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Abstract:
The relationships between mountain snowpack accumulation and terrain and meteorologic parameters
were investigated in three separate mountain areas in Southwestern Montana.

Parameters of elevation, aspect, slope, geographic location, and degree of potential windiness were
determined for each sampling site in the three study areas. These were used as terrain/meteorologic
parameters in the data analysis. Snowpack variables measured were snow depth and water equivalent.

Statistical treatment of the data was performed through use of simple correlation and multiple linear
regression analyses, and by principal component analysis. Snow depth was used as the snowpack
variable throughout all analyses. However, a very high simple linear correlation consistently existed
between the snow depth and water equivalent, and it is concluded that results of the statistical analyses
apply equally to water equivalents.

In the Bangtail area of the Bridger Range, elevation was generally the most important variable in
explaining variance in snowpack depth.

The potential windiness parameters used were usually second in importance in explaining the depth
variance. Southwest winds are known to dominate in the area, and exposure to the southwest quadrant
was the most significant of all the potential wind variables. Aspect, slope, and location parameters were
generally not effective in explaining the variance in snowpack depth.

Variations in snowpack depth at the Carrot Basin area of the Madison Range, and the Cooke City area
of the Beartooth Range were largely explained by the elevation parameter. Wind effects in both areas
were unimportant. Lack of wind effects is attributed to effective blocking by upwind ranges, and by
location of sampling sites in sheltered valley floor positions.

Comparisons between the individual study areas revealed that total snow amounts received were quite
comparable. Differences in snow on the ground at 8000 feet MSL in late March and early April were
less than the annual variations experienced by the areas. However, comparison of snow depth gradients
from 7000 to 8000 feet MSL revealed a high degree of variability in both space and time.

Due to the high correlation coefficients between snow depth and water equivalent it is suggested that
networks of aerial snow depth markers could provide accurate water content estimates in any of the
three mountain ranges, if index density values were available. 
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ABSTRACT

The relationships between mountain snowpack accumulation and 
terrain and meteorologic parameters were investigated in three separate 
mountain areas in Southwestern Montana.

Parameters of elevation, aspect, slope, geographic location, and 
degree of potential windiness were determined for each sampling site in 
the three study areas. These were used as terrain/meteorologic 
parameters in the data analysis. Snowpack variables measured were snow 
depth and water equivalent.

Statistical treatment of the data was performed through use of 
simple correlation and multiple linear regression analyses, and by 
principal component analysis. Snow depth was used as the snowpack 
variable throughout all analyses. However, a very high simple linear 
correlation consistently existed between the snow depth and water 
equivalent, and it is concluded that results of the statistical 
analyses apply equally to water equivalents.

In the Bangtail area of the Bridger Range, elevation was generally 
the most important variable in explaining variance in snowpack depth.
The potential windiness parameters used were usually second in 
importance in explaining the depth variance. Southwest winds are known 
to dominate in the area, and exposure to the southwest quadrant was the 
most significant of all the potential wind variables. Aspect, slope, 
and location parameters were generally not effective in explaining the 
variance in snowpack depth.

Variations in snowpack depth at the Carrot Basin area of the 
Madison Range, and the Cooke City area of the Beartooth Range were 
largely explained by the elevation parameter. Wind effects in both 
areas were unimportant. Lack of wind effects is attributed to effective 
blocking by upwind ranges, and by location of sampling sites in 
sheltered valley floor positions.

Comparisons between the individual study areas revealed that total 
snow amounts received were quite comparable. Differences in snow on 
the ground at 8000 feet MSL in late March and early April were less than 
the annual variations experienced by the areas. However, comparison of 
snow depth gradients from 7000 to 8000 feet MSL revealed a high degree 
of variability in both space and time.

Due to the high correlation coefficients between snow depth and 
water equivalent it is suggested that networks of aerial snow depth 
markers could provide accurate water content estimates in any of the 
three mountain ranges, if index density values were available.



I. INTRODUCTION

General

This study presents an analysis of mountain snowpack accumulation 
in relation to terrain and meteorological variables. The field 
investigations were conducted in three mountainous areas of differing 

morphology in southwestern Montana. Terrain and meteorologic parameters 
includes elevation, aspect, degree of slope, location with respect to 
upwind mountain barriers, and degree of exposure to wind. Snowpack 

accumulation was measured in terms of snow depth and water equivalent.. 
Sampling sites in each of the three study areas were established to 
encompass as wide a range of these variables as practical.

Need for Investigation
Present knowledge of the interrelationships between snowpack and 

terrain is limited. Review of the literature supports the conclusions 
of Cooper and Jolly (1969) who stated, "Little is known about the 
spatial distribution of mountain snowpacks in relation to topography, 
exposure, wind, and total snow amount, except that the distribution is 
markedly non-uniform." Several prior studies have utilized data from 
the Federal-State-Private Cooperative Snow Survey network, which is 

comprised of some 1400 snowcourses in the Western United States and 

Canada. These data are routinely collected by the various cooperating 

agencies to provide predictive indexes for runoff and flood forecasts.
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These snow sampling sites are not entirely representative of conditions 
in the typical high mountain environment. A very limited number of 
sites, generally around the perimeter of major mountain masses, may be 
used to index a large accumulation area and, with the exception of 
elevation, the sites are selected to be as uniform as possible. Sharp 
declivities, heavily forested areas where significant interception 
losses may occur, and areas likely to be subject to wind redistribution 
of snow are generally avoided.

An improved understanding of the distribution of the seasonal 
mountain snowpack with respect to terrain and meteorological variables 
could have important applications in future water resources management 
and recreational planning efforts.

The importance of maximizing use of available water resources is 
rapidly increasing in this country and elsewhere. Rapid population 
growth, particularly in urban areas, and associated industrial and 
agricultural expansion have already depleted available water supplies 
in certain areas of the United States. It is estimated (Holburt, 1970) 
that major water shortages will develop over the entire Colorado River 
before the turn of the century. Water supply deficiencies in the near 

future have also been forecast for the Upper Missouri, Great Basin, and 
South Pacific watersheds (Plan to Develop Technology for Increasing 
Water Yield from Atmospheric Sources, 1966). All of these areas have a 

common dependence on melt runoff from high mountain snowpacks for a
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major portion of their water supply. For example, an appraisal of the 
Missouri River near Sioux City, Iowa (Missouri: Land and Water, 1953)?
indicated that approximately 50$ of the water flowing past that point 

had its origin in the mountainous areas of southwestern Montana and 
northeastern Wyoming.

Weather modification programs aimed at increasing the high eleva
tion snowpack will probably soon be operational in many areas of the 
western United States. Ability to accurately predict the final distri
bution of resulting additional snowfall would be of benefit in water 
resources management programs. Increased knowledge of the development 

patterns of various types of snow accumulation zones as related to 
increased snowfall is necessary in predicting possible ecological 

effects which may result from widespread winter orographic weather 

modification programs.
Development of improved forestry practices to increase snow 

storage and runoff from timbered areas could' also benefit from 

additional information on the relationships between topography, forest 
cover, and wind effects. Knowledge of natural variability of snow 
distribution could be applied in selecting a timber management program 

most suitable for a particular area in terms of both water resources 
and sustained yield of forest products.

The advent of reliable remote sensing and telemetry equipment 

capable of long period unattended operation has made it possible to
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obtain hydrologic data from areas which are inaccessible during the 
winter months. High unit costs for equipment of this type make it 
imperative that each remote station be located in as representative a 
site as possible. Improved understanding of terrain-snowpack relation
ships would aid in selection of the minimum number of sites which would 
most accurately index the snowpack distribution in all reaches of a 
mountain watershed. The resulting data would allow more accurate 
prediction of volume and rate of Spring runoff and subsequent improve
ment in operation of flood control and water storage impoundments.

Winter recreation has become an important economic aspect of the 
mountainous areas of the West. Selection of potential recreation sites 
and construction of ski lifts and access roads demand more adequate 
knowledge of snow distribution in relation to terrain and meteorologic 

variables.

Scope of the Study

This study was undertaken to investigate the distribution of the 
mountain snowpack during the winter accumulation season, and to relate 

this distribution to the parameters of elevation, aspect, degree of 
slope, location in relation to upwind ranges, and degree of exposure to 

prevailing winds. y
Investigations were conducted at sites selected in the Bridger,’ •

Beartooth, and Madison Ranges of southwestern Montana to determine if 

consistent relationships between snowpack accumulation and terrain
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and meteorological variables could be developed using data from areas 
differing in geographic location and physiography. Field data were 
obtained during three winter seasons to test the consistency of these 
relationships from year to year.



II. REVIEW OF THE LITERATURE

Relationships between the snowpack and terrain variables have been 
a subject of continuing scientific interest in the United States since 
early in the Twentieth century. Demands for improved predictors of 

streamflow resulting from snowmelt, and increased awareness that 

forestry practices can alter watershed runoff characteristics have 
stimulated much of the research into snowpack-terrain relationships in 
the western states.

Snow surveys in the United States were first initiated in the 
Sierra Nevada region of California following the development of the 
Mount Rose snow sampler by J.E. Church in 1904 (Church, 1933)® The 
development of this instrument allowed field personnel to make rapid, 
accurate measurements of the water content of the snowpack for the 
first time. From his early pioneering work, Church concluded that the 

snow water content increased with elevation on the windward side of 
the Sierras. He attributed this to the effects of increased wind 

action at higher elevations packing the snow into high density drifts 

above the tree line (Church, 1933)* Church was also the first to 
postulate that the "ideal” forest from the standpoint of water storage 

was one which contained a large number of open glades which would 
reduce interception and serve to trap snow (Church, 1912).

Comparative studies by Bates and Henpy (1928) of two small 
watersheds near Wagon Wheel Gap, Colorado, established that a clear-cut



watershed generated a larger volume of runoff than one which remained 
in its natural state. Runoff was observed to be generated earlier in 
the melt season in the denuded watershed, and the rate of erosion was 
greatly accelerated in comparison to the uncut watershed.

Gonnaughton (1935) compared runoff produced from five study areas 
in the Boise River watershed in central Idaho. All study plots were 
in mature stands of ponderosa pine and were similar in terrain charac
teristics except for degree of forest cover. Maximum water yields were 
consistently obtained from a clear-cut area. The snow catch in 
timbered areas was observed to be less than in open areas, and this 
difference was attributed to interception losses. Although timbered 

areas stored less snow than open areas, they retained snow longer into 
the melt period.

A graphical correlation technique for estimating missing precip

itation data in western Colorado was developed by Spreen (1947).
Using eleven years of historical data for 32 precipitation stations, 
winter precipitation was graphically related to topographic parameters 
of elevation, slope, exposure, and orientation of the greatest exposure 
A linear correlation of .86 was obtained from a comparison of actual to 

estimated precipitation using the four variables. No attempt was made 
to evaluate the magnitude of the contributions of individual parameters

Wilm (1948) presented results from several-plot studies conducted 
in the Fraser Experimental Forest in Colorado. Twenty plots having an
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area of five acres each were subjected to varying degrees of thinning, 
after several years of control observations. Open areas were found to 
accumulate more snow than heavily forested plots. However, all plots 
reached the end of the melt season at approximately the same time and 
no retention of snow in the forested areas was observed. Exposure of 
plots to radiation was important during the melt period, but had no 
discernable effect during the accumulation season.

Haupt (1951) made a three year study of 256 sampling points in 
uneven-aged virgin ponderosa pine in the Boise Basin Experimental Forest 

in Idaho. Sampling locations covered a wide range of slope aspects and 
tree cover, but were limited to an elevation range of 4000 to 5000 feet 
MSL. Openings in the timber on north facing slopes having a diameter 
greater than 60 feet were found to be most effective in accumulating 
and retaining snow.

