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In the majority of fatal avalanches, skiers and snowmobilers apply load to the snow cover which triggers the
initial failure in a weak layer. Understanding how the stress due to the dynamic surface load transmits
through the snow cover can help people avoid situations where they can trigger avalanches. Capacitive sen-
sors were used to measure this stress within the mountain snow cover. The three main variables affecting

i?; Yﬁﬁsés stress transmission through the snow cover investigated in this paper are the type of loading, depth and
Snowpack snow cover stratigraphy. At specific depths, snowmobiles added more stress than skiers did, thus increasing

the probability of initiating a fracture in a weak layer and releasing a slab avalanche. The increased penetra-
tion depth of snowmobiles into the snow cover compared to skiers was the primary reason for this increase
in stress. A decrease in stress was observed with increasing depth. A decrease in stress was observed with in-
creased snow cover hardness. Supportive surface layers created a ‘bridging effect’ that spread stress out lat-
erally and decreased the depth to which it penetrated.

Localized dynamic loading
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1. Introduction

Most of the fatalities caused by snow avalanches result from people
triggering the avalanches themselves (Harvey et al., 2012; Jamieson et
al., 2010). Oversnow travel such as backcountry skiing, snowmobiling,
or snowshoeing results in localized dynamic loading (LDL) applied to
the snow cover, which can initiate failures in weak layers and possibly
trigger avalanches. This human-induced loading imparts stress pulse
to the snow cover and depends mainly on: a) the type of trigger creat-
ing the load and b) the medium that the subsequent stress travels
through. Understanding the transmission of stress due to localized dy-
namic loading through a mountain snow cover may help people avoid
situations in which they can trigger avalanches.

Increased snowmobile recreation in the mountains, and modern
snowmobile technology allows one easier access to avalanche terrain,
resulting in an increase of snowmobile avalanche fatalities. Snowmo-
biles accounted for 27% of all avalanche fatalities between the years of
1997 and 2007, whereas between 2001 and 2010 they accounted for
42%. Further, in 2009 and 2010 snowmobiles have accounted for 73%
and 50% of all avalanche fatalities, respectively (Canadian Avalanche
Centre, 2011). Snowmobiles are heavier than skiers, load a larger
area and travel faster uphill, yet the induced stresses within the
snow cover have not been measured. Finally, there has been much
work performed on improving slope stability evaluation for skiers
(e.g. Fohn, 1987), but little has been done to investigate how snow-
mobiles affect slope stability.

* Corresponding author. Tel.: +1 403 700 4393.
E-mail address: thumlert@ucalgary.ca (S. Thumlert).

0165-232X © 2012 Elsevier B.V. Open access under CC BY-NC-ND license,
http://dx.doi.org/10.1016/j.coldregions.2012.08.005

Fohn (1987) made the first attempt to solve the problem of how
localized loading affects slope stability. He introduced a skier stability
index that modeled the LDL as a static load applied to an elastic and
isotropic snow cover. Jamieson and Johnston (1998) further im-
proved this index by including the effect of skier penetration into
the snow cover and the effect of microstructure of the weak layer
on its shear strength. Since then, finite element modeling was used
to further understand the static stresses imparted to a layered snow
cover by LDL (e.g. Habermann et al., 2008; Jones et al., 2006;
Schweizer, 1993). However, the dynamic nature of the loading
coupled with the viscoelastic deformation of the snow cover creates
a complicated mechanics problem, which when modeled as a static
problem, results in large uncertainty.

