
8. STORM TRANSPOSITION 

8.1 Introduction 

The outstanding rain storms in and near a region are a very important part of 
the historical evidence on which the PMP estimates nrust be based. The transfer 
of total storm rainfall amounts from the location where they occurred to other 
areas where they could occur (storm transposition), is an important tool in the 
standard methodology for defining the precipitation potential within a region. 
In this study, transposition limits, or the outer boundaries of the region where 
a particular storm could occur, were determined for all storms important to PMP 
estimates within this region. These limits were based on the studies of major 
storms in the region that were listed in table 2.2. 

Values of FAFP or convergence precipitation were transposed throughout the 
region with the same limits as determined for total storm precipitation, except 
for the direct consideration of terrain effects. Since, as discussed in 
chapter 7, FAFP is the result solely of atmospheric processes, the transposition 
limits should be as independent of terrain features as are storms in 
nonorographic regions. Limitations to the application of this notion are 
discussed in section 8.2.3. 

8.2 Transposition Litaits 

The first approximations to individual storm transposition limits were 
determined by consideration of the region within which similar storm types have 
occurred. Determination of these limits was developed using the storm 
classification system developed for this study as the primary limitation 
(sec. 2.5). In addition to the transposition limits determined by storm type, 
the range of elevations through which individual storm total precipitation 
amounts were transposed was restricted to plus or minus 1,500 ft from the average 
elevation of the encompassing isohyet for the area size of concern at the storm 
location. Initial transposition limits permitted a storm to be transposed only 
within the same terrain classification (sec. 3.2). 

8.2.1 Transposition Limits by Storm Type-

Figure 8.1 shows the distribution of simple and complex storms. Convective 
storms have occurred throughout the region. In the southern part, a simple 
convective storm occurred at Las Cruces, NM, August 29-30, 1935 (48), and in the 
central portion of the region the storm at Masonville, CO, 
September 10, 1938 (55) was classified as a simple convective event. Complex 
convective storms have occurred at Ragland, NM, May 26-30, 1937 (49) and Galinas 
Plant Station, NM, September 20-23, 1929 (43), as well as at Buffalo Gap, Sask., 
May 30, 1961 (72). Perhaps the most notable complex convective storms were the 
Cherry Creek, CO storm of May 30-31, 1935 (47), and the Plum Creek, CO storm of 
June 13-20, 1965 ( 7 6). Thus, the transposition limits for convect! ve storms 
includes the entire region. 

Certain cyclonic type storms have occurred over a more limited geographic 
region. Tropical storms that affect the region between the Continental Divide 
and the 103rd meridian are formed over the tropical Atlantic Ocean and Gulf of 
Mexico and cross the coast of Texas or northeast Mexico on a northwesterly 
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course. Only a few storms with a 
recognizable circulation have 
penetrated as far as New Mexico. 
However, it is the moisture associated 
with a tropical storm or a remnant of 
the convergence mechanism (with the 
surface and lower level circulation 
having become too diffuse to be 
recognized), that are the important 
factors in producing major 
precipitation events. Even these 
remnants of a tropical storm cannot be 
identified too far north and, in 
general, are restricted to a line south 
of the southern border of Colorado. 
Figure 8.2 shows a line extending from 
the Continental Divide in a generally 
easterly direction, across the southern 
tip of Sangre de Cristo Mountains and 
then northeastward into eastern 
Colorado. Only south of this line has 
evidence of tropical cyclone rainfall 
been observed. Therefore, transposi
tion of this storm type is restricted 
to the region south of this line. 
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late fall through early spring. In 
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of tropical 

these seasons, the moisture supply is not sufficient. During the period when 
the all-season PMP event could occur, such systems have not formed in northern 
Mexico, nor have they been observed crossing the mountains south of the United 
States-Mexico border. Storm experience shows this storm type occurring through 
Montana, Wyoming, Colorado, and in extreme northern New Mexico. Thus, 
transposition of this storm type is restricted to the region between the Canadian 
border and approximately the southern border of Colorado. Diagrams (not shown) 
were also prepared showing locations where cyclonic storms have occurred. 
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Precipitation as a result of frontal 
systems in this region is generally 
associated with cold fronts which 
extend southward from a low pressure 
center. This boundary between cold and 
warm air can extend quite far south of 
the low pressure center. Storms 
associated with this type of rainfall 
have occurred in all parts of the study 
region. Therefore, these storms were 
transposed without limit as with the 
convective storms. 

8.2.2 Final Transposition Lilllits of 
Storms for Individual Total Storm 
Precipitation 

Determination of final transposition 
limits was based on individual 
consideration of each storm. Among the 
features that need to be considered 
are: the direction of moisture inflow, 
characteristics of the terrain in the 
vicinity of the storm, and particular 
meteorological characteristics of 
individual storms that might inhibit 
transposition to some locations. The 
following sections discuss two storms 
to illustrate the factors considered in 
each storm. 

8.2.2.1 Gibson Dam, Montana Storm -
June 6-8, 1964 (75). The meteoro
logical conditions associated with this 
storm were discussed in section 
2."4.1.6. In brief, this storm occurred 
centered on the ridge of the first 
upslopes as a result of a warm moist 
air flow from the Gulf of Mexico 
turning westward and being lifted both 
by convergence around the Low and topo
graphy. 

I 13 109 105 I 0 I 

~" I I / f-1 GIBSON DAM 

( }STORM•:-;; rt-i--i,-1-~-k K ~TER '-" 3 I I 9 

j f<~ 1 I 

45 

31T-i--+-~ <~L'--J-----1-i j:~~17 
/ I ~--T: 

~ 3r/-t?'-~Y---+-+-LI --1, 
I 33 

··-
..... ··--· . i 

' ' 

29~~~~~==t:=n~\~,~--~~-~--~,~' ~2C 
109 10~ 101 --

Figure 8.3.--Transposition 
for Gibson D8Dl, H"l' stom 
June 6-8, 1964. 

Halts 
(75) of 

The first limiting factor considered in this storm was topography. The primary 
rainfall center occurred along the ridge of the first upslopes. It was 
considered inappropriate to transpose the total precipitation from this storm 
to secondary upslopes. Second,the slopes in the vicinity of the major 
precipitation centers were examined. Though relatively steep, they were not 
within regions considered to be the steepest upslopes. This factor did not limit 
transposition within the first upslopes of the orographic regions. 

Meteorological factors to be considered are moisture flow from the Gulf of 
Mexico, the formation of a well organized low pressure system, and a relatively 
stable air mass. These combined features can be found through the entire CD-103 
region north of approximately 37°N. Figure B.3 shows the transposition limits 
determined for the Gibson Dam storm. 
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8.2 .. 2.2 Cherry Creek, Colorado Storm -
Kay 3Q-31, 1935 (47). The 
meteorological conditions associated 
with this stonn are discussed in 
section 2.4.1.5. The most important 
meteorological feature that limits 
transposition of this storm is the need 
for a strong deep continuous flow of 
warm moist air from the Gulf of 
Mexico. This restricts transposition 
of this storm to the region east of the 
first ridgeline. Transposition of this 
storm is further restricted to those 
regions where the moist air can reach 
the location in a direct, concentrated 
flow. It was necessary, therefore, to 
restrict transposition to a line 
extending northward from the 
mountains of Colorado. Another 
significant factor in this storm was a 
strong temperature contrast between a 
continental polar and a maritime 
tropical air mass. It is difficult to 
determine an exact northern limit where 
the maritime tropical air would be 
sufficiently modified to reduce any 
temperature gradient below that 
necessary for this storm. In this 
study, a northern limit of 
approximately 44°N has been adopted. 
The transposition limits for the Cherry 
Creek storm are shown in figure 8.4. 