Two thinning treatments in young lodgepole pine stands in the 
Fraser Experimental Forest of Colorado were studied by Goodell (1951). ’ 
They produced significant increases in snowfall accumulation and volume 
of spring melt. During the three years after thinning treatments were 
performed, a snowpack increase averaging 20$ was observed in the thinned 
areas. The eighteen experimental plots were selected to obtain a wide 

distribution of slope, aspect, and stand density, but none of these 
factors apparently produced any noticable effect during the accumulatidn •
season



The Corps of Engineers (1951» 1953» 1956) carried out experiments 
at the Central Sierra Snow Laboratory (CSSL) in California, and at the 
Upper Columbia Snow Laboratory (USCL) in Montana for a period of several 
years. These were analyzed to determine the effects of terrain charac

teristics on snow accumulation. Terrain parameters considered were:
(l) elevation, (2) slope, (3) aspect, (4) curvature of the slope in the 
vicinity of the site, (5) exposure, and (6) canopy cover within a radius 
of approximately 400 feet of the site. Multiple linear regression 

analysis of data from the CSSL study area showed that 58$ of the snow- 
pack water equivalent variance could be explained using all variables. 
However, in general only elevation, aspect, and exposure were statis' \ * I '"f"" .. -- — J11111 ̂ ----I. . . II ... --- —-----
tically significant. Of these, elevation produced the largest effect 

with an increase of approximately I to 2.5 inches of water equivalent 
per 100 foot increase in elevation. It should be pointed out that 

these studies were carried out over a relatively narrow range of 
terrain conditions, and that variables were not always adequately 
sampled due to the physical characteristics of the study areas. For 
example, the majority of the steep slopes at CSSL had only southerly 
exposures. Also the CSSL portion of the study utilized data from only 

21 to 36 individual snowcourses depending on the year of the study, 
while the snow sampling network in the USCL contained only 17 

snowcourses. Due to the lack of comprehensive data it was concluded ,/
that it was probably not valid to apply the quantitative relationships
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developed to other areas®

Anderson and Pagenhart (1957) used water equivalent data from the 
32 CSSL snowcourses of 1950-1951 to investigate the effects of terrain 
and forest characteristics on snow accumulation® Terrain variables 
utilized were: (l) elevation, (2) curvature, (3) exposure, (4) average
incoming shortwave radiation, (5) slope., and (6) aspect. Forest 
characteristics considered were: (l) shade, (2) shelter from wind by 

adjacent trees to the south, and (3) shelter from wind by trees within 
one-quarter mile south of the sites. Multiple regression analysis 
showed that 62$ of the April 10 variance in water equivalent values 
could be explained using all variables® The solar radiation term was 
more effective in explaining variance than the inclusion of both slope 

and aspect, and a 24$ increase in explained variation was attributed to 
the inclusion of the forest characteristic terms. The snowpack water 

equivalent was found to increase with elevation and with protection by 

heavy cover some distance to the south. Decreases were observed in ■ 
areas having large amounts of incoming solar radiation, and in locations 
having tree cover immediately adjacent to the site.

Leaf (1962) investigated the characteristics of reliable snowfall 
sampling sites in the vicinity of Climax, Colorado. Snowboard, 
snowcourse, and precipitation gage data were analyzed using double mass 

plots and multiple regression techniques. The most favorable sites for 
obtaining representative snowfall data along the 33 .snowboard network
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ve re protected from storm winds by trees, with an angle from the 
sampling point to the treeline of approximately 10 degneaa^ An almost 
linear relationship between elevation and snowpack water equivalent was 
observed.

An intensive investigation of the relationships between snowpack 

water equivalents and terrain variables of elevation, aspect, and canopy 
cover was conducted by Packer (1962) in the Priest River Experimental 
Forest of northern Idaho. Water equivalent measurements during the 

accumulation season were made at approximately 10 day intervals at 273 i'
stations in 19^9, 408 stations in 1950, 370 stations in 1951> and 191 
sites in 1952. Curvilinear multiple regression analysis indicated that 
elevation had the greatest effect on the water content of the snowpack.
The water equivalent consistently increased with elevation in a curvi

linear manner. Sites with northerly aspects accumulated more snow than 
did those on south facing slopes; however, the differences may have 
been largely due to melt effects. Canopy cover had the least effect, 

and differences were felt to be largely due to interception losses, as 

larger openings accumulated more snow than small ones.
Anderson and West (1965) made a detailed study of data from 163 

snowcourses in the central Sierra Nevada region of California using 
both factor analysis with varimax rotation and principal components 
analysis. Terrain variables were—cong-iHered on both a meso and micro 

scale. Meso-terrain variables measured included parameters of:
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(l) topographic shade, (2) forest density within one mile of the site, 
and (3) position of the site with respect to surrounding topography. 

Micro ,features at the sites included: (l) elevation, (2) slope,
(3) aspect, (4) canopy cover, (5) tree height, and (6) location of the 
snowcourse within a forest or clearing. Three years of data were used 
in the analysis and the following general conclusions were reached:

(1) Water equivalent of the snowpack increased with elevation.
(2) Snowcourses with mid-slope positions accumulated more water 

than ridge or valley bottom locations.

(3) Large openings contained more snow than smaller ones, 
particularly at high elevations in heavy snow years.

(4) Immature tree stands had more snow trapped under them than 
did mature stands, particularly in low snowfall years.

(5) Tree species had a definite effect. Red fir stands consis
tently accumulated more snow than lodgepole or ponderosa pine 

stands.
Snow accumulation in clear-cut blocks ranging from 5 to 20 acres 

in size were studied in the Big Horn Mountains of Wyoming by Berndt 
(1965)0 Maximum water equivalent of the clear-cut blocks was observed 
to be 40$ greater than the uncut blocks. Snow which accumulated in the 
clear-cut areas melted sooner than that in the undisturbed forest, and 

it was concluded that clear-cut blocks smaller than five acres would be 

necessary to provide both increased accumulation and delayed melt.
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Stanton (1966) investigated differences in accumulation in forested 
and clear-cut areas of the Growsnest Forest of western Alberta, Canada* 
Clear-cut areas were found to have 3 to 36$ more snow than forested 
control areas. Melt was observed to take place more rapidly on the 
clear-cut blocks. Accumulation patterns on north facing slopes showed 

an increase in water content of 1,5 inches per 100 feet of elevation.
An interesting study on interception losses in Colorado was 

conducted by Hoover and Leaf (1966) in the Fraser Experimental Forest. 
Observations made during the winters of 1963-64 and 1964-65 indicated 
that mechanical processes may dominate over vaporization in removal of 
intercepted snow. It was found that in the absence of riming, inter
cepted snow was not firmly attached to vegetative surfaces, but instead, 
merely rested gently upon them. Any mechanical disturbance of the trees 

through wind action tended to remove the intercepted snow from the 
branches and redistribute it through the forest. Reevaluation of data 
from the Wagon Wheel Gap and Fool Creek Watershed studies indicated 
that strip or clear-cutting practices had not increased the total snow 
storage on the watersheds. Instead, the distribution of the snowpack 
was altered, while the total amount remained approximately the same.

It was concluded that losses through sublimation or evaporation of 

intercepted snow were insignificant. Hoover and Leaf attributed the 

differences in snow accumulation in forested and open areas to the 
effectiveness of open strips in trapping snow transported from forested
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arease They theorized that before cutting, wind action tended to 
distribute intercepted snow quite uniformly throughout the forest, but 

opening of strips or clear-cut blocks created effective snow traps«
Observations were made in the Beaver Creek watershed in north- 

central Arizona by Ffolliott and Hansen (1968) to determine how snowpack 
accumulation was affected by elevation, timber stocking, and potential 
insolation. As in other studies, snow accumulation was found to 
increase with: (l) elevation, (2) open rather than dense stands, and

(3) sites with low potential insolation.
Meiman (1969) summarized a considerable number of prior investi

gations in his review of the relationships between snow accumulation 
and elevation, aspect, and forest canopy. He concludes that elevation 

.is the most important factor in explaining snowpack accumulation 
differences, although great variability between individual study areas 

is noted. Effects of aspect seemed to be confined to influencing melt, 
and timber management practices which reduced canopy cover consistently 
produced increases in snowpack accumulation.

Summary
The literature surveyed suggests that the following generalized 

conclusions can be made regarding the interrelationships between the 
snowpack and terrain factors:

(l) The snowpack increases with elevation in a linear or 

curvilinear manner depending on the particular study
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area. Elevation is the single most important terrain factor 
in explaining variation in mountain snowpack distribution.

(2) Openings in forests, whether natural or the result of timber 
harvesting practices, contain more snow than the forest 
proper. The majority of authors attribute this difference to 

losses by sublimation or evaporation of intercepted snow on 
the forest canopy. The study by Hoover and Leaf, however, 

strongly suggests that wind redistribution is largely 
responsible for the observed distribution, and that losses by 
vaporization are of minor importance. Studies which indicate 

that protection from storm winds is an important factor in 
explaining snow accumulation tend to support Hoover and Leaf's 

conclusions.
(3) Open, or sparsely stocked forest areas, generate a greater 

volume of melt per unit area and do so earlier in the year 
than heavily forested tracts. This is apparently due to 
several separate factors including: (a) the increased amounts 
of direct solar radiation reaching the snowpack in open areas, 

(b) the smaller water deficit in soils underlying clear areas, 

and (c) the fact that evaporative losses are reduced when the 
rate of melt is accelerated.

(4) Sloping areas with northerly aspects tend to accumulate moreI
snow and retain this snow longer into the melt season than do
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south-facing slopes. These differences are largely attrib
utable to the amounts of solar radiation received. In some 

studies melt on south-facing slopes may have occurred at 
intervals during the accumulation season.



III. DESCRIPTION OF STUDY AREAS AND SAMPLING PROGRAM

General

Three areas were selected for study to determine if the interrela

tionships between the snowpack and other measured variables were consis
tent over mountain ranges differing in location and terrain features. 
Locations were selected in the Bridger9 Madison9 and Beartooth Ranges 
of southwestern Montana (Figure i) during the fall of. 1967. Each of 

the areas was within reasonable traveling distance of Bozeman9 and 
offered a sufficient diversity of terrain to allow selection of a wide 
sample of terrain parameters for study.

Bangtail Area of the Bridger Range

Location and general description. The Bangtail area of the Bridger 
Range (Figure 2) is a secondary range lying approximately six to eight 
miles east of the main ridge crest of the Bridger Mountains.. The study 
area lies 12 to 18 miles north and east of Bozeman9 and is bounded on 
the north and east by latitude 45° 53% longitude 110° 45% and on the 

south and west by latitude 45° 41% longitude H O 0 53% Maximum relief 
within the area is 2600 feet, and local relief is moderate allowing 
reasonable summer travel throughout the area by truck or trail cycle, 

and winter travel by snowmobile. A curving ridge which dominates the 

area extends southeast from Grassy Mountain to the Bangtail Ranger 

Station9 then turns south to Angel benchmark and west towards School
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FIGURE I

Study Area Locations

Cooke City Area of 
the Beartooth Range
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figure 2

Bangtail Area of the Bridger Range

Scale 1:250,000
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Gulch Creek (See Fig. 2). Tree cover is extensive, particularly on 
north-facing slopes, but many small clearings and bare windswept ridge 
areas exist. Sampling locations (Fig. 2) lie generally on an east-west 
and a north-south line following the best access route's into the area. 
Much of the land is under the control of the U.S. Forest Service,, and a 
cooperative agreement between that agency and ,Montana State University 

was made which allowed unrestricted use of Forest Service facilities in 
the area.

Site selection and sampling program. Preliminary site selections 
were made during the fall of I967, and in January of 1968 a network of 
98 sampling points was established. This network occupied a generally, 
north-south line extending from the Leffingwell Ranch on Miles Creek, 
south to Jackson Creek, and paralleling the existing jeep trail. Sites 
selected along this route gave a good distribution of all terrain 
variables with the exception of distance east of the Bridger Ridge.

Open lowland areas, windscoured ridges, small clearings, and heavily 
forested areas varying widely in elevation, slope, aspect, and degree 
of exposure to wind were all represented. In order to minimize field 

sampling time, 23 sites were designated as "snowcourses" where core 
samples were taken to obtain snow depth, water equivalent, and density 

data. The remaining 75 sites were established as "depth stakes" and 
only snow depth measurements were made at these locations. Each 
sampling site was marked with a bamboo .pole, and the location.
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elevation, aspect, slope angle, and "wind factor rating" were determined. 
Snowcourse and depth stake locations were sampled during the months of 
January, February, March, and April of 1968, A total of 363 samples 
were obtained for the year, some sites not being accessible during 
certain sampling periods due to poor traveling conditions.

