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ABSTRACT. Snow glide is the translational slip of the entire snowpack over a sloping
ground surface, and it is thought that rapid rates of snow glide precede full-depth ava-
lanches. The nature of avalanches that release at the ground makes them difficult to pre-
dict and difficult to control using explosives.

On-slope instrumentation comprised of stainless-steel “glide shoes” was used to meas-
ure rates of snow glide for two winters on a bedrock slope adjacent to the Coquihalla
Highway, Cascade Mountains, British Columbia, Canada. Climate data and avalanche
occurrences were recorded by the British Clolumbia Ministry of Transportation and High-
\-‘\’ﬂy.‘;.

Our results show that the supply of free water to the snow/ground interface by rain or
snowmelt is the most important influence on full-depth avalanche release. Full-depth ava-
lanche release responds to rainfall and snowmelt events within 12-24 hours. Occasionally,
full-depth avalanches occur unexpectedly during clear, cold periods. Snowmelt by radi-
ation is thought to contribute enough meltwater during these cold periods to induce high-
er rates of snow glide and full-depth avalanche release. The results also indicate that snow
glide alone is not a reliable indicator for full-depth avalanche release.

1. INTRODUCTION presence of free water, a necessary factor for snow glide;
and

Full-depth avalanches, where the entire snowpack down to
the ground is mobilized, are unpredictable and dangerous

due to the great mass of snow involved. The process of snow

(3) a slope greater than 15" for roughness typical of alpine
terrain (i.c. bare rock or brushy terrain).
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glide has always been associated with the release of ava- Currently, we know of no studies in which investigations of

lanches of this type, which are also called glide avalanches.
The mechanics of full-depth avalanche initiation by gliding
has been described by Lackinger (1987) and McClung
(1987). A tensile fracture, or glide crack, forms in the snow-
pack, initiated by rapid gliding (McClung and Schaerer,
1993). Formation of this fracture generally requires an in-
crease in glide speed (reduction in boundary friction)
downslope from the tensile fracture.

Full-depth avalanches are also commonly associated
with wet, seasonal snowpacks. Due to the different mechan-

ical properties between wet and dry snow, large amounts of’

energy arc required to propagate shear fractures for failure
in wet snow, often making full-depth avalanches difficult to
trigger using explosives. Full-depth avalanche forecasting,
therefore, has typically been beyond the norm of (raditional
techniques. In this paper, we investigate the processes and
mechanisms contributing to full-depth avalanche release.
Early investigations of snow glide were primarily de-
scriptive (In der Gand and Zupanéic, 1966), Later studies
characterized the mechanics of snow glide. Prerequisites
for the onset of gliding, formulated from field observations
(McClung, 1975, 1981), are:
(1) a fairly smooth snow/ground interface such as bare rock
or grassy vegetation. The interface is more difficult to
define in rough (i.e. brushy) terrain;

(2) a snow/ground interface at 0°C which allows for the
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the direct effect of meteorological conditions on rates of
glide and full-depth avalanche release were conducted on a
continuous basis. Lackinger (1987) presented glide rates and
the associated climate prior to a full-depth avalanche re-
lease, but since his instrumentation was placed on the ava-
lanche slope, data collection ceased after the first avalanche.
In the study we present here, continuously recorded rates of
snow glide are used to identify predictive factors and their
relation to avalanche release on adjacent slopes in the study
area.

Our objectives were:

to examine the effect of free-water contributions on rates

of snow glide and full-depth avalanche release;

to determine the relative importance of contributions
from rainfall and snowmelt to glide; and

to investigate the relationship between rapid rates of

snow glide, climate conditions and the release of full-
depth avalanches.

2. METHODS

2.1. Study area

The study area is located on Yak Peak and Zopkios Ridge
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adjacent to the Coquihalla Highway in the Cascade Moun-
tains of southern British Columbia, Canada, approximately
250 km east of Vancouver (Fig. 1). The study site, character-
ized by smooth, south-facing granite slopes, is exposed to in-
coming solar radiation throughout the year, which
moderates air and snow temperatures.

