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Abstract

Avalan
hes threaten humans. About 250 person die in snow avalan
hes ea
h year.Avalan
hes a�e
t roads, railways, ski resorts and buildings lo
ated in mountainous ter-rain. Prerequisites for a dry-snow slab avalan
he are a weak layer below slab layers. Thisstudy fo
used on the formation of skier-triggered dry snow slab avalan
hes.Failure initiation within the weak layer and fra
ture propagation are key pro
esses foravalan
he formation. It is believed that spatial variations of weak and slab layer prop-erties a�e
t fra
ture initiation and fra
ture propagation propensity. The length s
ale, orrange, of these variations is of parti
ular importan
e for the avalan
he formation pro-
ess. Previous studies have quanti�ed the spatial variability of snow 
over properties atdi�erent s
ales. However, none of these studies was able to relate the variation of snow
over properties to snow slope stability.To quantify spatial variations of snow 
over properties at the slope s
ale, spatially dis-tributed measurements have been 
arried out on 23 slopes above treeline near Davos,Switzerland. Seventeen of these slopes were analyzed, six had to be dis
arded due to dataquality problems. The SnowMi
roPen (SMP), a 
onstant speed penetrometer, was usedfor high resolution resistan
e probing in a partly randomized grid pattern. In addition,manual snow 
over observations, stability tests and manual snow pro�les were performed.In total, 1058 SMP pro�les, 340 
ompression tests and 17 manual snow pro�les wereanalyzed.Previous studies were not able to relate spatial variations of snow 
over properties to snowslope stability, be
ause of the insu�
ient number of point stability information at theslope s
ale. Therefore, the SMP resistan
e signal was analyzed to derive snow stability.The proposed stability algorithm was developed by 
omparing 71 SMP for
e-distan
epro�les to the 
orresponding manual pro�les in
luding stability tests. The algorithmidenti�es a set of four potentially weak layers by taking into a

ount 
hanges in stru
tureand rupture strength of mi
ro-stru
tural elements that make up snow layers as derivedfrom the SMP signal. In 90% of the 
ases one of the four potentially weak layers proposedby the algorithm 
oin
ided with the failure layer observed in the stability test. To sele
tthe 
riti
al layer out of the four potential weaknesses proved to be more di�
ult. With afully automati
 pi
king of the 
riti
al layer, an agreement with the failure layer observedV



Abstra
tin the stability test was rea
hed in 58% of the 
ases. To derive a stability 
lassi�
ation,weak layer as well as slab properties were analyzed. These predi
tor variables allow theSMP signal to be 
lassi�ed into two stability 
lasses of poor and fair− to− good withan a

ura
y of about 75% (
ross-validated) when 
ompared to observed stability. TheSMP in 
ombination with the proposed algorithm shows high potential for providingsnow 
over stability information with high resolution in time and spa
e.The spatial variation of weak layer and slab properties were 
hara
terized using non-spatial as well as spatial statisti
s and results were related to slope stability. These layerproperties were the penetration resistan
e, the maximum penetration resistan
e, thelayer thi
kness and a stru
tural parameter derived from the SMP signal. The investigatedweak layers were spatially 
ontinuous, i.e. were identi�ed in almost all SMP signals, andthe properties showed more spatial variations than slab layers suggesting that the slablayers are the most relevant fa
tor for avalan
he formation. Spatial slope s
ale trendsof slab layer properties explained most of these variations suggesting the importan
eof meteorologi
al 
onditions during and after deposition as a driving agent for spatialvariability. Varying weak layer properties were found to be positively 
orrelated withvarying slab layer properties showing the in�uen
e of the slab layer on the weak layerproperties.Grids with low median 
ompression test s
ores showed less variation than grids of in-termediate or high 
ompression test s
ores. The variation of the layer properties waspositively 
orrelated with the variation of the 
ompression test s
ores. In other words,stability in
reased with in
reasing variation.The geostatisti
al analysis revealed that in most 
ases no range (or 
orrelation length)
ould be determined neither for the slab layers nor for the weak layers. However, the slablayers tended to show more often spatial stru
ture, i.e. a range, than the 
orrespondingweak layers. Weak layers showed generally less varian
e than the slab layers. A 
ertainrange 
ould not be related to slope stability and therefore the e�e
t of length s
ale onslope stability remains unknown for the time being. Though some trends are apparent,�rm 
on
lusions on the dependen
e of slope stability on spatial variations were notpossible due to limited range of snow 
onditions in the dataset, and the fa
t that thede�nition of slope stability remains elusive.Nevertheless, based on the limited dataset a hypotheti
al 
on
ept was introdu
ed. Spatialvariations of weak layer and slab layer properties are only relevant if the variations at theslope s
ale are around the threshold of rather stable to rather unstable 
onditions. As thishypotheti
al 
on
ept 
an not be supported with observations, it should be 
onsidered aspreliminary.
VI
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Chapter 1

