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Numerical modeling of snow cover stratigraphy with, for example, the 1-D snow cover model SNOWPACK has
the potential to increase the spatial and temporal resolutions of snow stratigraphy information — data very
much needed for avalanche forecasting. One of the key properties for interpreting snow stratigraphy in regard
to stability is snow hardness. In manually observed snow profiles, differences in snow hardness between layers
were found to be indicative of instability.We improved the hardness parameterization implemented in the snow
covermodel SNOWPACK. Hardness is estimated from the simulated snowdensity and grain type. Density thresh-
olds for primary grain types and all hardness stepswere calculated using ordinal logistic regression (on a data set
of 14,522 manually observed layers). We thus implemented snow hardness as a discrete parameter in SNOW-
PACK. The new hardness parameterization observed agreed well with the simulated snow hardness. The struc-
tural stability index (SSI), and the threshold sum approach (TSA) were then used to detect potential weak
layers in the simulated stratigraphy. We evaluated whether failure layers detected with compression tests (CT)
in manually observed snow profiles corresponded to the potential weak layers found by either the SSI or TSA
in the simulated stratigraphy. CT failure layers corresponded in about half of the cases to the potential weak
layers detected with either the SSI or the TSA in the simulated stratigraphy. The agreement improved if only
sudden collapse fractures were considered. These findings suggest that stability information can be derived
from simulated snow stratigraphy in particular if the method for detecting weak layers is further improved.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

A prerequisite for dry-snow slab avalanches is a snowpackweakness
below one or more cohesive slab layers. The susceptibility of a weak
layer to failure initiation and crack propagation determines snow insta-
bility (Schweizer et al., 2003). Identifying potentialweak layers is there-
fore among the key tasks in snow stability assessment. Estimating snow
stability is widely based on snow profile interpretation, which is a fairly
subjective method, especially when stability tests are not available
(Schweizer and Wiesinger, 2001). To quantify profile interpretation
Schweizer and Jamieson (2007) proposed a threshold sum approach
(TSA) that evaluates six structural variables, and is similar to the so-
called lemons introduced by McCammon and Schweizer (2002).
While thenumber of variables in the critical range correlatedwith insta-
bility for known failure layers, themethod provided poor results if used
for detecting potential weak layers (Schweizer and Jamieson, 2007);
it overestimated instability (Winkler and Schweizer, 2009). A widely
used stability test is the compression test (CT) (CAA, 2007), which
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similarly to the TSA well detects weak layers (high sensitivity), but
has a high false alarm ratio (low specificity) (Schweizer and Jamieson,
2010).

As field observations are time consuming and sometimes not feasi-
ble due to avalanche danger, assessing snow stability from simulated
snow stratigraphy would help to increase snow cover information in
space and time. Whereas manually observed snow profiles are supple-
mented with a snow stability test to facilitate profile interpretation,
this option is not available when interpreting simulated snow stratigra-
phy. Therefore,mechanical or structural parameters are used to find po-
tential weak layers and assess their strength (e.g. Durand et al., 1999;
Lehning et al., 2004). Several studies related output from the 1-D nu-
merical snow cover model SNOWPACK (Lehning et al., 2002a,b) to ob-
served stability. Schweizer et al. (2006) proposed a structural stability
index (SSI) which combines two structural instability parameters
(difference in grain size and hardness between adjacent layers) with
the classical skier stability index (SK38) introduced by Föhn (1987)
and refined by Jamieson and Johnston (1998). The SSI proved to be
superior to the SK38 in detecting failure layers (Schweizer et al.,
2006). Recently, Monti et al. (2012) related modeled stability informa-
tion derived with the TSA to regional avalanche danger.

While these studies demonstrated a link between modeled snow-
pack variables and observed signs of instability such as avalanche
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activity, snowpack stability estimates or avalanche danger, a profile-by-
profile comparison between observed failure layers and simulatedweak
layers is still lacking.

The aim of this study is therefore to verify whether (1) observed
failure layers can be detected in snow profiles simulated with the
snow cover model SNOWPACK, and (2) if potential weak layers identi-
fied in simulated snow profiles correspond to observed unstable layers.
We compared failure layers found with compression tests to potential
weak layers identified in the simulated snow stratigraphy with either
the structural stability index (SSI) or the threshold sum approach
(TSA), and vice versa. Since both the SSI and the TSA strongly depend
on snow hardness, we first had to refine the parameterization of the
hand hardness index within SNOWPACK.

