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ABSTRACT OF THESIS 

This paper presents the results of an investigation of 

meteorological factors causing variations in the distribu­

tion of mountain precipitation with respect to elevation. 

Precipitation over both north-south and east-west ridges 

along the Continental Divide in the Central Colorado Rockies 

has been analyzed to identify the local and general contri­

butions of topography to orographic precipitation. 

Across an east-west profile over the Central Colorado 

Rockies there is an average of 5.83 times as much precipita­

tion observed at the crest (10,600 feet msl) than at an 

average western slope base (5,000 feet msl). All of the 

significant increase in west slope precipitation with 

respect to increased elevation occurs between 7,000-10,600 

feet msl (Avg. 7.49 inches per 1,000 feet). 

A maximum precipitation ratio of 1:9.5 (base to crest) 

occurs when the 500 rob conditions are west to northwest 

airflow greater than 25 mps and temperatures colder than 

-30°C. A minimum rrecipitation ratio of 1:3.5 (base to 

crest) occurs when the 500 rob airflow is parallel to the 

ridge with velocities less than 15 mps and temperatures 

warmer than -20°C. 

An upper-level low pressure trough and associated 

surface cyclonic storm systems are generally located on the 

western side of the Continental Divide when relatively 

larger precipitation amounts were observed at the lower 
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elevations on the western slope. The upper-level trough 

and associated surface storm system are generally located 

on the eastern side of the Continental Divide when relatively 

high precipitation amounts are observed near the crest of 

the ridge (10,600 feet msl) or on the eastern slopes. 

Lawrence M. Hjermstad 
Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 
May 1970 
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INTRODUCTION 

Background 

Colorado state University designed and activated a 

research program in 1960 to study the feasibi Ii ty of 

increasing winter precipitation through weather modification 

in the Central Colorado Rockies. One of the analysis re­

quirements for this study was the development of a high 

density precipitation network crossing the Continental 

Divide in several places in central Colorado. 

Nearly ten years of winter precipitation measurements 

in the target areas under both modified and natural precipi­

tation occurrences are now available for study. Although 

most of the analysis to date have been concerned with 

comparisons of modified and natural precipitation amounts, 

this analysis has generated a need to better understand 

the precipitation distribution with regard to elevation 

under differing precipitation episodes. This is the major 

ob je cti ve of this study. 

The precipitation that occurs in the mountainous 

regions results from three condensation mechanisms acting 

individually or in combination. First, there is the 

synoptic horizontal convergence of the air mass into the 

low pressure center of the storm which causes ascending 

motion. The precipitation resulting from this mechanism 

is, in general, uniformly distributed along the storm 

track under non-changing storm conditions. 
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The second precipitation mechanism is the forced 

lifting of the air mass caused by the increase in elevation 

of the topography. This orographic lifting results in a 

second distribution of precipitation that is directly re­

lated to the rate of elevation change of the underlying 

topography. The contribution to orographic precipitation 

diminishes and reverses as soon as the mountain crest has 

been crossed. 

The orographic contribution of precipitation may be 

divided into a broad-scale lifting caused by the mean ele­

vation change across the mountainous region and a local 

orographic effect caused by sharp local elevation change 

in the topography. Depending upon the orientation of these 

elevation changes to the air flow, these local effects can 

playa dominant role in the precipitation distribution 

across small segments of the storm track as it moves 

across the mountains. 

The third contributing mechanism to mountain 

precipitation is convection. Convective precipitation is 

generally less discernable in winter storms in the Rockies 

and is most noticeable in intensifying storm systems or 

fast-moving cold fronts with sharp temperature discontinu­

ities. Furman (1967) describes the presence of convective 

motions in the form of banded structures embedded in the 

orographic snow clouds of Colorado. With only scant radar 

coverage and partial histories of recording gage measure­

ments of precipitation for the data analyzed in this paper, 
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no attempt was made to isolate the convective from the 

orographic and convergence types of precipitation. 

statement of Objective 

In order to identify and analyze various precipitation 

distributions with elevation, a good understanding of the 

parameters influencing natural precipitation distributions 

is needed. The objectives of this study are as follows: 

1. To describe the average distribution of 
precipitation with elevation across the 
Colorado Rockies. 

2. To determine the changes in the Central 
Colorado mountain precipitation profiles 
caused by variations in 500 rob meteoro­
logical parameters. 

3. To describe the synoptic meteorological 
conditions producing general and local 
variations in the distribution of pre­
cipitation across the Colorado Rockies. 

Once the average distributions of precipitation over 

the Colorado Rockies have been identified, a basis for 

analyzing or comparing other precipitation distributions 

can be established. Precipitation patterns over other 

mountainous regions can be compared to those over the 

Colorado Rockies in an attempt to study their geographic 

variations. Also, natural and modified precipitation 

distributions can be compared over the same mountain to 

better understand the influence of weather modification on 

precipitation patterns. 
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Literature Review of Mountain Precipitation Studies 

A study of the precipitation regimes over the Upper 

Colorado River Basin (Marlatt and Riehl, 1963) has shown the 

role the large and small storm occurrences play in producing 

runoff into the Colorado River. Another study of precipita­

tion as a function of elevation was made over the Colorado 

and Wyoming mountains using wintertime precipitation 

(Finklin, 1967) by interpolating between precipitation 

sites. The distances between precipitation sites ranged 

from 3 to 36 miles. Elevation changes between compared 

sites ranged from 940 to 4200 feet. The annual precipita­

tion increases for the elevation changes that were studied 

ranged from 2.14 to 17.36 inches per 1000 feet with an 

average change of 6.39 inches per 1000 feet. This large 

range of increase in precipitation with elevation resulted 

partly from the averaging of precipitation differences over 

a large range of distances and from variations in the mean 

elevation between the precipitation sites. Also, the 

geographical location of some of the compared sites was 

such that they were more favorably located with respect to 

the climatological storm track through the Rocky Mountains. 

A much higher average change of 11.4 inches per 1000 

feet was calculated by Finklin (1967) in a study over the 

Sierra Nevada Mountains. This higher average rate of 

increase in wintertime precipitation with increase in 

elevation is mainly due to the higher moisture content of 

the warmer low altitude type clouds moving over the Sierras. 
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For the regions between Eagle, Colorado, and Vail Pass 

and that between Leadville, Colorado, and Fremont Pass, 

Finklin calculated wintertime precipitation increase changes 

with elevation of 3.51 inches per 1000 feet and 6.37 inches 

per 1000 feet respectively. 

In all the above studies, only general inferences were 

made that meteorological parameters affected the distribu­

tion of precipitation with increased elevation. 

A study in the Southern California mountains by Elliott 

and Shaffer (1962) showed some of the meteorological and 

dynamic factors that contribute to the formation of oro­

graphic precipitation. Their study also presented a 

theoretical distribution of this precipitation across the 

mountain range once it had been condensed from the model 

cloud system. 

Peck and Brown (1962) and others have developed tech­

niques for preparing isohyetal maps for mountain regions. 

From these maps correlations were derived between precipita­

tion amounts and physiographic features. From their work 

they calculated increases of precipitation with respect to 

elevation to be between 2.3 to 4.6 inches per 1000 feet for 

several mountainous regions of utah. No attempt was made 

to identify the meteorological parameters contributing to 

the terrain's influence in the distribution of precipita­

tion in this study. 

Williams and Peck (1962) investigated the terrain 

influences on precipitation distribution over the mountain 
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regions of Utah relative to various general synoptic 

weather patterns. They found that under upper-level cold 

low situations the rate of increase of precipitation with 

elevation was approximately 34% of the rate of non-cold 

low situations. The rate of precipitation increase with 

elevation is .99 inches per 1000 feet for cold lows, and 

the rate for non-cold lows is 3.33 inches per 1000 feet. 

The studies mentioned have discussed the variation of 

mountain precipitation with elevation as a function of a 

specific synoptic pattern, physical properties, and dynamics 

of the storm system. But, how do the variations in meteorol­

ogical parameters change the pattern of orographic precipi­

tation? This study of the precipitation patterns resulting 

from changes in various meterological parameters will lead 

to a better understanding of mountain precipitation. 



7 

DESCRIPTION OF AREA AND CLIMATOLOGY 

Central Colorado Rockies 

The mountainous region in Colorado considered in this 

investigation is shown in Figure 1. The region consists 

roughly of the northern two-thirds of Colorado. The western 

half of the region is made up of flat-top mountains with 

peaks up to approximately 9000 feet msl along the western 

edge of the state. The mountain tops gradually become 

more rugged and increase in elevation to the Continental 

Divide in central Colorado. Here the peaks reach over 

14,000 feet msl. The elevation in the eastern half of the 

region drops abruptly from the Divide to a relatively flat 

elevation around 5000 feet msl. 

The mountainous region to the west is interrupted by 

three main river drainages: the Yampa River Valley to the 

north, the mainstem of the Colorado River Valley in the 

central portion, and the Gunnison River Valley to the south. 

Each of these river valleys is oriented roughly west-east 

up to the Continental Divide which is generally oriented 

north-south. One of the effects resulting from the orienta­

tion of these valleys is the channeling of the airflow to 

the Continental Divide where the air rises more abruptly 

and the distribution of precipitation with elevation change 

becomes most pronounced under favorable synoptic conditions. 



.-~ .... .. 
COLORADO :::.:. - - - ~~----' 

Figure 1. Colorado mountain area selected for study. 
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Fremont Pass 

Fremont Pass lies on the Continental Divide at an 

elevation of 11,318 feet. It is approximately 25 miles east 

of tile Sawatch Range and at the western foot of the Mosquito 

and Tenmile Ranges all of which rise to heights over 14,000 

feet. 

The orientation of the Arkansas River Valley from 

Leadville to the pass is approximately 210-230 degrees and 

from the pass to Frisco the Tenmile Creek Valley is oriented 

approximately 360-10 degrees. 

The limited source of the moist air for orographic 

precipitation from the southwest comes mainly from air 

moving up the Arkansas River Valley south of Leadville or 

from moist air spilling over from the Gunnison River Valley. 

The source of moisture from the north is mainly from air 

moving up the Blue River Valley from the North Park region. 

