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DERIVING SNOW STABILITY INFORMATION FROM SIMULATED SNOW COVER STRATIGRAPHY
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ABSTRACT: Increasing the spatial and temporal resolution of snow stratigraphy information and reducing the subjectivity of stability evaluation are among the options for improving avalanche forecasting.
Whereas it has been shown that numerical snow cover models can successfully simulate the snow cover
evolution during a whole winter season, predicting snow stability from stratigraphy has remained rather
elusive. On the other hand, several semi-quantitative methods have been developed for detecting potential weak layers over the last decade such as the threshold sum approach (or the lemons). Furthermore,
the skier stability index has actually been proven to be well related to the frequency of skier-triggered
avalanches. We show how snow stability information can be derived by (1) searching for potential weak
layers, and (2) assessing their stability. We refined the threshold sum approach as well as the skier stability index by accounting for the multi-layered character of the snowpack – considering, for example, the socalled bridging effect. The proposed approach can easily be implemented within the snow cover model
SNOWPACK. Combining the two steps as described above allowed discriminating between rather stable
and rather unstable snow stratigraphy in about 85% of the cases – comparable to the accuracy of stability
tests. Hence, deriving snow stability information from simulated snow stratigraphy finally seems to become possible – which would clearly increase the value of snow cover modeling for avalanche forecasting.
KEYWORDS: Snow stability, Snowpack stratigraphy, Snow cover modeling, Avalanche forecasting
1. INTRODUCTION
Snow stratigraphy information is essential for
avalanche forecasting but field observations are
time consuming and sometimes not feasible due
to avalanche danger. Assessing snow stability
from simulated snow stratigraphy would help to
increase snow cover information in space and time
(Lehning et al., 1999). The 1D snow cover model
SNOWPACK (Lehning et al., 2002a; Lehning et
al., 2002b) simulates the snow cover characteristics, layer by layer. The model results are consistent with what generally is observed in the field
(Monti et al., 2012a); therefore deriving actual
snow stability information should be feasible as
well.
Two different and complementary approaches
(Monti et al., 2014) are generally combined for
deriving stability information from manual snowpits: i) snow stratigraphy characteristics analysis;
ii) stability tests (e.g. compression test, rutsch___________________
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block test). As done in the field, deriving snow
stability information from simulated profiles could
be done in two steps: i) searching for potential
weak layers, and ii) assessing their stability.
Monti and Schweizer (2013) developed a
method to detect potential weak layers within the
simulated snow cover by refining the threshold
sum approach (TSA) originally presented by Jamieson and Schweizer (2005) and refined by
Schweizer and Jamieson (2007) and Schweizer et
al. (2008).
In their approach, Monti and Schweizer (2013)
transformed each TSA variable (Table 1) into a
dimensionless quantity, standardized within the
single snow profile. Relative differences and values were used to identify the location of layers,
which have a higher probability than others to be
potential weak layers. This relative threshold sum
approach (RTA) showed to discriminate better
than the original TSA between failure and nonfailure layers both for manually observed and simulated snow profiles (Monti and Schweizer, 2013).
The RTA allows detecting potential weak layers
within a snow profile but does not provide an absolute estimate of their weakness.
For assessing the stability of layers identified
as potentially critical another approach is required.
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In SNOWPACK, one of the stability indices supplied by the model is the classic skier stability index SK38, proposed by Föhn (1987) and refined
by Jamieson and Johnston (1998). The skier stability is based on the ratio between shear strength
and shear stress:

SK38 =

τI,II

τxz +∆τxz

(1)

where τI and τII is the shear strength for persistent
and non-persistent grain types, respectively
(Jamieson and Johnston, 1998), τxz is the shear
stress due to the weight of the overlaying slab and
Δτxz is the additional shear stress due to the skier
(Föhn, 1987). The approach proposed by Föhn
(1987) is only valid for a uniform slab.
Due to the layered character of the snow
cover (both of the slab and the substratum) the
stress induced by a skier at the depth of the weak
layer substantially varies (Habermann et al., 2008;
Schweizer, 1993). For instance, a skier will have a
rather small impact at depth if the surface layers
are rather rigid – an effect often referred to as
“bridging” (Schweizer and Jamieson, 2003).

Table 1: Critical ranges of variables for calculating
the stratigraphical threshold sum. Thresholds used
for manually observed as well as for simulated
snow profiles are given (Monti et al., 2012).
Variable or classifier

Threshold value
Observed Simulated
≥ 1.25
> 0.6

Failure layer grain size
(mm)
Difference in grain size
≥ 0.75
(mm)
Difference in hardness
≥ 1.7
Failure layer hardness
≤ 1.3
Failure layer grain shape persistent
Slab thickness or failure
≤ 100
layer depth (cm)

≥ 40%
≥ 1.7
≤ 1.3
persistent
≤ 100

total 52 simulated profiles were compared to the
corresponding verified regional stability conditions.
3. METHODS
3.1 RTA calculation
The RTA considers the same six variables as
the TSA (Table 1) but without defining absolute
thresholds, see Monti and Schweizer (2013) for
details.