8.2.3 Transposition Liai ts of FAFP 

In contrast to transposition limits 
for total storm precipitation, it was 
assumed that FAFP could be transposed 
more widely. The FAFP was developed 
as a property of a storm that is essen
tially independent of topography. In 
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for Cherry Creek, CO storm (47) of 
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this section, the following question was considered: Given that the same initial 
atmospheric conditions are found at two separate locations where the topographic 
features are substantially different, will the resulting storms produce the same 
amount of FAFP at both locations? The answer to the question just asked should 
be yes. But, what the SSM actually does is to estimate FAFP from, or out of, a 
very particular storm occurring at a place of unique terrain characteristics. 
The precipitation occurring there happened only because a storm with a certain 
structure developed at that place and the question must be asked whether the 
same storm structure could evolve in the same manner in radically different 
terrai-n:. Certainly, FAFP is a more "transposable" quantity than is total 
precipitation for storms occurring in areas of significant orographic influence, 
but it is unlikely that storm evolution is completely independent of its 
orographic context. 
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While admitting that not much is understood about how terrain jeedback does or 
does not determine the way in which a storm develops or evolves , it seems that 
very radically different terrain settings would promote different feedback and 
different kinds of storms would evolve with the consequent likelihood of 
different amounts of FAFP. As the FAFP component of a storm is transposed into a 
region of substantially different topographic features, the more likely it is 
that the transposition process is less reliable. For example, as a storm is 
transposed from the foothills of the Rockies closer to the Continental Divide, 
the larger the uncertainty that must attend the associated FAFP value, and it 
must be admitted that there is no method known as yet to "improve" or modify the 
transposed values. Some subjective interpretation and e~aluation of such 
transposed values in an analysis of FAFP still seems to be required in the more 
"remote" portions of the CD-103 region. 

The basic transposition limits for FAFP were determined by the consideration of 
storm type transposition limits (sec. 8.2). Some additional limitations were 
based on synoptic scale features such as large scale temperature gradients. The 
primary consideration, however, was the moisture flow. The FAFP for a given 
storm may not be transposed to a proposed location if the topographic conditions 
encountered by the warm moist air flow into the storm at the proposed location 
differ significantly from those encountered upwind of the original location. 
This can be determined when synoptic scale features are considered. A trajectory 
was constructed from the moisture source to the transposed location that was the 
same as that to the storm location. This proposed trajectory was expanded 22.5° 
either side of the original bearing of the moisture trajectory and considered to 
be a distance equivalent to that of the reference storm dew-point location from 
the storm center. If there were significant differences in barriers to moisture 
inflow, the storm was not transposed to those locations. 

8.3 Systems Used to Select Transposition Locations 

In previous reports, various techniques have been used to determine the 
locations to which storms were transposed. In some cases, a grid of points at 
latitude/longitude intersections was used. In other studies, storms were 
transposed to the extremes of the limits of the region of transposability. In 
this study, both a grid method and transverses or cross sections across the 
mountain ranges were used. In the nonorographic regions, a uniform grid with 
points at 1° latitude/longitude intersections was established. Total storm 
precipitation has been transposed to these points for every storm that met the 
criteria for tranposability (sec. 8.2 and 8.4). In the orographic region, this 
technique would not provide adequate representation of the varied terrain that 
was necessary. For this region then, cross section lines across the mountain 
barriers, beginning with the edge of the orographic re)i!:ion (OSL) 1 were drawn 
normal to the mountain region extending to the Continental Divide. These lines 
were drawn at frequent intervals so that all major terrain classifications were 
adequately represented. Points were then selected along these lines at specific 

* Note: An article by Cotton et al. (1983) has helped to explain the orogenic 
function of terrain for storms that eventually achieve maturity some distance 
from their place of origin. These studies, thus far, have not produced results 
which could be incorporated into the results of the present study. 
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elevations. These elevations were so selected that several storms could be 
transposed to each point considering the 1 imitations imposed on storm 
transposition to different elevations (sec. 8.4). An example of the geographic 
distribution of points to which storms and FAFP were transposed are shown in 
figure 8.5 for Colorado. 

8.4 Moisture Maxi~zation and Transposition Procedures 

Moisture maximization and transposition of major storms of record comprise the 
traditional method for developing estimates of PMP in nonorographic regions. In 
this procedure each storm is first increased proportionately as much as possible 
for maximum moisture potential at the location of occurrence (in-place). Then 
the difference in potential moisture available at the storm location is compared 
to that which might be available at the location to which it is desired to move 
the storm. The procedures used in this study are discussed in this section. 

8.4.1 In-Place Moisture Adjustment 

The moisture maximization factor is based upon the ratio of precipitable water 
associated with the maximum persisting 12-hr 1000-uil dew point to that of the 
precipitable water associated with the representative persisting 12-hr 1000-mb 
dew point in the storm situation (World Meteorological Organization 1973, and 
Schreiner and Riedel 1978). This can be expressed mathematically as: 

where 

RIP 

SL 

SE 

w 
Pmax SL,SE • 

w 
pstorm, SL,SE 

= 

• 

= 

wP 
max, SL,SE 

wP 
storm, SL,SE 

(8-1) 

the in-place moisture adjustment, 

storm location, 

storm/barrier elevation, 

precipitable water above the storm/barrier elevation 
associated with the maximum persisting 12-hr 1000-mb 
dew point, and 

precipitable water above the storm/barrier elevation 
assoicated with the representative persisting 12-hr 
1000-mb dew point. 

In computing the precipitable water associated with either dew point, use the 
elevation of the storm location or any intervening higher barrier between the 
storm location and the moisture source (World Meteorological 
Organization 1973). The storm/barrier elevation is determined from the map 
discussed in section 3.3. The maximum persisting 12-hr 1000-mb dew point is 
determined at the same geographic location as the representative storm dew point. 
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used in the 

8.4.1.1 Liaitations to In-Place Moisture Adjustment. In the studies for the 
eastern United States (Schreiner and Riedel 1978), moisture adjustments greater 
than 1.50 were not accepted unless the resulting maximized precipitation amounts 
were supported by moisture maximized values for other storms with lesser 
adjustments. In the present study, the nonorographic region east of the OSL is 
considered essentially similar to the eastern United States and the 1.50 
limitation was accepted for this study. In the orographic region, the sample of 
storm data is less plentiful and transposition is more limited, even with the 
FAFP concept. For this reason, limitations were relaxed and values as high as 
1.70 were accepted. 

A basic assumption underlying the concept of moisture maximization is the 
unchanging nature of the storm. That is, the moisture supply for an individual 
storm can be increased without altering the dynamic structure of the storm. If 
the moisture increase is too great, the ·validity of this assumption diminishes. 
This further supports the need for a limitation on the in-place moisture 
adjustment. 
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8.4.2 Transposition Adjustments 

The procedure for developing PMP estimates involves the transposition of total 
storm precipitation and FAFP values to a grid of points over the region. The 
transposition of both values requires adjustment for variation in availability of 
moisture. Differences in orographic effects in transposing total storm 
precipitation were based on consideration of ratios to the 100-yr 24-hr 
precipitation values between storm and transposed location. For the FAFP values, 
differences in orographic effects are accounted for by use of T/C and M factors 
(chapt. 9). 

