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OBSERVER INDEPENDENT MEASURES OF SNOW INSTABILITY
Benjamin Reuter*, Alec van Herwijnen, Jirg Schweizer
WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland

ABSTRACT: Observer independent measures of snow instability are a prerequisite for modeling, verify-
ing and improving avalanche forecasts. However, presently no metrics directly related to snow instability
exist. Instead, signs of instability or results from snow instability tests are frequently used to assess insta-
bility or the avalanche danger. Whereas these observations are well related to instability, they are subjec-
tive and difficult to use for quantitative analyses. We therefore developed three metrics of snow instability
inspired by our understanding of the avalanche release process. We used a data set of over a hundred
snow micro-penetrometer resistance profiles and concurrently performed propagation saw tests and
rutschblock tests to model, in a first step, failure initiation and crack propagation with finite elements. A
stress-based criterion and an estimate of the critical cut length as obtained with a PST were derived from
the force signal of the SMP measurements. While both instability measures agreed well with observed
signs of instability, some discrepancies were observed. We therefore introduced a third criterion based on
modeled tensile stresses in the slab in comparison with the strength of the slab layers. Preliminary results
indicate that with this three-step approach snow instability can be derived with observer-independent
metrics related to the avalanche release processes. The criteria refer to failure initiation and the onset of
crack propagation and are complemented with a tensile failure criterion related to the phase of dynamic
crack propagation.

KEYWORDS: snow instability, avalanche forecasting, snow micro-penetrometer, avalanche initiation,
crack propagation, tensile strength, finite element modeling

1. INTRODUCTION stability indices from weak layer shear frame tests

Improving avalanche forecasts, whether conven- (Jamieson et al. 2007; Roch 1966a, 1966b).

tional or numerical, requires verification. Without With traditional field tests, information at the
verifying the predictions of snow instability in snowpack or ‘pit’ scale are obtained, but for esti-
space and time (McClung 2000) one cannot eval- mating avalanche hazard the slope or basin scale
uate when and where the forecast was correct. should be considered (for a definition of scales
However, there is presently no metric that de- see Schweizer and Kronholm 2007). This scale
scribes snow instability — and even less so ava- mismatch (Hageli and McClung 2004) can only be
lanche danger (Féhn and Schweizer 1995). Even overcome with multiple measurements and/or

in hindsight a correct assessment of avalanche modelling approaches. To this end, a metric ame-
danger is impossible and burdened by observer nable to quantitative analyses and suited for re-
biases (Techel et al. 2016). cording multiple measurements is required; thus,

classical manual observation methods and stability

In the absence of a directly measurable quantity, tests do not qualify

indicators of instability such as recent avalanches,

whumpfs or shooting cracks (Jamieson et al. An obvious candidate for providing quantitative,
2009) are used to estimate snow instability. Often observer independent measures of snowpack
these signs are not observed and in their absence, properties is the snow micro-penetrometer (SMP;
performing snow instability tests (Schweizer and Schneebeli and Johnson 1998). Indeed, the SMP
Jamieson 2010) is considered the method of penetration resistance has been related to snow
choice. Alternatively, the temporal evolution of instability (e.g., Bellaire et al. 2009; Pielmeier and
snow stability can be monitored by calculating Schweizer 2007; Schweizer and Reuter 2015).

However, these attempts do not consider the first
two, most essential stages of dry-snow slab ava-
lanche release: failure initiation and crack propa-
gation (Schweizer et al. 2016).
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proach combining snow cover modeling and frac-
ture mechanical concepts, we developed metrics
of snow instability from observer independent
snowpack measurements using the SMP.

In the following, we describe how snow mechani-
cal properties are measured with the snow micro-
penetrometer, we define the metrics and apply our
approach to a data set including field observations
of snow instability. As the metrics are based on
the above mentioned fracture processes preced-
ing avalanche release, it becomes clearer how
‘snow instability’ is controlled by these processes.

