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Abstract: The evolution of snow slope stability during storms is investigated using
simple models to calculate the shear strength of a buried layer (from its density) and the
imposed shear stress (from the weight of the overburden). There is a competition between
the rate of loading from new snowfall and the rate of strengthening of buried layers. In
theory, unstable conditions will occur when the stability index ~z(t) (the ratio of the shear
strength of a buried weak layer at depth z to the shear stress imposed by the overburden)
approaches 1.0. A related index of practical interest is the expected time to failure (the
time when ~z(t) will become critical if the current conditions continue). The model is
tested using measurements and observations of avalanche activity during three storm cycles
at Snoqualmie Pass in the Washington Cascades. In two cases the avalanche activity Was
high while in the other, few avalanches released. Tj (t) proved to be a better discriminator
between stable and unstable conditions than ~z(t). This is because it contains information
about both the magnitude and the expected changes of ~z (t) in response to the current
conditions. Even if ~z (t) is close to critical, if it is not decreasing then slopes will remain
stable. Results indicate the model may prove useful for forecasting avalanches during
storms. The required input (hourly measurements of precipitation, air temperature and
new snow density) is routinely measured at many study sites and the tractability of the
model makes it attractive for operational use.

Keywords

Storm and avalanche cycles, snow slope stability.

1. Introduction

Observations indicate that most natural dry snow
slab avalanches release as a result of rapid loading
from snowfall [McClung and Schaerer, 1993]. Here
we examine the evolution of snow slope stability dur-

."§~

ing storms. Of particular interest is to determine the
conditions that cause these direct-action avalanches.

It is thought that the probability of slope fail
ure increases when the stability index ~z (the ra
tio of the shear strength of a buried weak layer at
depth z to the shear stress imposed by the overbur
den) approaches 1.0 [Perla and LaChapelle, 1970].
This has led to the continued popularity of field
tests such as the Rutschblock [e.g., Fohn, 1987;
Jamieson and Johnson, 1993a] or the shovel shear
test [e.g., Schaerer, 1989; Jamieson and Johnson,
1993b] which yield an indication of the strength of

1 Corresponding author address: H. Conway, Geophysics
Box 351650, University of Washington, Seattle, WA 98195.
tel: 206-685-8085 ,conway@geophys.washington.edu

a buried weak layer relative to the stress from the
overburden. There is a strong motivation to improve
predictions of snow slope stability. Here we do not
attempt a rigorous analysis of the coupled thermal
mechanical conditions expected in snow slabs, but
rather we investigate the evolution of the strength
of buried weak layers and the applied static stress
from the overburden during storms. Our goal is to
find an index that can be used as a tool in opera
tional avalanche forecasting.

Figure 1. Coordinate convention used for planar snow slab
inclined at angle e.
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2. Evolution of the stability index

(6)

(5)

T (t) = (Ez (t) - 1.0)
f dEz/dt

E
z
(t) = 0"[z (t)

. O"xz(t)

0"xz (t) comes from Eqn. 1 and we solve for pz (t) it
eratively (Eqns. 3 and 4) and use these in Eqn. 2 to
calculate 0"Jz (t).

Of special interest for operational purposes is the
expected time to failure Tf (t) which is:

2.4 Sensitivity studies

The rate of densification (and hence strengthen
ing) of a buried layer increases with load from the
overburden (Eqn. 3). Although the snow is weakest
immediately after deposition, the overburden stress
is small which makes Ez (t) large. There is a com
petion between the rate of loading from new snow
fall and the rate of strengthening of the basal layer.
The basal layer strengthens more slowly at low rates
of precipitation (because O"zz is smaller) but if too
low, the rate of loading will not exceed the rate of
strengthening.

