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Abstract

Avalanches threaten humans. About 250 person die in snow avalanches each year.
Avalanches affect roads, railways, ski resorts and buildings located in mountainous ter-
rain. Prerequisites for a dry-snow slab avalanche are a weak layer below slab layers. This
study focused on the formation of skier-triggered dry snow slab avalanches.

Failure initiation within the weak layer and fracture propagation are key processes for
avalanche formation. It is believed that spatial variations of weak and slab layer prop-
erties affect fracture initiation and fracture propagation propensity. The length scale, or
range, of these variations is of particular importance for the avalanche formation pro-
cess. Previous studies have quantified the spatial variability of snow cover properties at
different scales. However, none of these studies was able to relate the variation of snow
cover properties to snow slope stability.

To quantify spatial variations of snow cover properties at the slope scale, spatially dis-
tributed measurements have been carried out on 23 slopes above treeline near Davos,
Switzerland. Seventeen of these slopes were analyzed, six had to be discarded due to data
quality problems. The SnowMicroPen (SMP), a constant speed penetrometer, was used
for high resolution resistance probing in a partly randomized grid pattern. In addition,
manual snow cover observations, stability tests and manual snow profiles were performed.
In total, 1058 SMP profiles, 340 compression tests and 17 manual snow profiles were
analyzed.

Previous studies were not able to relate spatial variations of snow cover properties to snow
slope stability, because of the insufficient number of point stability information at the
slope scale. Therefore, the SMP resistance signal was analyzed to derive snow stability.
The proposed stability algorithm was developed by comparing 71 SMP force-distance
profiles to the corresponding manual profiles including stability tests. The algorithm
identifies a set of four potentially weak layers by taking into account changes in structure
and rupture strength of micro-structural elements that make up snow layers as derived
from the SMP signal. In 90% of the cases one of the four potentially weak layers proposed
by the algorithm coincided with the failure layer observed in the stability test. To select
the critical layer out of the four potential weaknesses proved to be more difficult. With a
fully automatic picking of the critical layer, an agreement with the failure layer observed
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in the stability test was reached in 58% of the cases. To derive a stability classification,
weak layer as well as slab properties were analyzed. These predictor variables allow the
SMP signal to be classified into two stability classes of poor and fair — to — good with
an accuracy of about 75% (cross-validated) when compared to observed stability. The
SMP in combination with the proposed algorithm shows high potential for providing
snow cover stability information with high resolution in time and space.

The spatial variation of weak layer and slab properties were characterized using non-
spatial as well as spatial statistics and results were related to slope stability. These layer
properties were the penetration resistance, the maximum penetration resistance, the
layer thickness and a structural parameter derived from the SMP signal. The investigated
weak layers were spatially continuous, i.e. were identified in almost all SMP signals, and
the properties showed more spatial variations than slab layers suggesting that the slab
layers are the most relevant factor for avalanche formation. Spatial slope scale trends
of slab layer properties explained most of these variations suggesting the importance
of meteorological conditions during and after deposition as a driving agent for spatial
variability. Varying weak layer properties were found to be positively correlated with
varying slab layer properties showing the influence of the slab layer on the weak layer
properties.

Grids with low median compression test scores showed less variation than grids of in-
termediate or high compression test scores. The variation of the layer properties was
positively correlated with the variation of the compression test scores. In other words,
stability increased with increasing variation.

The geostatistical analysis revealed that in most cases no range (or correlation length)
could be determined neither for the slab layers nor for the weak layers. However, the slab
layers tended to show more often spatial structure, i.e. a range, than the corresponding
weak layers. Weak layers showed generally less variance than the slab layers. A certain
range could not be related to slope stability and therefore the effect of length scale on
slope stability remains unknown for the time being. Though some trends are apparent,
firm conclusions on the dependence of slope stability on spatial variations were not
possible due to limited range of snow conditions in the dataset, and the fact that the
definition of slope stability remains elusive.

Nevertheless, based on the limited dataset a hypothetical concept was introduced. Spatial
variations of weak layer and slab layer properties are only relevant if the variations at the
slope scale are around the threshold of rather stable to rather unstable conditions. As this
hypothetical concept can not be supported with observations, it should be considered as
preliminary.

VI
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Introduction

A snow avalanche is a rapid down-slope movement of snow, triggered naturally or artifi-
cially (e.g. by humans). Estimates suggest that worldwide each year about 250 people die
due to snow avalanches (Schweizer, 2004). Avalanches affect ski resorts, roads, railways,
buildings, and other infrastructure located in mountainous terrain, causing monetary
damage and loss of life. Avalanche fatalities during recreational activities can be reduced
by forecasting as well as education on safe traveling in avalanche terrain. Avalanche
forecasting is based on snow cover stability observations, meteorological observations
and weather forecasts. Forecasting of avalanche hazard has to be done for large areas
(several 100 km?) where snow cover observations are infrequent. Therefore, forecasting
the release probability of a single slope is not possible - at least not presently. The main
reason for this is that the exact state of the mountain snow cover is not known.

The varying meteorological conditions, such as wind and radiation, influence the forma-
tion of the seasonal alpine snow cover. Understanding the relevant physical processes
affecting a seasonal mountain snow cover allows one to forecast its state. In the following
the main properties of snow on the ground and processes acting on a seasonal alpine
snow cover are summarized. The concept of avalanche formation and recent findings on
spatial snow cover variations are presented.

1.1 Snow cover

Snow crystals are formed in clouds through water vapor deposition on condensation
nuclei. During this process the crystals grow into typically hexagonal unique structures.
These single structures are complex on their own and a system, i.e. snow on the ground,
consisting of these unique structures becomes highly complex.

Newly fallen snow which was not affected by wind has typically densities (psn0) below
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100 kg m—3 (McClung and Schaerer, 2006). The ratio psow/pice is @ measure of porosity.
New snow with a density of 50 kg m™ has a porosity of 95% (p;.c = 917 kg m™3).
That means only 5% ice exists within one cubic meter of snow of this density. Firn,
with a density of about 550 kg m~3, is defined as the last stage of snow densification.
Densification is due to the weight of the snow. Large overburden pressure and high air
temperature favour densification.

The seasonal snow cover on the ground is layered with distinct upper and lower bound-
aries. Layering is mainly caused by varying snow deposition. Meteorological processes
affect directly the exposed snow surface. Short wave radiation or positive air temper-
ature, might cause melt-freeze crusts and snow can be eroded and deposited by wind.
The snow layer thickness can range from a few millimeter to decimeters.

1.1.1 Metamorphism and snow types

Metamorphism within the snow cover is driven by water vapor transport which is a direct
consequence of temperature gradients within the snow cover. Geothermal heat and the
low thermal conductivity of ice cause a temperature of about 0 °C' at the base of the
snow cover. The upper part of the snow cover, on the other hand, is subjected to diurnal
temperature fluctuations. Temperature gradients exists always within the snow cover.
The water vapor leaves one crystal and condenses on a neighboring crystal. This upward
motion of water vapor increases with increasing temperature gradient, depends on the
pore space and determines the shape of the crystal.

Once snow is deposited on the ground it undergoes metamorphic processes (Figure 1.1).
New snow crystals are most prone to changes due to their dendritic structure. The vapor
pressure is larger over convex surfaces than it is over concave surfaces. That means,
the branches of a new snow crystal will start to sublimate since the surrounding air
is typically not super-saturated. Dendritic snow crystals tend to reach the shape of a
sphere, i.e. a rounded particle, because this is the minimum surface-to-volume ratio.
As described above depending on the amount of available water vapor, the intensity
of the temperature gradient and the size of the pore space different grain shapes are
formed. Typically rounded crystals are formed if temperature gradients below 10 Cm™!
exist within the snow cover (equilibrium growth). Temperature gradients larger than 10
C m~! form faceted crystals (Akitaya, [1974).

Snow types (Colbeck et all (1990); [Fierz_et al/ (2009)) can be grouped into either
persistent or non-persistent snow types (Jamieson and Johnston, (1998, 2001). New snow
(PP), decomposed and fragmented precipitation particles (DF) and small rounded grains
(RG) belong to the group of non-persistent snow types (Figure 1.1). Faceted crystals
(FC) and depth hoar (DH) belong to the group of persistent grain types (Figure 1.2). A
special form of faceted crystals are rounded facets (FCxr). These crystals show rounded
edges as well as sharp edges. The size of snow grains range typically from fractions of
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millimeters to centimeters. Surface hoar (SH) is formed on top of the snow surface during
clear, humid and calm nights (Figure 1.3). The snow surface is cooled by radiative heat
transport while humid air condenses at the snow surface. Wind reduces the size or even
hinders surface hoar growth. Surface hoar crystals can reach sizes of a few centimeters.

Snow is a sintered material and is therefore bonded. Bonds between grains are a result of
water vapor transport through the pore space and molecular motion at the surface. The
strength of a layer depends on the bonding of the individual grains. Layers consisting of
persistent grain types (e.g. depth hoar) form fewer bonds per unit volume than layers
of non-persistent grain types (e.g. smaII rounded grains ers of poorly bonded grain
types are weaker in shear than in compression . Bond growth is fastest
for new snow, high temperatures and large load. Bondlng is of particular importance for
the avalanche formation process.

Figure 1.1: Non-persistent snow crystals on a 2 mm grid. New snow (left), decomposed
and fragmented precipitation particles (mid) and small rounded grains (right).(Photo:
SLF archive).

Figure 1.2: Persistent snow crystals on a 2 mm grid. Faceted crystals (left), depth hoar
(right). (Photo: SLF archive).
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Figure 1.3: Surface hoar crystals on top of the snow surface.

1.1.2 Observation and measurement methods

Manual observations

When analyzing the snow cover a manual snow profile is commonly observed. The snow
layering is recorded including layer thickness, snow type, grain size and hardness of the
layers. These point observations are time consuming and somewhat subjective, but are
still the most relevant information on the snow cover stratigraphy used by avalanche
forecasters.

A manual snow profile is often supplemented by stability tests. Stability tests are used
for mainly two reasons: to find potential weak layers and to qualify their strength. Vari-
ous field tests have been used by practitioners as well as by researchers. The two most
common tests are the rutschblock (RB) (m [@) and the compression test (CT)

' , 119_9_d) For these two tests, snow columns of different size (RB: 2 m x 1.5 m,
CT: 30 cm x 30 cm) are isolated from the snow cover and are subsequently loaded from
the top (see Methods section for more details). The observed release type (RB) and the
fracture character (CT) provide additional stability information. Winkler and Schweizer

) compared different stability tests. They found that stability tests performed ad-
jacent to each other revealed the same failure layer in only about 60% of the cases
and pointed out the challenge of automatically detecting potential failure layers within a
snow cover. Furthermore, they argued that the compression test typically underestimates
stability.




1.1 Snow cover

Birkeland and Chabot (2006) analyzed stability tests performed on slopes rated as un-
stable. They found that if only one test is considered for slope stability classification
the slope can still be rated as stable in about 10% of the cases. They, as others before
(Jamieson and Johnston (1993); [Schweizer et all (2008b)), proposed to perform a sec-
ond observation at a representative site about ten meters apart from the first test and
choosing the test with the lowest score.

SnowMicroPen

Schneebeli and Johnson (1998) developed the SnowMicroPen (SMP), a digital penetrom-
eter to enable quick snowpack resistance probing. The method requires no digging and
provides objective high resolution penetration resistance data. |Johnson and Schneebeli
(1999) introduced a micro-structural model to derive snow properties from the signal. Re-
cently, Marshall and Johnson (2009) improved this micro-structural model. Their model
was not available during this study and could therefore not be used.

Snow cover stability information is crucial for avalanche warning services as well as for
backcountry recreationists. This information is typically derived from manual snow cover
observations and stability tests. |Pielmeier and Marshall (2009) related point stability (as
estimated with the rutschblock) to layer properties derived from the SMP calculated
with the improved micro-structural model. They found the micro-structural strength of
the a priori defined weak layer (see Methods section) to be the most reliable predictor of
stability (84% total accuracy, predicting stable and unstable). Compared to earlier studies
(e.g. Pielmeier and Schweizer (2007)) the classification accuracy found by Pielmeier and
Marshall (2009) was higher, suggesting that the improved micro-structural model allows
better signal interpretation.

Previous SMP studies analyzed properties of specific weak layers, such as layers of buried
surface hoar, in space and time using various statistical methods (Lutz et all (2007);
Schweizer and Kronholm (2007); [Kronholm et al. (2004); Birkeland et al. (2004a)).
Satyawali et al! (2009) related the mean, the standard deviation and the coefficient of
variation of the SMP penetration resistance to the major grain types. With the help of
some additional expert rules they suggested a preliminary method to relate the SMP
signal to grain types.

Common practice when analyzing SMP signals is a visual inspection of the signal. If no
obvious errors, e.g. signal drift, are identified, the layer of interest is defined manually
and the properties are calculated. [Lutz et all (2007) used moving window statistics
as a refinement of manual weak layer detection. |Flover and Jamieson (2008) and van
Herwijnen et al. (2009) used various signal processing methods to identify known weak
layers, i.e previously identified by stability tests, in penetrometer signals. Additionally,
Floyer and Jamieson (2008) suggested a conceptual framework for automatic detection
of weak layers.
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Bellaire et al. (2009) introduced an algorithm which automatically detects weak layers
and estimates stability (see Methods section for more details). This algorithm shows
promising potential for an automatic weak layer detection and a direct stability estima-
tion. The method needs more improvements, but weak layer detection in manual snow
cover observations seems similarly difficult (Schweizer and Jamieson, 2007). In addi-
tion, Schweizer and Jamieson (2007) related manually observed failure layer properties
to observed instability and developed a threshold sum approach to classify failure layers
based on structural properties. When they used the method for failure layer detection,
i.e. identifying the principal weakness in a given snow stratigraphy, the accuracy was only
53% - exemplifying the difficulty of failure layer detection. Bellaire et al/ (2009) found
an accuracy of 60% to detect a weak layer automatically within a SMP signal.

1.2 Avalanche formation

Prerequisites for the release of a dry-snow slab avalanche (Figure 1.4) are a weak layer
below one or more slab layers. Figure 1.5 illustrates the two required processes for a slab
avalanche release. First, a fracture needs to be initiated within the weak layer or at a
weak interface. Second, the failure has to grow until it reaches a critical length assumed
to be larger than 1 m and smaller than 10 m (Schweizer et al., [2003). Beyond this critical
length the fracture becomes self-propagating, the slab might detach and an avalanche
releases. As a matter of fact the critical length is unknown, but is assumed to be < 10
m (Schweizer et all, 2008b) - and probably on the order of the slab thickness.

Figure 1.6 shows a schematic of a slab avalanche. The energy required for fracture
propagation has to be lower or equal to the available energy supplied by the slab layers.
The slab layers consist of well-bonded snow with densities of about 200 kg m=3, i.e.
the slab layers are cohesive enough to form a block of snow. The typical thickness of
slab layers is about 0.5 m (McClung and Schaerer, 2006). ivan Herwijnen and Jamieson
(2007b) argued that hard slab layers impede failure initiation by skiers, but pointed
out that they favor fracture propagation. This was supported by numerical simulations
performed by IHabermann et al/ (2008). Dry-snow slab avalanches can be triggered by
continuous loading during snowfall as well as by localized rapid near-surface loading by,
for example, skiers. Layers deeper than 1 m are rarely skier-triggered (Schweizer et all,
2003).

Weak layers underneath the slab typically consist of poorly bonded snow such as depth
hoar, surface hoar or faceted crystals. These large (in size) persistent grain types form
fewer bonds per unit volume. It is assumed that, the amount of bonds is much more
important in terms of failure growth and fracture propagation than the size of the bonds.
A critical weak layer has to favor fracture initiation as well as fracture propagation.
However, without cohesive slab layers an avalanche release is unlikely. For example,
fracture initiation within a layer of surface hoar below a 50 cm slab layer of low density
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snow (new snow) might be possible, but will not propagate. The same critical weak layer
below a well-bonded cohesive slab might favor fracture initiation because the additional
stress induced by a skier is better applied to the weak layer and more energy is available
for fracture propagation.

Once a fracture propagates and the slab becomes detached a crown fracture (Figure
1.6) is formed by a dynamic tension fracture usually slope perpendicular. The fractures
at the sides, or avalanche flanks, are formed by the downward motion of the slab layers.
The Stauchwall (not shown in Figure 1.6) is the bottom boundary of the slab caused by
a shear fracture. The stauchwall may be difficult to identify after an avalanche release,
because the slab overruns the stauchwall. The fracture is assumed to appear at the same
time as the fractures at the sides just before the slab moves downhill (McClung and
Schaerer, 2006). The bed surface is the surface on which the avalanche slides downhill.
This can either be a harder snow layer below the weak layer, like visible in Figure 1.4
and illustrated in Figure 1.6, or the avalanche can slide directly on the ground.

In general, fracture initiation requires a smaller area, e.g. area below skies, whereas
the fracture growth and propagation requires larger areas of low weak layer strength.
van Herwijnen and Jamieson (2005) showed that a fracture below a skier can be large
enough to propagate. In addition, they pointed out the importance of slab layers for
fracture propagation. In other words, a weak layer cannot be triggered without a slab
and on the other hand, there is no avalanche without a weak layer. That means dry-
snow slab avalanche release depends on weak layer and slab layer properties, and their
interaction.

1.3 Spatial variability of the snow cover

As described above avalanche formation is strongly influenced by weak layer and slab
layer properties. The snow cover is exposed to varying meteorological conditions such as
wind and radiation. In addition, the snow cover is also subjected to internal metamorphic
processes forced by meteorological conditions. These varying conditions and the snow
cover underlying ground (e.g blocks), are driving agents for spatial variability of the snow
cover.

This study distinguish between spatial variability of the weak layer and the slab layer
properties. A weak layer is often formed at the snow surface (e.g. surface hoar, near sur-
face faceting). The weak layer formation can be assumed to be spatially rather uniform.
Wind during and after a snow storm affects the slab layering due to irregular deposition
or erosion. If irregular deposition occurs, different temperature gradients are established
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Figure 1.4: Dry-snow slab avalanche. 25 February 2009, Steintilli, Davos, Switzerland
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Figure 1.5: Schematic of the required processes for a slab avalanche release. First, a
fracture needs to be initiated, e.g. by a skier. Second, the failure growth until it reaches
a critical length and third the fracture propagates until the slab becomes detached.
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Figure 1.6: Schematic of a dry-snow slab avalanche.

affecting the metamorphic processes acting on the weak layer as well as on the slab layer
properties.

Before the most relevant studies on spatial variability of the snow cover are discussed
the term "spatial variability" needs to be defined. The term spatial variability is used in
this study to describe variations of snow cover properties at the slope scale. To capture
spatial variations of snow cover properties measurements need to be spatially distributed.
If measurements are correlated and a correlation length exists the investigated snow
cover property shows a spatial structure, i.e. a clustering. The scale of this structure
is of particular importance, since it is believed to be related to failure initiation and
propagation.

Various sampling methods have been used throughout the years to quantify spatial
variability. These methods include point stability tests like the rutschblock (F&hn, [1987)
or compression test Jamieson (1999). Weak layer properties were measured using shear
frames (Jamieson_and Johnston, 2001) and high resolution penetrometers (Schneebeli
and Johnson, 11998). Slopes of different size in different terrain located in different snow
climates were tested.

During the last years various studies on spatial variability have been carried out. Recently,
Schweizer et all (2008b) reviewed spatial variability studies at different scales. These
studies investigated the variation of layer properties as well as of point stability. Schweizer
et al. (2008b) concluded that a wide range of variability exist, but weak layers are
often spatially continuous and show less variation than slab layers (e.g. Kronholm and
Schweizer (2003); Birkeland et al! (2004b)). Furthermore, they pointed out, that the
scale of variation is a key factor for assessing the propensity of fracture propagation.
Fracture character, rutschblock release type and shear quality are more continuous than
scores of stability tests and are therefore less subjected to spatial variations. Numerical
models suggest that spatial variation hinder fracture propagation (e.g. [Fyffe and Zaiser
(2004);Kronholm and Birkeland (2005)). The sampling design affects the estimated
correlation length (Kronholm and Birkeland, 12007). This fact and the different applied



Chapter 1 Introduction

methods made comparison of the different studies questionable and partly explain the
contradictionary results of spatial variability studies.

Recent studies not included in [Schweizer et all (2008b) are compiled in Table 1.1.
Floyer (2008) performed transects of penetrometer measurements using the SABRE
probe (Mackenzie and Payten, [2002) across different terrain features such as wind af-
fected slopes or across the unreleased snow cover next to an avalanche. Simenhois and
Birkeland (2009) and |Hendrikx et al. (2009) both studied spatial variations using the
Extended column test (ECT) (Simenhois and Birkeland, 2006). Simenhois and Birkeland
(2009) found no or very little variation in their test results. On the other hand, the
ECT results by Hendrikx et al. (2009) showed large variations. [Lutz (2009) analyzed
the temporal evolution of spatial variability of weak layer properties for one slope with a
nested sampling design. He found that spatial variability increased over time and spatial
variability decreased after large loading events.

These findings from the latest studies on spatial variability of layer properties and point
stability essentially coincide with the conclusions made by |Schweizer et all (2008b).

1.4 Summary and aims

To summarize, spatial variability exists and various degrees of spatial variability at differ-
ent scales were observed. Weak layers were found to be continuous showing less variation
than slab layers. Spatial variability affects the avalanche formation process. Spatial vari-
ability of weak layer and slab layer properties affect fracture initiation as well as fracture
propagation. Critical weak layer properties are required over distances smaller than 10 m
to reach the critical length. In fact, correlation length of layer properties < 10 m were
observed at the slope scale.