2. Data

2.1. Hand hardness calibration

For the hand hardness parameterization we used two snow profile
data sets collected by snow observers of the WSL Institute for Snow
and Avalanche Research SLF and the ARPAV Avalanche Center of Arabba
(north-eastern Italian Alps). The Swiss data set consisted of 2349
observed snow layers from 312 snow profiles recorded in the area
surrounding Davos (from 1560 m a.s.l. to 2810 m a.s.l.). The Italian
data set consisted of 12,173 snow layers from 1125 profiles collected
in the whole Veneto Region (from 1170 m a.s.l. to 2940 m a.s.l.) during
thewinters 1999–2000 to 2011–2012. For both data sets hand hardness
was related to density depending on the grain type. In order to assess
the suitability of the new hardness parameterization, the Swiss hard-
ness data were compared to modeled hardness (12,437 layers) from
143 profiles (simulated for the locations ofWeissfluhjoch and Steintälli)
covering about the same area and time as the observed ones. These data
are mostly similar to the data used by Schweizer et al. (2006) and their
characteristics can be found therein. Our analysis was confined to only
dry snow layers.
Fig. 1. Overview of the comparisons performed within and between observed and simulated pr
b) CT failure layer versus a potentialweak layer identifiedby the SSI at the corresponding depth
at the corresponding depth in the observed profiles; d) potential weak layer identified by the SS
identified by the TSA at the corresponding depth in the simulated profiles; f) potential weak lay
profiles.
2.2. Weak layer detection

Meteorological input data measured at the two AutomatedWeather
Stations (AWS), Weissfluhjoch (2540 m a.s.l.) and Steintälli (2440
m a.s.l.), above Davos, Switzerland, were used to simulate snow stratig-
raphywith the 1-Dmodel SNOWPACK.We compared these simulations
with 83 manually observed snow profiles each included at least one CT.
In total 180 failure layers were found using the CT; for only 129 the frac-
ture character (van Herwijnen and Jamieson, 2007) was indicated. The
field data were collected in the flat study plots surrounding the two
AWS during thewinters 1999–2000 to 2011–2012. In total 1790manu-
ally observed snow layers could be compared to 7926 simulated layers.

3. Methods

In the following, we will first describe how we developed the new
hardness parameterization. Then, we will discuss the methods for fail-
ure layer detection inmanually observed and simulated snow stratigra-
phy. We compared the CT, SSI and TSA within and between manually
observed and simulated profiles (Fig. 1). One can ask whether an ob-
served failure layer is represented in the simulated snow stratigraphy,
or vice versa, whether for a potential weakness in a simulated profile
a corresponding failure layer was observed. Both directions of compar-
isonwere performed for assessing the value of the simulated snow stra-
tigraphy for evaluating snow instability.

3.1. Hand hardness calibration

Snow hardness is credited as one of the most important parameters
to assess snow stability (Pielmeier and Schneebeli, 2003b). Several
types of hardness tests were developed in the last 80 years. Despite its
subjectivity (Pielmeier and Schneebeli, 2003a), the hand hardness test
is still the most widely used. Hand hardness is estimated by gently
pushing the fist, four fingers, one finger, a pencil or a knife into to the
ofiles. Arrows are labeled a) to f): a) CT failure layers versus the TSA for observed profiles;
in the simulated profiles; c) potentialweak layer identifiedby the SSI versus CT failure layer
I versus the TSA in the simulated profiles; e) CT failure layers versus a potential weak layer
er identified by the TSA versus CT failure layers at the corresponding depth in the observed



Table 1
Critical ranges of variables for calculating the stratigraphical threshold sum approach
(TSA). Thresholds for manually observed profiles proposed by Schweizer and Jamieson
(2007) (Orig. obs.) and used in this work (observed) as well as the thresholds for
simulated profiles proposed by Monti et al. (2012) (Orig. sim.) and used in this study
(simulated) are given.

Variable or classifier Threshold value

Orig. obs. Observed Orig. sim. Simulated

Failure layer grain size ≥1.25 mm ≥1.25 mm N0.6 mm N0.6 mm
Difference in grain size ≥0.75 mm ≥0.75 mm ≥40% ≥40%
Difference in hardness ≥1.7 ≥1.7 ≥1 ≥1.7
Failure layer hardness ≤1.3 ≤1.3 ≤2 ≤1.3
Failure layer grain type Persistent Persistent Persistent Persistent
Failure layer depth 18…94 cm ≤100 cm ≤100 cm ≤100 cm
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snow, thereby not exceeding a penetration force of 10-15 N (Fierz et al.,
2009).

The snow hardness parameterization originally implemented
in SNOWPACK was based on the relation between snow density
and hand hardness index depending on grain type as suggested by
Geldsetzer and Jamieson (2001). Recently, a new snow settlement pa-
rameterization was introduced into SNOWPACK which affects snow
density simulation and thus the snow hardness estimation. Schweizer
et al. (2006) had refined the original parameterization of snowhardness
performing a multivariate statistical regression analysis for the snow
hardness index for each grain type using snow density and grain type
as independent variables. However, the differences between simulated
and observed snow densities strongly affected the calculation of the
hardness index. To address this issue Schweizer et al. (2006) scaled
simulated to observed snow densities to improve the agreement. This
method has among others two major disadvantages: i) since it is de-
rived with linear regression the simulated hand hardness becomes a
continuous variable, while for the observer it is a discrete parameter
(Fierz et al., 2009); ii) adjusting simulated densities to measured ones
implies that linear regression results are applicable only for that partic-
ular version of the model; whenever an improvement affecting snow
density or grain type assignment is implemented, a re-calibration is
required.