Fig. 2 shows the evolution of basal shear strength
(initial density is 70 kg m-3 and Tz is 270 0 K or

Kojima, 1967], modified with an Arrhenius type
temperature term:

1]zz(t) = BleB2(-P~~t))eE/(RT.) (4)

When B1 = 6.5 X 10-7 Pa s, B2 = 19.3, the acti
vation energy E = 67.3 k J mol- 1 , the gas constant
R = 0.0083 kJ mol- 1

0 K-l, the layer temperature
Tz is in 0 K, then 1]zz is in units of Pas.

We expect values of O"m(t) will range from being
positive (equilibrium metamorphism) to negative
under large temperature gradients (kinetic growth
metamorphism). During storms we expect condi
tions are more conducive for equilibrium metamor
phism and use a constant value (75 Pa) which is the
average found from compaction measurements near
the surface where O"zz(t) ~ 0 [Marshall et al., sub
mitted]. Using O"m = 75 Pa implies that densifica
tion is dominated by metamorphic processes near
the surface, but the gravitational component con
trols in layers more than 5 to 10 cm below the sur
face.

2.3 Stability index and time to failure

The average stability index Ez (t) at depth z and
time tis:

TJ (t) contains information about how the current
conditions are affecting Ez (t) and when it will reach
its critical value.

(2)

O"xz(t) =g JPwcosBsinBdt (1)

Eqn. 3 applies to a horizontal snowpack but here we
neglect the effect of shear on densification and ap
ply the same expression for inclined snowpacks using
O"zz(t) = g f Pwcos2Bdt. The kinetic term 1]zz(i) is
the compactive viscosity often used to represent a
viscous constitutive relationship for dry snow [e.g.,

where Pi = 917 kg m-3 and A = 1.95 X 104 Pa.
Both metamorphic processes and the stress from

the overburden O"zz (t) contribute to cause the den
sity of a dry snow layer to change during a storm
cycle. It is convenient to think of the metamorphic
component as a stress O"m(t) that simply adds to the
gravitational stress and assume a viscous densifica
tion law for dry snow of density pz (t) at depth z of
the form:

2.2 Basal shear strength

Estimating the shear strength of a buried weak
layer is also problematic. The mechanical prop
erties of snow depend strongly on microstructure
[Keeler, 1969; Hansen and Brown, 1987] but the rel
evant microstructural properties are generally not
known nor measured. Although not ideal, bulk den
sity is more easily (and more often) measured and
mechanical properties undergo significant improve
ment with densification. From theory [Gibson and
Ashby, 1987] and measurements [Perla et al., 1982;
Jamieson, 1995], we approximate the shear fracture
strength O"f of snow of density p$ by:

2.1 Basal shear stress

Neglecting longitudinal stresses, the average static
shear stress O"xz(t) at depth z and time t in a pla
nar slab inclined at angle B (Fig. 1) during times of
precipitation is:

where the gravitational constant g =9.8 m s-2 and
Pw is the rate of accumulation (measured in the
earth vertical direction). In theory, gauge mea-

- surements of precipitation from a representative site
could be used in Eqn. 1, but in practice, interactions
between winds and complex topography make it dif
ficult to accurately predict the spatial and temporal
pattern of accumulation.
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Figure 2. Evolution of stress, strength, stability index and
expected time to failure calculated for constant precipitation
of 1.5mm hr-1 . Other initial conditions are given in the
figure. In this case the model predicts stable conditions.

Figure 3. Evolution of stress, strength, stability index and
expected time to failure calculated for (constant) precipita
tion of 2.5 mm hr-1 • Other initial conditions are given in the
figure. In this case the model predicts failure after 21 hours.

~_c-__.-- .-3 ¢C) and shear stress calculated for (constant)
- precipitation of 1.5 mm hr- 1 . Also shown is the sta

bility index ~z(t) (Fig. 2b) which decreases slowly
to a minimum of...., 1.3, but then increases after 35
hours (not shown). The figure also shows a graph
ical representation of the expected time to failure
after 5 hours (Tj (5) = 3.3 hrs) and after 15 hours
(Tj (15) = 10.5 hrs).

A continuous plot of Tf (t) is shown in Fig. 2c 
note the log scale. Initially Tj(t) is short (Fig. 2c)
but we do not expect hazardous avalanches then be
cause the slab thickness is only...., 3 cm. Tf (t) in
creases with time (Tj(30) > 100). The model pre
dicts 40° slopes will remain stable.