The aim of this study was to develop a method
for detecting potential weak layers within the simulated snow cover and providing the corresponding
stability assessment.
For detecting the potential weak layers we first
used the RTA, then, for evaluating the corresponding stability, we applied a refined SK38 that accounts for the multi-layered character of the snowpack. The suggested approach is based on a simplification of the multi-layered elasticity theory in
order to easily compute the additional stress due
to a skier at the depth of the weak layer taking into
account the properties of the slab layers and the
substratum.
2. DATA
The simulation performed for five automatic
weather stations in the surroundings of Davos
(Weissfluhjoch, 2540 m a.s.l., Gatschiefer 2310 m
a.s.l., Hanengretji 2450 m a.s.l., and Bärentälli
2560 m a.s.l., Wannengrat (2440 m a.s.l) were
used to compare simulated snow stability information to the verified regional snowpack stability
on 29 days from winters 2001-2002 to 2013-2014.
For analysis, the manual snow profiles were
classified into two stability classes (rather stable,
rather unstable) by grouping the stability classes
very poor, poor and fair, and good and very good,
respectively (Schweizer and Wiesinger, 2001). In

Fig. 1: Cross section of a slab showing R as the
skier load, 𝜃 the slope angle, h the slab’s depth
and 𝛼𝑚𝑎𝑥 the angle from the skier to the maximum
induced shear stress.

466

Proceedings, International Snow Science Workshop, Banff, 2014

3.2 Multi-layer skier stability index

4. RESULTS

Once the potential weak layers were identified, we aimed at estimating their stability by developing a refined skier stability index (SK38ml)
that takes into account the multi-layer character of
the snowpack.

Within simulated stratigraphy, the RTA, the
SK38 and the SK38ml can be calculated for each
snow layer. In Figure 2 the two-step stability evaluation is shown and the effect of taking into account the layering can be seen. Close to the snow
surface, the higher values of the SK38ml were
related to the lower values of ∆𝜏𝑥𝑧 due to the socalled “bridging” effect caused by the hard layers
of the slab. Once the potential weak layer was
identified by the RTA, its stability was evaluated
using the corresponding value of SK38ml.

For that purpose, we generalized the approach introduced by Vakili (2008) to a multilayered system. He combined two approaches to
simplify the calculations of the deflection (thickness above which the effects of an additional load
becomes negligible) in a three layer system: i)
Substituting the upper two layers by a single layer
of equivalent Young’s modulus Ee and equivalent
Poisson’s ratio νe (De Barros, 1966); ii) Replacing
of the upper layer of the two-layer system by an
equivalent thickness he of the underlying material
(Palmer and Barber, 1940).
Generalizing de Barros’s (1966) result, we
can replace the n slab layers by an equivalent slab
of equivalent Young’s modulus defined as
𝐸𝑒 = �

3
∑𝑛
𝑖=1 ℎ𝑖 �𝐸𝑖

∑𝑛
𝑖=1 ℎ𝑖

�

3

(5)

and of depth htot equal to the total slab thickness
ℎ𝑡𝑜𝑡 = ∑𝑛𝑖=1 ℎ𝑖

(6)

The system is thus reduced to two layers. Then,
Palmer and Barber (1940) assumed that the upper
layer of this two layers system can be replaced by
an equivalent layer with the same elastic properties as the underlying layer (the weak layer in our
case) by calculating the equivalent thickness:
3 𝐸𝑒 (1−νWL )2
𝐸𝑊𝐿 (1−νe )2

ℎ𝑒 = ℎ𝑡𝑜𝑡 �

(4)

The skier induced shear stress ∆𝜏𝑥𝑧 can be
computed by replacing the slab depth h by this
equivalent depth he. Furthermore, Habermann et
al. (2008), and van Herwijnen and Jamieson
(2007) have shown that the substratum also has a
considerable influence on the amount of stress
∆𝜏𝑥𝑧 in the weak layer. This effect was taken into
account by computing the additional stress in the
middle of the weak layer, taken as the average
between the additional stresses at the slab-WL
interface and at the WL-substratum interface.
Finally, the SK38ml was obtained by using the
refined ∆𝜏𝑥𝑧 within the SK38 formulation (Eq. 1).
All layers with index lower than 1 were classified
as potentially unstable.

Fig. 2: Simulated snow profiles for Weissfluhjoch.
Grain type (F) were reported both with the symbols and the colours according to the international snow classification (Fierz and others, 2009).
The blue solid line is the RTA, the black solid line
is the SK38 and the red solid line represents the
SK38ml. The layers with values of the RTA index
higher than 0.8 were classified as potential weak
layers; in this case one layer at 47 cm (highlighted by an arrow). Then, the stability of this layer
can be evaluated based on either the SK38 or
the SK38ml. In this case, the potential weak layer
had a valued of the SK38 lower than 1 (classified
as rather unstable) and a value of the SK38ml
value higher than 1 (classified as rather stable).
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By analysing the simulated profiles with the
proposed approach, profiles were classified into
two stability classes (rather stable, rather unstable) and compared to the verified regional snowpack stability (N = 52) (Figure 3). Out of 36 cases
with “rather unstable” regional stability rating, 33
were forecasted correctly by the model; out of 16
cases with “rather stable” regional stability rating
only 5 were misclassified.

able. This allowed predicting the stability of the
simulated profile as well as showing the stress
distribution within the slab.
The results suggest that deriving snow stability
information from simulated snow profiles is possible, as has previously been demonstrated by Durand et al. (1999) in a similar way, but so far has
rarely been verified with field data. Hence snow
cover models may well provide valuable information for operational avalanche forecasting.
However, extensive validation at an operational
level is lacking so far, but planned for the future.
Of course, the approach can also be used if snow
cover models run with input from weather models,
to forecast future snow stability conditions.
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