All sites were field checked in the fall of I968 and sites to which 
travel had been excessively difficult, or which were otherwise deficient 

for sampling purposes were eliminated. Many of the sites that had been 

used were selected after the snowpack was well developed, and inspection 

under bare ground conditions revealed certain sites which were not ideal 
for sampling. Characteristics of sites which were eliminated on this 
basis were.: (l) presence of excessive micro-relief on the ground

surface which might lead to errors in snow depth measurements,
(2) presence of large amounts of sagebrush at the sampling point over 

which snow could "bridge" and give erroneous measurements, and
(3) presence of very rocky ground which would prevent obtaining a plug 
of earth in the end of the core tube when sampling. Development of a 
weather observatory and snow study facility (the Bangtail Mountain 
Observatory), and of a second winter access route up Olson Creek led to 
the expansion of the sampling network to obtain a better east-west 

distribution of sites. The majority of points along the existing north- 

south line were retained. In all, a network of 93 sites was selected 

for use during the winter of I968-69. ,These sites were core sampled

<7
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during January and March of 1969» Availability of good snowmobile 
service facilities and reasonable overnight accomodations at the 
Bangtail Mountain Observatory made it possible to core sample the entire 
network without spending undue field time.

No changes were made in the sampling network during the fall of 

1969» and all 93 sites were sampled in early February and late March of 
1970. During the fall of I969 and the spring of 1970 panoramic site 
photographs were obtained at all the existing sampling locations in an 
attempt to develop an improved exposure rating system. Travel in the 

area by snowmobile was generally feasible, although heavy low density 
snowfalls occasionally precluded travel to certain portions of the 
sampling network.

Climate. Throughout the study years, snowfalls generally began in 
late September or early October, although periods of snow melt fre

quently existed between storms until November. Snow melt usually began 
in mid-April and large drifts commonly lasted well into July. The area 
received several occurrences of very strong winds during all study 
years, and extensive redistribution of snow was observed to take place 
during these events. ■ Many large lee drifts form in the area, and 
exposed ridges are commonly swept bare of snow.

Precipitation and temperature data from the nearest National 

Weather Service Climatological station (Bozeman I2NE) are summarized in 

Figure 3 and Table I. This station is located on the,western boundary
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figure 3

Average November through April Precipitation 
for the Period 1950-51 to 1969-70 

Bozeman 12 NE, Montana

20 Year Aveu u

O c 15•H H

TZl I I I rn I TZTZToo o> O
on vf co on

m  m  VO vO vD vD
C n ON C n On C n On
r-4 r—< r— I r—4 i— I r—I

OmON



of the study area at an elevation of 5950 feet (See Fig. I).

Table I. Bozeman 12 NE, Montana. Average Precipitation and Temperature 
for the Six Month Period November-April, and Departures froin the 20 Tear 
Normal

1967-1968 1968-1969 ■ 1969-1970

Precipitation
(inches)

20.22 (44.51) ' 14.18 (-1.53) 21.71 (+6.00)

Temperature
(0F)

24.8 (-1.3) 23.0 (-3*1) 26.2 (+0.1)

During two of the study years, 1967-68 and 1969-70, precipitation 
received for the November through April period was considerably above 

the 20 year average. The record high precipitation amount occurred 

during the 1969-70 season, and second highest amount on record was 
recorded in 1967-68. Precipitation during the middle year of the study 

period, I968-69, was approximately 9*7$ below the 20 year average.
Average temperatures for the November through April period were 

somewhat below normal for the three years of study. The lowest snow
fall year, I968-69, also coincided with the greatest departure from the 
20 year average temperature.

Records from a Soil Conservation Service snow pillow located just 
west of the study area are presented in Figure h. The elevation of the 

pillow site (6,310 feet MSL) corresponds closely to that of the lowest 
sampling points in the area. It can be seen that although accumulation
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figure 4

Snow Pillow Data 
Water Years 1968-1970 

Maynard Creek, Montana

1968
1969
1970

June
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is fairly constant, some losses occasionally occur before the spring 
melt season is reached. These are probably due to intermittant periods 
of snow melt, but might also be a result of wind erosion of snow at the 
site.

Carrot Basin Area of the Madison Range

Location and general description. The Carrot Basin area lies in 
the eastern foothills of the Madison Range of southwestern Montana 
(Fig. 5 ). The study area is bounded on the north and east by latitude 
44° 06*, longitude Iii0 12*, and on the south and west by latitude 45° 
56*, longitude Ili0 24*. Access was made up the Taylor Fork road from 
U.S. Highway 191, approximately 65 miles south of Bozeman. The Wapiti 

Ranger Station provided a base of operations during all sampling trips 

into the area.
The area is gently rolling with many broad open meadows alternating 

with heavily forested slopes. Relative ease of winter travel made it 

possible to obtain a good areal distribution of sampling sites. Eleva
tions within the sampling network ranged from 6600 feet on the lower 
Taylor Fork to approximately 9200 feet in the upper reaches of Carrot 
Basin:proper. The area is notably free of signs of severe wind action, 
with the exception of one heavily drifted area at about 85OO feet west 
of the intersection of Sage and Little Sage creeks.

Site selection and sampling program. Several reconnaissance visits

f
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FIGURE 5
Carrot Basin Area of the Madison Range

Scale 1:250,000
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were made to the area during the fall of 196?» and a network of 19 snow- 
courses and 30 depth stakes was established and sampled during January
of 19680 Sites at that time were limited to the area bounded by Sage

.
Creek, Wapiti Creek, and the Taylor Fork of the Gallatin Rivere 

Sampling trips were also made during the months of March and April 1968, 
and a total of I38 samples were obtained for the yeare Travel conditions 
and disappearance of a few of the bamboo marker poles precluded complete 
sampling of the network during all months«

Following several preliminary site evaluation trips in the fall and 
early winter of 1968, a revised and expanded network of 93 sites was 
established and core sampled in February of 1969. A considerable number 

of revisions were necessary to relocate existing sites in areas more 
favorable for sampling purposes. Areas with heavy sagebrush cover, 
excessive micro-relief, or with very rocky soil were again eliminated*
A better areal distribution of sites was obtained by expanding the net

work into the upper Taylor Fork and Cache Creek areas. The area was 
sampled for a second time in early April 1969. However, due to the 
extremely low strength of the basal snow, collapse conditions prevailed 
over portions of the area making travel by either snowmobile or snow- 

shoes impractical. The weight of a man on snowshoes was sufficient to 
cause basal collapse which left the wearer with his snowshoes on the 

ground while he was waist deep in the snow. A total of 52 sites were 

sampled during this sampling period.



The network was unchanged during the 1969-70 season, and after 
reestablishing the sites and obtaining panoramic photographs of the 

high elevation portion of the network in the fall, the area was core 
sampled throughout in early April of 1970«,

With the exception of one season of extreme spring collapse 
conditions, and some difficulty negotiating the one heavily drifted 
area near Sage Basin, travel conditions in the area were generally 
excellent.

Climate. Light snowfalls, which often melted and caused extremely 
slippery travel conditions for wheeled vehicles during fall reconnais
sance visits, generally began in September and extended into October.
By early November the seasonal snowpack was well established and snow 
melt rarely occurred.

Accumulation in the lower elevation portions of the network • 
continued until the onset of melt in early April. Maximum snowpack 

development in the upper reaches of the area, as measured by a U.S. 
Forest Service snow pillow at 9000 feet, did not occur until late April 
during all study years.

Evidences of major wind redistribution of snow were minimal in the 
majority of the research area. No widespread occurrences of even 

moderately well developed surface scour features, or of extensive lee 

drifting were observed on any of the sampling trips with the exception , 

of sites in the vicinity of Carrot and Sage Basins. Both these areas

-29-
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have little protection from strong winds and large lee drifts behind 
terrain and vegetative obstructions were .always observed. Large cor
nices were consistently developed on the lee side of the steep ridge 

leading to Pica Point, indicating that snow redistribution is common in 
that area.

The closest Climatological station is approximately 7 miles west of 
the Sage Basin portion of the network at Hebgen Dam. Station elevation 

is 6489 feet which corresponds closely with the elevations of sampling 
points along the lower portion of Taylor Fork. Winter precipitation and 

temperature data for the 20 year period 1950-51 to 1969-70 are summa
rized in Figure 6 and Table 2. ,

Table 2. Hedgen Dam, Montana. Average Precipitation and Temperature 
for the Six Month Period November-April, and -Departures from the 20 Year 
Normal

1967-1968 1968-1969 1969-1970

Precipitation 
(inches)

16.82 (+1.13) 19.99 (+4.30) 17.13 (+1.44)

Temperature
(0F)

20.6 (-0.1) 21.1 (+0.4) 20.5 (-0.2)

Winter precipitation amounts were above the 20 year average for all 
study years. The greatest departure from the normal occurred during the 

1968-1969 season which is the third highest year on record; Temperature 
departures from the 20 year normal were insignificant during the study
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FIGURE 6
Average November through April Precipitation 

for the Period 1950-51 to 1969-70 
Hebgen Dam, Montana
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period.

Snow pillow records from a U.S. Forest Service site located in a 

small protected clearing on the edge of Carrot Basin are summarized in 
Figure 7=

Accumulation during the three study years was quite continuous 
until the onset of spring melt. No evidences of melt or wind losses 
occurring during the accumulation period are present on the snow pillow 
records.

Cooke City Area of the Beartooth Range

Location. The Cooke City area (Fig. 8) is located in the south

western edge of the Beartooth Mountains, approximately 75 air miles 
southeast of Bozeman. , The sampling network was bounded on the north 
and east by latitude 4-5° 08', longitude 109° 58', and on the south and 
west by latitude 45° 08*, longitude 109° 53'• Sites in the area 
originally ranged from 7^00 to over 10,000 feet, but these were, 

eventually reduced to locations extending from 8000 to 9500 feet. The 
lower portion of the network, south of Lulu Pass and along Fisher and 
Miller Creeks, is one of steep relief with oversnow vehicle travel only 
possible along the valley bottoms. The upper portions of the sampling 

area, extending to Star and Goose Lakes, is moderately open with many 
short steep pitches which make snowmobile travel difficult. Tree line 

is reached at approximately 9600 feet in the vicinity of Star Lake.



33'

FIGURE 7
Snow Pillow Data 

Water Years 1968-1970 
Carrot Basin, Montana
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figure 8

Cooke City Area of the Beartooth Range

Scale 1:62,500



Evidences of severe wind action were never observed within the sampling 
area during any of the sampling trips*

Site selection and sampling program. During the fall and winter of 
1967-68 a network of 31 snowcourses was established under the direction 
of Mr. Donald Alford who was working on this project at the time. Data 
obtained during the course of the winter season were limited and sampling 

was reportedly accomplished with great difficulty due to unusually heavy 

accumulations of low density snow. At this time sampling points were 
dominantly along a line extending from Cooke City to the Goose Lake 

Basin, Mr. Alford was not associated with this program after the spring 
of 1968, and due to uncertainties in the exact locations of sampling 
sites he had selected, it was decided to establish an entirely new 

series ofsampling points. A network of 65 new locations consisting of 
27 snowcourses and 37 depth stakes was established during the fall of
1968, and field data gathered during the previous winter was ignored.
The new sites selected covered as wide a range of terrain variables as 

possible while staying largely within the confines of the Miller and 

Fisher Creek drainages. Sixteen of the new locations were established 
along the route to Star Lake, but it was realized when they were 
selected that travel might be difficult to many of the points is snow 
conditions were not ideal.

Samples at 46 of the new sites were obtained during January of

1969. Heavy snowfalls in the area at the time created severe travel

-35-
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problems and forced discontinuance of the sampling before all sites on 
the route to Star Lake were sampled, A second sampling was made of 52 
of the locations in April of I969, at which time all sites were core 
sampled.

Sites were field checked during the fall of 1969 and panoramic 
photographs obtained for all sampling locations.

The final sampling trip to the area was made in April of 1970 when 

^3 sites were core sampled before the writer suffered a broken ankle in 

a snowmobile accident and was forced to discontinue sampling.