To improve the modeling and tackle the complexities with dy-
namic loading, load cells were used to measure the dynamic stresses
induced by skiers within the snow cover (Camponovo and Schweizer,
1997; Schweizer et al., 1995a, 1995b). They showed that LDL induced
stress decreased with depth, less stress was measured below hard
layers (“bridging”) and that measured dynamic loading imparts
more stress to the snow cover compared to measured static loading.
Schweizer and Camponovo (2001) used the same load cells to mea-
sure the skier's zone of influence capable of initiating fractures in
weak layers which precedes dry-slab avalanche release. It was
found to be relatively small, approximately 0.3-0.5 m?, for depths
relevant for skier triggering. This data supported, in accordance
with earlier finite element calculations, that skiers are able to trigger
slab avalanches by directly initiating a brittle fracture within a weak
layer or interface. The findings by Schweizer et al. (1995a, 1995b to
2002) are based on a limited data set, did not include the dynamic
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stress induced by snowmobiles and were limited to qualitative state-
ments about the effects of snow cover stratigraphy.

This paper presents numerous dynamic measurements of stress
pulses within the snow cover induced by both skiers and snowmo-
biles and examines how snow cover structure affects the transmis-
sion of these stress pulses.

2. Methods

To investigate the additional dynamic stress applied to a mountain
snow cover by human-induced LDL, single point capacitive sensors
were used during the winters of 2009 in Glacier National Park, British
Columbia (Canada) and near Blue River, British Columbia (Canada) in
2011.

2.1. Equipment

The Pressure Profile Systems C500 capacitive sensors have an area
of 50 mmx 50 mm and a thickness of 1 mm. The operating tempera-
ture ranges from — 20 °C to 200 °C and the measured pressure can be
up to 14 kPa. The measurement system was powered with two 6 V
batteries connected in series. The data acquisition was performed
with a Campbell Scientific CR5000 datalogger at 11 Hz for the 2009
measurements and 8 Hz for the 2011 measurements. A photograph
of the field instrumentation is shown in Fig. 1. The sampling frequen-
cy was limited due to the simultaneous use of multiple sensors and
the capabilities of the data logger.

Fig. 2 displays a signal used to assess the effect of the low 8 Hz
data collection frequency. The signal was recorded from five separate
passages of a snowmobile at 156 Hz (a) and then the same signal was
reduced to 8 Hz (b). The signal in b) was reduced to 8 Hz by sampling
every 20th measurement for all possible sampling intervals. Thus,
twenty 8 Hz signals were created from the 156 Hz signal. The twenty
8 Hz signals were then averaged to create the signal displayed in
Fig. 2(b). When averaged, the peak stress from the 8 Hz signals
were 22% lower than from the 156 Hz signals.

2.2. General experimental setup
The general experimental procedure involved digging into the

snow cover (Fig. 3) and performing a manual snow profile including
densities (Canadian Avalanche Association, 2007). The profile was
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Fig. 2. Example of voltage signals recorded over time by the field instrumentation.
a) An example of a measurement of the passage of a snowmobile five separate times
(frequency =156 Hz). b) The same signal from a) reduced to 8 Hz.

used to quantify the snow cover stratigraphy for the area of the ex-
periments. The sensors were inserted 1 m into one of the side walls
of the snow profile and were offset parallel to the slope by 10 cm.
The snowmobile (see details in Table 1) was driven between 5 to 10
times over the sensors with penetration depth and stress levels
recorded for each pass. The sensors were then placed on the opposite
still undisturbed side of the snow pit and the experiments were re-
peated between 5 and 10 times with a skier providing the dynamic
loading.

2.2.1. Experimental setup 2009

The experimental setups differed between the 2009 and 2011 win-
ters. In 2009, the experiments were performed on flat terrain and the
surface of the snow cover was artificially compacted to simulate a
compacted surface slab. The approximately 10 cm thick supportive sur-
face eliminated penetration and simplified the measurements of sensor

Fig. 1. Photograph of equipment. The C500 sensors are shown mounted to the end of the aluminum sheets and connected to the Campbell Scientific CR5000 datalogger. The system

is connected to two 6 V batteries.
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Fig. 3. Schematic of experimental setup for 2009 winter a) sensors were mounted to the end of the flat aluminum sheets and inserted into the snow cover through the side of the
snow pit. Schematic of experimental setup for 2011 winter b) sensors were mounted to the end of the angled aluminum sheets and inserted into the snow cover through the side of

the snow pit.

