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ABSTRACT: Buried layers of surface hoar pose a challenge to avalanche forecasters in many areas.
Some layers stabilise quickly and others remain unstable for a month or more. This paper contrasts the
stability trends of two surface hoar layers, one buried 30 December 1999 and the other buried 21
February 2000, in the Columbia Mountains of western Canada.

The two surface hoar layers were monitored at a tree-line study slope at Rogers Pass every 4 to
8 days until the end of March 2000. Physical properties of the slab (load, thickness, hardness profile), and
weak layer (shear strength, temperature, temperature gradient, crystal size, crystal form) were observed.
Approximately once every two weeks the weak layers were photographed in the pit wall to document their
physical properties. On the same days, disaggregated crystals from the weak layers were photographed
on a crystal screen.

The February 21 layer, which initially consisted of 4-6 mm crystals, was loaded more slowly by
snowfall, gained strength and stability more slowly, yielded initially lower stability indices and released
many more skier-triggered avalanches than the December 30 layer, which initially consisted of larger, 10-
20 mm crystals. The shear strength of the weak layer, calculated rutschblock score, layer thickness, and
load on the weak layer show potential predictive value for the stabilisation of buried surface hoar layers.
The time series of photographs of these layers are discussed in terms of their contrasting stability trends.
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1. INTRODUCTION

Many skier triggered slab avalanches fail
on layers of buried surface hoar (Jamieson and
Johnston, 1992; Schweizer and Jamieson, 2000).
The susceptibility of such layers to skier triggering
is often difficult to assess, making them capable of
surprising even professional decision makers
(Jamieson and Geldsetzer, 1999). Over the winter
of 1999-2000 in the Columbia Mountains of
western Canada, two surface hoar layers were
monitored at a study site in Rogers Pass through
snow profiles, strength measurements, snowpack
tests, and photography. These observations are
related to the skier-triggered avalanche activity in
the area to assess potential predictors for skier
triggered avalanches on buried surface hoar
layers.

____________________

2. LITERATURE REVIEW

Surface hoar or “hoarfrost” grows on the
snow surface by the deposition of water vapour
(e.g. Colbeck, 1986; Lang et al., 1984). Once
buried by snowfall, such layers are
characteristically weak, and may remain active as
a failure plane for slab avalanches for several
weeks or more (e.g. Föhn, 1992; Jamieson, 1995).

A skier induces stresses on the underlying
snowpack. This stress can penetrate to a buried
weak layer and produce sufficient total stress to
cause the weak layer to fail and produce a slab
avalanche. Skier induced stresses on the
snowpack decrease with increasing slab
thickness, and skiers are not usually effective
triggers on slabs thicker than one meter (e.g.
Föhn, 1987; Schweizer and Jamieson, 2000).

Schleiss and Schleiss (1970) introduced a
snow stability factor SF, Föhn (1987) used a
stability index S, and also produced a stability
index incorporating skier triggering, S�. Jamieson
and Johnston (1993) applied the stability index S35

over larger geographical region (up to 30 km),
finding that SF and S35 are effective large-scale
predictors of unstable and marginal natural
avalanche stability. Jamieson and Johnston (1994)
refined the skier triggering stability index Sk to
include the effects of ski penetration. This was an
effective predictor of the general stability trend
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over an area within 15 km of the study site for a
buried surface hoar layer. Sk was further refined in
Jamieson and Johnston (1998b).

Several studies have measured strength
changes, stability trends and associated
avalanche activity (Jamieson and Johnston, 1994;
Jamieson, 1995; Schweizer et al., 1998) of buried
surface hoar layers, with a study area of
approximately 10-15 km around the snow study
plot. Jamieson and Johnston (1999) focussed on
the snowpack factors which influence strength
changes of surface hoar layers; specific threshold
values associated with layer stabilisation were not
addressed. Studies have addressed observable
changes in buried surface hoar layer properties
(Davis et al., 1996; Jamieson and Schweizer,
2000). Photography of buried surface hoar layers
has been performed in other studies (e.g.
Geldsetzer et al., 1997), but has not yet been
applied to large-scale stability forecasting.

3. METHODS

On 30 December 1999 and 21 February
2000,  layers of surface hoar were buried in many
areas of the Columbia Mountains of British
Columbia. Between the day of their burial and until
the end of March 2000, measurements of these
layers were taken every 4-8 days at a study site
on Mount Fidelity in Rogers Pass. The study site is
located at tree line, 1905 m a.s.l. on a
predominantly east-facing slope which varies
between approximately 15� and 30� inclination.

On each measurement day, the buried
surface hoar layer(s) were identified in a snow pit
wall and a snow profile was observed (CAA,
1995). The profile included properties of the weak
layers (visual classification of grain type and
maximum and minimum grain size under low
magnification, layer thickness, temperature,
temperature gradient) and of the overlying slab
(water equivalent load, slab thickness, hardness
profile). The shear strength of each layer was
obtained by averaging the results of approximately
12 shear frame tests (e.g. Perla and Beck, 1983;
Jamieson, 1995; Jamieson and Johnston, in
press).

