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In the majority of fatal snow avalanches, skiers and snowmobilers trigger the initial failure in a weak layer by
applying load to the snow cover. Understanding how stresses from dynamic surface loads transmit through
the snow cover can help people avoid situationswhere they can trigger avalanches.We build on previous studies
that provided more qualitative statements to a quantitative analysis about how the snow cover affects stress
transmission. We quantified the upper snow cover for the experiments according to a bridging index which is
the uniform hand hardness index of a particular layer in the snow cover multiplied by the thickness of that
layer. Capacitive sensors were used to measure peak stress below dynamic surface loads within the mountain
snow cover. The sensors were used on 33 separate field days to collect over 1420 measurements of loading
by skiers and snowmobiles. In order to visualize this measured stress, static stress calculations for an elastic
homogeneous 2D snow cover were calibrated to show measured stress values of loading caused by the passage
of a snowmobile. The change in 2D shape and magnitude of the induced stress was plotted for three “typical”
snow cover structures. Relatively soft snow allowed the specific levels of dynamic stress to penetrate deeper
into the snow cover, thus increasing the probability of initiating a failure in a weak layer. Whereas, supportive
snow limited the depth that the dynamic stress penetrated by spreading it out laterally. The added stress was
then related to localized slope stability using stability indices. Bridging index thresholds of 130 to 190 for skiers
and 160 to 260 for snowmobiles yielded stability index values greater than 1.5. Due to the high variability in the
stress measurements, bridging index values for 77 skier-triggered avalanche slopes were computed and
compared to the values found from the stability index analysis.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Most snow avalanche fatalities result from people triggering the
avalanches themselves (Harvey et al., 2012; Jamieson et al., 2010;
Tremper, 2008). Backcountry skiing, snowmobiling, snowboarding,
etc. result in localized dynamic loading (LDL) applied to the snow
cover, which can initiate failures in weak layers and possibly trigger
avalanches. This loading applies stress to the snow cover that depends
mainly on: a) the type of localized dynamic load and b) the medium
below the LDL. Understanding how the stress from these different
loading types transmits through the mountain snow cover may help
people avoid situations where they can trigger avalanches.

Föhn (1987) made the first attempt to solve the problem of how
localized dynamic loading affects slope stability. He introduced a skier
stability index that modeled the skier (or snow machine) as a static
load on an elastic and isotropic snow cover. Looking to combine this
skier stability index and some previous work on the importance of
. This is an open access article under
material layering on stress distribution (Colbeck, 1991; and Curtis and
Smith, 1974), Schweizer (1993) used finite element modeling to show
how stiffer layers concentrate stress from localized loading and also
form “sort of a bridge” which reduced how deep the stress would
penetrate the snow cover. Building on these studies that highlighted
the importance of snow cover layering, Jamieson and Johnston (1998)
modified the stability index by including the skier penetration into
the snow cover. Jamieson (1995) then confirmed the usefulness of
the skier stability index for operational snow stability evaluation.

More recently, Jones et al. (2006) and Habermann et al. (2008) used
finite element modeling to investigate the static stresses in a layered
snow cover by LDL. Their work showed that stiffer layers reduce stress
levels at a given depth in the snow cover and that stiffer layers concen-
trate stress specifically for soft-over-hard interfaces (greater stiffness
below). However, the dynamic nature of the loading coupled with the
viscoelastic–plastic deformation of the snow layers create a complicated
mechanics problem, whichwhenmodeled as a static problem, results in
large uncertainty.

Load cells buried in the snow cover were used to measure the
dynamic stresses induced by skiers (Camponovo and Schweizer, 1997;
Schweizer et al., 1995a, 1995b). Their results confirmed that stress
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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decreased with depth, hard layers cause a bridging effect which
distributes the stress over a larger area and that measured dynamic
loading imparts more stress to the snow cover compared to static
loading. Schweizer and Camponovo (2001) used the same load
cells to measure the skier's zone of influence, defined as the area
where a skier is capable of initiating fractures in weak layers. It was
found to be relatively small, approximately 0.3–0.5 m2, for depths
relevant for skier triggering. These data supported, in accordance
with the earlier finite element calculations, that skiers are able to
trigger slab avalanches by directly initiating a brittle fracture within
a weak layer or interface.

