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a b s t r a c t
Snow stability assessment by interpreting snow proﬁles is a time consuming and fairly subjective process, especially when snow stratigraphy was recorded without performing a stability test at the same time. Snow
stratigraphy is clearly related to snow stability, as had been shown by various studies that linked speciﬁc
snowpack properties such as grain size and type to instability. We suggest a new method to visualize snow
stratigraphy in regard to stability based on six structural variables (also known as the threshold sum approach). Each snow layer is represented by the number of variables that are not in the corresponding critical
range. This approach has not only been implemented for manually recorded snow proﬁles but also – after
adapting the threshold values – for simulated snow stratigraphy provided by the numerical snow cover
model SNOWPACK. The new visualization method, applied both to the manually observed and simulated proﬁles, was tested by analyzing the most critical avalanche situations of the winter 2008–2009 in the Dolomites
(north-eastern Italian Alps). Results indicate that the new visualization method is well suited to quickly and
intuitively derive snow stability, in particular from simulated snow stratigraphy. Stability information derived from simulated proﬁles was clearly related to the independently estimated degree of avalanche danger.
Supplementing the snow cover model SNOWPACK with the adjusted threshold sum approach increases its
usefulness for avalanche forecasting purposes.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Assessing the avalanche danger for a given region or area is a difﬁcult process that implies signiﬁcant responsibility. McClung (2000)
deﬁned avalanche forecasting as the prediction of current and future
snow instability in space and time relative to a given triggering level.
Among the various ways to approach the matter, the conventional or
synoptic approach is the most common one, and in general used by
most avalanche forecasting services. It is mainly based on the skills,
experience, and knowledge of the forecasters (Cagnati, 1994). This
approach was described by LaChapelle (1980) and it has not been
substantially changed since then. Individual forecasts are based on
ﬁeld data, which can be divided into categories according to their relevance. The most important data are those deﬁned as low-entropy data,
for example, observations of avalanches or in-situ stability tests. If such
data are not available or in case low-entropy data has to be conﬁrmed,
medium-entropy data have to be used (e.g. snow stratigraphy data).
Lastly, meteorological data are considered (LaChapelle, 1980).
Three disadvantages of this method can be highlighted: 1) The
interpretation of the available data (e.g. snow proﬁles) is fairly subjective so much that many consider it to be an art rather than a
science (Schweizer and Wiesinger, 2001); 2) The availability of low- or
⁎ Corresponding author at: WSL Institute for Snow and Avalanche Research SLF,
Davos, Switzerland. Tel.: + 41 81 4170252; fax: + 41 81 4170110.
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medium-entropy data is typically very limited; 3) The data analysis is
time consuming and forecasters are often short in time as more and
more high-entropy and unstructured (or non numerical) data have to
be interpreted.

1.1. Threshold sum approach
Apart from recent avalanche occurrences snow proﬁles combined
with stability tests represent the most direct and important source of
information on snowpack instability for avalanche forecasters. Their
interpretation can therefore be considered as a key for assessing snow
instability and eventually also for evaluating the degree of avalanche
danger (Schweizer and Wiesinger, 2001). If snow proﬁles are not combined with in-situ stability tests the subjectivity of their interpretation
even increases.
Even if failure initiation is conﬁned to weak snowpack layers, it is
not possible to derive snow stability by solely analyzing the weak
layer without taking into account the properties of the overlaying slab
and the underlying snow cover (Schweizer and Jamieson, 2001). The
slab properties are not only important for the amount of stress that is
transferred by a skier to the weak layer (Habermann et al., 2008), but
also determine the propensity for crack propagation (Gauthier and
Jamieson, 2006; Sigrist and Schweizer, 2007). In the case of humantriggered avalanches, the failure plane usually has characteristic properties (McCammon and Schweizer, 2002).
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The threshold sum approach was ﬁrst presented by Jamieson and
Schweizer (2005) further reﬁnements were described by Schweizer
and Jamieson (2007) and Schweizer et al. (2008). The method establishes an objective and semi-quantitative way to derive snow instability
from snow stratigraphy. Six structural variables have been identiﬁed as
indicators of instability within the snow cover (Schweizer and
Jamieson, 2003); three of them refer to interfacial properties (difference
in grain size and difference in hardness between two adjacent layers,
and layer depth), three represent properties of the speciﬁc layer
(grain size, hardness, and grain type). If the value of a variable reaches
a given threshold (Table 1), it is considered as an indicator of potential
instability.
Stability is assessed for each layer and for each pair of layers in a
snow proﬁle by counting the variables that have values in the critical
range. For each pair there is an interface score and two layer scores
one each for the layer above and below the interface. The ﬁnal instability score is the sum of the interface score and the larger of the two
layer scores. Whenever the total score is ﬁve or six, that interface is
considered as potentially weak (Schweizer et al., 2008).
According to Winkler and Schweizer (2009), the threshold sum
approach yields good results for determining unstable proﬁles (86%
of correct unstables) but has problems in identifying stable conditions
(38% of correct stables). The method was developed for persistent instabilities within the snow cover; the applicability for new snow (i.e.
storm) or wet-snow instabilities was not veriﬁed.