8.4.2.1 Horizontal Transposition Adjustment. Geographic or horizontal 
variations in precipitation are accounted for solely by differences in moisture 
availability based upon the variation in the maximum persisting 12-hr 1000-mb dew 
points. The adjustment is based upon the ratio of precipitable water associated 
with two maximum persisting 12-hr dew points. The numerator is the precipitable 
water associated with the maximum persisting 12-hr 1000-mb dew point at the 
transposed location, and the denominator is the precipitable water associated 
with the maximum persisting 12-hr 1000-mb dew point for the storm location. In 
each case the dew point is selected at the same distance and direction from the 
point as the representative storm dew point. Again, precipitable water is 
computed above the storm/barrier elevation. This can be expressed 
mathematically: 

where 

wP 
max,TL,SE 

wP 
max,SL,SE 

RHT horizontal moisture transposition adjustment, 

TL = transposed location, and 

(8-2) 

Wp 
max,TL,SE 

precipitable 
12-hr 1000-mb 

water associated with the maximum persisting 
dew point above the storm/barrier elevation. 

and, Wp is as defined for equation 8-1. This adjustment is limited to 
max, SL,SE 

an increase of 20 percent or a factor of 1.2. This limitation was adopted 
avoid the unduly increasing of storm moisture beyond reasonable limits. There 
no limit, other than zero, for RHT less than 1. 

to 
is 

8.4.2.2 Vertical Transposition Adjustment. Numerous plots of maximum observed 
precipitation amounts versus elevations do not disclose any consistent increase 
or decrease relations with elevation. Attempts to use exposure, slope, roughness 
parameters, etc., have not been successful in developing any useful relation. It 
is recognized that, in general, precipitation potential is reduced with 
elevation. Accordingly, the vertical transposition adjustment used is based upon 
the variation in precipitable water relative to maximum persisting 12-hr 1000mb 
dew points. 

In HMR No. 51, no adjustments were made for elevation east of the Mississippi 
River. Variations in elevations between storm and transposed locations were 
generally small, less than 1,000 ft. In the western plains region of HMR No. 51, 
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for area sizes larger than 1000 mi 2 , a "gentle upslope" reduction was applied. 
This reduction of 6 to 10 percent per 1 ,000 ft was based upon the variation of 
precipitable water with height. No adjustment was made in that .study for 
precipitation amounts for area sizes less than 1,000 mi 2 • In the present study, 
the same procedure was adopted in transposing FAFP for small areas by making no 
adjustment for the changes in elevation of 1,000 ft or less. For larger changes 
in elevation, the traditional adjustment is to consider the complete variation in 
precipitable water. This results in large adjustments for relatively small 
differences in elevation. These changes in precipitation amounts seem 
unrealistic. 

We noted that the atmosphere produced equal magnitudes of rainfall in the 
May 31, 1935 storm at Cherry Creek (6,900 ft) and at Hale (4,000 ft). Our 
concern for the effects of incorporating the traditional vertical adjustment 
(based upon total variation of precipitable water), particularly in transposing 
to lower elevations, led us to adopt a change to previous studies. In this study 
we make a consensus decision to adopt a vertical moisture adjustment one-half the 
traditional adjustment in an attempt to control unrealistic maximizations in 
general storms. The result, incorporating the immunity from adjustment of the 
first 1,000 ft, is expressed in the following equation: 

where 

Rvr 

TE 

w = 
pmax,TL,(SE ± 1,000) 

Wp 
max,TL,TE 

(

wP 
O 5 + O 5 max TL,TE 

0 0 w 
p 

max,TL,(SE • 1,000))· 
the vertical transposition adjustment, 

(8-3) 

transposed/barrier elevation: the elevation of 
the transposed location or any higher barrier 
to moist air flow, 

precipitable water associated with the maximum 
persisting 12-hr 1000-mb dew point considering 
one-half the increase (decrease) in 
precipitable water for the difference in 
elevation greater than ±1000 ft from the 
storm/barrier elevation, and 

precipitable water associated with the maximum 
persisting 12-hr 1000-mb dew point above the 
transposed/barrier elevation. 

The adjustment is limited to a maximum increase of 20 percent. The decrease is 
considered to be unlimited. 
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Figure 8. 6.--Distance-from-coast adjust..ent for tropical storms (Schreiner and 
Riedel 1978). 

8.4.3 Distance-FromrCoast Adjustment for Tropical Storms 

Tropical storms are generated and sustained over warm tropical waters. As the 
storm moves over land, it begins to weaken and generally becomes less efficient 
in producing precipitation. This effect has been discussed in HMR No. 51 
(Schreiner and Riedel 1978) and the relation developed there has been used in 
this study (fig. 8.6). 

8.4.4 Total Transposition Adjustment 

The total adjustment for the transposition of the convergence component of 
storms used in this study was a combination of the adjustments discussed in 
sections 8.4.1 and 8.4.2. Mathematically, the total adjustment can be expressed 
as follows: 
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(B-4) 

(

Wp ) .., max,SL,SE 

Wp storm,SL,SE 

[o.5 + o.5 (~W~pma~x~T~L~T~E--------)~ Wp max, TL,(SE <1,000) ~ (B-S) 

The distance-from-coast adjustment (sec. 8.4.3) from figure 8. 6 is combined 
with the adjustment of equation 8-5, where applicable. 

8.5 FAFP Hap 

The 24-hr 10-mi 2 FAFP values for all critical storms were moisture maximized 
(sec. 8.4.1) and transposed (sec. 8.4.2) to all grid points (sec. 8,3) 'within 
their limits of transposition (sec. 8.2), It was possible to transpose the FAFP 
values for several storms to each grid point. The maximum and near-maximum 
values were plotted at each point. Isohyets were drawn through the CD-103 region 
enveloping these moisture maximized values. 

The isohyetal analysis showed generally a north-south orientation with the 
values decreasing toward the west. This decrease, in general, was similar to the 
geographic variation in the maximum persisting 12-hr 1000-mb dew points. An 
additional factor was the decrease in FAFP reflecting a decrease in moisture with 
increasing elevation. This latter effect was primarily a factor in detennining 
variations of FAFP over limited geographic regions of individual mountain 
ranges. In a few cases, notably along the Continental Divide in Colorado, and 
the Wind River Range in Wyoming, moisture maximized transposed values were 
undercut by small amounts, less than 10· percent, to maintain smooth isohyets with 
consistent gradients. The final 24-hr 10-mi2 FAFP map for Colorado is shown in 
figure 8.7. 

9. OTHER FACfORS 

9.1 Introduction 

In this section the development of the the orographic component of PMP for the 
study region is discussed. In such a rugged and complex terrain, as occurs in 
this region, it is expected that orographic effects will be large and that the 
orographic component will be a significant proportion of the total PMP. The 
methods followed to obtain an orographic intensification factor have some 
similarity to those used in other studies of PMP for the western United States 
(U.S. Weather Bureau 1966, Hansen et al. 1977), but for the most part it is the 
new aspects of consideration that are of interest in this study. One of these 
new considerations is a storm intensification factor that varies with duration 
and interacts with the orographic factor. Another consideration is the relation 
developed to explain how the orographic and stonn intensification factors are 
combined with the convergence component in computing total PMP. 
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9.2 Orographic Factor, T/C 

In HMR No. 49 (Hansen et al. 1977), the- first approximation analysis of the 
orographic component to PMP was based on 100-yr 24-hr precipitation. A similar 
concept using a slightly different procedure was adopted for this study. Maps of 
100-yr 24-hr precipitation (Miller et al. 1973) for the individual western states 
were used to form a ratio of total 100-yr to convergence component 100-yr 
rainfall, T/C, and it was assumed that this ratio is related to a ratio of 
similar parameters for PMP. The ratio of T/C for the 100-yr 24-hr rainfall can 
be used as a representative index of the orographic effects for the present 
study. One of the reasons for adapting this index is the degree of detail 
available in the 100-yr analyses. In hydrometeorological studies by the National 
Weather Service it has always been assumed that the level of detail in the PMP 
analysis is somewhat less than that for the 100-yr precipitation. If PMP is to 
have any detail in orographic regions, the 100-yr analysis must be sufficiently 
detailed. 

