6534 15 

45/6610 27 

45/6747 19 

45/6768 27 

1+5/6789 27 

45/6880 27 

45/7015 27 

45/1059 28 

45/7180 25 

45/J.727 18 

45/7933 17 

TRI-STATE REGION 

2-YR 5-YR 10-YR 25-YR 50-YK 100-YR 

1.37 2.34 2.98 3.79 1+.3~ 1+.99 
o.27 0.50 u.69 o.95 1.14 1.34 

o.95 1.ao 2.36 3.07 3.6u 4.13 
o.24 o.43 o.6o u.82 o.9~ 1.16 

0.58 1.17 1.56 2.05 2.41 2.78 
0·.19 o.3o o.so u.68 o.86 o.':H 

0.53 1.01 1.34 1.74 2.0~ 2.35 
o.14 u.25 o.34 o.47 o.5r o.66 

o.ao 1.35 1.12 2.1a 2.5~ 2.86 
0.16 o.30 o.42 o.57 o.6~ o.a1 

0.94 1.70 2.20 2.81+ 3.3~ 3.78 
Oo21 0.33 0.54 U.74 0.88 1oU3 

9o29 11+.99 l8o76 26.53 27o0b 30.57 
1.69 3.12 4.33 5.92 7.10 8.34 

Oo86 1.45 1o85 ~.34 2o71 3.07 
0.11 o.3o o.42 u.57 o.6~ o.eo 

o.39 u.74 o.96 1.25 1.4r 1.68 
o.13 0.2~ o.34 u.47 o.sn o.66 

0.95 ~.70 2.20 2.82 3.2~ 3.75 
0.22 0.41 0.57 0.78 0.94 1.10 

0.77 1.51 2.01 2.63 3.0~ 3.54 
0.21 U.3B Oo52 0.72 O.J6 1.01 

1.76 2.79 3.46 4.31 4.9~ 5.58 
o.29 u.52 0.12 u.99 1.1~ 1.39 

1.18 2.07 2.65 3.40 3.90 4.50 
o.25 o.45 o.63 o.86 1.oj 1.21 

0.78 1.52 2.0~ ~.6~ 3.1U 3.~6 
o.23 u.42 o.sa o.79 o.9~ 1.12 

11.17 17.10 21.03 25.99 29.66 33.62 
2.10 L+.01 5.61 7.73 9.3~ 10.92 

Oo77 1.36 1.76 2.26 2.6a 2.~9 
o.17 u.31 0.46 u.59 o.7u o.a2 

0.61 1.18 1.55 2.03 2.38 2.73 
o.1a u.~5 o.48 v.66 o.au o.~3 

0.61 1.06 1.36 1.73 2.01 2.~9 
o.13 u.23 o.32 o.44 o.56 o.62 

2.32 4.16 5.38 6.92 a.u& 9.19 
0.52 U.95 1.32 1.81 2.11 2.54 

1.23 2.24 2.92 3.77 4.40 5.02 
0.29 0.53 0.73 1.00 1.20 1.40 

o.48 U.85 1.09 1.39 1.6~ 1.84 
o.1o u.19 o.21 o.36 o.44 o.51 

1.25 2.13 2.71 6.45 4.0U 4.54 
o.25 o.45 o.62 o.a5 1.02 1.20 

1.27 2.83 3.86 5.16 6.1~ 7.09 
o~46 u.a4 1.16 1.5~ 1.91 2.~4 

1.01 1.69 2.14 ~.71 3.16 3.55 
o.23 u.43 o.59 o.ol o.~e 1.15 

1.16 2.81 3.90 5.29 6.31 7.~3 
o.56 1.o6 1.qa ~.o3 2.4~ 2.a1 



STATE/ NO. 
STATION YRS. 