The area has a maritime winter climate that is charac-
terized by heavy snowfalls and mild temperatures. Annual
average winter precipitation (October—May) measured
between 1973 and 1978 at the Summit Weather Station
(1230 m a.s.l) was 1293 mm (British Columbia Ministry of
Environment, 1983). In 1992 -93 and 1993-94, winter preci-
pitation measured between November and April by the
British Columbia Ministry of Transportation and Highways
(MOTH) at the same station was 801 and 1011 mm, respect-
ively. Rain comprises about one-third of the winter precipi-
tation total at the Summit Weather Station.

2.2. Avalanches in the study area

There are 108 avalanche paths in the Coquihalla avalanche
area identified by MOTH, of which 67 affect 17 km of the
highway. Full-depth avalanches frequently occur on at least
ten of these avalanche paths along the highway. Terrain
characteristics, when combined with moist snowpack condi-
tions, create an optimal situation for full-depth avalanches,
making this an ideal and unique study site.

Avalanches occurring on nine similar paths known o
produce full-depth avalanches were chosen for this study.

Blevation in mefres
Sowce: NTS 92HA 1. MO (1980) SCAE

Fig. 1. Location of the study area.
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Fig. 2. Smooth granite slopes of Jopkios Ridge; glide site on right.
Gilide site, on right side of photo, s indicated with an “x”.

They were all situated on Zopkios Ridge (Fig. 1). All paths
have very similar relief’ (1250 m). All starting zones are
located on smooth granite with inclinations of 34—46". Ava-
lanche tracks vary from 24° to 32° and run-out lengths
reach at least as far as the highway situated at the valley
bottom. Figure 2 illustrates the smooth granite slopes that
characterize the study site.

Full-depth avalanches form a significant proportion of
all naturally occurring avalanches in the study area as
observed by MOTH avalanche technicians. From the char-
acteristics of each slide recorded by the technicians, the fol-
full-depth
occurrences: release level at the ground; moist to wet ava-

lowing were used to identify avalanche
lanche deposits; and start locations at the top to the middle
of the avalanche path, where bare bedrock surfaces gener-
ally prevail.

2.3. Snow-glide instrumentation and measurement

In der Gand and Zupancic (1966) first developed snow-glide
instrumentation, upon which installations for this study
were based. Measurements at our study site were first estab-
lished by D. McClung in 1987 using the same instrumenta-
tion, and some preliminary observations have heen
published (see McClung and others, 1994).

Snow glide was measured by placing flat-bottomed
stainless-steel boxes with inner baffles on the rock surface
at the beginning of the season. These boxes, or “glide shoes”,
were open at the top so that snow could fall into them. Or-
iented downslope, the glide shoes were fastened to recording
potentiometers with strong cord. The potentiometers were
housed in weatherproofl enclosures, sheltered in excavated
bedrock and covered with a steel plate. Figure 3 illustrates
typical instrumentation set-up at the time of installation in
late fall. Downslope displacement and temperatures (air,
ground and interface) were recorded on a data logger at
the site and downloaded via modem. The data logger was
powered by a 12 V battery and solar panels.

Snow-glide instrumentation was installed adjacent to
path No.47.9 at 1450 m a.s.L. (see Fig. 1). The site is character-
ized by the same bare granite as adjacent slopes and is steep
enough for gliding (317 but barely steep enough for ava-
lanches. Thus, measurements may be obtained for the dura-
tion of the season. In addition, vegetation at the top and on
either side of the site intercepts water and increases the local
arca roughness enough to reduce the potential for ava-
lanches. The glide site is just visible on the right side of the
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Fig. 3. Tipical glide-shoe set-up at time of installation. Potenti-
ameter is housed in a weatherproof enclosure and placed in rock
cavily beneath a steel plate.

photo shown in Figure 2, and site conditions (shown prior to
instrument installation) are illustrated in Figure 4.

Fig. 4. Glide site at time of instrument set-up in late fall. Note
water paths on rack surface.

Five glide shoes were placed across the slope, as shown in
Figure 5. providing measurements of snow glide across and
down the slope with respect to a jointed step in the granite
bedrock. Instrumented snow glide at the site is considered a
surrogate for conditions on upper slopes and on adjacent
slopes of Zopkios Ridge.