1.2. Snow cover model SNOWPACK
Numerical modeling of snow cover stability may improve the spatial
and temporal resolution of snow cover data for avalanche forecasters
(Lehning et al., 1999). Simulations can be updated on an hourly basis
and, contrary to manual proﬁles, the data are available during periods
of high avalanche danger and from remote areas.
The 1-D snow cover model SNOWPACK is operationally used in several countries (e.g. Switzerland, Italy, Japan) to support the avalanche
forecasters in assessing the avalanche danger. It calculates the stratigraphy of the snow cover and its temporal evolution using data from automated snow and weather stations (Bartelt and Lehning, 2002; Lehning
et al., 1999; Lehning et al., 2002a, 2002b). SNOWPACK provides for each
layer the relevant physical properties as well as some microstructural
characteristics by solving the partial differential equations governing
the mass, energy and momentum conservation within the snowpack
using the ﬁnite-element method (Bartelt and Lehning, 2002).
The numerically calculated snow stratigraphy, a simulated snow
proﬁle, is comparable to a manually observed proﬁle (Lehning et al.,
2001). Its resolution is higher, i.e. layers are typically thinner than
in the manually observed proﬁles (Schweizer et al., 2006). In addition
to the parameters that are usually measured in the ﬁeld other variables
that cannot (or can hardly) be recorded manually, are available (e.g.
bond size, shear strength). There are some fundamental differences
between simulated and manually observed proﬁles (e.g. in simulated

proﬁles the grain size for new snow is ﬁctional) that need to be considered when analyzing simulated snow stratigraphy.
Along with snow stratigraphy, the model provides several stability
indices (Lehning et al., 2004; Schweizer et al., 2006) to facilitate the
interpretation of stratigraphy in regard to stability.
These stability indices are: the natural stability index (Sn38), the
skier stability index (Sk38), the structural stability index (SSI), the
deformation index (Sd) and the stability class index (SC). The Sk38 is
extrapolated on a 38° slope and is deﬁned for a certain layer depth
as the ratio of shear strength (parameterized for persistent or nonpersistent snow grain types) and shear stress due to both, the weight
of the overlaying snow and the additional stress induced by a skier
(Jamieson and Johnston, 1998). The SSI combines two structural instability parameters (difference in grain size and hardness between adjacent layers) with the Sk38 (Schweizer et al., 2006). The Sd identiﬁes
the depth where the stress due to an increase in load, e.g. during or
after a snowfall, is concentrated (Lehning et al., 2004). The SC index
provides an estimate of stability (poor, fair, good) by combining the
information given by the SSI and Sk38 indices (Schweizer et al., 2006).
The SNOWPACK model is operationally used in several countries
(e.g. Switzerland, Italy, Japan) to support the avalanche forecasters in
assessing the avalanche danger. For example, the Arabba Avalanche
Centre has used the model since 2004. During the 2007–2008 winter
season, SNOWPACK simulations were veriﬁed for the upper Cordevole
basin, in the Arabba municipality (Belluno, Italy) (Fig. 1); the basin
covers the same study area as in the present work. The simulated
snow characteristics agreed in 72% of the cases with manual observations (Monti, 2008; Monti et al., 2009). So far, the stability information
provided by the model has not yet been analyzed in detail.

1.3. Objectives
The objective of our study is to develop a new method for displaying the threshold sum approach that (a) directly and intuitively provides information on the structural instability of a given snowpack
(characterized by a snow proﬁle) and (b) works with manually observed as well as with simulated snow proﬁles. The newly developed
visualization is then applied for analyzing the winter 2009–2010 for
the Dolomites (north-eastern Italian Alps). The stability indices automatically supplied by the model SNOWPACK are evaluated for the
same period.

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. For comparison, the values originally suggested by Schweizer and Jamieson (2007) are also shown.
Variable or classiﬁer

Failure layer grain size (mm)
Difference in hardness
Failure layer hardness
Failure layer grain type
Slab thickness or failure layer
depth (cm)

Threshold value
Original

Manually observed

Simulated

≥1.25
≥1.7
≤1.3
Persistent
18…94

≥ 1.25
≥2
≤1
Persistent
≤ 100

> 0.6
≥1
≤2
Persistent
≤ 100

Fig. 1. Map of the study area: the region of Arabba (Italy) with the automatic weather
station and study plot at Monti Alti di Ornella (MORN), and the study plot at Passo Pordoi (PORD) (data map source: Regione del Veneto-Segreteria Regionale per le Infrastrutture Unità di Progetto per il Sistema Informativo Territoriale e la Cartograﬁa).
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2. Methods
2.1. Threshold sum approach applied to SNOWPACK
The critical ranges of the threshold sum approach as proposed by
Schweizer and Jamieson (2007) were adapted and simpliﬁed to reﬂect the observation procedure as applied by the Italian forecasting
services (Table 1). The changes concern the hand hardness index of
the failure layer, the change in hardness across the failure interface
and the failure layer depth. The adapted values are given in Table 1
in the column “manually observed”.
Moreover, because of differences between simulated and observed
snow characteristics, the threshold sum approach had to be adjusted
before it could be used to interpret snow stratigraphy simulated
with the numerical snow cover model SNOWPACK. In order to apply
the threshold sum approach to the SNOWPACK simulations, it is necessary to ﬁnd the corresponding critical ranges for the simulated characteristics. In general, the properties of layers in manual proﬁles differ
signiﬁcantly — otherwise the observer would not have recorded separate layers, whereas differences between simulated layers may be
rather subtle. Due to this fact, determining the differences between
two adjacent simulated layers is not straightforward and the thresholds
need to be adjusted.
The threshold value for the critical difference in grain size is the
difference, expressed in millimetres, between the grain sizes of two
adjacent layers (Schweizer et al., 2008). This way of deﬁning the difference in grain size does not take into account that the difference between
two grains should be related to their sizes. Whereas this might be negligible in manual proﬁles, it has to be considered for the simulated
proﬁles where the differences in grain size tend to be smaller because
of the type of simulation (as described earlier). We therefore introduced
a relative differenceΔe. First, we calculated the average grain size (Em)
for a dataset of snow proﬁles including 26,959 snow layers (N = layers)
recorded in the Veneto region between 1997 and 2011. Then, the critical difference 0.75 mm (ΔEcrit) as suggested by Schweizer et al. (2008)
was divided by Em = 1.87 mm in order to ﬁnd the relative difference
(ΔE):
ΔE ¼

