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Abstract:
Ski area development is taking place at a rapid rate in the western U.S. Coincident with this expansion
is the increased use of over snow vehicles for trail maintenance and grooming. The use and
maintenance of ski trails leads to the compaction of snow. In light of the increased ski area
development, an understanding of the effects of snow compaction on runoff and sediment production is
imperative.

This field study utilizes a paired watershed approach to analyze the effects of snow compaction. In this
study, one watershed underwent snow compaction while the other did not. Basin comparability is
established using geology, area, aspect, relief, soils, mean basin elevation, mean basin slope, tree cover
type and amount and the proximity of the two basins to each other. Snow monitoring was done using
snowpits, Ram penetrometer profiles, and Federal Snow Sampler measurements. Compaction impacts
on runoff were monitored by recording surface water discharges and suspended sediment amounts.
Compaction effects were also evaluated through the use of two slope runoff collectors.

Compacted snow releases water later than uncompacted snow. The basin in which snow compaction
took place had a "flashier" hydrograph, characterized by steeper rising and receding limbs, and a higher
peak discharge value. Snow compaction over approximately thirty per cent of the basin area resulted in
a lag time of between seven and thirty days. For the basins compared in this study, snow compaction
had little effect on sediment production.

Compaction affects the snowpack in a two-fold manner. First, compacted snow has less permeability
than does the uncompacted snow as a result of both the snow densification and a vertical permeability
anisotropy due to the greater number of ice lenses in the compacted snow cover. This reduced
permeability retards the movement of water within the snowpack. Secondly, since heat transfer is
expedited by the presence and the amount of liquid water within the ice matrix this retarded water flow
impedes the development of wet snow grains. The development of wet snow grains is a necessary
precursor to water release. Therefore, the measured lag times are due to retarded wet snow grain
development as well as retarded water movement. 
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ABSTRACT

Ski area development is taking place at a rapid rate in the 
western U.S. Coincident with this expansion is the increased use of 
over snow vehicles for trail maintenance and grooming. The use and 
maintenance of ski trails leads to the compaction of snow. In light 
of the increased ski area development, an understanding of the ef
fects of snow compaction on runoff and sediment production is impera
tive .

This field study utilizes a paired watershed, approach to analyze 
the effects of snow compaction. In this study, one watershed under
went snow compaction while the other did not. Basin comparability is 
established using geology, area, aspect, relief, soils, mean basin- 
elevation, mean basin slope, tree cover type and amount and the prox
imity of the two basins to each other. Snow monitoring was done us-, 
ing snowpits, Ram penetrometer profiles, and Federal Snow Sampler 
measurements. Compaction impacts on runoff were monitored by re
cording surface water discharges and suspended sediment amounts. 
Compaction effects were also evaluated through the use of two slope 
runoff collectors.

Compacted snow releases water later than uncompacted snow. The 
basin in which snow compaction took place had a "flashier" hydro
graph, characterized by steeper rising and receding limbs, and a 
higher peak discharge value. Snow compaction over approximately 
thirty per cent of the basin area resulted in a lag time of between 
seven and thirty days. For the basins compared in this study, snow 
compaction had little effect on sediment production.

Compaction affects the snowpack in a two-fold manner. First, 
compacted snow has less permeability than does the uncompacted snow 
as a result of both the snow densification and a vertical permeabil
ity anisotropy due to the greater number of ice lenses in the com
pacted snow cover. This reduced permeability retards the movement of 
water within the snowpack. Secondly, since heat transfer is expe
dited by the presence and the amount of liquid water within the ice 
matrix this retarded water flow impedes the development of wet snow- 
grains. The development of wet snow grains is a necessary precursor 
to water release. Therefore, the measured lag times are due to re
tarded wet snow grain development as well as retarded water movement.



CHAPTER I

INTRODUCTION

Snowfall accounts for a significant portion of the water re

serves in the mountainous regions of the world. In the western U.S. 

snowmelt accounts for a majority of the annual runoff (Linsley and 

Franzini, 1979). Locally, some 65 per cent of the annual runoff in 

Montana is derived from the melting of snow (Alford and Bowles, 1976, 

unpub). Any changes that affect the melting of snow also affect the 

quantity and or the quality of water available for downstream users. 

These users might include municipalities, irrigators, and recreation 

areas.

Ski area development is currently taking place at a rapid rate. 

An understanding of the potential effects of this development is im

perative if planners are to make intelligent decisions about ski area 

siting and expansion. In particular, it is necessary to know the 

potential effects of snow compaction on the water balances both in 

the area immediately adjacent to the ski area and downstream. Compac

tion may affect sediment production, flood frequency and the amount 

of water available for downstream usage. Off-season land use and 

wildlife habitat may also be impacted.

Several areas • relevant to' the effects of snow compaction have 

been studied in the past. Recent preliminary studies of the effects 

of snow compaction have been undertaken in Europe (Peter Ergenzinger, 

pers. comm.), but to date detailed analysis has been missing. Snow
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compaction has been investigated by people interested in the traffic- 

ability and mobility of a wide range of vehicles (Mellor,1978). Com

paction and the resulting snow densification in these studies is in

vestigated to determine the effectiveness of track and tread design 

as well as overall vehicle performance (Mellor,1972). Included in 

these tests are those vehicles that are commonly used in the grooming 

and upkeep of.ski trails. .Field studies and observations of melting 

snow were done by Clyde (1931) and others. Theoretical studies of 

water movement in wet snow are summarized by Colbeck (1978). In ad

dition, Colbeck (1971) has developed a theory of wet snow grain meta

morphism using equilibrium thermodynamics.

The purpose of this study is to make measurements to test the 

hypothesis that skier and vehicular compaction leads to changes in 

the meltout pattern of the alpine-subalpine snowpack. The changes 

might be manifested as changes in the nature of the melt hydrograph, 

including changes in the hydrograph form, or changes in either the 

timing or the values of the peak discharge. In addition, compaction 

effects might cause differences in the timing of the first release of 

water from the snowpack, variations in the baring of ground, and al

terations in the sediment yield.

The study took place at the Bridger Bowl ski area located ap

proximately sixteen miles northeast of Bozeman, Montana (figure I). 

Bridger Bowl is situated on the east side of the north-south trending
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MONTANA

O U AD W AN C lf I O f.A l ION

Figure I. Location map showing the approximate location of the basins
slated for comparison in this study. The circles represent 
the location of the stream level recording units and the 
dashed line represents the approximate location of the 
northern boundary of the Bridger Bowl ski area.
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Bridger Range in southwestern Montana. The Bridger Range has a local 

relief of 4000 feet and receives an average of 80 inches of snow an

nually (Fames and Shafer, 1974) .

Research Approach

There are several research approaches for a field study of this 

type. An analogy for developing a research procedure might be found 

in the literature on urban hydrology. In many of these studies, a 

basin slated for development is selected. Monitoring of the system 

is carried out prior to the start of urbanization for a period of 

time. Then, as development proceeds, changes in the system response 

can be correlated with the development. In the case of this study 

the procedure would be to monitor the system prior to the initiation 

of compaction. Then, compaction would begin and monitoring would 

continue. Changes in the system records could be correlated to the 

effects of compaction (Dunne and Leopold, 1978). This approach is 

inappropriate for this particular study since the base line data is 

not available for Bridger Bowl. In addition, the cost and litigation 

of opening a new area for skiing and machine compaction is prohibi

tive .