2.4. Snowpack characterization

Snowpack conditions were continuously recorded at the
study site and were also recorded during periodic visits to
the field site. The frequency of the visits was determined by
avalanche hazard conditions in the area.

Thermistors were placed at the snowpack interface and
within the ground (depth em) to monitor snow/ground-in-
terface and ground temperatures. Air temperatures at the
site were also recorded.

Volumetric water content of the snow was measured
using a snow-wetness sensor (Denoth, 1994) that measures
diclectric permittivity,

3. THEORETICAL BACKGROUND

3.1. Snow-glide mechanics

The snow-glide model developed by McClung and Clarke
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Fig 5. Placement of glide shoes.

both the thick-
ness of the water layer at the snow-rock interface and the

(1987) suggests that water in the snowpack

wetness of the snow itselt—is the most critical parameter
in determining glide and full-depth avalanches. In the
McClung and Clarke model, it is assumed that snow prop-
erties are free of longitudinal gradients, that there is a uni-
form planar slope and that the snow deforms as a linear,
viscous material. The constitutive equation relating the tan-
gential drag on the snowpack, or local basal shear stress, 7,
to the glide velocity, U, is:

wU,
2(1 — ) D**

T =

where D is the stagnation depth and g and v are the shear
viscosity and viscous Poisson ratio of snow above the inter-
face. In general, D" is a function of interface geometry and
water distribution at the interface, and its geometric con-
struction is illustrated in Figure 6. The stagnation-depth
paramcter incorporates changes in [riction conditions at
the interface due to variations in free water at the interface
and in interaction with interface roughness features. The
shear viscosity and viscous Poisson ratio are influenced by
changing density and by changing water contents in the
snowpack (McClung and Clarke, 1987).

MecClung and Clarke (1987) indicate that changing fric-
tion conditions at the snow/ground interface and changes in
viscosity of the snow above the interface explain fluctuations
in glide velocity. Both are sensitive to the presence of water.

Water at the snow/ground interface may drown out some
of the small roughness [eatures leading to conditions of snow-
pack separation. McClung and Clarke (1987) show that there
is an exponential increase in glide speed (glide gain) with a

o4l
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D* - Stagnation depth

Fig. 6. Schematic distinguishing between snow creep and glide
showing the geometrical construction of stagnation depth

(D) (after Nye, 1969).

linear increase in water-layer thickness for a specific geo-
metry. The enhancement of glide rates is presumed to depend
not only on the water thickness but also on the location of the
separation and contact points (Lliboutry, 1968), which makes
the area of coverage more important than the thickness.

Tensile fractures, called glide cracks, form perpendicular
to the ground surface (McClung, 1987) and develop at the
crest of an avalanche. During glide-crack formation, rates of
snow glide are high (Endo, 1983) and increase downslope
from a glide crack, indicating a longitudinal glide gradient
(Yamada and others, 1991; McClung and Schaerer, 1993).
Glide cracks precede full-depth avalanches, but avalanche
release does not always immediately follow glide-crack for-
mation. The stability of the snowpack after crack formation
depends on interface topography and friction conditions.

It is thought that intervals of rapid ghiding precede, or
signal, the release of full-depth avalanches, but no threshold
rate or predictive equation has been proposed. Studies by
Lackinger (1987) showed that an increase in the frequency
and magnitude of micro-seismic emissions signaled the im-
pending release of a full-depth avalanche approximately
3 hours prior to the event. The increase in seismic emissions
may have been caused by increased glide velocity.

4, OBSERVATIONS
4.1. Snow and meteorological conditions

At our study site, thermistors placed at the snow/ground in-
terface indicate that temperatures were at 0°C throughout
two study seasons. Snow-profile observations indicated that
snow grains at the base of the snowpack reached an equi-
librium diameter of 1.0-2.0 mm, with free-water contents of
6-14% (by volume) (Table 1). As a result, there was always a
thin film of slushy wet snow adjacent to the interface. Snow-

hardness measurements at the study site indicate that this
slushy layer was overlain by hard dry snow (Table 1).