ΔEcrit
¼ 0:4
Em

e2 −e1
> 0:4
e1

the layer properties, the layer with the higher number of structural instabilities is considered, independently of whether it is the lower or
the upper layer. The method of assigning all six variables to the same interface was selected because it is assumed that in most cases fracture
will occur near a layer interface (Schweizer et al., 2003a, 2003b).
However, for the graphical representation we suggest a different
approach and assign all the six structural variables to one of the two
adjacent layers (Fig. 2b) based on the following rules: (i) the variables
that already refer to layer properties are assigned to that layer; (ii) the
variables referring to the interface between two adjacent layers are
assigned to the softer one of the two layers (based on the hand hardness
index); if two adjacent layers have the same hardness value, the interface variables are assigned to the upper layer since the stress induced
by a skier decreases with increasing depth and hence is larger in the
upper than in the lower layer; (iii) the variable for critical depth is
assigned to all the layers that are found within the critical range for
weak layer depth. Following these rules it is possible to establish a simpliﬁed stability proﬁle (Fig. 2b).
The simpliﬁed stability proﬁle highlights the number of structural
variables for a given layer that are not in the critical range. For example,
if for a given layer the number of structural variables in the critical range
is 5, the stability value assigned to the layer is 7–5 = 2. In order for the
minimum stability value to be 1 rather than 0, the number of variables
is subtracted from 7 instead of 6, the maximum number of variables in
the critical range. Consequently, the “simpliﬁed stability” (SSD) varies
from 1, for the potentially most unstable layers, to 7 for the most stable
ones. According to Schweizer and Jamieson (2007), the layers with
SSD≤ 2 are considered as potentially unstable. This type of representation was selected in order to obtain a graph similar to the classical hardness proﬁle. In addition, on the side, arrows indicate the potential
failure interfaces if ﬁve or more variables are in the critical range. To
make the interface analysis consistent with the simpliﬁed stability proﬁle the critical variables referring to the softer of two adjacent layers,
are assigned to the corresponding interface. The colors of the bars
refer to the primary grain type of the layer according to the color
scheme proposed by Fierz et al. (2009).
2.3. Analyses methods

ð1Þ

Since the threshold value now depends on grain size, ΔE should be
representative for all grain sizes. Therefore, the relative difference in
grain size between two adjacent layers in the simulated proﬁles
(Δe) has to be larger than 40% to be considered as critical:
Δe ¼

3

ð2Þ

where e1 is the smaller grain size and e2 is the larger grain size.
Similarly, critical values for the hand hardness index and its difference between adjacent layers were determined. No adjustments were
required for the critical variable grain type (persistent). Table 1 compiles
critical ranges used both for manually observed and simulated proﬁles.

The manually observed and simulated proﬁles were classiﬁed into
either stable or unstable according to the number of critical variables.
Schweizer and Jamieson suggested classifying proﬁles as unstable if
the number of critical variables in any given layer reaches 5 or 6.
We assume that with avalanche danger level 1 (Low) and 2 (Moderate)
the snow cover is rather stable whereas with danger level 3 (Considerable) and particularly 4 (High) it should be rather unstable.
The performance of the proposed method was mostly analyzed
qualitatively and partly quantitatively. The following performance
measures were used: accuracy (measure of the overall success of a
model) and the probability of detection (POD) (Schweizer and
Jamieson, 2007; Wilks, 1995).
2.4. Case study: winter 2008–2009 in the Dolomites (North-eastern
Italian Alps)

2.2. Simpliﬁed representation of snow proﬁle stability
In the last years a few national avalanche forecasting services (e.g.
Switzerland and Italy) included the threshold sum approach into their
snow proﬁle software, as they considered it useful for analyzing snow
proﬁles. With a graphical snow proﬁle viewer it is possible to display
the number of critical variables for a speciﬁc interface (Fig. 2a). Both
the structural variables referring strictly to the interface (grain size
difference, hardness difference and depth), and the structural parameters describing layer properties (hardness, grain size, grain type) are
assigned to the interface between two adjacent layers. In the case of

The most active avalanche periods during the winter of 2008–2009
(December to February) have been analyzed with the proposed simpliﬁed visualization of snow stability. A total of 16 manually observed
proﬁles were compared to the simulated proﬁles obtained with SNOWPACK. All the manual proﬁles were performed in level study plots located
in the upper Cordevole basin: near the automatic weather station (AMS)
at Monti Alti di Ornella (MORN), at 2250 m a.s.l., and in the Passo Pordoi
(PORD) study plot (2142 m a.s.l) (Fig. 1). We will only show the proﬁles
from the study site MORN, but occasionally refer to those from PORD in
the text.
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Fig. 2. (a) Snow proﬁle manually observed at the study plot Monti Alti di Ornella on 28 January 2009 with proﬁles of hand hardness index (light blue) and ram hardness (dark blue)
given on the left, and the layer characteristics (grain type, grain size, hardness and density) given on the right. The yellow triangles indicate the critical values assigned to the interfaces as used today in snow proﬁle viewers. (b) Simpliﬁed stability proﬁle. The critical variables are assigned to the layers. For each layer, the principal grain type is indicated by
the corresponding color according to Fierz et al. (2009). The red arrows pinpoint the interfaces with more than 5 critical variables.