Figure 2 shows the precipitation network from Leadville 

across Fremont Pass to Frisco. The network consists of 

24 snowboard sites spaced about one mile apart along the 

highway and two recording precipitation gages. In addition, 

precipitation data taken from a snowboard and recording 

gage site at the University of Colorado's High Altitude 

Observatory supplements the Colorado State University net­

work data and aids in determining tile timing of the 

precipitation episodes. 
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Vail Pass 

Vail Pass is located approximately 10 miles north of 

Fremont Pass and the Continental Divide which runs east­

west through this section of the mountains. The Pass is in 

the western river drainage and is at an elevation of 10,603 

feet. It is approximately 20 miles east and slightly north 

of the Sawatch Range and at the western foot of the Gore 

Range. 

The orientation of the western half of the pass is 

mainly from 310-330 degrees and follows the Gore Creek 

drainage. A small segment of the lower precipitation net-

work has an orientation more towards 250-270 degrees but 

has a less pronounced topographic change. The orographic 

effect from an easterly flow was not considered in this 

analysis. Easterly winds below 13,000 feet are nearly 

impossible over Vail Pass due to the location of the 

Tenmile Range which lies about 10 miles east of the Pass. 

The source of moist air for orographic precipitation 

from the west and northwest results from an airflow up the 

Colorado River Valley into the Eagle River Valley and also 

from the moist flow moving up the Yampa River Valley into 

the Upper Colorado and Eagle River Valleys. 

Figure 2 also shows the precipitation network from 

Minturn across Vail Pass to the junction of Highways 6 and 

91 south of Frisco. The network consists of 21 snowboard 

sites spaced approximately one mile apart along Highway 6. 

There were no recording precipitation gages in this network 
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during the period for which data are included in this 

study. Because of the relative closeness of the Vail 

precipitation network to the recording gage at HAO and the 

recording gage on the north side of Fremont Pass, a good 

estimate of the timing of precipitation episodes was always 

obtained. 

Relationship between Fremont and Vail Passes 

As was stated in the preceding section, Vail and 

Fremont Passes are located approximately 10 miles apart 

(straight-line distance). This closeness and their dis­

similarity in orientation presents an opportunity to 

evaluate the local orographic effects on the precipitation 

distribution across these two passes under identical 

synoptic conditions. 

The average distance across the storm precipitation 

tracts that move through the Rockies is approximately 200 

to 600 miles. With the distance twenty to sixty times 

larger than the distance separating the two passes, it can 

accurately be assumed that the general synoptic conditions 

producing precipitation in the Colorado mountains are 

nearly identical over both passes. 

The main features then that should cause variations in 

the precipitation distribution across these passes should 

be the orography and orientation of the passes relative to 

the synoptic flow of moist air. With the mean orientation 

of the two passes approximately perpendicular to each other, 

a mean air flaw parallel to the orientation of one of the 
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passes would be favorable for inducing additional orographic 

precipitation. The same flow should be less favorable for 

the generation of additional orographic precipitation for 

the other pass. Therefore, under simultaneous precipita­

tion episodes, a comparative analysis is available to define 

the local topography effect of a single mountain barrier in 

producing additional orographic precipitation. 

Climatology of the Vail-Fremont Pass Area 

The winter synoptic weather pattern is dominated by a 

long wave ridge positioned over the western United States 

which produces fair weather over the Rocky Mountains. This 

pattern is often disturbed by large traveling cyclones which 

move over the mountains leaving behind important amounts 

of precipitation in the form of snow. From Table 1 it can 

be seen that the majority of the annual precipitation 

associated with the cyclones occurs over this area in the 

winter months. During the summer months afternoon convec­

tive showers occur almost daily and account for most of 

the summer precipitation. 

Table 1 lists climatological data for Climax and 

Sugarloaf Reservoir, Colorado, from United States Weather 

Bureaus' Colorado Hourly Precipitation, data for the 

period 1957 - 1967 and includes all precipitation events 

during the period studied. Grant et ale (1965) reported 

that approximately 70% of the total precipitation falls in 

this area at intensities of 0.03 inches per hour or less 



Table 1. Climatology of Freemont Pass Area 
(1957 - 1967 -- All precipitation events) 

Site 

Climax 2 NW 

Sugarloaf 
Reservoir 

Days per 
season * wi th 

recorded 
precipi tation 

87.72 

66.18 

Days per Days per 
season* wi th season* with 

.10 inches .50 inches 
or more or more 

precipitation precipitation 

50.22 4.10 

33.54 1. 82 

*Season is from 1 November to 30 April. 

Table 2. Vail Climatology 

Mean Mean 
season* annual 

precipi tation precipi tation 

14. 12 inches 25.90 inches 

9.79 inches 17.82 inches 

(Based on 203 specific precipitation days) 

Days with Days with Total 
Days of .10 inches .50 inches Precipitation 

Location Precipi tation or more or more 203 Days 

[HAO] Snowboard-Climax 2NW 203 136 12 39.64 inches 

Fremont Summit 203 137 10 36.55 inches 

Vail Summit 203 160 20 49.87 inches 

.-. 
~ 
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and that the intensity is 0.01 inches per hour or less for 

45 % of the time. 

No long record of meteorological data exists for Vail 

Pass. However, Table 2 includes a crude climatology using 

the average from the three highest precipitation sites at 

Vail Pass for a comparison with the HAO snowboard near 

Climax on Fremont Pass and the average of the four highest 

sites on Fremont Pass. Identical dates of snowboard 

observations for natural precipitation episodes are com­

pared. Relative to the Climax site and the top sites on 

Fremont Pass, Vail Pass receives slightly more precipita­

tion. A possible explanation is that Vail Pass has a nearly 

open exposure to the westerly moist airflow while Fremont 

Pass is partially sheltered by the Sawatch Range and 

consequently less moisture is available for orographic 

precipitation. 

Selection of Other East-West Profile Data Sites 

Up and down wind precipitation sites were selected in 

a generally east-west direction from Vail Pass in order to 

extend the profile across the entire northern Colorado 

mountain region. Only Weather Bureau stations with re­

cording gages were selected. A profile was used starting 

at an elevation of 5000 feet. On the western side, 

traversing the mountains and Continental Divide and drop­

ping back to an elevation of 5000 feet. The initial and 

residual precipitation observed at the lowest elevations 



16 

would presumably be that produced by the synoptic 

convergence of the synoptic circulation of the storm system. 

Figure 3 shows a mean east-west profile of the 

topography and of the average elevation of the precipitation 

sites used in this study. The horizontal axis is distance 

east and west from the Continental Divide. At each of the 

distances marked on Figure 3, a north-south line was drawn 

on a topographic map similar to Figure 1. Along each of 

these lines a mean elevation was evaluated and graphed on 

Figure 3. Figure 3 shows that within 30 miles of the 

Continental Divide there is a more rapid rate of increase 

in the elevation of the observation sites up to the ridge 

line relative to the rate of increase in elevation of the 

mean topography. It would be expected that this region 

should show the most significant changes in precipitation 

amounts due to the orographic effect under various weather 

patterns. 

For the mean east-west precipitation distribution 

analysis, ten western and seven eastern stations were 

selected to extend the dense data network over Vail Pass. 

These stations are located within 125 miles of Vail Pass 

at elevations ranging from 5000 - 9000 feet. Each of the 

stations has hourly precipitation records for the period 

analyzed. Names of towns in Figure 1 with no marks after 

them indicate those stations used for the east-west profile. 



-<V 

If 
.!: 

c 
.2 ..-
0 
> 
~ 
w 

12,000 

10,000 

8,000 

6,000 

4,000 

125 West 
Grand Junction 

90 72 
Meeker Craig 
Rifle Wilcox Ranch 
Cedaredc;le 

38 
Eagle, Aspen 
Crested Butte 
Gunnison 

o 
Fremont Pass 
Vail Pass 

Distance in Miles 

-

45 57 
Evergreen 
Elk Creek 
Lake George 

Morrison 
Wood Lake 

Park 

~---

93 East 
Denver 
Deertrail 

Figure 3. East-west profile of mean topography and mean elevation 
of observations sites 

~ 
_ -...J 



18 

The seventeen precipitation sites with recording gages 

generally lie in the southwest to northwest and southeast to 

northeast sectors from Vail Pass. Table 3 lists the sites, 

elevation range, station elevation, their approximate 

straight-line distances from the Continental Divide and the 

corresponding 24-hour precipitation period used in this 

analysis. In designing the profile network in this fashion, 

most of the sites are affected by the same weather systems 

that produce precipitation on Vail Pass. Usually more than 

one station was available for determining the precipitation 

at each elevation range as is shown in Table 3. 

Selection of Other North-South Profile Data Sites 

Five sites with recording precipitation gages were 

used in extending the north-south precipitation distribution 

analysis beyond Fremont Pass. This analysis was undertaken 

mainly to look at the variations in the precipitation dis­

tribution across Fremont Pass under northerly airflow 

conditions. The stations were located within 80 miles of 

Fremont Pass and each station had precipitation records for 

the period analyzed. The stations used in the north-south 

profile are indicated in Figure 1 with a small triangle 

after the name of the town. 

Figure 4 shows a mean north-south profile of the 

topography extending from either side of Fremont Pass and 

the average elevation of the observing sites. The hori­

zontal distance is again distance from the Fremont Pass 

area, and the mean elevation was evaluated from a 
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Table 3. East-West Profile Stations 

Station 

Grand Junction 
Rifle 2 ENG 

Craig 
Meeker 
Cedaredge 
Wilcox Ranch 

Eagle 
Gunnison 

Aspen 
Vail #79,78,77 

Crested Butte 
Vail #72,71 

Vail #69,68,67 
Vail #65,64 
Vail #62A, 62,61 

Elk Creek 
Lake George 8 SW 

Woodlake Park 8 NNW 
Evergreen 25W 

Morrision 1 SW 

Denver WBAP 
Deartrai1 

Elevation 
Range 

in 
Feet 

5,000 
5,000 

6,000 
6,000 
6,000 
6,000 

7,000 
7,000 

8,000 
8,000 

9,000 
9,000 

10,000 
10,500 
10,000 

8,500 
8,500 

7,500 
7,500 

6,000 

5,000 
5,000 

Station Distance to 
Elevation Continental 

in Divide in 
Feet Miles 

4,855 125 
5,400 81 

6,285 72 
6,242 90 
6,175 91 
5,960 70 

6,497 38 
7,664 38 

7,928 35 
7,872-8,176 16-19 

8,855 40 
8,949-9,125 7-9 

9,718-10,232 3-5 
10,488-10,626 0-1 
10,200- 9,839 3-6 

8,430 47 
8,500 39 

7,760 60 
7,300 46 

6,000 50 

5,221 70 
5,183 110 

(Comparative 24-hour Precipitation Period is from 0900-0800 
hours. ) 
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PROCEDURE 

Selection of Precipitation Observations from Fremont and 
Vail Passes for Analysis 

Precipitation observations from both the Vail and 

Fremont Pass networks from the 1960-61 winter season to the 

1967-68 winter season have peen used in this study. Precip-

itation measurements across either pass were made during 

this period if a quarter inch of snow was observed to have 

fallen at any of the sites. 