4.2. Snow-glide characteristics at the study site

Mean monthly glide rates for glide shoes placed across the
study slope are summarized in Table 2. In 1992-93, glide
rates were lower and there were fewer full-depth avalanches
(26) than in the 1993-94 season (78). Figure 7a and b show
glide velocities, derived from displacements of glide-shoe in-
struments, in mm d ' for every 12 hour time period.

Observations indicate that early in the winter season,
summer heat storage in underlying rock, thin snowpacks
and relatively low snow densities contribute to high glide
rates. At the end of the season, in the spring, meltwater and
an increased frequency of rain-on-snow events contribute to
peaks in snow glide. More consistent glide rates are com-
mon throughout mid-winter periods, indicating a colder,
stiffer snowpack.

Regression analysis of accumulated glide over 12 hour
time periods, daytime (0600-1800h) and night-time
(1800-0600 h), for the entire length of the study confirms
observations by McClung and others (1994) that there is
little distinction between day- and night-time rates of snow
glide (Clarke, 1994).

4.3. Full-depth avalanche occurrences

Fifty-one per cent of avalanches in the study area were full-
depth in 1992-93, and 85% of the occurrences in 1993-94.
The frequency of suspected full-depth avalanche trigger

Table 1. Conditions at the snow/ground interface ( Coquihalla
glide site)

Date Thickness Grain  “Temp.  Density'  Water Hardness®
of sal. -size content®
layer
cm mm ¢ kgm® % by
vol.
16 January 1993 1.0 0.5 0 340 P
28 March 1993 20 1.0 0 480 6.47 1F
30 January 1994 L0 1.0 0 380 1.2 P
9 February 1994 10.0 1.0 0 500 13.5 P
6 March 1994 0.5 20 0 370 9.6 P

! Average of bottom 10 cm due to size of sampling tube (500 g).

? Free-water content of snow measured using a dielectric meter.

¥ International Commission on Snow and lce classification ol seasonal
snow (Colbeck and others, 1990).

Table 2. Summary of mean glide rates (mmd '), 1992-93 and 199394

1992-93 1993 94
Shoe 1 Shoe 2 Shoe 4 Shoe 5 Avg Shoe 1 Shoe 2 Shoe 4 Shoe 5 Avg.

November 13.0 89 18.0 17.0 14.2 18.2 134 272 256 216
December 6.0 53 78 1.0 7l 3.5 11.0 15.2 15.5 1L5
January 34 L0 94 6.9 52 54 15.0 214 206 159
February 19 48 6.1 9.6 36 1.2 34 54 76 43
March 19 6.6 6.9 L5 42 3.8 15.0 386 = 19.0
April 24 93 21.5 11.1 23 49 10.3 = 50
Average 4.8 6.0 11.6 92 27 10.5 19.7 173

Nate: Shoe 3 did not function for most of 1992-93 and functioned for only 3 months of 1993 94.
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mechanisms is listed in Table 3 for both seasons. Our obser-
vations show that most full-depth avalanches were probably
triggered after the input of liquid water from rain or snowmelt.

Table 5. Full-depth avalanche trigger mechanisms in the
study area

Trigger mechanism 1992-93 1993-94
Loading (new snow only) 3 (11:53%) 3 (38%)
Rain-on-snow events 8 (30.8%) 54 (69.2%
Snowmelt 15 (57.7%) 9 (269%)
Total 26 78

5. CORRELATION OF SNOW GLIDE AND FULL-
DEPTH AVALANCHE RELEASE

The correlatation between snow glide and full-depth ava-
lanches is shown in Figure 7a and b for two winter seasons.
During the 199293 winter scason, full-depth avalanches
were  generally triggered when glide rates exceeded
I0mmd . In the 199394 scason, avalanches were trig-
gered when rates exceeded 15mmd ' The results indicate
that there is no clear direct relationship between glide rates
and full-depth avalanche occurrence.

The record shows that avalanche release sometimes
occurs prior to peaks in glide veloeity. Increasing rates of
glide indicate times of accelerated motion prior to ava-
lanche release, suggesting that changes in friction condi-
tions occur faster than the snowpack can adjust to them. Tt
could be that the best correlation between glide and full-
depth avalanche is during periods of glide acceleration,
although this has yet to be fully investigated.