Schweizer and Jamieson (2003) presented data comparing snow
cover profiles from stable slopes with unstable slopes. They calculated
a bridging effect by multiplying layering thickness by hardness and
showed that unstable profiles had less bridging.

The findings listed above were essential at showing the impor-
tance of snow cover layering on stress distribution below localized
loading and how that affects snow stability. In this paper, the
bridging index (BI) was used to quantify the effect of snow cover
stratigraphy on the transmission of stress by LDL through the
upper snow cover. We then relate this additional stress to localized
slope stability. We present the first measurements that describe
how stress from human triggers penetrates a snow cover quantified
with the bridging index.

2. Methods

2.1. Field measurements

To investigate the additional dynamic stress applied to a mountain
snow cover by human-induced LDL, we used single point capacitive
sensors. Measurements were performed during the winter of 2009 in
Glacier National Park, British Columbia, Canada (Exner, 2012) and
near Blue River, British Columbia, Canada in the winters of 2011 to
2013. The data from the C-500 sensors made by Pressure Profile
Systems were recorded with a Campbell Scientific CR5000 data logger
at frequencies of 11 Hz in 2009, 8 Hz in 2011 and approximately
160 Hz in 2012 and 2013. The effect of the low recording frequencies
in 2009 and 2011 was an approximate 22% reduction in peak stress
(Thumlert et al., 2013).

The experimental procedure involved digging into the snow
cover and performing a manual snow profile including density
measurements for layers thicker than 4 cm (Canadian Avalanche
Association, 2007). The snow profile was used to quantify the snow
cover stratigraphy for the area of the experiments. We classified
the snow cover according to a bridging index (BI), similar to Schweizer
and Jamieson (2003). BI was defined as the uniform hand hardness
index of a particular layer in the snow cover (Fierz et al., 2009)
multiplied by the thickness of that layer. Note, because snow
hardness increases monotonically with stiffness, harder snow is
also stiffer (Jones et al., 2006), we use the terms stiffness and hardness
interchangeably in this paper. Refer to Table 1 for the hand hardness
index (Fierz et al., 2009). For the analysis, the BI was calculated for the
layers above each sensor and summed. Thus, a sensor inserted 80 cm
Table 1
The hand hardness index as defined in Fierz et al. (2009).

Term Hand hardness object index Code

Very soft 1 Fist F
Soft 2 4 Fingers 4 F
Medium 3 1 Finger 1 F
Hard 4 Pencil P
Very hard 5 Knife blade K
Ice 6 Ice I
below the snow surface would be assigned the total BI for all the layers
between 0 cm and 80 cm. For practical reference, here are some
examples of BI equal to 130:

• 130 cm of fist (F) snow
• 30 cm of F snow + 25 cm of P snow
• 30 cm of F + 20 cm of 4 F snow + 20 cm of 1 F

The sensors were mounted on narrow aluminum sheets and
inserted 1 m into one of the sidewalls of the snow profile. We used
between six and ten sensors per pass of the LDL depending on
equipment functionality. The sensors were angled so that they
recorded slope normal (compressive) stress. The loading was
performed on the snow surface by either:

1) skier sliding straight downhill pushing downwith their legs over the
sensors to simulate a typical ski turn

2) snowmobile driving uphill over the sensors

Fig. 1 shows a skier loading the snow surface above the buried
sensors. The 2009 experiments (Exner, 2012) were performed on
a flat snow cover that was manually compacted the day prior to
experiments, whereas the subsequent experiments (2011 to 2013)
were performed on sloped terrain ranging between 16° and 32°.
For these latter experiments the snow cover was mostly undisturbed
soft snow on the surface with rounded grains below (Fierz et al., 2009).

To obtain a stress measurement for each pass of the LDL over the
individual sensor, the difference between the baseline quasi-static
Fig. 1. Skier performing an experiment loading the snow surface above the buried sensors.



Fig. 2. a, b and c: Measured stress from the impact of snowmobiles. The stress bulbs observed are calculated normal stress values for a static snowmobile applying stress to an elastic
homogeneous snow cover. The values were calibrated to match measured data for the passage of a snowmobile. Data shown were from days where the snow cover was classified
according to the simplified hardness profile shown on the left in black. Plot A for “soft”, B for “medium” and C for “supportive”. The black portion near the surface of the plot represents
the average snowmobile penetration into the snow cover.
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stressmeasurement per sensor (before arrival of the dynamic load) and
the peak stress recorded for the dynamic load was extracted. This en-
sured that only the additional stress due to the LDL was measured and
not the initial compression on the sensors from insertion into the
snow covers.