45/7938 26 

45/7956 21 

45/8207 28 

45/8928 26 

45/8931 28 

45/8959 28 

45/9012 15 

45/9058 15 

45/907'+ 26 

45/9082 16 

45/9191 17 

45/9238 26 

45/9327 28 

45/QU.65 28 

TRI-STATE REGION 

2-YR ~-YR 10-YR 2~-YR 50-YK 100-YR 

2~61 t.t-.81 6.26 B.lo 9.41 10.82 
0.63 1.16 1.61 2.20 2.6~ ~.10 

1.69 5.08 4.01 ~.18 6.0~ 6.90 
o.44 u.a1 1.13 1.~5 1.01 2.1s 

0.63 1.17 1.53 ~.98 2.3~ 2.65 
0.15 u.2a o.3a u.s~ o.6~ u.73 

0.82 1.50 1.95 ~.52 2.94 3.36 
0.20 o.36 o.50 u.6B o.a~ u.9s 
0.91 1.52 1.93 2.45 2.8~ 3.21 
o.17 o.32 o.44 u.&u o.1~ o.o4 

0.91 1.90 2.57 3.40 4.0~ 4.64 
o.28 0.51 u.71 u.96 1.1& 1.36 

2.98 t.t-.90 6.17 7.78 8.97 10.15 
o.68 1.30 1.a2 ~.5o 3.0~ 3.~4 

3.33 6.30 8.27 10.75 12.60 14.43 
1.05 2.01 2.81 3.87 4.61 5.47 

1o44 2o54 3o26 4o18 4o8f 5.54 
o.32 u.58 o.ao 1.10 1.3~ 1.55 

1o72 jo17 l.t-ol2 ~.33 6.2~ 7.11 
0.50 U.95 1.33 1.82 2.20 2.58 

1o43 2o74 3o61 4o71 5o53 6o34 
o.45 u.a4 1.11 1.61 1.9~ 2.28 

1o67 3o04 3.94 5.09 5.9~ 6.78 
0.39 0.72 1.00 1.37 1.6~ 1.93 

1.09 1.91 2.45 3.13 3.63 4.14 
0.23 o.42 u.58 u.79 o.9~ 1.11 

1o30 2.55 3.38 4o42 5.2U ~.97 
o.3s o.64 o.A8 1.21 1.4~ 1.10 

STATE/ NO. 
STATION YRS. 