Throughout all studies some trends seemed to emerge supporting the theory of how
spatial variability affects snow slope stability. Observation showed that a slope can be
triggered by a second person skiing after and beside the first person. This observation
might be related to spatial variability of layer properties, since the fracture initiation and
propagation propensity might differ at the slope scale due to the spatial variability of
weak and slab layer properties. Therefore, and the above described example supports
this, one can hypothesize that spatial variability is particular relevant if variation occurs
between stable and unstable conditions and the unstable regions are large enough to favor
fracture initiation as well as propagation. This limits the relevance of spatial variability
for avalanche forecasting to time periods between storm events.

A slope which is not triggered during investigation can only be rated as stable in terms
of an avalanche release. That means, slope instability can not be readily measured and
a slope stability classification remains elusive.
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1.4 Summary and aims

Table 1.1: Recent spatial variability studies not included in [Schweizer et al. (2008b)
with property under study and major results.

Study

Property

Results

Floyer (2008)

Simenhois and Birke-
land (2009)

Hendrikx et al. (2009)

Lutz (2000)

Penetration resistance
(SABRE probe)

Point stability (ECT)

Point stability (ECT)

Strength, point stabil-
ity, penetration re-
sistance (SMP)

- Different terrain features have been
analyzed; a wind affected slope, a rain
gully, a boulder field, elevation and aspect
changes and the unreleased snow adja-
cent to an avalanche

- Transect length and spacing differ de-
pending on terrain feature; length 1.3 -
2000 m; spacing 5 cm - 400 m

- Penetration resistance layer thickness
and depth were found to vary consider-
ably over surveyed features.

- Features particular associated with high
spatial variability were wind ridges, as-
pect changes, elevation changes, snow
surrounding boulders and runnels caused
by rain events.

- ECT stability tests have been performed
on two slopes

- The results were spatial uniform while
within one grid all test propagate and the
other shows a clustering of propagation
and non propagation.

- Two slopes, a windy and a sheltered one,
were investigated

- Considerable variation in propagation
potential was observed

- Resistance of propagation and cluster-
ing increased over time

- Temporal evolution of weak layer prop-
erties for one slope.

- Spatial variability of measured parame-
ter increased over time.

- Spatial variability of parameter de-
creased after large loading events.

11



Chapter 1 Introduction

The aim of this study is to quantify spatial variations of snow cover properties at the
slope scale and asses the relevance of the variations for slope stability to support the
above described hypothesize. This aim should be achieved by 1) identifying snow cover
parameter associated with snow cover instability 2) identifying their spatial structure and
3) relating this spatial structure to slope instability.

12



Methods

This chapter summarizes and discusses the manual observations, introduces the SnowMi-
croPen and finally describes the statistical methods used to analyze the data. The data
were collected during three winters between 2006 - 2009 in the region of Davos, Switzer-
land. Sampling methods as well as the sampling design are also presented in this chapter.

2.1 Sampling design

In this section some parameters relevant for sampling designs are defined. Furthermore,
some general questions regarding sampling strategy are addressed. Finally, the sampling
design used in this study is introduced and the accuracy of detecting the range of the
variable under investigation is estimated.

Bloschl (1999) suggested a framework for studies where scale issues are of particular
importance. For this framework he introduced three scales the process scale, the mea-
surement scale and the model scale. The aim of a spatial variability study is to measure
and quantify the process scale. The measurement scale is described by the scale triplet
(spacing, extent and support) and the scale triplet is defined as:

Spacing - The spacing is defined as the distance between measurement locations. Two
main sampling strategies exist, regular sampling and random sampling. With regular
sampling the spacing is constant. The spacing with random sampling varies.

Extent - The extent of a sampling design is defined as the maximum possible distance
between measurement locations. To study avalanche release the extent should not be
smaller then about 10 m, since this is the expected upper length scale required for
fracture propagation leading to avalanche release (Schweizer, 1999).

Support - The support of the sampling design is defined as the area needed to perform
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Chapter 2 Methods

the measurement at each measurement location. For example the compression test has
a support of 900 cm?, the rutschblock of 3 m? and the SnowMicroPen (SMP) a support
of 19.6 mm?2.

2.1.1 Comments on sampling design

The sampling design is of particular importance for a reliable interpretation of spatial
structures (see definition below). As mentioned above the extent should not be smaller
then 10 m, a reasonable upper limit seems to be about 20 m, because surveys on larger,
steeper slopes are often too dangerous in terms of avalanche release. Sampling designs
with a smaller extent allow one to perform more than one survey on the same slope,
since the amount of available slopes within an experimental site is limited. In addition,
this procedure enables one to capture the temporal evolution of spatial variability on
potential avalanche slopes. [Kronholm and Birkeland (2007) analyzed different sampling
designs (regular and random) and assessed whether these sampling designs were able to
detect a pre-defined structure. They concluded that the sampling design should contain
some randomness if the correlation length is unknown. However, in practice, randomly
distributed measurement points are difficult to locate on grids where the extent is small
(< 20 m), i.e. locating points, for example, by GPS requires differential GPS.

A large amount of sampling locations improves the reliability of the geostatistical analysis.
Different authors suggest to use more then hundred points to ensure a reliable statistical
analysis (e.g. Webster and Oliver (2007)). However, performing many measurements is
often not practical since it is time consuming and snow conditions might change during
the day.

Skgin and Bloschl (2006) analyzed the bias on the correlation length estimate if extent,
spacing and support change. They found that the estimated correlation length is biased
depending on the choice of these parameters. Furthermore they pointed out, that the
sampling design should be adapted to the expected correlation length. As a rule of
thumb, [Skgin and Bloschl (2006) suggested for an optimized sampling design an extent
larger and a spacing smaller than the expected correlation length.

For snow the correlation length is unknown. Also, the number of processes acting on
the snow cover, e.g. wind or radiation, and the typical length scale of these processes
are not sufficiently known. Many processes such as wind cause variations at different
scales. As this study focus on avalanche formation, particularly on the effect of spatial
variability on avalanche formation, an assumption on the length scale can be made that
might be most relevant. This scale is related to the avalanche release process which can
be described in terms of fracture mechanics. In order for an initial failure to propagate
so that eventually the slab becomes detached, the failure has to reach a critical size.
Independent estimates suggest that the critical size is < 10 m but larger than the slab
thickness (Schweizer et al., [2003). Therefore the sampling design should be such that a
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2.1 Sampling design

correlation length of a few meters can be determined - at least approximately.

2.1.2 Partly randomized sampling design

The sampling design used in this study was developed for a grid of 18 m x 18 m (Figure
2.1). This area was divided into nine sub-grids of 6 m x 6 m. Each sub-grid contained
five SMP measurements in a L-shaped design as suggested by [Cline et al. (2001). The
distance between each SMP measurement within a sub-grid differed (0.25 m, 0.5 m, 1
m).

18 100

80

Up slope (m)
E
Frequency

[o2]
o
L
|

N
o
I

20 1
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0 6 12 18 5 10 15 20
Cross slope (m) Lag distance h (m)
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Figure 2.1: Left: Sampling design of the present study. Dots indicate locations of SMP
measurements, squares location of compression tests adjacent to the SMP measure-
ment. The position of the manual profile is indicated by P, where two additional
compression tests and a SMP measurement were performed. RB locates the position
of the rutschblock test. The SMP measurements are 0.25 m, 0.5 m and 1 m apart.
Right: Frequency distribution of lag distance h for the sampling design shown on the
left.

The point pairs within each lag distance class are well distributed (Figure 2.1). For lag
distances h = 4 - 17 m the number of point pairs is > 30.|Journel and Huijbregts (1978)
suggested a minimum of 30 - 50 point pairs within each lag distance. The mean spacing
of the sampling design is 9 m and the extent is about 20 m. According to Skgin and
Bloschl (2006) the spacing for a regular grid with a fixed spacing should be smaller
than the expected correlation length. The sampling design is partly randomized and has
therefore no fixed spacing. The mean spacing is on the order of the maximum expected
correlation length and might therefore be somewhat too large. However, the random
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sampling design also includes distances smaller then the expected correlation length,
which allows one to cover the small-scale variability.

2.1.3 Testing design accuracy

Geostatistical analysis is influenced by the sampling design (Skgin and Bléschl, [2006). To
assess the applicability of the sampling design introduced above for our specific purpose
(presence or absence of a range of a few meters), Gaussian random fields with defined
initial covariance parameters (c =1+ 02;7=0; R =2m,5 mand 8 m £+ 0.2
m, 100 simulations per range) were generated using the grf-function implemented in
the RandomFields-package (Schlather, [2001) for R (R_Development Core Team, 2009).
The fields were generated on a rectangular grid with a regular spacing of 0.25 m (5328
points). Each point of the sampling location was assigned to the corresponding value
of the generated field and a sample variogram was calculated. A spherical model \ was
fitted to each sample variogram and the parameter range R, sill o and the nugget 7 were
determined (A = R, 0, 7). A method suggested by |Cressie (1993) was used to estimate
the best fitting variogram. This method used the weighted least-squares approach given
by the function J:

7 = 3N {v(h(i)) ~ 7)) A} -

where N (h(i)) is the number of point pairs separated by the lag distance h(i) (i =
1,, K), and ~ is the experimental variogram and 7 the theoretical variogram. The func-
tion J gives more weight to smaller lags and to lags with more point pairs N(h(i)). The
initial covariance parameters of the theoretical variogram were the same as those used
to generate the random fields.

Figure 2.2 shows the variation of simulated ranges for the three generated ranges of 2
m, 5 m and 8 m sampled with the sampling design used in this study. The median, mean
and the standard errors of the simulated ranges are given in Table 2.1. The differences
between the mean simulated range and the generated range varied from 1.4 m to 2.4 m,
while the deviation from the median of the simulated ranges was always smaller than 1
m. The largest standard error (&= 0.7 m) was observed for the generated 2 m range, the
smallest standard error (+ 0.3 m) for the 5 m range. The sampling design should be such
that a correlation length of a few meters can be determined - at least approximately. A
robust estimate is not possible with this sampling design, but it can be used to clarify if
a correlation length of a few meters exists or not.
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2.1 Sampling design
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Figure 2.2: Distribution of simulated ranges for the three generated ranges of 2 m, 5
m and 8 m. Boxes span the interquartile range. Open circles indicate outliers.

Table 2.1: Summary statistics for the sampling design testing. Given are the generated
range, the median of the simulated range, the mean of the simulated range as well as

the standard error of the mean (SE).

Generated Range Median Mean SE
m m m m
2 2.9 44 0.7
5 5.7 6.4 0.3
8 8.5 98 05
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2.2 Manual observations

2.2.1 Snow profile

Within a grid a manual snow profile was recorded by an experienced observer. Usually
prior to recording the stratigraphy, a resistance profile was taken using the rammsonde
(Bader et all, [1939). Grain type and size as well as the hardness of the layers were
recorded according to [Fierz et all (2009). A density and a temperature profile completed
the manual profile. After profiling, the stability at the profile location was tested using a
rutschblock test as well as two compression tests. These manual observations provided
help to identify the weak layer within the SMP signal and to assign the results from
spatially distributed compression tests to a specific layer.

The manual snow profiles were classified into five stability classes (1: very poor, 2:
poor, 3: fair, 4: good, 5: very good) according to [Schweizer and Wiesinger (2001). This
classification is based on the rutschblock score, the resistance profile and on weak layer
characteristics.

2.2.2 Stability test

Stability tests are used to identify weak layers and to assess the probability of slab
avalanche release. Various stability tests have been developed during the last decades.
The two most commonly used stability tests are the compression test (CT) and the
rutschblock test (RB) which are used by avalanche professionals as well as by backcountry
skiers. Isolated columns are loaded and fractures in weak layers are observed. Based on
the loading step the point stability, i.e. the local release potential, can be estimated.

The rutschblock test

The rutschblock test described by [Fohn (1987) has a size of 3 m? (2 m x 1.5 m). After
isolating the block from the snow cover, the block is loaded by a skier in six steps until
a fracture occurs (Table 2.2). The loading steps ranges from, (1) fracture occurs during
isolating the block to (6) jumping onto the upper third of the block. After a fracture
occurred the loading step (1 to 6) is recorded as well as the release type. No release
corresponds to a rutschblock score 7. The release type, i.e. how much of the block slides
away, can be either whole block (wb), below skies (bs) or an edge (e). The fracture type
can either be clean, rough or irregular. Low scores and a whole block release can be
related to high triggering potential. On the other hand, high scores, as well as a release
below skies or of only an edge of the block, indicate low triggering potential.

The rutschblock serves as a reference to define the most prominent weak layer. The
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2.2 Manual observations

weak layer identified with the rutschblock test was defined as the primary weak layer of
the grid.

Table 2.2: Rutschblock scores 1 to 7 and the corresponding loading steps.

RB score Loading step

1 A release while cutting.

2 A release while stepping onto the
upper third of the rutschblock.

3 A release during one of three pushes
from the knees.

4 A release after the first jump from
above the block.

5 A release after the second or third
jump from above the block.

6 A release after jump from above
without skis

7 No release

The compression test

The compression test (Jamieson, 11999) (CT) has a much smaller support than the
rutschblock test (900 cm?). A column of 30 cm x 30 cm is isolated from the snow cover
with a saw. Then, a shovel is placed on the top of the column to ensure uniform load
distribution. The column is loaded while tapping on the shovel blade, moving the hand
10 times from the wrist, 10 times from the elbow, and finally 10 times from the shoulder.
When a weak layer fractures the number of taps corresponds to the compression test
score. In addition, the fracture type according to lvan Herwijnen and Jamieson (2007a)
is recorded. lvan Herwijnen and Jamieson (2007a) introduced five fracture types: sudden
planar (SP), sudden collapse (SC), resistant planar (RP), progressive collapse (PC) and
break (B) (see Table 2.3 for further explanation).

Low compression test scores and sudden fractures are related to poor stability (van
Herwijnen and Jamieson, [2007a). That means fracture initiation and fracture propagation
are possible. However, the small support of the compression test does not allow to
quantify the propagation propensity at the slope scale.

The fracture initiation and propagation propensity at the slope scale are difficult to es-
timate and cannot directly be determined. Currently, no test method exists to estimate
both processes at the slope scale, without disturbing or triggering the slope, i.e. bombing
or ski-cutting. However, |Gauthier and Jamieson (2006) developed the propagation saw
test (PST). This test enables one to estimate the local propagation propensity of a weak
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Table 2.3: Classification of compression test fracture type according to van Herwijnen
and Jamieson (2007a).

Fracture type Code Fracture characteristics
Progressive Com- PC Fracture usually crosses column with one
pression loading step, followed by gradual com-

pression of the layer with subsequent
loading steps.

Resistant Planar RP Planar or mostly planar fracture that re-
quires more than one loading step to cross
column and/or block does not slide easily
on weak layer.

Sudden Planar SP Planar fracture suddenly crosses column
with one loading step and the block slides
easily on weak layer.

Sudden Collapse  SC Fracture suddenly crosses column with
loading step and causes noticeable slope
normal displacement.

Non-planar Break B Irregular fracture surface.

No Fracture NF No fracture occurs

layer. A beam of typically 1 m length and 30 cm width is isolated. Afterwards, a failure is
artificially initiated while cutting the weak layer with a saw, until the fracture propagates.
With this test the propagation propensity can be estimated, since the fracture propa-
gates through the entire weak layer or might arrest. However, the fracture propagation
propensity at the slope scale remains unknown, since the PST test is only 1 m long. To
estimate the fracture propagation propensity at the slope scale a PST test covering the
whole slope would be required. Obviously, this procedure is too time consuming since it
requires intensive digging, i.e. fracture propagation propensity needs to be extrapolated.

The compression test score and fracture type (van Herwijnen and Jamieson, 2007a)
were combined to provide the point stability classification used for further analysis. In
the following point stability classes are indicated by lower case letters and slope stability
(see below) by upper case letters. This study uses three stability classes poor, fair and
good.

The two sudden fractures (SP and SC), were grouped as well as the non-sudden frac-
tures (RP,PC,B). If no fracture (NF) occurred, i.e. the weak layer identified with the
rutschblock did not fracture during a compression test, the corresponding compression
test fracture type was assigned to the group of non-sudden fractures.

Table 2.4 shows how compression test score and fracture character are combined for point
stability classification. A compression test score < 13 observed with a sudden fracture
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Table 2.4: Point stability classification

Point stability CT score Fracture type CT score Fracture type
poor <13 SP, SC
fair < 20 RP,PC,B or > 13 SP, SC
good > 20 RP,PC,B

was rated as poor point stability. Scores < 20 with a non-sudden fracture character were
rated as fair point stability, as well as scores > 13 and sudden fracture character. If the
compression test score was > 20 and had a non-sudden fracture the point stability was
rated as good.

2.2.3 Slope stability classification

The slope stability can not readily be measured or determined, but several stability
tests allow one to estimate slope stability. Compression tests were performed spatially
distributed as shown in Figure 2.6 and classified into point stability classes of poor,
fair and good. This point stability classification considered compression test score and
fracture character, which are related to fracture initiation and fracture propagation,
respectively.

It is assumed that homogeneous and continuous weak layers and stiff slabs favor frac-
ture propagation. Sudden fractures in stability tests are related to larger propagation
propensity (Gauthier, 2007). Low compression test scores indicate high failure initia-
tion probability. All this information is included in the point stability classification. That
means, the spatial distribution of point stability, derived from the compression tests, can
be considered to estimate slope stability.

The compression test results were classified into point stability classes poor, fair or
good as described above. Slopes where all compression test scores were classified as of
either poor, fair or good point stability were classified as slopes with POOR, FAIR
or GOOD slope stability, respectively. As described above, the critical length is assumed
to be < 10 m. Slopes where the point stability, derived from the compression test,
was either poor, fair or good over distances > 10 m, i.e. the critical length is definitely
covered, were classified as POOR, FAIR or GOOD depending on which point stability
class was observed. Slopes that showed consistent or varying point stability classes over
distances < 10 m were classified as slopes of GOOD stability.
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2.3 Meteorological observations

Seven automatic weather stations (AWS) are located within the experimental site where
measurements were performed during the winters 2006 to 2009 (Figure 2.3). These
seven stations include three so-called meteorological stations and four so-called wind
stations. A meteorological station measures air temperature (ventilated) and humidity,
short-wave and long-wave radiation (incoming as well as outgoing), surface temperature,
snow height and additional wind speed and direction. The data are available as 10 minute
averages. A wind station measures speed and direction and in addition with a separate
anemometer the speed of the three wind components u,v,w. Each wind stations measures
also the snow height.

Figure 2.3: Location of the seven automatic weather stations (AWS). Meteorological
stations (blue crosses) as well as wind stations (black crosses).
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2.4 SnowMicroPen (SMP)

2.4 SnowMicroPen (SMP)

The SnowMicroPen (SMP) developed by |Schneebeli and Johnson (1998) has become a
valuable tool to derive snow mechanical properties. The following section describes the
technical components of the SMP and the signal analysis. Finally, general limitations
and error sources are described.

2.4.1 Design

The SMP (Figure 2.4) consists of a rod which is driven into the snow cover by a motor
unit with a constant speed of 20 mm s~* (Schneebeli and Johnson, 11998). The movable
cone shaped tip (Figure 2.5) with a diameter of 5 mm and an included angle of 60°
transfers changes in penetration resistance to a piezo-electric force sensor. The force
sensor measures penetration resistance (range 0-42 N) every 4 um, which corresponds
to a data sampling rate of 5 kHz. As most of the penetration resistance is due to the
contact of the upper part of the cone (not the tip) with the ice matrix, it is assumed
that the layer resolution of the SMP corresponds to the height of a truncated cone with
a lateral area that is two thirds of the lateral surface area of the whole cone, that is 1.8
mm.

Motor Unit

Figure 2.4: SnowMicroPen during sampling. See text for detailed explanation.
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Figure 2.5: Tip of the SnowMicroPen. Cone shaped tip on top of the rod. The force
sensor is located inside the silver colored part of the rod. The brush should prevent
that too much frozen snow at the rod is transported into the motor unit.

2.4.2 Micro-structural model

Snow consists of sintered ice particles and the strength of snow increases during the
sintering process due to bond growth (Kaempfer and Schneebeli, 2007). The porosity of
snow layers that are part of a dry-snow slab avalanches exceeds 70%. This high porosity
allows the SMP to measure the deformation and failure of micro-structural elements that
can be used for a quantitative analysis of the SMP penetration profile.

To derive structural information, failures of individual micro-structural elements need
to be identified in the SMP signal. The SMP measures a force distance profile. The
resistance measurement in low density snow (50 - 300 kgm™3) is caused by the rupture
and deflection of the micro-structural elements, i.e. the rupture of bonds (Johnson and
Schneebeli, ). In high density snow (above 300 kgm™3), additionally, the friction
between the ice and the sensor tip needs to be taken into account. A schematic SMP
signal for two different snow types is shown in Figure 2.6. A micro-structural element
will rupture within a typical length of dimension L,,, and will induce a peak force in the
SMP signal F},,.. (Figure 2.6). The element length L,, is defined through the number of
peaks (elements) within a volume zA:

%
L, = ( A ) (2.2)
Npeaks
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2.4 SnowMicroPen (SMP)

with z the depth interval in mm, 7.5 the number of peaks within the distance 2 and
A the lateral surface area of the sensor tip (=~ 39 mm?). The rupture force f, is defined
as the difference between the peak force F},., and the corresponding minimum F,;,.
The micro-structural strength can be derived from the rupture force f, and the element
length L,, and is defined as:

S = % (2.3)

Depth

0
Penetration resistance (N)

F

min

Figure 2.6: (a) Schematic of poorly bonded (top) and well-bonded (bottom) snow
layers and (b) the corresponding schematic SMP signals. (c) The definition of the
microstructural parameters, rupture force f,, element length L, and peak force F},,.
and the corresponding minimum F},;,. The number of peaks 7,45 corresponds to
the number of ruptures per unit length.