2.2. Visualization of field stress measurements

To visualize the impact from skiing or snowmobiling, the dynamic
stress measurements were coupled with calculated static stress. The
data displayed in Fig. 2 start with calculated stress values for static
stress due to a 300 kg snowmobile on a 38° slope with area of skis and
track approximated by 1.5m×0.41mstrip. Thedimensions are approx-
imately based on a 2008 Summit XP snowmobile. The calculated values
(σz) for any point below the snowmobile are from the well-known
Boussinesq equations (Das, 1985) with the snowmobile approximated
by an infinite strip load on the surface of a semi-infinite elastic mass:

σz ¼
qnor

π
tan−1 z

x−b
− tan−1 z

xþ b
−

2bz x2−z2−b2
� �

x2 þ z2−b2� �2 þ 4b2z2

2
4

3
5

þ 4bqparxz
2

π x2 þ z2−b2� �2 þ 4b2z2
h i

2
4

3
5 ð1Þ

image of Fig.�2


Fig. 3. Diagram used to define stress components.
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where: qnor was the component of load normal to snow surface defined
for a 38° slope (3771 Pa), qpar was the component of load parallel to
snow surface defined for a 38° slope (2322 Pa), b was half the length
of snowmobile (0.75 m), x was the slope parallel coordinate and z was
the slope normal coordinate as defined in Fig. 3.

We grouped the measured stress values into days with similar snow
cover hardness similar to Schweizer (1993): soft (Fig. 2a), medium
(Fig. 2b) and hard (Fig. 2c). The simplified hardness profile is shown on
the left in the figures. For each of these groups we extracted the median
measured stress values at 40 cm, 60 cm, 80 cm and 100 cm into the
snow cover. The calculated values from Eq. (1) were scaled so that they
approximated the median measured stress values for each group. A
power law smoothing functionwas applied to the scaling factors to create
smooth transitions between the medians. The grouping by similar har-
ness was done in order to investigate the effect of snow cover hardness
on the measured stress values. Note, data displayed in Fig. 2 are based
on calculations that assume a homogeneous, elastic and isotropic snow
cover, therefore the effect of specific hardness profiles is not observed.

2.3. Stress conversion

To analyze how the measured stress from skiers affected localized
slope stability, we used Jamieson's (1995) skier stability index Sk,
which is the ratio of shear strength to shear stress. Note, this approach
to stability is a “strength of materials” approach and not a fracture
energy approach requiring a crack or flaw. The calculation of Sk required
themeasured normal stress data be converted to shear stress. Themea-
surednormal stress datawere converted to shear stress using calculated
ratios between normal stress and shear stress based on slope angle.
The ratios were obtained from calculations on a homogenous elastic
isotropic material (Das, 1985). This conversion to shear stress was
performed in order to relate the measurements to slope stability
under the assumption that the initial failure in a weak layer is a failure
in shear (Reiweger and Schweizer, 2010). First, ratios were calculated
for each slope between ψ = 16° and ψ = 32° (Das, 1985).

ratioψ ¼ σz
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Here, qnor is the component of load normal to snow surface defined
byψ, qpar is the component of load parallel to snow surface defined byψ,
b is the length of snowmobile or skis, x is the slope parallel coordinate
and z is the slope normal coordinate beneath the loading as defined
in Fig. 3.

To convert measured normal stress (σz measured) to shear stress
(τzx converted):

τzx converted ¼ ratioψ � σz measured ð5Þ
2.4. Slope stability

To analyze how the measured stress from skiers affected localized
slope stability, we calculated Jamieson's (1995) skier stability index Sk
for each maximum stress measurement per sensor for each loading
event. Jamieson (1995) showed that most skier-triggered dry slab
avalanches occur when the skier stability index Sk was less than 1.5.
Thus, we used the skier stability index as a proxy for skier triggering
on the slope scale.

Using the converted shear stress data, we calculated Jamieson's
(1995) skier stability index. The stability index is the ratio of the
strength of a weak layer (τs) and the stress at the weak layer due to
the weight of the snow slab (τzx slab) and the LDL (Δτzx). One stability
index value was calculated for each stress measurement:

Sk ¼ τs
τzx slab þ Δτzx

ð6Þ

where

τs ¼ 1:51 � Load0:93 ð7Þ

Here τs is the shear strength of buried surface hoar from a regression
based on measured shear strength data (Zeidler and Jamieson, 2006).
Load is defined as the weight per unit area of the overlying snow
(kPa) above the sensor calculated from the manual snow profiles.