Travel in the area was found to be generally good in the Miller 
and Fisher Creek areas, but exceptionally difficult along the route 
to Star Lake. The area receives very large amounts of low density snow, 
and the capacity of the snowmobiles was often exceeded on the steep 
pitches encountered on the Star Lake trail.

Climate. Fall snow showers started to accumulate on the ground and 

form the base of the winter snowpack during late October in the Cooke 

City area. Records from the Soil Conservation Service Fisher Creek 
snow pillow (9100 feet) for the water years 1968 through 1970 indicate
that by November I, 0.70 to 4.0 inches of water had accumulated at the

'

site. The snowpack continued to develop until melt losses began in 

early to late April at lower elevations, and during early to mid-May at 

the higher elevations.

Snowfall events are frequent.in the area, and often deposit one or
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more feet of low density snow in a single storm*,
The Climatological station nearest the study area was relocated 

during 196? and some data were lost during the transition. Unfortu

nately no overlap period, when both the new and old sites were operated 
simultaneously to establish continuity, seems to have been utilized. 
However, the change in locations was a relatively small one, involving 
only 4 miles difference in horizontal position and 203 feet in the 
vertical, and long term climatic normals have probably not been 
substantially affected. Precipitation and temperature data from the 
Northeast Entrance of Yellowstone Park, approximately 4 miles WSW of 

Cooke City, for the years 1930-66, and from Cooke City for 1968-70 
are summarized in Figure 9 and Table 3» Station elevations for these 

sites are 7350 and 7553 feet, respectively.

Table 3« Yellowstone Park NE Entrance (1950-1966) and Cooke City (1968- 
1970). Average Precipitation and Temperature for the Six Month Period 
November-April, and Departures from the 20 Year Normal

1967-1968 1968-1969 1969-1970

Precipitation Incomplete 12.94 (-0.10) 15,76 (+2.72)
(inches) data

Temperature Incomplete 20.3 (-0.2) 20.5 ( 0.0)
(0F)

Precipitation amounts were above average for the two study years 
for which climatological data are available. During the 1969-1970
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figure 9
Average November through April Precipitation 

for the Period 1950-51 to 1969-70 
Yellowstone Park NE Entrance (1950-67) 

Cooke City (1968-70)
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winter season the third highest amount of precipitation recorded during 
the 18 year period occurred. Data from the Soil Conservation Service 
snowcourse located near the Cooke City Ranger Station indicates that the 
1967-68 winter precipitation was probably very close to the long term 
normal.

Temperature did not depart significantly from the long term average.
Data from a snow pillow located at the Northeast Entrance of 

Yellowstone National Park and operated by the Soil Conservation Service 
are presented in Figure 10.

The elevation of the snow pillow site is below that of the lowest 

sampling point in the area, and no significant melt or wind losses were 
indicated during the study years.
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FIGURE 10
Snow Pillow Data 

Water Years 1968-1970 
Northeast Entrance, Montana
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I V o  M E A S U R E M E N T  O F  S N O W P A C K  A N D  T E R R A I N  V A R I A B L E S

Site Selection

Sampling locations in each of the three study areas were selected 

to obtain as wide a distribution of terrain variables as possible, while 
allowing a reasonable degree of accessibility during the winter months. 

Travel to the sites for sampling purposes was accomplished largely by 
the use of oversnow vehicles, and limitations in the mobility of these 
machines precluded establishment of the sampling points on a completely 
random basis.

Although accessibility was used as a criteria in site selection, 
prevailing conditions made travel to certain portions of the sampling 

networks impractical at certain times during the study years. Large 
amounts of new snow, widespread basal collapse conditions, and heavy 
snowfalls occurring before completion of sampling at a given study area 

were the three types of conditions which most frequently prevented 
complete sampling within available field time.

Terrain Variables

Elevation. Elevations were determined from contour map locations 

of sampling points. Care was exercised in the field to establish map 
locations as accurately as possible, and any questionable sites were 

checked using a Paulin surveying altimeter. . Where necessary, map 

positions were relocated to conform with altimeter readings. U.S.G.S.
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topographic maps (1:62,500) with 80 foot contour intervals were used 
throughout, and elevation accuracy is estimated to be +80 feet.

Aspect. Aspect, here defined as the azimuth direction a slope 
faces, was measured in the direction of greatest slope dip using a 

Brunton pocket transit. Magnetic declination was compensated for, so 
that values obtained were relative to true north. Measurements were 
made in the absence of snow cover.

For purposes of analysis aspect was expressed in degrees going 
clockwise and counterclockwise from North = 0° to South = 180°. This 

establishes a relationship between the slope aspect and the amount of 
direct solar radiation received. South-facing slopes which generally 
receive the greatest amounts of direct radiation were thus assigned 

the highest numerical values. Aspects at a given angle either east or 
west of south should receive similar amounts and are assigned equal 
values. Locations having no slope, and therefore no aspect, were given 
values of 90 degrees. Accuracy of the aspect measurements is estimated 

to be +5 degrees.

Slope. Slope angles, expressed in degrees from horizontal, were 
measured with the inclinometer incorporated in the Brunton pocket 

transit. Measurements were made directly at the sampling points in the 
absence of snow cover. No attempt was made to account for the general 

slope conditions outside of a radius of approximately 50 feet of the



sampling points. Slope accuracy is estimated to be within +2 degrees

Location. Two parameters were used to index the location of each 
sampling site. These were denoted as a distance East and a distance 
North of arbitrary base lines chosen so that all measurements were 

positive. Airline distances from the map base lines to the sampling 
points were measured to the nearest 0.05 mile.

Distance North measurements at the Bangtail area were made from 
latitude 40* I?", and distance East measurements from longitude 

110° 55® ISmO Base lines for North and East measurements at the 
Carrot Basin and Cooke City areas were latitude 44° 55®» longitude 
111° 25®» and latitude 45° OO19 longitude 110° OO19 respectively.

In each of the three areas9 the distance East paramter is an 
approximate measure of downwind distance from a major orographic 

barrier.

Wind factor. In an attempt to estimate the effects of wind on 
snowpack accumulation, two systems of indexing site exposure were 

utilized.
The first is an adaptation ■ of a subjective system developed by 

Brown and Peck (.1962) for selection of precipitation gage sites.
Sampling locations at the three study areas were classified and assigned 
an index number according to the following definitions after Brown and 
Peck (1962): '



Index number Definition
(1) Overprotecteda ■ One or more objects in the vicinity of 

the gage extending an angle of more than 45° in the 
vertical, with that portion of the object or objects 
extending above 45° having a horizontal angle greater 
than 10°.

(2) Well protected. Sheltered in all directions by objects 
subtending angles of 20° to 30° from the gage orifice 
with none greater than 45°, and with objects of suffi
cient breadth to minimize eddy effects» The surrounding 
terrain should provide some protection from the general 
windsb An example of a well protected site is an open 
area in a large coniferous forest, where the vegetation 
provides maximum protection the year around. The gage 
should not be located so that strong winds would be 
funneled into the area by the surrounding terrain.

(3) Protected. Sheltered by the general terrain of the area 
but not fully protected from wind action on the gage by 
objects in the vicinity. The unprotected directions 
should not be in the general direction of the winds 
associated with precipitation.

(4) Fairly-well-protected. May or may not be sheltered by 
the general terrain. Nearby objects provide some pro
tection from winds associated with major storms. The 
precipitation catch would be reduced during snow storms 
with strong general winds.

(5) Moderately windy. Little protection by the general 
terrain. Nearby objects do not have the expanse or 
breadth to’ afford adequate protection from winds during 
periods of precipitation.

(6) Windy. Little or no protection from nearby objects but 
the location may have some protection afforded by the 
general terrain.

(7) Very windy. No protection from the general terrain, or 
the general terrain is such that the location is subject 
to stronger winds than found In the area. Little or no 
protection from nearby objects. Examples would be gages 
exposed on mountain tops or ridges or at the mouth or
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head of canyons where.strong winds might be funneled to 
the site. Both Mwindy" and "very windy" locations have 
very open exposures. The difference is that a "very 
windy" location is subject to adverse effects because of 
the general terrain.

This system is not considered entirely satisfactory due to the 
subjectivity involved in its application. Different personnel applying 
the classification in the field are unlikely to assign the same index 

numbers to all sites, as value judgements are necessary in determining 
various degrees of protection by terrain and vegetative cover. A 
further difficulty in consistent application of this system is that a 

knowledge of wind directions associated with precipitation is assumed. 
This information is often not available in complex mountain areas where 
local topographic influences may modify the general wind flow to a 

considerable extent. However, it was found in practice that different 

personnel rarely assigned index numbers differing by more than one.

Index numbers from this classification, were used in the analysis as the 
"wind factor" variables.

An alternate objective exposure rating system was developed and 

applied on a trial basis to sites in the Cooke City and Bangtail areas 
during the fall of I969.

A sequence of eight photographs, the first orientated North and 

the remainder proceeding clockwise at increments, was taken at each 
site using a tripod mounted 35 mm camera equipped with a wide angle 

lens. Sufficient overlap was obtained to trim and assemble the enlarged
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(4) Exposure: South to West Exp: S-W The percent open area in
the quadrant extending from 
South to West

(5) Exposurei West to North Exp: W-N The percent open area in
the quadrant extending from 
West to North

Sncwpack Variables

Snow depth, average density, and water equivalent were measured as 
snowpack variables using a modified Federal snow sampler (Monson and 
Codd, 196i)o

This instrument consists of a sectional series of aluminum alloy 
tubes which are graduated in one-half inch increments throughout their 

length. The first section of the sampler is equipped with a steel 
cutter point having an inner diameter of 1.485 inches. The main body 
of the tubes above the cutter point is of larger diameter to minimize 
wall friction when a core sample is being obtained. A tubular spring 
scale graduated in units of inches of water is used to obtain water 

equivalent values. The scale used was calibrated and found to be linear 
over a range of 10 to 90 inches of water equivalent.

Measurements were obtained by inserting the sampler smoothly 
through the entire depth of the snowpack until the ground surface was 

reached. The snow depth was then read and recorded to the nearest one- 
half inch. After snow depth was established, the sampler was rotated 
and pushed into the ground^ thus obtaining a plug of earth which 

prevented the core from sliding out of . the tube as it was withdrawn
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from the snowpack. The length of core obtained was observed by 
inspection through slots in the side of the sampling tube. Samples in 
which core lengths were not within six inches of the snow depth were 
rejected. The core length was not ordinarily exactly equal to the snow 
depth as some compaction usually occurs as the sample enters the tube.

The plug of earth in the cutter point was removed and the gross 
weight of the sampler and associated core were measured to the nearest 

one-half inch of water equivalent by weighing. Water equivalent of the 
sample was determined by subtracting the tare weight of the empty 

sampler from the total weight of the sampler and core.
Average density in percent was calculated by dividing the water 

equivalent by the snow depth. Cores were taken and densities calculated 
at each site until three to five samples having a maximum spread in 
density values of no more than 2$ were obtained.

Field studies by Work, et al. (1965) have shown that the standard 
Federal snow sampler tends to overmeasure water equivalents by as much 

as 10 to 12 percent. This is apparently due to the design of the 

cutter point. The samplers used in this study were modified under the 

direction of Mr. P.E. Fames (Snow Survey Supervisor for Montana, Soil 
Conservation Service, Bozeman, Montana) to substantially reduce this
overmeasurement



V, ANALYSIS OF THE DATA

General

Data from the three study areas were analyzed using simple linear 

regression, multiple linear regression, and principal component analysis 

techniques. A high correlation between snow depth and water equivalent 
was found in each of the areas® Results of the statistical treatment of 
the data show that elevation is the primary parameter in explaining 
variance in the snowpack depth. Wind effects were also found to be 
quite significant, but only at the Bangtail area which appears to re

ceive more strong winds than the other two areas. All other measured 
parameters did not significantly contribute to reducing explained 
variance.