The input data for running the model SNOWPACK was measured
at Monti Alti di Ornella where an automatic weather station is located.
Measurements include air temperature, relative humidity, reﬂected
shortwave radiation, snow surface temperature, wind direction and
speed as well as snow temperature at various depths within the snowpack. Results from stability tests were not available as reference since
these data are not collected on a regular basis by the observers of the
Arabba avalanche center. It was therefore not possible to relate avalanche activity to stability data, for example, by combining rutschblock
score and rutschblock release type with the threshold sum as suggested
by Schweizer et al. (2008).
Instead, we used the veriﬁed danger level as reference. Veriﬁcation
involved hind-casting the stability conditions following the conventional
synoptic approach (LaChapelle, 1980). Manual snow proﬁles, avalanche
occurrence data, and weather conditions were considered. In addition,
stability reports performed for the municipalities and the Civil Protection
were used to support the veriﬁcation.
For each avalanche period, the snow and weather conditions are
summarized, along with observed stability, manually observed and
simulated proﬁles are compared considering snow stratigraphy (classical snow proﬁle) and the simpliﬁed stability proﬁle.

3. Results
3.1. Winter 2008–2009: weather, snow cover and avalanche activity
The winter of 2008–2009 was characterized by exceptional snowfalls on the southern slopes of the European Alps (Valt and Cianfarra,
2009). In Arabba, for example, 316 cm of new snow were recorded
during the period of 28 November to 17 December 2008. Fig. 3 presents
the snow depth (MORN), the avalanche danger level and the avalanche
activity during the winter 2008–2009 for the region around Arabba.

Two periods with considerable snowfall (28 November–2 December
2008 and 10–12 December 2008) caused the ﬁrst and second avalanche
cycle of the season in that region. Before the ﬁrst heavy snowfall, several
weak layers consisting of persistent grain types existed in the upper
part of the snowpack whereas melt forms characterized the lower
parts near the ground. In addition, surface hoar was observed but probably was not widespread, since it was not consistently observed
throughout the study area. Due to the thin, early-season snow cover
and the still irregular snow depth hardly any avalanche activity was
observed before the end of November (Fig. 3b). At 28 November 2008
it started snowing onto the weak thin snowpack. In the evening of 29
November 2008 many large avalanches reaching the valley bottoms
occurred. The last large avalanche was recorded on 1 December 2008.
A second avalanche cycle started during the second heavy snowfall
period and gradually phased out around 16 December 2008. During
both periods, avalanches with a return period of 20 years were observed.
In the following days, it warmed up so that at lower elevations the
already moist snowpack became unstable. This cycle ended around 27
December 2008. At the elevation of the two study plots (about
2200 m a.s.l.), the warming effect was not very pronounced so that
its inﬂuence on snow stability was low.
The next period of signiﬁcant avalanche activity was related to the
snowfall period of 19–22 January 2009. During this period, the upper
part of the snowpack consisted again of faceted crystals and the most
prominent weak layer was a previously buried surface hoar layer. Faceted grains and surface hoar were the result of a cold spell during the
ﬁrst 10 days in January 2009. A light snowfall occurred between 14
and 15 January 2009. Starting from the evening of 19 January 2009,
a new storm deposited 60–70 cm of new snow. At the beginning,
the snowfall was accompanied by strong winds. The ﬁrst avalanches
released from the steepest slopes in the late afternoon of 20 January
2009 and the avalanche activity continued during the 2–3 following
days (Valt and Pesaresi, 2009).
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Fig. 3. (a) Snow depth, depth of SSI, and value of SSI for the period 5 November 2008 to 28 February 2009. The dashed red line indicates the critical stability threshold for the SSI
(Schweizer et al., 2006). (b) Regional avalanche danger rating and avalanche activity index at Monti Alti di Ornella during the winter 2008–2009. The circles indicate the days when
a snow proﬁle was observed. The avalanche danger level (red line) is given as a number from 1 to 4, corresponding to Low, Moderate, Considerable and High. The avalanche activity
index (bars) for the region of Arabba is shown based on the following classes: 0: no avalanches recorded; 1: small natural avalanches (loose snow avalanches) recorded; 2: natural
avalanches of medium size recorded; 3: many natural avalanches of medium size recorded; 4: single natural large size avalanche recorded; 5: many natural large size avalanches
recorded.

The last period discussed here started with a snowfall between 6 and
7 February 2009. 50 cm of new snow were recorded in the study area,
where already 30 cm of new snow had been recorded on the two days
prior to that period. Above tree line strong southerly winds caused signiﬁcant snowdrifts. The precipitation ended on 8 February 2009, which
coincided with the highest activity of large avalanches. The instabilities
were due to several buried surface hoar layers and layers of weakly
bonded faceted crystals located 70–90 cm below the snow surface.
3.2. Comparison between manually observed and simulated stability
information
3.2.1. 28 November–2 December 2008 and 10–12 December 2008
Nine manually observed snow proﬁles were available for this period,
four from the study plot PORD and ﬁve from the study plot near the
AWS MORN. The proﬁles from MORN are shown in Fig. 4. On 27 November 2008 the structural instability in the deepest part of the snow cover
is already visible in the simulated and the manually observed proﬁles.

The manual proﬁle of 4 December 2008, recorded after the ﬁrst
snow storm, shows well bonded layers in the central and top part,
but some potentially critical layers with persistent grain types in the
lower part of the snowpack. In the simulated proﬁle roughly the
same structure is shown. Moreover a weak layer of buried surface
hoar at a height of 35 cm is simulated. The existence of the surface
hoar layer was conﬁrmed by numerous observations indicating that
the surface hoar grew during the nights of 25–27 November 2008
and was subsequently covered by new snow.
For the manually observed and the simulated proﬁle of 4 December
2008 the structural instability was similar (Fig. 4). Sources of instability
were weak basal layers and a layer of buried surface hoar as correctly
simulated by SNOWPACK.
On 10 December 2008 about the same stability information can be
derived from the manually observed and the simulated proﬁles: the
weakest parts of the snowpack were still the basal layers (Fig. 4). In
the SNOWPACK proﬁle a weak layer is shown just a few centimetres
below the surface. We have no indication that this weak layer existed