Another possible approach using paired watersheds or basins is 

common in the forest hydrology literature (Lull and Sooper,1967). 

These studies can be divided into two phases. In the first phase,
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two comparable basins are selected and monitored. In the second 

phase one of the basins is chosen as a control, and the other basin 

is altered in some way. 'Monitoring of the two basins continues as 

before. Differences between the two basin records in the second 

phase are then statistically correlated with the changes in the im

pacted basin. This approach is also considered unsuitable for this 

particular study. Wicht (1967) points out that paired watershed ex

periments should run long enough for the climatic data to be statis

tically representative of the area. In snow hydrology, this period 

of time is generally on the order of ten years (Dunne and Leopold, 

1978). This is a one year pilot study and data records are not 

available to correlate the one year measured results with historical 

data.

A third approach follows the general guidelines of Hewlett and 

Hibbert (1967) . In their study, several criteria were selected to 

allow the comparison of fifteen basins in the eastern United States. 

The criteria were mathematically weighted to develop a "response fac

tor". This "response factor" numerically represents the similarity or 

differences between the basins in question. Physical parameters of 

drainage area, mean elevation of the basin, mean slope of the basin 

(relief divided by the basin length), soil materials, forest type and 

amount of forest cover were utilized. In addition they used two 

parameters selected from historical records of storm events in the
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development of the response factor. The numerical form of the para

meter was necessitated by the large disparity in the basins they 

selected to analyze. In their study, areas ranged from 22 acres to 

over 2600 acres and mean elevations varied between 500 feet above sea 

level to over 2800 feet above sea level. The basins in their study 

also were separated by large distances.

In the present study, the streams are ephemeral and have not 

been monitored in the past. Therefore, no historical records exist 

and it is not possible to develop a "response factor" along the exact 

lines of Hewlett and Hibbert (1967). A modification of the Hewlett- 

Hibbert approach was used. Two basins were selected which are very 

close to each other with similar values in most of the criteria that 

Hewlett and Hibbert used to generate the "response factor". In addi

tion, several other parameters were chosen that were considered es

sential for comparability. These are aspect, geology insolation and 

slope percentages. The major difference between the two basins is in 

the "independent" parameter, snow compaction. The details of the com

parison criteria are presented later. Given the proximity of the two 

basins and their similarity under the selected criteria, the re

sponses of the two basins are deemed to be comparable. Any differ

ences in the runoff or sediment yield of the basins is due to the ef

fects of compaction.



Due to the nature of Bridger Bowl, it is impossible to find a 

basin that is totally skier or machine packed. Therefore, we aug

mented the paired watershed approach with a paired slope study. The 

purpose of this phase of the study was to look at the field effects 

of compaction on an area of 16 square feet. We selected a slope that 

was heavily skied and frequently machine groomed in order to maximize 

the potential effects of compaction.

7



CHAPTER 2

METHODS

Snow Density

In order to evaluate the .effects of compaction on the slopes and 

basins, snow densities and water equivalents of the snow were meas

ured using the Federal Snow Sampler Kit, commonly referred to as a 

Mount Rose Sampler (Perla, 1976). The kit consists of a cutting tube 

with several attachable coring tubes each about- 30 centimeters in 

length, and a spring scale. By coring the snow, the depth of the 

snowpack can be determined. After the core has been lifted from the 

snowpack, it is weighed using, the scale and after subtracting the 

tare, the water equivalency of the snow is determined. The water 

equivilancy is the number of inches of water generated by melting 

that volume of snow. By measuring the total depth of the snowpack 

and multiplying that value by the surface area of the tube, one can 

arrive at a known volume of snow. Given both a volume and a weight, 

determined from the water equivalency calculations, it is then possi

ble to calculate an average density for the snowpack (Dunne and 

Leopold,1978). '

Snow Stratigraphy

The stratigraphy of the snowpack was studied to test the hypo

thesis that ice lenses formed as a result of compaction may influence 

the movement of water during the initial phases of the melt season..
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This influence could take two forms. First, ice lenses would result 

in ponding that might detain vertical water movement and reduce the 

vertical permeability. Secondly, ice lenses might change the flow of 

water from a dominantly vertical flow to one with a a large hori

zontal component.

One technique employed to analyze snow stratigraphy is the snow- 

pit. A snowpit consists of a wall of snow that is exposed from the 

surface to the base. From this vantage, it is possible to locate 

snow layers, layer densities, ice lense frequency and position, 

crystal morphology of the layers and temperature distribution in the 

snowcover. The disadvantage of the snowpit system is that it is a 

destructive test. The same location can not be utilized for several 

tests in a row. Further, the snowpit although it is a very valuable 

tool, is limited to a data point in time and space. The pit may not 

clearly reflect the conditions within the snowpack over a large area. 

Since the "creation" of a snowpit within the snow cover requires the 

removal of several meters "of snow, time and effort soon become impor

tant additional factors. The size of the slopes that were selected 

limited the number of snowpits that could be investigated.

A second approach to studying snow stratigraphy, especially the 

number and location of ice lenses over a wide area is the ram pene

trometer (Perla,1970). The ram penetrometer is a field portable de

vice made up of a hammer assembly and a conically tipped shaft. By
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dropping the hammer on the shaft, a relative measure of snow strength 

is made.

Stream Discharge Measurements

The most effective method to determine the effects of compaction 

on the spatial and temporal release of water is to carefully monitor 

the streams that drain the basins. This was done by installing still

ing tubes and recording devices in each stream. The recording device 

in this case is a Stevens Type F level recorder. The result of this 

installation is a plot of water height (stage) as a function of time, 

referred to as a stage hydrograph (Dunne and Leopold,1978).

Since the streams are not identical in cross-section, it is 

necessary to convert the stage hydrographs to discharge hydrographs. 

This is done by use of a rating curve for each stream. The rating 

curve is an empirical relationship between stage and discharge for 

each stream. The curve is developed by first measuring the stage of 

the stream. Then the cross-sectional area of the stream is measured. 

Finally the velocity of the stream is determined using either the 

surface velocity multiplied by a conversion of .85, measuring the 

velocity at six tenths of the stream depth, or by using a depth in

tegrated velocity profile (Dunne and Leopold,1978). All three of 

these methods were utilized during the course of this study. The 

three methods have the same relative accuracy at the discharges ,in

volved in this study (Dunne and Leopold,1979). By multiplying the
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area by the velocity, the discharge is obtained. By plotting several 

of these stage-discharge pairs together, the rating curve is devel

oped (Linsley and Frazini,1978).

Sediment Discharge

The sediment sampling program was carried out utilizing a DH40 

stream sediment sampler. This sampler integrates the suspended sedi

ment collection over the depth by allowing a fixed rate of water in

take into the nozzle of the sampler. By lowering and raising the 

sampler at a constant rate, the sediment collection is integrated 

over the stream depth (Dunne and Leopold,1978) .