Fig. 3 is a plot for constant precipitation of
2.5 mm hr-1 but otherwise the same conditions as

Fig. 2. E z (t) decreases rapidly in the first 5 hours
and then more slowly to a minimum value less than
1.0 after 21 hours. The expected time to failure is
about 2-3 hours for the first 15 hours, but Tj (t) de
creases rapidly in the last 2 hours as ~z (t) -+ 1.0.
Failure of 40° slopes is predicted after 21 hours.

3. Model application - case studies

Observations of precipitation, new snow density,
air temperature and avalanche activity from the
Washington Cascades near Snoqualmie Pass, U.S.A.
are used to test the modeL The terrain near Sno
qualmie Pass lies between 900 m and 1700 m. The
region has a maritime climate and storms often
deposit up to 1 m of new snow. Direct action
avalanches are common and have a major impact
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on winter travellers along the Interstate 90 highway.
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Figure 4. Measurements of cumulative precipitation at
975 m starting at 1500 hrs on February 28, 1997 (day 59.625).
Also shown is the strength of the basal layer and the shear
stress from the overburden for a 40° slope (b), the average
stability index ~At) at the basal layer (c), and the expected
time to failure Tf(t) (d).

Measurements of new snow density at the Depart
ment of Transportation study plot (915 m a.s.l.) are
used to calculate the initial strength of the new snow
(Eqn. 2). A full energy balance is beyond the scope
of this work and instead we assume the layer tem-
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perature is the same as the air temperature at the
time of deposition. This approximation breaks down
during times ofrapid warming or rain when heat can
be advected rapidly into the snowpack but is reason
able over short time-scales during times of snowfall.
Hourly measurements of precipitation from a heated
gauge either at the study plot or at a local ski area
were used to calculate O'zz(t) and O'.,z(t) for slopes
of 40° and then used in Eqns. 3 and 4 to calculate
the evolution of shear strength, shear stress, stabil
ity index, and expected time to failure.

3.1 Storm cycle of March 1, 1997

An avalanche cycle at Snoqualmie Pass on March
1, 1997 closed the 1-90 highway for about 24 hours.
Small slides consisting of just the recent storm snow

-first released early in the morning when the high
way was still open. A car and a road grader were
caught in a natural avalanche at the East Snowshed.
No people were injured. Although the grader was
able to drive out of the debris, the car could not
be extracted safely and it was subsequently buried
by controlled avalanches. Stephanie Breyfogle (her
husband Steve is well known for his presentations
at past Snow Science Workshops) ran into a natural
avalanche crossing the highway. She was rear ended
by a following car, which was rear ended by a plow
truck. A second truck veered to the side to miss the
cars and ran into the avalanche. Two State Patrol
men were caught and partly buried, and 3 more cars
that were backed up by the incidents were partially
buried by a second avalanche. At about 1030 hrs
an avalanche hit a house in the Alpental village and
buried it above the third floor window. The same
house and another about 100 m away was hit again
at about 1500 hrs. The avalanches released from
slopes above that had been recently logged. An
11 year old out of bounds skier was caught in an
avalanche that swept him through trees and over a
cliff. He stopped about 15 m from the highway, alive
but without his equipment.

Fig. 4a shows measurements of cumulative pre
cipitation at 975 m starting at 1500 hrs on February
28,1997 (day 59.625). Measurements at 600hrs on
March 1 indicated 20cm of new, low density snow
(po(O) =70kgm- 3 , Ts = -2.8°C). High intensity
snowfall (up to 17 mm hr- 1 ) and natural avalanche
activity continued through the afternoon. Fig. 4b
shows the strength of the basal layer and the shear
stress from the overburden (for a 40° slope), and
Fig. 4c shows the evolution of the stability index.
Ez (t) = 1.3 when avalanche activity first started
and Ez (t) < 1.0 at 1500 hrs when the basal layer
was '" 60 em below the surface. We are not certain
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Model calculations indicate that an initial density of
80 kg m-3 (rather than 110 kg m-3 measured) would
cause :Ez (t) < 1.0 at 1700 hrs - about the time of the

Figure 5. Measurements of cumulative precipitation at 915
m (a) starting at midday on February 3,1996 (day 34.5). Also
shown is the strength of the basal layer and the shear stress
from t.!!.e overburden for a 40° slope (b) the average stability
index !;z(t) at two depths (c), and and the expected time to
failure Tf(t) at those two depths (d). Natural avalanches first
ran naturally at 1730hI'S on February 5.

that the measurements in the study plot are repre
sentative of conditions in the starting zones and ad
ditional calculations indicate that if po(O) was 10%
lower and the local precipitation was 20% higher
than measured at the study site, ~At) < 1.0 at
noo hrs.