Rates vary between instrumented locations on the slope.
In the case shown in Figure 7h, rates at shoe 4 are higher
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Fig. 7. Full-depth avalanche release and glide rates for (a)
1992-93 season, (b) 1993-94 season.
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than at shoe 2. This indicates spatial variability of snow
glide across the instrumented site. Placement with respect
to water-flow patterns visible during the summer and fall is
thought to account for some of the differences.

Due to varying glide rates across the slope, a threshold
glide rate cannot be specifically determined from the exist-
ing dataset. By itself, snow glide instrumented at a site away
from avalanche initiation zones is unable to pinpoint times
of full-depth avalanche releasec.

6. CORRELATION OF FULL-DEPTH AVALANCHE
RELEASE AND RAIN-ON-SNOW EVENTS

Rain-on-snow events, common in the study area during the
winter, have a significant effect on glide rates and full-depth
avalanche release. During the 1992-93 season, 8 out of 26
full-depth avalanche occurrences are thought to have been
triggered by rain-on-snow events and in 1993-94, 54 out of
78 occurrences. Rain contributes free water directly to the
snow surface and, where the snowpack thins to bare rock
on the upper slopes, directly to the snow/ground interface.
Time-series analysis using cross-correlation was used 1o
compare the distribution of full-depth avalanches and rain-
fall. The results indicate that for selected “active” time peri-
ods there is a strong positive correlation between the two
variables (Table 4). Active time periods are defined as peri-
ods greater than 1day, over which there was more than one
avalanche event. Results show that full-depth avalanches
respond to rain-on-snow events within 12 hours and for up
to 48 hours. Delays between rainfall and avalanche release
depend on factors such as snow stratigraphy, spatial distri-
bution of bare rock surfaces and the rate of precipitation.

"Table 4. Correlation of avalanche occurrence with rain events
Jor selected time periods

Time period Numberof Correlation  2xstd  Lag time m
Jull-depth  ( aval. vs error
avalanches  rain)
h

25 Feb.- 15 Mar. 1993 2 0.875 0.348 48 38
8 Dec.~18 Dec. 1993 15 0.662 0.436 12 22
30 Dec.-15 Jan. 1993 23 0723 0.342 ]2 34
18 Feb.—6 Mar. 1994 14 0.963 0.342 <12 3

1 T P - .
Number of 12 hour periods used in analysis.

The response of glide and avalanche release to rain-on-
snow events may be illustrated by discussing several cases.
On 9 and 10 December 1993, 12 full-depth avalanches re-
leased within 12 hours of 37 mm of rainfall (Fig. 8). Glide
rates during this time were relatively high for all glide shoes
(Fig. 8a). The results show that peaks in glide rates occur
shortly after avalanche release (i.e. within one 12 hour time
period). Avalanches on 12 and 14 December may have re-
leased due to the mild, above freezing, temperatures and
the introduction of more water into the snowpack.

Figure 9 illustrates conditions for a period during which
8l mm of rain fell in 48 hours from 28 February to 2 March.
Atotal of 14 full-depth avalanches were released in the same
48 hour period. Glide rates at shoes 2 and 4 increased in re-
sponse to rainfall and warm temperatures and peaked 24—
48 hours after avalanche release. The data in Figure 9 show
that a significant snowfall event (36 mm w.e) on 23 Febru-
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Fig. 8. Full-depth avalanche release by rain-on-snow, 7—17
December 1993.

ary did not trigger any full-depth avalanches, nor did it
causc a noticeable increase in glide rates.