Slope Meltwater Collectors

A slope runoff collector was designed to analyze the effects of 

compaction on water release on the two slopes. Two types of collec

tors were developed. The first consisted of a sheet of visquene 

plastic 48" wide set at right angles to the slope. Water flowing 

horizontally would encounter the sheet and would run vertically to a 

4" PVC collection tube. Flow would proceed down gradient to a still

ing device where the stage would be recorded. The choice of the 

right angle position between the sheet and the ground surface was 

part of the experimental design. It was thought that compaction 

might alter the mode of flow in the snowcover through the introduc

tion of ice lenses. These ice lenses might tend to pond vertical
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water movement and divert flow from the normal vertical direction to 

a lateral direction. The collector was designed to entrap this 

lateral flow.

A second slope collector was also employed. This device con

sisted of a 4' by 4' sheet of plywood fitted with a I inch lip that 

was laid on the ground surface. Water encountering the plywood would 

run down gradient to one corner. From there, a hose would transport 

the water down gradient to a stilling device where the stage would be 

monitored. This system was designed to allow monitoring of vertical 

drainage within the snowcover.

Insolation

In order to asssure that the net radiative flux values between 

two basins and two slopes are similar, a combination of a hand-held 

silicon chip solarimeter and a recording allwave pyroheliometer are 

used. Measurements are taken with the handheld unit and the value and 

the time of day noted. These values are then compared to the re

corded values at the base recording unit. This procedure was devised 

to allow for the variation of radiative influx with cloud cover and 

time of day.In addition the use of the handheld unit allows for meas

urements of albedo throughout the day.



CHAPTER 3

RESULTS

Basin Comparisons

The comparability of the two basins was first established using 

the criteria selected by Hewlett and Hibbert (1967). These criteria 

were augmented with other factors considered imperative for similar

ity. These additional criteria are geology, aspect, slope percen

tages and relief.

A tabulation of the single value parameters is presented in 

Table I. The criteria used by Hewlett and Hibbert (1967) are denoted 

by an asterisk. The following discussion will examine these para

meters first.

The areas of the two basins differ by four-tenths of an acre. 

This difference is insignificant since it represents a deviation of 

seven percent from the smallest basin size. The values of area that 

Hewlett and Hibbert(1967) compared ranged on the order of a thousand 

percent. Thus the basins are comparable in terms of their area.

Both basins are partially forested with lodgepole pine. The 

crown cover percentages differ by only two percent. The basins com

pared by Hewlett and Hibbert (1967) differ by fifteen percent. The 

two percent deviation in this study is well within the range of com

parability.

The mean slopes of the two basins indicate that the basins are 

comparable. The slope percentages for this study differ by 14
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PARAMETER SKIED AREA UMSKIED are a

* Area 5.9 acres 6.3 acres

* Tree Cover Lodgepole Lodgepole
Type (maj.)

* Tree Cover 3 4% 3 2%
Amount (%)

* Average Slope 3 .8% 2 .4%
of Basin

* Mean Elevation 7585 ft. asl .7629 ft. asl
of Basin

Aspect East East

Slope Percentages
7 0% 2 8% 3 1%

30-70% 2 8% 2 3%
0-3 0% 4 4% 4 6%

Table I. Comparison of the two basins using parameters that have a 
single value. The asteric denotes criteria used by Hewlett 
and Hibbert (1967).
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percent. Hewlett and Hibbert (1967) compared values that ranged from 

three percent to 47 percent. Thus the values reported here lie well 

within the comparability limits of other researchers.

The mean elevation of the two basins is comparable. The differ

ence in mean elevation between the two basins is forty-four feet. 

This is inconsequential when compared to the data of Hewlett and 

Hibbert (1967) where values ranged from 570 feet to 4250 feet above 

sea level.

Both basins have similar bedrock geology (figure 2). Both basins 

extend from the Mississippian Mission Canyon Formation on the crest 

of the Bridger Range to the Cretaceous Kootenai Formation at the 

stream monitoring locations.

Hewlett and Hibbert (1967) also considered the soils of the 

basins. Detailed soil mapping of this portion of the Bridget Range 

has not been done as of the time of this report. However, the simi

larity of parent material, aspect, vegetation, and surficial geologic 

cover argues that the soils are comparable.

Aspect is an important parameter. It controls the timing and 

duration of solar radiation and thus the timing and nature of snow

melt. Preliminary aspect measurements for the basins and slopes were 

first done in the office using aerial photographs and topographic 

maps. These results were then checked in the field using a Brunton

compass. These tests show that both the basins have a dominant east
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GEOLOGY
- Mississippian Miss ion  Canyon
-  Miss.- Penn. Amsden
-  Pennsylvanian Quad ran t
-  Jurass ic  Rierdon & Sawtooth 
-J u ra s s ic  Swift
- J u ra s s ic  Morr ison 
- C re ta c e o u s  Kootenai
- Quate rnary C o l luv ium

Scale IMiIesI
-.2

Figure 2. Geology of the Bridget Range in the vicinity of the Bridget 
Bowl ski area. Outlined areas to the north and south re
present the two basins compared in this study. The south
ern basin is within the Bridget Bowl ski area (Scale is 
1:3200).
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aspect with some southern exposure and that they are therefore com

parable .

The slope angle percentages are included to refine the relief 

and mean, elevation figures to include more localized effects. Values 

from the two basins differ by five percent.

Slope Collector Comparisons

Slope meltwater collectors were used to monitor and compare 

water release characteristics on a small but heavily compacted areas. 

This method necessitated that two comparable slopes also be located. 

One of these slopes underwent snow compaction while the other did 

not. In order to assure that the two selected slopes were compar

able, similar criteria to the ones outlined for the basins were 

utilized. The slope runoff collectors have the same collection area. 

Both basins were vegetated with grasses only and therefore the tree 

type and percentage cover are identical. The slopes differ by ap

proximately five hundred feet in elevation. This is insignificant in 

the Bridger Range (Alford and Bowles,1980, unpublished). The mean 

slope for the packed basin is 22 degrees and the mean slope of the 

unpacked basin is 28 degrees. These values are comparable. As in the 

basins, the surficial and bedrock geology of the two slopes is the 

same. Both basins have a direct southern aspect. This leads to the 

conclusion that the two slopes are comparable.

/
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Compaction Effects

The ram penetrometer data reflects the effects of snow compac

tion. (figure 3). A "high" ram number corresponds to a strong snow- 

pack. Meteorological changes, changes in the snowpack through meta

morphism, and snowfall events make it difficult to compare ram pro

files that were done on different days. However, the effects of com

paction are shown clearly by a comparison of ram profiles done on 

February 27, 1980 (figure 3). The lower average ram number and the 

relative uniformity of the ram profiles done on the uncompacted snow 

are in contrast to the higher average values and the presence of more 

dominant ice lenses in the packed snowcover.

Density data also is indicative of the effects of snow compac

tion (Table 2). Since densification is a part of snow metamorphism, 

it is difficult to compare values that are taken at very different 

times of the year. In Table 3, the result of the density measure

ments from the 1981 continuation of the study are shown . In this 

phase, density values were broken down to include densities of snow 

subjected -primarily to machine compaction, snow that was subjected 

mostly to skier compaction and uncompacted snow. The effects of 

machine compaction are clear. The effects of skiers alone is less 

dramatically displayed in this data group but it is evident as den

sity values between the machine compaction and the uncompacted

values.
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Skied

RAM NUMBER

s u r fa c e

Unsk iedioo,
2/27,60

RAM NUM BER

Figure 3. Ram penetrometer profiles taken on February 27, 1980. Note 
that the skied area reaches a higher ram number than the 
unskied area. A higher ram number corresponds to a 
"strong" snow pack.
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DATE COMPACTED SNOW UNCOMPACTED SNOW

2/27 .246 g/m3

3/5 .220 g/m3

3/11 .453 g/m3 .244 g/m3

3/18 .587 g/m3

4/21 .623 g/m3 .455 g/m3

Table 2. Density Measurements from 1980.