The availability of the 100-yr 24-hr maps provides only part of the needed 
ratio, the total rainfall or numerator in the fraction, and it remains to 
determine how to obtain the convergence component, c. The rationale followed was 
that isopleths of the convergence component would exhibit a smooth, gradually 
varying geographic pattern. The gradients and general geographic variation would 
be somewhat similar to the FAFP component discussed in chapter 8. In part, 
support for this conclusion is found in the similarity of smooth PMP lines given 
for the United States east of the 105th Meridian (Schreiner and Riedel 1978), 
assumed to be convergence only PMP, and the smooth 100-yr 24-hr isopluvials of 
the "Rainfall Frequency Atlas of the United States" (Hershfield 1961), which are 
also assumed to be convergence only. 

In the CD-103 region, it was proposed to look at the 100-yr precipitation 
analyses for the pertinent states with the intent of locating zones of least 
orographic effect, i.e., the least complex terrain. The approach followed was to 
assume that the 100-yr precipitation in these least-orographic zones was 
100 percent convergence precipitation as in the Great Plains. These zones would 
then be tied together in some form of smooth analysis. It should be recognized 
that implicit in this approach is the fact that it did not allow for any 
consideration of negative orographic effects, zones where the convergence 
component was less than 100 percent. It was believed that any negative 
orographic effects would be small and have no significant affect on the study. 

By isolating locations in which the convergence component was 100 percent of 
the 100-yr precipitation, it was possible to sketch a rough pattern of smooth 
contours through a major portion of the western United States that suggested how 
the analysis should appear. It was evident that the gradient of convergence 
100-yr precipitation obtained by this method changed significantly for values 
less than 2.4 in. As a result, a relatively flat gradient (for isohyets 
<2.4 in.) was drawn over the intermountain region with an intense gradient from 
roughly the Continental Divide eastward to the western Plains. Figure 9.1 
provides a schematic example of the final 100-yr convergence component analysis 
for New Mexico. 
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Figure 9 .. 1.--convergence IOlryr 24-hr rainfall (in.) for New Mexico between the 
Continental Divide and the orographic separation line. 
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Figure 9.2.--T/C analysis for a portiOn of Colorado (10 m12 24 hr). 

Although the evaluation of 100-yr convergence precipitation in figure 9.1 was 
done independently for the CD-103 study, a check was made against the workitW; 
papers used in developing HMR No. 49, and it was found that with only minor 
adjustments to the analysis the patterns in the two studies would be 
compatible. The significance of this realization lies in the fact that although 
derived somewhat differently, the results lead to a comparable and consistent 
result. This tends to give confidence that the rationale proposed in HMR No. 49 
and followed in this study can be applied over a broader region, and may have 
some universal applications, provided suitable 100-yr analyses are available. 

Having obtained an analysis for the convergence component of the 100-yr 
precipitation, it was a relatively simple task to determine 100-yr values for T/C 
for as many points as believed necessary to establish the pattern for an analysis 
of these ratios. The analysis closely resembled the basic 100-yr 24-hr analyses 
and the ratio analysis was made simple by overlaying grid values on the original 
100-yr maps, for guidance. The resulting ratio analyses are slightly smoothed by 
this process from the original level of 100-yr detail. Figure 9.2 shows a 
portion of the T/C analysis for Colorado as an example of results obtained by 
this procedure. In general, it was found that the orographic separation line 
defined in chapter 3 was in approximate agreement with the 1.1 ratio line on the 
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T/C analyses. This result was interpreted as providing independent support for 
the choice made in positioning this line. Ideally, it is expected that to the 
east of this separation line there would be little or no orographic influence, 
but practically, it can be expected that small effects (less than 10 percent) 
that are found in the T/C analysis are realistic in the rolling terrain of the 
eastern portion of the study region and acceptable in this study. The T/C map 
for extreme western Texas was developed by extrapolating relations from southern 
New Mexico, since this region is not covered by NOAA Atlas 2 (Miller 
et al. 1973). 

9.3 Storm Intensity Factor, K 

In initial application of the orofraphic factor to the convergence PMP 
represented by the FAFP, 24-hr 10-mi PMP values in excess of 50 in. were 
estimated in parts of Wyoming and Montana. Analysis of the PMP values computed 
for a grid of points placed some local isopleth centers on lee slopes. These 
results implied a regionally varying adjustment was needed. This adjustment to 
T/C was resolved through consideration of the variation of dynamic forces within 
major storms as they apply throughout the region. The adjustment was termed. the 
storm intensity factor, M, since it related the amount of precipitation that 
could be expected during the most intense precipitation period (within the 
duration under consideration) to the total amount of precipitation for that 
duration. This factor, thus, would vary with storm type. 

In this study, the 24-hr period was selected as the base duration for 
determining PMP. It was necessary to determine the appropriate interval for the 
most intense period of this duration. The examination of major storms in this 
region indicates 6 hr was the appropriate shorter duration. The storm intensity 
factor was then defined as the ratio of rainfall in the maximum 6-hr period of 
the storm to the rainfall in the basic 24-hr period. M should be determined by 
dividing the FAFP for 6 hr by the FAFP for 24 hr. M was obtained by using total 
storm precipitation. This approximation assumes the FAFP component of the 6- and 
24-hr amounts for 10 mi 2 are the same percentage of the total precipitation for 
those durations and area sizes. For these durations in this region, this is an 
acceptable approximation. 

Major storms throughout the region were considered for guidance in determining 
the magnitude and distribution of this ratio. The most important storms gave the 
ratios shown in table 9.1. From these and other storm considerations, guidelines 
were established that permitted maps of M to be drawn for the region. One such 
guideline was that M was about 40 percent along the Continental Divide in 
Montana, Wyoming, and Colorado, increasing to about 50 percent along the Divide 
in New Mexico. This reflects the lower overall elevations along the Divide to 
the south, and the fact that more convective rain events are likely at these 
elevations in New Mexico, than in the north. Along the nonorographic zone at the 
eastern limit of the study region, the record of observed precipitation data 
suggested an M of 80-90 percent. A third major guideline was related to the 
gradient of maximum available moisture. Within the constraints just mentioned, 
the geographic variation of M was to be similar to the maximum persisting 12-hr 
1000-mb dew points. Another guideline was based on the premise that longer 
duration rather than shorter duration precipitation is enhanced in those places 
of relatively high elevation or where a relatively strong elevation gradient 
occurs. In such places, the local modification acts to diminish the 
broadscale M. The opposite is assumed for places of low elevation and/or small 
elevation gradient. This interaction can also be thought of as an inverse 

relation between the probability that a dominating convective event occurs and 

140 



Table 9.1.-Ratios of 6-/24-br precipitation for 119jor storms used as guidance 
for M analysis 

Storm 
Identification 

No. 

75 
47 

101 
112 

Storm 

Gibson Dam, MT 
Cherry Creek, 
Hale, CO 
Vic Pierce, TX 

Date 6-/24-hr ratio 

6/6-8/64 .40 
co 5/30-31/35 .93 

5/30-31/35 • 74 
6/26-28/54 .60 

the degree of orographic influence in the 100-yr frequency precipitation 
analyses. That is, when a 6-hr convective event dominates the total 
precipitation amount (high 6-/24-hr ratio), the orographic influence is most 
likely weak. Figure 9.3 is an example of the M analysis for Montana. This 
figure shows the analysis to be relatively smooth as expected when considering 
the availability of major storm data and knowledge of storm dynamics. 