depth. This 10 cm layer was overlying a softer snow cover for all exper-
iments. The day preceding the experiments, people on skis stepped on
the snow until the surface appeared uniformly compacted. Each sensor
was mounted to the end of a thin (2 mm thick) aluminum sheet that
was inserted into the snow cover at an angle parallel to the surface
(Fig. 3a). The skier performed knee drops to simulate the loading in a
typical ski turn directly above the sensors while otherwise stationary
and the snowmobile was driven at a constant speed (approximately
2 m s~ ') across the sensors.

2.2.2. Experimental setup 2011

Four to six sensors, depending on availability, were mounted to
right-angled aluminum sheets (0.2 cmx8 cmx100 cm long) and
inserted into the snow cover. The aluminum sheets were angled at
90° and inserted 1 m into the snow cover so that one sensor was posi-
tioned normal to the snow surface and the other parallel to the snow
surface (Fig. 3b). The data presented are from sensors orientated in
both directions; normal and perpendicular to the snow surface. Initially,
the data were analyzed for the slope normal orientation only and then
separately for both orientations together. No significant differences in

Table 1
Technical specifications of the snowmobile used for experiments (www.snowmobile.
com, 2011).

Technical specifications

Length (mm) 3100
Width (mm) 1138
Height (mm) 1130
Maximum ski stance (mm) 1080
Dry mass (kg) 224

the trends or absolute values were observed. Both orientations were in-
cluded in the analysis to increase the size of the dataset.

The snow cover in the 2011 season was mostly composed of soft
snow on the surface with rounded grains (Fierz et al., 2009) below
for all measurement days and sites. During the first pass of the skier
or snowmobile the snow cover was undisturbed. In subsequent
passes, the snow cover was referred to as disturbed. The differences
in measured stress values for disturbed vs. undisturbed snow covers
were investigated. The experiments were performed on slopes rang-
ing from 16° to 32°. The skier performed a “down weighting” to sim-
ulate a typical ski turn while traveling down slope directly over the
sensors, whereas the snowmobile was driven upslope at a constant
speed over the sensors. Sensors were placed at depths where they
would not be contacted by the snowmobile or skier (see Section 3).

In addition to measuring the stress, ski and snowmobile penetra-
tion depth as well as the orientation and depth of the sensors relative
to the slope were recorded. To obtain a stress measurement for each
pass of the LDL over the sensors, the difference between the baseline
quasi-static stress measurement per sensor and the peak stress
recorded for the loading was extracted (Fig. 2). This ensured that
only the additional stress due to the LDL was measured and not the
initial compression on the sensors from insertion into the snow cover.

3. Data

In total, three and nine days were used for data collection in the
2009 and 2011 seasons, respectively. These 12 days resulted in 508
measured localized dynamic loading events performed over the two
winters. Of these measurements, 214 were induced by a skier and
the remaining 294 were induced by the passage of a snowmobile. In
the 2011 winter, 406 measurements were made and the remaining
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102 measurements were made in the 2009 winter. The snow cover
stratigraphies were similar on 2 February 2011, 21 February 2011
and March 7 2011. The densities were 191 kg/m?, 203 kg/m> and
219 kg/m?>, respectively (averaged for the top 90 cm). In order to
eliminate some of the variation in the data caused by different snow
cover stratigraphies, these days were chosen for the comparisons be-
tween snowmobiles and skiers. During these 3 days we made 51 skier
and 148 snowmobile measurements.