To preserve the discrete character of the hand hardness index,
we performed multiple ordinal logistic regressions (McCullagh
andNelder, 1990)maintaining snowdensity and grain type as indepen-
dent variables. We considered the following seven grain types for the
analysis: precipitation particles (PP), decomposing and fragmented
precipitation particles (DF), rounded grains (RG), faceted crystals (FC),
depth hoar (DH), melt forms (MF) and rounding faceted particles
(FCxr). The Swiss dataset included half steps of the hand hardness
index (e.g. 1 to 2). To combine the regression results of the two datasets,
the Swiss data had to be assigned to classes without half steps (e.g. 1 or
2). The half step classes were allocated to full steps considering the
overlap of the density distribution (e.g. 1 to 2)with the density distribu-
tions of themain classes (e.g. 1 and 2). The combined regression results
were then applied to the simulated layers. Simulated hand hardness for
each snow layer was obtained from the mean between the hand hard-
ness calculated separately for the primary and the secondary grain
type. Consequently, half steps of hand hardness index can be obtained,
which we consider as useful in view of snow stability evaluation. For
example, for two layers of similar density, one consisting of faceted crys-
tals and rounded grains, the other of faceted crystals only, our approach
will result in different values of the hand hardness index.

Simulating snow hardness as a discrete (ordinal) value makes it less
sensitive to differences betweenmeasured and simulated snowdensity.
For this reasonwe did not scale the simulated densities to themeasured
ones; consequently snow model improvements are possible without
the need to re-calibrate the hardness index.

The non-parametric Mann–Whitney U-Test was used to contrast var-
iables (e.g. density and hand hardness) from simulated to observed data
sets; differences were judged to be statistically significant for p b 0.05.

3.2. Potential weak layers in manual snow profiles

To detect potential weak layers in manually observed snow profiles
the CTwas used. The CT has been validated for tests performed on slopes
(Jamieson, 1999). To our knowledge, no validation results exist for CT's
performed in flat field study plots. Nevertheless, we assumed that poten-
tialweak layers can aswell be detectedwith the CT in level terrain,which
is in accordance with common practice (e.g. CAA, 2007). Compression
test results can be further classified based on the fracture character
as suggested by van Herwijnen and Jamieson (2007): progressive com-
pression (PC), resistant planar (RP), sudden planar (SP), sudden collapse
(SC) and non-planar break (B). However, in our data set (going back to
the winter 1999–2000) the fracture character was not always recorded.
The threshold sum approach (Schweizer and Jamieson, 2007) was
used to verify if a failure layer detected with the CT could have been
found using only stratigraphy information (a in Fig. 1). The TSA is gen-
erally calculated for all interfaces within the profile. Six snow stratigra-
phy variables were found to be related with snow stability (Schweizer
and Jamieson, 2007): 1) difference in grain size; 2) failure layer grain
size; 3) difference in hardness; 4) failure layer hardness; 5) failure
layer grain type; 6) failure layer depth. If five or six of these variables
were within their respective critical range (Table 1), Schweizer and
Jamieson (2007) considered the corresponding interface as potentially
unstable. Since we focus on potential weak layers (not interfaces)
the critical variables were assigned to one of the adjacent layers as
described in Monti et al. (2012). The threshold for failure layer depth
was adapted to ease comparison with the CT results; failures in the top-
most 18 cm of the snowpack were not excluded (Table 1).

3.3. Potential weak layers in simulated snow profiles

To detect potential weak layers in simulated snow stratigraphy we
applied both the SSI (Schweizer et al., 2006) and the TSA since stability
test information is obviouslymissing. The SSI is calculated for each layer
boundary as:

SSI ¼ SK38þ D ð1Þ

with

SK38 ¼ τI;II
τxz þ Δτxz

ð2Þ

where τI and τII are the shear strength for persistent and non-persistent
grain types, respectively (Jamieson and Johnston, 1998), τxz is the shear
stress due to theweight of the overlaying slab andΔτxz is the additional
shear stress due to the skier (Föhn, 1987) that includes several refine-
ments such as the effect of ski penetration (Jamieson and Johnston,
2001). D is defined as:

D ¼
0 if ΔR≥1:5 and ΔE≥0:5 mm
1 if ΔRb1:5 or ΔEb0:5 mm
2 if ΔRb1:5 and ΔEb0:5 mm

8<
: ð3Þ

where ΔR is the absolute difference of the hand hardness index and ΔE
is the absolute difference in grain size between two adjacent layers.