Data Samples Utilized in the Analysis
In each of the study areas the largest possible data sample was 

selected for analysis. Changes made in sampling locations following 
the first field season, as discussed in Chapter III, preclude using all 

data collected, as identical sites were not uniformly sampled during all 
study years. All sample groupings used for analysis therefore contain 
the maximum number of sites at which data were obtained during all 

sampling trips for the period of years considered. Also, during the 
first winter of the study (1967-68), water- equivalent data were obtained 
at sites designated as "snowcourses” and only snow depth measurements
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were taken at "depth stake16 locations to reduce the amount of field 
time necessary for sampling. Maximum data samples were therefore ob
tained by utilizing snow depth as the dependent variable throughout the 
analysis.

Two sample groupings were used in analysis of the data for the 
Bangtail area of the Bridger Range, The first (N = 92) represented all 
sites which were sampled during each field expedition of the last two 
years of the study. The second sample (N = 66) utilized all sites at 
which data were consistently collected during all three study years.
The difference in the sample sizes is due to changes in the sampling 
network which were made during the fall of 1968, At that time certain 

sites which were located in areas found to be unsuitable for sampling 

purposes were eliminated, as discussed in Chapter III, Additional sites 
were added along the newly developed access route up Olson Creek,

Two years of data (1969 and 1970) were used for analysis of the 
Carrot Basin and Cooke City areas. Sixty-five sites at which data were 
obtained during each sampling trip during 1969 and 1970 were used for 
the Carrot Basin analysis. Changes were made in the sampling network 
during February 1969, when many of the existing sites were relocated to 
provide more favorable sampling conditions and additional new sites were 
added to the network. These changes precluded use of data from all 
three study years, as the maximum sample ,size obtainable was not large 

enough for proper statistical analysis.



As noted in Chapter III, reliable data were only obtained during 
the, last two years of the study at Cooke City, and the 42 sites at which 
data were consistently collected were used in the data analysis.

Although snow depth was used as the snowpack variable in all the 

data treatments presented, it is felt that conclusions reached apply 
equally well to water equivalent values. A consistently high correlation 
between snow depth and water equivalent was found in each of the three 
study areas when sample networks were entirely core sampled. These 
results are summarized in Table 4.
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Table 4. Snow Depth vs. Water Equivalent

Area Date Linear
Correlation
Coefficient*

Bangtail Jan 69 .98
(N = 92)

Mar 69 &O

Feb 70 %

Mar 70 .99
Carrot Basin Feb 69 .99

(N = 65)
Apr 69 .99
Apr 70 .99

Cooke City Apr 69 ,99
(N = 42)

Apr ?0 .96
*A11 significant at the 1$ level.
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Variables Considered in the Analyses

A total of 12 variables were initially considered in the analyses
of the data. These were:

I. Snow depth
2© Elevation

3. Aspect
4. Slope

5» Distance North

6. Distance East

7. Wind Factor
8. Exposures North to East

9» Exposure: East to South
O Exposure; South to West

11.. Exposure: West to North

12. Exposure: Average of all

These variables are discussed in detail in Chapter IVe 

Statistical Techniques Utilized

Linear correlation analysis. As a preliminary step, simple linear 
correlation coefficients between snow depth and each of the remaining 

11 variables were computed for the sample groupings from each study 

area. Variables having correlation coefficients significant at the 5$ 

level for data from two or more sampling trips to a particular area



were retained for further analysis= Any variables not meeting this 
criterion were eliminated from further consideration.

Curvilinear correlation. The possibility that the variables 
utilized might be related to snow depth in a curvilinear rather than a 

linear manner was given careful consideration prior to the major portion 
of the data analysis. Inspection of scatter diagrams of the independent 
variables plotted against snow depth revealed that some small degree of 
curvature was often present, but that the amount varied considerably 
from month to month for each area.

One simple test transformation was made using data for 1969 and 
1970 from the Bangtail area. Variables of elevation, wind factor, and 
the five exposure ratings were squared and then included in linear 
correlation analyses with snow depth as the dependent variable. Re

sults of this trial showed no significant improvement in correlation 
when the transformed variables were used in place of the "raw" variables

To completely remove the small amounts of curvature present it 
would have been necessary to fit separate non-linear transformations 
to each variable for each months data. Since departures from linear 
relationships were generally observed to be small, this was felt to be 
unwarranted, and the data were utilized in "raw" form in all analyses. 
The assumption that the variables are related in a linear manner closely 

approximates relationships seen in the data.



Multiple linear regression. Variables "which were found to be sig
nificant at the 5$ level from the simple linear correlation analysis 

were used in the multiple linear regression analysis. Snow depth was 
utilized as the dependent variable and various combinations of indepen
dent variables were analyzed to determine what groupings of variables 
would explain the most variance in the sample population. Results were 
interpreted by using the coefficient of multiple determination (R^)e 
This statistic expresses the percentage of the total variation in the 
dependent variable which is explained (associated with) by the (the 

variation of) particular grouping of independent variables used 

(Richmond, 196?)•
The multiple linear regression technique has certain limitations, 

however, which must be considered in interpretation of results. The 
most important restrictions are:

(I)

(2)

Linear relationships are assumed between the dependent 
variable and all independent variables used. As 

previously noted, departures from linearity were observed 
to be small, and the data are closely approximated by 
linear relationships. It is felt that no significant 
errors are present in the results due to departure of the 

data from linearity restrictions.
Inclusion of an increasing number of independent variables, 

while holding the number of observations constant,
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automatically increases the value of obtained even though 
no real relationship exists=

(3) Significance tests applied to multiple regression results
assume that the variables are normally distributed. Variables 
utilized in this study in general do not meet this assumption, 

and significance levels ascribed to the results may be in 
error.

An "Flt test was applied to all results from the multiple correla
tion analyses, and all results presented are significant at the 5$ 
level or better.

Principal component analysis. Principal component analysis was - 
applied to the data to provide an independent statistical test for 
comparison with results from the multiple linear regression analysis.

In principal component analysis the variables are grouped into 
independent combinations called eigenvectors, and these are weighted 
according to their relative importance in the data sample. The first 

eigenvector represents the combination of variables which explains the 
largest amount of variance in the data, and each additional eigenvector 

explains successively decreasing amounts.
This type of analysis offers several distinct advantages over the 

multiple linear regression technique. Some of these advantages are:
'

(l) Linear relationships between the variables are not 1
assumed
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(2) It is not necessary that the variables be independent of each 
other.

(3) Eigenvectors have the property of being orthogonal to each 
other, and thus are in no way interrelated.

(4) All possible combinations of variables are effectively
/considered in the analysis. Thus there is no possibility of 
ignoring a combination of variables which might be particularly 
successful in explaining large amounts of sample variance.

Initially, all variables having a simple correlation coefficient 
of 0.2 or more were included in the principal component analysis. The 

final presentation utilized only those variables which were most strongly 
associated with snow depth. It should be noted that since an eigenvector 
represents both the pattern presented and its inverse, the patterns por
trayed can be interpreted as they are shown, or as the reverse of that 
relationship without altering their validity.

Results

Bangtail area of the Bridger Range: 1968-69 and 1969-70 data.
The first sample grouping considered in the analyses contains data from 

the Bangtail area for the 1968-69 and 1969-70 seasons. A total of 92 
sites which were consistently sampled was utilized.

Table 5 summarizes the results of simple- linear correlation analysis 
between snow depth and all other variables. Aspect and slope were not
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Line ar Correlation Coefficients (r)* for the Bangtail Area 
Sncrw Depth = Dependent Variable, N:= 92

Variable Jan 69 Mar 69 Feb 70 Mar 70
l

Elevation .49 »55 .64 .69
Exposure: Average -.48 -.41 -.4? -.49
Exposure: North to East — .26 -.20 —.30 —»33
Exposure: East to South -.28 -.22 -.28 -.26
Exposure: South to West -.51 j . -.47 -.49 '
Exposure: West to North -.53 -.46. -.51 = •53 y/
Wind Factor -.44 -.45 -.40

>
I

Distance North -.21 -.17 -.30 -.41

Distance East -.23 -.16 -.42 —»35
Aspect -.05 -.10 -.01 »05
Slope .08 -.04 . -.02 .00

*For the 5$ significance level, (r) must be _ .20
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significant at the 5$ level during any month of the two year period,,and 
were not further considered in the analyses. The literature reviewed 

indicates that in the majority of prior studies, aspect and slope became 
highly related to the snowpack distribution only during the spring melt 

period. At that time the parameters of slope and aspect largely deter
mine the amount of solar radiation available for snow melt and thereby 
affect the snow depth. The failure of aspect and slope to correlate 
with snow depth in the present study therefore suggests that melt was 
not important in the area during the accumulation season. Apparently, 
even sites where aspect and slope combine to maximize incoming solar 
radiation were not sufficiently affected by melt to cause these varia
bles to be significantly related to snow depth, ------ '

Elevation was the parameter most highly correlated with snow depth, 

followed by the various ratings of potential exposure to wind effects.
The objective exposure rating was generally more highly correlated with 

snow depth than the subjective wind factor system. This was particularly 
true if the average exposure in all quadrants, or the exposures in 
quadrants with a westerly component were considered.

Table 6 presents the linear correlations between the significant 

independent variables. Elevation is not highly correlated with any of 
the wind variables. Thus, effects ascribed to elevation and wind are 
largely independent of each other.

A considerable number of possible combinations of the variables
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Table 6

Simple Linear Correlations (r)* Between Significant Terrain Variables
Bangtail Area, N = 92

Exposure: Average
Exposure: N-E
Exposure: E-S

Exposure $ S-W 
Exposure t W-N 

Wind Factor 
Distance North 
Distance East

3I01
to

<D
3COO

.84

CO

SCQO
it
.73
.31
.55

S5
13

II
.63
•50

•p0

1
.56
.66

I
01
.44
.28
.17
.46

.32

©O
ICO
a
.35
.47
.26
.01
.33

-.02
.22

§I
5
.02

-.01
.20

-.03

-.09
-.16
-.30

-.17

ljsFor the 5# significance level, r must be _  .20

f



-66-

which remained after the exclusion of aspect and slope were subjected 
to linear multiple regression analysis using snow depth as the depen
dent variable e The significance of inclusion of a variable into a 

grouping was judged in a somewhat arbitrary manner« In general, if 

addition of a variable to an already established grouping did not in
crease the variance explained by at least 10$, the variable was not 

considered significant. However, in this analysis it was necessary to 
assume that the variables utilized (excluding snow depth) were indepen
dent. In reality, the data used did not completely meet this restric
tion as in some cases pairs of variables were highly correlated with 
one another. In such cases, the first variable of the pair entered 

into the multiple regression equation would appear to be important 
(if either variable were important), while the second might appear 
unimportant. It was then necessary to decide by physical reasoning 
whether one variable or both might actually contribute to the variance 
explained. In practice this problem was infrequently encountered in 

this study.
The procedure discussed, while somewhat arbitrary, seems justified 

as it tended to eliminate the possibility of an increase in due to 

chance when the number of independent variables was increased. Brooks 
and Carruthers (1953) present an approximate expression for the mean 
value of R^ occurring by chance when no real relationship is present as:



N - I

where n = the number of independent variables 
N i= the number of observations

From this expression it can be seen that if the number of observations 

is constant, a substantial increase in the mean value of is possible
by chance when additional variables are added, particularly if the 
number of observation's is Iow0

Results of the multiple linear regression analysis for the two 
year data sample are summarized in Table 7« Elevation and the various 
wind parameters were the most effective variables in explaining the 
variance in snowpack depth. The addition of the distance north and 

distance east variables to the analysis produced no significant effect. 
Elevation alone consistently accounted for more than one-half the 
explained variance. The combination of elevation and the subjective 
wind factor significantly increased the amount of variance explained 
over elevation alone, but was not as effective as any combination of 
elevation and the objectively measured exposure. The superiority of 
the exposure rating system over the subjective wind factor is reasonable 
as it presents an unbiased predictor of the potential windiness of a 
site.

Potential windiness, as used here, is defined as the degree to 
which a site is exposed to possible wind action. An exposed ridge
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Table ?
Multiple Linear Regression for Bangtail Area, N = 92 

Percent Variance Explained (R^)
Depth = Dependent Variable.