For each stress measurement, the variables described in Table 2
were recorded. Of these, we analyzed vertical depth of sensor below
undisturbed surface of snow, type of localized dynamic load (skier
or snowmobile), experiment number, penetration depth of skier/
snowmobile into the snow cover, effective depth (defined as penetra-
tion depth subtracted from depth of sensor), snow cover density and
snow cover hand hardness. The vertical depth of the sensors below
the snow surface ranged from 30 cm to 120 cm (median =80 cm).
The vertical depth of the sensors was rounded into depth classes at
10 cm increments so that the variation in the data could be displayed
with box plots. The density and hardness indices (Fierz et al., 2009)
were extracted from the standard snow profile and averaged for
depth intervals of 0-30 ¢cm, 0-60 ¢cm, 0-90 cm and 0-120 cm to com-
pare the stress as it relates to snow cover structure.

4. Results
4.1. Stress vs. depth — skier and snowmobile data

The relationship between measured stress by depth class of all ex-
periments induced by either snowmobile or skier is shown in Fig. 4.
Snowmobiles added more stress to the snow cover at all depths com-
pared. Further, the variation of the measured stress due to the snow-
mobile was much larger than for the skier stress. A power law was
fitted to the median values of each depth class using the non-linear
squares method (Bates and Chambers, 1992) according to the follow-
ing equation:

U:(Z*a)b

with o= median stress, Z=depth into the snow cover and the con-
stants a and b evaluated by the function. The constants for the snow-
mobile data were a= —0.014 and b = — 4.0 and yielded R?=0.97 for
8 median values (depth classes) of 148 snowmobile data. The con-
stants for the skier data were a= —0.029 and b= — 1.81 and yielded
R?=0.98 for 6 median values of 51 skier data.

4.2. Stress vs. effective depth — skier and snowmobile data

Effective depth was calculated by subtracting penetration depth
from the absolute depth. The relationship between measured stress
and effective depth is displayed in Fig. 5. The median values are
very similar for skiers and snowmobiles. At the effective depth of
10 cm snowmobiles have greater variation in measured stress values.
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Fig. 4. Box plots of stress by absolute depth class for snowmobiles (white) and skiers
(gray). Lines indicate the fitted model for snowmobiles (dashed) and skiers (solid).
Boxes span the interquartile range. Whiskers extend to 1.5 times the interquartile
range. Open circles indicate outliers.

A power law was fitted to the median values of each depth class using
the non-linear squares method (Bates and Chambers, 1992)
according to the following equation:

O = (Zeff *Cl)b

with o=median stress, Z,= depth into the snow cover and the con-
stants a and b evaluated by the function. The constants for the snow-
mobile data were a= —0.060 and b= —1.05 and yielded R?=0.68
for 7 median values of 148 snowmobile data. The constants for the
skier data were a=—0.069 and b= —0.93 and yielded R>=0.86
for 6 median values of 51 skier data.

4.3. Snowmobile and skier stress compared directly

A direct comparison between the measured stress levels induced by
skiers and snowmobiles is shown in Fig. 6. The depths of the sensors
were equivalent at 50 cm, 70 cm and 90 cm for the skier experiments
and the snowmobile experiments performed on 2 February and 25
January 2011. Note this placement strategy was different from the
other experiment days where the sensors were generally placed deeper
for the snowmobile than for the skier measurements. Median values on
2 February 2011 were 4.5 and 0.87 kPa for snowmobiles and skiers,

Table 2
Description of variables recorded in stress measurement experiments.
Variable Type Description
Trigger type Categorical Type of LDL and technician performing loading
Slope (°) Ratio Angle of slope at experiment location
Date Date experiment was performed
Orientation of sensor (°) Ratio Angle of sensor relative to slope angle
Experiment number Categorical Order of experiment performed
Depth (cm) Ratio Depth in snowpack from surface
Effective depth (cm) Ratio Calculated by subtracting penetration from depth
Penetration (cm) Ratio Penetration of skier or snowmobile into snowpack measured from surface
Snowpack density (kg m~3) Ratio Densities of snowpack collected according to CAA (2007)

Snowpack hand hardness Ordinal

Hardness of snowpack, collected according to CAA (2007)
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Fig. 5. Box plots of measured stress per effective depth (penetration depth subtracted
from depth) for snowmobiles (white) and skiers (gray). Lines indicate the fitted model
for snowmobiles (dashed) and skiers (solid). Boxes, whiskers and open circles as in
Fig. 4.

respectively (Mann-Whitney p=2x10"%). Median values on 25
January 2011 were 1.3 and 0.56 kPa for snowmobiles and skiers, respec-
tively (Mann-Whitney p=3x 10~ 3). The interquartile range was larg-
er for snowmobile data on both days as well.