For each simulated snow profile, the interface with the minimum
value of SSI was selected as the most probable potential weak interface.
The softer of the two layers adjacent to the interface was considered
as the potential weak layer and used for comparison with the manually
observed profiles.

The threshold sum approach (TSA) was also applied to analyze the
simulated profiles. The critical variables were assigned to the layers as
described above (see Section 3.2) for the manually observed profiles.
The thresholds proposed by Monti et al. (2012) (Table 1) for snow



Fig. 2. Observed (obs) vs. modeled (sim) density distributions per grain type. Boxes span
the interquartile range from 1st to 3rd quartile with line including a dot showing the
median.Whiskers show the range of observed values that fallwithin±1.5 times the inter-
quartile range; crosses show outliers.
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hardness weremodified as a new hardness parameterizationwas intro-
duced. Since snow hardness in SNOWPACK is now estimated as a dis-
crete variable as observed in the field, thresholds were set equal to
those used for manually observed profiles (Table 1).

3.4. SSI validation

First of all, we compared the characteristics of failure layers found by
the CT in the manually observed profiles with the characteristics of the
potential weak layers detected by the SSI in the simulated profiles. Then
we checked, profile by profile, if for observed CT failure layers a corre-
sponding potential weak layer was found by the SSI (b in Fig. 1). The
probability of detection (POD) was used as a performance measure
(Wilks, 1995). Lehning et al. (2001) proposed an objective method to
compare simulated and observed snow profiles. This method can be
adapted to relate the failure layers detected by the CTwith the potential
layers detected at about the same depth in the simulations, or vice versa
(c in Fig. 1).

First of all, the height of themodeled interfaces z′imod is stretched lin-
early in order to compensate for a possible difference in total snow
height (obtaining zi

mod):

zmod
i ¼ z0mod

i
zobsnO

z0mod
nM

: ð4Þ

Where znO
obs and z'nMmod are the total snow height in observed and

simulated profiles, respectively. The index i of observed and modeled
layer boundaries goes from 0 (at the bottom) to nO and nM (at the
snow surface), respectively.

Due to the fact that in simulated profiles the number of layers is
typically larger than in observed profiles, a height range around the CT
failure layer is calculated; the corresponding simulated layer has to be
found within this range. The tolerance of the height range is a function
of the total snow depth and location within the snow cover (Lehning
et al., 2001). The lower hlower

mod and upper huppermod heights of the range are
defined as follows:

hmod
lower ¼ zobsi þWti; h

mod
upper ¼ zobsiþ1 þWtiþ1 ð5Þ

with

ti ¼
zobsnO−zobsi

� �
zobsi

zobsnO

: ð6Þ

With the manual profiles as reference, Lehning et al. (2001)
proposed W = 0.2 as suitable tolerance factor. Once the maximum
range of tolerance around a CT failure layer is defined, the presence
(within the tolerance range) of corresponding simulated layers detect-
ed as potentially unstable with the SSI is assessed. In order to have a
similar range of tolerance for both manually observed and simulated
profiles, the tolerance factor has to be larger for the simulated profiles
than for the manually observed ones because layers in the simulated
profiles are significantly thinner; we therefore used W = 0.5 for the
simulated profiles.

To evaluate the stability information provided by the SSI and the TSA
for the simulated profiles the two methods are compared (d in Fig. 1).

3.5. TSA validation

To validate the threshold sum approach, first, manually observed
snow profiles were selected as the reference. Failure layers found with
the CT in the manually observed profiles were used to verify if snow
cover weaknesses were detected by the TSA at the corresponding
depths in the simulated profiles (e in Fig. 1). Again, the above described
comparison method proposed by Lehning et al. (2001) was applied.
Possible differences in total snowdepthwere taken into account follow-
ing Eq. (4) and tolerance depth ranges were calculated according
to Eqs. (5) and (6). Again, alternatively, the simulated profiles were
considered as the reference. We hence checked whether for a potential
weak layer identified by the TSA in the simulated profiles a correspond-
ing CT failure layer can be found in the manually observed profile
(f in Fig. 1). The POD was used to assess the performance.

4. Results

4.1. Hardness simulation

Verifying the agreement between simulated and observed
snow densities is fundamental for subsequently analyzing the hand
hardness index estimation. Modeled densities were generally higher
than observed ones for all grain types except FC and MF (Fig. 2).
Contrasting the measured to simulated densities showed that for all
grain types the differences between the samples were statistically
significant (U-Test, p b 0.05).