In addition to manual temperature and
temperature gradient measurements on
observation days, the snow temperature 5 cm
above and below the buried surface hoar layers
and the temperature gradient across the layers
were measured continuously using thermisters
attached to a CR-10 datalogger.

The layers were photographed
approximately every 14 days, including in-situ pit

wall photos of each layer and photos of crystals
disaggregated from each layer (e.g. Davis et al.,
1996; Jamieson and Schweizer, 2000). The pit
wall photos were made by excavating a small
recess in the pit wall and inserting a black screen
behind the weak layer in this recess to provide
background contrast. Disturbed or fractured
crystals in front of the screen were carefully
removed. The remaining surface hoar crystals, in
their natural buried state, were then photographed
with a macro lens and flash. Some crystals were
then carefully disaggregated from the pit wall,
without breaking them into smaller pieces, placed
on a 10 mm grid, and photographed with a macro
lens and flash.

University of Calgary research staff based
in Rogers Pass noted skier-triggered avalanche
activity in the area over the winter 1999-2000. This
avalanche occurrence data was compiled with
similar data from 4 surrounding helicopter skiing
operations within a radius of approximately
100 km of the study site (Figure 1), in order to
relate the observed changes in the weak layers to
skier-triggered avalanche activity on each layer.
There were about 210 skiers a day over the entire
study area during the study period; many slopes
lay untriggered by skiers over the course of this
study.

Figure 1: Study area; 5 regions shown within
approximately 100 km range of Mt. Fidelity.
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4. RESULTS AND DISCUSSION

The surface hoar layer buried on 30
December 1999 (Figure 2), was skier-triggered
only after several days of burial. Similar behaviour
has been observed in studies of other buried
surface hoar layers (e.g. Jamieson, 1995).
Jamieson and Johnston (1998a) found that 75% of
persistent weak layers were skier triggered 5 or
more days following burial. Before this time, the
snow overlying the weak layer is often not
sufficiently cohesive to release as a slab or is of
such low density such that skis penetrate through
the slab and weak layer. The 21 February 2000
(Figure 3) layer was first skier triggered on the day
it was buried due to large new snowfall amounts
and formation of a cohesive slab over the weak
layer.

Skier triggered slab avalanches were
observed on the 30 December 1999 layer up to 35
days after burial (Figure 2), and on the 21
February 2000 layer up to 15 days (Figure 3).
Föhn (1992) observed that persistent weak layers
such as surface hoar are most likely to cause
avalanches up to around 20 days after burial.

Jamieson and Johnston (1998a) found that only a
small percentage of slabs overlying persistent
weak layers are skier triggered after 13 days of
burial. Both layers in this study showed similar
patterns of skier-triggered avalanche activity.

The following describes the potential value
of several snowpack factors to predict the
reduction of widespread avalanche activity on a
layer of buried surface hoar. Isolated events
following periods of widespread avalanche activity,
although important to skiers and avalanche
forecasters, are more difficult to predict.
Furthermore, extrapolating potential predictors of
avalanche activity over such a large area will not
indicate the stability in areas where terrain and
weather create snowpack conditions atypical of
the forecast area.

During the periods in which each of the
buried surface hoar layers in this study began to
stabilise, as indicated by less frequent skier-
triggered avalanche activity on each layer, the
shear strength of each layer exceeded 0.6 kPa
and approached approximately 1-1.5 kPa
(Figure 4). In a separate study, Jamieson and
Johnston (1998a) found that the median shear

Figure 3: Stability trend of 21-02-00 surface hoar

Figure 2: Stability trend of 30-12-99 surface hoar
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strength of buried persistent weak layers was
0.47 kPa when skier triggering occurred and was
1.06 kPa when the buried layer was unreactive to
skier triggering. Based on this, shear strength
between 1-1.5 kPa appears to be promising
predictor of the stabilisation of  buried surface hoar
layers.

Operational guidelines for rutschblock
tests (CAA, 1995) are intended for interpretation to
slopes in the immediate vicinity of the rutschblock
test, but offer insight in extrapolating the
calculated rutschblock score over the 100 km
range of the study area.

Figure 4: First 20 days of burial, 12-30-99 and
21-02-00 surface hoar layers

The rutschblock scores calculated from study plot
observations may be interpolated between
measurement days for the two layers in this study
(Jamieson, 1995, pp.147-148). The skier triggered
avalanche activity on the 30 December 1999 and
21 February 2000 layers of buried surface hoar
began to decrease just after the calculated
rutschblock score for each layer increased beyond
a value of 2 - 3 (Figure 4). In addition, skier
triggered events became rare when the calculated
rutschblock score exceeded 4.5 - 6. Jamieson and
Johnston (1998) reported a median rutschblock

score of 3 for skier triggered slopes and a median
score of 6 for stable (i.e. tested but not triggered)
slopes, with a considerable overlap in the range of
scores between stable and unstable slopes. This
is in general agreement with the results of this
study. A calculated rutschblock score between
4.5-6 appears to be a good potential predictor of
the stabilisation of the buried surface hoar layers
in this study.