Variables Jan. 69 Mar. 69 Feb. 70 Mar. ?0

Elev.* Zk 30 40 47
Exp: Ave.* 23 17 22 24
Elev., Exp: Ave. 48 48’ 64 72
Elev., Exp: N-E; E-S; S-W; W-N 56 . 56 68 76
Elev., Exp: S-W 48 53 61 69 ,
Elev., Exp: N-W 48 ' 47 60 68
Elev., Exp: S-W; W-N 55 56 66 75
Elev., Wind Factor 37 44 50 59
Elev., Exp: Ave., Dist. N. 51 53 65 72
Elev., Exp: Ave., Dist. E. 48 49 66 73 '

* Linear (r^)



crest with no protection from winds of any direction would have a high 
degree of potential windiness (and thus a very high average exposure 
rating) even if winds of sufficient force to redistribute snow never 
occurred in the area.

The results of the analysis also indicate that the combination of 

elevation and the exposures in the two westerly quadrants is most 
effective in reducing the total variance. This suggests that the pre
dominant winds in the area have a definite westerly component. The 
combination of elevation and exposure in either the northwest or south
west quadrants is generally as effective in explaining the snow depth 
variance as elevation and the average exposure rating.

Inclusion of the exposures from all four quadrants and elevation - 
superficially gives the best results, but this is not believed to be a 
"real" effect. The higher amount of variance explained is probably due 
to an increase in the mean value of by chance, with the addition of 

a greater number of variables in the regression.
In general therefore, the linear multiple regression results 

indicate that by using elevation and the objective exposure rating 
system, it is possible to explain the maximum amount of variance. In 
the Bangtail study area, variance explained in this manner ranged from 

55 to 75# for data from individual sampling expeditions.
Results of principal component analysis on the same data set are 

presented in Figure 11. Variables of elevation, snow depth, and 

average exposure were selected for presentation, as trial runs

-63-
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f i g u r e  ii

Principal Component Analysis Bangtail Area, N = 9 2

Eigenvectors showing the weightings of each 
factor and the percent of the total variance 

reduced by each eigenvector

I l l l l  
-1.0 -.5 0 .5 1.0

I l l l l  
1.0 -.5 0 .5 1.0

Eigenvector I 55.0%

r-

January 1969 Eigenvector 2 34.0%

Elevation •----------
Snow Depth <>

Exposure: Ave. •

Eigenvector I 55.9% March 1969 Eigenvector 2 33.9%

— « Elevation » ---
........ Snow Depth <

, , ,  Exposure: Ave. ,

Eigenvector I 59.4% February 1970 Eigenvector 2 33.9%

■ ■ « Elevation »
________ « Snow Depth i

* „ Exposure: Ave. » ....

Eigenvector I 61.1% March 1970 Eigenvector 2 33.9%

Elevation »
Snow Depth <

Exposure: Ave. »

1.0 -.5 0 .5 1.0
I l l l l

-1.0 -.5 0 .5 1.0
I l l l l



indicated these to be most effective in explaining the total variance. 

From these, three separate eigenvectors were developed. In Figure 11, 
the magnitude of the contribution of each variable in an eigenvector is 
indicated by the length of the line associated with it. The first 
eigenvector can be most strongly interpreted as it is not bound by any 
orthogonality restrictions and presents the combination of variables 
which occurs most frequently in the data. The second eigenvector is 
bound by restrictions imposed by the first, and can only assume a 
pattern which explains the next largest amount of variance possible.
It therefore cannot be as strongly interpreted as the first eigenvector. 
The third eigenvector is so completely restricted that no meaningful 
interpretation can be derived from it, and it is not presented. It can 
be seen that the first two eigenvectors consistently explain approx
imately 90$ of the variance.

Eigenvector I strongly confirms the results of the multiple linear 
regression analysis. In each month of the two year period there is a 
strong positive relationship between elevation and snow depth. As the 
elevation increases or decreases the snow depth consistently varies in 
the same manner. At the same time there is a weaker negative relation

ship with the average exposure variable. This indicates that as the 

exposure increases, the average snow depth declines. This suggests that 
redistribution of snow by wind may be an important controlling factor in 
determining the snowpack depth distribution at sites with relatively
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high potential windiness.

The second eigenvector suggests that for some sites, as the eleva
tion decreases the exposure also decreases.

Bangtail area of the Bridger Range; 1967-68, 1968-69. and 1969-70 
data. The second sample grouping considered for the Bangtail area 

utilized data from 66 sites at which samples were obtained during the 
entire three year study period, I967 to 1970. These data were subjected 
to the same analyses as previously presented.

Linear correlation coefficients between snow depth and all other 
variables are presented in Table 8. Aspect and slope were again not 
significant at the 5$ level at any time during the three year period, - - 
and were excluded from further analyses.

Exposures in the westerly quadrants are more highly correlated with 
snow depth than are the easterly exposures or the average exposure.

This is particularly true for the exposure in the southwest quadrant, 
giving an indication that the prevailing winds may be southwest in the 
area.

Inspection of Table 8 also indicates that elevation was consis
tently more highly correlated with snow depth in the spring of the year 
than earlier. This may indicate a change in the effectiveness of wind 

in redistributing snow as the winter season progresses. The ability of 
the wind to transport snow is probably significantly reduced during the 

spring when wet, cohesive snowfalls frequently occur, and when the sun
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Table 8
Linear Correlation Coefficients (r)* for the Bangtail Area, N = 66

Snow Depth = Dependent Variable

1968 1969 1970Variable Jan Feb Mar Apr Jan Mar Feb Apr

Elevation = 31 0 33 • 51 .68 .29 .38 »51 »55
Exposure: Average -.54 -.50 -.38 -.22 -.47 -.44 -.44 - 4 5
Exposure: North to East -.31 -.22 -.15 —  05 -.21 -.19 -.21 -.26
Exposure: East to South -.30 -.25 -.14 .01 -.25 -.21 -.24 -.19

Exposure: South to West - 5 7 - 5 9 -.51 -.38 - 5 7 —»55 -.54 -.52
Exposure: West to North -.58 -.58 -.45 -.32 -.52 -.50 -.46 — 51
Wind Factor -»56 -.54 — 51 -.47 -53 -.54 -.58 —.57
Distance ]North -.26 -.18' -.11 .Oo -.11 -.08 -.22 -.32
Distance ;East -.32 -.21 -.21 - 1 7 -.21 -.21 — 39 -.42

Aspect .09 -.06 -.01 — .03 .00 -.02 .01 .12
Slope .10 .11 .07 -.03 .18 .16 »05 .10

* For the 5$ significance level , (r) must be■ - >4
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crusts often develop on the snowpack surface. This apparent effect is 

also suggested by the data from the two year sample grouping presented 
in Table 2,

Results from the multiple linear regression analysis for the longer

reached. In this data grouping, elevation and exposure to winds in the 

southwest quadrant are the most important parameters in reducing the 
total variance. Exposure to wind effects in the northwest quadrant is 

not as important as in the data presented in Table 2. This also 
suggests that the prevailing winds may be southwesterly rather than 

having a general westerly component. Qnce again, the highest amount of 
variance can be explained when combining elevation with exposures in 
both westerly quadrants. Slightly more variance is accounted for by 
considering exposures in all four sectors, but is probably due to chance 

increases in R^ values caused by the presence of more variables in the 
analysis. Distance north and distance east do not significantly 
increase the amount of variance explained.

Airflow information over the Bangtail region is not routinely 
available. However, a comparison between 10,000 foot MSL (approximately 

700 mb) wind directions at the Bangtail Mountain Observatory measured by 

radar tracked balloon releases, and rawin data from the National Weather 

Service at Great Falls, Montana, indicated that there was a linear . 

correlation of 0.91 between measurements taken nearly simultaneously at

time period (Table 9) generally confirm the conclusions previously
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Table 9
Multiple Linear Regression— Bangtail Area, N = 66, 

Percent Variance Explained (R^)
Depth = Dependent Variable

Independent Variables
Jan

1968
Feb Mar Apr

1969
Jan Mar

1970
Feb Apr

Elev.* 10 11 26 46 29 15 26 30
Exp: Average* 29 25 14 05 22 19 20 21

Elev., Exp: Average 48 43 49 61 37 42 57 63
Elevo, Exp: S-W 49 52 61 71 47 53 66 69
Elev., Expt W-N1 45 46s 48 60 37 41 50 59,.
Elev., Exp: S-W; W-N 58' 61 64 73 53 58 68 74

Elev., Exp: N-E; E-S; S-W; W-N 58 63 65 74 54 59 70 75
Elev., Wind Factor ' 37 36 4? 60 33 40 54 56

Elev., Exp: Ave., Dist. N. 48 44 52 70 40 46 58 63
Elev., Exp: Ave0, Dist. E. 48 45 51 66 38 44 57 64

* Linear (r^)
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at the two sites (Taw and Super, 1971). Thus, the Great Falls wind 
direction is a good indicator of upper airflow direction in the Bangtail 
area. All available Great Falls 700 mb wind direction data for the 
three seasons of study (November through March) are summarized in Figure 
12. It can be seen that the 700 mb or approximately 10,000 foot MSL 

wind direction over the Bangtail area has a very dominant westerly 
component.

FIGURE 12

FREQUENCY OF OCCURENCE OF GTF 700 MB WIND DIRECTIONS 
NOVEMBER THROUGH MARCH, 1967-68, 1968-69, AND 1969-70

Vertical bars indicate 
maximum departures of 
seasonal means from 
overall mean

o 20 -

£ 10 —

61- 191- 1121- 1151- 1181- '211- 1241- 1271- 1301- '331- 
90 120 150 180 210 240 270 300 330 360
GTF 700 mb Wind Direction (deg. true)
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y The general upper level flow can, of course, be modified by local 
terrain influences. Figure 13, which presents the average hourly wind 
directions at the Bangtail Mountain Observatory (BMO) during the winter 
of 1969-70, suggests such an influence. The BMO is located at 8000 feet 
MSL on the highest point in the Bangtail area. The BMO data indicate 
that a shift of approximately 30 degrees from the dominant 700 mb flow 
direction occurs. The shift of the low level flow may be due to fric

tional effects (Byers, 1959) and "funneling11 by terrain. At any rate, 
the prevailing near-surface wind direction is southwest at the BMO.

FIGURE 13

DISTRIBUTION OF 15 m WIND DIRECTION AT THE BANGTAIL MOUNTAIN 
OBSERVATORY. ALL AVAILABLE HOURLY DATA FOR THE PERIOD 3 DEC. 1969

THROUGH 29 MARCH 1970

121- I 151- I 181- I 211- I 241- I 271- I 301- I 331-01- I 31-

Degrees True
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In an attempt to determine the actual mean surface wind directions 
in the Bangtail area, ground observations of surface drift and scour 

features were made at all sampling sites during February of 1969. 
Results from these observations, presented in Figure 14, indicated that 
the dominant surface wind direction was southwest throughout the area. 
At 59# of the 66 sites where surface snowpack features (lee drifts, 
dunes, transverse ripple marks, sastrugi, etc.) were definite enough to

- FIGURE 14

PREVAILING WIND DIRECTION ESTIMATED FROM SNOW SURFACE FEATURES, BANGTAIL AREA

FEBRUARY, 1970

o 20 -

01- I 31- I 61- I 91- I 121- I 151- I 181- I 211- I 241- I 271- I 301- I 331- 
30 60 90 120 150 180 210 240 270 300 330 360

Degrees True
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estimate a prevailing wind direction, the estimated direction was 
between 211 and 270 degrees truee .

The multiple linear regression analysis results which indicated \ 
that the combination of elevation and the exposure in the southwest 
quadrant was the most effective in reducing the total variance are 
therefore in good agreement with available wind information for the 
area* Exposure to the dominant wind direction thus plays an important 
role in determining the final distribution of the winter mountain snow- 
pack.c----

Surprisingly little research has been conducted on the wind speeds 

necessary to initiate and sustain snow redistribution. Limited field 
and wind tunnel data on the subject have been presented by Oura, et al. 

(1967)« Results suggested that transportation of snow by saltation 

occurs at wind speeds as low as 3 mps (6.7 mph), with a transition to 
transport by suspension at 5 Bps (11.2 mph) when temperatures were below 
-2.5C. Wind speeds in the study were measured 20 cm above the snow
surface.