The simulated snow hardness was derived from the snow density
thresholds, which were defined from the hand hardness index steps
per grain type found with the multiple ordinary logistic regressions
(Table 2). For example, Fig. 3 shows the resulting probability distribu-
tions for the grain type FC. For a given snow density, e.g. 300 kg/m3,
the probabilities for the hand hardness steps 4F, 1F, and P or harder
are 0.55, 0.27 and 0.18, respectively. Correspondingly, in Table 2, the
lower and upper thresholds for hand hardness index 2 are 248 and
319 kg/m3. As illustrated in Fig. 3 the hardness variation for a given den-
sity is large. Overall, the probability of detection was 0.83, 0.73, 0.49,
0.53, 0.55, 0.28 and 0.47 for the grain types PP, DF, RG, FC, DH, MF, and
FCxr, respectively. The median values of the simulated and observed
snow hardness index for the grain types PP, DF and FC (Fig. 4) agreed.
For the grain types RG, DH, MF and FCxr the median of the simulated
hand hardness values was half a step higher than the median of the ob-
served hand hardness. These differences are due to the aforementioned
density difference between model and observations (Fig. 2). For all
grain types, the distributions for observed and simulated hardness were
found to be significantly different (p b 0.05).

4.2. SSI validation

A total of 83 snow profiles with a compression test were related to
the corresponding simulated profiles; the observed profiles were
taken as the reference. The relative distributions of grain types in man-
ually observed and simulated layers were similar (Fig. 5) in spite of the
large difference in terms of the number of layers (1790 manually

image of Fig.�2


Table 2
Lower and upper threshold values of snow density (kg/m3) for each hand hardness index
(R = 1 … 5) according to different grain types. The value 0 kg/m3 was set as arbitrary
lower boundary for hand hardness index R = 1.

Hand hardness (R) 1 2 3 4 5

PP Lower 0 144 – – –

Upper 143 – – – –

DF Lower 0 214 269 – –

Upper 213 268 – – –

RG Lower 0 190 278 369 444
Upper 189 277 368 443 –

FC Lower 0 248 320 401 519
Upper 247 319 400 518 –

DH Lower 0 288 345 – –

Upper 287 344 – – –

MF Lower 0 214 318 408 740
Upper 213 317 407 739 –

FCxr Lower 0 260 327 397 485
Upper 259 326 396 484 – Fig. 4.Observed (obs) vs. modeled (sim) hand hardness distributions per grain type. Same

representation as in Fig. 2.
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observed vs. 7926 simulated). In the simulated profiles, fewer SH layers
were found. This finding might be due to the tendency of the model to
rapidly transform SH layers, once buried into either layers of DH or FC.
In Table 3 some layer characteristics (frequency of grain type, median
grain size, median hand hardness index, median number of structural
variables in the critical range) are summarized for observed and simu-
lated layers. The agreement between the observed and simulated char-
acteristics was in general satisfactory. The largest differences were
found (a) for layers consisting of depth hoar crystals (DH): simulated
grains were substantially smaller than observed ones, and (b) for layers
consisting of melt forms (MF): simulated layers were harder than ob-
served ones. The latter difference is an artifact within SNOWPACK
since melt forms that have undergone one melt–freeze cycle are
assigned a hand hardness index of 5 by default.

In Fig. 6 the frequency of grain types for all the 180 CT failure layers
and the potential weak layers found by the SSI are shown. In the simu-
lated profiles, faceted crystals and depth hoar were most frequently
(in about 75% of the cases) found in potential weak layers. For the CT
failure layers a greater variety of grain types was recorded. In the
observed profiles, one fourth of the weak layers contained grain types
related to recent snow (PP and DF). The absence of recent snow in
potential weak layers detected by the SSI in simulated profiles is due
to the fact that in SNOWPACK the grain size for PP is by default equal
to 0.3 mm. Accordingly, DF grains are still small and the difference in
grain size becomes often small. Consequently, the SSI rarely identified
layers of DF's as weak layers due to the grain size threshold set for D
(Eq. (3)). There were only two SH layers identified as potential weak
Fig. 3. Density vs. hand hardness index for faceted crystal (blue circles, N = 3471). Solid
colored lines show the probability distributions for five hardness steps based on the
multinomial logistic regressions.
layers by the SSI; as previously mentioned this is related to the way
snowmetamorphism is implemented in SNOWPACK: after burial layers
of SH are often quickly transformed in DH (or FC) layers. In general, the
SSI (due to its definition) favors the detection of weaknesses related to
persistent instabilities.

For each observed profile, the failure layers found with the CT were
compared to the corresponding layers in the simulated profiles (b in
Fig. 7). As only one potential weak layer can be detected with the SSI
in each simulated profile, only one result was obtained for each
profile-by-profile comparison. In 46% of the cases a potential weak
layer detected by the SSI corresponded to an observed CT failure layer.

Considering the 14 profiles where at least one CT failure layer was
reported as a sudden collapse (SC) fracture, only five potential weak
layers were found in the corresponding simulated profile within the
given height range (POD = 0.36).