9.4 Computational Equation for Total PHP 

The combining of the results of FAFP, T/C, and }4' was done through an empirical 
relation rooted in the assumption that total PMP was the product of the 
convergence component PMP and an orographic influence parameter, K: 

PMP • (FAFP) (K) (9-1) 

where K is a function of the orographic factor, T/C, and FAFP is the free 
atmospheric forced precipitation (sec. 7.2). The convergence component of PMP is 
represented as the sum of two parts representing the core, A (the maximum 6-hr 
amount) and B (the remaining 18-hr period), so that: 

PMP (9-2) 

where A • (FAFP) (M) 

B (FAFP) (1-M) 

K1 = orographic factor during most intense 6-hr increment of 24-hr 
period 

K2 orographic factor during remaining 18-hr of 24-hr period 

Assuming K2 to be equal to the .T/C developed from the 100-yr 24-hr precipitation 
frequency values (sec. 9.2), K1 can be represented by: 

= 1 + P (T/C - 1) where 0 i Pi 1 (9-3) 

Equation 9-2 can then be rewritten as: 

PMP • (FAFP) I M [I + p (T/C - l)J} + (FAFP)(l - M) (T/C) (9-4) 
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Figure 9.3.-~ factor analysis for Montana (10 .!2 24 hr). 

To evaluate equation 9-4, a method for determining P must be developed. The 
value of P determines the percentage of T/C that is applied to the UlOSt intense 
or core portion of the 24-hr FAFP. It seemed reasonable for P to vary across the 
region, being most important in regions of strong orographic controls and least 
important in the Plains regions. This variation is in the opposite sense to the 
variation of M. Thus, a simple approximation was adopted: 

p I - M (9-5) 

Substituting equation 9-5 into equation 9-4 yields: 

PMP (FAFP)[M2 (I - T/C) + T/C] (9-6) 

where the expression in brackets represents the orographic influence parameter, 
K, in equation 9-1. It can be seen from equation 9-6 that as M and TIC increase, 
K increases; however, as shown in table 9.2, K increases faster at lower M than 
at higher M. Computations of PMP using equations 9-4 and 9-6 show that estimates 
of PMP are not sensitive to errors introduced by using the approximation of 
equation 9-5, when typical values of FAFP and T/C are used. 

From equation 9-6, the effect of the orographic intensification factor 
decreases as the storm becomes more convective. In regions where more generally 
uniform rainfall prevails (smaller M), such as is characteristic of steep 
mountain slopes, T/C becomes increasingly important. Equation 9-6 has been used 
to compute total PMP for 10 mi2 and the 24-hr duration in this study. 
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Table 9.2.--Values of orographic influence para.eter, K, relative to variations in M and T/C 

T/C 
M 1.0 !.I I .2 I .3 I .4 1.5 I .6 I. 7 1.8 !.9 2.0 2 .I 2.2 2.3 

.400 !.0 1.084 1.168 1.252 1.336 1.420 1.504 !.588 1.672 1.756 1.840 !.924 2.008 2.092 

.425 1.0 !.082 1.164 1.246 1.328 1.410 1.492 !.574 1.656 !.737 1.8!9 1.901 !.983 2.065 

.450 1.0 1.080 1.160 1.239 1.3!9 1.399 !.479 !.558 1.638 1.718 1.798 1.877 I. 957 2.037 

.475 1.0 1.077 !.ISS 1.232 1.310 1.387 1.465 1.542 1.620 1.697 !.774 1.852 !.929 2.007 

.500 I .0 !.075 1.!50 1.225 !.300 1.375 1.450 !.525 1.600 1.675 1.750 1.825 !.900 !.975 

.525 1.0 1.072 !.145 1.217 1.290 1.362 1.435 1.507 1.580 1.652 1. 724 1.797 1.869 !.942 

.550 1.0 1.070 1.140 1.209 1.279 1.349 1.419 1.488 1.558 1.628 1.698 1.767 1.837 !.907 

.575 1.0 1.067 1.134 1.201 1.268 1.335 1.402 1.469 1.536 1.602 1.669 1.736 1.803 !.870 

.600 1.0 1.064 1.128 1.192 1.256 !.320 1.384 !.448 1 .512 1.576 1.640 1.704 1.768 1.832 

.625 1.0 1.061 1.122 1.183 1.244 1.305 . 1.366 1.427 1.488 1.548 1.609 1.670 1. 731 1.792 

.650 1.0 1.058 1.116 1.173 1.231 !.289 1.347 !.404 1.462 1.520 1.578 1.635 1.693 I. 7 51 
f-' 

.675 1.0 1.054 1.109 1.163 1.218 1.272 1.327 1.381 !.436 1.490 1.544 1.599 1.653 1.708 .. 
w 

.700 1 .o 1.051 1.102 1.153 1.204 1.255 1.306 1. 357 1.408 !.459 1. 561 1 .612 1.663 1.510 

.725 1.0 1.047 1.095 1.142 1.190 1.237 1.285 1.332 1.380 1.427 1.474 1.522 !.569 1.617 

.750 1.0 1.044 1.088 1.131 !.175 1.219 1.263 1.306 1.350 1.394 1.438 1.481 1.525 1.569 

.775 1.0 1.040 1.080 1.120 1.160 1.200 1.240 1.280 1.320 1.359 1.399 1.439 1.479 1.519 

.BOO 1.0 1.036 !.072 1.108 1.144 1.180 1 .216 1 .252 1 .288 1.324 1.360 1.396 !.432 I .468 

.825 1 .o 1.032 1.064 1.096 1.128 1.160 1.192 1.224 1.256 1.287 1.319 1. 351 1.383 1.415 

.sso 1.0 1.028 1.056 1.083 1 .111 1.139 I .167 1.194 1.222 1.250 1.278 1.305 1.333 1.361 

.875 1.0 1.023 1.047 1.070 1.094 1.117 1.141 1.164 1.188 1.211 1.234 1.258 1.281 1.305 

.900 1.0 1.019 1.038 1.057 1.076 1.095 1.114 1.133 1 .152 1 .171 1.190 1.209 1 .228 1.247 



10. GENERALIZED 1-, 6-, 24-, AND 72-HR PMP HAPS 

The general storm 24-hr 10-mi2 PMP is developed from procedures discussed in 
the preceding chapters. The FAFP values (sec. 8.5) were adjusted for topographic 
effects by use of the orographic factor (T/C) (sec. 9.2) and the storm intensity 
factor (M:l (sec. 9.3) in the computational equation developed in section 9.4. 
The 10-mi general-storm PMP for the 6- and 72-hr durations were developed by 
applying durational ratios to the basic 24-hr PMP map. The 1-hr general-storm 
PMP map was developed using a 1-/6-hr ratio and the 6-hr PMP map. The 
development and analysis of these index maps is discussed in this chapter. 

10.1 Duration Ratio Haps 

Duration ratio maps were developed for 6-/24-. 72-/24-, and 1-/6-hr. The basic 
data used for these maps were: 

1. Within-storm ratios for storms in the list of important storms 
(table 2.2). 

2. Ratios computed for 100-yr return period amounts determined from NOAA 
Atlas 2 (Miller et al. 1973), Weather Bureau Technical Papers No. 40 
(Hershfield 1961) or No. 49 (Miller 1964), or NOAA Technical Memorandum 
NWS HYDRO 35 (Frederick et al. 1977). 

3. Ratios detennined from maximum values of record for each duration for 
recording gage stations within the region. 

4. Ratios based on PMP estimates 
(Schreiner and Riedel 1978). 
HMR No. 49 (Hansen et al. 1977). 
Bureau 1961). 

for 
HMR 
and 

each duration from HMR 
No. 52 (Hansen et al. 
HMR No. 43 (U.S. 