The distribution of wind speeds (15m) at the BMO is presented in 
Figure 15« With allowances for reduction of speeds as the snow surface 
is approached, the average 20 cm wind speed in exposed areas probably 

exceeds the critical speed necessary for snow transport a significant^ 

portion of the time. It is not surprising, therefore, that exposure 
was an important factor in explaining variance in snowpack depth.
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FIGURE 15

HOURLY AVERAGE-NEAR SURFACE WIND SPEEDS AT THE BANGTAIL MOUNTAIN 
OBSERVATORY. ALL AVAILABLE DATA FOR THE PERIOD 3 DEC. 1969 THROUGH

29 MARCH 1970

20 “

10 -

Miles Per Hour

Considerable redistribution of snow is obvious in severely exposed 
locations throughout the area, where substantial scouring and drifting 
result. In especially windy areas, snow depths may average only a few 
inches, while 20 to 30 foot drifts may be found behind stands of trees 
nearby.

Elevation alone showed a marked tendency to increase in importance 
with time, while average exposure became progressively less important 

in both the simple and multiple regression and the principal component 

analyses. This tendency was most apparent in the data collected during
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the 1967-68 winter season. During January and February of 1968 a snow 
depth and average exposure relationship dominated the first eigenvector 
(Figure l6)„ As average exposure increased or decreased the snow depth 
changed in an inverse manner, and elevation was relatively unimportant. 
In March and April of the same year the first eigenvector returned to 
the elevation depth relationship seen so predominately in the data 
grouping for the two year period (Figure 11). The effect of average 

exposure decreased with time, and in March and April the variance was 
largely explained by elevation and snow depth. As the elevation 
increased during this period of the year, the snow depth tended to 
increase also, and exposure became less important. This same effect 
also occurred in the 1969 and 1970 data, but to a considerably lesser 
extent.

This mayr possibly be explained by weather'and storm characteristic 
changes as the season progresses. During the mid-winter season when 
daytime temperatures are generally below freezing and the snowfalls are 
dry, the effectiveness of wind as a transporting agent is high. Snow 
redistribution at that time can occur with generally light winds, 
particularly at sites which are exposed in the direction of the 

prevailing wind. However, during March and April when wet snowfalls 

occur and when sun crusts often form on the snow surface, the ability 
of the wind to redistribute the snowpack is reduced and the orographic 

effect of elevation dominates.
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FIGURE 16

Principal Component Analysis Bangtail Area, N = 6 6
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FIGURE 16 CONTINUED

Principal Component Analysis Bangtail Area, N = 66
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The reasons for the occurrence of greater amounts of snow at higher 
elevations are not completely understood. Possible factors which may 
play a role in determing the snowpack-elevation distribution include:

(l) During orographic storms, the thickness of the cloud layer in 

which ice nucleation occurs is, probably greatest directly over 
the mountain barrier due to forced lifting of the air. Thus, 
the coldest portion of the orographic cloud mass and the 

greatest concentration of effective ice nuclei and of snow
flakes should be present in the supercooled clouds over the 

highest portion of the barrier. If the flakes are not 
transported excessively far downwind before they are deposited, 
more would tend to fall at the higher elevations. There are 

several sets of circumstances under which conditions similar 
to those cited above could be present over the Bangtail area. 
First, it is possible that a secondary wave develops over the 
Bangtail Ridge during major westerly storms which first crosses 
the main Bridger ridgeline about 8 miles west of the Bangtail 
Ridge. This secondary uplift could produce increased snowflake 

concentration over the higher reaches of the area. Increased 
vertical extent of clouds over both ridges have been observed 

from the air during a few winter storms (Super, 1971— personal 
comment). Radar PPI observations indicate that local uplift 
of moist air, funneled around the south end of the Bridger
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Range, occurs over the Bangtail Ridge. In this situation, 
snow may occur over the Bangtail Ridge area when no snowfall 
is observed in any other portion of the Bridger Range (Yaw, 

1971)o A third set of conditions which may relate the dis
tribution of snowfall to elevation occurs during storms which 
have a dominant northeast flow. In this case, the air 

upslopes over the Bangtail and the deepest area of snowflake 
concentrations should be located over the higher portions of 
the area.

(2) It is also possible that in orographic storm situations the
^  elevation effect may be related to the level at which the 

relative humidity with respect to ice falls below 100$. If 

this occurs just below the cloud base, then flakes falling out 
of the cloud base may be subject to sublimation losses before 
reaching the ground. High elevation deposition areas 

relatively close to the cloud base or frequently within the 
cloud receive more snowfall than lower elevations.

All of the possibilities mentioned may interact in some complex 
manner, and it may not be possible to isolate individual effects.

Snow depth vs. water equivalent relationships. The consistently 
high correlations between snow depth and water equivalent (Table 4) 
suggests that in the Bangtail area it would be possible to make accurate 

estimates of snow water equivalent from snow depth measurements if



density data were available for a few selected index points. This 
would offer a convenient hydrologic tool for determining the water 
content of the mountain snowpack, as aerial snow depth markers could be 
placed in locations which would otherwise be inaccessible. This tech
nique is widely practiced in the mountainous regions of California.

Simple linear regression equations relating snow depth and water 
equivalent were calculated for the I969 and 1970 Bangtail data. Actual 

snow depth values were then entered in the equation, and an estimate of 
water equivalent was obtained. Departures from the actual water equiva
lent values are presented in Figure I?. , In approximately 50$ of the 

cases the estimated values were within +5$ of the true value. Maximum 
errors of up to 87$ were observed at one site in an excessively windy 
location. Sites where small departures were observed were well 

protected from wind effects, and this would be an important criteria in 
establishing a network of aerial snow depth markers.
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Figure 17

Percent Departure of Estimated from True Value of Water 
Equivalent Bangtail Area, January, 1969, March, 1969, 

February, 1970, and March, 1970

Vertical bars indicate 
maximum departures 
from the mean

-55- 1 -45- 1
Percent Departure - Estimated to True Water Equivalent Value
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Carrot Fasin area of the Madison Range. Linear correlations of 
the data for the Carrot Basin area (Table 10) showed that elevation, 
distance north, and distance east were most highly related to the 

independent variable of snow depth. Potential windiness in this area 
was only measured by the subjective wind factor system, as available 

field time did not allow completion of the necessary panoramic site 
photographs to develop the objective exposure rating system. The linear 
correlations between the wind factor and snow depth were not quite sig
nificant at the 5# level during any month of the two year period. 
However, the wind factor was included in the analysis because of its 

importance in the Bangtail area as previously discussed. Although both 
distance north and east were significantly correlated with snow depth, 

multiple regression analysis indicated that they did not significantly 
increase the variance explained over elevation alone. Their apparent 
importance in Table 10 is probably due to their relationships with 
elevation (See Table-11). Aspect and slope did not approach the 5$ 
significance level at any time, and were not considered in further 
analyses.

Results of the multiple linear regression analysis, shown in Table 

12, indicate that elevation was most important in explaining significant 
amounts of variance. Inclusion of the subjective wind factor increases 
the explained variance only 3 to 7$ and is probably not significant. 
Elevation alone explained 61 to of the variance in snow depth.
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Simple Linear Correlation Coefficients for the Carrot Basin Area 
Snow Depth = Dependent Variable, M = 65

Table 10

Variable February I969 April 1969 April 1970

Elevation .78

V
OC
O h

Wind Factor CMf -.21 -.21
Distance North S

I

C
OC
O1° C
O

C
OI

Distance East itI

C
OW

I -.42

Aspect -.15

-d-O

1° 1 O O
s

Slope -.01 C
A

O

1° I O O
S

For the Si0 significance level, (r) must be _  .24

Table 11
Simple Linear Correlations between Independent Variables 

Carrot Basin Area., N = 65

Wind
Factor

Distance
North

Distance
East, Aspect Slope

Elevation -.07 -.95 -.26 .13 -.12
Wind Factor .03 -.17 ,26 .11
Distance North .34 1 k CrAO

Distance East -.04 -.12
Aspect , _ * -.10
For the 5$ significance level, (r) must be _ .24
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This was considerably more than the 10 to 47$ range explained in the 
Bangtail samples, and probably reflects the apparent minimal amount of 

snow redistribution by wind in the Carrot Basin area*

Table 12
Multiple Linear Correlation Analysis for the Carrot Basin Area 

Depth = Dependent Variable, N = 65

Variable February 1969 April 1969 April 1970

Elevation* 61 74 68

Elevation; Wind Factor 65 76 71
* Linear ( r ^ ) ~

Results of the principal component analysis of the Carrot Basin 
data are presented in Figure 18« This again indicated that elevation 
was consistently most effective in explaining variations in snow depth. 
The first eigenvector shows that elevation and depth were positively 
related and as elevation increased, snow depth increased accordingly* 
Indicated effects of wind are very minimal, and are not considered 

significant.
The second eigenvector suggests that a relationship between the 

subjective wind factor and elevation might have been present at some 
sites* At some locations the wind factor rating increased with 
elevation, indicating that higher elevation sites tended to be more 

open and exposed to potential wind effects* This is in good general
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f i g u r e  18

Principal Component Analysis Carrot Basin Area, N = 65

Eigenvectors showing the weightings of each 
factor and the percent of the total variance 

reduced by each eigenvector
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agreement with field observations in the area, as drift or scour features, 
even on a small scale, were conspicuously absent except at the sites 
highest in elevation.

The absence of wind effects in the area is not understood. The 

area is quite open and lies downwind of a mountain barrier to the west 
in much the same type of relationship that the Bangtail area has to the 

Bridger Range. One possible difference in the two areas may be related 
to the amount of “funneling" of winds up local drainages. Upslope flow 

of air diverted around the south end of the Bridger Range is known to 
occur in the Bangtail area. This flow commonly follows southwest 
trending drainage lines and is sometimes associated with local precip

itation over the Bangtail Ridge area. The Carrot Basin area is pro
tected for a considerable distance to the south by the main front of the 
Madison Range.

Correlations between snow depth and water equivalent in the Carrot 
Basin area were very high. Estimation of water content from depth 
values using all available data and linear regression techniques 
(Figure 19) show that in over 50$ of the cases estimates departed from 
the true values by only +5$. As in the Bangtail area, sites which were 
well protected showed the smallest departures from actual water 

equivalent values.
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Figure 19
Percent Departure of Estimated True Value of Water Equivalent 
Carrot Basin Area, February, 1969, April, 1969, and April, 1970

Vertical bars indicate 
maximum departures 
from the mean
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Cooke City area of the Beartooth Rangec Data from the Cooke City 
area showed generally the same results as those for the Carrot Basin 
area. It can be noted that results from the simple linear correlation 
analysis (Table 13) were generally not significant at the 5$ level, 
with the exception of elevation, distances north and east, and aspect. 

North and east were excluded from both the multiple regression and 
principal component analyses, as intercorrelations between them and 
elevation were very high, and results from the other areas indicated 
that they were generally unimportant. Simple correlations between 
elevation and distances north and east were:

Elevation-Distance North = .70 
Elevation-Distance East = -.81

The results of the multiple regression analysis indicated that 
elevation was the only variable significant in explaining the variance 
in snow depth (Table 14). Mind effects as measured either objectively 
or subjectively were not important. This might have been anticipated, ■ 
as the majority of sampling locations lie in valley floor positions 
where strong winds would be unlikely to reach them. Katabatic winds 
would be most likely to have an effect, and these are apparently not of 
significant magnitude to redistribute snow in the area. Aspect was not 
found to significantly increase the amount of variance explained when it 

was included in the multiple correlation analysis.