Our results indicate that there is a direct relationship
between rainfall and full-depth avalanche occurrence.
Higher rainfall intensities (mm h'Y correspond with a
greater number of full-depth avalanche occurrences. Linear
regression yields 7> = 097 for a four-event sample of rain-
on-snow-triggered full-depth avalanches (significant but
not highly significant to 0.05 level; £ = 564 with two degrees
of freedom). Our results indicate that the relationship
between snow glide and avalanches is less predictable.
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Fig. 9. Full-depth avalanche release by rain-on-snow, 18 Febru-
ary-6 March 1994.
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If peaks in glide velocity are attributed directly to inputs
of free water to the snowpack adjacent to bare rock surfaces
then a general time lag can be determined. The instrumen-
ted glide site is located approximately 350 m downslope
from an area of steeply sloped bare rock (i.e. an avalanche
initiation zone). Approximate flow speeds of water at the
snow/ground interface were determined in the field and
were found to vary from 0.2 to 0.7 cm s ' (Clarke, 1994).
These flow speeds correspond to lag times of 14-48 hours.
This may be a partial explanation for the delay in peak rates
detected at the glide site.

7. CORRELATION OF FULL-DEPTH AVALANCHE
OCCURRENCE AND SNOWMELT EVENTS

The exposure of south-facing, steep bedrock slabs on the
upper slopes of Zopkios Ridge to solar radiation may en-
hance snowmelt. The snow cover on the ridge varies so that
even during mid-winter large areas of dark-coloured rock
are exposed. In areas of thin snow cover, the rock is warmed
by absorbed shortwave radiation, and snow is melted by
emitted longwave radiation.

Observations during two ficld seasons indicate that most
avalanches, unless triggered by rainfall, were caused by the
input of free water from snowmelt. Most (I out of 15 in
1992-93 and 18 out of 21 in 1993-94; see Table 1) full-depth
avalanches triggered by snowmelt are likely to have been
triggered by snowmelt generated by warm (i.e. air tempera-
ture >0°C) periods. The remaining group of full-depth ava-
lanches (four in 1992-93 and three in 1993-94) that released
during clear, cold, calm conditions may have been the result
of snowmelt by radiative heating of rock surfaces. Full-depth
avalanches have been observed at temperatures as low as

11°C in the Canadian Rockies (personal communication
from B. Allen, 1997).

7.1. Warm-temperature snowmelt events

The relationship during spring between higher air tempera-
tures and loose spring avalanches is well recognized. That
between higher air temperatures and full- depth avalanches
is not as well understood. Turbulent energy fluxes are diffi-
cult to instrument in remote alpine environments. The sen-
sible-heat flux can be modeled as Q* AT, where @ is net
radiation and where AT = (Thir — Tiurface) 15 easily meas-
ured and is used as an indicator of snowmelt.

Cross-correlation analyses between snow-glide velocity
and air temperature measured at the glide site during se-
lected time periods show that higher air temperatures relate
to higher glide rates. The relationship is statistically signifi-
cant and positive with lag times of 12-24 hours (Table 5).
This indicates that changes in snow-glide velocity lag 12-24
hours behind changes in air temperature at our site. Results
show that correlation between snow glide and air tempera-
ture is higher during snowmelt-triggered avalanche events
than during rain-on-snow events.

Figure 10 illustrates conditions between 23 January and
6 February 1993. On 3031 January, 11 full-depth avalanches
were triggered by rapid snowmelt, as indicated by the
above-freezing temperatures. During this period, maxi-
mum air temperatures at the study site reached 18°C.

7.2. Cold-temperature events

Cold-temperature events are defined as [ull-depth ava-
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Table 5. Correlation of glide velocity with maximum air tem-
peratuies for selected lime periods

Trigger mechantsm Time period Correlation 2% std  Time n'

( glide vs error lag

tempr)

h
Snowmelt 10 Dec.-24 Dec. 1992 0.450 0.378 24 28
Snowmelt 23 Jan.—6 Feb. 1993 0.620 0.372 1230
Rain-on-snow 25 Feb, 15 Mar, 1993 0.380 0.354 1256
Rain-on-snow 30 Dec.~15 Jan. 1994 0450 0348 12 32
Rain-on-snow 18 Feh.—6 Mar. 1994 0460 0360 12 32
Snowmelt 14 Mar.- 31 Mar. 1994 0.600 0.266 12 31

I\ : , ; -
Number of 12 hour time periods used in analysis.

lanches that occur when air temperatures are below {reez-
ing and there has not been any form of precipitation. Cold-
temperature events, although uncommon, are important
because they are the most difficult to predict. The release of
full-depth avalanches at times when air temperatures are
below freezing may be explained by the presence of melt-
water at the snow/ground interface.