τzx slab ¼ ρghsin ψ cosψ ð8Þ

Here τzx slab represents the shear stress in the snow cover at the
depth of the sensor due to the overlying slab. Where, ρ is average
density of the slab, g is acceleration due to gravity, ψ is the slope angle
and h is thickness of the slab measured vertically.

Δτzx represents the maximum added shear stress from one pass of
skiing or snowmobiling derived from the measured normal stress by
one sensor at the depth inserted.

We then investigated 77 skier-triggered avalanche slopes to see
how the bridging index values produced from the stability index
analysis compared to actual avalanche data. Only skier triggered
avalanches Sz N 1 (Canadian Avalanche Association, 2007) were
considered. Eight of these 77 avalanches had snow profile data from
the actual trigger point.

image of Fig.�3


Fig. 4. Box plots of shear stress by bridging index based onmeasurements of normal stress
for skiers. The curved line indicates the fitted model. Boxes span the interquartile range.
Whiskers extend to the data point closest to 1.5 times the interquartile range. Open circles
indicate outliers.
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3. Data

We analyzed 1420 measured localized loading events by skiing or
snowmobiling on 33 different field days. In total, three, nine, twelve
and nine days were used for data collection in the 2009, 2011, 2012
and 2013 seasons, respectively. Wemeasured and analyzed the vertical
depth of each sensor below the undisturbed surface of snow, type of
localized dynamic load (e.g. skier, snowmobile), penetration depth of
trigger into the snow cover, effective depth (defined as penetration
depth subtracted from depth of sensor), snow cover density above the
sensor and snow cover hand hardness above the sensor. Table 2
describes the characteristics of the dataset.

4. Results

Fig. 2a, b and c were created to help visualize the stress bulb below
localized loading and to observe the differences due to snow cover
stratigraphy. Stress attenuated strongly with depth in all three plots.
The data in Fig. 2c show less stress below the supportive crust compared
to 2a and 2b. Further, when comparing Fig. 2a and b we observe more
stress at 40 cm into the snow cover for the softer profile (5.0 kPa)
compared to the harder profile (2.3 kPa). But, when considering a
deeper layer at 80 cm the stress added was similar, 0.9 kPa for 2b and
0.7 kPa for 2a. Overall, softer snow allowed more stress to penetrate at
specific depths.

Fig. 4 shows box plots of shear stress by bridging index based on
measurements of normal stress for skiers.We observe a strong decrease
in shear stress with increasing BI. The high variability observed at lower
values of BI decreases with increasing BI. The measurements shown in
Figs. 4 through 7 display shear stress added to the snow cover by skiers
and snowmobiles according to BI. Figs. 4 and 5 show only the additional
shear stress added by skiers or snowmobiles, whereas Figs. 6 and 7 add
the shear stress due to the overlying snow and relate this total shear
stress to shear strength of surface hoar.

The data in Figs. 4 and 5 were fit with a power law using the
non-linear least squares method (Bates and Chambers, 1992) according
to the following equation:

τ ¼ BI � að Þb ð8Þ

with τ = shear stress from Eq. (4), BI = bridging index and the
constants a and b evaluated by the function. The fitted values for the
skier data (Fig. 4) were a = −7.7 × 10−3 and b = −1.5 and yielded
R2 = 0.26 for 454 skier data. The fitted values for the snowmobile
data (Fig. 5) were a = −5.6 × 10−3 and b = −1.5 and yielded R2 =
0.40 for 515 snowmobile data. Note, when the shear stress values
were plotted against depth and fitted with the same power law least
squares regression the R2 values were 0.16 for skier data and 0.31 for
snowmobile data and (results not shown).

The shear stress data from skiing and snowmobiling were also
fit with a power law (results not shown) using the non-linear
least squares method (Bates and Chambers, 1992) according to the
following equation:

τ ¼ DI � að Þb ð8Þ
Table 2
Characteristics of dataset.