MACHINE SKIER
DATE COMPACTED COMPACTED UNCOMPACTED

2/24 . 465 g/nf* .353 g/m3 .326 g/m3

3/11 .538 g/nf* .397 g/m3 .376 g/m3

3/25 - .646 g/m^ .486 g/m3

3/28 .411 g/m3

Table 3. Density results from the 1981 portion of the study. Areas 
listed under machine compacted were subjected to a large 
amount of trail and slope preparation while those listed 
under skier compacted areas received little or no machine 
grooming.
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Hydrograph Comparisons

The melt season hydrology of the two basins is different (figure 

4). There is a substantial difference in both the nature of the 

hydrograph and the timing of the peak discharge. The hydrograph 

from the packed basin has a faster rising limb as well as a faster 

receding limb. In addition, the hydrograph from the compacted area 

reaches a higher peak value. The "flashy" nature of this hydrograph 

is in direct contrast to the more gentle form of the rising and re

ceding limbs and the lower peak discharge of the hydrograph from the 

unpacked basin.

The timing of the peak discharges is also an important parameter 

in an analysis of this nature. In this case despite the fact that a 

complete record is not preserved due to equipment failures, the hy

drographs indicate that the peak discharge of the unpacked basin took 

place first. The difference in timing between the two peak dis

charges is on the order of thirty days.

Another indication of the effects of compaction is suggested by 

the nature of the snow surface while skiing. During the early meltout 

time, the surface of the packed slope was often slushy on cloudless 

days while the surface of the unpacked slope during the same period 

of time was generally drier.
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"^v nV-CqiIMPACTED

UNCOMPACTED

Figure 4. Stream hydrographs for the 1980 melt season. Comparison of 
the hydrographs indicates that the first release of water 
took place in the uncompacted basin. Also note that the 
peak discharge of the compacted hydrograph. Finally, note 
that the peak value of the uncompacted hydrograph occurred 
before the peak value of the compacted hydrograph.
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Rills

Rills are a common feature of the ripening and melting snowpack. 

They are an orderly series of shallow crests and troughs that appear 

on the snow surface and last into the final meltout period. The 

wavelength of the crests and troughs is on the order of several cen

timeters and the amplitude is on the order of several centimeters. 

Rills are generally oriented with their long axis parallel to the in

ferred direction of water movement and may continue up to several 

meters before coalescing with their neighboring rills. Observations 

made during the course of this study indicate that the location of 

rill crests and troughs is not directly linked to conditions at the 

snow-soil interface. This observation is substantiated by several 

other workers in the field (Dr. J.Montagne, pers. comm.). Despite the 

fact that rills are a common feature of the snowmelt season, they 

have not been intensively studied to date. One prerequisite for their 

development may be the presence of a new snowfall over a relatively 

impermeable base (Dr. J. Montagne ,pers. comm.). This solid base may 

be an ice layer within the pre-existing snowpack. Thus, any differ

ence in the timing of the development of rills between two areas may 

somehow reflect differences in the condition of the two snowpacks.

In this study, rills developed first on the uncompacted snow, 

preceding the development of rills on the compacted snow by approxi

mately seven days. Both areas developed rills during the course of

the melt season.
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Snow Pit Results

First Water Release

The first release of meltwater took place in the uncompacted 

areas from five to seven days prior to the release of water in the 

compacted areas. The range of times is due to the fact that a snow-r 

pit is a destructive test and profiling had to be carried out at 

several locations and at several different times. Visits to the 

sites and snowpit excavations were done at intervals of approximately 

four days. As has been mentioned, snowpit conditions may not com

pletely reflect conditions at all locations throughout the basins. 

However, a certain amount of care was taken in this study to insure 

that snowpits done on data collection days had similar aspect . and 

elevations so as to minimize variations in the snowpit results.

Snow Crystal Morphology

Snow crystallography is also done as a part of snowpit analysis. 

The presence of well-rounded wet snow grains (equitemperature grains 

LaChapelle,1969) was first noted in the uncompacted areas on April 21 

during the 1980 study. The development of similar grains was noted in. 

the compacted areas on April 28. The difference in timing of the 

first occurence of these grains is seven days. Time constraints pre

vented snowpit profiling during the second year.



25

Slope Meltwater Collectors

The vertical visquene slope collector did not function very 

well. There are two possible explanations for this poor performance. 

One was the use of the four inch diameter PVC piping to entrap and 

move the water from the visquene sheet to the stilling device. This 

choice was predicated on calculations of melt rates based on a rain- 

on- snow event. Since this is the maximum rate that can be expected, 

it was felt that the system would then be capable of responding to 

smaller events. However, the small collection area relative to the 

pipe and stilling station capacities may have led to a lack of a rise 

in the stilling apparatus despite the generation of meltwater in the 

snowpack. The second possible explanation may be found in the sys

tems design. The system was designed to entrap lateral flowage. In 

the event that lateral flow did not occur in significant portions, 

the collection system would not function.

The horizontal plywood slope collector fared better than the 

visquene model. The results of this portion of .the study are pre

sented in figure 5. The first appearance of water on the uncompacted 

slope took place on April 29. However, the compacted slope did not 

release water until May 20. This difference of 21 days is roughly 

correlative with the differences noted in the stream hydrograph 

analysis.
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Figure 5. Results of the horizontal slope runoff collector devices 
for 1981. Note that the compacted slope released water 
later than the uncompacted slopes.
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The nature of water release is very different in the two slopes. 

The compacted slope shows a much faster but later water release while 

the uncompacted slope releases water more gradually and earlier. 

This also correlates with differences noted in the 1980 stream hydro- 

graphs.

Suspended Sediment

The results of the suspended sediment sampling program are pre

sented in Table 4. They indicate that the packed areas have less 

sediment production than the unpacked areas. This result is confirmed 

by field observations that often showed the stream draining the 

packed basin less turbid than the stream draining the unpacked basin. 

This is an unexpected result since the "flashy" nature of the hydro- 

graph from the packed-basin stream might be expected to indicate a 

higher rate of erosion and therefore more sediment yield. However, 

the suspended sediment data may have been affected by gophers.

Colin Thorne (1978) has noted the geomorphic role played by the 

pocket gopher. Most importantly, he has alluded to the geomorphic 

effects of gopher burrows. These burrows are dug beneath the snow 

but within the top meter of the soil profile and they appear in the 

spring as elongate mounds. These burrows may exert a strong in

fluence on water movement. They serve as an earthen "pipe" system 

under the snow and channelize the flow. On several sampling days 

during the course of this study, water was observed running through
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DATE SKIED BASIN' (mg/1) UNSKIED BASIN (mg/1)

5/5/80 60.4 240.8

6/7/81 2 . 9

6/9 / 8 1 3.3

6/16/81 . 6

6/22/81 .8 4.6

Table 4. Suspended Sediment Measurements for 1980 and.1981. Samples 
were collected at the stream stage recording sites.
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one of these "earthen pipes". The pipe was approximately five centi

meters in diameter' and was filled with running water. At the same 

time, there was little or no water visible on the soil surface. This 

channelization would lead to higher velocities than overland flow for 

example. The increased velocities, coupled with the channelization 

would raise the sediment yield of an area.- In addition, the presence 

of earthen mounds of easily erodible material may contribute sediment 

through normal overland flow erosion.