10/5559 27 

10/6542 27 

10/8786 24 

42/ 506 28 

42/ 924 25 

42/1731 16 

42/2721 16 

42/3122 17 

42/3671 16 

42/4856 24 

42/5082 28 

42/S.182 18 

42/5186 28 

42/5190 26 

42/5826 28 

42/6404 28 

42/6414 27 

t.t-2/6869 26 

42/7211 27 

42/7318 28 

42/7931 20 

42/9595 28 
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UTAH REGION 

2-YR ~-YR lU-YR 25-YR 50-YH 10U-YR 

2.os 3.55 4.51.1- 5.ao 6.73 7.65 
0.43 U.78 1.08 1.47 1.11 2.07 

o.74 1.13 1.39 1.73 1.qr 2.22 
o.11 o.21 o.28 o.39 o.4r o.j5 

0.96 1.79 2.34 3.04 3.5b 4.07 
0.25 Oo46 0.63 O.Bb 1.0t.t- 1.22 

1.09 1.91 2.46 3.14 3.6~ 4.16 
o.23 o.42 o.5B o.79 o.9b 1.12 

1o82 5.16 4.05 ~.17 6o01 6o84 
0.39 Uo72 1.00 1.37 1.6~ 1.93 

2.11 5.44 4.32 5.4~ 6.2b 7.U8 
o.46 u.s7 1.22 ~.68 2.03 2.37 

1.66 3.34 4.46 5.8& 6.9U 7.94 
o.58 1.10 1.54 2.12 2.56 3.uo 

1.57 3.13 4.17 ~.4~ h.4~ 7.41 
0.53 1.00 1.40 1.92 2.3~ 2.71 

3.10 t.t-.AB 6.06 7.55 8.6b 9.76 
0.62 1.17 1.64 ~.2~ 2.7~ 3.18 

2.20 5.50 t.t-.36 5.45 6.2b 7.06 
o.39 u.11 o.99 1.35 1.63 1.~o 

2.44 '+.34 5.60 7.20 8.3» 9.55 
0.53 0.97 1.34 1.84 2.21 2.59 

1.22 2.05 2.61 5.31 3.8~ 4.34 
o.2s o.52 u.73 1.oo 1.2u 1.41 

2.12 3.52 4.44 5.61 6.4B 7.34 
o.39 u.11 o.99 1.35 1.6~ 1.90 

1.67 2.92 3.74 t.t-.79 5.51 6.34 
0.36 0.66 0.91 1.25 1.51 1.76 

2.46 
·o .54 

1.84 
0.35 

... 39 
U.99 

·s .10 
u.64 

5.67 
1.37 

3.93 
u.a9 

1.01 1.93 2.54 
o.26 u.48 u.s& 

6.93 10.61 13.05 
1.06 1.94 2.69 

2.30 
0.47 

1.17 
0.31 

1.54 
0.37 

1.54 
0.33 

5.94 
0.85 

2.29 
u.s7 

2.69 
U.68 

2.70 
0.59 

5.03 
1.10 

3.03 
0.79 

3. 1+5 
0.95 

3.47 
u.~2 

7.29 
1.87 

4.98 
1.21 

3.32 
.• 91 

16.13 
~.6o 

b. t•o 
1.61 

4.41 
1.30 

8.5u 
2.2~ 

5.7b 
1.4b 

3.8~ 4.46 
l.U<j 1.28 

1a.41 . 20.68 
4o43 ~.19 

4.6b 
1.30 

5.1~ 
1.57 

5.1( 
1.3~ 

8.43 
2.2.7 

5.35 
1.~2 

5.82 
1.84 

5.88 
l.os 



APPENDIX D: DETAILS OF WAR MAP ANALYSIS 

The separation between locations where observations were available 
was so large that, for a significant portion of the study area, the 
station data alone were inadequate to define small-scale variations 
in the water available for runoff (WAR) field. This was 
particularly true in the orographic areas. An assumption was made 
that a significant part of the station-to-station variability could 
be related to topographic and meteorological factors. At all 
stations in each region, a number of factors such as station 
elevation, slope of the terrain around the station, latitude, 
longitude, and mean annual precipitation (MAP) were determined. 
Using these data as candidate predictors of the WAR estimates at the 
stations, screening regression was performed on the data to attempt 
to determine equations that could describe a relation of WAR to 
quantities that could be estimated at points where no observations 
were available. The resulting equations were applied on a 5-minute 
latitude-longitude grid of points. The analysis of the WAR fields 
presented in this publication was performed on maps that included 
both the 5-minute grid data and the WAR amounts at the stations. 
This approach is the same as that used by Miller et al. (1973) in 
the NOAA Atlas 2 series for precipitation-frequency and by Frederick 
and Tracey (1976) in their study of WAR in the Snake River Valley, 

The Tri-State region of the study was too complex to be considered 
meteorologically homogeneous. The region was divided into smaller 
subregions over which it was assumed that a single interpolation 
equation would be adequate, In an approach such as this, there is 
almost always a tradeoff between the. need for a relatively small 
region that has similar meteorological conditions everywhere within 
the region and an area large enough to assure an adequate number of 
stations to allow confidence in the equations developed, The most 
obvious division was between the orographic areas and a second 
region that included the floor of the Columbia River basin. For the 
latter, the topographic variability was modest; we assumed that the 
stations were not strongly influenced by local topograhic effects 
and, therefore, were representative of broader areas than the 
mountainous locations. For the station density available, it was 
not deemed necessary to develop equations to aid in interpolation 
between stations in this region (basin floor), 

We initially divided the orographic areas into four separate 
regions. The first, along the western portion of the study area was 
influenced by the broad scale flow over the Cascades and was 
primarily made up of lee-side stations. The second area was a 
mountainous region mainly in Idaho, but it included parts of both 
Washington and Oregon. These mountains run primarily north-south 
and roughly parallel to those in the first region. .A third region 
was made up of mountains in the southern portion of the basin. This 
area is subject to relatively unimpeded moisture flow into the basin 
through the Columbia River Valley. The last region included the 
mountainous areas in the northern portion of the study area. 
Initially, equations were developed for each orographic region. In 
doing so, no region had enough stations to provide sufficient 
confidence in the reliability of the resulting equations. 
Examination of the results indicated that the predictors selected by 
the screening regression for both the northern and western areas 
were similar. Both the eastern and southern regions also yielded 
prediction equations that had a number of common factors 
(predictors). Because of these similarities, the four orographic 
regions were combined to create two regions for which final 
interpolation relations were determined. These regions are shown in 
figure D-1, The boundary of the region including the basin floor, 
corresponds roughly to the 2,500 ft elevation contour. The 
northwest region includes mountainous portions above 2,500 ft that 
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Figure D-1.-Map defining the regions over which a single 
interpolation equation was used to produce grid-point 
WAR-frequency estimates that were used to guide the analysis in 
data sparse regions. 