Median Min 1st quartile 3rd quartile Max

Depth (cm) 80 20 60 100 120
Effective depth (cm) 39 0 20 57 111
Penetration depth (cm) 30 0 20 43 80
Slope angle (°) 22 0 20 25 32
Bridging index 190 54 131 271 399
Skier stress (kPa) 0.38 0.06 0.19 0.77 9.58
Snowmobile stress (kPa) 0.40 0.06 0.17 1.14 16.56
with τ= shear stress from Eq. (4), DI= density index (density × layer
thickness) and the constants a and b evaluated by the function. The
density index was calculated very similar to the bridging index, but
used density instead of hand hardness. The fitted values for the skier
data were a = −1.11 × 10−3 and b = −1.4 and yielded R2 = 0.24
for 454 skier data. The fitted values for the snowmobile data (Fig. 5)
were a = −4.7 × 10−4 and b = −0.9 and yielded R2 = 0.32 for 515
snowmobile data.

Figs. 6 and 7 show how slope stability (propensity for initiation
of failures in weak layers) is affected by skiing and snowmobiling
according to the BI. They show the main variables used to calculate
the skier stability index plotted against the BI. Shear stress from skiing
or snowmobiling is added to the shear stress due to the overlying
snow and is combined with the hypothetical shear strength of buried
surface hoar (Zeidler and Jamieson, 2006) to calculate skier stability
index values. The linear regression for skier data between BI and Sk
produced an R2=0.53 and p b 10−16. Linear regression for snowmobile
data between BI and Sk produced an R2 = 0.50 and p b 10−16. The
Fig. 5. Same as Fig. 4, but for the passage of snowmobiles.

image of Fig.�4
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Fig. 6. Box plots of shear stress from Eq. (5) (gray) and shear strength of surface hoar
(red) by bridging index. The shear stress data are the convertedmeasurements of normal
stress beneath skiers and calculated shear stress due to the overlying snow. The line is the
linear regression for bridging index and the calculated skier stability index. Boxes,
whiskers and open circles as in Fig. 4.
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regression lines in Figs. 6 and 7 show that Sk = 1.5 for a BI of 130 and
160 for skier and snowmobile data, respectively. However, the variabil-
ity in the data means that a larger BI was required to ensure that all Sk
N 1.5. For all Sk N 1.5 in this study a BI of 190 and 260 was required for
skier and snowmobile data, respectively.

To test the BI thresholds produced from Figs. 6 and7,we investigated
BI values from 77 skier-triggered avalanches as shown in Fig. 8. The
median of the histogram is 110 with a standard deviation of 74. The
cumulative frequency plot shows that 64% and 86% of the data have a
BI less than 130 and 190, respectively.
Fig. 7. Same as Fig. 6, but for the passage of snowmobiles.
5. Discussion

Our results showed a good visualization of the impact a snowmobile
has on the snow cover (Fig. 2). In his finite element calculations,
Schweizer (1993) showed how the maximum additional shear stress
Δτ by a skier decreased with increasing depth for three “simplified
hardness profiles”. The data in Fig. 2c agreed with Schweizer (1993) in
that less stress below the supportive crust was observed compared to
2a and 2b. This also agrees with Camponovo and Schweizer (1997) in
that harder layers created a bridging effect which spread stress out
laterally and decreased the depth to which a given level of stress
penetrated. The greater attenuation of stress with harder snow
observed between the plots in Fig. 2 suggest that a more quantitative
analysis is possible.

The converted shear stress from skiing and snowmobiling attenu-
ates strongly with increasing bridging index (Figs. 4 and 5) and with
increasing density index. The data agree with previous work which
confirmed the strong attenuation of stress with increasing depth
into the snow cover (Camponovo and Schweizer, 1997; Föhn, 1987;
Habermann et al., 2008; Jones et al. 2006; Schweizer, 1993).
Although there is a large amount of variability, Figs. 4 and 5 can be
used as practical guides for estimating skier and snowmobile stress
penetration for a given snow cover hardness profile. Correlating
added skier stress to the hardness profile, as opposed to depth,
improved the R2 values from 0.16 to 0.26 (Fig. 4).

We must keep in mind that the data shown are measurements
of highly dynamic movements through snow. We simplified the
movements of the skier and snowmobile in order to make the experi-
ments repeatable on subsequent days. Thumlert et al. (2012) showed
data from similar measurements that falling skiers added three to ten
times more stress compared to a typical skier. This variability in the
dynamic loading applied to the snow surface is likely the reason for
the relatively low R2 values in Figs. 4 and 5. Further, the variability in
added shear stress observed in Figs. 4 through 7 show that caution
should be used when interpreting these results.