2.4.3 Limitations and error sources

Common practice while analyzing SMP profiles in order to derive weak layer properties
is a visual inspection of the signal. Changes in penetration resistance are attributed to
layer boundaries. A change of the signal variance is also an indicator of changing snow
types (Schneebeli et all, 1999). In combination with the manual profile and a stability
test, experienced users can identify weak layers manually in SMP profiles. However, this
procedure is subjective and even two experienced users might identify different layers
or boundaries. The boundaries of a snow layer in the SMP profile are not discrete as
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suggested in manually observed profiles, but a transition zone between two layers exists,
that is the hardness changes gradually between two layers of different hardness. The
transition zone is partly an artifact of the measuring device since the measuring cone
shaped tip has a finite length (4.33 mm). Transition zones between layers with large
differences in penetration resistance are on the order of the layer resolution, but can be
larger within softer snow, which makes the definition of layer boundaries more difficult.
These transition zones have to be taken into account when analyzing the force-distance
signal.

Measurement errors can occur due to, variable penetration speed and mechanical as well
as electronical problems. To ensure a constant penetration speed the operator should
hold the motor casing steady to prevent the device from lifting because of the reaction
force of the SMP against the snow. Mechanical problems might occur if the sensor is
frozen. An O-ring seal should impede that snow reaches the sensor. However, this O-ring
seal is not water proof and after a few dozen measurements water may reach the sensor
and might freeze up. Warming up and cooling down of the device also produces moisture
next to the sensor. SMP signals affected by a frozen sensor can easily be identified and
should be excluded. The sensor is often subject to large temperature changes during
the measurement. These temperature changes affect the casing surrounding the piezo-
electric sensor, which results in a deformation of the piezo-crystal which may cause
signal drift. To minimize these effects the SMP should be cooled down before each
measurement.

2.5 Statistical methods

2.5.1 Geostatistics

During the last years geostatistical analysis has been applied to snow studies, e.g. Kron-
holm (2004). One aim of a geostatistical analysis is to identify the correlation length of
observed properties. Typically the variable of interest Z at sampling locations z = (X, Y)
is divided into a trend T'(x) and a residual part R(x) (Cressie, 1993):

Z(x) =T(z) + R(x) (2.4)

It is assumed that R(z) is stationary with constant mean and variance over the entire
area under study. Both the trend T'(x) (see next section) and the residual part R(x)
need to be quantified to describe the spatial structure of the variable under study. Figure
2.7 shows the orientation of the coordinates X (cross-slope) and Y (up-slope).
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X

Figure 2.7: Orientation of coordinates X (cross-slope) and Y (up-slope).

Trend removal

Often spatial trends of a property exist spanning the entire area of investigation. These
trends need to be removed before calculating the variogram. Trends introduce a non-
stationarity of the property under investigation. Trends of snow properties can often be
directly explained by meteorological conditions such as wind. For example, the variation
of snow depth at the slope scale may be explained by snow drift.

Trends have been quantified in this study by applying a first order polynominal to the
data such that:

T(zx)=a+bX +cY (2.5)

with the coefficients a,b and c. The sampling locations are described by X, Y, where X
is positive in the orographic left direction (cross-slope) and Y is positive up-slope. The
usage of a linear trend does not imply that the trend was linear. However, a linear trend
allows one to directly interpret slope scale trends. That means, a positive correlation of
the variable of interest in X direction corresponds to an increase of this variable cross
the slope (compare Figure 2.7).

Variogram

The semi-variogram (Webster and Oliver, 2007) is used to describe spatial properties
of the residual part R(x). It is assumed that R(z) is stationary over the entire area of
interest. That means, the mean and variance are constant over the area and the spatial
dependence of the data Z is only a result of the distance between sampling locations
and not of their absolute position. These assumptions are typically ensured after trend
removal (Webster and Oliver, 2007).

The semi-variogram ~y(h) calculates the half mean squared differences between sampling
locations separated by distance h. In the following the semi-variogram is referred to as
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simply the variogram to avoid excessive jargon. Usually point pairs with similar distances
are grouped into classes of lag distances to increase the number of point pairs per class.
This grouping increases the robustness of the statistical analysis. For each lag distance h
the experimental variogram (open circles, Figure 2.8) can be calculated following Cressie
and Hawkins (1980).

l 4
[ S0 12+ 1) - Z (@) ]

v(h) = .
(0.914 + %755)

(2.6)

with Z the variable of interest at sampling location z; = (X;,Y;) and N(h) the number
of point pairs separated by the lag distance h. The variogram is a measure of variation.
The variance increases with lag distance h as the measurements become more dissimilar.
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Figure 2.8: Schematic of a variogram. Experimental variogram (open circles) as well
as the theoretical variogram (dashed line) are shown with the descriptive parameter
partial sill o , nugget 7, and range R.

To each experimental variogram ~y(h) a theoretical variogram 7(h) (dashed line in Figure
2.8) can be fitted. A spherical variogram was fitted to each experimental variogram as
previously done for snow properties by [Kronholm (2004). The spherical model is defined
such that:

0 h=0,
F(h) =740 3% —3(%)°] 0<h<R (2.7)
T+o h>R

and fitted using weighted least square method.
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Variogram interpretation

Figure 2.8 shows a schematic variogram with the descriptive covariance parameters, par-
tial sill o, nugget 7 and range R. The sill (partial sill + nugget) is reached when the
theoretical variogram reaches a plateau. The distance where the sill is reached corre-
sponds to the range R. Values separated by distances smaller than the range R are
similar (correlated), beyond the range values are dissimilar (uncorrelated). The nugget
variance 7 is caused by measurement errors and variations smaller than the minimum
spacing.

Theoretical variograms should only be interpreted to half the extent (Cressie, 1993),
since the range estimate becomes unreliable. However, this rule of thumb is subjective
and depends on the sampling design as well as on the amount of available point pairs
within each lag (Journel and Huijbregts, 1978). Journel and Huijbregts (1978) suggested
30 - 50 point pairs within each lag for a variogram estimation. The sampling design used
in this study fulfilled this requirement for almost all lag distances (compare Figure 2.1).
For this study all lag distances were considered for the variogram estimation, but the
theoretical variogram was only interpreted to about half the extent.

Three typical variograms are shown in Figure 2.9. The pure-nugget variogram (Fig. 2.9a)
indicates no spatial dependence of the variable under study, after trend removal, over
the entire area of interest (0 = 0). A pure nugget variogram indicates, that a possible
variation is only caused by a slope scale trend or variations have scales larger than the
study area.

A unbounded variogram, i.e. the variance 7 increase linearly with increasing lag distance
is shown in Figure 2.9c. The unbounded variogram indicates a non-stationary process of
the residuals of the variable under study. This implies that the applied trend should be
of a higher order, i.e. it is not linear. For completeness a variogram where a range R can
be identified is shown in Figure 2.9b.
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Figure 2.9: Three typical variograms. a) pure-nugget b) the theoretical variogram, in
this case a spherical, reaches a sill and c¢) an unbounded variogram.

If a range R or correlation length can be determined by the variogram, a spatial structure

29



Chapter 2 Methods

spanning the scale of the range R exists. Values are spatially variable if large variations
of this value occur over small distances. The value is less spatially variable if small
variations are observed over large distances. The extent at which the variable of interest
is investigated is of particular importance. A correlation length of 10 m at slope scale
might indicate low spatial variability, but might indicate high spatial variability at for
example the basin scale.

2.5.2 Moran’s |

In addition to the geostatistical analysis, the spatial structure was estimated with the
Moran's | coefficient, a measure of spatial autocorrelation (Moran, [1948) that has been
recently applied in a snow study by Hendrikx et al. (2009). The coefficient ranges from
-1 (dispersion) to +1 (clustered). A value of zero indicates a random pattern (Figure
2.10). The null hypothesis chosen was "no spatial autocorrelation exists". For this study,
we choose a level of significance p < 0.05 to reject the null hypothesis. The Moran's
| statistics was calculated with the Moran.| - function implemented in the ape-package
(Paradis et all, 2004) for R (R _Development Core Team, [2009) and is defined as:

N Zizjwij(zi_z)(zj_z)

LD S ST SNy 7

(2.8)

where N is the number of sampling locations indexed by i and j, Z is the mean of the
variable under study and w;; is a matrix of spatial weights. This study uses an inverse
distance matrix which gives more weight to smaller distances. Note that the Moran’s |
coefficient describes the spatial structure of the variable of interest including a possible
slope scale trend, i.e. the data were not de-trended.

Figure 2.10: Schematic of three theoretical patterns. Representing a) a dispersed pat-
tern (Moran’s | = -1) b) a random pattern (Moran’s | = 0) and c) a clustered pattern
(Moran's | = +1).
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2.5.3 Non-spatial statistics

Non-spatial statistics, i.e. the measurement location was not considered for statistical
analysis, have been used in this study to describe the data. All parameters analyzed in
this study were tested for normal distribution. They passed the Kolmogorov Smirnov
test (p < 0.05) (Spiegel and Stephens, [1999), but were often slightly skewed. Therefore,
the median, the semi-interquartile range (SIQR) as well as the quartile coefficient of
variation (QCV) were used to describe the observed data.

The semi-interquartile range (SIQR) was used to describe the absolute dispersion of the
observed data. The SIQR (Spiegel and Stephens, 11999) is defined as:

siqn- ¢=@

with Q1 the 1% (25% of the data) and Q3 (75% of the data) the 3"¢ quartile.

The quartile coefficient of variation (QCV) as a relative measure of dispersion is defined
as:

Q3-Q1

eV = Q3+ Q1

(2.10)

For comparison with other studies the quartile coefficient of variation (QCV) can be
related to the coefficient of variation (CV) such that:

v — g QCv (2.11)

Tree statistics and performance measures

Univariate tree statistics (Breiman et all, [1998) were used to derive threshold values
for stability classification (see chapter 4.1), i.e. distinguish between the stability classes
of poor and fair — to — good. Bellaire et al. (2009) used this stability classes for the
stability classification of SMP profiles. For these classification profiles with a rutschblock
score < 3 were assigned to the group of poor, profiles with a rutschblock score > 3
as fair — to — good point stability. To estimate the performance of these different
cross-correlated prediction models contingency tables as schematically shown in Table
2.5 were generated (Wilks, 1995). Various performance measures can be derived from
these contingency tables (Doswell et al., 11990).
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Table 2.5: Schematic of a contingency table.

Observation
poor fair-to-good

Model poor a b
fair-to-good c d

This study focused on 3 measures. The hit rate (HR)

a+d

HR = ——
a+b+c+d

(2.12)

is a measure of the overall accuracy. The poorest hit rate is zero if a = d = 0, whereas
the best possible hit rate is 1 (b = ¢ = 0). The second parameter is the probability of
detection (POD) defined as:

a
a—+c

POD =

(2.13)

A POD of 1 indicates a perfect prediction of poor stability. Finally the probability of
non-events (PON) is 1 if all observations classified as fair — to — good are modeled
correctly.

4

PON =
b+d

(2.14)
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This chapter introduces the data sets used for this study. A summary of all 23 grids mea-
sured during the winters of 2006-2009 is given as well as information about the performed
measurements within each grid including compression tests and SMP measurements. In
addition, the dataset used by Bellaire et all (2009), which was supplemented with addi-
tional SMP signals for this study, is presented.

3.1 Grids

During three winters between 2006 and 2009 twenty three grids were carried out on differ-
ent slopes above timberline (at about 2400 m a.s.l.) in the region of Davos, Switzerland
(Figure 3.1, Table 3.1). The slopes had four different aspects (N, NE, S, SW) and the
slope angle varied between 18° and 35°. Five grids were discarded since the majority of
the SMP measurements were erroneous. One grid, performed on a strongly wind affected
slope was also discarded, because the weak layer could not be identified in most of the
SMP signals. Therefore, only 17 out of 23 grids were analyzed in this study.

In nine out of the remaining 17 grids the weak layer consisted mainly of persistent grain
types (Jamieson and Johnston, 11998) and in three cases at least the secondary grain
type was persistent (Table 3.1). The remaining five weak layers or interfaces were either
mixtures of decomposed fragmented precipitation particles and small rounded grains (3)
or hardness changes across a layer interface between layers of small rounded grains (2).

The selection of a grid location was strongly depending on the avalanche danger as well as
on weather conditions during the field day. A slope was selected by the most experienced
member of the field crew. No specific slopes or aspects were preferred for sampling.
The slopes had a rather uniform snow depth distribution and were undisturbed. The
meteorological conditions were recorded by the automatic weather stations. To relate
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observed snow cover conditions to meteorological parameters, generally slopes close to
weather stations were sampled. During the winter of 2007-2008 fortnightly measurements

have been performed on a south-west facing slope (blue open circles, zoom Figure 3.1)
to follow stability over time.
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Figure 3.1: Map of the experimental site. The locations of the automatic weather
station (X) are shown as well as the grid locations for the three winters between 2006
and 2009 (colored open circles). The small map represents a zoom of the south-west
facing slope where many of the grids have been performed.

3.2 Stability tests

Each grid contained a manual snow profile supplemented with a rutschblock test. Sev-
enteen rutschblock tests were analyzed. The layer identified by the rutschblock was
defined as the weak layer. Rutschblock scores and the release types are shown in Table
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Table 3.1: Summary information for the 23 carried out grids. Beside date and location, aspect slope angle and weak layer primary
grain type(WL) are given as well as the profile type (PT) according to [Schweizer and Wiesinger (2001) the rutschblock score
(RB) and release types (RT). Additional given are the mean compression test score (CT), the absence or presence (x) of signs
of instability, notes and finally if the grid was used (x).

No. ID Date Coordinates Asp. Angle WL PT RB RT CT Signs Notes Used
X Y o

1 1-0607 25.01.2007 779164 186514 SW 19 RG 3 4 wb, ¢ RR Rammrutsch X
2  2-0607 02.02.2007 779404 186872 NE 20 RG 5 7 - 175 X
3  3-0607 16.02.2007 779500 186540 N 30 FC 3 5 wb,c 13 X
4 4-0607 06.03.2007 779296 186774 N 18 DH 4 6 bs, ¢ 15 X frozen sensor

5 5-0607 08.03.2007 779170 186535 SW 23 DF 3 5 E, c 12 X
6 6-0607 15.03.2007 778650 185970 N 33 DH 2 3 wbhr 12 X X
7 1-0708 10.01.2008 779170 186525 SW 22 FC 2 2 wb,¢c 105 X x
8 2-0708 17.01.2008 779515 186529 N 32 RG 3 5 wb,¢c 115 X
9 3-0708 23.01.2008 779179 186538 SW 22 DH 1 2 wb,c 11 X X
10 4-0708 31.01.2008 779300 186775 N 20 FCmx 3 4 wb,c 145 X
11 5-0708 07.02.2008 779154 186537 SW 22 DH 3 4 wb,r 125 X X
12 6-0708 15.02.2008 779401 186560 N 32 FC 4 6 E,c 225 X
13 7-0708 19.02.2008 779155 186545 S 23 FCmx 3 3 bs, r 14 X
14  8-0708 06.03.3008 779171 186571 S 18 DH 4 6 E.r 165 X frozen sensor

15 9-0708 18.03.2008 779341 186591 NE 34 RG 4 4 bs, s 19 X X
16 1-0809 09.01.2009 779155 186532 SW 23 FC 4 6 bs, ¢ frozen sensor

17 2-0809 14.01.2009 779312 186765 N 20 RG 4 5 E,s 135 X
18 3-0809 29.01.2009 779164 186546 SW 20 DH 3 3 bs, r 12 X frozen sensor

19 4-0809 30.01.2009 779499 186530 N 30 RG 3 4 bs, c 11 X
20 5-0809 05.02.2009 779275 186781 N 20 SH 3 5 wb,c 19 frozen sensor

21 6-0809 19.02.2009 779162 186527 S 20 DH 4 5 bs, ¢ 13 X X
22 7-0809 26.02.2009 779194 186530 SW 21 FCmx 4 6 wb,r 18 x
23 8-0809 17.03.2009 778635 185959 N 35 DH 3 4 bs, r 18 no continuous weak layer
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3.1. Rutschblock scores ranged from 2 to 7 (no release). Most release types were whole
block releases (10 out of 17). Four rutschblocks released below skis and in three grids
only an edge released.

Compression tests were also carried out in all grids. Each grid contained 10 pairs of
compression tests. In total 340 compression tests were analyzed. The median compression
test scores ranged from 10.5 to 22.5. Only compression test scores for the weak layer
identified by the rutschblock test were taken into account for this study. The minimum
score of two side by side compression tests was used. The median difference between two
adjacent compression tests was 1 score (3rd quartile: 3 scores). In most cases, the RB
failure layer also failed in both of the two adjacent compression tests. In 19 out of 170
compression test pairs, only one compression test of the pair failed on the weak layer
identified by the rutschblock test. In 12 out of 170 compression test pairs the weak layer
identified with the rutschblock could not be fractured with the compression test.

3.3 SMP measurements

3.3.1 Grids

To quantify snow cover properties SMP profiles were measured at 46 locations over
the entire grid. In total 1058 SMP signals were recorded. From these 1058 profiles 295
profiles had to be discarded due to erroneous signals (Table 3.1). All SMP signals were
visually inspected. So far no method exist to identify erroneous signals automatically.
Pielmeier and Marshall (2009) used a four level quality check (C1-C4) to rate signal
quality (Table 3.2).

Before the sensor tip touches the snow surface, the tip travels through the air while
measuring. The signal measured in air should only be affected by vibrations from the
motor and can be used as a baseline signal (micro-variance) to identify erroneous signals.
A typical air signal oscillates around zero with a maximum amplitude of + 0.02 N
depending on the specific SMP. If the sensor is frozen this amplitude is much smaller.
Within the snow cover, an erroneous signal due to a frozen tip can be identified by a
nearly linear increase in penetration resistance.

All analyzed SMP signals belong to the group C1, i.e. no trends and off-set visible. The
remaining 763 profiles were analyzed as described in the Methods section. IDL procedures
(IDL version 6.4) were used for signal processing. These procedures were based on the
micro-structural model introduced by lJohnson and Schneebeli (1999) and on the stability
formulation introduced by [Bellaire et al. (2009).
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Table 3.2: Four level SMP signal quality check suggested by Pielmeier and Marshall
(2009).

Quality Type of SMP signal error

C1 None
C2 Trend or offset in absolute SMP force
C3 Dampened or disturbed SMP force micro-variance

C4 Both C2 and C3

3.3.2 Stability algorithm

To verify the SMP stability algorithm introduced by [Bellaire et al/ (2009) a dataset
consisting of 71 SMP profiles from the eastern Swiss Alps was used. These profiles were
measured close (< 0.5 m) to a manual snow profile completed with a stability test.
Stability tests used were the rutschblock test (in 59 cases) and the compression test (in
12 cases). This data set is similar to the data set used by Bellaire et al! (2009), but
was supplemented with additional SMP measurements. The old data set was verified
using the four level quality check (C1-C4) introduced by IPielmeier and Marshall (2009).
Following this procedure erroneous signals (about 10%) had to be discarded from the
original data set.

Compression test scores were converted into comparable rutschblock scores according to
Schweizer and Jamieson (2003). The rutschblock scores covered the entire range (1 to
7) with a median score of 4.

In 41% of the 71 observed profiles the primary grain type in the failure layer was faceted
crystals. In another 22 profiles, the failure layer primarily consisted of either depth hoar
(16%), rounded facets (13%) or buried surface hoar (1%). In the remaining failure
layers (29%) melt forms, graupel and mixtures of rounded grains and decomposed and
fragmented precipitation particles were observed. The failure depth ranged from 5 cm
to 62 cm, with a median value of 30 cm.

For the stability classification of the SMP stability index proposed by |Bellaire et al/ (2009)
the profiles (N = 71) were grouped into two stability classes based on the rutschblock

score. Scores < 3 indicated rather poor (N = 28), scores > 4 fair — to — good stability
(N = 43).
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Results

This chapter summarizes the results of this study. First, a re-analysis of the SMP stability
algorithm introduced by Bellaire et al) (2009) is presented. Second, the results of a spatial
and non-spatial analysis of the data are shown. Finally, the observations are related to
snow slope stability.

4.1 SMP Stability algorithm

4.1.1 Introduction

Collecting stability information, i.e. performing stability tests like the compression test or
the rutschblock test, is time consuming. Measuring the snow stratigraphy over one meter
with the SMP takes about two minutes. In contrast, a manual snow profile supplemented
with stability tests lasts about one hour. A SMP signal based stability information would
therefore increase the amount of available stability information and would reduce the un-
certainty of estimating slope stability with a single stability tests. That means, additional
objective stability information would be available.

The following re-analysis which is used for further analysis in this study is based on the
proposed algorithm by Bellaire et all (2009), but uses an extended dataset (see section
3.3.2). The re-analysis of the algorithm includes, beside the analysis made by Bellaire
et al. (2009), a more detailed analysis of micro-structural parameters, which may be
used to assess slope stability.