5. Ratios between controlling storm values for each duration. 

No. 51 
1982). 

Weather 

With these values available, analyses were prepared for each of the required 
ratios. 

10.1.1 6-/24-hr Ratio Map 

The first analysis was for the 6-/24-hr ratio. It was necessary to distinguish 
between the various data used to develop the analysis. Ratios based on 
100-yr 24-hr amounts and on maximum-of-record amounts tend to be "among storm" 
values, i.e., different storms or storm types may control the 6- and 24-hr 
values. Other values, e.g., those from a major storm of record, are "within 
storm" ratios. The appropriate value to be used in the analysis must be based on 
the consideration of whether 6- and 24-hr PMP amounts would come from the same or 
different storms. Tests conducted during preparation of HMR No. 51 showed that 
for the region covered by that study, the PMP for all durations for a specified 
area size could come from the same storm. In this respect, interduration ratios 
from HMR No. 51 can be considered within-storm ratios. In this region, as in 
HMR No. 51, the premise was accepted that for a given area size, amounts for all 
durations between 1 and 72 hr can come from the same storm. Along the 103rd 
meridian, all within storm depth-duration ratios from extreme storm data agreed 
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well with the ratios from HMR No. 51. This was to be expected, since the same 
storm types are controlling for all the various indices used in the study region 
and for HMR No. 51. At the western edge of the study region, there were some 
differences between ratios from HMR No. 43 and No. 49 and those within the CD-103 
region, since there are greater differences in storm types east and west of the 
Continental Divide. In the CD-103 region, there appears to be more convective 
activity than west of the Continental Divide. This is particularly true 
northward from approximately 41°N. A primary criterion followed in the analysis 
of the 6-/24-hr ratio map, as well as the 72-/24- and 1-/6-hr ratio maps, was to 
maintain relatively smooth, linear gradients. Any change in the !saline gradient 
would have to be related to identifiable major topographic features. Another 
criterion developed from examination of the rainfall indices was that the lowest 
6-/24-hr ratios were associated with the regions of steepest slopes. This is 
meteorologically reasonable since it is within these regions that the increased 
orographic effect would most tend to increase rainfall amounts beyond the maximum 
6 hr. 

HMR No. 55A further increased the rate at which the 6-/24-hr ratios decreased 
with increasing elevation. Where HMR No. 55 had shown only minor or little 
variation in ratios with elevation based on reasoning that increased convective 
potential at higher elevations compensated for moisture decrease, we now believe 
convective potential is much less significant at higher elevations in general 
storms. This has led us to reduce 6-/24-hr ratios on the order of 20 percent at 
the highest ridgelines. Somewhat similar gradients of ratios with elevation are 
found in the 6-/24-hr ratios along some of the west-facing slopes in HMR No. 43, 
a region that is also highly orographic in which overall convection is a minimum. 

There is a tendency for the 6-/24-hr ratio to decrease from the southern 
portion of the study region northward toward Canada. While this overall general 
trend is present, there were local maxima where, for some distance, the opposite 
relation could be found. 

10.1.2 l-/6-br Ratio Hap 

The second map analyzed was for the 1-/6-hr ratio. Although the same data 
sources were used to develop all three ratio maps, little data were available for 
the 1-hr duration for the major observed storms within the region. As a first 
approximation, it was decided to use the pattern of the 6-/24-hr ratio. Most of 
the same considerations appropriate to the 6-/24-hr ratio map are appropriate for 
this ratio. An important additional consideration is the reduction in orographic 
controls. As the duration decreases, the effect of orography on extreme events 
tends to diminish. Thus, the 1-/6-hr ratio map (not shown) shows a lesser amount 
of variation than the corresponding 6-/24-hr ratio map. Since the 1-/6-hr ratios 
are controlled primarily by the dynamic atmospheric forces, the decrease in 
ratios across the OSL are less than for the 6-/24-hr ratio. 

As in the 6-/24-hr ratio discussion, the 1-/6-hr ratios were also adjusted in 
HMR No. 55A. These ratios do not show much fall-off with elevation, as was also 
the case in HMR No. 55. In developing these ratios, consideration was given near 
the Continental Divide to 1- to 6-hr ratios in HMR's 43 and 49. Even with 
consideration of the ratios west of the Continental Divide, substantial general 
storm differences exist across the Divide. See discussion in section 13.6 to 
understand the consequences of these differences. 
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10.1.3 72-/24-hr Ratio Map 

In developing the final ratio map for the 72-/24-hr duration, as with the 
1-/6-hr ratio map, the 6-/24-hr ratio map was used as a first approximation to 
the isopleth pattern. However, in this case, the minima (maxima) in the 6-/24-hr 
ratio analysis became maxima (minima) in the 72-/24-hr ratio analysis (not 
shown). Also as a converse to the relation between topography and 1-hr amounts, 
the 72-hr values are more closely related to topographic variables than the 24-hr 
values. Therefore, somewhat greater variation in values can be expected on this 
ratio map. With these criteria and also using criteria similar to that discussed 
in relation to the 6-/24-hr ratio analysis, !salines were drawn for the data. 

10.2 Computer Computation of Index PMP Maps 

To develop a 24-hr 10-mi 2 PMP estimate, it was necessary to 
for the 3 parameters, FAFP (chapt. 7 and sec. 8.5), T/C 
(sec. 9.3) through use of equation 9-6 (sec. 9.4): 

combine the 
(sec. 9.2) 

values 
and M 

PMP ~ FAFP [M 2(1 - T/C) + T/C] (9-6) 

Computer facilities at the Bureau of Reclamation (USBR), Denver, were employed to 
rapidly and accurately process these data. Adequate delineation of the 
geographic variation of PMP required use of a dense grid over the CD-103 
region. This was done by digitizing each of the individual parameter, maps over 
the study region. Values from the maps were read into the computer by digitizing 
points along each !saline, interpolating to a rectilinear grid that approximated 
17 by 18 units per geographic degree and then storing the interpolated values. 
Values were interpolated from these maps by use of the following equation: 

where: 

G • c~~ :~)/(t~ :i) (10-1) 

G grid value; 

Xi i-th digitized value; 

d1 = distance from grid point to location of i-th digitized value; 

P = selected power (weighting factor); and 

n = number of digitized points within specified area around grid 
point [specified area is defined in terms of number of grid 
units on each side (horizontal) or top and bottom (vertical) of 
the grid point in question}. 

In order to obtain the best set of representative grid-point values for each of 
the parameter maps, it was necessary to make several adjustments to the number of 
!salines on the basic maps or to the size area which was searched for !salines to 
use in equation 9-6 for regions where sharp changes in gradients occurred or 
where gradients were so lax that suitable digitizing points were not available to 
accurately define a grid-point value. First, additional isolines were drawn on 
the base maps such as those of figures 8.7, 9.2 and 9.3. This step added the 
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required definition for determination of a grid value where a rather lax gradient 
existed. Second, changes to the specified area (range in space that was searched 
for digitized points in order to compute an individual grid value), as well as to 
the power factor P, were allowed in order to better calculate grid values in 
regions of steep or varying changes in map parameter !salines. 

The specified area and power factor used for determining grid-point values for 
any particular analyzed map were typically represented as: 

(4 X 4, 3,0) 

where: 4 Represents the number of horizontal, east-west, units searched; 

4 = Represents the number of vertical, north-south, units searched; 
and 

3.0 Selected power factor. 

A graphical representation of the above code is shown as: 

Hatched area is 
the area where 
digitized points 
are used to 
calculate grid 
points in question 

Grid point 
being 
calculated 

Because. of the numerous regions where steep changes in gradient, or centers of 
maxima/minima occurred on the T/C analysis, the grid spacing and power factor 
(weighting) used to determine a grid-point value were (1 X 1, S.O). For all 
other parameter maps a criteria of (4 X 4, 3.0) was set. 