Combining many days of stress measurements in varying snow
cover stratigraphies allows us to analyze a larger data set, but con-
sequently hides the specific stress profile for a given stratigraphy
Fig. 8. Histogram (a) and cumulative frequency plot (b) of bridging index values for 77
skier-triggered avalanches.
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(eg. hard over soft vs. soft over hard). Further, Figs. 4 and 5 do not show
the stress concentrations that should occur at the interfaces between
hard and soft layers. These stress concentrations have been shown in
the finite element modeling work by Schweizer (1993), Jones et al.
(2006) and Habermann et al. (2008). Skier-triggered fractures in layers
that produce avalanches generally occur at the interface between hard
and soft layers (eg. Schweizer and Jamieson, 2001). This is likely due
to a combination of stress concentrating at these interfaces and the
lower strength of softer snow.

A recurring question is howmuch of what type of snow do you need
to effectively bridge weak persistent layers? Slope stability depends on
both weak layer crack initiation (Reiweger and Schweizer, 2010) and
the subsequent propagation of that crack (van Herwijnen et al., 2010).
Since it isn't clear mathematically how to deal with both phenomenon
together, we used the classical shear strength and shear stress approach
as a first approximation to relate bridging and slope stability. Jamieson
(1995) showed that most skier-triggered dry slab avalanches occur
when Sk b 1.5. Thus, we found the BI thresholds described above by
using Sk = 1.5 as a proxy for localized slope stability (Figs. 6 and 7).
These BI thresholds provide some insight into how much snow is
required to effectively attenuate the stress for skiing and snowmobiling.

Our results imply that stability increases with more bridging (Figs. 6
and 7). This agrees with Schweizer and Jamieson (2003) who produced
median values for bridging of 110 and 82 for stable (skied and did not
avalanche) and unstable slopes (skied and avalanched), respectively.
This also agreed with van Herwijnen and Jamieson (2007) who showed
frequency of skier triggering decreasing with increasing bridging.
However, we must again recommend caution interpreting this result.
Van Herwijnen and Jamieson (2007) found that stiffer and thicker
slabs (more bridging!) accentuated the propagation of fractures leading
to larger and more destructive avalanches. Increased bridging will lead
to more attenuation of the skier and snowmobile impact on the snow
cover, thus reducing the probability of an initial failure in weak layers.
However, this same increased bridgingmay result in a larger avalanche
if a failure is initiated at a thin spot in the snow cover.

In comparing the BI thresholds from Fig. 6 to BI values from actual
skier-triggered avalanche slopes (Fig. 8), we observe that 86% of the
77 slopes had a BI less than 190 and 65% had a BI less than 130. Howev-
er, these values were mostly calculated from snow profiles that were
performed at the crown of the avalanches which was not generally
representative of the trigger point for the avalanche. Thus, we expect
the BI values at the trigger points to be less than those shown in Fig. 8.
Investigating the eight slopes from the dataset where the profile was
performed at the actual trigger point showed all BI values less than
130 (results not shown). Overall, the BI values from the 77 skier-
triggered avalanches tend to agree with the BI thresholds produced in
the slope stability analysis. However, the 11 skier-triggered avalanche
slopes with BI values larger than 190 are also likely larger and more
destructive avalanches. As bridging increases the probability of
triggering an avalanche decreases, but the consequence of triggering
one increases.

The amount and type of snow necessary to bridge a weak layer is an
equation complicated by spatial variations that involves weak layer
strength, slab properties and terrain. The data presented suggest that a
BI of 130 will bridge the majority of slopes with weak layers in the
snow cover similar to those in this study, BI of 190 may be a more
cautious choice to allow for spatial variations in weak layer depth, but
it remains possible for slopes with higher values to be skier-triggered.

6. Conclusion

Measurements of stress beneath localized dynamic loads (skiers and
snowmobiles) were performed within a variety of mountain snow
covers and related to localized slope stability. Visualizations of these
stress measurements for three simplified snow hardness profiles are
provided for the impact of snowmobiles. Measured stress levels were
plotted against a BI (uniform hardness of a layer multiplied by its
thickness) which quantified the upper snow cover. Measured stress
decreased strongly with increasing BI which agrees with previous
work (Camponovo and Schweizer, 1997; Föhn, 1987; Habermann
et al., 2008; Jones et al., 2006; Schweizer, 1993). The R2 values for
nonlinear regressions fit to measured stress against the BI were
higher than those for measured stress against depth into the snow
cover. The relatively low R2 values were likely due to variability in
the dynamic loading events.