Table 13
Simple Linear Correlation Coefficients (r) Cooke City Area 

Snow Depth = Dependent Variable, N = 42

Variable Jan. 1969* Apr. 1969* Apr. 1970*

Elevation AZ .83 .83
Slope .0? .16 .27
Wind Factor .20 .22 .05
Distance IHorth .51 .70 .61
Distance IEast -.26 -.67 O

N

Aspect -.24 -.46 -.47
Exposure: North - East .20 .13 -.04 "

Exposurei East - South «>o 02 .04 -.03
Exposure: South - West -.16 .10 C 05
Exposure 5 West - North .00 .18 J O H

-

Exposure: Average .01 .18 .00
* To be significant at the 5$ level, r must be _  .31



-90-

Table 14.
Multiple Linear Regression Coefficients— Cooke City Area 

Depth = Dependent Variable, Ni= 42

Variables Jan. 1969 Apr. 1969 Apr. 1970

Elevation 18 69 69
Elevation, Exposure: Average 18 70 72
Elevation, Wind Factor 20 70 70

Results of the. principal component-analysis treatment of the data 
(Figure 20) show that elevation had the most significant relationship 
with snow depth. Aspect appeared important.in the first eigenvector* ' 
but this is felt to be due to deficiencies in the sampling network 

rather than to a "real" physical effect. By chance, the majority of 
high elevation- (and therefore, high accumulation) sites were located on 
slopes having northerly aspects® This fact probably accounts for the 
relationship portrayed in eigenvector one, which shows that sites with 
low aspect values were associated with high elevations and snow depths® 

Average wind factor was found by itself in the second eigenvector, 

and is therefore not significantly related to other parameters considered® 

Estimation of water equivalents from depth data using linear 
regression techniques was very effective in the area. In 80 to 90$ 
of the cases, estimates did not deviate more than +5$ from the true 
values. Results are presented in Figure 21.
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FIGURE 20

Principal Component Analysis Cooke City Area, N = 4 2
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Figure 21

Percent Departure of Estimated from True Value of Water 
Equivalent Cooke City Area, April, 1969 and April, 1970

Vertical bars indicate 
maximum departures 
from the mean
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Comparison of snow accumulation in the three 'study years* Periods 
during the study years 1969 and 1970, when time intervals between 
sampling at all three study areas were minimal, were selected for com
parison of snow accumulation in the three study areas. It is likely 
that some accumulation occurred during the intervals when sampling was 
taking place, and therefore, measurements from the areas are not strictly 
comparable. Dates during which sampling was accomplished at the three 
areas are summarized in Table 15.

Table 15
Sampling Dates During Comparative Periods

Year Bangtail Carrot Basin Cooke City

1969 (comparison I) 27-30 January 18-21 February 14-16 January

1969 (comparison 2) 25-27. March 10-12 April 3-6 April

1970 (comparison 3) 23-26 March 1-3 April 7-8 April

Linear regression equations between snow depth and elevation were 
calculated from all data obtained at each area during the comparison 
periods. An index elevation of 8,000 feet MSL was selected for 

comparison, and the calculated snow depths for that elevation are 
presented in Table 16,
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Table 16

Calculated Snow Depths (inches) at '8000 ft MSL

Tear Bangtail Carrot Basin Cooke City

1969 (comparison I) 47.6 50.9 56.5
1969 (comparison 2) 48.4 43.1 - 46.4
1970 (comparison 3) 66.9 52.5 59.6

From this limited sample, it can be seen that snow depths are quite 

consistent among the areas. "The variation from one area to another 
reaches a maximum- of approximately +15$* This is less than the annual' 
variation in snowfall received at the sites, and it is suggested that 

the sites are comparable in snowfall amounts at 8000 feet.
Table 17 presents the variations in calculated snow depths which 

occurred between 7$000 and 8,000 feet MSL for the three comparison 

periods.
The snow depth gradients are seen to be highly variable from area 

to area for comparison I and 2. Also, the snow depth gradient with 

elevation varies markedly from one comparison period to another in all 
three areas. It is concluded that the gradient of snow depth with 
elevation is quite variable in space and time.
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Table I?
Amount of Increase in Calculated Snow Depth 

Between 7000 and 8000 feet 
(inches)

Year Bangtail Carrot Basin Cooke City

1969 (comparison I) 8,9 26,1 11,0

I969 (comparison 2) 11,5 30,3 31,3
1970 (comparison 3) 22,0 23,1 26,5



VI. SUMMARY AND CONCLUSIONS

The study presented was initiated to investigate the relationships 
between mountain snowpack accumulation and terrain and meteorologic 
parameters.

Three separate mountain areas were chosen to determine if consis

tent relationships between snowpack variations and variables selected 
for analysis could be developed in areas which differed in location and 
general landscape features.

Field investigations were conducted over a three year period at 
sites situated in the Bridger, Madison, and Beartooth Ranges of south
western Montana. Each of the research areas was generally downwind of 
a major orographic barrier, and offered a wide range of diverse terrain 
and meteorologic conditions for study and comparison. In general, 
sampling sites in the Bangtail area of the Bridger Range occupied the 
widest range of topographic conditions. While some sites were along 

ridge crests or valley floors, most occupied intermediate positions. 
Sites in the Cooke City area of the Beartooth Range were generally 

restricted to deep valley bottoms due to logistic considerations. 
Topography in the Carrot Basin area of the Madison Range also allowed a 
wide range of site locations to be selected. These were generally 
confined to the region which tapers from the foot of the mountain peaks 
to the main valley floor some 10 miles east. Tree cover and terrain 

features within each of the areas was quite diverse and it was possible
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to select sampling sites which covered a broad range of conditions.

Parameters of elevation, aspect, slope, geographic location, and 
degree of potential windiness were measured for each sampling point in 
the three study areas. These were utilized as terrain/meteorologic 
variables in the statistical treatment of the data. For the Bangtail 
and Cooke City areas, two measures of potential wind effects at the 

sampling sites were utilized. These were a subjective "wind factor" 
and an objective "exposure rating." The subjective system was applied 

by making value judgements, based on a series of definitions (after 
Brown-' and Peck, 1962), as to the degree to which a site would be 
afforded protection from wind effects. The objective system was 
developed from panoramic photographs centered at each sampling location, 
and was a measure of the percentage of print area which was not blocked 
by tree cover or local terrain features. The objective classification 

was divided into four separate parameters which allowed the average 
amount of exposure in any of the four major quadrants to be used as 
individual variables. Due to lack of available field time, the 
objective exposure rating system was not applied to sites in the Carrot 
Basin area of the Madison Range.

Snowpack variables measured were snow depth and water equivalent. 
During the first field season core samples to determine the water 

content of the snowpack were not taken at all sites in individual 
study areas. This practice was discontinued during the later phases of
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the field investigations, and core samples were then obtained at all 
sampling sites. Thus there is substantially more information available 

for analysis if snow depth rather than water equivalent values are used 
as the dependent variable. However, a very high simple linear correla
tion consistently existed between the snow depth and water equivalent 

values in months when all sites in each of the areas were core sampled, 
and it is concluded that results of the statistical analyses interpreted 
using snow depth as the dependent variable are equally applicable to 

water equivalents.
Statistical treatment of the data was performed through use of 

simple correlation and multiple linear regression analyses, and by 
principal component analysis. Snow depth was used as the snowpack 
variable throughout all analyses.

Simple linear correlation coefficients were first computed.between 

snow depth and the independent terrain/mete orologic variables. As a 
general rule, any variable which was not significantly correlated (5$ 
level) with snow depth was excluded from further consideration.

The remaining variables were subjected to linear multiple correla

tion analysis, and the results were interpreted in terms of the percent 
of the variance explained as expressed by the coefficient of multiple 

determination. This type of analysis has several restrictions which 
hinder interpretation of the results. Based on considerations of these 
restrictions, if an additional variable added to a grouping did not
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generally increase the total variance explained by at least 10$s the
variable was not considered important. However, because variables must 
be assumed to be independent in this type of analysis, the order in 

which variables are added to a grouping-—can—affect their apparent

of each variable's importance,
Principal component analysis avoids some of the restrictions 

imposed by the multiple linear regression technique, as the variables 

are grouped into independent combinations (eigenvectors) which explain 
the combinations of variables which occur in the data. The first 
eigenvector produced explains the largest amount of variance possible, 
and successive eigenvectors explain progressively less. A U  variables 
were initially considered in the principal component analysis, but only 
those that were most effective in explaining, the variance were retained 
for final presentation. Due to the small number of variables finally 
utilized, strong interpretation is limited to the results shown by the 
first eigenvector.

Analysis of the data from the Bangtail area of the Bridger Range 

indicates that the following conclusions can be drawnS
(l) Elevation was generally the most important variable in

importance. Thus, physical reasoning also entered into the judgement

explaining^the variance in snowpack depth, and snow depth

consistently increased with elevation. More than one-half the
total explained variance was accounted for by the elevation
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parameter in the larger data grouping (N = 92). As the spring 
melt season was reached, elevation became progressively more 
important, and this is probably due to the reduced effective

ness of wind in redistributing snow. Wet spring snows and the 
presence of sun crusts on the snow surface apparently empha
size the elevation effect.

(2) The potential windiness parameters used were usually second in 

importance in explaining the variance of snowpack depth, and 
occasionally were more important than elevation, especially in 
the smaller data grouping (N = 66).

(3) The objective exposure system used by important quadrants was 
more effective in explaining variance than the subjective wind 

factor. In the Bangtail area -where southwesterly winds are 
known to dominate, the exposure to the southwest is the most 
significant of all the potential wind variables. The combi
nation of exposure to the southwest and elevation consistently 
accounted for the greatest amount of total variance explained.

(4) The objective average exposure in all quadrants was still a 

better measure of potential wind effects at a site than the 

subjective wind factor.

(5) Aspect, slope, and location parameters were generally not 
effective in explaining the variance in snowpack depth.

Consideration of data from the Carrot Basin area revealed that
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elevation alone was important in explaining the snow depth variance„
Wind effects in the area were unimportant, even though much of the 
terrain is open and exposed. This may be due in part to effective 
blocking by upwind ranges.

Elevation alone was significant in reducing the snowpack depth 
variance in the Cooke City area. Lack of wind effects may be due to 
the location of the majority of sampling sites in sheltered valley floor 
positions. However, it is not known whether more exposed ridge crest 
sites would be subjected to wind redistribution as travel to such sites 
was not practical in the area.

Correlation coefficients between snow depth and water equivalent 
values were very high, and snowpack water content could be accurately 

estimated from snow depths in all three study areas, if index density 

values were available. Networks of aerial snow depth markers established 
in locations protected from wind redistribution could provide accurate, 
useful water content estimates in any of the three mountain ranges.

Comparisons between the individual study areas revealed that total 
snow amounts received were quite comparable. Differences in snow on the 
ground at 8000 feet MSL in late March and early April were less than the 
annual variations experienced by the areas. However, comparison of snow 
depth gradients from 7000 to 8000 feet MSL revealed a high degree of 

variability in both space and time.
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Recommendations for Further Study

Results of this study strongly suggest that much more needs to 
be learned about the interrelationships between wind, mountains, and 
the winter snowpack. Beneficial approaches to this broad problem might 
include:

(1) A basic inventory of several large high mountain areas to 
determine what percentage of their surface area is actually 
affected by winds of sufficient force to redistribute snow. 

Field investigations could be conducted by utilizing aerial 
photography for observation of the degree to which the snow 
surface showed evidence of wind action.

(2) Evaluation of the same type of approach as presented above as 
a method for determining prevailing wind directions through ■ 
observation of surface drift and scour features. The degree 
to which surface terrain features disrupt the general airflow 
could probably be determined in this manner.

(3) Investigations to determine the ability of wind to redistribute 

snow under a wide range of conditions. Minimum wind speeds 
necessary to transport snow need to be related to factors

such as the snow crystal type, degree of metamorphism, amount 
of riming, air temperature, and humidity.

It is also suggested that it would be" desirable to extend the same, 

basic type of study as was presented here into the spring melt season.



Relationships between terrain and meteorologic parameters and the 
wastage sequence of the seasonal snowpack need to be more precisely 
defined. This could perhaps be most simply and economically done 
through the use of aerial snow depth markers. If the markers were 
painted glossy white, and only their shadows on the snow surface 
photographed to determine snow depths, local melt effects around the 
markers could be minimized.

Aerial depth markers should also be further investigated as a 
hydrologic tool for estimating amounts of stored water on mountain 

watersheds. Methods of obtaining realistic density values to apply 
to markers in remote sites need to be further investigated. Snow pillow 

records could prove useful in this respect.
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