Field observations of gopher burrows during this study indicate 

that the burrows are more numerous and more recent in the unpacked 

basin. Recent burrows were distinguished from older burrows by.the 

freshness of the exposed soils and the lack of breakdown in the sur

face morphology of the trail. Excavation of one of these burrows in 

the unpacked basin in May 1980, showed it to be seven to ten centi

meters in diameter and approximately three-fourths full of flowing 

water. Similar excavations of trails in the packed basins showed 

only collapsed trails and no flowing water. Since the trails are 

more numerous in the unpacked basin, and they may increase the sedi

ment yield of an area, the higher sediment yield of the unpacked 

basin may be the result of gopher trails and not reflect direct com

paction effects.
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Avalanches

During 1980, the study was hampered by two major spring climax 

avalanches. The avalanche activity took place on the night of April 

18th or the morning of April 19. One of these avalanches involved a 

portion of the compacted basin but the uncompacted basin was not af

fected by the activity (fig. 6). ' The avalanche affected approxi

mately 25 per cent of the compacted basin and had a crown line of ten 

to fifteen feet.

The presence of the avalanches may have affected the 1980 data 

in two ways. First, the avalanche removed snow from a relatively 

high elevation and deposited snow in a relatively low elevation. 

This snow redistribution slightly altered the melt pattern in the 

compacted basin by exposing ground at a high elevation while there 

was still snow cover at a lower elevation (fig. 7). This pattern is 

in contrast to the normal melt pattern in the Bridger Range in which 

the baring of ground precedes from low to high elevation (Alford and 

Bowles, 1980, unpublished ). Thus, the baring of ground in the com

pacted basin from bottom to top as well as from top to bottom (figs. 

7,8, and 9 ). The second effect of the avalanches was the deposition 

of extremely dense snow in the lower portions of the compacted basin. 

Densities were such that and extreme amount of effort was necessary 

to even get the Mount Rose Sampler into the avalanche debris. Either 

one of these effects could have overshadowed the compaction effects 

that this study was designed to measure.



Figure 6. Location of the major features of the climax avalanche dur
ing the 1980 melt season. Outlined areas represent the two 
basins compared during this study. Note that the avalanche 
affected the compacted (southern) basin while it did not 
affect the uncompacted basin. (The base for Figure 6, 7, 
8, and 9 is taken from aerial photographs of the area and 
is at a scale of 1:3200).
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Figure 7. Snow depletion pattern mapped on April 28, 1980, approxi
mately ten days after the spring avalanche of 1980. Com
parison with Figure 6 shows that bare ground is exposed in 
the avalanche starting zone in the compacted ground only at 
the lower elevations.
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Figure 8. Snow depletion pattern mapped on May 8, 1980, approximately 
two weeks after the spring avalanche of 1980. This figure 
indicates that the compacted basin (southern) is melting 
from the avalanche starting zone (see Figure 6) and from 
the lower portions of the basin while the uncompacted basin 
is melting from the lower elevation alone.
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Figure 9. Snow depletion pattern mapped on May 28, 1980, approxi
mately one week after a spring snow storm. This figure 
indicates that following the snow storm both basins began 
baring ground from the lower elevations.
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The avalanches did not affect the data sets. The horizontal 

plywood slope runoff collectors mirror the basin hydrographs and were 

not affected by avalanches. This similarity suggests that the ava

lanches did not have a profound effect on the data. The difference 

in the timing of the first release of water and the timing of the 

rill development took place at other areas in the two basins and as 

such were not affected by the avalanche. The difference in the 

nature of snow surface was also noted at a variety of locations 

throughout the compacted basin and was also not affected by the 

avalanche.

The two basins and the two slopes are comparable under the cri

teria listed. This is strengthened by the recording of a rainfall 

event in 1980 that took place during the late season after the snow

melt had been completed (see Appendix A4). This record indicates 

that the two basins responded almost identically to the rainfall 

event, suggesting that they are indeed hydrologically similar and 

that the comparison criteria are accurate.

Summary of Results

Three major lines of evidence suggest that compaction alters 

snowmelt. First, the first release of meltwater took place in the 

unpacked basin, preceding the water release in the packed basin by 

five to seven days. Second, the peak discharge occurred first in the 

unpacked basin preceding the peak discharge in the packed basin by



thirty days. Finally, the development of rills, which are assumed to 

reflect conditions within the snowpack took place first on the un

packed basin and preceded the rill development of the packed slope by 

five to seven days. ■ The nature of the melt hydrographs of the two 

basins in question also suggests that compaction affects snow melt.
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CHAPTER 4

DISCUSSION

The field portion of this study has established that compaction 

alters the rate and timing of melt in a mountain snowpack. The pur

pose of this section is to examine possible explanations for the 

observed results. Three major hypotheses will be examined. The 

first is that compaction alters the energy budget of the snowpack and 

thereby affects the amount of energy available for snow maturation 

and melting. The second hypothesis is that compaction alters the 

flow of water within the snowpack causing a retardation of water re

lease.. The final hypothesis to be considered revolves around the 

possible alterations that compaction might produce in the rate or the 

timing of wet snow metamorphism. Each of the following sections will 

begin with an introduction of the governing principles and will then 

proceed with the possible compaction effects. Since many of the 

principles and parameters in the sections on grain growth and water 

flow are similar, the effects of compaction on these areas will be 

discussed together.

Energy Budget

The compaction of snow may affect the amount of heat that is 

available for show ripening or melting. An analysis of the snowpack 

energy budget requires a knowledge of both the heat gained by the 

snowpack and the heat that the snowpack loses (Dunne and Leopold,
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1978). The daily total melt of the snow is the result of several 

components, each corresponding to a different form of heat input. 

The relative importance of the various heat inputs and their corre

sponding melts is shown in figure 10. Radiation melt accounts for 

approximately 75 percent of the daily spring melt while the remaining 

25 percent is the result of convective-evaporative melt. In order to 

understand if compaction can alter the snow energy budget, factors 

that influence the convective-evaporative melt and the radiation melt 

will be examined.

Convective-Evaporative Melt

The convective-evaporative melt is the combination of melts from 

two heat inputs. The first input is that of convective heat trans

fer. This heat input occurs when relatively warm parcels of air are 

brought into contact with the snow surface through eddy or vortex ac

tion. The second portion of the convection- evaporation melt is the 

result of heat transfer that takes place when either evaporation or 

condensation takes place. Condensation or evaporation ( the negative 

case of condensation ) generates a heat exchange that is more impor

tant than the mass transfer that takes place. For example, the con

densation of one gram of water vapor releases 590 calories of heat. 