The added dynamic stress was related to slope stability using
stability indices to determine BI thresholds formore stable snow covers.
BI thresholds of 130 to 190 for skiers and 160 to 260 for snowmobiles
were found for skier stability index values greater than 1.5. The 130
to 190 range for skiers was compared with BI values from 77 skier-
triggered avalanche slopes where it was found that 64% had a BI
less than 130 and 86% had a BI less than 190.

Acknowledgments

We would like to thank NSERC (Natural Sciences and Engineering
Research Council of Canada) (RT696164), Parks Canada, HeliCat
Canada, the Canadian Avalanche Association, Mike Wiegele Helicopter
Skiing, Canada West Ski Areas Association, Backcountry Lodges of Brit-
ish Columbia Association, the Association of CanadianMountain Guides,
TeckMining Company, the Canadian Ski GuideAssociation, Backcountry
Access, the B.C. Ministry of Transportation and Infrastructure Avalanche
and Weather Programs, the Canadian Avalanche Foundation, and
Tecterra for their support of ASARC. Special thanks to Mike Wheater,
Michael Shynaryk, Sebastian Barlerin and Lucas Shubin for their tireless
and careful data collection. The authors would also like to thank the
guides at Mike Wiegele's Helicopter Skiing operation for logistical
support in collecting data. Last, but not least, I would like to thank
the Alberta Scholarship program for financial support of the Queen
Elizabeth II scholarship.

References

Bates, D., Chambers, J., 1992. Nonlinear models. Chapter 10. In: Chambers, J.M., Hastie, T.J.
(Eds.), Statistical models. Wadsworth & Brooks/Cole.

Camponovo, C., Schweizer, J., 1997. Measurements on skier triggering. Proceedings of the
International Snow Science Workshop ISSW 1996, Banff, Alberta, Canada, 6–10
October 1996. Canadian Avalanche Association, Revelstoke BC, Canada, pp. 100–103.

Canadian Avalanche Association (CAA), 2007. Observation guidelines and recording
standards for weather, snow cover and avalanches. Canadian Avalanche Association,
Revelstoke, BC, Canada.

Colbeck, S.C., 1991. The layered character of snow covers. Rev. Geophys. 29 (1), 81–96.
Curtis, J.O., Smith, F.W., 1974. Material property and boundary condition effects on

stresses in avalanche snow-packs. J. Glaciol. 13 (67), 99–108.
Das, B., 1985. Advanced soil mechanics, 3rd edition. McGraw Hill, pp. 87–111.
Exner, T., 2012. Field studies of snowpack stress and deformation due to surface loads

and temperature effects. PhD thesis Department of Geoscience, University of Calgary,
Calgary, Canada.

Fierz, C., Armstrong, R.L., Durand, Y., Etchevers, P., Greene, E., McClung, D.M., Nishimura,
K., Satyawali, P.K., Sokratov, S.A., 2009. The international classification for seasonal
snow on the ground. IHP-VII Technical Documents in Hydrology 83, IACS
Contribution 1. UNESCO-IHP, Paris.

Föhn, P.M.B., 1987. The stability index and various triggering mechanisms. IAHS Publ. 162,
195–214.

Habermann, M., Schweizer, J., Jamieson, J.B., 2008. Influence of snow cover layering
on human-triggered snow slab avalanche release. Cold Reg. Sci. Technol. 54 (3),
176–182.

Harvey, S., Rhyner, H., Schweizer, J., 2012. Lawinenkunde. Praxiswissen für Einsteiger
und Profis zu Gefahren, Risiken und Strategien. Bruckmann Verlag GmbH,
Muenchen, p. 192.

Jamieson, B., 1995. Avalanche prediction for persistent soft slabs. PhD thesis Department
of Civil Engineering, University of Calgary, Alberta.

Jamieson, J.B., Johnston, C.D., 1998. Refinements to the stability index for skier-triggered
dry-slab avalanches. Ann. Glaciol. 26, 296–302.