2. METHODS

2.1 Field data set

From routine measurements and field campaigns
during the winter seasons between 2003 and 2015
we accumulated a field data set containing 147
measurements with the snow micro-penetrometer
(SMP) and corresponding observations of snow
stratigraphy and snow instability. The data were all
collected around Davos (Eastern Swiss Alps) and
contain detailed manually observed snow profiles
(Fierz et al. 2008) showing the primary weakness
and all slab layers above. The SMP measure-
ments were performed in close vicinity to the pro-
files providing signals of penetration resistance to
a depth well below the weak layer. In 55 cases a
propagation saw test (PST; Gauthier and
Jamieson 2006) and in 64 cases a Rutschblock
test (RB; Fohn 1987) is available. In other words,
we deal with two data sets: a PST and a RB data
set, while apart from the tests, both data sets con-
tain the same data. Furthermore, for all sampling
days presence and type, or absence of signs of
instability were recorded.
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Fig. 1: Penetration resistance (black) measured
with the SMP over snow depth. Five slab layers
(green), a weak layer (orange) and a basal layer
(yellow) were defined.
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2.2 Snow mechanical properties

Based on the manually observed snow profile,
layers were defined from the corresponding sec-
tions of the SMP signal, namely slab layers, a
weak layer and a basal layer (Figure 1). As every
layer is later represented in a finite element (FE)
model and the resolution of the SMP is higher than
required for FE simulations, we deal with layers for
the sake of shorter computation times. Hence,
every SMP signal was divided into up to 11 layers
each having a thickness and separate snow me-
chanical properties.

From the SMP signal three microstructural param-
eters were extracted (Léwe and van Herwijnen
2012). They consisted of the rupture force £, the
deflection at rupture &' and the structural element
size L, calculated over a moving window w of

2.5 mm with 50% overlap and then averaged
across the layer. Following recent work, we de-
rived the snow mechanical properties for every
layer based on the microstructural parameters of
this layer. Snow density was calculated after
Proksch et al. (2015), micro-mechanical elastic
modulus and strength o were calculated after
Johnson and Schneebeli (1999), and the specific
fracture energy and the penetration depth after
Reuter et al. (2015a).

2.3 Modelling snow instability

A modeling approach based on the finite element
method was used to calculate metrics related to
failure initiation and crack propagation of a certain
slab-weak layer system characterized by an SMP
signal.

The strength-over-stress criterion S = % was

T
calculated from the strength of the weak layer ow:.
derived from the SMP signal and the maximum
additional shear stress at the depth of the weak
layer A7 . The latter was obtained from a finite
element simulation modelling the linear elastic
behavior of the snow layers defined from the SMP
signal under the load of a skier (Reuter et al.
2015a). Hence, the criterion S estimates the pro-
pensity to failure initiation under skier loading.

The critical crack length . was determined by
inverting an analytic expression for the specific
fracture energy (Heierli et al. 2008; van Herwijnen
et al. 2016) and solving for the snow mechanical
properties derived from the SMP, except for the
effective elastic modulus of the slab. It was mod-
eled with the finite element method from the
change of mechanical energy of the snow slab
during bending, as it would be observed in a PST
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in the field (Reuter et al. 2015a). The critical crack
length r, is a measure of the crack propagation
propensity.

To complement the two above mentioned SMP-
derived metrics of instability, we developed a third
criterion, the tensile failure criterion, since during
the initial state of dynamic crack propagation re-
cent work suggests that the tensile strength of the
slab might determine how far a running crack will
propagate (Gaume et al. 2015b; Schweizer et al.
2014).

In order to model the tensile stresses in the slab at
the onset of crack propagation we modeled the
PST with finite elements. In the model each layer
had the mechanical properties as derived from the
SMP analysis. From the finite element solution the
maximum tensile stress within each slab layer was
calculated. The tensile strength was calculated
from the SMP-derived snow layer density accord-
ing to Jamieson and Johnston (1990). Hence, a
tensile strength-over-stress criterion for every lay-
er in the SMP signal was derived. To do so, the
tensile strength in each slab layer was divided by
the maximum tensile stress modeled with finite
elements in the same layer. The thickness of all
layers with values below a threshold of 0.5 were
summed up and divided by the total slab thick-
ness. This third metric is called tensile criterion T..

3. RESULTS

The first two metrics of snow instability were com-
pared with snow instability tests, namely the RB
score and the critical cut length as observed in the
PST.