Observations were normally made across Fremont Pass 

starting with the site nearest ~eadville (Fig. 2) at 0800 

hours. The precipitation at all the sites was consecutively 

measured across the pass to the site nearest Frisco which 

was normally observed around 1100 hours. Observations 

across Vail Pass starte.d at 0800 hours with the si te near-

est Minturn and then were continued consecutively across 

the pass to the last site near the junction of U.S. 6 and 

Colorado 91. This last site was normally observed around 

1030 hours. The observation technique and data reduction 

to equivalent inches of water will be explained in the 

Data Sources and Reduction techniques section. 

Snowfall occurs very infrequently during the period 

of the morning when the snowboards are being observed. 

Observations and investigations by Grant et ale (Bureau of 

Reclamation Report, 1969) indicate that a strong diurnal 

occurrence of no precipitation occurs between 0800 hours 

and 1100 hours over the Fremont-Vail area. For this reason 
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the timing for each observation across these two passes 

has been compared to an average timing of 0900 hours for 

analysis purposes. Only 24-hour accumulations were used in 

this analysis since it is the objective of this study to 

evaluate the influence that meteorological parameters have 

on precipitation during a single precipitation episode or 

24-hour portion thereof. 

The data analysed for this study is only part of a 

complete set of precipitation data used in the National 

Science Foundation sponsored weather modification feasibility 

study. The feasibility study operated for varying lengths 

of time each winter season. Precipitation events were 

seeded by Colorado State University for a 24-hour period 

starting at 0900 hours on a random basis when the feasibil-

ity study was operating. Consequently, all the precipita-

tion events for the winter seasons from 1960 to 1968 are 

not included. 

In this study only precipitation data from natural 

24-hour precipitation episodes were considered for analysis 

unless otherwise indicated. From 1961 to 1968, 329 natural 

precipitation episodes were recorded at Fremont Pass and 

288 were recorded at Vail. Of these occurrences on both 

passes, 264 were used from Fremont Pass for this study and 

256 from Vail Pass. Reasons for dropping those not in-

cluded were as follows: 

1. Several days of precipitation were included in one 
observation. 

2. More than 9 precipitation sites were missing in 
the network observation. 
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3. More than 4 consecutive sites were missing in the 
observation. 

At the time of each original precipitation observation, a 

comment was marked on the data sheet as to any pecularities 

that were noticed in the snowfall observation such as wind-

swept or melted. On the basis of these remarks, sites that 

deviated markedly from its neighboring sites were catego-

rized as missing by data analysts, a frequency distribution 

of missing observations was made for each site on each pass 

for the network observations used in this analysis and are 

listed in Figures 5a and 5b. 

Three sites on Fremont Pass were dropped because they 

were missing more than 25% of the observations. A frequency 

distribution of the number of missing sites for each 

observation day for each pass is shown in Figures 6a and 6b. 



"0 
L.. 
o 
o 
.0 

Cl 3 
c 0 .- c 
~(f) 

~ Q) 
a. 

'4-o (/) 
L.. 5 
Q) .-

.0 -E 0 
::I ~ 
Z Q) 

(/) 

.0 o 

Dropped 

80 

70 ~ 264 Episodes, Percent of 
60 L Total in Parentheses. 

(27.6) Dropped 
73 (25.8) 

(19.7) 
52 

68 

Dropped 
( 27.3) 

72 

(19.3) 
(18.2) 

51 48 50 I-

40 

30 r 

(12.1)(11.7) (11.4) (10.2) 
32 31 30 (8.3) 27 (8.7) 

03.3) 
35 

20 f- (4.2) 

10 
o 

II 

I 

(6.8) (7.6) (6.1) (7.6) 22 I 23 
18 20 16 20 

(2.3) I (27) 

Y I 

(7.2) 

(42)(3.8)(3.8) I 9 
" 10 10 

I I I 
2 3 4 5 6 7 8 9 II 12 13 14 15 16 17 18 19 20 21 22 23 24 

20A 
Snowboard Site Numbers 

Figure 5-a Frequency distribution of missing snowboard observations 
for each site on Fremont Pass 

tv 
lJl 



100 
"0 90 L-

0 
0 80 ..0 
~ 

70 010 
c c 
·in CJ) 

60 .!!? L-

~ ~ 50 
...... Ul 

40 o C 
L- 0 

30 
Q) .-

..0 +-

E g 
20 ::;:, L-

Z Q) 
!/) 

10 ..0 
0 

0 

256 Episodes, Percent of 
Total in Parentheses 

(18.7) 
48 

(7.8) 
(6.3) 20 

16 

(16.0) 
41 

1 
(10.1) 

26 

( 14.4) 
37 

(6.3) (5.5)(5.1) 

16(iP I~ 13 

61 62 636465 66 67686970 71 72 73 74 75 76 77 78 79 80 
62A 

Snowboard Site Numbers 

Figure 5-b Frequency distribution of missing snowboard observations 
for each site on Vail Pass 

N 
m 



100 r 95 
I 

90 
80 I-

III 
Q) 

70 
~ 60 I-
U 

...... 50 r- 46 
0 

40 35 33 .... 
~ 30 
E 20 
:::J 20 r- '6 z 

'0 r- 'I' T ! 0 0 0 

0 2 3 4 5 6 7 8 9 10 
Number of Missing Snowboord Observations per Precipitation Occurance 

Figure 6-a Frequency distribution of total number of missing snowboard 
observations on Fremont Pass for a precipitation day 

IV 
-...J 



130 
120 I 122 

110 
100 

90 

~ 80 
en 
o 70 u 

'0- 60 
0 

ID 50 I 46 
E 40 
::J 

Z 30 f 26 
20 21 20 

13 
10 I 3 4 
0 I 

0 I 0 

0 2 3 4 5 6 7 8 9 10 
Number of Missing Snow board Observations per Precipi tat ion Occurance 

Figure 6-b Frequency distribution of total number of missing snowboard 
observations on Vail Pass for a precipitation day 

IV 
ex:> 



29 

DATA SOURCES AND REDUCTION TECHNIQUES 

Precipitation Data Sources 

The hourly precipitation data for the sites listed in 

Tables 3 and 4 and for the climatological study (Tables 1 

and 2) was obtained from the Colorado Hourly Precipitation 

Data published by the U.S. Department of Commerce. However, 

for a more rapid analysis a computer tape of this data was 

obtained. 

On Vail and Fremont Passes precipitation measurements 

were obtained from snowboards using essentially the standard 

Weather Bureau procedure for observing snowfall. Compari­

sons of observations from snowboards, shielded and un­

shielded gages made by Grant (1961), show that snowboards 

properly exposed will consistently give nearly identical 

observations as a shielded precipitation gage. Since all 

the sites on Fremont and Vail Passes had been selected 

considering exposure, the snowboard network was considered 

to have the same accuracy and reliability as an identical 

non-recording precipitation gage network. 

Recording precipitation gages located along the Fremont 

network (Fig. 2) were used to check both the timing of the 

precipitation and the amount that was recorded over the 

24-hour precipitation period comparable to the snowboard 

accumulation period. 
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Precipitation Data Reduction 

The technique for observing the precipitation on a 

snowboard consists of making three snowdepth measurements 

about 8 inches apart in triangle pattern on the board. An 

average depth of snow is then recorded on the daily log. 

A core sample of snow is taken with a thin-walled 

cylinder midway between the three depth measurement points. 

This sample is put in a plastic bag which is then sealed 

and marked with the precipitation site number. This sample 

is later weighed and the weight of the snow is obtained. 

With the weight of the sample, a cross-sectional area of 

the cylinder, and density of water known, the equivalent 

depth of water can be calculated. 

For precipitation sites with missing observations, an 

interpolation method was set up to fill in the missing 

observations. In analyzing the precipitation data for both 

passes, five (three distinct and two less distinct) pre-

cipitation distributions could consistently be observed. 

The precipitation distributions for each pass were clas-

sified and grouped into the following five main types: 

1. Precipitation amounts of 3 times or greater on 
the westerly side of the Pass in comparison to 
the amounts on the easterly side. 

2. A symmetrical distribution of precipitation 
amounts across the pass. 

3. Precipitation amounts of 3 times or greater on 
the easterly side of the Pass in comparison to 
the amounts on the westerly side. 
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The less distinct precipitation distributions were as 

follows: 

4. l~ to 2~ times greater precipitation amounts on 
the westerly side of the Pass in comparison to 
the amounts on the easterly side. 

5. l~ to 2~ times greater precipitation amounts on 
the easterly side of the pass in comparison to 
the amounts on the westerly side. 

With approximately 260 observational days available for 

analysis from each pass, a large sample was obtained for 

each of the five basic distribution types. The average 

amount of precipitation was calculated for each site along 

the two precipitation networks for each of the five dis-

tributions. The profile across each site's average preci-

pation amount showed the relationship between neighboring 

snowboard precipitation amounts for the five distributions. 

with this relationship and also using the next two avail-

able observations on each side of the missing site, a value 

for the missing observation was obtained for sites within 

a distribution type. 

By using this interpolation method to complete the 

precipitation observations across each of the passes, a 

daily 24-hour accumulation of precipitation for selected 

elevations and sites from western to eastern Colorado was 

available for analysis. 