Alternatively, the simulated profiles can be considered as the refer-
ence, to check whether potential weak layers detected by the SSI in
the simulated profiles have a corresponding CT failure layer in the ob-
served profiles (c in Fig. 7). The agreement was 58% (48 cases). Again,
only for 5 out of 14 cases a SC fracture was recorded.

The twomethods of weak layer detectionwe used for the simulated
profiles (d in Fig. 7) provided in 64% of the cases the same result, i.e. a
layer detected by the SSI was also identified as critical by the TSA anal-
ysis. The agreement did not improve if only those potential weak layers
(either detected by the SSI or the TSA) were considered that were relat-
ed to SC fractures in the corresponding observed profile.
Fig. 5. Relative frequency of grain types in layers of observed (obs, blue) (N = 1790) and
simulated (sim, red) profiles (N = 7926).
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Table 3
Characteristics of manually observed failure layers and simulated weak layers. For each
grain type the absolute number of layers (N) and their relative frequency (Nrel), the
median grain size (E), the median hand hardness index (R) and the median number of
structural variables in the respective critical range (L) are given.

Grain
type

N Nrel E (mm) R L

Obs Sim Obs Sim Obs Sim Obs Sim Obs Sim

PP 58 137 0.04 0.02 1.50 0.30 1 1 4 2
DF 142 614 0.08 0.08 0.75 0.33 1–2 1 2 2
RG 272 1388 0.15 0.18 0.38 0.51 3 3 1 1
FC 539 2861 0.30 0.36 0.88 0.87 2–3 2 2 3
DH 72 238 0.04 0.03 2.50 1.67 2 2 4 3
SH 43 17 0.02 0.00 2.00 2.00 1 1 5 5
MF 155 592 0.09 0.07 1.13 1.28 4 5 1 2
FCxr 509 2079 0.28 0.26 1.25 0.89 3 3 2 2
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4.3. TSA validation

First, we evaluated whether the two methods that can be applied to
detect a weak layer in the manually observed profiles, namely the TSA
and the CT, provided similar results. Only 37 of 180 failure layers
found with the CT were also considered critical by the TSA (a in Fig. 7,
Table 4). The agreement improved from 21% to 47% (7 out 15) if only
the SC fractures were considered.

The observed profiles were again considered as the reference
(e in Fig. 7): for each CT failure layer we looked for a corresponding po-
tential weak layer found by the TSA in the simulated profile. Out of the
180 observed failure layers, in 87 cases a potential weak layer detected
by the TSA was found within the modeled height range (Table 4). If
those CT failure layers were excluded where the fracture character
was either recorded as ‘break’ or not recorded at all (92 observed failure
layers remaining) the agreement increased from 48% to 54%. Moreover,
considering only SC fractures, in 80% of the cases (12 out of 15) a simu-
lated layer classified as potentially critical by the TSA corresponded to
the observed sudden collapse failure. The three cases that had no corre-
sponding weak layer in the simulated profile, were (1) a SC fracture
located within recent snow (the primary and secondary grain type
were PP and DF, respectively), (2) a collapse of the basal layers of the
snowpack, and (3) a SC fracture corresponding to a persistent layer (FC).

Alternatively, the simulated profiles can be considered as the refer-
ence (f in Fig. 7), to check whether potential weak layers detected by
the TSA in simulated profiles had a corresponding CT failure layer in
the observed profiles. In this case, of the 233 layers identified as poten-
tial weak layers by the TSA 124 were related to CT failure layers (53% of
agreement), including 12 out of the 15 cases recorded as SC fractures.
Fig. 6. Relative frequency of grain types found in CT failure layers in observed profiles
(N= 180, blue bars) and potential weak layers identified by the SSI in simulated profiles
(N = 83, red bars).
5. Discussion

The parameterisation of snow settlement was the most significant
change in recent years made in the numerical snow cover model
SNOWPACK. This change directly affects snow density and indirectly a
number of other parameters such as hardness. Comparing our results
to those by Schweizer et al. (2006) suggests that the recent change
mainly affected the density of DH layers, producing denser DH layers
than with the previous model version. Other grain types were less af-
fected and showed a less pronounced increase in density. Simulated
and observed distributions of both snow density and hardness were
statistically different. However, considering the subjective manner
hand hardness is estimated in the field, a difference of half a step of
hand hardness index seems acceptable. We therefore did not scale the
simulated densities to the observed ones in order to adjust simulated
hardness. Consequently, our hand hardness index estimation is not
optimized to a certain data set and will therefore not require further
recalibration whenever changes to the SNOWPACK model will be
made in the future.