For the comparison with the RB score, we
grouped scores 1 and 2 as well as 6 and 7 be-
cause scores 1 and 7 were rarely observed. The
criterion S increased with increasing RB score,
best seen in the monotonic increase of the median
of the failure initiation criterion (indicated by gray
lines) per RB class (Figure 2). If for a given S there
was no overlap of the boxes, the predictive power
of S would obviously be very good. Although this is
not the case, the monotonic increase is significant
and is reflected in a high Spearman rank correla-
tion coefficient (rs >0.9).

The modeled critical crack length was compared
with the critical crack length observed in field ex-
periments (Figure 3). Modeled and measured val-
ues of the critical crack length were related
(rp=0.61).
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Our field records also contain information about
the observation of signs of instability allowing vali-
dating the modeled snow instability metrics with
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Fig. 2: Modeled failure initiation criterion S vs. RB
score (N = 64). Boxes span the interquartile range
from 1st to 3rd quartile with a horizontal line show-
ing the median (grey line). Widths of the boxes
correspond to the number of cases. Whiskers
extend to the most extreme data points not con-
sidered outliers (crosses) within 1.5 times the in-
terquartile range above the 3rd and below the 1st
quartile.
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Fig. 3: Modeled and measured critical crack
lengths r; are contrasted (N = 55). Experiments
grouped by date and location with colors. Solid
line shows linear regression, dashed line indicates
the 1:1 line.
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another independent observation. Those field ob-
servations were grouped into: whumpfs, shooting
cracks with or without whumpfs (“cracks") or “all

signs" (whumpfs, cracks and recent avalanches);

i.e., fresh avalanches were only observed simulta-
neously with whumpfs and cracks. To jointly relate

our modeled metrics of instability to the observa-
tions of instability we contrasted the propensity to
crack propagation, i.e., modeled critical crack
length r,, and failure initiation, i.e., initiation criteri-
on S, in Figure 4.

Signs of instability were primarily present in the
lower left of Figure 4, i.e., for low values of the
failure initiation criterion and the critical crack
length. Vice versa no signs of instability were re-
ported if both criteria yielded high values (upper
right). This finding suggests that both criteria are
required to assess snow instability.

Combining both snow instability criteria yielded a
probability of detection for signs of instability of
100%:; the proportion correct takes into account
also the false alarm rate, and yielded 81%. In oth-
er words, a number of non-observations of signs
of instability remain in the lower left quadrant of
the graph (19 out of 57).
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Fig. 4: Type and presence of signs of instability
against failure initiation criterion S and critical
crack length r,, both modeled. Colors indicate type
of observed signs of instability (whumpfs, shooting
cracks, all signs). Open circles indicate that no
signs of instability were reported explicitly. Dots
mark partially propagating fractures observed as
slab fractures in PSTs or partial releases in
Rutschblock tests.
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Fig. 5: Examples of the model results for a PST with (a) slab fracture and (b) with a crack propagating to
the end of the column. (Left) The modeled tensile stress in the PSTs, in both cases, slope angle a =0,
crack length .= 0.23 m. Positive stresses refer to tension (red), negative values to compression (blue).
(Right) Profiles of the tensile strength of slab layers (blue) and the tensile criterion (black).The orange

strip indicates the critical range below 0.5.
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In fact, among those 19 data points, the ones
coming from the PST data set, were many slab
fractures (7), and the ones coming from the RB
dataset were mostly partial releases (not “whole
block”; 8). Finding still some only partially propa-
gating cracks while both criteria were critical (low-
er left in Figure 4), we investigated the tensile
behavior of the slab at the onset of crack propaga-
tion.

Figure 5 shows the tensile stresses in the slab
layers due to bending of the snow beam at the
onset of propagation for two PSTs, one with an
observed slab fracture and one with a crack prop-
agating to the end.

While cases with slab fractures had high values
(T.> 0.3) of the tensile criterion (e.g., Figure 5a),
cases in which fractures propagated to the end
had low values (e.g., Figure 5b). Hence, in the
latter case, the sum of layer thickness of layers
below the threshold of the strength-over-stress
ratio of 0.5 was lower (7, <0.15). In many such
cases (19 out of 33) not a single layer was in the
critical range, yielding a value of T.= 0. Hence, the
criterion divided the group with slab fractures from
the group with end results in PSTs (Figure 6a).

All cases with sign of instability had low values of
the tensile criterion (Figure 6b and c). The tensile
criterion split cases with signs of instability from
cases without observed signs of instability at a
split value of 0.25.