Precipitation during any 24-hour period frequently 

cccurred with changing meteorological conditions. To better 

isolate the conditions that produce a specific precipitation 

pattern, each episode's hourly precipitation amounts were 
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analyzed as to the type of duration. The episodes that had 

70% or more of the total 24-hour precipitation recorded 

within 6 hours either side of a standard upper air observing 

time (OOOOZ or l200Z) and those episodes whose upper air 

conditions were nearly identical for both standard observing 

times during the 24-hour period were used as the basis of 

the various distribution analysis. Each of the above pre­

cipitation events now has single valued upper air meteorol­

ogical values which can later be grouped for analysis. 

More than 75% of the nearly 260 individual 24-hour episodes 

for each pass were in the above category. The remaining 

sample was analyzed for the unique characteristics that 

were evident in the 24-hour upper level meteorological 

condition, such as upper air temperature change, wind shift, 

etc. 

Meteorological Data 

To represent the conditions of the atmosphere during 

a precipitation episode, the 500 rob level wind data and 

temperature were used. Since many of the peaks along the 

Continental Divide rise to over 14,000 feet msl and the 

effect of the terrain may still be reflected somewhat in 

the atmospheric parameters at 16,000 feet, the 500 rob level 

at about 18,000 feet was considered to be the most represen­

tative and convenient level depicting the storm's structure 

in a free atmosphere. 

The Fremont and Vail Pass area lies between Denver and 

Grand Junction at a distance ratio of 2 to 3, respectively. 
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A linear interpolation of the 500 rob radiosonde value of 

temperature, wind direction and speed between Denver and 

Grand Junction for the Fremont-Vail area was calculated 

using the above 2 to 3 ratio. Values were interpolated 

from both the OOOOZ and l200Z radiosonde observation for 

each precipitation episode and if necessary slightly ad­

justed to better fit the isothermal or isobaric wind pat­

tern on the corresponding 500 rob U.S.W.B. Facimile chart. 

In analyzing the thermal and wind patterns between Denver 

and Grand Junction at 500 mbs, the two stations generally 

had temperatures within 2°C of each other. The wind 

directions and velocities were usually within the range of 

30 degrees and 10 mps. The accuracy from this interpola­

tion is about one degree C for temperature and 10 degrees 

and 3 mps for the wind direction and speed. 
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ANALYSIS 

The Average Distribution of Precipitation by Elevation 
Across the Colorado Rockies 

An average distribution of precipitation by elevation 

for the Colorado Rockies was determined from the 256 pre-

cipitation events across the east to west profile. The 

observed precipitation amounts at each elevation increment 

were totaled and divided by 256 to determine an average 

precipitation amount per 24-hour event. These average 

precipitation amounts are listed by elevation increment 

in Table 5. 

The 256 precipitation events were randomly obtained 

over the eight winter seasons. The average precipitation 

amounts per elevation increment from these 256 events com-

pose a relationship which is representative of the mean 

wintertime precipitation distribution across the Colorado 

Rockies over Vail Pass. 

The west and east 5,000 feet precipitation average of 

.05 inches per 24-hour precipitation event is considered to 

be that resulting from the general synoptic convergence of 

the storm system. From Table 5 the average low elevation 

precipitation of .05 inches was compared to the maximum 

high elevation precipitation of .237 inches per 24-hour 

event. From this comparison it was calculated that 4.74 

times more precipitation is observed near the highest 

elevation precipitation sites than at the average 5,000 

foot precipitation site. This additional precipitation 



Table 5. Average Precipitation and Ratios Across the East-West Profile 
(256 cases) 

Elevation in feet Total Precipitation Average Precipitation Precipitation Ratio 
in inches in inches (Base 5,000 ft.W) 

5,000 W 10.280 .040 1.000 

6,000 W 13.531 .053 1.325 

7,000 W 8.818 .034 .850 

8,000 W 31.245 .122 3.050 

9,000 W 44.108 .172 4.300 

10,000 W 60.587 .237 5.925 

10,500 59.570 .233 5.825 

10,000 E 43.657 .171 4.275 

8,500 E 8.350 .031 .775 

7,500 E 12.165 .048 1.200 

6,000 E 19.056 .074 1.850 

5,000 E 15.485 .060 1.500 

w 
U1 
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over the mountain range results from the forced lifting of 

the air mass over this portion of the Rocky Mountains. 

This orographic precipitation will be further considered 

later in this analysis section. 

It is of interest to note in Table 5 that in the mean 

there is no significant change in precipitation amounts 

between 5,000-7,000 feet msl. Consequently, all the signifi­

cant increases of precipitation amounts occur between 7,000 

and 10,600 feet msl. 

From U.S. Weather Bureau Hourly Precipitation records, 

the mean 5,000 foot msl western slope wintertime (1 November-

30 April) precipitation amount is 4.62 inches. The base 

(5,000 feet msl) to crest (10,600 feet msl) precipitation 

ratio is 1:5.83. Disregarding the insignificant changes 

of precipitation amounts between 5,000-7,000 feet msl, the 

resulting increase in precipitation with respect to elevation 

for this average profile between 7,000-10,600 feet msl is 

7.49 inches per 1,000 feet. 

Most discussions of mountain precipitation are con­

cerned with changes in amounts of precipitation with eleva­

tion or total precipitation profiles. The average 

precipitation profile in Table 5 can be used as a relation­

ship to derive such a distribution of precipitation by 

elevation across a north-south oriented mountain for a 

winter season. From the derived profile, the changes in 

precipitation amounts between specific elevations can be 

calculated. 
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A list of the ratios of the 5,000 foot west slope 

precipitation amount to each of the other precipitation 

amounts at the stated elevations is given in Table 5. This 

list of ratios gives the reader a base upon which he can 

better picture the increases in precipitation amounts with 

elevation. The mean relationship of the 5,000 foot west 

slope precipitation ratio over the east-west profile from 

Table 5 and several actual winter precipitation totals will 

give the necessary multiplication factors to complete the 

estimated profile. An example of this interpolation is 

given in Appendix I. 

Analysis of Resulting Precipitation Distribution as a 
Function of 500 IDE Wind Dlrection 

In analyzing the various precipitation patterns across 

the mountain range from west to east and from north to south, 

the available cases were stratified by 500 rob wind direction, 

wind velocity and temperatures during each percipitation 

episode. 

Tables 6 and 7 respectively, list the average precipa-

tation amounts per 24-hour precipitation event for various 

elevations by different wind directions for the west to east 

and north to south precipitation profile networks. From 

Table 6 it can be noted that as the wind direction becomes 

more west to northwesterly, the amount of precipitation re-

ceived at the upper precipitation sites above 9,000 feet 

increases by about 50% and the "precipitation shadow" to 

the lee of the Continental Divide becomes more pronounced. 



No. 
of 

Cases 

Table 6. East-West Profile Precipitation Amounts in Inches Stratified 
by 500 rob Wind Direction 

3 4 50 81 74 11 33 

Range -> 30°-60° 150°-190° 200°-240° 250°-290° 300°-340° 350°-20° 
Special 
Episodes 

Elevation 
in feet {-
5,000 t\1 

6,000 W 

7,000 W 

8,000 W 

9,000 W 

10,000 W 

10,500 

10,000 E 

8,500 E 

7,500 E 

6,000 E 

5,000 E 

.027 

.017 

.020 

.119 

.083 

.141 

.133 

.170 

.143 

.246 

.327 

.252 

.082 

.079 

.016 

.080 

.115 

.164 

.172 

.111 

.110 

.157 

.172 

.194 

.069 

.092 

.047 

.123 

.178 

.209 

.189 

.147 

.051 

.051 

.060 

.062 

.034 

.047 

.045 

.129 

.182 

.239 

.228 

.162 

.015 

.032 

.058 

.034 

.027 

.032 

.024 

.132 

.186 

.288 

.304 

.228 

.041 

.065 

.114 

.090 

Note: There were zero number of cases in the 70°-140° range. 

.050 

.041 

.016 

.098 

.121 

.172 

.165 

.129 

.024 

.028 

.052 

.076 

.035 

.057 

.022 

.093 

.142 

.196 

.190 

.118 

.013 

.017 

.021 

.017 

256 

Average 

.040 

.053 

.034 

.122 

.172 

.237 

.233 

.171 

.031 

.048 

.074 

.060 

w 
(Xl 



Table 7. North-South Profile Precipitation Amounts in Inches Stratified 
by 500 mb Wind Direction 

No. 
of 

Cases 2 4 52 90 82 10 24 264 

Range -> 30°-60° 150°-190° 200°-240° 250°-290° 300°-340° 350°-20° Special Average Episodes 

Elevation 
7,800 N -} .050 .092 .079 .059 .045 .043 .030 .056 

8,300 N .130 .060 .081 .078 .052 .052 .048 .067 

9,200 N .008 .102 .123 .136 .138 .066 .093 .126 

10,000 N .025 .095 .152 .166 .202 .140 .140 .169 
w 

11,200 .059 .137 .156 .177 .201 .170 .144 .176 \.0 

10,100 5 .043 .120 .108 .105 .111 .041 .061 .101 

7,700 S .035 .145 .049 .013 .020 .002 .005 .023 

6,900 S .140 .017 .036 .014 .004 .006 .010 .016 

Note: There were zero number of cases in the 70°-140° range. 
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In a classical 500 rob trough associated with surface 

cyclones, the main precipitation associated with the trough 

is on the leading edge where southwesterly winds exist. As 

the surface cyclone and upper level trough passes an area 

and the upper level winds shift direction from southwest to 

northwest the precipitation observed at the lower elevations 

diminishes. This decrease in precipitation results as the 

dynamic influence of the synoptic convergence diminishes. 

At higher elevations the orientation of the topography to 

the wind's direction still can be influential in the con­

tinuation and intensity of orographic precipitation. 

In Table 6 it can be observed that the maximum low 

elevation average precipitation is associated with south to 

southwest wind directions and it diminishes as the winds 

shift to the northwest. At the highest elevations the 

average precipitation increases as the winds shift from a 

southerly direction to northwesterly direction. This im­

plies that orography influences the generation of mountain 

precipitation to a greater extent than the dynamic con­

vergence of the synoptic storm. 