The algorithm estimates stability by a stepwise sequential analysis of micro-structural
parameters - see method section for details - derived from the SMP signal. First, the four
weakest transitions between layers are identified. Second, for each of the four weakest
transitions the corresponding weak layer boundaries are defined. Third, by taking into
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account the layer structure, the layer that will most likely fail is selected from the four
potential weak layers. Finally, based on an analysis of weak layer and slab properties
SMP signals are classified into two stability classes of poor and fair — to — good.

4.1.2 Model development

This section provides the theoretical background of the algorithm. The stability algorithm
is based on four assumptions (Bellaire et all, 2009) which are mainly based on the micro-
structural parameters as introduced above.

a) The microstructural element length L, is larger for poorly bonded snow than it is for
well-bonded snow (Johnson and Schneebeli, [1999). As a consequence the number
of ruptures n,eqks per unit length is much smaller for poorly bonded snow than for
well-bonded snow.

b) A weak layer can often be described as a region of poorly bonded grains, i.e. fewer
bonds per unit volume. The rupture force f, in a layer of poorly bonded grains
is lower than the ruptures force in a layer of well-bonded grains (Johnson and
Schneebeli, [1999).

c) Large discontinuities in structure (hardness and grain size) between layers indicate
weak areas or interfaces (Schweizer and Jamieson, 2003).

d) Weak layers buried deep within the snow cover are less prone to skier triggering,
because the additional skier-induced stress strongly decreases with increasing depth
(Fshn, [1987).

Weak layer detection

Following assumptions (a) and (b) a parameter relating to the structure of layers named
U is defined:

U — frnj:aks (41)

where f. (N) is the rupture force averaged over 1 mm of the SMP signal, n,.qss the
number of peaks within 1 mm and A is the lateral surface area of the sensor tip (39
mm?). The parameter ¥ is smaller for poorly bonded than for well-bonded grain types
(see assumptions (a) and (b)).

Following assumption (c), that is large discontinuities in properties between layers in-
dicate a weakness, the gradient of ¥ (1 mm) is calculated over the entire signal. The
gradient of W, which can be interpreted as a layer boundary property, is only relevant for
instability when the peak force F},,, is also small and indicates low strength. Therefore,

40



4.1 SMP Stability algorithm

the gradient of W is scaled by the ratio of the peak force F},,. to the lateral surface area
A of the sensor tip:

_ Agrad¥

B
Fma:c

(4.2)

As the peak force F,,, is typically smaller for poorly bonded layers than for well-bonded
layers, sections of the SMP signal with F},,, > 0.5 N are not considered for further
analysis. This value of 0.5 N is used a pre-filter, since weak layers have to be weak, and
was derived empirically.

In early winter thick depth hoar layers may form at the base of the snowpack. These
layers may persist for the whole winter, but can usually not be skier triggered when
they are buried deeper than about 1 m. However, in the SMP signal they are often
identified as a weak transition, because W is much smaller for larger grains than for
smaller grains. To avoid this, the parameter B was additionally weighted by a depth
dependent factor w, which was derived from the frequency distribution of slab thickness.
This factor corresponds to the Weibull density distribution:

w(z) = f(z,0,8) = 7 271 e 3" (43)

™| Q

where z is the slab thickness and v and 3 are the coefficients of the Weibull distribution.
These latter coefficients were obtained from the frequency distribution of thicknesses
of snow slabs above the failure surface from 512 stability tests done in Switzerland and
Canada (updated from |Schweizer and Jamieson (2003) (Figure 4.1) ) where z is the slab
thickness, and « and 3 are the coefficients of the Weibull density distribution: oo = 2.5,
B = 500. Without this weighting factor w the snow surface is in most cases identified
as the weakest transition (air/snow).

Combining Equations (4.2) and (4.3) yields to the final parameter A to seek potential
weaknesses in a SMP profile:

_ Agrad¥

A
F max

w(z) (4.4)

The parameter A can be negative for transitions between poorly-bonded layers and well-
bonded layers, and positive for bonded/poorly-bonded transitions, i.e. a potential weak
transition (WT) is located where A either reaches a maximum or a minimum value.
For further analysis, the two primary (min and max) and the two secondary extreme
values that were closer to the surface than the primary ones, were used. Furthermore, a
transition once identified by either a minimum or a maximum can not be selected again.
That means four independent weak layers are identified by the algorithm.
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Figure 4.1: Histogram of slab thickness from 512 stability tests performed in the Swiss
Alps and the Columbia Mountains of western Canada, and the fitted Weibull distribu-
tion (solid line).

Figures 4.2 a to f summarize the above described procedure for identifying the critical
weak layer in SMP signals. First, the SMP signal is averaged over 250 measurements,
i.e. over 1 mm (Fig. 4.2a). Four extreme values of the parameter A are identified (Fig.
4.2b). Transition number two (Fig. 4.2b) was the observed weak layer in the rutschblock
test (depth zy, = 465 mm). The Figures 4.2c to 4.2f show the region of the weak
layer for the penetration resistance I, the parameter U, the rupture force f, and the
number of ruptures npe.xs. The parameter U is shown in Figure 4.2d. W is equally small
for persistent as for non-persistent layers, what indicates similar bonded layers. The weak
layer (transition number two) in this example is a layer of rounded facets (FCmx) below
a layer of small rounded grains (RG) that is harder than the weak layer. Figure 4.2¢
shows the rupture force. The rupture forces below and above the hard layer are quite
similar. In fact, similar grain sizes (i.e. similar bond sizes) were observed, supporting
assumption (b). As a result in this case, following Equation (4.1), U can only be smaller
if the number of ruptures is smaller, which is often the case for layers of poorly bonded
grains (Fig. 4.2f). In the example shown, the layer of rounded facets has slightly fewer
bonds than the layers above the harder layer. This figure also shows the difficulty of
detecting weak layers that have structural parameters that are similar to those of layers
that are not weak layers.
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Figure 4.2: (a) Original (black solid) and averaged SMP signal (gray solid line, 1 mm average).
(b) Parameter A to find potential weak transitions. The locations are indicated by the numbers 1
to 4. (c) Zoom to the region of weak layer (dashed lines in a) with original (solid black line) and
averaged (solid gray line) SMP signal. Dashed lines show upper and lower boundaries indicated by
the algorithm. (d) Parameter U at the depth of the weak layer with grain types for both the observed
weak layer and adjacent layer. (e) Averaged rupture force for the depth of the weak layer. Dashed
lines show layer boundaries of the weak layer. (f) Number of ruptures for the region of the weak
layer. Dashed lines show upper and lower boundaries of the weak layer defined by the algorithm.
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Defining weak layer boundaries

The parameter A identifies four potential weak transitions, i.e. poorly bonded regions
in the resistance-depth profile. [Colbeck et al! (1990) defined a layer as a stratum which
is different in at least one respect (hardness, grain size, shape) from the stratum above
and below. To define the upper and lower boundaries of the potential weak layer, the
minimum force F},,;,, within 1 cm either above and below the weak transition (WT) was
identified. If the minimum force F),;, (averaged over 1 mm) was found above the weak
transition, WT was defined as the lower layer boundary, otherwise as the upper layer
boundary. To define the other layer boundary the coefficient of variation was calculated.
The local coefficient of variation (CV) is defined as the standard deviation divided by
the mean over 1 mm of penetration force signal. It is assumed that a layer boundary is
located where the gradient of the CV is larger than 0.1. The value of 0.1 was derived
empirically by comparing the gradient of the CV to the observed manual profiles and their
layering. The locations where the threshold of 0.1 is exceeded correspond to the upper
and lower boundary, respectively. However, the upper and lower boundaries often fall
within the transition zone, as hardness changes gradually between two layers of different
hardness. Therefore the final upper and lower boundaries are assumed to be located in
the middle between the boundaries and the position of the minimum force F},;,. The
above described procedure is illustrated in Figure 4.3.

+1 cm CV>01=2"LB
e T UB
= LB
———————— WT WT =15t LB
-1 cm

Figure 4.3: Schematic of layer boundary detection. Left: Picking of weak transition
(WT) by A and searching for the minimum penetration resistance F,,,;,, within £ 1 cm.
Right: Defining the weak transition as first temporary layer boundary and searching
for the first position where the coefficient of variation is > 0.1 (second temporary
boundary layer). The middle between these two positions and the minimum penetration
resistance is defined as upper (UB) and lower (LB) boundary, respectively.

Critical weak layer detection

In order to test the algorithm, the failure depth of the automatically picked critical weak
layers was compared to the depth of the failure layer that was identified manually in
the SMP profile with the help of the manual snow profile and the stability test. When
applying the algorithm, i.e. seeking the four potential weak layers in the profiles, in 90%
of cases (64 out of 71) one of the four potentially weak layers derived from the SMP
signal coincided with the observed weak layer (Fig. 4.4a).

44



4.1 SMP Stability algorithm

As described above four potential weak layers are identified by the algorithm. To decide
which of the four potential weaknesses is most prone to be skier triggered, two potential
critical layers were selected from the four identified layers by choosing the two layers
with the lowest penetration resistance. Then, the layer (one of these two) that showed
the maximum difference in penetration resistance between the slab and the weak layer
is defined as the layer which is most prone to be skier triggered. Different combinations
of various micro-structural parameters and their differences between slab and weak layer
were tested. However, the above described procedure performed best and in 58% of the
64 SMP signals the weak layer identified by the algorithm corresponded to the observed
weak layer (Figure 4.4b), random picking yields to 25%. This accuracy is comparable
to the performance of stability field tests such as the Compression Test or the Extented
Column Test (Winkler and Schweizer, 2009). These stability tests performed adjacent
to each other identified the same weak layer only in about 60% of the cases.

For comparison, Figure 4.4c shows that the depth of the minimum penetration resistance
was poorly related to the observed failure depth. The agreement was only 11%. This
implies that micro-structural properties and micro-mechanical strength derived from the
SMP signal are essential for weak layer detection.

4.1.3 Stability formulation

Various weak and slab layer properties were contrasted for the stability classes of poor
and fair — to — good (Fig. 4.5). These properties included the penetration resistance
(F'), the number of peaks (npcqrs), the element length (L), the rupture force (f,), the
micro-structural strength (S) and the parameter W. For the comparison only those 64
profiles were considered where one of the potential weaknesses was the observed weak
layer.

The profiles rated as poor had lower median values for all variables, except the element
length L, than the profiles rated as fair — to — good (Figure 4.5). For all variables,
except the weak layer penetration resistance (p,; = 0.286 , pga = 0.293), the observed
differences were judged to be statistically significant (p < 0.05) based on a nonparametric
Mann-Whitney U-Test (Spiegel and Stephens, 1999).

For the significant variables a threshold value was determined using univariate 10-fold
cross-validated tree statistics (Breiman et all, 1998) to classify the profiles into the two
stability classes. The performance of the different classifiers is indicated by the hit rate
(HR), the probability of non-events (PON) and the probability of detection (POD),
as shown in Table 4.1. The best hit rate (75%) were observed for the micro-structural
strength and for the parameter W of the slab layers. Furthermore, both parameter showed
the same threshhold value (15 kPa). This can partly be explained by the fact that the
micro-strength and the parameter W are comparable (compare equation (2.3 and 4.1).
However, the parameter ¥ was a slightly better predictor of weak layer instability since
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Figure 4.4: (a) Failure depth derived from rutschblock test and compression tests vs.
failure depth as selected manually from the four suggested weak layers (accuracy:
90%). (b) Comparison of the observed failure depth to the failure depth of the weak
layer derived automatically by the algorithm (accuracy: 58%). (c) Comparison of the
position of the lowest measured penetration resistance to the observed failure depth
(accuracy: 11%). The solid line in each graph shows the "one-to-one" relationship.
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the POD was larger for ¥ than for S.

As described in the method section a reliable detection of poor stability is preferred. The
best performance was for the weak layer ¥ with a POD of 88% and a threshold value of
15 kPa. This value is three times larger than the value found by [Bellaire et al! (2009).
Bellaire et all (2009) used a different dataset (not cross-validated) which could explain
this difference. More data are required for a robust estimation of threshold values. The
parameter W for the slab layers showed a lower POD (57%), however the probability of
detecting non-events (PON) was 87% with also a treshhold value of 15 kPa.

Using these threshold values to select the most critical weak layer (one out of four)
instead of the above described procedure did not perform better, revealing the complexity
of an automatic detection of weak layers. In addition, a multivariate classification, i.e. all
parameter of weak and slab layers were used for the classification, results in a classification
only based on the parameter V.

Table 4.1: Threshold values, hit rate (HR), standard deviation of (HR), probability of
non-detection (PON) as well as probability of detection (POD) for various weak and
slab layer properties: Penetration force (F), the number of peaks (7,eqks), the element
length (L), the rupture force (f,), the micro-strength (.S) and the parameter W.

Weak layer
Parameter Unit Threshold HR STD PON STD POD STD
% % % % % %
F N < 0.115 50 0.04 43 0.06 54 0.09
Npeaks - < 10.5 67 0.02 62 0.04 75 0.03
L mm > 15 61 0.02 62 0.03 59 0.05
fr N < 0.035 72 0.004 63 < 0.001 85 0.01
S kPa <15 71 0.03 62 0.04 85 < 0.001
1\ kPa < 15 66 0.03 50 0.02 88 0.07
Slab layers
F N < 0.065 56 0.05 70 0.07 36 0.07
Npeaks - <538 68 0.03 74 0.05 59 0.04
L mm > 1.9 67 0.03 74 0.05 57 0.04
fr N < 0.025 71 0.02 79 0.03 58 0.02
S kPa <15 75 0.03 74 0.02 77 0.07
1\ kPa < 15 75 0.01 87 0.01 57 0.03
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Figure 4.5: Comparison of various properties for weak layer and slab layers. Shown are
the the penetration force (F'), the number of peaks (7eqxs), the element length (L),
the rupture force (f,.), the micro-strength (S) and the parameter V.
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4.2 Non-spatial analysis of grid data

4.2.1 Introduction

The following section presents a non-spatial analysis of four layer properties. These four
parameters are, the mean penetration resistance F’, the maximum penetration resistance
F0z, the parameter W as introduced in section 4.1 and finally the layer thickness D.
Each parameter was calculated for the weak layer as well as for the slab layers.

These four layer properties were chosen because:

1. Penetration resistance F: Small penetration resistance indicates low strength.
Weak layers are typically layers of low strength. A slab consisting of new snow, has
a small penetration resistance and failure initiation is likely, but fracture propaga-
tion is unlikely. On the other hand, slab layers of well consolidated snow (e.g. small
rounded grains) show typically high penetration resistance which favors fracture
propagation (van Herwijnen and Jamieson, 2005).

2. Maximum penetration resistance F},,,: Crusts have a much higher penetration
resistance and might hinder fracture initiation if they are part of the slab layers
(van Herwijnen and Jamieson, [2005; [Habermann et al!, [2008).

3. The parameter W: The parameter U relates to the structure of layers. U is smaller
for poorly bonded snow (fracture propagation is likely) and larger for well bonded
snow (fracture propagation is unlikely)(Bellaire et al., [2009).

4. Depth D: Weak layers located near the surface (< 15 cm) and deeper than 1 m
are rarely ski triggered (Fohn, 1987 [Schweizer and Jamieson, 2003).

The degree of variation of these parameters and of point stability were determined as
well as possible slope scale trends. The aim of this analysis was to relate the variation
and absolute values to slope stability.

Various degrees of variation were observed for the snow cover properties and point
stability. However, the interpretation of these results especially with regard to avalanche
formation remains challenging. In the following a possible interpretation of point stability
(compression test) patterns with regard to failure initiation and fracture propagation is
introduced.
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4.2.2 Layer properties

Variation of layer properties

Statistics for all parameters and each grid are shown in Tables A.1 - A.4 (Appendix A).
The median values of the penetration resistance and the parameter ¥ were typically
higher for the slab layers than for the weak layer (14 out of 17). Obviously, the median
thickness D and the maximum penetration resistance F,,. were always larger for the
slab than for the weak layer (17 out of 17). The semi-interquartile range (SIQR) of
the penetration resistance was smaller for the weak layer in 12 out of 17 cases. For the
parameter ¥ the SIQR was smaller for the weak layer in 13 out of 17 cases. Similar to the
median values, the SIQR of the layer thickness D and maximum penetration resistance
F 0 was always smaller for the weak layer than for the slab layers.

Table 4.2 summarizes values of the median as well as of the the semi-interquartile range
(SIQR) for the 17 grids. In addition, the minimum and maximum values of the quartile
coefficient of variation (QCV) is shown. The semi-interquartile range (SIQR) can be
interpreted as a measure of variation since it is a measure of the absolute spread of the
data. The quartile coefficient of variation (QCV) describes the relative variation.

The median values of all parameters were higher for the slab layers than for the weak
layer. The semi-interquartile range (SIQR) was smaller for the weak layer than for the
slab. That means, the observed weak layer properties showed smaller absolute variations
than the same properties within the slab. The quartile coefficient of variation (QCV)
showed a large range for all parameters. The coefficient was typically smaller for the slab
layers than for the weak layers. The largest range was observed for the weak layer ¥ and
the smallest for the weak layer maximum penetration resistance F,,,,.

Table 4.2: Summary statistics of the four parameters, ¥, F,,.., F', and D. Given are
median values for the weak layer and the slab layer properties of all 17 grids. Shown
are the median, the semi-interquartile range (SIQR) and the minimum and maximum
of the quartile coefficient of variation (QCV).

Weak layer Slab layer

Median SIQR QCV Median SIQR QCV
Min - Max Min - Max

¥ kPa 886 352 0.08-081 3029  6.29 0.04-0.48
Fruw N 022 0.05 0.12-0.31 275 038 0.11-0.38
F N 0.10 0.02 0.14-0.62 020 0.05 0.10- 0.46
D cm 179 034 007-061 30.23 248 0.04-0.38
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Relation between properties

To estimate the relation between weak and slab layer properties in the seventeen grids
Pearson correlation coefficients were calculated. All parameter passed the Kolomogorov-
Smirnov test (p < 0.05) to ensure normality. Calculation was done for the median and
the semi-interquartile range of all four parameters, ¥, F,,.., F' and D. The median was
taken instead of the mean because the data were slightly skewed.

No correlation was observed between the weak and slab layer thickness. The correlation
coefficients are displayed in Table 4.3. Strong positive correlation was observed for the
three other parameters. The parameter U showed the strongest correlation between weak
layer and slab layers for the semi-interquartile range (SIQR) and the median, 0.9 and
0.7, respectively. That means, large variations or median values of the slab layers were
related to large variations or median values of the weak layer and vice versa.

Table 4.3: Pearson correlation coefficients between weak and slab layer properties cal-
culated for the parameter W, the penetration resistance I, the maximum penetration
resistance F),., and the thickness D. Correlation coefficients are given for the median
and the semi-interquartile range.

Median SIQR

v 0.7 0.9

F 0.6 0.6
- 0.4 0.5

D <01 <01

Point stability variation

Summary statistics for the compression test scores and fracture character of the each
weak layer are given in Table 4.4. The weak layer was identified by the rutschblock test
and assigned to the compression tests.

For eight grids the median compression test score was < 13, two grids showed median
scores > 20 and for the remaining seven grids the median compression test score was
between 14 and 19. The semi-interquartile range (SIQR) for seven out of the eight
grids with compression test score < 13 was below 1. That means, the variation was
less than 2 scores for 50% of the data. The SIQR of the grids with intermediate and
high compression test scores was larger than 1. Except for grid 5 and 7 from winter
2007-2008, these grids show an SIQR below or equal to 1, respectively. However, the
variation occure across classes of intermediate and high compression test scores.

Fracture characters were grouped into either sudden fractures (0) or non-sudden fractures
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(1). Ten compression tests were chosen as described in section 2.5.1. The proportion
(Ratio in Table 4.4) of sudden to non-sudden fractures was calculated. Seven grids
showed sudden fractures over the entire grid (Ratio = 0/10). For two grids only one pair
of compression tests showed a non-sudden fracture (Ratio = 1/10). The weak layer of
grid 2-0809 was associated with non-sudden fractures (Ratio = 10/10). The compression
test fracture character of the remaining seven grids showed non-sudden fractures as well
as sudden fractures. Ratios varied from 3/10 to 7/10.

To obtain a relation between point stability variation and snow cover properties the me-
dian and semi-interquartile range of the four parameter (F', F,,.., ¥,D) were correlated
with the point stability variation (SIQR) as shown in Table 4.4. Table 4.5 shows the
correlation coefficients for the weak layer and slab layers. The strongest correlation was
observed for the parameter W. The semi-interquartile range as well as the median of the
parameter W were positively correlated with point stability variation. That means, the
point stability variations were related to variation of the structural parameter W. The
other parameters showed no or weak correlation with point stability and its variation.

4.3 Spatial analysis of grid data

4.3.1 Introduction

It is assumed that the spatial structure of snow cover properties affects snow slope
stability. To determine the correlation length in the measurements a geostatistical analysis
was performed. In addition, the Moran'’s | coefficient, a measure of spatial autocorrelation
was calculated. These two statistical methods were applied to the four weak and slab
layer properties assumed to be relevant for the avalanche formation process. Prior to the
geostatistical analysis the data need to be de-trended to ensure stationarity. The trend
analysis is also shown in this section.

4.3.2 Slope scale trends

Slope scale trends were described by fitting a linear model (Eq. 2.5) to the data. All
regression coefficients are displayed in Tables A.5 to A.8 in Appendix A for the four
parameters under study.