Another difference between snowmobiles and skiers is displayed in
Fig. 7 which compares the penetration depth of snowmobiles and skiers
into the snow cover. Median values for penetration depth were 26 cm
for skiers and 50 cm for snowmobiles (Mann-Whitney p<0.001).

4.4, Stress vs. snow cover surface condition

The relationship between measured stress for undisturbed snow
(1st pass) compared to disturbed snow (2nd pass) is shown in
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Fig. 6. Comparison of stress at three depths (50 cm, 70 cm and 90 cm) for individual
days 25 January and 2 February 2011. White and gray box plots correspond to snow-
mobile and skier data, respectively. Boxes, whiskers and open circles as in Fig. 4.
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Fig. 7. Comparison of penetration depth for snowmobiles and skiers. Boxes, whiskers
and open circles as in Fig. 4.

Fig. 8. The data presented are from the 2011 measurements only.
The box plots represent data from skier and snowmobile loading.
More stress was observed in disturbed snow (median=0.20 kPa,
n=>56) compared to the undisturbed snow (median=0.16 kPa,
n=>56). The Wilcoxon signed rank test (e.g. Hollander and Wolfe,
1973) yielded a p-value of 6x 10~ indicating that the difference is
significantly different from zero. Note this test is a matched pairs test.

Another effect of snow cover surface condition is shown in Fig. 9a,
which compares stress due to snowmobile loading under a compacted
snow cover with measurements under a soft (uncompacted) snow
cover surface. Larger median values for stress at a given depth are ob-
served in the data collected from the uncompacted surface to a depth
of 80 cm. Deeper than 80 cm the median values are low and similar.
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Fig. 8. Box plots of stress for undisturbed (first pass over sensors) and disturbed snow
(second pass over the sensors). Measurements with skiers and snowmobiles are
shown (left side). The paired stress differences between undisturbed and disturbed
snow are also shown for snowmobiles and skiers (right). Boxes, whiskers and open cir-
cles as in Fig. 4.
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Fig. 9. a) Distribution of stress per depth for snowmobiles and b) stress per effective
depth for skiers. Gray box plots correspond to data collected where the surface of the
snow cover was artificially compacted and supported the LDL. White box plots corre-
spond to data collected where the surface of the snow cover was undisturbed, soft
and allowed penetration of the LDL (uncompacted). Lines indicate the fitted models.
Boxes, whiskers and open circles as in Fig. 4.

The interquartile range in data from the uncompacted snow cover is
greater. A power law was fitted to the median values of each depth
class using the non-linear squares method (Bates and Chambers,
1992) according to the following equation:

o=Zxa’

with o= median stress, Z= depth into the snow cover and the constants a
and b evaluated by the function. The constants for the compacted snow
surface were a= —0.020 and b= —1.41 and yielded R>=0.99 for 4
median values of 14 snowmobile data. The constants for the

uncompacted snow surface were a = —0.014 and b= —4.0 and yielded
R?=0.97 for 8 median values of 148 skier data.

An effect of the snow cover surface condition on stress levels is
also displayed in Fig. 9b where the effective depth vs. measured stress
due to skiing is plotted for the compacted and uncompacted surfaces.
At all equivalent effective depths, larger median values were ob-
served for the compacted compared to the uncompacted surfaces.
Again, the interquartile range was larger for uncompacted compared
to the compacted surfaces. A power law was fitted to the median
values of each depth class using the non-linear squares method
(Bates and Chambers, 1992) according to the following equation:

0= (Zeff*a)b

with o=median stress, Z,= depth into the snow cover and the con-
stants a and b evaluated by the function. The constants for the
compacted snow surface were a=—0.024 and b=—1.41 and
yielded R?=0.97 for 5 median values of 88 skier data. The constants
for the uncompacted snow surface were a = —0.054 and b= —0.85
and yielded R?>=0.77 for 8 median values of 121 skier data.