The ratio of the 5,000 foot precipitation to the maxi­

mum amount received near or at the ridge line increases from 

1:3.0 for south-southwest wind directions to 1:11.3 for 

northwest wind directions. The low and high elevation pre­

cipitation amounts used to calculate these two ratios and the 

ratios were tested several ways by using the sum of squared 

ranks test with adjustments for tied observations (Mielke, 
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1967). A summary of the test results with P-values is 

shown in Table 8. TheP-values are the probability of 

observing a more extreme test statistic under the null 

hypothesis than the one observed. The tests show that the 

low elevation precipitation amounts decrease significantly 

and the.high elevation amounts increase significantly as the 

wind direction shifts from a southwest direction to a north­

west direction. The decrease in low elevation precipitation 

amounts appears to be strongly associated with the high 

occurrence of zero amounts under a northwesterly 500 mb 

wind direction. 

As a result of this analysis, it can be stated that 

the wind direction plays a major role in the distribution 

of precipitation received above 9,000 feet on the central 

Colorado Rockies. Average increases up to 50% from a non­

orographic south-southwesterly direction to an orographic 

northwesterly direction can be expected above 9,000 feet 

msl. 

The average precipitation at the low elevations east 

of the mountains increases as the wind direction becomes 

more orographically oriented with an easterly component. 

The southeasterly wind directions are usually associated 

with closed cold low patterns evident at 500 rob approaching 

or passing to the south of the analysis region. The east­

erly wind direction with this weather pattern normally 

extends down to the surface and produces precipitation 

along the east side of the Rockies. 
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Table 8. Summary of Statistical Tests on Data 
From Table 6 

Test 
Data Tested Statistic 

Occurrence of zero precipita­
tion at low elevations under 
S.W. flow vs occurrence of zero 
precipitation at low elevations 
under N.W. flow 4.85 

Maximum high elevation amounts 
when zero precipitation at low 
elevation for S.W. flow vs 
N.W. flow 1.003 

Ratios of low elevation preci­
pitation to maximum high eleva­
tion precipitation for all non­
zero low elevation cases S.W. 
flow vs N.W. flow 3.833 

All low elevation precipita­
tion amounts for S.W. flow 
vs N. W. flow 4 • 86 0 

All maximum high elevation 
precipitation amounts for S.W. 
flow vs N.W. flow 2.541 

Degrees 
of 

Freedom P-value 

122 .03% 

52 23.1% 

68 .04% 

122 .004% 

122 .65% 

The northeasterly wind directions are usually 

associated with strong surface high pressure systems that 

are pushed up along the east side of the Rockies. Oro-

graphic precipitation from the associated easterly wind 

flow at the surface results along the east side of the 

Continental Divide. This flow does not normally extend 

much beyond the Continental Divide. 

In general, distinctly different weather pattern is 

needed to produce precipitation on the west side of the 

Continental Divide as compared to the weather pattern 
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necessary for precipitation on the east side of the Rocky 

Mountains. 

The orographic effect is less pronounced across the 

north-south profile at all elevations. Although the 

orientation of Fremont Pass is essentially southwest to 

north-northeast, it should be recalled that the pass lies 

just to the western side and nearly parallel to the 

Mosquito and Tenmile Ranges which rise to over 14,000 feet 

ms 1 and are oriented north-south. These ranges should be 

more influential in the generation of a more general oro­

graphic precipitation over this area than the local effect 

resulting from the orientation of Fremont Pass. 

Forty-one precipitation cases common to both Tables 

6 and 7 were studied in evaluating the general orographic 

precipitation under a southwesterly 500 rob wind direction. 

The average 5,000 foot precipitation amount per case from 

Table 6 for these cases was ,.064 inches. The average high­

er elevation maximum was .155 inches for a southwesterly 

direction. The resulting low to high elevation ratio was 

1:2.4. 

Sixty-one precipitation cases were similarly evaluated 

from Tables 6 and 7 for a northwesterly 500 rob wind direc­

tion. The resulting ratio of the average 5,000 foot amount 

of .031 inches to the average high elevation amount of .228 

inches was 1:7.4. 

The high and low elevation precipitation amounts and 

ratios were tested similar to the data for the east-west 
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profile using the squared ranks test. A summary of the test 

results are shown in Table 9. Again the results show that 

both the low elevation precipitation decreases and maximum 

high elevation precipitation increases significantly as the 

wind direction shifts from southwest to northwest. The 

decrease in the low elevation precipitation amounts again 

appear to be strongly associated with the high occurrence 

of zero amounts under a northwesterly 500 mb wind direction. 

For the more general orographic precipitation over the 

central Colorado Rockies, it can be stated that wind direc­

tion strongly influences the average increase in precipita­

tion above 9,500 feet msl. This increase approaches about 

30% when the wind direction becomes perpendicular to the 

surrounding mountain ranges. 

The local "lee effect" of precipitation distribution 

for northerly wind directions is well pronounced over the 

south side of Fremont Pass by only traces of precipitation 

being recorded at the elevations around 7,000 to 8,000 feet 

rosl. Also, the southerly wind direction indicates sizable 

increases in precipitation on the south side of the pass 

between 8,000 to 10,000 feet msl implying same local effect 

of the orientation of the profile. 

The effect of the orientation of Fremont Pass appears 

to be less significant on the overall distribution patterns 

of precipitation than was apparent across Vail Pass. The 

general orographic effect of the nearby mountains appears 

to be the controlling influence on the precipitation pat­

terns observed over Fremont Pass. 
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Table 9. Summary of Statistical Tests on Data 
From Tables 6 and 7 

Test 
Data Tested Statistic 

Degrees 
of 

Freedom P-value 

Occurrence of zero precipi­
tation at low elevations for 
S.W. flow vs N.W. flow 3.950 

Maximum high elevation 
amounts when zero precipi­
tation of law elevations 

100 .05% 

for S.W. flow vs N.W. flow 1.115 42 20.2% 

Ratio of low elevation 
precipitation to maximum high 
elevation precipitation for 
all non-zero law elevation 
cases for S.W. flow vs N.W. 
flow 2.640 

All law elevation precipita­
tion amounts for S.W. flow 
vs N.W. flaw 3.945 

All maximum high elevation 
precipitation amounts for 
S.W. flaw vs N.W. flow 2.185 

56 

100 

100 

Analysis of Resulting Precipitation Distributions As a 
Function of 500 mb Wind Velocity 

Tables 10 and 11 show the average precipi tation 

.60% 

.04% 

1.7% 

amount per 24-hour precipitation event for an elevation for 

various 500 rob wind velocity ranges for the east to west 

and north to south precipitation distributions respectively. 

Not much variation is noted in the precipitation 

amounts in each velocity group below 7,000 feet in both 

tables. At the higher elevations a distinct trend is noted 

in both tables for higher precipitation amounts with greater 

wind velocities, from about 50 to 80% from velocities less 

than 7 mps to those greater than 26 mps. 



Table 10. East-West Profile Precipitation Amounts in Inches Stratified by 
500 mb Wind Velocity 

No. 
of 

Cases 20 77 81 45 33 256 

Range-> 0-6mps 7-15 16-25 >25mps Special Average Episodes 

Elevation'" 

5,000 W .046 .049 .039 .030 .035 .040 

6,000 W .062 .056 .050 .047 .057 .053 

7,000 W .041 .029 .037 .046 .022 .034 

8,000 W .086 .109 .145 .141 .093 .122 .a::. 
0'\ 

9,000 W .123 .141 .198 .225 .142 .172 

10,000 W .199 .193 .265 .307 .196 .237 

10,500 .205 .190 .255 .310 .190 .233 

10,000 E .134 .139 .196 .233 .118 .171 

8,500 E .071 .037 .030 .029 .013 .031 

7,500 E .057 .059 .053 .037 .017 .048 

6,000 E .066 .077 .095 .076 .021 .074 

5,000 E .072 .072 .075 .041 .017 .060 



Table II. North-South Profile Precipitation Amounts in Inches 
Stratified by 500 rob Wind Velocity 

No. 
of 

Cases 16 79 94 51 24 264 

Range -> 0-6mps 7-15 16-25 >25mps Special Average Episodes 

Elevation + 

7,800 N .037 .042 .065 .078 .030 .056 

8,300 N .044 .053 .074 .093 .048 .067 

9,200 N .127 .092 .129 .188 .093 .126 

10,000 N .146 .128 .173 .244 .140 .169 ~ 
-....J 

11,200 .142 .143 .174 .256 .144 .176 

10,100 S .072 .079 .099 .166 .061 .101 

7,700 S .075 .024 .023 .016 .005 .023 

6,900 S .022 .021 .019 .001 .010 .016 
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The low elevation values on the north-south profile 

would not be representative for comparison with the high 

elevation sites due to the relationship previously dis­

cussed with the surrounding mountain ranges. It is interest­

ing to note the nearly consistent ratios of from 1:2.7 to 

1:3.9 for all specific wind velocities. This consistency 

emphasizes the fact that the orientation of Fremont Pass 

plays a minor role in altering the precipitation distribu­

tion across it when compared to the general orography of the 

surrounding ranges. 

In studying the influence of the 500 rob wind velocities 

over the north-south profile, precipitation cases common 

to both Tables 10 and 11 were used. 

Sixteen cases were evaluated for wind velocities less 

than 7 mps. The average 5,000 foot precipitation amount 

per case from Table 10 for these cases was .036 inches. The 

average higher elevation maximum from Table 11 was .146 

inches for these light-wind velocities. The resulting low 

to high elevation ratio was 1:4.0. 

Thirty-eight precipitation cases were similarly 

evaluated from Tables 9 and 10 for wind velocities greater 

than 25 mps. The resulting ratio of the average 5,000 foot 

amount of .033 inches to the average high elevation amount 

of .265 inches was 1:8.0. 

The high and low elevation precipitation amounts used 

to calculate the two ratios in both east-west and north­

south profiles and the ratios were tested using the squared 
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ranks test. A summary of the test results for both profiles 

are shown in Tables 12 and 13, respectively. The test 

results for both profiles show that the low elevation 

amounts are not changing significantly with respect to the 

high elevation amounts as the velocities change from less 

than 7 mps to greater than 25 mps. The high elevation 

increases are statistically more significant on the north­

south profile than on the east-west profile where the 

maximum high elevation amounts increase by about 80% for 

velocities greater than 25 mps. The high occurrence of zero 

precipitation amounts at the lower elevations when wind 

velocities were greater than 25 mps appears to be signifi­

cant. This high occurrence of zero precipitation does 

significantly alter the basic distribution of the low 

elevation precipitation across the low and high velocity 

east-west profiles as indicated by that specific test. The 

same is not evident for the north-south profile. 