Table 4.6 summarizes the number of observed trends in either X, Y or both directions of
the four parameters for the 17 grids. Depending on the parameter, trends were present
in up to 12 grids out of 17 for the weak layer (V). The correlation coefficient R? varied
between < 0.01, i.e less than 1% of the variation can be explained by slope scale trends,
and 0.44 depending on the parameter.
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Table 4.4: Basic statistics of the compression test scores and type (N = 10) for all
seventeen grids. Shown are the minimum and maximum compression test score as
well as the median, mean, 1°¢ (Q1) and 3" (Q3) quartile and the resulting semi-
interquartile range and quartile coefficient of variation. Ratio gives the number of
non-sudden fractures out of 10 compression tests.

Compression Test

Score Fracture type
Grid ID Min Max Median Mean Q1 Q3 SIQR QCV Ratio
1-0607 11 35 27.5 26.6 20 35 75 0.27 7/10
2-0607 13 21 17.5 17.3 16 19 1.5 0.09 0/10
3-0607 11 35 13.5 19.8 13 306 8.75 0.40 4/10
5-0607 11 35 12 142 1125 12 0.375 0.03 3/10
6-0607 5 13 12 115 1125 13 0.875 0.07 0/10
1-0708 3 11 10.5 9.1 7.75 11 1.625 0.17 0/10
2-0708 11 12 11.5 11.5 11 12 0.5 0.04 4/10
3-0708 3 14 11 10.6 11 11.75 0.375 0.03 0/10
4-0708 11 22 145 15.9 13 195 325 0.20 3/10
5-0708 10 14 12.5 12.3 12 13 05 0.04 0/10
6-0708 18 35 24 273 2225 35 6375 0.22 4/10
7-0708 9 16 14 13.8 13 15 1 0.07 0/10
9-0708 18 35 19.5 21.3 19 215 125 0.06 4/10
2-0809 12 35 14 18.2 13 175 225 0.15 10/10
4-0809 11 15 11 12 11 12.75 0.875 0.07 1/10
6-0809 11 15 13 13.2 13 14 0.5 0.04 1/10
7-0809 15 21 18 18 1625 19.75 1.75 0.10 0/10
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Table 4.5: Results of the correlation between the variation of point stability (SIQR
Table 4.4) with the semi-interquartile range and the median of the four parameters
under study. Given are the correlation coefficients for the weak layer and the slab
layers.

Weak layer Slab layers
Median  SIQR Median SIQR
v 0.44 0.56 0.46 0.44
Frae  0.25 0.02 -0.03  0.15
F 0.07 <o0.01 023  0.13
D -0.01 0.12 0.07 -0.11

In contrast, the trends observed for the slab layers (up to 10 grids out of 17) explain up
to 95% of the slope scale variation (Table 4.7). These 95% were observed for the slab
layer thickness of grid 6 of winter 2006 - 2007. That means, only 5% of the variation was
related to variation of the residuals. In fact, this grid was observed at a wind affected
slope where slab thickness decreased from the lower right to the upper left corner (looking

uphill).

The weak layer thickness is the only parameter which showed only uni-directional trends,
i.e. significant coefficients in only one direction. The layer thickness increased either in
up-slope or in orographic left direction. The weak layer maximum penetration resistance
as well as the parameter U tended to decrease in up-slope direction as well as in oro-
graphic left direction. The penetration resistance of the weak layer decreased in up-slope
direction.

Slab layer thickness decreased in up-slope direction as well as the maximum penetration
resistance and the parameter W. The mean penetration resistance of the slab layers
increased in up-slope direction.

Contour plots of grid properties

For visualization contour plots, i.e a linear interpolation between measurements point
(not de-trended), of the parameter W, thickness D, maximum penetration resistance
F.ac and penetration resistance F' for weak layer and slab layer of all seventeen grids
are shown in Appendix B - E.

The contour plots of the measured weak layer and slab layer properties under study
suggest that in most of the cases no clear spatial pattern exists. However, the slab layers
properties showed more often spatial patterns than the weak layers, suggesting that weak
layers are more uniform.
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Table 4.6: Slope scale trends observed for the four parameters, F', ¥, F,,.. and D
for the weak layer. See Tables A.5 to A.8 in Appendix A for details. Given are the
number of grids (out of 17) having significant trends in either X or Y direction and the
number of grids showing a trend in both directions. Total indicates the total number
of grids with trends. Also given is the median and the minimum and maximum of the
correlation coefficient R?.

Spatial trends Variation explained
X Y Both Total Median ~ Min - Max
R? R?
F 4 2 3 9 0.12 < 0.01-041
U 6 4 2 12 0.18 0.02 - 0.35
Frew. 5 3 2 10 0.12 0.01-0.44
D 3 5 0 38 0.11 0.01-0.42

Table 4.7: Slope scale trends observed for the four parameters, F', ¥, F,,.. and D for
the slab layer. See Tables A.5 to A.8 in Appendix A for details. Given are the number
of grids (out of 17) having significant trends in either X or Y direction and the
number of grids showing a trend in both directions. Total indicates the total number
of grids with trends. Also given is the median and the minimum and maximum of the
correlation coefficient R?.

Spatial trends Variation explained
X Y Both Total Median ~ Min - Max
R? R?
F 2 3 5 10 0.16 < 0.01-0.75
U 2 4 4 10 0.20 0.01 - 0.67
Fowe 1 5 2 8 0.10 0.01 - 0.57
D 2 2 5 9 021 < 0.01-0.95
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The slab layer thickness D (Appendix E) showed patterns for almost all grids. This can
partly be explained by slope scale trends, since the slab layers are affected by wind, e.g.
snow drift. In fact, the modeled trends showed the largest correlation coefficients (R?,
Table 4.7). In contrast, the weak layer thickness seems to be more uniform with small
variations.

4.3.3 Geostatistical analysis

Variogram analysis

The modeled correlation length, i.e. the range, of each grid for the weak layer and slab
layers of the four parameters (¥, F,.., ¥, D) are compiled in Table 4.8. The variogram
plots are shown in Appendices B to E.

A summary of Table 4.8 is displayed in Table 4.9. Correlation length can only be reliably
be determined up to about half of the extent (Journel and Huijbregts, [1978). Therefore,
variograms with correlation length > 8 m were classified as unbounded. These variograms
reach their sill, i.e. a plateau, close to half the extent and were therefore questionable.

More unbounded and pure-nugget variograms (see Figure 2.3) were modeled for the
weak layer than for the slab layers (Table 4.9). This means that a correlation length
smaller than half the extent was more often observed for the slab layers than for the
weak layers, indicating that slab properties were more often spatially correlated than
weak layer properties.

The median correlation length R was larger for the slab layer properties than for the
weak layer properties (Table 4.9). However, the minimum and maximum correlation
spanned almost all possible correlation length for all observed properties. The fact, that
a correlation length was observed more often for the slab layer properties than for the
weak layer properties suggest that different processes affect weak and slab layers. This
is also supported by the fact that the median correlation length was larger for the slab
than for the weak layer properties.

4.3.4 Moran’s |

The Moran's | coefficient is an index of spatial autocorrelation and was calculated for the
four parameters U, F', F,,.. and D, within each grid. Median values for the weak layer
and the slab layers are displayed in Table 4.10 (coefficients for each grid and parameter,
see Appendix A ,Tables A.9-12).

Comparing the median Moran's | coefficients of the four parameters for the weak layer
and slab layers showed that the medians were larger for the slab layers except for the
maximum penetration resistance. For the parameter ¥ the Moran's | was larger for the
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Table 4.8: Correlation length R for the parameter ¥, the penetration resistance F,
the maximum penetration resistance F,,,, and the weak and slab layer thickness (D)
given for each grid. "-" indicates a pure nugget variogram (no range), "> 8" indicates
an unbounded variogram.

Weak layer Slab layers
ID v F Fh.. D v F Fhe D
m m m m m m m m
1-0607 2 2 3 > 8 4 6 4 3
2-060r >8 >8 >8 7 >8 7 4 4
3-060r >8 >8 >8 3 4 6 3 > 8
5-0607 >8 3 3 - 6 4 6 3
6-0607 - - - - >8 6 - 7
1-0708 >8 6 3 2 2 3 6 4
2-0708 >8 >8 - 3 >8 >38 5 4
3-0708 - 4 - > 8 3 3 =28 5
4-0708 >8 >8 >8 b5 7 6 4 >8
5-0708 >8 >8 - 4 2 >8 >8 b
6-0708 6 3 3 5 7 7 3 6
7-0708 7 3 5 - >8 © - > 8
9-0708 3 3 3 >8 >8 >8 >8 3

2-0809 >8 >8 >8 =>38 >8 >8 3 >38

4-0809 3 3 3 - 4 3 3 3
6-0809 3 3 3 2 5 6 3 6
7-0809 >8 >8 - 1 >8 3 >8 >8
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Table 4.9: Summary of Table 4.8. Given are the number of unbounded variograms,
pure-nugget variograms and variograms with a sill for the weak layer and slab layers
parameters (¥, F', Fy,q., D). In addition, the median correlation length and the range

of correlation length is given.

Weak layer Slab layers
\Il F Fma;ﬂ D qj F FTTLG,$ D
Unbounded 9 7 3 4 7 4 4 5
Pure nugget 2 1 5 4 0 0 2 0
Sill (Range) 6 9 9 9 10 13 11 12
Median (m) 3 3 3 3 5 6 4 5
Min - Max (m) 2-7 26 35 17 2-7 37 36 37

Table 4.10: Median values of the Moran's’s | coefficients of weak layer and slab layer
properties W, F', F,,.. and D for all 17 grids. In addition, the number of grids out
of 17 for which the weak layer Moran's | was smaller than the slab layer Moran’s |

(Ratio) are given.

Weak layer Slab Ratio

v 0.14 0.26 11/17
F 0.12 0.26 14/17
Foaz 0.10 0.10 7/17
D 008 026  14/17
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slab layers in about 65%, for F' and D in about 82% and for F,,,, in about 41% of the
17 cases.

The Moran’s | statistics suggests that the parameters of the slab layers were more
clustered than those of the weak layer. This observation is consistent with the results
of the geostatistical analysis where larger correlation length were observed for the slab
layer properties, except for the parameter F},,, which showed similar correlation length
for the slab and weak layers.

Point stability patterns

The point stability, derived from compression tests, was classified into stability classes of
poor, fair and good as described in the Methods section (Table 2.4). Figures 4.6 to 4.8
show point stability for each grid grouped by the winter when the grid was performed.

Three different regimes were observed. First, uniform conditions within one stability
class over the entire grid, e.g. grid 5 of winter 2006-2007 or grid 4 of winter 2008-2009.
Second, variations across two stability classes, e.g. grid 2 of winter 2007-2008 and third
all classes were present over the entire grid (e.g. grid 3, winter 2006-2007).

4.4 Relating observations to slope stability

4.4.1 Introduction

Slope stability was estimated using the point stability observations as outlined in section
2.2.3. In the following, correlation length R and Moran's | are compared to slope stability.

4.4.2 Classification

Compression test scores were classified into point stability classes of poor, fair and good
(section 2.2.2). Based on point stability and the spatial distribution of point stability
(Figure 4.6 - 4.8) slopes were classified into three stability classes POOR, FAIR and
GOOD (section 2.5.2). In the following, this slope stability estimate will be referred to
as "Slope Stability I". Using this classification, eight slopes were classified as POOR,
five slopes as FFAI R and the remaining four slopes as GOOD.

Bellaire and Schweizer (2010) suggested a different slope stability classification, referred
to as "Slope Stability 1". It is based on the profile classification into five stability classes
according to Schweizer and Wiesinger (2001) (section 2.2.1), the mean point stability of
the grid (using the compression tests) and the presence or absence of signs of instability
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Figure 4.6: Point stability for the grids observed during the winter of 2006 - 2007. The
color of the circles indicates either poor (orange), fair (yellow) or good (green) point

stability.
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Figure 4.7: Point stability for the grids observed during the winter of 2007 - 2008. The
color of the circles indicates either poor (orange), fair (yellow) or good (green) point

stab

ility.
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Figure 4.8: Point stability for the grids observed during the winter of 2008 - 2009. The

color of the circles indicates either poor (orange), fair (yellow) or good (green) point
stability.

(section 2.2.3). Using this classification, only three grids were classified as POOR, five
as FFAIR and the remaining nine as GOOD.

A comparison of both slope stability classifications is given in Table 4.11. Comparing
Slope Stability | and Il shows that a) all slopes classified with Slope Stability Il as FAIR
were shifted into the group of POO R with Slope Stability | and b) five grids classified as
GOOD with Il moved to the group of F'AI R with Stability I. This shift towards unstable
conditions using Stability | can be explained by the high sensitivity of the compression
test results, i.e. compression tests tend to underestimate stability. Hence, "Slope Stability
I" is a more conservative estimate of slope stability than "Slope Stability I1" which takes
observed signs of instability into account.

The classification used by Bellaire and Schweizer (2010) seems to provide a more realistic
view of slope stability in accordance to the observations of the field crews. However, the
spatial distributed compressions tests, i.e. fracture character and score, allows one a
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Table 4.11: Slope stability classification. Shown are the grid ID, the rutschblock score
(RB) where a bold score indicates a whole block release, the profile classification
(PC) into five stability classes (1: very poor, 2: poor, 3: fair, 4: good, 5: very good)
according to [Schweizer and Wiesinger (2001) as well as the median point stability, i.e.
the median of all compression test scores. A "x" in the column "Signs" marks the grids
where signs of instabilities were observed. Slope Stability | corresponds to the slope
stability classification as introduced in section 2.5.4. Slope stability |l corresponds to
the stability classification used by Bellaire and Schweizer (2010).

ID RB PC MPS Signs Slope Stability I Slope Stability Il

1-0607 4 3 RR GOOD GOOD
2-0607 7 5 175 FAIR GOOD
3-0607 5 3 13 POOR FAIR

5-0607 5 3 12 POOR FAIR

6-0607 3 2 12 X POOR POOR
1-0708 2 2 105 X POOR POOR
2-0708 5 3 115 POOR FAIR

3-0708 2 1 11 X POOR POOR
4-0708 4 3 145 GOOD GOOD
5-0708 4 3 125 X POOR FAIR

6-0708 6 4 225 GOOD GOOD
7-0708 3 3 14 FAIR GOOD
9-0708 4 4 19 X FAIR GOOD
2-0809 5 4 135 GOOD GOOD
4-0809 4 3 11 POOR FAIR

6-0809 5 4 13 X FAIR GOOD
7-0809 6 4 18 FAIR GOOD

more detailed insight into the spatial distribution of compression test results and how it
affects slope stability. For this reason the following analysis is based only on the slope
classification |.

Layer properties

Descriptive statistics of the parameter ¥, the maximum penetration resistance F},,., the
mean penetration resistance F' and the thickness D for the weak layer and slab layers
for all seventeen grids are compiled in Table A.1 - A.4 in Appendix A. The seventeen
grids are grouped into either POOR, FAIR or GOOD slope stability (1) as described
above. Median values of the semi-interquartile range (SIQR), the quartile coefficient of

63



Chapter 4 Results

variation (QCV) and the median were calculated and are shown in Table 4.12.

The median as well as the SIQR of the parameter W for the weak layer increased with
increasing stability. The quartile coefficient of variation, on the other hand, decreased
with increasing stability from 43% to 28%. The semi-interquartile range was about four
times larger for the slopes classified as GOOD than for the slopes classified as POOR.
U was larger for the slab than for the weak layer. Furthermore, lower values of the QCV
were observed for the slab than for the weak layer. This shows that the relative variations
in U were smaller for the slab than for the weak layer.

For the maximum penetration resistance F),,, of the weak layer the median slightly
increased with increasing stability. No trend was observed for the semi-interquartile range
while the coefficient of variation decreased with increasing stability. The median QCV
ranged from 15% to 23%. The maximum penetration resistance was larger for the slab
layers than it was for the weak layer. Similar to the weak layer the maximum penetration
resistance increased with increasing slope stability. For the slab, the semi-interquartile
range and the QCV increased with increasing stability.

The median penetration resistance F' of the weak layer showed no clear trend for the
median and the semi-interquartile range or the QCV with increasing stability. For the slab
layers only the median penetration resistance slightly increased with increasing stability.

The median thickness D of the weak layer decreased with increasing stability, as did
the semi-interquartile range and the quartile coefficient of variation. The slab thick-
ness increased with increasing stability. However, no trend was observed for the semi-
interquartile range, and the quartile coefficient of variation decreased. In addition the
smallest relative variations were observed for the slab layer thickness (10% to 8%).

Point stability

The results of the compression test scores for each grid (Table 4.4) were sorted by
increasing slope stability and are compiled in Table 4.13. The mean and median com-
pression test scores increased with increasing stability. The median semi-interquartile
range (SIQR) of the compression test scores per slope stability class increased with in-
creasing stability (POOR = 0.7, FAIR = 1.3, GOOD = 4.8). Slopes classified as
POOR or FAIR showed more often sudden fractures of the weak layer compared to
slopes classified as GOOD.

Geostatistics

The median correlation length for each stability class of the four parameters are given in
Table 4.14. No significant relation between the estimated correlation length and slope
stability was observed. The used sampling design allows one to detect correlation length
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Table 4.12: Descriptive statistics for all four parameters grouped according to slope
stability class. For each stability class the median, the semi-interquartile range (SIQR)
and of the quartile coefficient of variation (QCV) are given for weak layer and slab
layers separately.

Weak layer Slab layer
LG
Median SIQR QCV Median SIQR QCV
kPa kPa kPa kPa
POOR 41 23 0.4 26.0 59 0.30
FAIR 8.9 45 0.3 38.3 16 0.15
GOOD 30.5 8.1 0.3 61.3 135 0.22
Fmaz
Median SIQR QCV Median SIQR QCV
N N N N
POOR 0.2 0.04 023 19 0.3 0.22
FAIR 0.2 0.06 0.20 2.8 0.3 0.14
GOOD 0.3 005 0.15 34 1.1 0.37
F
Median SIQR QCV Median SIQR QCV
N N N N
POOR 0.08 0.02 0.29 0.19 0.04 0.22
FAIR 0.12 0.02 0.16 0.20 0.02 0.16
GOOD 0.09 002 027 0.29 0.08 0.26
D
Median SIQR QCV Median SIQR QCV
cm cm cm cm
POOR 2.7 0.7 0.33 254 23 0.10
FAIR 1.8 0.3 0.16 31.2 3.6 0.05
GOOD 1.1 0.4 0.20 36.6 2.6 0.08
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Table 4.13: Compression test results (compare Table 4.4) of the seventeen grids sorted by increasing slope stability. Shown
are the minimum and maximum compression test score as well as the median, mean, 1°* (Q1) and 3rd (Q3) quartile and the
resulting semi-interquartile range and quartile coefficient of variation. Ratio gives the number of non-sudden fractures out of
10 compression tests. In addition, all median are shown (bold) below each stability class.

Compression test

Chapter 4 Results

Score Fracture type
Grid ID  Slope stability Min Max Median Mean Ql Q3 SIQR QCV Ratio
3-0607 POOR 11 35 135 19.8 13 305 875 0.40 4/10
5-0607 POOR 11 35 12 142 11.25 12 0.375 0.03 3/10
6-0607 POOR 5 13 12 115 1125 13 0.875 0.07 0/10
1-0708 POOR 3 11 10.5 9.1 7.75 11 1.625 0.17 0/10
2-0708 POOR 11 12 115 115 11 12 0.5 0.04 4/10
3-0708 POOR 3 14 11 10.6 11 11.75 0.375 0.03 0/10
5-0708 POOR 10 14 12.5 12.3 12 13 0.5 0.04 0/10
4-0809 POOR 11 15 11 12 11 12.75 0.875 0.07 1/10
Median 11 14 12 12 11 12 0.7 0 1/10
2-0607 FAIR 13 21 17.5 17.3 16 19 1.5 0.09 0/10
7-0708 FAIR 9 16 14 13.8 13 15 1 0.07 0/10
9-0708 FAIR 18 35 195 21.3 19 215 125 0.06 4/10
6-0809 FAIR 11 15 13 13.2 13 14 0.5 0.04 1/10
7-0809 FAIR 15 21 18 18 16.25 19.75 1.75 0.10 0/10
Median 13 21 18 17 16 19 1.3 0 0/10
1-0607 GOOD 11 35 27.5 26.6 20 35 75 0.27 7/10
4-0708 GOOD 11 22 145 15.9 13 195 325 0.20 3/10
6-0708 GOOD 18 35 24 273 2225 35 6.375 0.22 4/10
2-0809 GOOD 12 35 14 18.2 13 175 2.25 0.15 1/10
Median 12 35 19 22 17 27 4.8 0 6/10
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with an accuracy of about 2 m. Observed trends (Table 4.14) fall within the range of
this accuracy.

Most of the modeled pure-nugget and unbounded variograms fall into the class of POOR
slope stability. This may be interpreted as rather uniform layer conditions since lower
variations of layer properties were also assigned to the slope stability class of POOR.

Table 4.14: Median correlation length of the parameter ¥, the penetration resistance
F', the maximum penetration resistance F},,, and the thickness D of weak layer and
slab layers per slope stability class.

Correlation length

Weak layer Slab layers
POOR FAIR GOOD POOR FAIR GOOD
m m m m m m
v 3 3 4 3 5 7
F 4 3 2 3 6 6
Fmax 3 3 3 5 3 4
D 3 2 5 4 4 5

Moran’s |

Clear trends of the Moran's | coefficient were observed for only the mean penetration
resistance F' of the slab and for the weak layer thickness D (Table 4.15). However,
all parameters showed a positive Moran's | index, i.e the properties showed clustered
patterns. The clustering for the other parameters of weak and slab layer tended to
increase with increasing stability.