Fig. 4. Simpliﬁed snow stability proﬁles at the Monti Alti di Ornella station for 27 November, and 4, 10 18 and 31 December 2008. For each date, the manually observed proﬁle is
shown on the left, the simulated proﬁle on the right; same representation as shown in Fig. 2b. In addition, in the simulated snow proﬁles, the depths of the potential failures layers
based on the stability indices (SSI, Sd) provided by the model are shown by arrows.
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as it was not observed in the ﬁeld. However, as the overlying slab was
thin, this discrepancy had no effect on the overall stability estimate.
The proﬁle observed on 18 December 2008 (MORN) (Fig. 4) suggests
that stability had improved. This ﬁnding is conﬁrmed by the proﬁle
from the PORD study plot observed on 23 December 2008 (not
shown). Finally, on 31 December 2008 both manual and simulated
proﬁles indicate a stable situation. In the manually observed proﬁles
the basal layers were weaker than in the simulated proﬁle. However,
the number of structural variables in the critical range was still sufﬁciently low to indicate the weakness.
During the same period, the SNOWPACK stability indices did not
provide any useful information (Fig. 3a). In fact, the minimum of
the SSI was located in the lower part of the snow cover (at about
33 cm) until 7 December 2008, roughly in agreement with observations, but its value was too high indicating rather stable conditions.
After 8 December 2008 the SSI was located just below the depth of
ski penetration, which indicates that the stability information provided
by the SSI is not useful (as the location, just below the ski penetration, is
an artefact of the model) (Fig. 3a). The same holds for the deformation
index Sd that usually indicated an instability very close to the surface
(Fig. 4).

In the manual proﬁle of 28 January 2009 (MORN) the layer of buried
surface hoar was observed (as it had been two days earlier in the proﬁle
recorded at the PORD study site) and was still the major concern even
though overall snow stability had substantially improved as is reﬂected
in the avalanche danger rating and in the avalanche activity index
(Fig. 3a,b).
The SNOWPACK model suggested a distinct return to rather stable
conditions. In the simulated proﬁle of 28 January 2009, the weakest
part was still the one surrounding the layer of buried surface hoar, but
the number of variables in the critical range was not sufﬁcient to indicate unstable conditions as was previously the case in the simulated
proﬁle of 21 January 2009 (Fig. 5).
Also, the SNOWPACK skier stability index worked well in so far it
correctly identiﬁed the layer of buried surface hoar as source of instability; the value of the SSI was critically low right in the period of
major avalanche activity (Fig. 3a). On the other hand, no useful information was provided by the Sd index.

3.2.2. 19–22 January 2009
The conditions before the avalanche cycle are described by the
snow proﬁle of 15 January 2009 (MORN) (Fig. 5). The manual proﬁle
shows that due to the cold and dry conditions in early January most of
the snowpack consisted of layers characterized by mixed formed and
faceted crystals. In the simulated proﬁle the faceting is less pronounced. However, the stability that can be derived from both the
simulated and manual proﬁle is fairly similar (Fig. 5). The lower and
central parts of the snow cover were rather well consolidated. The
hardness of the layers very close to the ground was lower, but the
number of variables in the critical range was not sufﬁcient to classify
theses layers as unstable.
In both, the manually observed and simulated proﬁles, the layer of
buried surface hoar, at about 20 cm below the surface that subsequently
caused the instability, is clearly shown (Fig. 5). In the SNOWPACK simulation the hardness of the buried surface hoar layer was slightly higher
than the one of the adjacent layer consisting of faceted crystals. Consequently, the critical variables describing the interface properties were
assigned to the layer of faceted crystals. Nevertheless, the unstable
part of the snow cover was clearly identiﬁed by the model.

3.2.3. 6–8 February 2009
The snow conditions before the snow storm are described by the
manual proﬁle of 4 February 2009 (MORN) (Fig. 6). As for the period
discussed earlier, in the manually observed proﬁle more kinetic
growth forms (in the central part of the snowpack) are shown than
in the simulated proﬁle (the same was observed for the manual proﬁle recorded at PORD). However, the difference had no effect on the
stability evaluation. The middle to upper parts of the simulated snowpack were slightly less hard than the corresponding parts in the manually observed proﬁles. On the other hand, the basal layers in the manual
proﬁles were softer than the corresponding layers in the simulated
proﬁles. The layer of buried surface hoar that had caused the previous
instability was still observed as well as simulated.
Two proﬁles were observed in the days following the peak of avalanche activity: 11 February (MORN) and 16 February 2009 (PORD).
Two layers of buried surface hoar were found in the proﬁle observed
at MORN (Fig. 6) and considered as the cause of instability; the same
layers were recorded at PORD (not shown). The simulated proﬁles did
not show any layers of buried surface hoar, but rather a series of
layers with low hardness. These layers had originated from the transformation of surface hoar layers and from new snow layers deposited
in early February.
As for the period in January, the manually observed proﬁle of 16
February 2009 (PORD) indicated an unstable situation (the layer of
buried surface hoar was still present) that was not reﬂected in terms

Fig. 5. Simpliﬁed snow stability proﬁles at Monti Alti di Ornella for 15, 21 and 28
January 2009. On 21 January 2009 when the avalanche activity peaked no manual proﬁle
was recorded.

Fig. 6. Simpliﬁed snow stability proﬁles at Monti Alti di Ornella for 4 and 11 February
2009.