From an analysis of the data in Tables 10 and 11, it 

can be seen that wind velocity plays an important role in 

the distribution of the precipitation across a mountain 

range. The higher the wind velocity the stronger will be 

the resulting vertical motion. These stronger vertical 

motions through the cloud system over the mountain range 

produce condensate at a a more rapid rate which precipi­

tates out over the upper windward side of the mountain. 

The slight decrease in precipitation with elevation 

between 6,000 and 7,000 feet from Table 10 may be partially 
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Table 12. Summary of Statistical Tests on 
Data from Table 10 

Test 
Data Tested Statistic 

Occurrence of zero preci­
pitation at low elevations 
for velocities less than 
7 mps vs velocities greater 
than 2S-mps 3.76 

Maximum high elevation 
amounts of precipitation 
when zero precipitation 
at low elevations for 
velocities <7 mps vs 
velocities >25 mps 1.505 

Ratios of low elevation 
precipitation to maximum 
high elevation precipita­
tion for all non-zero low 
elevation cases for 
velocities <7 mps vs 
velocities >25 mps .072 

All low elevation preci­
pitation amounts for 
velocities <7 mps vs 
velocities >25 mps 2.025 

All maximum high elevation 
precipitation amounts for 
velocities <7 mps vs 
velocities >25 mps 1.204 

Degrees 
of 

Freedom 

63 

30 

31 

63 

63 

P-value 

.04% 

10.1% 

45.8% 

2.4% 

17.5% 

explained by the selection of precipitation sites at 7,000 

feet. They are located in the bottoms of canyons and 

consequently no vertical motion would result from either 

a northwest or southwest wind. Also, there is no signifi-

cant increase in the topography of the downwind canyon to 

make the westerly wind more efficient in producing preci-

pitation. 
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Table 13. Summary of Statistical Tests on Data 
from Tables 10 and 11. 

Test 
Data Tested Statistic 

Degrees 
of 

Freedom P-value 

Occurrence of zero preci­
pation at low elevation 
for velocities <7 mps vs 
velocities >25 mps 2.020 

Maximum high elevation 
amounts of precipitation 
when zero precipitation at 
low elevations for veloci­
ties <7 mps vs velocities 
>25 mps. 1.185 

Ratios of low elevation 
precipitation to maximum 
high elevation precipita­
tion for all non zero 
low elevation cases for 
veloci ties <7 mps vs 
velocities >25 mps-- .620 

All low elevation precipi­
tation amounts for 
velocities <7 mps vs 
velocities >25 mps 1.276 

All maximum high elevation 
precipitation amounts for 
velocities <7 mps vs 
velocities >25 mps 1.730 

52 2.4% 

23 18.9% 

27 33.6% 

52 16.7% 

52 4.6% 

The large precipitation increase between 8,000 and 

10,600 feet can be explained mainly by the fact that this 

change in elevation occurs in a fairly short distance of 

about 30 miles while the distances between 5,000 to 8,000 

feet occur over longer distances of about 90 miles. The 

region with the more rapid rate of increase in elevation 

has the more rapid rate of increase of precipitation. 
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The stronger wind velocities have associated with them 

a more pronounced "precipitation shadow" on the lee side 

of the mountain. This "precipitation shadow" results as the 

air rapidly moves across the crest of the ridge and decends 

on the lee side at a dry adiabatic rate and warms the 

environment. This warming is sufficient to evaporate nearly 

all the condensate that was available for precipitation. 

Analysis of Resulting Precipitation Distribution as a 
Function of 500 rnb Temperature 

Tables 14 and 15 show the average precipitation amount 

per 24-hour precipitation event for various elevations and 

500 rnb temperature ranges for the east to west and north to 

south precipitation distributions respectively. 

Little change or even a slight decrease in the maximum 

high elevation precipitation is observed in the -l6°e to 

-25°e category when compared to the -2loe to -25°e category 

in both Tables 14 and 15. A decreasing trend in the average 

precipitation at the higher elevations with decreasing 

temperatures colder than the -21oe to -25°e category can 

also be noted. From the -21oe to -25°e category to the 

-26°e to -30 oe category on both tables the maximum higher 

level precipitation decreases by 14% and 21%, respectively. 

From the -21oe to -25°e to the category colder than -30 oe 

the decreases are 33% and 37%, respectively. The four cases 

in the warmest category do not constitute a large enough 

sample from which any sound conclusions may be drawn. 



Table 14. East-West Profile Precipitation Amounts in Inches Stratified by 
500 rob Temperature 

No. 
of 

Cases 4 39 93 66 21 33 256 

Range -> O°C to -15°C -16°C to -20°C -21°C to -25°C -26°C to -30°C <-300C sp~cia1 --- Eplsodes Average 

E1evation+ 
in feet 

5,000 W .077 .047 .040 .042 .025 .035 .040 

6,000 W .099 .053 .056 .052 .025 .057 .053 

7,000 W .115 .025 .039 .038 .025 .022 .034 U1 
w 

8,000 W .197 .129 .139 .108 .111 .093 .122 

9,000 W .309 .191 .189 .156 .136 .142 .172 

10,000 W .330 .255 .261 .225 .175 .196 .237 

10,500 .305 .239 .263 .224 .168 .190 .233 

10,000 E .254 .195 .192 .159 .133 .118 .171 

8,500 E .006 .034 .035 .047 .012 .013 .031 

7,500 E .000 .065 .044 .063 .039 .017 .048 

6,000 E .000 .123 .072 .083 .064 .021 .074 

5,000 E .000 .114 .054 .068 .045 .017 .060 



Table 15. North-South Profile Precipitation Amounts in Inches Stratified 
by 500 rob Temperature 

No. 
of 

Cases 6 45 106 60 23 24 264 

Range ->O°C to -15°C -16°C to -20°C -21°C to -25°C -26°C to -30°C <-30°C Special 
Episodes Average 

Elevation4-
in feet 

7,800 N .135 .080 .061 .048 .013 .030 .056 

8,300 N .082 .095 .067 .067 .029 .048 .067 

9,200 N .168 .149 .134 .121 .080 .093 .126 
U1 
~ 

10,000 N .206 .188 .182 .156 .123 .140 .169 

11,200 .241 .188 .197 .156 .124 .144 .176 

10,100 S .167 .119 .111 .090 .069 .061 .101 

7,700 S .053 .040 .022 .015 .028 .005 .023 

6,900 S .012 .040 .013 .010 .003 .010 .016 
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It should generally be expected that less precipitation 

would occur at colder temperatures at any elevation since 

the potential condensate decreases with decreasing temper­

ature. As observed on an adiabatic diagram, the potential 

liquid water decreases by 60% from -20°C to 30°C. 

When comparing the decreases at the lowest elevations 

(5,000 feet ms1) on both sides of the Continental Divide 

from Table 14, it is observed that decreases occur in the 

average precipitation of about 56% from the -16°C to -20°C 

category to the coldest category. This appears to be in 

agreement with the decreases in potential condensate over 

this temperature range. 

At the highest elevations, the decreases in maximum 

precipitation amounts from the -16°C to -20°C category to 

the coldest category across both profiles is about half 

as great percentage-wise as would be anticipated from the 

decreasing potential condensate. A possible explanation 

for this may be that the utilization of potential conden­

sate to produce precipitation from these orographic type 

clouds is not as efficient at temperatures warmer than the 

-21°C to -25°C category. Although there is more potential 

condensate at the warmer temperatures, there may not be 

sufficient ice crystals to utilize the available moisture 

in the time interval available. The lack of sufficient 

ice nuclei and crystals in the Central Colorado Rockies at 

the temperatures warmer than - 21°C has been verified by 

Grant et a1. in the Climax Project (Bureau of Reclamation 

Report 1969). 
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The higher elevation decrease in precipitation for 

the warm temperature cases does not continue down to the 

lowest elevations. The storm clouds producing precipita­

tion over the central Colorado Rockies were found to have 

tops at about 16,000 - 21,000 feet msl (Furman, 1966). The 

crystals falling through these storm clouds to the lowest 

elevations have about twice the saturated environment in 

that they may continue to grow by diffusion and accretion 

when compared to the crystals falling on the mountain 

passes. Consequently, the crystals reaching the lowest 

elevations appear to efficiently utilize the potential 

condensate that is available for the additional crystal 

growth. In addition, the largest portion of the lower 

elevation precipitation results from general storms over 

the Colorado mountains rather than from orographic lifting. 

This may indicate that the higher level cloud decks above 

25,000 feet which are present during general storms are 

providing a nearly sufficient concentration of ice crystals 

for more efficient removal of condensate. These high level 

cloud decks are not present during most of the orographic 

precipitation events. 

The "special episodes" category that is included in 

Tables 6, 7, 10, 11, 14 and 15 includes precipitation 

events that were accompanied with wind direction or 

velocity changes during the precipitation period of greater 

than 30° or 5 mps, respectively or temperature changes 

greater than 3°C. These conditions most frequently 
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occurred with the passage of a sharp short wave trough at 

the 500 rob level. Also included were precipitation 

episodes for which no exact timing could be obtained on the 

precipitation within the 24-hour period. Consequently, 

the "special episodes" category includes events with a 

random sample of wind directions and speeds and temperatures. 

This category relates best with those for westerly winds, 

moderate wind speeds (16-25 mps), and moderate temperatures 

(-26 0 to -30°C). These conditions are approximately the 

"average" conditions that would result if all the meteoro-

logical parameters of the cases studied were averaged to-

gether. The "special episodes" category somewhat represents 

an averaged trough passage. The southwest and northwest 

winds average out to be in a westerly direction and the 

warm pre-trough and cold post-trough temperatures average 

out to be moderate temperatures. 

Analysis of the Orographic Precipitation Profile Across the 
Colorado Rockies 

From an analysis of the west to east average precipi-

tation for the 256 cases studied, an approximation of the 

orographic effect of the Colorado Rockies can be made. If 

the average west and east 5,000 foot precipitation average 

of .05 inches per 24-hour precipitation event is the 

result of the synoptic convergence of the storm system, 

then the additional precipitation above this lower eleva-

tion average which was observed up to the highest eleva-

tions has been considered as the resultant orographically 

induced precipitation. 
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For the 256 cases studied from Table 5, it was stated 

that 4.74 times as much precipitation is observed at the 

highest precipitation sites in the mountains as compared 

to the average amount observed at the lowest precipitation 

sites at the foot of the mountains and on the high plains. 