Maps (referred to as number plots or numplots) that indicated gridded values of 
the three parameters, and various ratio maps, were prepared for each state. 
Another set of numplots was computed which combined the gridded data from the map 
represent!~ each parameter in equation 9-6 to produce PMP values for 
24 hr 10 mi • Finally, a machine analysis based on a linear interpolation of the 
24-hr 10-mi2 PMP grid-point data was prepared. 

After the 24-hr 10-mi2 maps were completed the 6-/24- and 72-/24-hr ratio 
maps, whic~ had been digitized in a similar manner, were used to make the 6- and 
72-hr 10-mi PMP maps. In the development of these maps, the grid spacing and 
power factor (weighting) used were (4 X 4, 3.0). Numplots and machine analyses 
were made for the 6- and 72-hr 10-mi2 PMP maps. 

The 6-hr map and the 1-/6-hr ratio maps were used to develop the 1-hr 10-mi 2 

PMP map. The procedure used and the types of products produced were the same as 
for the 6- and 72-hr maps. 
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10.3 Final Analysis of the lo-mt2 General-Storm PMP Maps 

The USBR machine analyses provided the basis for preparation of the final PMP 
maps. Each map was carefully reviewed and some changes were made. These changes 
were primarily to reflect topographic features, which in the judgment of the 
analysts were not adequately reflected in the machine analysis. In addition, the 
computer dig! tization, grid-point interpolation, and machine analysis procedures 
resulted in slightly irregular, "wavy" lines, particularly over the eastern 
plains portion of the study region. Although these could have been eliminated by 
a filter in the analysis program, it was decided to remove these by subjective 
smoothing during the review phase. 

10.3.1 24-hr 1o-.12 PMP Map 

The 24-hr 10-mi 2 PMP is basic to all PMP estimates of this report. This 
duration was selected since more data are available for this duration than for 
shorter periods and use of amounts for this duration would minimize extrapolation 
to other durations. The initial estimates were made for the 10-mi2 area because 
of the relative ease of relating differences in orographic effects between 
location. When consider!~ larger area sizes, e.g., 1,000 mi 2 , the shape and 
orientation of the 1,000-mi area centered at a location could have a significant 
impact on the magnitude of the orographic effect. 

The initial review of the computer analyzed 24-hr 10-mi2 PMP map focused on the 
relative magnitude of the isohyetal centers on the more exposed slopes. Among 
the steepest slopes are those just northwest of Denver, from around Boulder 
northward to about Loveland. This is the approximate region of the Rig Thompson 
storm (81) of July 31 - August 1, 1976. Other slopes nearly as steep occur west 
of Canon City, CO, southwest of Raton, NM, in the Rig Horn and Wind River Ranges 
of Wyoming, and along the first upslopes of the Absaroka and Flathead Ranges in 
Montana. 

The values shown on the 24-hr 10-mi 2 map at these locations were considered to 
be of the appropriate order of magnitude except near Boulder, CO. At this 
location, a small 37-in. center was present. Examination of the numplots showed 
only two grid points with values slightly in excess of 37 in. In this instance, 
as in other locations, centers supported by three or fewer grid-point amounts 
less than 0.5 in. larger than surrounding amounts were eliminated. Another 
modification in this region involved the 34-in. isohyet. The machine analysis 
showed this isohyet as discontinuous along the beginnings of the first 
upslopes. After examination of the numplots for all the input parameters and 
considering the terrain features, it was decided to make the 34-in. isohyet 
continuous from south of Pueblo, CO to about Fort Collins. 

The only other region where significant changes from the computer-analyzed 
24-hr 10-m.i2 PMP map were made was the Rio Grande Valley north of El Paso, TX. 
Considering the lower magnitude of southerly moist air inflow winds discussed in 
"Probable Maximum Precipitation for the Upper Rio Grande Valley," (U.S. Weather 
Bureau 1967) and the effect of the Guadalupe and Sacramento Mountains on tropical 
storm circulations, it was decided to reduce values west of the limit of first 
upslopes by 10 percent. This required some subjective smoothing across the crest 
lines of the first upslopes. 
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The final 24-hr 10-mi2 PMP estimates are shown as plate III at the end of this 
report. Relative maxima are found in western Texas, northern New Mexico, near 
Boulder, Colorado, and near some of the first upslopes in Wyoming and Montana. 
Centers near the Big Horn and Wind River Mountains are 11 percent lower than the 
maximum values in western Texas and near Boulder of 36 in. These ranges are 
directly exposed to moisture bearing winds from the Gulf of Mexico as the moist 
air turns and moves westward north of a Low centered in central or southern 
Wyoming. Since both ranges are equally exposed to moisture bearing winds, equal 
values for those centers were considered appropriate. A slightly lower value, 
30 in., was accepted for the Black Hills in South Dakota, because the terrain 
effects would be lessened by the limited lateral extent of the mountains. 
Maximum values in Montana are highest in the Absaroka Range in the south central 
portion of the state and along the Flathead Mountains near the Continental 
Divide. Maximum values on the Bear Paw and Little and Big Belt Mountains are 
less because of their limited areal extent. The Gravelly and Meridian Ranges and 
the Pioneer Mountains are located west of the limit of first upslopes., and 
maximum amounts are less for similar slopes and elevations in this region than on 
the first upslope region. 

At the 24-hr duration, almost all moisture-maximized storm data are enveloped 
when the limits to maximization are considered. Just east of the study area, the 
moisture-maximized value of Hale, CO (101) exceeds the PMP in HMR No. 51 by 
8 percent. The Cherry Creek, CO storm (47) of May 30-31, 1935 is a very extreme 
storm with a moisture maximization factor limited to 150 percent (sec. 5.4). 
With this limitation the PMP analysis equals the limited moisture-maximized 
amount. PMP for this location is still 50 percent larger than the observed 
amount. 

The degree of detail shown in the isohyetal map is considered appropriate for 
variation of an event of PMP magnitude. The maps show less attention to 
topographic variation than mean annual precipitation or rainfall-frequency 
analyses. It is considered appropriate that, as the magnitude of the 
precipitation event increases, the scale of the topographic feature that would 
affect the precipitation pattern would also increase. 

10.3.2 6-br lo-.t2 PHP Hap (Revised) 

The 6-hr 10-mi2 PMP map is shown on plate II. This map was developed by 
applying the values Jrom the 6-/24-hr ratio map (sec. 10.1.1) to the final values 
from the 24-hr 10-mi PMP map over a dense grid of points. 

The broad maximum defined by the 25-in. isohyet at 6 hr in Colorado and New 
Mexico matches well with the broad 32-in. maximum shown at 24 hr even though the 
36- and 34-in. maxima at 24 hr have no counterparts at 6 hr. The 6-hr 26-in. 
center in western Texas is consistent with location of the comparable 24-hr 
center. In general, the axis of the "ridge" of maximum values at 6 hr is 
slightly downslope of the axis on the 24-hr analysis. The centers on the Rig 
Horn and Wind River Ranges are not equal, as they were at 24 hr. This is 
attributable to the somewhat greater convective character of the storms in the 
eastern portion of the study region. For the same reason, the values on the 
Black Hills in South Dakota are larger than those in the Wind River Range and the 
Big Horn Range. In Montana, the maximum precipitation centers show a further 
decrease from the 6-hr amounts in Wyoming and Colorado. The lower values here 
reflect the changing characteristics of major storms as the distance from the 
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moisture source increases and the orographic effects increase and the strong 
convective activity characteristic of the Great Plains decreases in importance. 
The relation between topographic features and the isohyetal pattern is less at 
the 6-hr duration than at the 24 hr. because the orographic effect is less 
pronounced when the most intense portion of the storm occurs (see discussion for 
M, sec. 9.3). 