The load due to the slab overlying a weak
layer of buried surface hoar is also a potential
predictor of the skier stability of the layer; both the
30 December and the 21 February layers became
less reactive to skier triggering of slab avalanches
when the load had reached 0.5-1 kPa (Figure 4).
Skier triggered avalanches became rare when the
load had reached 0.8-1.5 kPa. Load values are
interpolated between observation days (Jamieson,
1995, pp. 147-148). A load over the weak layer of
around 1 kPa appears to be critical in the
stabilisation of these buried surface hoar layers.

In the first eight days of burial, the
30 December layer thinned by 40%, from 22 mm
to 12 mm. The 21 February layer thinned by 44%
in its first thirteen days of burial, from 9 mm to
5mm. This observed rapid thinning of 40-44% of
the layers in this study was coincident with the
time frame in which each of the layers began to
stabilise (Figure 4). These results are in general
agreement with those of Davis et al. (1996), in
which two different layers of buried surface hoar
were observed to undergo a similar rapid initial
thinning of 20-35%. Davis et al. (1996) and
Jamieson and Schweizer (2000) concluded that
such thinning is an indication of strengthening
(and thereby a trend towards stabilisation) of
layers of buried surface hoar.

The predictive potential of other measured
factors of these layers may also be addressed.
The slab overlying the layers in this study was
approximately 0.65-1.00 m thick when the layers
became less reactive to skier triggering. However,
when interpreting slab thickness as a potential
predictor of skier stability of buried surface hoar
layers, it is important to note the natural variation
of snowpack thickness across avalanche slopes.
The magnitude of the temperature gradient across
both layers was less than 10°C m-1 during the
entire time they were observed; in this range no
effect of temperature gradient is expected.
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The time series photos of the layers in-situ
(Figure 5, 6) show no discernible structure to the
arrangement of the crystals in either layer, with the
number of connections (bonds) between crystals
varying considerably throughout the layers. These
layers show little visual evidence of stabilisation,
other than a decrease in layer thickness.

Figure 5: 30 December surface hoar in-situ.
Clockwise from top left: age 4 days, 22mm thick;
age 12 days, 15mm thick; age 27 days, 15mm
thick; age 87 days, 10mm thick.

The time series photos of disaggregated
crystals from both layers (Figure 7,8) show some
rounding of crystal edges and clustering of grains
over time. This is a commonly observed
phenomenon (e.g. Colbeck, 1991), that has been
proposed as a sign of strengthening of a buried
surface hoar layer (Geldsetzer et al., 1997;
Jamieson and Schweizer, 2000). However, there
was little indication that a specific change in
crystal size was associated with the stabilisation of

the surface hoar layers in this study. This is in
agreement with the findings of Davis et al. (1996):
“change in size of disaggregated crystals is
probably a poor indicator of strength (of the weak
layer).”

Figure 7: 30 December surface hoar
disaggregated. Clockwise from top left: age 4
days, 10-20mm; age 12 days, 9-12mm; age 27
days, 10-12mm; age 79 days, 6mm.

Figure 6: 21
February surface
hoar in-situ. Down
from top: age 6
days, 9mm thick;
age 13 days, 5mm
thick; age 34 days, 4
mm thick.

Figure 8: 21
February surface
hoar
disaggregated.
Down from top:
age 6 days, 4-
6mm; age 13
days, 4-6mm;
age 34 days, 4-
6mm.
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5. CONCLUSIONS

The surface hoar layer buried 30
December 1999 in the Columbia Mountains of
western Canada was initially 22 mm thick and
composed of 10-20 mm surface hoar crystals. The
slab overlying this layer was frequently skier-
triggered for 8 days, with occasional skier-
triggered avalanche activity observed until 35 days
following its burial. The surface hoar layer buried
21 February 2000 was initially 9 mm thick and
composed of 4-6 mm crystals. This layer showed
steady skier triggered avalanche activity for
9 days, with skier-triggered avalanches up to
15 days following its burial.

Comparisons of the stability trends for
these two layers of buried surface hoar indicate
the potential for several measured snowpack
factors to assist in forecasting the stability of
buried surface hoar layers. Surface hoar layers
may stabilise when their shear strength reaches a
threshold value between 1-1.5 kPa. Each layer in
this study began to stabilise when the calculated
rutschblock score, RBcalc, exceeded a value of
2-3, with skier triggered-avalanche activity sharply
reduced when RBcalc surpassed 4.5-6. The initial
rapid thinning of the buried surface hoar layers by
around 40% indicates strengthening and
stabilisation. Skier triggered avalanche activity on
the layers in this study slowed when the load per
unit area on each layer had reached
approximately 1 kPa. Finally, the two layers of
buried surface hoar in this study became less
reactive to skier triggering when the slab overlying
each layer reached 0.65-1.00 m in thickness.

Extrapolation of study plot measurements
to the snowpack stability in surrounding terrain can
only indicate general trends. This approach must
necessarily be supplemented by site-specific
observations and interpreted by experienced
decision makers.

Time series of photographs of the two
layers, both in-situ and of disaggregated crystals,
were constructed over the course of this study.
Comparing these photographs with the stability
trends of each layer showed little visual indication
of stabilisation in the in-situ pit wall photographs
and only general indications of strengthening in
the disaggregated crystal photos.
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