This amount of heat is capable of melting an additional 7.5 grams of 

ice at 0 C . Thus, the net effect of the condensation of one gram of 

water vapor is the production of 8.5 grams of water. In other hydro- 

logic problems the heat transfer is often considered insignificant
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Figure 10. Relative effectiveness of the various heat input forms at 

a latitutde of 39 N (after U.S. Army Corps of Engineers, 
1956).
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since the heat is generally dissipated quickly. However, in snow hy

drology, the heat transfer is of great concern (Dunne and Leopold, 

1978 and U.S. Army Corps of Engineers, 1956) .

By combining information on convection and evaporation melt, the 

factors that influence the combined convective-evaporative melt can 

be identified (Appendix B ,eq I). These factors are those that are 

involved in the equations of turbulent exchange. They include abso

lute air and snow temperatures, relative and absolute air and vapor 

presures, and pressure differentials, and wind speed (U.S. Army Corps 

of Engineers, 1956).

The two basins and slopes compared in this study do not differ 

greatly in the amounts of melt derived from the convective- evapora

tive heat input. The proximity of the two slopes and the two basins 

insures that the vapor pressures and the absolute pressures over the 

two areas are probably similar, as are the snow and air temperatures. 

The similarity of the basin elevations and the tree cover types and 

amounts as well as the proximity of the two areas implies that the 

wind speeds and directions in the two areas are almost the same. 

Thus, the convective-evaporative melt in the two areas should be the 

same.

Radiation Melt

The major portion of the daily spring melt is the result of 

radiation melt (figure 10). This melt quantity is the combination of 

melts from both the longwave and.shortwave portion of the radiation
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spectrum. By combining the theoretical and empirical information on 

the longwave and ^'shortwave radiation, the major factors that in

fluence radiation melt can be identified. These factors are cloud 

type and amount, tree cover type and amount, and snow reflectance, 

termed albedo (U.S. Army Corps of Engineers,1956) .

In this study, the proximity of the two basins and the two 

slopes assures that there should be no difference in the cloud type 

and amount between the two areas. The two basins differ in their 

distribution of the tree cover, despite the fact that the percentage 

of cover and the tree types are the same. The unpacked basin has a 

greater proportion of its1 tree cover in the lower elevations of the 

basin. As the tree cover amount increases, the net radiation melt 

decreases (U.S. Army Corps of Engineers, 1956). This implies that 

the packed basin, with a smaller proportion of its1 tree cover in the 

lower elevations, should melt first. This is in direct contrast to 

the observed results. The effects of this tree distribution may be 

sufficient to reduce the lag times measured in the basins. That is, 

if,the tree distribution in the -two basins were identical, a greater 

difference in the lag times might have been detected. However, it is 

unlikely that the tree distribution could account for the observed 

results of the unpacked basin melted first. The only remaining vari

able is snow albedo.
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If snow compaction does alter the snow energy budget, it must do 

so by altering the snow albedo. Several lines of evidence argue 

against this hypothesis. First, data collected during the course of 

this study indicates that no difference in reflectance exists between 

the slopes and basins that were compacted and those that were not 

compacted (figure 11). In addition work by Bohren and Beschta (1979) 

has indicated no relationship between snow density (compaction) and 

albedo. In their study, snow densities of between .05 and .45 mg/L 

were compared for reflectance. Their results show that reflectance is 

independent of density. The snow densities reported in this study 

are slightly higher than those reported by Bharen and Beschta (1979) 

but it is probable that even at higher densities, reflectance is in

dependent of snow density. Finally, theoretical studies by Gliddings 

and LaChapelle (1961) have indicated that reflectance on an aggregate 

surface such as snow can be considered a near-surface process. The 

depth of ■ light penetration is then related to the average particle 

size. . There are generally several snow storms in the study area 

during the ripening and melt season, after the end of snow packing at 

Bridget Bowl. At least one of these storms took place in 1980 and 

one in 1981. The presence of these storms would mean that the sur

face reflectance of the compacted areas should be the same as the 

surface reflectance of the. uncompacted areas. If this is the case,
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DATE

Figure 11. Plot of snow albedo measured through time in the Bridger 
Range. The open circles represent measurements made on 
compacted snow and the squares represent measurements made 
on uncompacted snow. The curve is taken from the U.S. 
Army Corps of Engineers (1956) report. Note that there is 
no difference in the albedo of the compacted versus the 
uncompacted snow.
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then the energy budgets of the two areas should be identical. But it 

has been shown that the melting of the two areas is different. 

Therefore, the conclusion is that snow compaction does not primarily 

alter the snowpack energy budget.

Intergranular Water Flow

The differences in melting of the two areas recorded in this 

study may be the result of changes compaction makes on the flow of 

water within the snowpack. The study of water flow within the snow- 

pack can be considered analogous to a combination of porous media 

flow and ice physics (Colbeck,1978). The major difference between 

water movement in snow and soil is that the metamorphism of snow 

prior to the release of water eliminates a large portion of the grain 

size population and restricts the pore size distribution (Colbeck, 

1978).

The flow of liquid water with a ripened snowpack can be de

scribed using Darcy's law. By assuming balanced air and water 

fluxes, as well as a homogeneous and isotropic system, a partial dif

ferential equation describing the volume flux of water (volume/unit 

area/unit time) can be developed (Appendix B,eq.2, Colbeck,1978). 

The relationship shows that the volume flux is partially dependent 

upon the permeability of the snow.

Since the volume flux of water is related to the snow per

meability, the effects of snow compaction on the permeability is of
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great concern in this study. Shimizu (1970) deals with the effects 

of snow density on the snow permeability with respect to water (Ap

pendix B , eq.3). By combining this relationship with a relationship 

between snow permeability with respect to water and the intrinsic 

permeability of snow developed by Colbeck (App.B, eq.4,1978), an ex

pression relating the snow permeability as a function of snow density 

can be derived (Appendix B,eq.5). This result suggests that as snow 

compaction takes place, and with it snow densification, the intrinsic 

permeability of the snow decreases, thereby decreasing the volume 

water flux that the snow can transport.

Compaction of snow not only leads to snow densification but also 

tends, to produce more ice lenses within the snow (see RESULTS).. The 

use of Darcy's law for water movement within the snow is predicated 

on the assumptions of a homogeneous isotropic system. The presence 

of ice lenses may make these assumptions invalid. Despite the fact 

that ice lenses appear to arrest all water movement Colbeck (1978) 

has shown that this may not be the case. In particular, measurements 

made with a tensiometer indicate that an ice lens 50 millimeters 

thick located 2.2 meters below the surface of a perennial snowpack 

was able to conduct a diurnal meltwater wave. Observations made with 

the vertical visquene slope runoff collector indicate that lateral 

water flow may not take place. Thus, it is inappropriate to treat 

ice lenses as impermeable boundaries and solutions to the differen

tial boundary condition problem are made much more difficult.'
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Colbeck (1972) has analyzed the effects of a single ice lense 

using an equivalent system approach. He develops a system that is 

homogeneous but anisotropic.to model the real world system which is 

nonhomogeneous and anisotropic. The presence of the ice lense is 

manifested as a lower permeability vertically than laterally. The 

presence of ice lenses tends to alter the normal vertical orientation 

of the flow vector. In an analysis of a single ice lense on a 23.5 

degree slope, Colbeck (1978) found that the ice lense produced a con

vergence or divergence of flow vectors at certain locations at the 

snowpack base. He concludes that "... the net result of this conver

gent-divergent flow is a slight diffusion of the runoff hydrograph." 