In central Colorado, the isohyetal analysis undercuts the moisture-maximized 
storm amount for the Cherry Creek storm (47). At this duration, the undercutting 
is 15 percent of the storm amount moisture maximized by the 150 percent 
limitation (see sec. 5.4). The observed amount iS still enveloped by 
28 percent. The Hale ( 101) and White Sands (82) moisture-maximized storms are 
undercut at 6 hr by 1 and 5 percent, respectively. The undercutting at White 
Sands was considered acceptable because of uncertainty in the proper 1- to 4-hr 
ratio and difficulty in assigning a moisture maximization factor to use for this 
storm. 

Though specific 
conducted, it is 
occur in the same 
table 5.4 support 
largest values for 

tests similar to those done in HMR No. 51 have not been 
considered appropriate for the 6-hr general-storm amount to 
storm as the 1-. 24-, and 72-hr amounts. The data shown in 
this assumption, where data for eight storms provide the 
the various durations at any specific area size. 

The maximum 6-hr value for small areas may not be the result of a general 
storm. At some zocations, particularly in the orographic regions, for a PMP of 
less than 500 mi , it will be necessary to compute values from both the local
and general-storm criteria. Hydrologic tests will be required to see which of 
the two results will be most critical for any particular application. 

10.3.3 1-hr Io-mi2 PHP Map (Revised) 

The 1-hr 10-mi2 general-storm PMP map (plate I) was developed in the same 
manner as the map for the 6-hr duration. The 1- to 6-hr ratio map (sec. 10.1.2) 
formed the initial guidance. In addition. 1- to 24-hr ratio maps were drawn to 
provide guidance here. The correspondence with the terrain features follows the 
trend established with the 6-hr PMP map. Maximum centers again tend to be 
displaced slightly downslope from those on the 6-hr map. The shift in axis is 
somewhat lessened since the orographic effect had already been considerably 
diminished at the 6-hr duration. The smallest 1-hr values occur within regions 
where there is the most sheltering from direct moisture inflow. What was said of 
the 6-hr 25-in. isohyet in section 10.3.2 may also be said of the 15-in. isohyet 
at 1 hr. There is no center at 1 hr in western Texas corresponding to the 
centers indicated at 6 and 24 hr even though this same area is encompassed by a 
broad precipitation ridge at 1 hr. Throughout the study region. many of the 
other closed isohyetal centers can still be identified, but where the value 
within the closed isohyet on the 6-hr PMP map is not greatly different than the 
surrounding values a closed center generally no longer exists on the 1-hr map. 
An example of this can be seen in the northern Flathead Mountains in the vicinity 
of Gibson Dam. MT. In this region. a closed 14-in. isohyet was present on the 
6-hr map, while at 1 hr only the slight indication of a ridge of higher values 
can be detected. 

Four critical storms occur at 1 hr that control the level of 1-hr 10-mi2 
general-storm PMP: Buffalo Gap (72), Virsylvia (35), White Sands (82) and Big 

Thompson (81). The first of these storms occurred about 6 mi north of the United 
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Figure 10.1.--Example of percentage ·change in 1-hr Io-mt2 general-storm PMP index 
map for current study relative to that given in HHR No. 55 (1984)~ for 
Colorado. Considerable smoothing applied to example over detailed analysis. 

States-Canada border. The observed 1-hr l0-mi2 amount at Buffalo Gap of 7.0 in. 
was maximized in-place by 150 percent for moisture to obtain 10.5 in. The 
moisture-maximized value is enveloped by 6 percent in plate I. At the location 
of the Big Thompson storm, PMP from plate I envelops the 1-hr 10-mi2 moisture
maximized value by 3 percent. Both the Virsylvia and White Sands moisture
maximized amounts are undercut in plate I by 8 percent. As noted for 6 hr, this 
degree of undercutting has been accepted since there is some uncertainty in the 
1- to 4-hr ratios and the moisture maximization factor used to determine 1-hr 
values for these storms. 

As with the 6-hr PMP estimates, the user needs to consider local-storm PMP 
values. The local-storm PMP estimates can be larger for small area sizes and may 
provide more critical hydrologic design criteria. 

Figure 10.1 provides a representation (considerable smoothing applied) for 
Colorado o~ the percentage change resulting from the modifications made to the 
1-hr 10-mi general-storm PMP maps. Changes exceeding 40 percent are noted in 
the vicinity of the Continental Divide between 40 and 41 °N latitude. In the 
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detailed maps, somewhat smaller centers of 40 percent change occur at other high 
elevation locations in the Sangre de Cristo Mountains in Colorado and in the Wind 
River and Big Horn Mountains in Wyoming (not shown). This figure also shows that 
significant changes ()10 percent) for the most part are limited to the orographic 
portion of the study region, and generally increase with increasing elevation. 

10.3.4 72-hr ID-mi2 PMP Hap 

Plate IV provides the 72-hr l0-mi2 general-storm PMP. These estimates were 
developed in the same manner as the 1- and 6-hr estimates. Values of the 
72-/24-hr ratio (sec. 10.1.3) were determined for a dense grid (sec. 10.2) and 
applied to the 24-hr l0-mi2 PMP estimates (sec. 10.3.1). A numplot and computer 
analysis were prepared as the ~nitial step. The computer analysis formed the 
basis for the final 72-hr 10-mi PMP map. The degree of correspondence between 
terrain features and the isohyets on the 72-hr map is somewhat greater than for 
the 24-hr map. This is to be expected since the terrain has a greater "fixing 
effect" on the lower intensities at the beginning and end of the storm than on 
the most intense 24-hr period. It also follows as a consequence of these 
considerations that the maximum centers on the 72-hr PMP map will tend to be 
displaced slightly upslope from those on the 24-hr map. The basic pattern on 
this map is similar to that shown on the 24-hr map. Increases over 24-hr amounts 
are greatest in the orographic regions. 

11. DEPTH-AREA-DURATION RELATIONS 

11.1 Introduction 

In HMR No. 51, maps were prepared for several durations and area sizes. From 
this set of maps depth-area-duration (DAD) curves can be drawn to provide results 
for other area sizes and durations. The approach taken in this study: is to 
provide DAD relations that are to be used in conjunction with the l0-mi 2 index 
maps to obtain PMP for other durations and area sizes. The DAD relations 
developed were based on depth-area relations for critical storms in and near the 
CD-103 region. Also, it was believed the complexities of the terrain would make 
it very difficult to follow consistently the procedure used to obtain l0-mi2 PMP 
for all the necessary area sizes. As a result, the approach followed in this 
study is similar to that used in HMR No. 33, "Seasonal Variation of the Probable 
Maximum Precipitation - East of the 105th Meridian for areas from 10 to 1,000 
Square Miles and Durations of 6, 12, 24, and 48 Hours" (Riedel et al. 1956), and 
in an "Interim Probable Maximum Precipitation Study" (National Weather 
Service 1980a, 1980b) for this region. 

11.2 Data 

The data used in development or verification of the DAD relations were taken 
from DAD summaries available for almost all storms on the list of storms 
important to developing PMP for the CD-103 region (table 2.2). These DAD 
summaries appear on the pertinent data sheet for storms reviewed by the Corps of 
Engineers (1945- ), the Bureau of Reclamation, and the Hydrometeorological 
Branch, NWS. For easy access, summaries of the DAD information for the important 
major storms have been tabulated in Appendix B to this study. 
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