Please cite this article as: Monti, F., et al., A new method for visualizing snow stability proﬁles, Cold Reg. Sci. Technol. (2012), doi:10.1016/
j.coldregions.2012.02.005

F. Monti et al. / Cold Regions Science and Technology xxx (2012) xxx–xxx

7

Fig. 7. Maximum number of variables in the critical range ncrit assigned to anyone layer in a given proﬁle (manually observed and simulated). The dashed red line indicates the
critical value of threshold sum according to Schweizer and Jamieson (2007) and the avalanche danger level 3: Considerable.

of avalanche activity or danger level (Fig. 3b). Again, the SNOWPACK
model seems to more properly simulate the increase in weak layer
strength than can be derived from the manual snow proﬁle.
The stability indices given by the model did not provide any useful
information. Throughout the period the depth of the SSI was just
below the depth of ski penetration (where the stress induced by a
skier is largest); we therefore conclude that its value is not related
to a true weak layer (Fig. 3a).

3.3. Stability evolution during the winter 2008–2009
To more quantitatively analyze the threshold sum approach
applied to manually observed and simulated proﬁles, we compared
the maximum number of critical variables to the avalanche danger
level. Fig. 7 shows the maximum number of variables in the critical
range found in anyone layer in a given proﬁle, either manually observed or simulated, in comparison to the veriﬁed danger level for
the period 15 November 2008 to 28 February 2009. We used the
SNOWPACK simulation performed on a daily basis at 09:00 am with
input data of the AWS at MORN. The layers within the ﬁrst 18 cm of
the proﬁle were excluded from the analysis Schweizer and Jamieson
(2007). Fig. 7 suggests that SNOWPACK started to provide useful stability information once the snow depth had reached about 50 cm
(28–29 November 2008) (Fig. 3a). In the middle of December both
the manually observed and the simulated proﬁles showed a return
to rather stable conditions before the danger level decreased, i.e. the
danger level may have lagged behind. The development after the avalanche cycles in January and February 2009 suggests that in the simulated snow stratigraphy, the weak layers gained strength whereas
this trend was often not reﬂected in the manually observed proﬁles.
The small number of manually observed proﬁles did not allow a
statistically sound comparison between manually observed and simulated proﬁles. In 5 out of 16 cases the two types of proﬁles were classiﬁed differently (stable instead of unstable, or vice versa). Analyzing
the 5 cases of disagreement, in 3 cases (26, 28 January 2009 and 16
February 2009) where the manually observed proﬁles were rated as
unstable and the simulated proﬁles as stable, the stability derived
from SNOWPACK better corresponded to the avalanche danger
level. As mentioned earlier the difference is probably due to the fact
that in the model the weak layers gained strength more quickly
than reﬂected in the manually observed proﬁles. In one case (4 February
2009) SNOWPACK overestimated stability; though the weak layer was
simulated as observed in the study plot, it was covered by less than
18 cm of new snow in the simulated proﬁle so that this weak layer
was not considered for the instability analysis. As mentioned earlier
we always excluded this part of the snowpack from our analysis. The location where the manual proﬁle was observed, received more new
snow producing a thicker slab and thus a more critical situation which
is in accordance with the increase of the avalanche danger (from moderate to considerable). Finally, the disagreement on 27 November 2008
is related to the fact that SNOWPACK has difﬁculties to provide useful
stability information whenever the snowpack is thin.

The stability classiﬁcation derived from both the manually observed
and the simulated proﬁles was each compared to the veriﬁed danger
level (Table 2). The classiﬁcation accuracy for manually observed and
simulated proﬁles is relatively poor (56% in both cases). In the case of
the simulated proﬁles the evaluation can be extended to the period of
15 November 2008 to 28 February 2009 (N = 106) (Table 3). The accuracy increases to 72%, but the prediction of the unstable situations
(POD) remains fairly poor (53%).
For the simulated proﬁles, the average number of structural variables
in the critical range (ncrit) was 4.7 on “unstable” days when the
avalanche danger level was 3 or higher (N = 47), and 3.4 on the “stable”
days when the avalanche danger was Low (1) or Moderate (2) (Table 3).
The difference is statistically signiﬁcant (U-Test, p b 0.001), i.e. ncrit was
clearly related to the avalanche danger level — or to stability in general.
On the other hand, the SSI provided by SNOWPACK had no discrimination power.
4. Discussion
Three periods of snow instability in the 2008–2009 winter season
were analyzed by means of the threshold sum approach and the simpliﬁed stability visualization applied both to the manually observed
and simulated proﬁles. The 16 manually observed proﬁles collected
before and shortly after a period of high avalanche activity were compared to the corresponding simulated snow proﬁles. Despite a number
of limitations, our preliminary analysis already allows one to assess the
usefulness of the method for avalanche forecasting.
The newly developed simpliﬁed stability representation sums up,
in a single graph, information on six structural variables; it is hence
not only based on the ram or hand hardness as it is the case with
the classical proﬁle representation. The main feature of the proposed
visualization is its intuitive readability. The avalanche forecasters can
interpret it at the ﬁrst glance since the representation is similar to the
classical hardness proﬁle, which they are familiar with. The new
graphical visualization is superior to the standard visualization,
where the structural variables are indicated by symbols only (Fig. 2).
Adjusting the threshold sum approach so that it can be applied to
proﬁles simulated with the snow cover model SNOWPACK model,
provided satisfactory results and facilitates the comparison between
stability information derived from simulated and manually observed
stratigraphy. Moreover, stability estimates derived from simulations
were more sensitive to variations of stability than those derived from
manually observed proﬁles.
The maximum number of variables in the critical range assigned
to anyone layer in a given simulated proﬁle was clearly related to
the degree of avalanche danger suggesting that the threshold sum
approach applied to simulated snow stratigraphy provides useful information. On the other hand, the classiﬁcation accuracy was limited. However, the accuracy is comparable to (and even better than) the one that
can be obtained with manually observed proﬁles. In fact, Schweizer
and Jamieson (2007) related the number of structural variables in the
critical range to proﬁle stability estimated by using the method proposed
be Schweizer and Wiesinger (2001) and found a classiﬁcation accuracy
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Table 2
Comparing stability derived from snow stratigraphy (manually observed and simulated
proﬁles) to the avalanche danger level.
Observed
“Stable” (danger
level ≤ 2)
Forecasted