Combining all three metrics for the PST data set in
order to predict signs of instability 8 out of the 9
cases without signs of instability within the critical
range of the failure initiation and crack propagation
criterion (lower left quadrant in Figure 4) could be
explained by low values of the tensile criterion.
Hence, including the third criterion considerably
increased the classification accuracy.

4. DISCUSSION

To capture two important steps preceding the de-
tachment of a snow slab, we used in a first ap-
proach two criteria, the failure initiation criterion S
and the critical crack size for self-propagation r..
As the approach allows deriving both metrics from
penetration resistance profiles measured with the
snow micro-penetrometer, it represents the first
method to obtain observer independent measures
of snow instability. Until now traditional, manually
observed snow profiles only provided indirect,
mainly phenomenological observations hindering
an estimation of the relevant physical properties,
except for snow density or shear strength (e.g.,
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Jamieson and Johnston 2001; Proksch et al.
2016).

Based on a comparison with signs of instability
observed in the field during the sampling days the
metrics for failure initiation and crack propagation
have been validated. Only if both metrics were
below a critical value, signs of instability were ob-
served, in line with our understanding of the se-
quence of fractures preceding slab avalanche
release.
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Figure 6: Tensile criterion, (a) versus PST fracture
type (with classes “end” in 34 cases, “arrest” in 14
cases and “slab fracture” in 7 cases). Same box-
plot representation as in Fig. 2; (b) versus the
modeled failure initiation criterion and (c) the criti-
cal crack length; colored full circles denote signs
of instability as in Fig. 4.

However, a number of situations remained when
“‘unstable” conditions were expected based on
these two metrics, but signs of instability were not
observed. Following a simple approach to com-
pare the tensile strength and the maximum tensile
stress in the slab layers, we defined a new tensile
criterion.
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This approach was motivated by previous re-
search on the reasons for slab tensile failure.
Schweizer et al. (2014) analyzed a large PST data
set and found low slab density to be an indicator
for slab fractures in PSTs. In addition, Gaume et
al. (2015a) found that for full slope releases a suf-
ficient snow slab density is required. In other
words, a certain tensile strength in the slab is
needed for sustained propagation. However,
Gaume et al. (2015a) also suggested that the ten-
sile failure is a secondary process which is trig-
gered by a locally stronger zone in the weak layer
arresting crack propagation in the first place.

Including the third criterion increased the classifi-
cation accuracy. However, we performed the anal-
ysis with the PST data set only, as only for this
data set PST fracture types were available. In the
future, we plan to extend the analysis to a larger
data set including the RB data.

Assessing the performance of the model approach
with two different field tests (RB and PST) yielded
plausible results. However, the main source of
uncertainty is related to the mechanical properties
needed as input for the model.

In addition, the model itself has some uncertainty
because the behavior of snow is not fully ex-
plained by linear elastic mechanics, although this
assumption is usually satisfactory. Snow density,
effective elastic modulus and specific fracture
energy were all determined from SMP measure-
ments. Uncertainties related to the determination
of these mechanical properties are on the order of
10-20% at best (Reuter et al. 2013). Other known
SMP error sources, such as signal drift due to
strong temperature differences, were identified
and those measurements discarded. Therefore,
the scatter seen in the comparison of the snow
instability metrics with the manual field tests is
partly due to model and measurement uncertain-
ties, but probably also stem from uncertainties
involved with the field techniques.

5. CONCLUSIONS

We presented three observer-independent
measures of snow instability based on measure-
ments with the snow micro-penetrometer and vali-
dated the results with field observations. With a
simple strength-over-stress criterion applied to the
modeled tensile stresses in a PST the existing
classification based on the failure initiation and the
crack propagation criterion was enhanced. Prelim-
inary results are promising, but the tensile criterion
may need further validation with larger data sets.
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These observer-independent metrics of snow in-
stability pave the road towards snow instability
estimation beyond the pit scale. The criteria can
be derived from one penetration resistance signal
measured with the SMP, which allows performing
multiple penetration resistance profiles within a
day. Hence, such distributed field data sets cover-
ing a small catchment can be used to study spatial
variations of snow instability and investigate the
influences of terrain or meteorological drivers
(e.g., Reuter et al. 2016; Reuter et al. 2015b).
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