(Colbeck,1972,p.187).

The amount of time that an ice lense exerts an influence on the 

flow of water is also of concern in the study of melting snow. The 

breakdown of an ice lense is the result of its thermodynamic instabi

lity with respect to the surrounding snow. For theoretical studies, 

the ice lense is viewed as being composed of ice spheres that inter

sect at a three-sphere junction. In the center of these junctions is 

a small vein (Colbeck, 1978). Once the vein has reached a diameter 

of between .01 and .1 millimeters it is in approximate thermodynamic 

equilibrium with the surrounding snow. At this pore size it is in

capable of ponding water from above. Thus it appears that water 

ponding due to ice lenses may rarely take place in the natural 

setting.
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There are several unanswered questions regarding ice lenses. 

The amount of time that an ice lense is capable of affecting water 

movement through decreased permeability in the snow matrix has not 

yet been investigated. Further, the inability of the ice lense to 

pond meltwater from above is based on naturally occuring ice lenses. 

It may be that ice lenses formed through vehicle or skier action may 

be substantially different in thickness, density or structure than 

their naturally occurring counterparts. Neither of these areas has 

received any attention in the past.

Grain Growth

The development of wet snow grains is a necessary precursor to 

the release of water from the snowpack (Dunne and Leopold,1978). 

Compaction may alter either the rate or the timing at which grain 

development takes place. Grain growth is the result of thermodynamic 

stability of a certain portion of the grain size population and is 

governed by heat flow and thermodynamic considerations. The develop

ment of a thermodynamic model of wet snow metamorphism is a complex 

problem and requires the identification of both the phases that are 

involved in the heat transfer process and a set of boundary condi

tions for an analytical solution. Without delving into the theory 

proposed by Colbeck ( 1 9 7 1 ) patterns pertinent to this study can be

identified.
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The rate of grain growth is determined, at least in part, by the 

water saturation of the snow (Colbeck,1978). At very low water satur

ations the grain development is a slow process while at higher water 

saturations, the grain growth process takes place rapidly (Colbeck, 

1978). Colbeck (1978) argues that since grain growth is a heat 

transfer process, situations in which heat transfer can occur easily 

will have greater growth rates. By allowing more water to occupy the 

pore spaces in the snow matrix, heat transfer is expedited and rates 

of growth are high. At low water saturations, heat transfer is im

peded and growth rates are reduced.

Compaction Effects on Intergranular Water Flow and Grain Growth

As snow compaction takes place, snow density increases. This 

density increase decreases the permeability of the snow cover and 

thereby reduces the water volume flux that the snow is capable of 

conducting.

Two lines of evidence suggest that snow compaction may also in

fluence wet snow metamorphism. First, snow pit data from 1980 indi

cates that the development of wet snow grains took place in the un

compacted snow prior to the development of wet snow grains in the 

compacted snow. Secondly, there is a radical difference in the form 

of the melt hydrographs from the two basins. Similar differences in
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hydrograph form are noted when the hydrographs from the two slope 

collectors are compared. These differences are more substantial than 

the simple hydrograph diffusion that permeability changes alone would 

be expected to produce.

This study suggests that compaction alters the snowpack in a' 

two-fold manner. First, compaction reduces the snow permeability as 

is suggested by combining the work of Shimizu. (1970) and Colbeck 

(1972). (Appendix B,eqs.3,4 and 5). This decreased permeability is 

evidenced by the "slushier" appearance of the snow surface in the 

areas in which snow compaction has taken place. The decreased per

meability of the compacted snow stems primarily from densification of 

the snow. A doubling of the snow density will reduce the permeabil

ity by a factor of ten (Appendix B,eq.5). It is possible that the 

presence of more numerous ice lenses in the compacted snow cover may 

further decrease the snow permeability through the creation of a ver

tical permeability anisotropy. Since the energy balance of the com

pacted snow is similar to the energy balance in the natural snow, the 

initial generation of a meltwave at the snow surface takes place at 

the same time in the two areas. However, the decreased permeability 

of the compacted snow retards the movement of this meltwater. In the 

uncompacted snow cover, water movement takes place as usual. Second

ly, the retardation of water flow in the compacted snow leaves the 

lower portion of the compacted snow column with a reduced free water
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content. In the uncompacted snow, the free water content in the 

lower portions of the snow column is sufficient to allow the develop

ment of wet snow grains. In the compacted snow, the upper portion of 

the snowpack has enough free water to allow wet snow grain develop

ment to take place but the lower portion has a reduced free water 

content. Since the rate of wet snow grain development is in part 

determined by the free water content, this reduced free water content 

in the lower portions of the compacted snow column retards the devel

opment of wet snow grains. Eventually, the permeability of the com

pacted snow is raised either through ice lens decay or heat content 

of the retarded water. This allows for the introduction of a large 

amount of water into the lower portions of the compacted snow cover, 

albeit a late water introduction. This water is sufficient to expe

dite rapid grain growth and results in rapid water release.

This combination of water flow and grain growth effects would 

explain several of the observations made during the course of this 

study. The slushy appearance of the snow surface in the packed areas 

during the early stages of ripening and melt as compared to the drier 

surfaces of the unpacked areas would be the result of the reduced 

snow permeability in the compacted areas. During the same period, 

vertical water movement and coincident grain growth would be taking 

place in the unpacked areas. However, as the effects of this per

meability imbalance are overcome, the rapid introduction of water

'i

JJ



51

into the lower portions of the compacted snowcover would result in 

rapid grain growth and a swift but late water release. This is mani

fested as a hydrograph with steep rising limbs and a late first re

lease of water and a delayed peak discharge. ■

Discussion of 'Sediment Production

The sediment yield data indicates that the sediment yield of the 

compacted areas is less than the sediment yield of the uncompacted 

areas. This difference is in opposition to the steeper hydrograph 

form in the compacted areas, that would be expected to result in a 

higher sediment yield value. This difference may be the result of 

more recent and more "intense gopher burrow development in the uncom

pacted areas, leading to a channelization of the meltwater. Channel

ization produces both a higher water velocity and banks of easily 

erodible material which could explain the higher sediment production

in the uncompacted areas.



CHAPTER 5

CONCLUSIONS

This study analyzes the effects of snow compaction on water re

lease and sediment production using a paired basin approach similar 

to that used by Hewlett and Hibbert (1967). Two basins are selected. 

One basin is subjected to skier and vehicular compaction while the 

other basin is not. Similarity between the basins is established by 

comparing relief, area, geology, aspect, soils, tree cover type and 

amount, mean basin elevation, mean basin slope and slope percentages. 

The basins compare well under these criteria. Differences in the 

melting of the snow and sediment production between the two basins 

are due to the effects of snow compaction. In order to maximize the 

potential compaction effects paired slopes were also incorporated 

into the study.

Compaction significantly alters the snowmelt. It delays the 

first release of meltwater from the snowpack by between seven and 

thirty days. Compaction causes the runoff hydrograph to have a 

steeper rising and falling limb and to reach a higher peak discharge 

value. Compaction may influence sediment production leading to less 

sediment production from areas where snow compaction takes place.