4.5. Stress vs. snow cover hardness

The relationship between measured stress and average hand hard-
ness in the top 120 cm of the snow cover is shown in Fig. 10. The
stress values shown are for the experiments using snowmobiles.
The median stress values decrease as hardness increases from 2+
to 3+, using the hand hardness scale described in Fierz et al. (2009).

5. Discussion

The measurements displayed in Fig. 4 showed that snowmobiles
added considerably more stress to the mountain snow cover than
skiers did, thus increasing the probability of inducing a brittle failure
in a weak layer and possibly releasing a slab avalanche. However,
from simple calculations, the static stresses applied to the surface of
a mountain snow cover are similar for a typical skier (2.6 kPa, from
85 kg skier, 0.32 m? area) compared to a typical snowmobile
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Fig. 10. Distribution of stress by average hand hardness index (Fierz et al., 2009) in the
top 120 c¢m of the snow cover for snowmobiles. Boxes, whiskers and open circles as in
Fig. 4.
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(3.8 kPa, from 350 kg machine and rider, 0.9 m? area).The fact that
the magnitude of stress added to the snow cover should be similar
for skiers and snowmobiles was further evidenced in Fig. 5 which
showed stress vs. effective depth. There is no substantial difference
between the fitted curves for the skier and snowmobile data. Effective
depth is calculated by subtracting penetration depth of the LDL from
the absolute depth into the snow cover. Therefore, Figs. 4 and 5 indi-
cate that penetration is primarily responsible for the difference in
stress added to the snow cover.

As observed in Fig. 7, snowmobiles penetrated the snow cover
more than 3 times deeper than skiers did, when comparing medians.
Investigating further, Fig. 6 shows a direct comparison between
snowmobile and skier stress for 2 days in the 2011 winter. The differ-
ences in medians are 2.5 (25 January) and 5 (2 February) which are
roughly comparable to the difference in penetration depth (Fig. 7).
It appears that differences in the nature of the dynamic movements
between skiers and snowmobiles, specifically penetration depth of
each, are responsible for the differences in stress levels within the
snow cover. This result agrees with that of Jamieson and Johnston
(1998) who proposed to include ski penetration as an improvement
to the skier stability index (F6hn, 1987). These results also support
the earlier measurements of dynamic stress in the snow cover
(Camponovo and Schweizer, 1997; Schweizer et al., 1995a, 1995b),
which recognized that the depth of weak layers and the sublayering
of the snow cover were most important for the skier's impact.

The observed decrease of stress with depth in Fig. 4 indicates that
the closer a buried sensor or weak layer is to the LDL, the more stress
will be applied. This result is consistent with dynamic stress measure-
ments on flat terrain (Camponovo and Schweizer, 1997; Schweizer et
al., 1995a, 1995b) and with calculations for a sloping homogenous
elastic snow cover (e.g. Fohn, 1987).

The data presented in Fig. 9a show the importance of the structure
of the snow cover on the impact of LDL. Fig. 9a shows higher levels of
stress measured at similar depths when the snow cover has an
uncompacted surface layer compared to a compacted surface layer.
This softer surface layer allows more penetration into the snow
cover, which results in comparable stress being transmitted more
deeply. Conversely, the supportive surface layer creates a “bridging”
effect where stresses are distributed over a larger area, but do not
penetrate as deeply into the snow cover. This “bridging” effect was
recognized by Camponovo and Schweizer (1997).