are north and west of the Columbia River. The southeastern region 
is made up of the orographic areas above 2,500 ft south and east of 
the Columbia River. Even after this consolidation, neither 
orographic region had a large number of higher elevation stations. 
Application of the resulting equations in the highest elevations 
must be considered an extrapolation rather than a interpolation with 
a resulting lower degree of confidence in the grid-point estimates. 

While the Utah portion of the study included a relatively flat 
portion in the west and a mountainous area in the east, there were 
so few stations available that no attempt was made to divide the 
region. Because there were practically no stations representing 
conditions in the mountains, special care was taken in the use of 
the interpolation equations in the higher elevations. 

Equations used to provide guidance in analyzing between stations 
should, ideally, involve only quantities that can be observationally 
determined at each grid point. Unfortunately, it was not possible 
to obtain interpolation equations using such factors that 
simultaneously explained a considerable portion of the variance and 
had only a few terms. If there are a large number of terms in the 
equation, there can be little confidence that the equation depicts 
underlying phenomena that account for variability within the 
region. (It becomes an exercise in curve fitting.) Therefore, 



Table D-1.--Regression equations used to interpolate between station locations 

NORTHWEST TRI-STATE 

2-yr 1-day w2,1 0.23 + 0.39(W2, 5) w2,1 

100-yr 1-day w100,1 0.64 + 0.40(W100 , 5) w100,1 
- 0.92(X3 ) 

2-yr 5-day w2,5 0.76 + 0.10(X1) w2,5 

100-yr 5-day Wl00,5 1.21 + 2.23(W2, 5) W100,5 
+ 0.22(X2) 

2-yr 15-day w2 15 , -0.54 + 1.79(W2, 5) w2,15 

100-yr 15-day W100,15 1.33 + 2.09(W2, 15 ) W100,15 

SOUTHEAST TRI-STATE 

o.o6 + o.28(w2 5> , 
+ 0.07(X6) - 0.02(X5) 

=·o.o5 + 2.05(w2 , 1> 
+ 0.31(X7) + 0.08(x6) 

-0.02 + 0.09(X1) 

+ 0.39(X4 ) + 0.02(x5) 

0.32 + 1.95(W2, 5) 

+ 0.67(X7) + 0.17(X6) 

-0.86 + 1.96(W2, 5) 

0.85 + 2.04(W2 15 ) , 

w2,15 

W100,15 

UTAH 

0.52 + 0.30(W2 , 5) 

+ 0 .13(Xl0) 

1.33 + 1.16(W2, 1) 

+ 0.23(X12) - 0.12(X11) 

0.84 + 0.08(X1) 

- 0.45(X8) + 0.53(X9) 

0.48 + 2.02(W2 , 5) 

- 0.58(X4) 

= -0.57 + 2.30(W2 , 5) 

-0.51 + 2.30(W2 15 ) , 
- 0.82(X13) 

Explanations for Table D1 

mean annual precipitation 

difference between station elevation and average 
elevation at 2.5 mi (8 points) 

north-south slope across the station (grid-point) 
location: difference between 3-point average elevation 
20 mi north and 20 mi south of the location, divided by 
40 

north-south slope across the station (grid-point) 
location: difference between 3-point average elevation 
10 mi north and 10 mi south of the location, divided by 
20 

north-south slope based on the difference between the 
station (grid-point) elevation and the highest feature 
north of the station (between 315-45°) within 20 mi of 
the station (grid-point) divided by the separation 
distance between the high point and the station 