Table 4.15: Median Moran’s | coefficient per slope stability class for the parameter
U, the penetration resistance F', the maximum penetration resistance F,,,, and the
thickness D of weak layer and slab layers.

Weak layer Slab layers
POOR FAIR GOOD POOR FAIR GOOD
v 0.14 019 0.19 026 0.08 031
F 0.09 0.17 0.12 0.17 0.28 0.29
Fo.. 010 0.17 0.11 0.09 0.03 0.20
D 0.07 0.08 0.12 0.22 0.35 0.23
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Discussion

5.1 Introduction

How does spatial variability of snow cover properties affect snow slope stability? To
answer this question typical avalanche slopes were investigated. These investigations
were performed utilizing the SnowMicroPen and manual snow cover observations. The
first section (5.2) of this chapter contains some general comments on the dataset. The
SnowMicroPen signal was analyzed to derive snow cover stability estimates using an al-
gorithm introduced by Bellaire et al. (2009). A re-analysis of this algorithm is discussed in
section 5.3. Data collected on 17 slopes were analyzed using non-spatial as well as spatial
statistical methods. These results are discussed in sections 5.4 and 5.5. Some possible
error sources of the applied methods are discussed at the end of each section. Finally,
a hypothetical concept on how spatial variability may influence snow slope stability is
presented (section 5.6).

5.2 Data

During three winters between 2006 and 2009 twenty three grids were recorded. Six grids
had to be discarded due to technical problems with the SMP. Field observations are
always challenging especially those performed during winter time. Equipment as well as
people are exposed to extreme conditions. Often no observations could be performed at
all due to severe weather conditions and for safety reasons. Research tools like the SMP
were developed to stand these extreme conditions, but are still prone to errors. Currently,
no other method exists which quantifies the stratigraphy of mountain snow covers with
high resolution within a reasonable time and is directly related to the mechanical prop-
erties. However, the time needed to investigate a slope such as done in this study was
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between three and four hours with three experienced persons, i.e only one grid could
be performed per day. These problems and the occasional lack of suitable weak layers
reduced the number of grids available for analysis. Despite the limited data set some
trends seem to emerge.

5.3 Stability algorithm

The developed algorithm (section 4.1) was used to detect structural weaknesses in SMP
signals. The re-analysis with a slightly larger dataset showed no major differences com-
pared to the findings presented by Bellaire et al. (2009). In the majority of the cases
(90%) one of the four potential weaknesses derived from the SMP signal coincided with
the observed weak layer (Figure 4.4). A different procedure than suggested by Bellaire
et al. (2009) was used to automatically detect weak layers. This new procedure takes
the slab layer properties above each weak layer into account. The accuracy of both
procedures (60% and 58%) are similar to the performance of stability field tests such
as the compression test or extended column test (Winkler and Schweizer, 2009). These
stability tests performed adjacent to each other identified the same weak layer only in
about 60% of the cases.

Weak layer as well as slab properties were considered to classify measured SMP profiles
into stability classes of poor and fair — to — good (Table 4.1). All variables provided
plausible results. Poor stability is expected with a low number of ruptures, low rupture
force and a low value of W in the weak layer, and with rather soft slab layers. The latter
finding agrees with results of \van Herwiinen and Jamieson (2007b) and Habermann
et al. (2008) who found that hard layers within the slab impede failure initiation. A
larger dataset would certainly improve the stability estimation and might also allow a
multivariate approach. Furthermore, the low probability of detection (POD, Table 4.1)
of the slab layer parameters is likely related to the fact that soft slab layers have a rather
low W, but avalanche release is rather unlikely (van Herwijnen and Jamieson, [2007a). A
larger dataset would allow one to derive an upper and lower threshold for the slab layer
U where skier triggering or avalanche release is most probable.

Weak layer detection and stability estimation is based on a single SMP measurement
which is compared to a manual profile and a stability test that cannot be done at the
exact same location. Some spatial variations in layer properties between the location of
the SMP measurement and the location of the rutschblock may occur. The uncertainty
in the stability test result (£ 1 score) may further affect the results of the stability
classification since only two stability classes were used. |Pielmeier and Marshall (2009)
showed that a set of SMP measurements, covering the area of the rutschblock, improved
the accuracy of the stability estimate. The automatic weak layer detection could also
be improved using a multiple signal approach. Multiple signals, measured for instance
around the rutschblock like done by |Pielmeier and Marshall (2009), could be combined
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to identify the most critical weak layer. Furthermore, multiple measurements would allow
one to determine spatially related layer properties that favor fracture propagation, and to
take those into account for the automatic weak layer detection and stability estimation.

Some of the lack of accuracy might be due to technical problems of the SMP device -
although the signal quality was checked. The sensitivity of the SMP sensor to temperature
changes might have caused erroneous signals that affected the layer boundary definition.
This signal drift, i.e. positive or negative offset, can often not be recognized by a visual
inspection and might affect the derivation of the structural properties. The signals were
analyzed by two experienced persons, however some uncertainty remains.

The dataset used for this analysis contained 71 SMP signals. Most of the weak layers
consisted of persistent grain types such as faceted crystals or depth hoar. A larger dataset
with various types of weak layers might improve the weak layer detection and stability
estimation. More SMP signals would allow one to create test and training datasets, which
would substantially improve the reliability and accuracy of the algorithm.

Still, the SMP, in combination with the algorithm and standard field observations
(rutschblock test plus manual profile), can be used to quantify and analyze spatial vari-
ability patterns faster than with standard observation methods. However, more validation
of the SMP signals is required before the SMP can become a valuable tool for avalanche
warning services.

5.4 Non-spatial analysis

The non-spatial analysis suggests that the median values of the weak layer properties
are lower and show less variation than the corresponding slab layer properties (Tables
A.1-A.4, Appendix A). This supports the findings first made by |[Kronholm (2004) and
summarized by |Schweizer et all (2008b).

Slope scale trends were observed for most of the weak and slab layer properties (Tables
A.5-A.8, Appendix A). Trends were responsible for a large part of the variation of the
slab layer properties (e.g. 95%, grid 6 winter 2006/2007). In contrast, slope scale trends
within the weak layer explained less of the variation (Table 4.6). Therefore, it is likely
that different processes affect slab and weak layer properties and cause spatial variability.
Several metorological parameters are acting together to form a mountain snow cover
above tree line. Slab layers are likely affected by wind and topography at the slope scale.
Weak layers often form at the snow surface, e.g. surface hoar or surface faceting. The
formation of a weak layer within the snow cover, i.e. not at the snow surface, is rare and
the energy balance at the snow surface is similar at the slope scale causing few variations.
However, the analysis of such a complex system requires the coupling of snow cover and
topographical models with high-resolution meteorological models including small scale
windfield modeling.
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It remains unknown what processes caused spatial variations of the weak layer residuals.
Trends might be explained by meteorological parameters such as wind if weak layers
are formed at the snow surface. Complex metamorphic processes might contribute to
the variation of the weak layer properties. However, these metamorphic processes are
strongly influenced by the entire snow cover structure and the ground. The correlation
between weak layer and slab layer variations showed that in case of a variable weak
layer, the slab layers were often variable too (Table 4.3). This might be a hint that
metamorphic processes, forced by different temperature gradients, are important for
weak layer variation.

Grids with low median compression test scores showed less variation than grids with
intermediate or high compression test scores (Table 4.4). The large number of grids
with low median compression test scores can be explained by the large sensitivity of the
compression test, typically resulting in an underestimation of point stability (Winkler
and Schweizer, 2009). The fact that the variation of scores increased with increasing
score suggests that the weak layer, on a slope with low median compression test score,
was spatially continuous and rather uniform. The fracture type was often less variable
than the compression test score as suggested by ivan Herwijnen et al. (2009). Some grids
showed even no variation of fracture type. In case the fracture type was observed to
be sudden, one can assume that fracture propagation is more likely (van Herwijnen and
Jamieson, 2007a).

The finding that the variation of compression test scores increased with increasing sta-
bility supports the hypothetical concept that spatial variability is only important with
intermediate scores. Simply stated, if a single stability test performed on a slope indi-
cates the stability to be poor, stability can be assumed as poor everywhere or at least
over areas large enough to favor self-propagating fractures. That means, frailure initi-
ation as well as propagation are possible and an avalanche may release. On the other
hand, if tests indicate good stability, larger variations at the slope scale can be expected
suggesting that fracture initiation and fracture propagation are less likely. The distribu-
tion, i.e. the length scale, of poor stability test results on slopes with intermediate test
results becomes crucial in regard to avalanche release.

The variation of spatially distributed compression test scores was related to the variation
of the snow cover properties derived from the SMP measurements (U, F, Fi,0., D). In
particular, the variation of the parameter W correlated (R? ~ 0.5) with the point stability
variation, expressed as the semi-interquartile range of all compression tests (Table 4.5).
The structural parameter W introduced by [Bellaire et al! (2009) and the micro-strength
S are comparable. Both were related to point stability (Bellaire et all, 2009; Pielmeier
and Marshall, 2009). This supports the choice of ¥ (or S) for signal analysis and slope
stability estimation.
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5.5 Spatial analysis

5.5.1 Geostatistics

The geostatistical analysis showed no significant trends, i.e. the estimated correlation
length was not related to slope stability, and is in that respect inconclusive. This might
be due to the fact that a) the sampling design was not adequate to measure the variability
b) the slope stability classification was not adequate and slope stability cannot readily
be measured c) the observations were not performed at the right place and time or d)
there is no relation.

With the sampling design used in this study (section 2.2) ranges up to 10 m can be
detected with an accuracy of about 2 m. Hence, the sampling design should be sufficiently
reliable to capture spatial structures smaller than the maximum length scale (=~ 10 m)
assumed to be crucial for the avalanche formation process.

Each stability classification is subjective. Currently, no method exists which estimates
stability without slope investigation. The SMP stability algorithm was a first attempt
for an objective stability classification, but also requires slope access. Really unstable
conditions can only be found when an avalanche is triggered on the study slope. Simply
spoken, the stability of a slope which was not released during investigation has to con-
sidered as at least marginally stable. Or in other words, really poor slope stability can
hardly be measured. This might partly explain why so far no spatial variability study ex-
ists which linked snow cover variability to slope stability. However, the presence of weak
layers and signs of instability and the knowledge about the avalanche formation process
allows one to classify slopes as rather poor. A slope can be estimated as of rather poor
stability if either:

1. A weak layer is present over the entire slope and the slab layers are stiff enough
to favor fracture propagation without hindering fracture initiation.

2. Spatially distributed point stability observations show consistent results related to
instability, e.g. compression test score < 13 and sudden fractures.

3. Signs of instability such as "whumpfs" or cracking are observed on the investigated
slope or on slopes of similar aspects.

Clearly, rather poor slopes often fulfill all three requirements.

The often investigated south-west facing slope (Figure 3.1) often showed critical weak
layers with low rutschblock scores (e.g. 1-0708, 2-0707; Table 3.1). This slope has a slope
angle of about 20° and is therefore not steep enough for avalanche release, but one could
imagine that the same conditions on a steeper slope would result in avalanche release.
Only one slope (grid 6, winter 2006/2007) was whumpfed and cracks occurred during
investigation, and can therefore be classified as unstable. However, it is questionable
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if measurements performed on a slope that was whumpfed are still representative for
unstable slopes. In that specific case the measurements can be assumed as representative
since the weak layer was a thick layer of depth hoar. The differences in stability of the
slopes not whumpfed might be too small for reliable discrimination. In other words,
except for one slope (grid 6, winter 2006/2007) all other slopes were stable or at most
marginally stable. This might explain the lack of patterns of spatial variations with regard
to slope stability in the data analyzed.

A trend removal, also done in this study, is required before a geostatistical analysis
is performed to distinguish between variations introduced by slope scale trends and
variations caused by the residuals. The separation of the trend and the residuals allows
one to relate variations at different scales. However, the trend removal might only be
relevant for the weak layer properties since the trend explained a small part of the
observed variations (Table 4.6). The slab layers often showed strong slope scale trends
(Table 4.7). This variation might be at least as important for the avalanche formation
process as the variation of the residuals. This result might also explain the inconclusive
geostatistical analysis and questions the applicability of the geostatistical analysis.

5.5.2 Moran’s |

The Moran’s | coefficients were positive and larger for the slab layers than for the weak
layer. This observation can partly be explained by the presence of slope scale trends, since
these trends were not removed. Slope scale trends are often a result of wind effects, for
example the slab layer penetration resistance is influenced by wind. Wind influence on
the snow cover results in patterns which are clustered, as indicated by positive Moran’s
| coefficients. That means further, the slab layers showed more often spatial structure.
This may be interpreted as contradicting the findings first made by [Kronholm et al.
(2004) and summarized by |Schweizer et al. (2008b) who concluded that slabs may be
more variable than weak layers.

However, the result that slab layers were more clustered than weak layers does not
necessarily mean that they were spatially less variable. Slab layers tend to have a larger
absolute spread than weak layers (Table 4.2). Furthermore, [Kronholm et al. (2004)
argued that slab layers showed more complex structures than the weak layer, without
any further explanation. Their estimated correlation length for the slab layers varied from
about 4 m to correlation length larger than half the extent which implies, at least for
some slab layers, a spatial structure. Their investigated weak layers showed no correlation
length and small variations indicating uniform conditions, i.e. they were still spatially
variable but with small variations.
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5.6 Hypothesis

Hypothesis: Variations and their length scales are only relevant when the variations are
around the threshold between rather unstable and rather stable conditions.

The results presented showed that weak layers were less clustered than slab layers and
show less variation, i.e. weak layers were more uniform than slab layers. This suggests
in case a weak layer is present and shows weak structure, that the variability of the slab
layers might control the avalanche formation process.

Numerical modeling of spatial variations, e.g. |Fyffe and Zaiser (2004), Kronholm and
Birkeland (2005) suggests that an increase in strength of weak layer, hinders fracture
propagation. This means that avalanche release becomes less likely. Therefore, the cor-
relation length of layer properties favoring fracture propagation, becomes particularly
important.

Figure 5.1 shows a schematic of a hypothetical concept of how spatial stability variations
might be considered for slope stability estimation. Variations and length scales are less
relevant if they occur within the stable or unstable range (a and c). Spatial variability,
especially the correlation length R, becomes crucial if variations occur across stability
classes (b). The wave length of b) does not necessarily have to be greater than the
wave length of a) or c) - at least not over the entire slope. However, unstable areas
have to be large enough (critical length) to favor self-propagating fractures. Stability
could be derived from any source, e.g. point stability observations like the compression
or rutschblock test or from layer properties derived from the SMP. A suitable threshold
needs to be defined to distinguish between the stable and the unstable range.

Grid 6-0607 was whumpfed during investigation in the upper left corner. This is certainly
one of the most affect (obviously variable, by naked eye) in the area (compare Schweizer
et al. (2008a)). Figure 5.2a shows the contour plots of the parameter U for the weak
layer and the slab layers. This slope was strongly wind affected from the right. The
parameter W shows a spatial pattern, i.e. a gradual decrease in ¥ from the lower right
to the upper left, especially for the slab layers. The variation of the parameter ¥ for the
weak and slab layer is shown in Figure 5.2b. All SMP measurements are shown starting
with the one at the lower right corner and ending at the upper left corner in the grid.
The measurement locations within the dashed vertical lines correspond to the area were
the grid was whumpfed while approaching the slope. The solid line in Figure 5.2.b at
15 kPa corresponds to the threshold value estimated for the parameter U (section 4.3).
The variation of the parameter U for the slab layers appeared above the threshold i.e.
within the stable range. The weak layer on the other hand, showed variation around the
threshold (across stability classes), and the unstable areas coincide with the areas where
the slope was triggered.

Following the hypothetical concept introduced in Figure 5.1, showed that the variations
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stable

Point stability

unstable

Distance

Figure 5.1: Relevance of stability variation for slope stability estimation. Dashed line
indicates a stability threshold value. a) Stability variations within the stable range re-
sulting in stable slope stability. b) variations across the stable and unstable range. The
correlation length R controls the slope stability and c) variation within the unstable
range result in unstable conditions.

of the parameter ¥ occurred above the threshold. However, the values within the area
where the slope was triggered were lower than the values in the areas where the slope
could not be triggered. Therefore, a new threshold value for the slab layer is suggested
by grouping the values of the slab layer U at these sampling locations and assigning

them to the class of POOR stability. The remaining points were assigned to the class
of GOOD stability.

These two classes were compared and a threshold value of 43 kPa was determined to
distinguish between POOR (smaller than threshold) and GOOD (larger than thresh-
old) slope stability. As described above soft slab layers (low ¥ values) hinder fracture
initiation. Therefore, a threshold of 15 kPa seems to be a reasonable lower threshold
for the slab layer, since the slab layers should not show smaller ¥ values than the weak
layer. For the weak layer a threshold of < 15 kPa was chosen to distinguish between
the two stability classes. These threshold values are indicated by solid horizontal lines
(Figure 5.2b). Figure 5.2c shows a contour plot of stability estimates based on the above
described thresholds, whereas the red areas indicate POO R stability and the yellow areas
GOOD stability.

Figure 5.2c and especially Figure 5.2b support the concept described above that spatial
variability is only relevant if variations occur between the stable and unstable range and
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5.6 Hypothesis

the correlation length of the unstable region is large enough to favor fracture propa-
gation. Clearly, one observation is not sufficient for verification of this concept. More
investigations on slopes with "unstable" areas are required. In addition, numerical simu-
lations such as done by [Kronholm and Birkeland (2005) (cellular automata) can be used
to verify this concept.
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Chapter 5 Discussion
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Figure 5.2: Summary plot of grid 6 winter 2006-2007 for the weak (left) and slab
layers (right). a) Contour plots of the parameter W. b) Variation of the parameter W.
The vertical dashed lines indicate the areas of the grid where the slope was triggered.
Horizontal solid lines corresponds to the derived threshold values for the slab and weak
layer. c) Contour plots of the suggested slope stability classification (red = poor; yellow
= good) based on parameter ¥ (see text for explanation).
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Conclusions

Spatial variations of weak layer and slab layer properties at the slope scale were measured
above timberline near Davos, Switzerland. Aim of these investigations was to identify
snow cover parameter associated with snow cover instability and identify their spatial
structure with the goal to relate this spatial structure to slope instability.

A novel partly randomized sampling design for efficient field observations, of snow cover
properties and point stability, was developed and tested. The SnowMicroPen (SMP)
was used to derive the snow cover properties. The sampling design consisted of 46 SMP
measurement locations. The relative small number of sampling locations enables the field
crew to sample slopes in a reasonable time. The sampling design further includes, a full
snow profile and 20 compression tests. The sampling design was adapted for geostatistical
analysis. The correlation length of investigated properties can be estimated with an
accuracy of about &£ 2 m. This is not sufficient if the exact estimate of the correlation
length is required. However, determining whether a correlation length of a few meters is
present or not is possible.

Twenty three slopes were sampled near Davos, Switzerland. The data from seventeen
slopes were analyzed. The SMP is a valuable tool for snow cover investigations. However,
SMP signals still need to be analyzed with care to ensure high data quality. For the present
study about 25% of the data had to be discarded due to poor signal quality.

Unstable snow cover conditions were rare during the three winters between 2006 and
2009, making the interpretation of the data in terms of slope stability challenging. Fur-
thermore, sampling during periods of high avalanche hazard is not possible due to safety
concerns. In addition, the definition of slope stability in the course of field studies seems
problematic. Nevertheless, some important conclusions can be made even from this lim-
ited dataset.

Earlier studies, e.g. Kronholm and Schweizer (2003) or [Kronholm (2004), were unable to
relate spatial SMP measurements to the manual stability observations partly due to (a)
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Chapter 6 Conclusions

the sampling design that did not allow a spatial analysis for the manual stability obser-
vations and (b) the lack of an SMP derived stability parameter. Therefore, an algorithm
for the analysis of SMP profiles that detects a potential weakness and provides a stability
estimate was developed and compared to 71 manually observed profiles (Appendix F).
The stability algorithm identified weak layers with an accuracy of 90%. An automatic
detection of the most critical weak layer was however not satisfactory. The accuracy of
detecting the most critical weak layer was 58%, comparable to traditional methods of
stability estimation. Various weak layer and slab layer properties were tested to classify
SMP signals into stable or unstable. One of the best classifiers was the parameter ¥
which is a measure of the snow layer structure. The stability algorithm combines micro-
structural properties of snow with expert rules. Therefore, the algorithm in combination
with the SMP shows promising potential for providing high resolution, objective stability
estimates as input data for avalanche forecasting.

The non-spatial analysis showed that the investigated weak layers were spatially con-
tinuous, i.e. were identified in almost all SMP signals, and the properties showed less
variations (absolute value) than the slab layer properties. The slab layers showed more
variation than weak layers suggesting that the spatial variability of the slab layers may
even be more relevant for avalanche formation than the weak layer variability.

Slope scale trends were calculated for the weak and slab layer properties. Most of the
variation of the slab layers were explained by slope scale trends. This suggests the im-
portance of meteorological conditions, during and after deposition, as driving agents for
spatial variability of the slab layers at the slope scale. Varying weak layer properties were
found to be positively correlated with varying slab layer properties suggesting that either
the variation of slab layer properties influence the variation of weak layer properties, or
that the same processes affected both weak and slab layer properties.