Fig. 4d shows the expected time to failure varied
from'" 2 to 3 hours for most of the storm. Tj (t)
decreased rapidly to zero at 1500 hrs when Ez (t) <
1.0.

3.2 Storm cycle of February 5, 1996

A major avalanche cycle at Snoqualmie Pass on
February 5, 1996 closed the 1-90 highway for 44
hours. Cars and people were caught and buried
by several direct action avalanches prior to a clas
sic warm-up and rain. One traveller who was out
of his car was buried about 2 m below the surface
for 29 minutes before being found by probing and
dug out alive. Avalanches hit and partially buried a
snow blower and a vehicle occupied by two avalanche
technicians who were spotting for the blower. In
all, 11 vehicles and at least 20 people were hit by
avalanches; more were dusted.

Fig. 5a shows measurements of precipitation start
ing at noon on day 34 (February 3). By next
morning 12cm of new snow (po(O) = 120kgm-3 ,

T. = -15.3°C) had accumulated but avalanche ac
tivity was minor. The weather cleared in the after
noon but precipitation started again in the morning
of day 36 (February 5). Avalanches first ran natu
rally at 1730 hrs, releasing as slabs about 20 cm deep.
Precipitation changed to rain at 1900 hrs.

Fig. 5b shows the strength of the basal layer
and the shear stress from the overburden (for a
40° slope), and Fig. 5c shows the stability index
at the basal layer and at a layer deposited early
in the morning of February 5 (day 36.04 - Po(O) =

~ HOkgm- 3 , T. = -9.8°C). Ez(t) = 1.6 at the basal
layer '" 20 em below the surface when avalanching
first started. The index was higher (Ez (t) = 1.8)
13 cm below the surface. However the index de
creased rapidly during the evening and just prior to
rain Ez(t) = 1.4 both at the basal layer (then about
32 cm below the surface) and at the layer 25 cm be
low the surface. The measurements of snow density
are surprisingly high given the cold air temperatures
at the time of deposition. Other things being equal
we expect new snow densities more in the range 50 to
80 kg m-3 at these temperatures LaChapelle [1969].
It is likely that winds contributed to densify the new
snow, but it is also possible that some of the new
snow fell under conditions of little or no wind re
sulting in a buried thin, low density (weak) layer.
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Figure 6. Measurements of cumulative precipitation at
915 m (a) starting on January 13, 1989. Also shown is the
strength of the basal layer and the shear stress from the over
burden for a 40° slope (b), the average stability index I:z(t)
calculated at two depths (c), and the expected time to fail
ure Tf(t) at those two depths (d). Few natural avalanches
released during this storm

}'5"z(t). TJ(t) was more than an order of magnitude
lower during storms when avalanche activity was in
tense (TJ(t) = 2cf. 20 hrs). This is because TJ(t)

4. Discussion

4.1 Does the model predict instability?

We are not certain what value }'5"zc is critical for
slope stability. Although encouraging that the sta
bility index was lower during storms when avalanche
activity was intense (~z = 1.4 compared to 1.5),
analysis of the uncertainties and a standard t-test
indicates the two values are not significantly differ
ent.