This orographic average reaches its maximum of 8.15 

times for westerly winds greater than 25 mps and tempera-

tures colder than -30°C. It reaches its minimum of 2.53 

times for southerly or northerly (parallel to the mountain 

ridge) winds less than 7 mps and temperatures between -16°C 

and -20°C. 

If only the western side of the profile is considered 

from Tables 6, 10 and 14 to evaluate the orographic effect, 

5.9 times as much precipitation is observed at the highest 

sites when compared to the lowest elevation sites. 

The windward side orographic effect reaches a maximum 

of 9.5 times for northwesterly winds greater than 25 mps 

and temperatures colder than -30°C. This effect is at a 

minimum of 3.5 for southerly winds less than 7 mps and 

temperatures warmer than -16°C. 

Synoptic weather Patterns Associated with Specific Broad­
Scale Precipitation Distribution 

Studies of two extreme broadscale precipitation 

patterns over the Rockies and two extreme local precipita-

tion profiles over Vail Pass have been made in an attempt 

to identify the synoptic weather patterns that most 

significantly influence these distributions of precipitation 
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with elevation. In selecting the extreme cases for the two 

studies, the influencing parameters on the distributions 

are expected to reach their maximum differences and should 

be easily identifiable. 

As a first approach in studying the broadscale 

precipitation distributions across the Rocky Mountains, an 

analysis was made of synoptic conditions giving rise to 

relatively high precipitation events at the lower elevations 

(5,000-6,000 feet). Relatively small amounts of precipi­

tation occurred for the same synoptic conditions at the 

higher elevations (above 9,000 feet). 

Precipitation amounts for the six (6) lowest elevation 

stations (average 5,500 feet msl) on the Western Slope were 

averaged for each occurrence and compared with the average 

precipitation that fell on the 21 snowboard (average 9,500 

feet msl) sites on both Vail and Fremont Passes. Thirty­

three (33) cases were observed with substantial amounts of 

precipitation (.06 inches per 24 hours or more) at the 

lower elevation stations. The average precipitation at the 

six low elevation stations for these cases was from .75 to 

9.35 times that observed at the mountain sites. These data 

are shown in Table 16. 

Twenty-nine (29) cases were observed where the average 

precipitation across Vail and Fremont Passes was greater 

than one-tenth of an inch, while at the same time no pre­

cipitation was reported at any of the six low elevation 

stations. These are shown in Table 17. By selecting cases 
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Table 16. Cases Across the East-West Profile with 
Relatively Large Low Elevation Precipi-
tation Amounts 

Low High 
Elevation Elevation 

Precipitation Precipitation 
Case Date Average Average Ratio 

(inches) (inches) 

1 5-6-68 .2517 .0269 9.35 
2 4-22-68 .1267 .0255 4.97 
3 12-27-66 .1925 .0398 4.84 
4 12-16-67 .1200 .0333 3.60 
5 4-8-61 .4233 .1595 2.65 
6 2-10-65 .1283 .0514 2.50 
7 3-7-61 .2333 .1076 2.17 
8 12-19-64 .0967 .0519 1.86 
9 2-13-62 .3483 .1955 1.78 

10 4-7-68 .2400 .1410 1.70 
11 2-16-62 .1283 .0781 1.64 
12 3-28-61 .2183 .1388 1.57 
13 3-8-68 .1383 .0890 1. 55 
14 5-11-68 .0933 .0657 1.42 
15 2-19-61 .1067 .0771 1. 38 
16 12-1-67 .1117 .0836 1.34 
17 4-10-61 .1967 .1705 1.15 
18 4-11-61 .2900 .2600 1.12 
19 4-7-61 .0817 .0752 1.09 
20 2-26-62 .1700 .1612 1. 05 
21 2-15-68 .2017 .1948 1.04 
22 3-22-62 .1283 .1240 1. 03 
23 4-29-63 .1200 .1167 1.03 
24 1-24-67 .0800 .0786 1.02 
25 1-28-68 .0633 .0631 1.00 
26 1-22-65 .1483 .1531 .97 
27 12-16-61 .1300 .1343 .97 
28 1-14-62 .1300 .1357 .96 
29 5-10-66 .2017 .2114 .95 
30 2-10-62 .1067 .1200 .89 
31 4-26-67 .1000 .1310 .76 
32 3-18-63 .1140 .1512 .75 
33 2-22-68 .2575 .3448 .75 
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Table 17. Cases Across the East-West Profile With Only 
High Elevation Precipitation 

Low High 
Elevation Elevation 
Average Average 

Case Date Precipitation Preci}2itation 

1 1-30-65 0 .6188 
2 4-8-62 0 .6164 
3 5-8-67 0 .4700 
4 4-23-66 0 .3407 
5 2-24-67 0 .2560 
6 2-12-67 0 .2412 
7 4-5-61 0 .2167 
8 3-18-65 0 .1981 
9 1-1-61 0 .1871 

10 2-23-67 0 .1862 
11 2-25-66 0 .1814 
12 2-25-63 0 .1774 
13 2-14-67 0 .1757 
14 1-4-67 0 .1624 
15 4-27-66 0 .1602 
16 4-10-67 0 .1567 
17 3-22-68 0 .1531 
18 12-6-67 0 .1521 
19 11-3-67 0 .1490 
20 4-7-62 0 .1467 
21 12-12-65 0 .1445 
22 12-21-62 0 .1410 
23 11-27-66 0 .1362 
24 4-27-61 0 .1352 
25 2-17-67 0 .1281 
26 1-6-62 0 .1219 
27 2-21-66 0 .1131 
28 1-22-63 0 .1124 
29 5-18-68 0 .1081 
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where no precipitation was observed at the lowest elevations, 

the dynamic lifting component of the synoptic storm can be 

assumed to be near zero. The high elevation precipitation 

is assumed to be that resulting only from the orographic 

lifting of the air over the mountain range. 

Meteorological parameters at 700 and 500 mb have been 

studied for these two extreme cases. Grand Junction radio­

sonde data was used as representative of the lower eleva­

tion Western Slope stations • Denver data was used to 

represent the Vail-Fremont area rather than the interpolated 

meteorological data used in the previous analysis. Denver 

is about 70 miles (straight line distance) from the Vail­

Fremont area. The Denver data should more clearly show 

any distinct differences in the upper air parameters near 

the top and on the east side of the Rocky Mountains as 

compared to those on the lower Western Slope. 

For the thirty-three (33) cases where more precipita­

tion fell at the lower elevation stations relative to the 

higher elevation stations, an upper-level trough, evident 

at 700 and 500 mb, was located west of the Continental 

Divide. The main surface storm systems and precipitation 

areas associated with the upper level trough passed over 

Western Colorado in a northeasterly direction thus pro­

ducing lesser amounts of precipitation over the Central 

Colorado mountain ranges. Meteorological parameters common 

with this synoptic situation are evident in Appendix II-a. 

Higher relative humidities (about 10% average), colder 
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temperatures (about I.SoC average) and west-southwest winds 

(260°) persist over the lower elevation stations relative 

to the conditions existing over the Vail-Fremont area in 

about 65% of the cases studied. 

An analysis of the synoptic surface maps during each 

of these storms generally verified the presence of a surface 

low pressure center in Western Colorado. The air flow into 

the low pressure center was usually not strong enough to 

produce significant precipitation along the eastern slopes 

that would reach up to the Continental Divide or into the 

Vail-Fremont area. 

For the twenty-nine (29) cases where at least .10 

inches of precipitation was observed across the Vail-Fremont 

area and none observed at the lowest stations, an upper 

level trough was evident at 700 and 500 rob east of the 

Continental Divide. The main surface systems and precipi­

tation areas associated with the upper level trough moved 

into the central mountains and Eastern Colorado from the 

Northwest. Again meteorological parameters common with this 

synoptic situation are evident in Appendix II-b. The 

parameters are more evident at 500 rob than at 700 rob. Only 

slightly higher relative humidities (about 6% average), 

colder temperatures (about 1.5°C average) and northwesterly 

winds (295°) persisted over the Vail-Fremont area relative 

to the conditions existing over the lower elevation stations 

in about 60% of the cases studied. An analysis of the 

synoptic surface maps during each of these storms verified 



64 

the presence of a surface storm system to the east of 

Colorado producing orographic precipitation along the 

eastern slopes of the Rockies. The gradient and the oro­

graphic flow generally extended up to and frequently over 

the Continental Divide and the Vail-Fremont area. 

In comparing the average parcel and lifted stability 

indexes, available precipitable water and the 700 and 500 

rob heights (Appendix I-a and I-b) for these two extreme 

cases, it was found that the storms producing the greater 

relative precipitation at lower elevations were I.SoC more 

unstable, had .25 gm/kg more precipitable water and had 

both 700 and 500 rob heights averaging 40 meters lower than 

those cases with greater high elevation precipitation. 

An analysis of the vort.icity fields and movements was 

made for storm systems producing these two extreme precipi­

tation patterns across the Rocky Mountains. A limited 

amount of vorticity data readily available for analysis 

produced thirty-nine (39) precipitation days exhibiting 

the two extreme precipitation patterns. Most of these 

precipitation days were not part of the original set of 

data used in the preceeding analysis. Twenty-two (22) 

of the total cases were for episodes with relatively 

larger precipitation occurrences at the lower elevations 

and the remaining seventeen (17) were for the situations 

where significant precipitation was observed only at the 

higher elevations. 
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The cases with higher relative precipitation at the 

lower elevations were generally accompanied with vorticity 

trough or closed centers to the west or southwest or 

Colorado with a central absolute value of 15 sec-lor 

-1 greater (average 17 sec ). The vorticity trough or 

closed center was observed to pass across Colorado from 

the southwest or west and move to the northeast or east 

passing by the Vail-Fremont area far to the north or south. 

The cases with precipitation observed only at the 

highest elevations were generally associated with absolute 

-1 
vorticity troughs or closed centers of less than 15 sec 

-1 (average 12 sec ) located north of Colorado moving in a 

southeasterly direction or with weak absolute troughs or 

-1 
closed centers (values from 8 - 13 sec ) moving across 

Colorado in an easterly direction. 