Obviously, snow stability information derived from simulated pro-
fileswith either the TSA or the SSI can be affected by the discrepancy be-
tween simulated and observed snow density and consequently snow
hardness. For assessing snow stability, hardness overestimation for
layers of RG and FCxr is hardly crucial, but may be important for layers
of DH. Nevertheless, a preliminary qualitative analysis indicates that the
above mentioned discrepancy mainly affects layers in the lower part of
the snow cover (due to the overestimation of snow density). Sincemost
of the skier triggered avalanches are related to weak layers within the
top meter of the snowpack, the hardness overestimation for the basal
layers in the simulated snow profiles has no major influence on snow
stability estimation.

The overall satisfactory results in weak layer detection suggest that
the model in general reasonably reproduces stratigraphy characteris-
tics. This finding is in line with previous studies. For example, Lehning
et al. (2001) reported an agreement score between simulated and
observed profiles of 0.65–0.75, and Monti et al. (2009) a score of 0.74.
Limitations of the model in detecting potential failure layers within
recent snow (i.e. PP, DF, RG) clearly exist. However, someof the discrep-
ancy is related to the CT which is known to often indicate failure layers
in recent snow that are not really critical. In addition, as the SSI is
defined, it is rather unlikely that layers consisting of recent snow
are identified as potential weak layers. To improve the detection of fail-
ure layers including PP and DF their grain size parameterization in
SNOWPACK might need to be changed.

Within manually observed profiles, CT failure layers were used as
weakness markers and compared to potential weak layers identified
with the TSA (both in simulated and observed profiles) and the SSI (in
simulated profiles only) or vice versa. It iswell known that the compres-
sion test is not the best test and in general reveals toomanyweaknesses
(e.g. Winkler and Schweizer, 2009). We think that detecting about half
the CT failure layers by either the TSA or SSI in simulated profiles is
not a poor but rather satisfactory result as the CT is not the ultimate
reference for unstable weak layers— but the only one available to us.
Furthermore, it cannot be expected that every CT failure layer is de-
tectable as long as only snow stratigraphy characteristics are consid-
ered. For example, Schweizer et al. (2008) found that only weak
layers where the rutschblock failed as a whole block scored as unsta-
ble in the TSA analysis. Regarding the compression test, only the
micro-structural parameters of sudden collapse fractures were asso-
ciated with unstable conditions (van Herwijnen et al., 2009). In par-
ticular, failure layers with no sudden fractures, near the surface are
known to be less indicative. Based on the findings by van
Herwijnen et al. (2009), it is suggested that primarily sudden col-
lapse fractures can be detected with the TSA. In fact, weak layers
with sudden fractures were better detected by the TSA and the SSI
than other failure layers.
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Fig. 7. Summary of the results for the comparisons described in Fig. 1. The first value in each arrow is the probability of detection (POD) considering all CT fracture types; the value in
brackets represents the POD considering only the sudden collapse (SC) fracture types.
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Comparing manually observed to simulated snow stratigraphy with
a profile-by-profile method is in general complicated by differences in
the simulated and observed parameters (e.g. different grain size defini-
tion, different layer thicknesses). Moreover, the snow pits were located
a few meters from the AWS so that spatial variations in snow layering
(e.g. Schweizer et al., 2008) add to the complexity of the layermatching.
Though stability tests from slopes would be more indicative, matching
layers observed in snow pits on slopes with layers simulated for loca-
tions of AWS would introduce an even larger uncertainty. Therefore,
we only considered flat field profiles observed in close vicinity of the
two AWS.

Within themanually observed profiles, CT failure layers were classi-
fied by the TSA as potentially unstable in 21% of the cases. The agree-
ment improved to 47% if only the failure layers characterized as
sudden collapse fracture (SC) were considered (a in Fig. 7) — but only
few such cases existed. This confirms that the TSA is not sufficiently sen-
sitive for this task and that snow stratigraphy alone is not suited to
detect failure layers unless combined with a stability test.

Failure layers detected with the CT corresponded to the simulated
potential weak layers found with the SSI in 48% of cases; the agreement
did not improve if only SC fracture characters were considered (b in
Fig. 7). Considering the simulated profiles as the reference, 58% of the
SSI layers were related with a CT failure layer, but only 5 out of 12 SC
fractures were detected (c in Fig. 7). The inability of the SSI to detect
SC fractures (generally considered as the most unstable layers) might
Table 4
Detection results for CT failure layers: Agreement with potential weak layers identified by
the TSA for both observed and simulated profiles per fracture type (N/A = not classified;
B = break; PC = progressive compression; RP = resistant planar; SP = sudden planar;
SC = sudden collapse). N is the total number of CT failure layers; TSA observed/TSA sim-
ulated is the probability of detection and the absolute number of observations (in
brackets) for CT vs. TSA.