If the snowpack is thick enough, air temperatures will
not affect temperatures at the base of the snowpack. Obser-
vations at our study site indicate that meltwater may exist at
the base of the snowpack at any time regardless of air tem-
peratures. Bare rock surfaces or a thin snowpack upslope of
avalanche initiation zones may affect the presence of water
at the base of the snowpack. Rock surfaces may warm on
clear days despite cold air temperatures.

An example of a cold-temperature event is illustrated in
Figure 1l for 10-24 December 1992, Despite below-freezing
air temperatures, glide rates increase prior to the avalanche
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Fig. 10, Full-depth avalanche release by snowomelt, 23 January—
O February 1995,
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on 12 December and peak 24 hours after release. Peaks in
glide rates at shoes 1, 2 and 4 correspond with avalanche re-
lease on 15 December. Warming of rock slabs at the top of
the path during clear sky conditions on 1l and 12 December
may have had a significant warming effect on a thin snow-
pack. Radiation measurements from a nearby site were not
reliable enough to include in this analysis due to problems
associated with remote winter instrumentation.

8. DISCUSSION AND CONCLUSIONS

The smooth, steeply sloped and south-facing bedrock expo-
sures, combined with moist snowpack conditions, create
favorable conditions for snow glide and full-depth avalanche
release at the study site. These factors provide a unique op-
portunity to further understand conditions associated with
full-depth avalanche release.

Results from this study expand current understanding of
snow glide in relation to avalanche release. We examined rates
of snow glide, climate conditions and avalanche occurrence
observations on a continuous time-scale over two seasons.

Results confirm that the supply of free water to a rel-
atively smooth snow/ground interface is the principal
mechanism controlling snow glide and full-depth avalanche
release. The existence of a suff layer sitting above a soft
slushy film may influence the mechanics of glide in that the
thickness of the weak film may limit the degree of ground
roughness that can be moved across. If amplitudes of
ground roughness are greater than the thickness of the slush
layer, there may be a greater resistance to glide.

Evidence from two seasons of data shows that full-depth
avalanches are primarily associated with rain-on-snow or
snowmelt events. The results indicate that one-half to
three-quarters of all avalanche occurrences in the study
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area can be attributed to rainfall events. Full-depth ava-
lanche occurrence is positively correlated with rainfall 12—
24 hours after rain-on-snow events. Observations also indi-
cate that avalanche response is larger and quicker with
higher-intensity rainfall.

Snowmelt by warm air temperatures explains almost all
the other full-depth avalanches occurring in the study area.
The results show that peak glide velocities lag 12-24 hours
behind air temperature. Avalanches rarely occur on clear
cold days. In these cases, snowmelt by radiation, especially
on thin snowpacks adjacent to bare rock surfaces, may con-
tribute sufficient quantities of meltwater to affect stability at
the snow/ground interface.

The input volume and arcal distribution of water from
rainfall is generally larger than that from snowmelt. The
location of glide instrumentation in relation to Zopkios
Ridge may explain why glide rates are not as responsive to
snowmelt as they are to rainfall, since the starting locations
for avalanches are near the top of the path and glide rates are
measured further downslope. We suspect it takes longer for
meltwater to travel to the study site from upslope areas than
it does for rain to infiltrate the snowpack at the glide site.

Placement of snow-glide instrumentation on a slope adja-
cent to and approximately 350 m downslope from avalanche
initiation zones gives a fairly good representation of glide
conditions, but it is also the likely reason peaks in glide
velocity do not correspond exactly with times of full-depth
avalanche release. Glide rates peak 2448 hours after ava-
lanche release. If instruments were placed directly in the start
zones of avalanche paths, it is possible that peaks in glide
velocity would correspond to times of release.

For a large area, encompassing several paths, snow glide
is not a reliable indicator of full-depth avalanche release.
Use of an indicator slope is, therefore, not an appropriate
approach. The results of our study indicate that meteorolo-
gical conditions, particularly conditions that produce free
water, can be used with reasonable confidence to forecast
full-depth avalanche events.
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