Manually observed proﬁles
“Stable” (ncrit ≤ 4)
5
“Unstable” (ncrit ≥ 5)
4
Simulated proﬁles
“Stable” (ncrit ≤ 4)
6
3
“Unstable” (ncrit ≥ 5)

“Unstable” (danger
level ≥ 3)
3
4
4
3

of only 47%. In both cases, stability was estimated without knowing the
location of the weak layer which in principal is a difﬁcult task.
With recent model developments, such as improving snow settlement, the SSI index provided by SNOWPACK seems to have lost its capability to pick the weak layer that originally motivated its introduction
(Schweizer et al., 2006). Most of the time, the depth of the SSI was located
just below the depth of ski penetration (Fig. 3a) which is unlikely in most
cases and simply follows from the deﬁnition of the skier stability index. In
addition, the value of the SSI had no discrimination power anymore.
It is known that the threshold sum approach generally overestimates instability (Winkler and Schweizer, 2009). This trend was less
pronounced with our simulated proﬁles.
Whereas in this study a proﬁle was classiﬁed as stable or unstable
simply based on the characteristics of a single layer, it must be kept in
mind that interpreting a snow proﬁle is more complex (Schweizer
and Wiesinger, 2001). Further developments are needed to supplement the present approach in order to achieve a more comprehensive
stability estimate.
Some further limitations need to be pointed out: (i) the avalanche
danger level summarizes the avalanche situation in a given region
and is primarily valid in slopes of a certain elevation and aspect. Comparing local proﬁle stability to regional danger level is questionable in
principal and may introduce considerable uncertainty. However, as
stability cannot be objectively measured, an appropriate target variable
is in general lacking. (ii) The threshold sum approach was primarily
developed for assessing instability due to persistent layers and it may
not be suited to assess instabilities related to storm snow or surface
warming.
5. Conclusions
We proposed a simpliﬁed snow stability visualization based on six
snowpack parameters and tested our approach with both manually
observed and simulated snow proﬁles.
The new proﬁle representation sums up the stability information
related to snow stratigraphy and facilitates a fast and intuitive interpretation of a snow proﬁle. It helps not only to highlight the characteristics
of the weak layer, but also the structural properties of the potential slab.
Table 3
Comparing stability derived from simulated proﬁles to the avalanche danger level for
the period 15 November 2008 to 28 February 2009 (N = 106). Also shown is the average of the maximum number of structural variables in the critical range (ncrit) assigned
to anyone layer within a simulated proﬁle and the average of the minimum of the SSI.
The p-value (Mann–Whitney U-Test) indicates whether the “stable” and “unstable”
samples are from a different population (p-value b 0.001).
Avalanche danger level

Simulated proﬁles
ncrit ≤ 4 (“stable”)
ncrit ≥ 5 (“unstable”)
ncrit
SSI

p

1 and 2 (“stable”)

3 and 4 (“unstable”)

51
8
3.4
1.9

22
25
4.7
1.9

b 0.001
0.869

With adjusted threshold values proﬁles simulated with the numerical snow cover model SNOWPACK can be evaluated as well.
The stability information derived from simulated proﬁles proved to be
more sensitive to variations of stability than the stability derived from
manually observed proﬁles. In addition a daily resolution can easily be
obtained even during situations of high danger when manual observations are often impossible. The comparison of stability derived from simulated proﬁles to the avalanche danger level showed that this type of
stability information was signiﬁcantly related to stability — even though
the classiﬁcation accuracy is not very good (about 70%), but still in a
range comparable to other methods. Preliminary results suggest that a
stability estimate based on simulated snow stratigraphy may well be
suited to complement traditional data used for avalanche forecasting.
As we considered only a limited time period and had to compare
simulated point stability information to regional avalanche danger
which is questionable from a methodological point of view, the proposed
method needs to be further tested. Furthermore we suppose that it
should be most promising to combine the threshold sum approach
with other types of stability information provided by SNOWPACK. However, ﬁrst the various stability indices, in particular the SSI, need to be
thoroughly revised.
Acknowledgments
We acknowledge the help by Christoph Mitterer with SNOWPACK
simulations and data analysis. We thank Tiziana Corso and Walter
Cagnati who collected the proﬁle data. Renato Zasso, Giorgio Barberis,
Charles Fierz, Michael Lehning, Christine Groot Zwaaftink, Alec van
Herwijnen and Andrea Pozzi provided various support and advice.
We thank Garry Timco and an anonymous reviewer for helpful comments and suggestions.
References
Bartelt, P., Lehning, M., 2002. A physical SNOWPACK model for the Swiss avalanche
warning; Part I: numerical model. Cold Regions Science and Technology 35 (3),
123–145.
Cagnati, A., 1994. Guida all'utilizzazione del bollettino nivometeorologico. Centro
Sperimentale Valanghe di Arabba. Dipartimento Foreste, Regione del Veneto. 35 pp.
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 Hidrology
N°83, IACS Contribution N°1. UNESCO IHP, Paris.
Gauthier, D., Jamieson, J.B., 2006. Towards a ﬁeld test for fracture propagation propensity in weak snowpack layers. Journal of Glaciology 52 (176), 164–168.
Habermann, M., Schweizer, J., Jamieson, J.B., 2008. Inﬂuence of snowpack layering on
human-triggered snow slab avalanche release. Cold Regions Science and Technology 54 (3), 176–182.
Jamieson, J.B., Johnston, C.D., 1998. Reﬁnements to the stability index for skiertriggered dry slab avalanches. Annals of Glaciology 26, 296–302.
Jamieson, J.B., Schweizer, J., 2005. Using a checklist to assess manual snow proﬁles. Avalanche News 72, 57–61.
LaChapelle, E.R., 1980. The fundamental process in conventional avalanche forecasting.
Journal of Glaciology 26 (94), 75–84.
Lehning, M., Bartelt, P., Brown, R.L., Russi, T., Stöckli, U., Zimmerli, M., 1999. Snowpack
model calculations for avalanche warning based upon a new network of weather
and snow stations. Cold Regions Science and Technology 30 (1–3), 145–157.
Lehning, M., Fierz, C., Lundy, C., 2001. An objective snow proﬁle comparison method
and its application to SNOWPACK. Cold Regions Science and Technology 33
(2–3), 253–261.
Lehning, M., Bartelt, P., Brown, R.L., Fierz, C., 2002a. A physical SNOWPACK model for
the Swiss avalanche warning; Part III: meteorological forcing, thin layer formation
and evaluation. Cold Regions Science and Technology 35 (3), 169–184.
Lehning, M., Bartelt, P., Brown, R.L., Fierz, C., Satyawali, P.K., 2002b. A physical
SNOWPACK model for the Swiss avalanche warning; Part II. Snow microstructure.
Cold Regions Science and Technology 35 (3), 147–167.
Lehning, M., Fierz, C., Brown, R.L., Jamieson, J.B., 2004. Modeling instability for the snow
cover model SNOWPACK. Annals of Glaciology 38, 331–338.
McCammon, I., Schweizer, J., 2002. A ﬁeld method for identifying structural weaknesses in
the snowpack. In: Stevens, J.R. (Ed.), Proceedings ISSW 2002. International Snow
Science Workshop, Penticton BC, Canada, 29 September–4 October 2002. International
Snow Science Workshop Canada Inc., BC Ministry of Transportation, Snow Avalanche
Programs, Victoria BC, Canada, pp. 477–481.
McClung, D.M., 2000. Predictions in avalanche forecasting. Annals of Glaciology 31,
377–381.