Grids with low median compression test scores showed less variation than grids with
intermediate or high compression test scores. That means, stability increases with in-
creasing variation. The fact that the variation of compression test scores increased with
increasing score suggests that for low scores the spatially continuous weak layers were
relatively uniform. This suggests that if compression tests (at least two about 10 m
apart) are performed on an avalanche slope and both indicate consistent low results,
spatial variability can be assumed to be small indicating rather unfavorable conditions.
This finding suggests an efficient sampling strategy for avalanche forecasters for slope
stability assessment. In addition, the fracture type showed less variation than the com-
pression test score (Schweizer and Bellaire, 2010) suggesting again uniformity of weak
layers.

The geostatistical analysis showed a variety of correlation lengths, but a certain correla-
tion length could not be related to slope stability. Therefore, the effect of length scale on
slope stability remains unknown. However, slab layers more often showed a correlation
length than the corresponding weak layers. This was also supported by the Moran's |
index, which was positive and larger, i.e. more clustered structure, than the weak layers
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Moran’s |. This was also consistent with the observation that trends account for more
of the slab layer variation.

A hypothetical concept was proposed how spatial variability influences the avalanche
formation process. This concept suggests that spatial variations are only relevant if they
occur between stable and unstable conditions and the unstable areas are large enough to
favor self-propagating fractures. Variations within stable or unstable conditions become
irrelevant. This concept should be interpreted as preliminary since only one grid, but the
only proven unstable one, supports the hypothesis. More data are required to validate
this concept. However, slope instability cannot readily be measured and a verification
might only be possible by modeling the effect of spatial variability on fracture initiation
and propagation propensity.

This study provides new insight into the nature of spatial variations at the slope scale
and points out the difficulties that need to be tackled in order to clarify the effect of
spatial variations on avalanche release. In particular, the definition of slope stability in
the course of field studies seems questionable. The effect of meteorological conditions
on the snow cover, especially on weak layer and slab layer formation, remains unknown
for the time being. The SMP, still supplemented with some manual observation shows
promising potential for snow cover surveys not only at the slope scale.
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Suggestions for further research

The sampling design is of particular importance for a reliable estimation of the correlation
length. Different sampling designs were used during snow cover investigations through
out the years. Still, sampling designs have to be adapted to the specific research ques-
tions. Therefore, more analysis of sampling designs is required to identify the optimal
sampling design. It might even be possible that different sampling designs are required
for snow cover investigations at different scales. This means, a snow survey at the slope
scale might require a sampling design with a regular spacing, but for a survey at the basin
or mountain range scale a L-shaped design such as used in this study might be more
practical since less sampling locations are required. In addition, sampling designs should
contain some randomness if the correlation length is unknown, but robust estimates of
the correlation length are only possible with a large number of sampling locations.

The SMP shows promising potential for snow cover observations. The new micro-
structural model IMarshall and Johnson (2009) was not used for this study. Pielmeier
and Marshall (2009) showed an improvement in stability estimation with the new model
compared to the old model introduced by lJohnson and Schneebeli (1999). This suggests
also an improvement of the performance of the stability algorithm, especially for the
automatic weak layer picking, introduced by Bellaire et al| (2009) and re-analyzed in
this study. Furthermore, an automatic layer identification and quality check would allow
the usage of the SMP as an operational tool for avalanche forecasting services. This
would substantially increase the number of available snow cover observations and might
therefore improve the reliability of avalanche forecasts.

The propagation propensity at the slope scale can only be measured if a propagation test
covering the entire slope or grid is performed. However, performing a test of this extent is
not practical. The propagation saw test (PST) (Gauthier and Jamieson, 2006) in conjunc-
tion with SMP measurements allows one to link propagation and non-propagation events
to snow cover properties and extrapolation of propagation propensity might become pos-
sible. This would substantially improve the understanding of the complex interaction of
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Chapter 7 Suggestions for further research

weak and slab layer properties with propagation potential.

The meteorological conditions within the entire experimental site have been measured by
seven automatic weather stations (AWS). Combining these meteorological observations,
especially wind and radiation, with the snow cover observations might give insight into
how these conditions affect spatial variability at the slope scale. This would allow one to
identify the causes of spatial variability and would substantially improve the avalanche
forecasting even for single slopes.

Since slope instability cannot readily be measured, modeling of different spatial variability
patterns at the slope scale would allow one to estimate the effect of these variations on
snow slope stability. This modeling can also be used to verify the proposed concept of
how spatial variability might affect snow slope stability. The data collected in this study
can serve as input data for three dimensional snow cover modeling.

Different processes cause spatial variability at different scales. Therefore, spatial vari-
ability has to be interpretated separately for each scale, i.e. the slope scale, the regional
scale and the mountain range scale. Spatial variability exists, but might only be relevant
if occurring between the stable and unstable range as proposed in this study. These situ-
ations might be the only relevant situations when spatial variability has to be considered
for slope stability estimation. To verify this hypothesis numerical modeling is required
since this situations might be difficult to measure. The data collected during this study
can be used as input data for numerical modeling with cellular automata models such
as used by IKronholm and Birkeland (2005).

Future studies on spatial variability should utilize the SMP to measure snow cover prop-
erties at the slope scale nearby automatic weather stations, to identify the causes of
spatial variability. The measured snow cover properties should be used as input data for
cellular automata models to estimate the slope stability in order to identify the state of
the snow cover most critical for slope instability. This is probably possible with the data
collected during this study and would form the base for an avalanche forecasting model.
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Appendix A

Table A.1: Summary statistics of the parameter W for weak layer and slab layers for the 17 grids. Rutschblock score (RB, bold
scores indicate a whole block release), PC the profile classification into five stability classes (1: very poor to 5: very good)
according to Schweizer and Wiesinger (2001), the mean point stability (MPS) based on CT score, presence (x) or absence
of signs of instability, and estimated slope stability are given as well as the number of available SMP measurements for the
statistics. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
coeffiecient of variation (QCV).

Grid Weak layer Slab layers
1D RB PC MPS Signs Slope Stability N Min Max Median SIQR  QCV Min Max Median SIQR QCV
kPa kPa kPa kPa kPa kPa kPa kPa

1-0607 4 3 RR good 46 17.35 138.10 54.98 17.86  0.33 81.65 199.70 134.70 32.05 0.22
2-0607 7 5 17.5 fair 46 15.73 106.00 61.94 5.36 0.08 17.74 45.42 38.25 1.59 0.04
3-0607 5 3 13 poor 42 7.94 90.93 20.65 5.09 0.27 11.78 61.20 24.14 4.23 0.17
5-0607 5 3 12 poor 44 0.00 27.78 1.73 1.70 0.81 30.71 89.55 53.28 7.56 0.15
6-0607 3 2 12 X poor 46 2.81 48.46 17.19 8.67 0.42 12.50 124.60 59.21 2292 0.36
1-0708 2 2 10.5 X poor 46 0.36 15.95 1.58 0.87 0.47 0.97 9.04 3.49 1.42 0.36
2-0708 5 3 11.5 poor 46 11.89 162.20 53.00 10.98 0.20 19.80 173.90 67.59 1470 0.21
3-0708 2 1 11 X poor 44 0.10 19.91 5.09 2.52 0.42 0.52 22.40 7.70 3.66 0.47
4-0708 4 3 145 good 46 4.66 34.73 12.06 3.52 0.27 19.70 53.11 30.29 6.85 0.21
5-0708 4 3 12,5 X poor 42 0.66 30.08 3.12 2.03 0.50 14.04 64.76 27.97 7.67 0.25
6-0708 6 4 22.5 good 44 16.43 86.80 48.92 12.75 0.25 37.93 178.10 92.38 20.07 0.21
7-0708 3 3 14 fair 41 2.35 32.38 7.94 2.72 0.31 20.44 85.07 42.10 6.29 0.15
9-0708 4 4 19 x fair 46 0.00 5.45 2.46 0.42 0.16 1.34 29.02 2.14 0.26 0.12
2-0809 5 4 135 good 46 1.90 36.52 4.98 1.61 0.29 2.43 34.27 8.05 3.54 0.43
4-0809 4 3 11 poor 46 0.00 1.67 0.57 0.28 0.50 0.08 9.93 2.80 1.20 0.46
6-0809 5 4 13 X fair 46 0.00 33.04 8.86 4.45 0.48 0.00 2.13 0.51 0.30 0.48
7-0809 6 4 18 fair 46 1.57 84.01 22.18 6.82 0.34 20.03 104.30 80.69 1237 0.16
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Table A.2: Summary statistics of the maximum penetration resistance for weak layer and slab layers for the 17 grids. Rutschblock
score (RB, bold scores indicate a whole block release), PC the profile classification into five stability classes (1: very poor to 5:
very good) according to Schweizer and Wiesinger (2001), the mean point stability (MPS) based on CT score, presence (x) or
absence of signs of instability, and estimated slope stability are given as well as the number of available SMP measurements for
the statistics. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
coeffiecient of variation (QCV).

Grid Weak layer Slab layers
1D RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max  Median SIQR QCV
N N N N N N N N

1-0607 4 3 RR good 46 0.24 0.97 0.44 0.12 0.26 2.42 21.18 8.30 3.52 0.37
2-0607 7 5 175 fair 46 0.39 0.96 0.57 0.09 0.15 2.49 6.41 4.26 0.46 0.11
3-0607 5 3 13 poor 42 0.18 0.81 0.29 0.03 0.12 0.52 2.74 0.79 0.11 0.14
5-0607 5 3 12 poor 44 0.12 0.51 0.22 0.06 0.25 4.42 19.74 7.52 1.59 0.23
6-0607 3 2 12 X poor 46 0.20 1.06 0.58 0.14 0.24 1.34 21.94 10.39 3.54 0.34
1-0708 2 2 105 X poor 46 0.07 0.36 0.14 0.03 0.21 0.32 1.20 0.54 0.12 0.21
2-0708 5 3 11.5 poor 46 0.20 1.42 0.58 0.15 0.24 1.52 4.69 3.06 0.38 0.13
3-0708 2 1 11 X poor 44 0.06 0.36 0.15 0.03 0.20 0.19 2.44 0.75 0.17 0.22
4-0708 4 3 14.5 good 46 0.09 0.47 0.22 0.03 0.13 1.23 3.61 2.72 0.53 0.19
5-0708 4 3 125 X poor 42 0.07 0.45 0.15 0.05 0.31 3.34 39.92 8.02 2.53 0.29
6-0708 6 4 225 good 44 0.20 0.82 0.52 0.07 0.14 1.39 13.88 3.99 1.65 0.38
7-0708 3 3 14 fair 41 0.08 0.62 0.24 0.05 0.20 3.54 33.66 10.88 2.67 0.24
9-0708 4 4 19 X fair 46 0.06 0.31 0.15 0.02 0.12 0.19 1.81 0.28 0.04 0.14
2-0809 5 4 135 good 46 0.05 0.26 0.09 0.02 0.17 0.15 1.49 0.58 0.22 0.37
4-0809 4 3 11 poor 46 0.02 0.10 0.06 0.01 0.19 0.08 1.06 0.35 0.08 0.23
6-0809 5 4 13 X fair 46 0.05 0.56 0.20 0.06 0.30 0.07 0.55 0.24 0.07 0.25
7-0809 6 4 18 fair 46 0.24 0.87 0.41 0.09 0.20 1.81 5.46 2.75 0.31 0.11
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Table A.3: Summary statistics of the penetration resistance F' for weak layer and slab layers for the 17 grids. Rutschblock score
(RB, bold scores indicate a whole block release), PC the profile classification into five stability classes (1: very poor to 5:
very good) according to Schweizer and Wiesinger (2001), the mean point stability (MPS) based on CT score, presence (x) or
absence of signs of instability, and estimated slope stability are given as well as the number of available SMP measurements for
the statistics. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
coeffiecient of variation (QCV).

Grid Weak layer Slab layers
1D RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max Median SIQR QCV
N N N N N N N N

1-0607 4 3 RR good 46 0.11 0.49 0.24 0.07 0.29 0.37 1.09 0.70 0.14 0.20
2-0607 7 5 17.5 fair 46 0.18 0.61 0.28 0.05 0.16 0.08 0.38 0.20 0.02 0.11
3-0607 5 3 13 poor 42 0.05 0.33 0.10 0.02 0.20 0.11 0.39 0.19 0.02 0.12
5-0607 5 3 12 poor 44 0.08 0.43 0.16 0.05 0.29 0.30 1.17 0.54 0.11 0.20
6-0607 3 2 12 X poor 46 0.00 0.36 0.14 0.04 0.31 0.10 1.12 0.50 0.18 0.36
1-0708 2 2 10.5 x poor 46 0.02 0.21 0.04 0.01 0.26 0.05 0.16 0.08 0.01 0.14
2-0708 5 3 11.5 poor 46 0.12 1.13 0.39 0.12 0.29 0.18 1.42 0.51 0.12 0.22
3-0708 2 1 11 X poor 44 0.02 0.18 0.06 0.02 0.30 0.03 0.19 0.08 0.03 0.32
4-0708 4 3 145 good 46 0.04 0.15 0.07 0.01 0.17 0.16 0.41 0.25 0.05 0.20
5-0708 4 3 12,5 X poor 42 0.00 0.20 0.02 0.02 0.62 0.07 0.61 0.19 0.06 0.30
6-0708 6 4 22.5 good 44 0.02 0.28 0.10 0.03 0.28 0.13 0.73 0.33 0.11 0.32
7-0708 3 3 14 fair 41 0.00 0.20 0.05 0.02 0.40 0.07 0.74 0.26 0.06 0.24
9-0708 4 4 19 x fair 46 0.02 0.21 0.06 0.01 0.14 0.03 0.23 0.05 0.01 0.16
2-0809 5 4 135 good 46 0.00 0.14 0.03 0.01 0.27 0.02 0.15 0.04 0.01 0.34
4-0809 4 3 11 poor 46 0.00 0.06 0.02 0.01 0.28 0.00 0.08 0.04 0.01 0.22
6-0809 5 4 13 X fair 46 0.03 0.42 0.13 0.04 0.29 0.00 0.11 0.07 0.02 0.46
7-0809 6 4 18 fair 46 0.06 0.32 0.12 0.02 0.14 0.41 0.91 0.61 0.06 0.10

112



€1t

Table A.4: Summary statistics of the weak layer and slab layer thickness for the 17 grids. Rutschblock score (RB, bold scores
indicate a whole block release), PC the profile classification into five stability classes (1: very poor to 5: very good) according
to Schweizer and Wiesinger (2001), the mean point stability (MPS) based on CT score, presence (x) or absence of signs of
instability, and estimated slope stability are given as well as the number of available SMP measurements for the statistics.
Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile coeffiecient of

variation (QCV).

Grid Weak layer Slab layers
1D RB PC MPS Signs Slope Stability N Min Max  Median SIQR  QCV Min Max  Median SIQR  QCV
cm cm cm cm cm cm cm cm

1-0607 4 3 RR good 46 0.1541 3.392  0.8379 0.797 0.61 20.27 32.03 24.61 1.77 0.07
2-0607 7 5 175 fair 46 0.707 5.99 2.781 0.1815  0.07 23.09 32.57 26.36 1.41 0.05
3-0607 5 3 13 poor 42 0.798 6.706 2.983 1.06 0.32 14.8 50.5 30.23 2.055 0.07
5-0607 5 3 12 poor 44 0.0799 3.152 0.627 0.2408 0.39 10.26 18.44 13.74 1.04 0.07
6-0607 3 2 12 X poor 46 1.277 14.78 7 23995 0.34 7.228 80.6 56.71 17.935  0.38
1-0708 2 2 105 X poor 46 0.698 4.964 2.426 0.725 0.29 13.17 24.17 18.81 1.995 0.11
2-0708 5 3 115 poor 46 0.1816 1.785 0.5033 0.2239 0.37 16.24 28.91 22.13 2.475 0.11
3-0708 2 1 11 X poor 44 0.1205 2386 0.3379 0.1984 0.45 16.46 35.16 28.59 2.67 0.09
4-0708 4 3 14.5 good 46 0.2902 6.359 1.129 0.233 0.20 40.82 58.55 48.57 3.51 0.07
5-0708 4 3 125 X poor 42 0.8799 4.934 2.926 0.6245 0.21 21.99 85.15 36.31 5.53 0.16
6-0708 6 4 225 good 44 0.2992 4.925 2.703 0.476 0.17 39.61 89.02 52.56 7.63 0.14
7-0708 3 3 14 fair 41 0.2234 4.856 1.785 0.732 0.37 12.89 49.45 30.5 1.545 0.05
9-0708 4 4 19 X fair 46 0.2918 10.87 4.2 0.3215 0.08 21.57 75 31.24 4.62 0.14
2-0809 5 4 135 good 46 0.0873 1.687 0.9848 0.1941 0.20 9.559 16.05 11.49 1.025 0.09
4-0809 4 3 11 poor 46 0.5049 8.033 3.502 1.171 0.32 6.132 20.37 16.17 1.155 0.07
6-0809 5 4 13 X fair 46 0.0766 1.783 0.7475 0.3399 0.47 22.83 58.8 46.59 8.285 0.20
7-0809 6 4 18 fair 46 0.4857 2.943 1.623 0.262 0.16 65.63 101.1 82.1 3.635 0.04
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Trends

Table A.5: Coefficients of the calculated first order polynominal trend for the mean
penetration resistance F. Additional given the correlation coefficient R%. Bold marked
coefficients were significant (p<0.05).

Weak layer Slab layers
ID a b c R? a b C R?

1-0607 0.25 -0.001 0.002 0.01 0.693 -0.007r 0.008 0.09
2-0607 0.29 -0.006 0.009 0.32 0.190 -0.004 0.008 0.49
3-0607 0.16 -0.003 -0.003 0.17 0.217 0.001 -0.004 0.17
5-0607 0.20 -0.002 0.000 0.02 0.671 -0.007 -0.003 0.05
6-0607 0.11 0.004 -0.002 0.12 0.498 0.024 -0.021 0.51

1-0708 0.07 0.000 -0.001 0.04 0.102 0.000 -0.002 0.25
2-0708 0.40 -0.009 0.014 0.19 0.649 -0.029 0.023 0.61
3-0708 0.05 0.001 0.001 0.03 0.086 0.001 -0.001 0.07
4-0708 0.09 0.000 -0.001 0.06 0.224 0.002 0.002 0.03
5-0708 0.05 -0.002 0.000 0.09 0.098 0.0056 0.009 0.16
6-0708 0.12 0.003 -0.004 0.22 0.164 0.021 0.002 0.44
7-0708 0.07 0.001 -0.002 0.08 0.296 0.004 -0.006 0.10
9-0708 0.05 0.003 -0.001 0.37 0.048 0.002 -0.001 0.14

2-0809 0.05 -0.001 -0.001 0.14 0.036 0.000 0.001 0.04
4-0809 0.02 0.000 0.000 0.00 0.042 0.000 0.000 0.01
6-0809 0.22 0.003 -0.011 041 0.114 -0.001 -0.005 0.75
7-0809 0.08 0.004 0.002 0.20 0.457 0.006 0.012 0.35
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Table A.6: Coefficients of the calculated first order polynominal trend for the maximum
penetration resistance. Additional given the correlation coefficient R? Bold marked

coefficients were significant (p<0.05).

Weak layer Slab layers

ID a b c R? a b c R?
1-0607 0.481 -0.005 0.005 0.05 6.713 -0.261 0.557 0.40
2-0607 0.571 -0.006 0.009 0.18 4.404 -0.021 0.014 0.04
3-0607 0.418 -0.008 -0.003 0.14 1.208 -0.012 -0.023 0.09
5-0607 0.266 -0.003 0.000 0.02 10.923 -0.184 -0.084 0.09
6-0607 0.597 0.004 -0.005 0.03 12.191 0.156 -0.344 0.14
1-0708 0.192 -0.001 -0.003 0.05 0.776 -0.002 -0.018 0.19
2-0708 0.556 -0.009 0.018 O0.17 2.616 -0.028 0.079 0.38
3-0708 0.154 0.001 0.001 0.01 0.999 -0.011 -0.008 0.03
4-0708 0.257 0.000 -0.003 0.04 2,576 -0.009 0.018 0.02
5-0708 0.229 -0.004 -0.003 0.12 11.496 -0.116 -0.052 0.01
6-0708 0.443 0.008 0.002 0.13 3.201 0.243 -0.089 0.35
7-0708 0.363 -0.002 -0.010 0.21 12.977 0.091 -0.217 0.04
9-0708 0.126 0.004 -0.002 0.44 0.310 0.009 -0.009 0.09
2-0809 0.129 -0.003 -0.001 0.19 0.358 0.014 0.013 0.10
4-0809 0.067 -0.001 0.000 0.03 0.333 -0.008 0.012 0.18
6-0809 0.291 0.005 -0.012 0.40 0.382 0.002 -0.016 0.57
7-0809 0.384 0.005 0.001 0.05 1.691 0.043 0.080 0.41
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Table A.7: Coefficients of the calculated first order polynominal trend for the param-
eter U. Additional given the correlation coefficient R?.Bold marked coefficients were
significant (p<0.05).

Weak layer Slab layers
ID a b c R? a b C R?