Jamieson, J.B., Haegeli, P., Gauthier, D., 2010. Avalanche accidents in Canada, volume 5:
1997–2007. Canadian Avalanche Association, Revelstoke, BC, Canada.

Jones, A.S.T., Jamieson, J.B., Schweizer, J., 2006. The effect of slab and bed surface stiffness
on the skier-induced shear stress in weak snow cover layers. In: Gleason, J.A. (Ed.),
Proceedings of the International Snow Science Workshop 2006, Telluride CO, U.S.A.,
1–6 October 2006, pp. 157–164.

http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0005
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0005
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0120
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0120
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0120
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0125
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0125
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0125
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0020
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0025
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0025
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0130
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0135
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0135
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0135
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0140
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0140
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0140
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0035
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0035
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0055
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0055
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0055
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0040
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0040
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0040
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0145
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0145
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0050
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0050
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0150
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0150
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0155
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0155
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0155
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0155


35S. Thumlert, B. Jamieson / Cold Regions Science and Technology 106–107 (2014) 28–35
Reiweger, I., Schweizer, J., 2010. Failure of a layer of buried surface hoar. Geophys. Res.
Lett. 37 L24501.

Schweizer, J., 1993. The influence of the layered character of the snow cover on the
triggering of slab avalanches. Ann. Glaciol. 18, 193–198.

Schweizer, J., Camponovo, C., 2001. The skier's zone of influence in triggering slab
avalanches. Ann. Glaciol. 32, 314–320.

Schweizer, J., Jamieson, B., 2001. Snow cover properties for skier triggering of avalanches.
Col. Reg. Sci. Technol. 33, 207–221.

Schweizer, J., Jamieson, B., 2003. Snowpack properties for profile analysis. Cold Reg. Sci.
Technol. 37 (3), 233–241.

Schweizer, J., Schneebeli, M., Fierz, C., Föhn, P., 1995a. Snow mechanics and avalanche
formation: field experiments on the dynamic response of the snow cover. Surv.
Geophys. 16, 621–633.

Schweizer, J., Camponovo, C., Fierz, C., Föhn, P., 1995b. Skier triggered slab avalanche
release — some practical implications. In: Sivardiére, F. (Ed.), Les apports de la
recherché scientifique a la sécurité neige, glace et avalanche. Actes de Colloque,
Chamonix 30 mai — 3 juin 1995. Association Nationale pour l'Étude de la Neige
et des Avalanches (ANENA), Grenoble, pp. 309–315.
Thumlert, S., Jamieson, B., Exner, T., 2012. How do you stress the snowpack? Proceedings
from the International Snow Science Workshop, Anchorage, AK, pp. 506–512.

Thumlert, S., Exner, T., Jamieson, B., Bellaire, S., 2013. Measurements of localized dynamic
loading in a mountain snowpack. Cold Reg. Sci. Technol. 85, 94–101.

Tremper, B., 2008. Staying alive in avalanche terrain. The Mountaineers Books, Seattle,
WA, USA.

van Herwijnen, A., Jamieson, B., 2007. Snowpack properties associated with fracture
initiation and propagation resulting in skier-triggered dry snow slab avalanches.
Cold Reg. Sci. Technol. 50, 13–22.

van Herwijnen, A., Schweizer, J., Heierli, J., 2010. Measurement of the deformation
field associated with fracture propagation in weak snowpack layers. J. Geophys.
Res. 115 F03042.

Zeidler, A., Jamieson, B., 2006. Refinements of empirical models to forecast the shear
strength of persistent weak snow layers PART B: layers of surface hoar crystals.
Cold Reg. Sci. Technol. 44, 184–193.

http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0060
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0060
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0065
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0065
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0075
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0075
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf9000
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf9000
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0080
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0080
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0070
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0070
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0070
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0160
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0160
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0160
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0160
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0160
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0170
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0170
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0090
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0090
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0100
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0100
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0105
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0105
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0105
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0110
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0110
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0110
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0115
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0115
http://refhub.elsevier.com/S0165-232X(14)00102-5/rf0115

	Stress measurements in the snow cover below localized dynamic loads
	1. Introduction
	2. Methods
	2.1. Field measurements
	2.2. Visualization of field stress measurements
	2.3. Stress conversion
	2.4. Slope stability

	3. Data
	4. Results
	5. Discussion
	6. Conclusion
	Acknowledgments
	References