Results suggest TJ(t) discriminates much more
clearly between stable and unstable conditions than
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3.3 Storm cycle of January 8-15, 1989

More than 1.25 m of snow accumulated during
the week of January 8-15, 1989, but no natural
avalanches were observed until rain started late on
January 15. Avalanche control with explosives dur
ing the storm released a few small avalanches but
despite the large accumulation of snow, activity was
minor. Fig. 6a shows measurements of precipita
tion which started as snow (Po (0) = 90 kg m-3 ,

T. = -0.8°C) on January 13 and changed to rain
at 1600hrs on January 15.

Fig. 6b shows the basal shear strength and stress
for a 40° slope, and Fig. 6c shows the evolution
of the stability index at the basal layer and at a
layer deposited early in the morning of day 14.0
(Po(O) = 95kgm-3 , T. = -4.7°C). The minimum
stability index at the basal layer (about 40 em be
low the surface when rain started) was 1.7, but the
minimum for the snowpack (~z (t) = 1.5) occurred
'" 25 em below the surface just prior to rain. In this
case it turns out that the stability index would in
crease for steeper slopes (~z(t) = 1.6 on slopes of
50°) but }'5"z (t) -+ 1.0 if the local precipitation was
1.75x higher than the gauge measurement or if the
initial density was 65 kg m-3 (rather than 95 kg m-3

measured). However we do not expect such a large
enhancement of precipitation, nor such a low initial
density.

Fig. 6d shows the expected time to failure of both
layers was generally high and increasing during the
storm. Even when the stability index was a mini

,mumjust prior to rain, TJ was more than 30 hours.
~Hoth the magnitude and the increasing trend distin
~ guish the TJ curve from those observed in the other

two storms.

onset of avalanching.
Fig. 5d shows the expected time to failure de

creased rapidly to less than 2 hours shortly before
the onset of avalanching. TJ (t) remained low until
rain started.
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contains information about both the magnitude and
the expected changes of l;z (t) under the current con
ditions. Even if l;z (t) is close to critical, slopes are
expected to remain stable if it is not converging to
its critical value.

More case histories are needed to further develop
and refine the model. For example results above
suggest slope stability may be critical if ~zc < 1.4
(rather than 1.0). Fig. 7 shows TJ(t) for the three
storms recalculated with ~zc = 1.4. Using this cri
terion we might expect instability when TJ (t) is less
than'" 1.0 hour.

4.2 Model limitations

We emphasise that the model is ~ tool that may
prove useful for evaluating snow slope stability dur
ing storms. Values derived from the model should
be treated with caution. For example Uj is an in
dex of the elastic fracture strength - higher values
are expected at lower strain rates or warmer tem
peratures [McClung, 1977, 1996]. Here we do not
consider the critical strain rate condition that must
also be met before failure will occur [e.g., McClung,
1981; Narita, 1983; Gubler and Bader, 1989; Bader
and Balm, 1990].

We caution that the model is sensitive to the ini
tial density of the new snow. More measurements
are needed to improve the strength/density param
eterization and also to improve the densification law.
Although a full energy balance to model snow tem
perature may improve the densification law, for the
short time scales of interest here, we suspect that
changes in layer temperature has a small effect com
pared to other uncertainties. We also emphasise that
the analysis is not rigorous in that we do not account
for effects such as stress concentrations that would
cause local stresses to be higher than the average
used here, or longitudinal stresses which would act

in the opposite sense providing support for the slab.
Inclusion of these effects would undoubtedly improve
the model but would reduce its tractability.

4.2 Model application

The simple model can be easily incorporated into
an operational forecasting system using standard
measurements of air temperature and precipitation
for input. Currently the model also requires the new
snow density as input but we are investigating pa
rameterizations of new snow density using standard
meteorological measurements.

5. Conclusions

Relatively simple parameterizations of the shear
strength of buried layers and the imposed loading
from the weight of the overburden offer a means to
examine the evolution of snow slope stability during
storms. In particular, unstable conditions are ex
pected when the stability index l;z (t) (the ratio of
the shear strength of a buried weak layer at depth
z to the shear stress imposed by the overburden)
approaches 1.0. A related index TJ (t) is the time
expected to failure which takes into account both
the magnitude and the expected changes of l;z (t) in
response to the current conditions.

Comparison of model results with measurements
and observations during three storm cycles indicates
TJ (t) provides a particularly useful discriminator be
tween stable and unstable conditions. Given the
model assumptions and associated large uncertain
ties, the model does surprisingly well at predicting
slope stability using standard measurements of new
snow density, precipitation and air temperature.
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