1-0607 68.50 -0.37 -0.85 0.03 152.90 -152 0.14 0.06
2-0607 75.57 -1.16 -0.21 0.18 38.58 -0.04 -0.10 0.01
3-0607 37.31 -0.61 -0.94 0.14 31.45 022 -0.83 0.25
5-0607 6.75 -0.23 -0.15 0.09 72.63 -0.96 -0.98 0.29
6-0607 17.64 0.99 -0.75 0.33 57.12 2.87 -2.20 0.44

1-0708 6.12 -0.14 -0.24 0.19 6.58 0.05 -0.34 0.67
2-0708 63.11 -1.73 132 0.18 84.48 -3.88 2.89 0.63
3-0708 7.45 -0.14 0.03 0.04 8.31 0.13 -0.12 0.04
4-0708 16.12 0.01 -0.23 0.02 29.02 024 0.14 0.03
5-0708 10.21 -0.43 -0.15 0.21 18.47 0.72 0.66 0.20
6-0708 24.30 1.62 1.23 0.35 37.76 453 2.02 049
7-0708 16.83 -0.29 -0.47 0.16 45.70 062 -0.81 0.17
9-0708 1.92 0.10 -0.03 0.35 3.09 0.09 -0.13 0.04

2-0809 10.52 -0.45 0.05 0.21 5.45 -0.01 0.43 0.09
4-0809 0.54 -0.01 0.02 0.08 229 -005 011 O0.11
6-0809 16.39 0.21 -0.89 0.34 1.29 -0.01 -0.06 0.44
7-0809 255 1.51 0.64 033 57.28 249 -0.70 0.41
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Table A.8: Coefficients of the calculated first order polynominal trend for the weak
and slab layer thickness. Additional given the correlation coefficient R2.Bold marked

coefficients were significant (p<0.05).

Weak layer Slab layers

ID a b c R? a b c R?
1-0607 1.099 -0.017 0.033 0.04 25.259 0.134 -0.153 0.15
2-0607 3.349 0.011 -0.065 0.12 28.835 -0.313 0.070 0.57
3-0607 1.925 0.047 0.099 0.11 31.169 0.051 -0.126 0.02
5-0607 0.317 0.010 0.029 0.07 12.748 0.053 0.060 0.06
6-0607 9.224 -0.023 -0.216 0.10 29.047 3.642 -1.687 0.95
1-0708 1.785 -0.020 0.114 0.21 20.459 0.176 -0.375 0.58
2-0708 0.633 0.017 -0.017 0.12 29.674 -0.417 -0.372 0.76
3-0708 1.157 -0.003 -0.064 0.32 23.327 0.155 0.392 0.21
4-0708 2.209 -0.035 -0.059 0.11 48.270 0.197 -0.010 0.07
5-0708 3.233 -0.003 -0.035 0.02 41.537 -0.374 -0.076 0.04
6-0708 2.790 -0.059 0.057 0.21 35.936 1.161 0.887 0.47
7-0708 2.345 -0.018 -0.009 0.01 30.202 0.013 0.017 0.00
9-0708 2.142 0.117 0.079 0.18 30.444 0.767 -0.350 0.30
2-0809 0.419 0.039 0.017 0.42 10.820 0.007  0.065 0.05
4-0809 4.175 -0.075 0.032 0.06 156.095 -0.074 0.156 0.12
6-0809 0.638 0.007 0.011  0.02 59.686 -0.020 -1.876 0.75
7-0809 1.676 -0.029 0.028 0.17 63.673 0.699 1251 0.63
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Moran’s |

Table A.9: Results of the Moran's | statistics for the weak and slab layer ¥. Shown are
the grid ID the number of measurement points, the p-value as well as the median.

118

Weak layer Slab layer
ID N Moran's| p  Median Moran's | p Median

KPa KPa
1-0607 46 0 0.69 55.0 0.31 0.000 134.7
2-0607 46 0.13 0.00 619 -0.04 0.736 383
3-0607 42 0.18 0.00 20.6 0.13 0.001 241
5-0607 44 0.04 0.11 17 0.28 0.000 533
6-0607 46 0.21 0.00 17.2 0.30 0.000 59.2
1-0708 46 0.04 0.12 1.6 0.31 0.000 3.5
2-0708 46 0.13 0.00 530 0.35 0.000 67.6
3-0708 44 0.07 0.03 51 0.24 0.000 1.7
4-0708 46 0.23 0.00 12.1 0.30 0.000 30.3
5-0708 42 0.27 0.00 3.1 0.09 0.019 28.0
6-0708 44 0.37 0.00 489 0.56 0.000 924
7-0708 41 0.04 0.14 7.9 0.08 0.026 42.1
9-0708 46 0.26 0.00 2.5 -0.02 0.643 2.1
2-0809 46 0.14 0.00 5.0 0.11 0.002 8.1
4-0809 46 0.14 0.00 0.6 0.10 0.003 2.8
6-0809 46 0.25 0.00 8.9 0.26 0.000 0.5
7-0809 46 0.19 0.00 222 0.28 0.000 80.7




Table A.10: Results of the Moran's | statistics for the weak and slab layer penetration
resistance. Shown are the grid ID the number of measurement points, the p-value as

well as the median.

Weak layer Slab layer
ID N Moran’s | P Median Moran'’s | P Median

N N
1-0607 46 0.04 0.162 0.2 0.30 0.000 0.7
2-0607 46 0.21 0.000 0.3 0.28 0.000 0.2
3-0607 42 0.19 0.000 0.1 0.14 0.000 0.2
5-0607 44 0.25 0.000 0.2 0.28 0.000 0.5
6-0607 46 0.06 0.050 0.1 0.26 0.000 0.5
1-0708 46 -0.03 0.874 0.0 0.14 0.000 0.1
2-0708 46 0.10 0.003 0.4 0.35 0.000 0.5
3-0708 44 0.12 0.002 0.1 0.20 0.000 0.1
4-0708 46 0.24 0.000 0.1 0.27 0.000 0.3
5-0708 42 0.08 0.009 0.0 0.12 0.002 0.2
6-0708 44 0.19 0.000 0.1 0.54 0.000 0.3
7-0708 41 0.06 0.081 0.1 0.03 0.220 0.3
9-0708 46 0.17 0.000 0.1 0.05 0.013 0
2-0809 46 0.02 0.263 0.0 0.09 0.006 0
4-0809 46 0.08 0.021 0.0 0.12 0.001 0
6-0809 46 0.30 0.000 0.1 0.37 0.000 0.1
7-0809 46 0.17 0.000 0.1 0.32 0.000 0.6
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Table A.11: Results of the Moran's | statistics for the weak and slab layer maximum
penetration resistance. Shown are the grid ID the number of measurement points, the
p-value as well as the median.

Weak layer Slab layer
ID N Moran's | P Median Moran's | P Median

N N
1-0607 46 0.02 0.332 0.4 0.26 0 8.3
2-0607 46 0.17 0 0.6 0.03 0.238 4.3
3-0607 42 0.1 0.003 0.3 -0.07 0.302 0.8
5-0607 44 0.27 0 0.2 0.14 0 7.5
6-0607 46 0.01 0.407 0.6 0.01 0.506 10.4
1-0708 46 -0.03 0.925 0.1 0.11 0.003 0.5
2-0708 46 0.09 0.008 0.6 0.21 0 3.1
3-0708 44 0.04 0.171 0.2 0.01 0.486 0.7
4-0708 46 0.19 0 0.2 0.13 0.001 2.7
5-0708 42 0.12 0.002 0.2 0.08 0.014 8
6-0708 44 0.1 0.007 0.5 0.43 0 4
7-0708 41 0.08 0.022 0.2 0.01 0.5 10.9
9-0708 46 0.23 0 0.1 0.01 0.032 0.3
2-0809 46 0.12 0 0.1 0.1 0.006 0.6
4-0809 46 0.13 0.001 0.1 0.1 0.004 0.4
6-0809 46 0.27 0 0.2 0.27 0 0.2
7-0809 46 0 0.668 0.4 0.24 0 2.7
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Table A.12: Results of the Moran’s | statistics for the weak and slab layer thickness.
Shown are the grid ID the number of measurement points, the p-value as well as the

median.
Weak layer Slab layer
ID N Moran’s | P Median Moran'’s | P Median

cm cm
1-0607 46 0.15 0 0.8 0.17 0 24.6
2-0607 46 0.04 0.107 2.8 0.35 0 26.4
3-0607 42 0.07 0.063 3 0.18 0 30.2
5-0607 44 0.01 0.471 0.6 0.12 0.002 13.7
6-0607 46 0.06 0.076 7 0.55 0 56.7
1-0708 46 0.12 0.002 2.4 0.41 0 18.8
2-0708 46 0.07 0.048 0.5 0.43 0 22.1
3-0708 44 0.13 0 0.3 0.26 0 28.6
4-0708 46 0.08 0.008 1.1 0.29 0 48.6
5-0708 42 0.1 0.014 2.9 0.05 0.09 36.3
6-0708 44 0.09 0.012 2.7 0.5 0 52.6
7-0708 41 0.09 0.014 1.8 0.04 0.133 30.5
9-0708 46 0.16 0 4.2 0.19 0 31.2
2-0809 46 0.33 0 1 0.14 0 115
4-0809 46 0.07 0.052 3.5 0.13 0 16.2
6-0809 46 0.05 0.109 0.7 0.38 0 46.6
7-0809 46 0.08 0.019 16 0.42 0 82.1
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Appendix B

Sample (open circles) and theoretical variogram (solid line) of the parameter ¥ for the
weak layer and slab layer for the winter between 2006 and 2009. In addition shown are
the contour plots of the weak layer and slab layer U. The W values were not detrended.
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Figure B.1: Grid 1 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.2: Grid 2 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.3: Grid 3 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.4: Grid 5 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.5: Grid 6 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.6: Grid 1 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.7: Grid 2 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.8: Grid 3 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.9: Grid 4 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.10: Grid 5 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.11: Grid 6 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.12: Grid 7 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)

and the slab layer (bottom right).
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Figure B.13: Grid 9 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.14: Grid 2 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.15: Grid 4 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Figure B.16: Grid 6 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)

and the slab layer (bottom right).
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Figure B.17: Grid 7 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the parameter W for the weak layer (top left) and the slab
layers (top right). Contour plots of the parameter W for the weak layer (bottom left)
and the slab layer (bottom right).
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Sample (open circles) and theoretical variogram (solid line) of the weak layer and slab
layer mean penetration resistance F' for the winter between 2006 and 2009. In addition
shown are the contour plots of the weak layer and slab layer mean penetration resistance
F. The mean penetration resistance values were not detrended.

141



Appendix C

o O e
0.012 o) o o)
o0 o6 © 0.08 —
0.010 4 0. © o
- ° 0.06 —
30.008 ° 8~
g oo g
60'006 = o © 5 0.04
=0.004 — =
0.02 —
0.002 —
0.000 — 0.00 —
T T T T 1 T T T T 1
0 5 10 15 20 0 5 10 15 20
Lag distance (m) Lag distance (m)

N N
0.45

E 0.40 g

Py 035 7

& 030 §&

a 025 &

2 020 °
0.15

0 T T 0 T T
0 6 12 18 0 6 12 18
Cross slope (m) Cross slope (m)

Figure C.1: Grid 1 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.2: Grid 2 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.3: Grid 3 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.4: Grid 5 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.5: Grid 6 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.6: Grid 1 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).

147



Appendix C

00 | [?)
0.04 o 0.05
0.04 ©
o 0.03 o
g 2 0.03
£ 0.02 - g
S S 0.02
0.00 0.00
T T T T 1 T T T T 1
0 5 10 15 20 0 5 10 15 20
Lag distance (m) Lag distance (m)

N N
1.4

1.0

E 08 E

g g

S 0.6 o

(%] (%2}

=3 04 5
0.2

0 T T 0 T T
0 6 12 18 0 6 12 18
Cross slope (m) Cross slope (m)

Figure C.7: Grid 2 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.8: Grid 3 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.9: Grid 4 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.10: Grid 5 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.11: Grid 6 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.12: Grid 7 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)

and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.13: Grid 9 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.14: Grid 2 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.15: Grid 4 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.16: Grid 6 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Figure C.17: Grid 7 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the mean penetration resistance F' for the weak layer (top left)
and the slab layers (top right). Contour plots of the mean penetration resistance F
for the weak layer (bottom left) and the slab layer (bottom right).
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Appendix D

Sample (open circles) and theoretical (solid line) variogram of the weak layer and slab
layer maximum penetration resistance F,,, for the winter between 2006 and 2009. In ad-
dition shown are the contour plots of the weak layer and slab layer maximum penetration
resistance F},,,. The maximum penetration resistance values were not detrended.
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Figure D.1: Grid 1 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.2: Grid 2 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration

resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.3: Grid 3 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.4: Grid 5 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.5: Grid 6 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.6: Grid 1 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.7: Grid 2 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.8: Grid 3 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration

resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.9: Grid 4 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.10: Grid 5 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.11: Grid 6 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.12: Grid 7 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.13: Grid 9 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.14: Grid 2 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.15: Grid 4 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.16: Grid 6 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F' for the weak layer (bottom left) and the slab layer (bottom right).
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Figure D.17: Grid 7 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the maximum penetration resistance F,,,, for the weak layer
(top left) and the slab layers (top right). Contour plots of the maximum penetration
resistance F for the weak layer (bottom left) and the slab layer (bottom right).
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Appendix E

Sample (open circles) and theoretical (solid line) variogram of the weak layer and slab
layer thickness D for the winter between 2006 and 2009. In addition shown are the
contour plots of the weak layer and slab layer thickness. The thickness D values were
not detrended.
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Figure E.1: Grid 1 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.2: Grid 2 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.3: Grid 3 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.5: Grid 6 winter 2006 - 2007. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.7: Grid 2 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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right) thickness D.
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Figure E.9: Grid 4 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.10: Grid 5 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
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Figure E.12: Grid 7 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
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right) thickness D.
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Figure E.13: Grid 9 winter 2007 - 2008. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Figure E.15: Grid 4 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
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Figure E.17: Grid 7 winter 2008 - 2009. Experimental variogram (open circles) and
modeled variogram of the the weak layer (top left) and the slab layers (top right)
thickness D. Contour plots of the weak layer (bottom left) and the slab layer (bottom
right) thickness D.
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Table F.1: Summary of the 71 SMP profiles used for verification of the SMP stability algorithm. Given are the recording
date (Date), the corresponding location (Europe, Eastern Swiss Alps) as well as the SMP-filename. In addition given
are the snow height (HS), the slope angle, the rutschblock score (RB), the primary grain type (Fierz et all, [2009)
as well as the depth of the weak layer top (Top) and bottom boundary (Bottom) as identified manually in the SMP
signal. Aplpha = 0 indicates locations where a compression test was performed instead of a rutschblock test. The

compression test score was converted into rutschblock scores according to |Schweizer and Jamieson (2003).

No Date Location Filename HS Alpha RB  Type Top Bottom
cm o - - mm mm

1 2003-02-14 Weissfluhjoch 00010008.pnt 222 0 3 DF 186.5 209.3
2 2003-04-16 Weissfluhjoch 00100061.pnt 215 0 3 FCxr 51.5 118.9
3 2003-11-25 Jatzhorn NW 00170004.pnt 55 35 6 FCxr  408.4 428.4
4 2003-11-25 Jatzhorn SW 00180007.pnt 55 30 3 FCxr  259.8 289.1

5 2003-11-29 Weissfluhjoch 00190014.pnt 122 0 3 FCxr  336.8 362.8
6 2003-12-13 Weissfluhjoch 00200007.pnt 106 0 7 FCxr  307.8 311.3
7 2003-12-17 Kénighang 00210013.pnt 214 37 4 FCxr  483.8 504.4
8 2004-01-02 Weissfluhjoch 00230005.pnt 150 0 3 DF 128.8 155.6
9 2004-01-26 Gipfeli S 00260006.pnt 105 30 5 FCxr  538.6 576.8
10  2004-01-30 Weissfluhjoch 00280010.pnt 235 0 4 DF 181.7 198.0
11 2004-02-14 Weissfluhjoch 00320003.pnt 250 0 3 DF 240.5 252.6
12 2004-03-16 Weissfluhjoch 00450007.pnt 225.7 0 3 DF 1175 123.3
13 2004-03-18 Schafberg 00460000.pnt 95 38 2 RG 277.9 307.9
14 2004-03-22 Seetali 00520006.pnt 183 35 3 RG 257.7 262.7
15  2004-04-05 Kénighang 00570004.pnt 174 30 3 PPgp  63.9 66.7

16  2004-05-04 Saentisch 00600003.pnt 253 29 4 MF 97.1 116.4
17 2004-12-01 WEF Gipfel Ost 00620002.pnt 43 30 4 FCxr 3248 358.8
18  2004-12-24 Kénighang 00650003.pnt 55 36 2 DH 401.4 448.8
19  2004-12-31 Wetterloch, Gau 00670014.pnt 79 38 3 DH 392.0 460.8
20  2005-01-05 Kénighang 00690001 .pnt 84 36 2 DH 457.9 509.4
21  2005-03-02 Mittelgrat 00710017.pnt 127 43 4 FCxr 2915 296.4
22 2005-04-13 Titlis 00740010.pnt 186.5 33 4 FCxr  463.9 473.0
23 2006-01-04 Ratschenjoch 00770004 .pnt 161 32 2 SH 511.0 514.0
24 2006-01-16 Weissfluhjoch 00780003.pnt 83.5 0 4 FCxr  200.6 207.6
25 2006-01-27 Schénenboden, Strela 00790005.pnt 125 30 3 FCxr 257.4 265.3
26  2006-02-01 Weissfluhjoch 00800002.pnt 106.8 0 7 FCxr  316.3 336.1

27  2006-02-03 Steintalli, Strela 00810027.pnt 165 25 5 SH 281.9 295.2
28  2006-02-15 Weissfluhjoch 00830002.pnt 115 0 7 FCxr  465.6 499.1

29  2006-02-16 Pizol 00840011.pnt 210 38 2 PP 297.6 449.7
30 2006-02-21 Gfrornhorn W 00850014.pnt 91 40 3 RG 202.3 220.4
31  2006-02-27 Weissfluhjoch 00870003.pnt 147 0 2 SH 87.0 105.2
32 2006-03-18 RadiinerRh NW 00890003.pnt 199 33 6 FCxr  255.0 274.6
33 2006-03-18 RadiinerRH NNW 00900006.pnt 88 34 2 FC 335.8 363.1

34  2006-03-18 RadiinerRH NE 00910010.pnt 108 36 4 FC 307.7 326.9
35 2007-11-16 Jakobshorn File0004a.pnt - 37 5 RG 332.6 333.3
36 2007-12-30 Abiriigg File0006.pnt - 37 6 FC 384.8 411.4
37  2008-01-10 Piz Darlux File0006a.pnt - 35 6 FC 398.3 464.9
33  2008-02-14 Sur Carungas File0007.pnt - 35 5 Fc 454.9 480.7
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2008-03-13
2008-02-16
2007-11-30
2008-01-16
2007-12-28
2007-11-30
2008-01-10
2008-01-13
2008-01-13
2008-02-16
2007-12-28
2008-01-04
2008-01-11
2008-02-11
2008-01-18
2008-02-15
2007-12-29
2008-01-18
2008-01-06
2007-01-25
2007-02-16
2007-03-08
2007-03-15
2008-01-10
2008-01-17
2008-01-23
2008-01-31
2008-02-07
2008-03-18
2009-01-14
2009-01-30
2009-02-05
2009-02-19

Haupter Télli Kdnigshang
Niilli Berg
Bergstat. Totalp
Sur Eva
Verborgen Pischa
Weissfluhjoch
Piz Darlux, Skibegiet Bergiin
Totalphorn
Schwarzhorn Parsenn
Chessi Hubel
Pischa Fliielaberg
Pischa Verborgen Pischa
Fliiela Tschuggen
Réatschenjoch
Murtel Corvatsch
Podestatenalp
Biielen
Murtel Skitraverse
La Vedutta
Steintalli
Steintalli
Steintalli
Wannengrat
SW Hang WANS5
Steintalli
SW Hang WANS5
Steintalli
SW Hang WANS5
Steintalli
Steintalli
Steintalli
Steintalli
SW Hang WANS5

File0009.pnt
File0012.pnt
File0014.pnt
File0015.pnt
File0017.pnt
File0017a.pnt
File0018.pnt
File0020.pnt
File0024.pnt
File0029.pnt
File0030.pnt
File0031.pnt
File0034.pnt
File0035.pnt
File0035a.pnt
FILE0039.pnt
File0042.pnt
File0052.pnt
File0055.pnt
File0021.pnt
GRID3021.pnt
DYID5048.pnt
GRID6048.pnt
GRID1021.pnt
GRID2022.pnt
GRID3022.pnt
GRID0025.pnt
GRID5024 .pnt
GRID9026.pnt
GRID2023.pnt
GRID4022.pnt
GRID5024a.pnt
GRID6024.pnt

116
144
93
197
141
159
90
200
155
151
207
186

OO REREENOONWOOORENOCCODOOOORRERONNWRERNDNWOREDN

361.8
245.9
164.4
401.7
102.9
395.0
153.8
245.0
224.6
2955
239.5
238.7
521.7
390.8
580.5
2915
192.9
352.2
264.4
222.3
328.1
409.0
370.8
164.2
268.3
268.0
424.0
289.1
168.4
337.2
326.6
471.8
620.6

375.2
325.8
216.1
418.9
109.0
434.1
186.3
247.4
230.5
372.7
274.4
297.7
541.6
396.1
604.6
3425
242.9
375.4
298.8
223.8
339.1
423.4
386.7
167.5
287.9
279.1
438.7
289.3
175.6
351.8
332.7
473.1
641.0
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