Another noticeable effect of snow cover structure on stress trans-
mission is shown in Fig. 9b, which uses fitted curves on a stress vs. ef-
fective depth plot to compare a snow cover with a compacted surface
layer to an uncompacted surface layer. The fact that at equivalent ef-
fective depths, more stress was measured during experiments with
the compacted surface, suggests that energy was absorbed during
the inelastic deformation of snow and that the compacted surface
layer was more effective at transmitting dynamic stress.

The stress measurements for undisturbed compared to disturbed
snow (1st pass vs. 2nd pass) in Fig. 8 provide further evidence of
the energy absorbed during the inelastic deformation of snow. Also,
because the penetration depth increased on the 2nd pass of the LDL,
these results support the finding that increased penetration into the
snow cover by LDL increased the depth to which a given level of stress
penetrates.

Since snow cover hardness increases monotonically with density
for most snow types (Geldsetzer and Jamieson, 2000), similar rela-
tionships are expected when analyzing transmitted stress with densi-
ty or with hardness. A decrease in stress with increasing hardness is
shown in Fig. 10. Plots of stress vs. density also displayed similar re-
sults. Fig. 10 suggests that a systematic and quantified description of
the impact from LDL on the layered snow cover can be created. How-
ever, in the experiments for this study, the sensors were placed
deeper when increased penetration was expected to avoid damage
to the sensors by the snowmobile or skis. This placement strategy

confounded the relationship between stress and snow cover hard-
ness. More measurements in which the sensors are placed at consis-
tent depths are required.

The movement of skiers and snowmobiles through an undisturbed
snow cover resulted in a large variation between measurements. The
main variables listed in Table 2 were carefully measured and
recorded, but other variables such as ski size and width, speed of
skier or snowmobile and mass of skier or rider plus backpack were
left out of this analysis. Further, an estimated 22% underestimation
of stress values resulted from the low recording frequency. To con-
firm the validity of the measurements an order of magnitude compar-
ison was performed with previously published measurements.
Camponovo and Schweizer (1997) measured a skier weighting a
load cell at an effective depth of 20 cm and 30 cm in the snow
cover at about 1.8 kPa and 0.6 kPa, respectively. They also presented
calculated values for a static line load (500 N/m) at 20 cm and 30 cm
down of 1.6 kPa and 1.0 kPa, respectively. The equation for the fitted
line for skier data at 20 cm and 30 cm effective depth in Fig. 5 yields
0.75 kPa and 0.51 kPa, respectively. Values measured in this study are
lower, but they are comparable to the previous studies. The decrease
in measured stress may be due to the greater width of modern skis, or
the rapid downslope movement in the present study or the low sam-
pling frequency used.

6. Conclusions and outlook

Measurements of stress beneath localized dynamic loads were
performed (skiers and snowmobiles) within both an undisturbed slop-
ing and an artificially compacted flat mountain snow cover. The results
showed that snowmobiles added more stress to the snow cover com-
pared to skiers. The increased penetration depth of snowmobiles com-
pared to skiers was the primary reason for the increase in stress. The
results showed a strong decrease of stress levels with increasing
depth into the snow cover, which agrees with previous studies
(Camponovo and Schweizer, 1997; Schweizer et al, 1995a, 1995b).
Measured stress levels decreased as snow cover hardness increased.
Supportive snow cover layers created a ‘bridging effect’ that reduced
the depth that a given level of stress was measured. Evidence of energy
being absorbed (stress reduction) during inelastic deformation of snow
was presented. These effects of snow cover structure were recognized
in the previous studies (Camponovo and Schweizer, 1997; Schweizer
et al., 1995a, 1995b).

Understanding the transmission of stress due to localized dynamic
loads through a mountain snow cover may help people avoid situa-
tions in which they can trigger avalanches. Producing equations
through a non-linear multiple regression analysis on snow cover vari-
ables that model the stress will help develop this understanding. To
perform this regression analysis, more data collected with the specific
intention of quantifying the effects of snow cover structure on stress
will be required (see Figs. 6 and 8).
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