longitude minus 120 

east-west slope based on the difference between the 
average elevation within 2.5 mi of the station 
(grid-point) and the 3-point average elevation 20 mi east 
of the station (grid-point), divided by 20 
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east-west slope based on the difference between the 
average elevation within 2.5 mi of the station 
(grid-point) and the 3-point average elevation 5 mi west 
of the station (grid-point), divided by 5 

east-west slope based on the difference between the 
average elevation~ithin 5 mi of the station (grid-point) 
and the 3-point average elevation 10 mi west of the 
station (grid-point), divided by 10 

east-west slope based on the difference between the 
average elevation within 2.5 mi of the station 
(grid-point) and the 3-point average elevation 10 mi west 
of the station (grid-point), divided by 10 

north-south slope based on the difference between the 
station (grid-point) elevation and the 3-point average 
elevation 2.5 mi north of the station (grid-point), 
divided by 2.5 

north-south slope based on the difference between the 
average elevation within 5 mi of the station (grid-point) 
and the 3-point average elevation 10 mi north of the 
station (grid-point), divided by 10 

east-west slope based on the difference between the 
station (grid-point) elevation and the 3-point average 
elevation 10 mi west of the station (grid-point), divided 
by 10 



we_decided to use MAP as a predictor. While MAP may be an excellent 
predictor whose value is known at the stations, maps depicting it 
are subject to similar station density problems that led to the 
development of interpolation equations in this study. Away from the 
stations, there may be error in the MAP field. Equations using this 
quantity as a predictor include this unknown error in the grid-point 
estimates. Thus, even though the regression equations explain most 
of the variability at the station locations they may provide poorer 
estimates at the grid-points. However, the station density problem 
is somewhat less severe since there are usually a greater number of 
stations available for use in developing MAP fields. 

The interpolation equations used in the three subregions for which 
they were required are presented in table D-1. The predictors used 
in these equations are dependent on the sequence in which the maps 
were analyzed. The first map analyzed was the 2-yr 5-day map. This 
field was chosen because we felt the results at this duration and 
return period were more reliable than the 1-day amounts and the 
100-yr return period. As discussed in the text, the implementation 
of the model in this study at point locations probably lead to 
poorer day-to-day simulations (sec. 5 .2). There appeared to be a 
considerable amount of compensation for summations over several 
days. Hence, the assumption was made that a 5-day total would be 
more reliable. While we could have started our analysis with the 
2-yr 15-day map, the 5-day map was preferred because it could be 
used directly to provide guidance for analysis of both the 1-day and 
the 15-day maps. 

The first attempt to develop an equation to use as an aid to 
interpolation between the stations for the 2-yr 5-day WAR field 
withheld MAP as a candidate predictor. The number of terms required 
to explain a significant portion of the variance was determined to 
be too large. When MAP was allowed into the screening regression, 
it was the first predictor selected. In the northwest portion of 
the Tri-State region, no additional quantity was found that could 
provide a meaningful reduction in the remaining unexplained 
variance. In the other two regions, additional terms were included 
that acted as "second order corrections" to the basic MAP field. In 
both cases these terms involved slopes: north-south slopes in the 
southeast Tri-State region and east-west slopes in Utah. 