N TSA observed TSA simulated

All 180 0.21 (37) 0.48 (87)
All (not incl. B, N/A) 92 0.23 (21) 0.54 (50)
PC 6 0 (0) 0.67 (4)
RP 15 0.13 (2) 0.40 (6)
SP 56 0.21 (12) 0.50 (28)
SC 15 0.47 (7) 0.80 (12)
B 41 0.10 (4) 0.29 (13)
be due to the fact that the near surface layers often have low shear
strength and that the additional stress due to a skier is high (Eq. (2)).
Therefore, despite the two structural parameters (Eqs. (1) and (3)) in-
cluded in the SSI, theminimum value of the SSI is often found for layers
close to the snow surface.

The TSA showedmore promising results if combined with the simu-
lated profiles. Using either the manual profiles as the reference, or vice
versa the simulated ones, 48% of the CT failure layerswere related to po-
tential weak layers identified by the TSA within the simulated snow
cover (e and f in Fig. 7). The result improved to 80% if only sudden
collapse fractures were considered (e in Fig. 7). The low number of
cases and the lack of objective stability information prevent a definitive
assessment.

Independently of the fracture type, the TSA provided about twice as
good classification results when applied to the simulated profiles com-
pared to the observed ones (Table 4). This finding seems rather surpris-
ing and cannot easily be explained. The difference might be due to the
lower resolution of the manual profiles or the fact that simulated
snow stratigraphy is more consistent and less affected by observer's
subjectivity. For illustration, two examples of comparison are shown
in Fig. 8. In the first case (Fig. 8a), the weakness as identified by the
SSI (green arrow) did not correspond to any of the two CT failure layers.
However, the layer detected by the SSIwas also detected by the TSA and
corresponded to the lowermost potential weakness identified by the
TSA in the manual profile (red arrow within the tolerance range in the
observed profile). In the example shown in Fig. 8b, both CT failure layers
corresponded to a simulated layer considered as critical by the TSA; on
the other hand, only one of the two CT failure layers was detected as
critical by the TSA applied directly to the manually observed profile it-
self. In both examples (Fig. 8a,b) the higher resolution of the model is
obvious. As pointed out by Winkler and Schweizer (2009) different
methods often do not provide the same potentially unstable weak
layer. This was found for the TSA and the CT too (a and d in Fig. 7) sug-
gesting that they are two complementary approaches at best.

Finally, the seemingly low agreement scores of about 50% have to be
seen in the context of the very many layers, in fact almost 8000,
to choose from, and the fact that the simulated layers are significantly
thinner than the observed ones. For example, in the case of the TSA,
most of the layers were properly detected as non-failure layers (i.e.
7683 out of 7926). Out of 233 identified as potential weak layers 138
were associatedwith a CT failure layer. However, as the simulated layers
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Fig. 8. Simplified stability profiles as proposed by Monti et al. (2012). a) Comparison of the weak layer found with the SSI in the simulated profile with the corresponding manually
observed profile. b) Comparison of two CT failure layers in the manually observed profile with the corresponding simulated layers.
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are thin, often two potential weak layers were associatedwith the same
CT failure layer, so that overall only 87 out of the 180 CT failures layers
were detected, resulting in the abovementioned POD of 48%.
6. Conclusions

Before focusing on weak layer detection in snow profiles simu-
lated by the numerical snow cover model SNOWPACK we validated
its density parameterization and improved the hand hardness index
parameterization. The newly developed hand hardness parameter-
ization keeps hardness as categorical discrete, ordinal variable and
eases the interpretation of simulated hardness profiles. As a reason-
able agreement between the observed and simulated densities was
obtained, we did not empirically adjust the simulated densities to
improve the hardness estimation. Consequently, repeated re-
calibrations due to future model improvements are not required.
Simulated and observed snow characteristics were similar, suggest-
ing that field-based methods such as the TSA can also be used for
simulated snow profiles.

For validating whether SNOWPACK can indicate the existence and
location of potential weak layers, we related observed snow profiles
completed with at least one compression test (CT) to simulated profiles
with potentialweak layers thatwere either identifiedwith the SSI or the
TSA, two methods currently implemented in SNOWPACK. The compar-
isons between the methods and between observed and simulated
profiles are summarized in Fig. 7. Considering the manually observed
profiles as the reference profiles resulted in about 50% agreement
between CT failure layers and potential weak layers detected by either
the SSI or the TSA. Alternatively, if the simulated profileswere the refer-
ence profiles, the agreement with manually observed profiles was
slightly higher: 58% for the SSI, and 53% for the TSA. With the TSA, the
agreement clearly improved when only weak layers with sudden col-
lapse fractures were considered.

Our findings suggest that a relation between manually observed
and simulated potential weak layers exists. Therefore, deriving
snow stability information from simulated snow stratigraphy for
avalanche forecasting seems not only promising, but also feasible.
Estimating stability for the depth of potentially weak layers detected
in simulated snow stratigraphy is the next problem that needs to be
tackled.
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