Please cite this article as: Monti, F., et al., A new method for visualizing snow stability proﬁles, Cold Reg. Sci. Technol. (2012), doi:10.1016/
j.coldregions.2012.02.005

F. Monti et al. / Cold Regions Science and Technology xxx (2012) xxx–xxx
Monti, F., 2008. Modello SNOWPACK: veriﬁca in area Dolomitica e applicazione al sistema di previsione valanghe. Specialistic Thesis, Università dell'Insubria, Como,
226 pp.
Monti, F., Cagnati, A., Fierz, C., Lehning, M., Valt, M., Pozzi, A., 2009. Validation of the
SNOWPACK model in the Dolomites. In: Schweizer, J., van Herwijnen, A. (Eds.), International Snow Science Workshop ISSW, Davos, Switzerland, 27 September–2
October 2009. Swiss Federal Institute for Forest, Snow and Landscape Research
WSL, pp. 313–317.
Schweizer, J., Jamieson, J.B., 2001. Snow cover properties for skier triggering of avalanches. Cold Regions Science and Technology 33 (2–3), 207–221.
Schweizer, J., Jamieson, J.B., 2003. Snowpack properties for snow proﬁle analysis. Cold
Regions Science and Technology 37 (3), 233–241.
Schweizer, J., Jamieson, J.B., 2007. A threshold sum approach to stability evaluation of
manual snow proﬁles. Cold Regions Science and Technology 47 (1–2), 50–59.
Schweizer, J., Wiesinger, T., 2001. Snow proﬁle interpretation for stability evaluation.
Cold Regions Science and Technology 33 (2–3), 179–188.
Schweizer, J., Jamieson, J.B., Schneebeli, M., 2003a. Snow avalanche formation. Reviews
of Geophysics 41 (4), 1016.
Schweizer, J., Kronholm, K., Wiesinger, T., 2003b. Veriﬁcation of regional snowpack
stability and avalanche danger. Cold Regions Science and Technology 37 (3), 277–288.
Schweizer, J., Bellaire, S., Fierz, C., Lehning, M., Pielmeier, C., 2006. Evaluating and improving the stability predictions of the snow cover model SNOWPACK. Cold Regions Science and Technology 46 (1), 52–59.

9

Schweizer, J., McCammon, I., Jamieson, J.B., 2008. Snowpack observations and fracture
concepts for skier-triggering of dry-snow slab avalanches. Cold Regions Science
and Technology 51 (2–3), 112–121.
Sigrist, C., Schweizer, J., 2007. Critical energy release rates of weak snowpack layers determined in ﬁeld experiments. Geophysical Research Letters 34 (3), L03502.
doi:10.1029/2006GL028576.
Valt, M., Cianfarra, P., 2009. Lo straordinario inverno 2008–2009. Neve e Valanghe.
AINEVA 67, 4–15.
Valt, M., Pesaresi, D., 2009. Detecting snow avalanches with seismic stations in North-east
Italy: ﬁrst results of dataset analysis. In: Schweizer, J., van Herwijnen, A. (Eds.), International Snow Science Workshop ISSW, Davos, Switzerland, 27 September - 2 October
2009. Swiss Federal Institute for Forest, Snow and Landscape Research WSL, pp.
458–462.
Wilks, D.S., 1995. Statistical methods in the atmospheric sciences: an introduction.
International Geophysics, vol. 59. Academic Press, San Diego CA, U.S.A. 467 pp.
Winkler, K., Schweizer, J., 2009. Comparison of snow stability tests: extended column
test, rutschblock test and compression test. Cold Regions Science and Technology
59 (2–3), 217–226.

Please cite this article as: Monti, F., et al., A new method for visualizing snow stability proﬁles, Cold Reg. Sci. Technol. (2012), doi:10.1016/
j.coldregions.2012.02.005