In analyzing the synoptic meteorological parameters 

giving rise to the broadscale variations in precipitation 

distributions, only general synoptic conditions could be 

identified and consistent trends in meteorological 

parameters could be observed. These results may be useful 

in making estimates of the distribution by elevation of 

mountain precipitation. 

Synoptic Weather Patterns Associated with Specific Local 
Prec~pitation Patterns Over Vail Pass 

An analysis of two extreme precipitation distributions 

across Vail Pass was made to identify the synoptic param-

eters that most significantly affected these extreme local 
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distributions. Similarities in the synoptic conditions 

that produced relatively large amounts of precipitation on 

the western side of Vail Pass while little or no precipita­

tion was recorded on the eastern side of Vail Pass for the 

same elevation range and the reverse situation were studied. 

Average precipitation amounts for the western side of 

Vail Pass were obtained by averaging six snowboard sites 

between elevations of 9,200 feet, and 10,400 feet and for 

each occurrence compared with the average of four snow­

board sites on the eastern side of Vail Pass at the same 

elevation range. 

Twenty-two (22) cases were identified where the 

average precipitation on the western side of Vail Pass was 

2.5 times greater than was observed on the eastern side. 

Only seven (7) cases were available for analysis where 

greater than twice as much precipitation was observed on 

the eastern side of Vail Pass as that observed on the 

western side. These twenty-nine (29) cases constituted 

the greatest extremes of precipitation distribution over 

Vail Pass. 

In analyzing the interpolated upper air meteorological 

parameters, it was noted that nearly identical parameters 

could be observed for each of the two different precipita­

tion patterns. This was interpreted to indicate that it 

is extremely difficult to use synoptic scale observations 

to evaluate precipitation events that are occurring over 

a local area. 
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An analysis was made of the surface synoptic weather 

patterns that existed over the Vail Pass area during each 

of these two opposite precipitation patterns. 

For the cases where greater amounts of precipitation 

occurred on the western side of Vail Pass, the following 

were observed: 

1. The surface cyclone was generally passing from the 
west to the north or north-east of the study area 
and was causing a circulation resulting in south­
west to northwest lower level winds over Vail Pass. 
The resulting precipitation appeared orographic in 
nature. 

2. Pressure rises were usually observed moving into 
western Colorado from the west except when a 
second system was following shortly behind the 
first. 

3. Temperatures on the western side of the Continental 
Divide were usually colder than those observed 
on the east. 

For the cases where greater amounts of precipitation 

occurred on the eastern side of Vail Pass, the following 

were observed: 

1. A cyclone storm system was positioned south or 
far to the northeast of the Vail Pass area with 
the resulting circulation producing NNE to SE 
winds with precipitation occurring from the 
eastern slopes westward to the Continental Divide 
and mainly on the eastern side of Vail Pass. 

2. Pressure rises were observed moving into Colorado 
from the north or northeast. 

3. Temperatures along the eastern side of the Vail 
Pass and to the east of the Continental Divide 
were noticeably colder than those observed on the 
west side of Vail Pass. 

Table 18 shows a breakdown of the occurrences of 

conditions observed for each of the two cases studied. In 

general, re-occurring trends in synoptic surface weather 
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patterns were observed in studying the factors influencing 

the distribution of precipitation in the small scale events. 

Table 18. Synoptic Conditions Associated With High 
Precipitation Amounts Observed on West 
or East Slope of Vail Pass 

Conditions 
Observed 

Number of Cases 
Observed with Higher 

Precipitation 
On Western Slope 
(22 Total Cases) 

1. Direction of 
Storm Center from 
Vail Pass 

a. North-North-
east 

b. East 
c. South-South-

east 
d. West-North-

east 
e. Over Vail 

area 

2. Direction from 
Vail Pass of 
strongest pressure 
rises 

a. North-North-
east 

b. East 
c. South-South-

east 
d. West-North-

west 

3. Direction from 
Vail Pass of coldest 
low elevation sur­
face temperatures 

a. North-North-
east 

b. East 
c. South 
d. West-North­

west 

10 
2 

4 

4 

2 

5 
o 

3 

14 

4 
1 
o 

17 

Number of Cases 
Observed with Higher 

Precipitation 
On Eastern Slope 

(7 Total Cases) 

2 
0 

5 

0 

0 

4 
3 

o 

o 

3 
3 
o 

1 
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SUMMARY 

This study has focused on obtaining a better 

understanding of mountain precipitation and the parameters 

that affect its spatial distribution. Precipitation dis-

tributions from 256 and 264 precipitation days for an east-

west and north-south profile respectively, across the 

Continental Divide have been analyzed to (1) establish the 

mean distribution of precipitation with elevation, to (2) 

study the influence of the 500 rob wind direction, velocity, 

and temperature on precipitation distributions with ele-

vation and to (3) identify the synoptic conditions producing 

variations in the distribution of precipitation across a 

north-south oriented mountain range. The results of this 

climatological study may be summarized as follows: 

1. For an openly exposed mountain barrier, an 
average of 4.74 times as much precipitation 
is observed near the crest at 10,600 feet msl 
than is observed at an average elevation of 
5,000 feet msl on either side of the mountain. 

2. The ratio of the 5,000 foot precipitation 
amounts on the western slopes to the maximum 
amount recorded near the openly exposed ridge 
line increases from 1:3.0 to 1:11.3 as the 
500 rob wind direction shifts from a near 
parallel to an orientation perpendicular to 
the ridge. The same ratio increases from 
1:2.3 to 1:7.5 for a sheltered mountain pass 
which is oriented parallel to the main 
mountain range. 

3. The ratio of the 5,000 foot precipitation 
amounts on the western slopes to the maximum 
amounts observed near the openly exposed ridge line 
increases from 1:4.5 to 1:10.3 when 500 rob 
winds increase in velocity from less than 7 mps 
to greater than 25 mps. The same ratio increases 
from 1:3.2 to 1:8.7 for the same respective 
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wind velocities for the sheltered mountain 
ridge parallel to the main mountain range. 

4. General decreases of about 55% in average 
precipitation amounts are noted at the 
5,000 foot elevations as temperatures de­
crease from -20°C to colder than -30°C. 
Smaller decreases of about 35% in the 
maximum precipitation amounts near the 
crest of the profile are noted for the same 
range of temperature decrease. 

5. For an openly exposed ridge, the influence 
that orography has on the distribution of 
low to high elevation precipitation amounts 
and their resulting ratios reaches its 
maximum for 500 rob wind velocities greater 
than 25 mps which are oriented prependicular 
to the ridge line with 500 rob temperatures 
colder than -30°C. The orographic influence 
is minimized when 500 rob wind velocities are 
less than 15 mps and oriented nearly parallel 
to the ridge line with 500 rob temperatures 
between -16°C and -20°C. 

6. Greater amounts of precipitation are observed 
at the lowest elevation windward precipita­
tion sites and on the western slopes relative 
to that observed on the ridge line when a 
500 rob trough and associated surface cyclonic 
storm system are west of the mountain range. 
When the 500 rob trough and associated surface 
storm system are east of the Continental 
Divide, greater amounts of precipitation 
relative to the lowest elevation western 
slope precipitation sites are observed near 
or on the east side of the ridge line. 

The results of this study present a detailed picture 

of the mountain precipitation patterns that are associated 

with variations in meteorological parameters and synoptic 

weather patterns. Knowledge of the variations in the 

precipitation patterns over a single mountain range can 

lead to a better understanding of the total precipitation 

picture over mountainous regions. 
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APPENDIX I 

EXAMPLE OF AN INTERPOLATED PROFILE ACROSS A 
NORTH-SOUTH ORIENTED MOUNTAIN 

By using the precipitation ratios given in Table 5, an 

interpolated profile can be calculated across a north-south 

oriented mountain similar to Vail Pass. An example of this 

is as follows: 

Wintertime precipitation values were obtained at three 

sites across the profile to be calculated. The profile 

extends from 6,000 feet msl on the western side up to the 

crest at 10,000 feet msl and down to 7,000 feet msl on the 

eastern side. 

The observed precipitation amounts at 6,000 and 7,800 

feet msl on the Western Slope were 9.70 inches and 22.30 

inches respectively. An amount of 10.20 inches was observed 

at 7,000 feet msl on the Eastern Slope. 

From the precipitation ratios across the east-west 

profile (Table 5) the interpolated ratios for the elevation 

for which precipitation observations are available include 

the following: 

Preci;eitation Observed 
Ratios Preci;el.tation 

6,000 feet W = 1.325 9.70 inches per 
season 

7,800 feet W 2.610 22.30 inches per 
season 

7,000 feet E = 1. 417 10.20 inches per 
season 

Total 5.352 Total 42.20 inches 

Average 1. 784 Average 14.07 
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By dividing the average observed precipitation by the 

average precipitation ratio, a multiplication factor can be 

determined. For this example the multiplication factor is 

14·~~7~~ches = 7.887 inches. The multiplication of this 

factor times the precipitation ratio for each elevation will 

give the interpolated values of precipitation for the 

elevations within the profile. The complete profile is as 

follows: 

Precipi-
tation Multiplication 

Profile Ratio Factor Profile 

6,000 feet W 1. 325 Use observed 9.70 inches 
Precipi tation 

7,000 feet W .850 times 7.887 inches 6.70 inches 
8,000 feet W 3.050 times 7.887 inches 24.05 inches 
9,000 feet W .300 times 7.887 inches 33.91 inches 

10,000 feet W 5.925 times 7.887 inches 46.73 inches 
8,500 feet E .775 times 7.887 inches 6.11 inches 
7,500 feet E 1. 200 times 7.887 inches 9.46 inches 
7,000 feet E 1. 417 Use observed 10.20 inches 

Precipi tation 

Since the crest of the interpolated mountain barrier 

is lower than 10,500 feet, the Western Slope elevation 

average relationship should be used in this and similar 

cases as the most representative relationship for the crest. 

It is not intended that these relationships or interpolated 

profiles be extended above 10,500 feet for the east-west 

profi Ie. 

An estimated precipitation profile can be calculated 

from a single precipitation observation within the elevation 

range of the profile. A much better estimate of the profile 

will be obtained if several precipitation observations are 
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used to derive the multiplication factor on which the 

estimated profile is based. 
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