An explanation of the. results of this study is proposed using a 

combination of water flow and wet snow metamorphism. Compaction re

sults in a lower snow permeability due both to snow densification 

that compaction causes and the anisotropic presence of ice lenses.
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The reduced permeability in the compacted snow retards the movement 

of water from the upper portions of the snowpack to the lower por

tions . This results in a lower water saturation in the lower portion 

of the compacted snow as compared to a higher water saturation value 

in the lower portions of the uncompacted snow. This lower water 

saturation in the compacted snow impedes the development of wet snow 

grains. The development of wet snow grains is necessary before water 

release can take place. Thus water release in the compacted snow is 

retarded. With sufficient time, the permeability of the upper por

tion of the compacted snow cover is increased, resulting in the in

troduction of a large volume of water into the lower portions of the 

snow column. This water volume allows for rapid grain development 

and a swift but late water release.

Field observations suggest that gopher burrows are more recent 

and more numerous in the uncompacted areas. The presence of gopher 

burrows may lead to the channelization of meltwater. This channel

ization may produce both higher water velocities and banks of easily 

eroded material. This may explain the higher sediment production in 

areas where no snow compaction takes place.

The information on gopher burrows is suggestive at best. It may 

in part substantiate Thorne's (1978) hypothesis that gophers are im

portant geomorphic agents provided the tentative field observations 

made in this study are correct and are widely applicable. These
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results also hint that snow, compaction may be an effective tool for 

sediment control provided the sediment source is from gopher burrows 

and compaction does reduce gopher burrow activity. Sediment control 

could be done by simply compacting the snow over the offending area 

occasionally, thereby reducing burrowing activity. However, if 

gophers are not the prime sediment producers, then snow compaction 

will have little positive effect. Compaction in this case may in

crease sediment production due to the flashy nature of water release 

that typifies compacted snow.

Before final conclusions about the effects of snow compaction on 

gopher activity can be drawn, a great deal of work is needed. It is 

imperative to quantify the gopher burrow distribution that has been 

suggested by this study. In addition, it is necessary to determine 

the extent to which the results obtained at Bridger Bowl are repre

sentative of other areas.

Snow compaction may impact development and planning for both ski 

areas and areas downstream from ski areas. Compaction of snow results 

in a "flashy" meltwater hydrograph. The hydrographs from both the 

basins and the slope runoff collectors that underwent snow compaction 

are characterized by steep rising and receding limbs and relatively 

high peak discharge values. In areas where groundwater recharge 

takes place, the amount of recharge is dependent upon the infiltra

tion rate at the recharge site. The rapid water release characteris

tic of a compacted snowpack may mean that the infiltration rate of
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the recharge site is quickly exceeded. In this case, the amount of 

recharge that takes place is reduced and a greater amount of water 

runs off. The flashy nature of water release may also mean that the 

flood peak discharge values under some conditions may be slightly 

higher than they would be if snow compaction did not take place. 

However, in either of the above cases, an assessment of the surficial 

geology of the area is necessary before any conclusions can be drawn.

Ski areas are often used for grazing and wildlife habitat during 

the off season. Compaction of snow may have repercussions in these 

areas by delaying the time at which snow is gone from a location. 

The effects of compaction is to reduce the final meltout of an area 

by between seven and thirty days. ■ This might affect the time at 

which grazing can be started or by affecting the time at which wild

life can begin to use the habitat effectively.

Several theoretical problems in snow compaction still exist and 

need to be resolved. More information is needed on the extent and 

duration of ice lenses in the snowpack. A comparison between natur

ally forming ice lenses and those that are a result of skier and 

machine compaction would also be of benefit. The significance of 

rills and their generation is still unclear and needs to be under

stood since they may reveal something about the nature of initial 

water movement within the snow. A quantitative assessment of gopher 

burrows and their relationship to snow compaction would confirm or
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deny their influence on sediment production. Finally, a detailed 

study of snowpack metamorphism and water movement using continuous 

temperature profiling, snow tensiometers, and water content measure

ments would test the hypothesis of a two phase effect of snow compac

tion on water movement and grain development.
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APPENDIX A

This appendix is a compilation of meteorological data collected 

during the 1980 field season. A temporary meteorological station was 

located in the vicinity of the compacted slope runoff collector at an 

elevation of about 7450 ft a.s.l. A recording thermograph and pre

cipitation gauge were located at this site. The results of this col

lection are shown in figures Al and A4. In addition, a recording 

solarimeter was located at the top of the Alpine ski lift. Fig

ure A2 was generated by planimetering the area under the daily 

curves and reflects the total amount of solar energy for that day. 

Figure AS shows the traces of some typical days.
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Figure Al. Maximum, minimum, and average air temperatures recorded 
during the 1980 melt season at the Bridger Bowl ski area.
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Figure A2. Cumulated daily radiation for the 1980 melt season. The 
recording solarimeter was mounted on the roof of the Al
pine lift top terminal at the Bridger Bowl ski area at an 
elevation of approximately 6900 feet. Figure A3 shows 
some typical daily traces from this recording unit.
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P a r t i a l  Clouds
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Figure A3. Plot of some typical daily recording solarimeter traces
taken in 1980 at the Bridget Bowl ski area. The relative 
effective insolations are given at the right of each 
daily trace and are in units of calorie gram/cm. These 
values represent the area under the daily curve trace and 
are the values used to develop Figure A2. Areas were 
determined by plane planimetry.
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Figure A4. Precipitation measured during the 1980 melt season.



APPENDIX B

Equation I:

Equation 2:

Hce = (.00627Za) [ (Ta-Tb) P/Po+8.59 Vfc

where is the ■ daily convection-evaporation melt in

inches, and are the heights of measurement, and 

are the absolute air and snow temperatures respec

tively (in deg. K), P is the atmospheric pressure at the 

observation level, Pq is the sea level air pressure, e& 

and 6^ are the air and snow vapor pressures respective

ly, and is the wind speed. (U.S. Army Corps of En

gineers, 1956).

3P
Ij  = W  [

where p is the volume flux of water (volume/unit area/ 

unit time), is the permeability of snow with respect 

to water, is the viscosity of water, P^ is the capil

lary pressure Z is the vertical Cartesian coordinate, 

is the density of water, and g is the acceleration due 

to gravity (Colbeck, 1978) .
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Appendix B, 

Equation 3:

Equation 4:

Equation 5:

cont.

K = .077d2 exp (-7.8 p /p )s w

where k is the intrinsic permeability of snow, d is the 

grain diameter, is the density of snow and p^ is the 

density of water (Shimizu, 1970, as reported by Colbeck

1978).

kw k S*3

where k^ is the permeability of snow with respect to
*

water k is the intrinsic permeability of snow and S is 

the effective water.saturation, given by:

Sn = S - S  ./I-S .
W W l W l

where S^ is the water saturation as a percentage of the 

pore volume, and S ^  is the irreducible water saturation 

(Colbeck, 1978).

k = .077dV'3 exp (-7.8 p /p ) w s w

where k^ is the snow permeability with respect to water,
~,v

d is the grain diameter, Ŝ  is the effective water 

saturation, (as above), pg is the density of snow, and 

Pg is the density of snow, and p^ is the density of

water.
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