The order of analysis of the remaining maps was: 2-yr 1-day, 
100-yr 5-day, 100-yr 1-day, 2-yr 15-day, and 100-yr 15-day. In all 
cases the screening regression selected one of the previously 
analyzed WAR fields as the primary predictor. (See table D-1.) All 
three regions used the 2-yr 5-day WAR field to predict the 2-yr 
1-day WAR field. In the southeast Tri-State region and in Utah, 
additional terms provided second order corrections. In both regions 
slopes were involved; in the southeast Tri-State region, longitude 
was also a factor. For all three regions, the 2-yr 5-day WAR field 
was the only quantity used to help interpolate between stations for 
the 2-yr 15-day field. Similarly, grid-point estimates of the 
100-yr 5-day field in all three regions depended on the 2-yr 5-day 
field. But in this case, there were second-order terms that varied 
from region to region. Of interest is the additional term in the 
equation for the northwest Tri-State region. It was essentially a 
measure of the local exposure of the station (grid point) 
location. The equations for the 100-yr 1-day field are the only 
case in which the same "primary" predictor was not selected for all 
three regions. The 100-yr 5-day field was selected for the 
northwest Tri-State region, while the 2-yr 1-day WAR field was used 
in the other two regions. The 2-yr 15-day WAR field was selected by 
the screening regression to provide guidance in analyzing the 
100-yr 15-day field. Only in Utah did an additional term provide 
any meaningful enhancement. 
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The most striking feature of the interpolation equations ·is their 
interdependence. Since all are somehow related to the 2-yr 5-day 
WAR field, they are also related to the MAP field. We consider it 
reasonable that these relationships occurred in the statistical 
analysis because we believe that such mutual dependencies exist in 
nature. The most common "correction" terms involved either 
east-west or north-south slopes. Both may have plausible physical 
bases. Moisture bearing flow in these areas usually has a westerly 
component. Air with high humidity is forced to rise when it 
encounters significant orographic features. This ascent is 
accompanied by adiabatic cooling, leading to condensation and 
precipitation. That this, in fact, may have been the underlying 
physical factor is strengthened by the absence of an east-west slope 
term in any of the equations for the northwest portion of the 
Tri-State region. In this area, much of the available moisture in 
the air would probably be depleted by flow over the Cascades. A 
north-south slope could be related to either enhanced snowpack 
buildup on north facing slopes, to enhanced melt on south facing 
slopes, or to both factors. The appearance of longitude occurs only 
in the southeast Tri-State region and could be related to the 
distance from the Pacific which is the major source of moisture. 

Table D-2 summarizes the statistics relating to the regression 
analysis. In all cases the correlation was high. But as mentioned 
above, all equations depend either directly or indirectly on MAP. 
While this quantity is known accurately at station locations, there 
may be considerable unce"rtainty in MAP analysis between the 
stations. Therefore, the ability to accurately predict WAR at the 
grid points is limited by the accuracy of the MAP field at these 
locations. Therefore, th& impression of accuracy given by the 
correlation coefficient or the standard error of estimate probably 
overstates the quality of the grid-point estimates. The standard 
error of estimate, as a percentage of the mean of the station 
values, is largest in the Tri-State region (10-15 percent). In Utah 
it is considerably smaller (5-8 percent), but this may be due in 
part to fewer stations and to the generally larger number of terms 
in the equations. Further, most of the stations available were in 
relatively flat terrain, leading to a rather simple and 
meteorologically homogenous set of stations. Because of this, less 
reliance was placed on the grid-point estimates in the mountainous 
portions of this region. 

Once the interpolation equation for a particular region, duration, 
and return period was set, the quantities necessary to generate the 
predictors involved were read from a 5-minute latitude-longitude 
grid of points. This was done by placing a transparency containing 
markings at the eight major points on the compass at ranges of 2.5, 
5, 10, and 20 miles away from the central location. For instance, 
predictor x2 (table D-1) was made up of the elevation at the central 
point and tne eight points (N, NE, E, SE, S, SW, W, and NW) at a 
range 2.5 miles from the central point. X was calculated by 
subtracting the elevation at the central pofnt from the average 
elevation at the eight points 2.5 miles away from the central 
point. Another example is x10 : it was found by reading the nine 
points mentioned above and tile elevation 10 miles away from the 
central point to the southwest, west, and northwest. The average of 
the central nine points and the average elevation of the three 
western points were then determined. The slope was found by forming 
the difference of the two averages and dividing by 10 miles. All 
elevations were expressed in hundreds of feet. Most predictors were 
made up of average elevations to provide more stable predictors. By 
using a fixed grid, the point elevations read from topographic maps 
may not have been truly representative of the topography on a scale 
likely to interact with the prevailing precipitation processes. 



Table D-2.--Statistics relating to the regression equations in table Dl 

Northwest Tri-State Southeast Tri-State Utah 
Number of 
Stations 28 59 21 

Standard Standard Standard 
Correlation Station error of Correlation Station error of Correlation Station error of 
coefficient mean estimate coefficient mean estimate coefficient mean estimate 

(in.) (in.-%) 

2-yr 1-day 0.99 1.32 0.10- 7.5 

100-yr 1-day 0.97 3.42 0.48-14.0 

2-yr 5-day 0.98 2.76 0.41-14.9 

100-yr 5-day 0.98 6.98 0.94-13.5 

2-yr 15-day 0.99 4.41 0.42- 9.5 

100-yr 15-day 0.99 10.53 1.12-10.6 

X is the only example of a subgroup of slopes used as candidate 
pre~ictors that attempted to determine representative slopes not 
dependent on specific grid-point elevations. This group of 
predictors used the elevation of the highest significant feature 
within a pie-shaped sector defined by a 90-degree azimuth interval 
and within some fixed range. A difference was formed between the 
typical elevation of this prominent feature and the station 
elevation, and this difference was divided by the separation 
distance between the two to yield a slope. 

The actual map analysis involved plotting the grid-point estimates 
together with the station values on a base map. In addition to the 
station values, the length of record and the deviation from the 
regression estimate were also plotted. In general, the analysis was 
done using a map containing generalized topography as an underlay. 
This allowed additional subjective consideration of the influence of 
topography on the WAR fields. For maps using another WAR field as 
the primary predictor, the predictor field was also often used as an 
underlay to aid the analysis process. Ultimately the analysis was a 
subjective attempt to fit the station data, the grid-point 
estimates, the topography and any other meteorological information 
available to the analyst into a consistent result. In a number of 
cases the available information was not internally ·consistent. The 
analyst was forced to exercise considerable judgement in the most 
extreme cases. 

0.96 

0.94 

0.92 

0.96 

0.98 

0.98 
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(in.) (in.-%) (in.) (in.-%) 

1.23 O.ll- 8.9 0.91 1.13 0.09-8.0 

2.88 0.29-10.1 0.93 2.62 0.16-6.1 

2.52 0.44-17.5 Q_.93 2.19 0.14-6.4 

5.91 0.58- 9.8 0.89 4.67 0.36-7.7 

4.09 0.43-10.5 0.96 3.09 0.16-5.2 

9.20 0.86- 9.3 0.93 6.90 0.55-s.o 

When each map was completed, the resulting fields were read at the 
grid-point locations and ratios of the completed fields were 
computed. This was done to ensure consistency among the entire set 
of maps. This last step involved an examination of .ratio fields to 
ensure that the variation was regular and that gradients in the 
ratio fields could be explained on the basis of reasonable 
meteorological principles. As part of the consistency checking 
using ratio fields, we also compared the 1-day WAR fields to results 
from NOAA Atlas 2. (See sec. B for discussion of these 
comparisons.) In this comparison, we assumed that the WAR amounts 
should be at least as large as the values from NOAA Atlas 2 since 
the former should include all large rain-only events as well as 
rain-on-snow events that could be larger than rain-only events. We 
examined the station data fo.r exampies of annual events occurring as 
snow only. In these cases, the precipitation recorded for the 24-hr 
period could be released over a period of melt, producing a WAR 
amount less than the annual precipitation amount. While there were 
some instances of this, they were infrequent and tended to fall in 
the central portion of the ranked WAR series. They had no 
appreciable influence on the statistics for any station in this 
study. A further rationale for ensuring that the WAR estimates be 
larger than the precipitation amounts in NOAA Atlas 2 is the longer 
record length available at a number of stations used in the 
latter. This made sampling problems less likely. Consistency 
checks associated with NOAA Atlas 2 produced no modifications in the 
orographic areas and only limited modifications in the lower-lying 
portions. 



APPENDIX E 

WAR FREQUENCY MAPS 

Tri-State Region 

1-Day 
E-1. 2-yr 
E-2. 100-yr 

5-Day 
E-3. 2-yr 
E-4. 100-yr 

15-Day 
E-5. 2-yr 
E-6. 100-yr 

Northeastern Utah 

1-Day 
E-7. 2-yr 
E-8. 100-yr 

Snake River (after Frederick and Tracey 1976) 
and Northwestern Utah 

E-9. 
E-10, 

5-Day 
2-yr 

100-yr 

15-Day 
E-11. 2-yr 

100-yr E-12. 
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