Introduction

A snow avalan
he is a rapid down-slope movement of snow, triggered naturally or arti�-
ially (e.g. by humans). Estimates suggest that worldwide ea
h year about 250 people diedue to snow avalan
hes (S
hweizer, 2004). Avalan
hes a�e
t ski resorts, roads, railways,buildings, and other infrastru
ture lo
ated in mountainous terrain, 
ausing monetarydamage and loss of life. Avalan
he fatalities during re
reational a
tivities 
an be redu
edby fore
asting as well as edu
ation on safe traveling in avalan
he terrain. Avalan
hefore
asting is based on snow 
over stability observations, meteorologi
al observationsand weather fore
asts. Fore
asting of avalan
he hazard has to be done for large areas(several 100 km2) where snow 
over observations are infrequent. Therefore, fore
astingthe release probability of a single slope is not possible - at least not presently. The mainreason for this is that the exa
t state of the mountain snow 
over is not known.The varying meteorologi
al 
onditions, su
h as wind and radiation, in�uen
e the forma-tion of the seasonal alpine snow 
over. Understanding the relevant physi
al pro
essesa�e
ting a seasonal mountain snow 
over allows one to fore
ast its state. In the followingthe main properties of snow on the ground and pro
esses a
ting on a seasonal alpinesnow 
over are summarized. The 
on
ept of avalan
he formation and re
ent �ndings onspatial snow 
over variations are presented.
1.1 Snow coverSnow 
rystals are formed in 
louds through water vapor deposition on 
ondensationnu
lei. During this pro
ess the 
rystals grow into typi
ally hexagonal unique stru
tures.These single stru
tures are 
omplex on their own and a system, i.e. snow on the ground,
onsisting of these unique stru
tures be
omes highly 
omplex.Newly fallen snow whi
h was not a�e
ted by wind has typi
ally densities (ρsnow) below1



Chapter 1 Introdu
tion100 kg m−3 (M
Clung and S
haerer, 2006). The ratio ρsnow/ρice is a measure of porosity.New snow with a density of 50 kg m−3 has a porosity of 95% (ρice = 917 kg m−3).That means only 5% i
e exists within one 
ubi
 meter of snow of this density. Firn,with a density of about 550 kg m−3, is de�ned as the last stage of snow densi�
ation.Densi�
ation is due to the weight of the snow. Large overburden pressure and high airtemperature favour densi�
ation.The seasonal snow 
over on the ground is layered with distin
t upper and lower bound-aries. Layering is mainly 
aused by varying snow deposition. Meteorologi
al pro
essesa�e
t dire
tly the exposed snow surfa
e. Short wave radiation or positive air temper-ature, might 
ause melt-freeze 
rusts and snow 
an be eroded and deposited by wind.The snow layer thi
kness 
an range from a few millimeter to de
imeters.
1.1.1 Metamorphism and snow typesMetamorphism within the snow 
over is driven by water vapor transport whi
h is a dire
t
onsequen
e of temperature gradients within the snow 
over. Geothermal heat and thelow thermal 
ondu
tivity of i
e 
ause a temperature of about 0 ◦C at the base of thesnow 
over. The upper part of the snow 
over, on the other hand, is subje
ted to diurnaltemperature �u
tuations. Temperature gradients exists always within the snow 
over.The water vapor leaves one 
rystal and 
ondenses on a neighboring 
rystal. This upwardmotion of water vapor in
reases with in
reasing temperature gradient, depends on thepore spa
e and determines the shape of the 
rystal.On
e snow is deposited on the ground it undergoes metamorphi
 pro
esses (Figure 1.1).New snow 
rystals are most prone to 
hanges due to their dendriti
 stru
ture. The vaporpressure is larger over 
onvex surfa
es than it is over 
on
ave surfa
es. That means,the bran
hes of a new snow 
rystal will start to sublimate sin
e the surrounding airis typi
ally not super-saturated. Dendriti
 snow 
rystals tend to rea
h the shape of asphere, i.e. a rounded parti
le, be
ause this is the minimum surfa
e-to-volume ratio.As des
ribed above depending on the amount of available water vapor, the intensityof the temperature gradient and the size of the pore spa
e di�erent grain shapes areformed. Typi
ally rounded 
rystals are formed if temperature gradients below 10 Cm−1exist within the snow 
over (equilibrium growth). Temperature gradients larger than 10C m−1 form fa
eted 
rystals (Akitaya, 1974).Snow types (Colbe
k et al. (1990); Fierz et al. (2009)) 
an be grouped into eitherpersistent or non-persistent snow types (Jamieson and Johnston, 1998, 2001). New snow(PP), de
omposed and fragmented pre
ipitation parti
les (DF) and small rounded grains(RG) belong to the group of non-persistent snow types (Figure 1.1). Fa
eted 
rystals(FC) and depth hoar (DH) belong to the group of persistent grain types (Figure 1.2). Aspe
ial form of fa
eted 
rystals are rounded fa
ets (FCxr). These 
rystals show roundededges as well as sharp edges. The size of snow grains range typi
ally from fra
tions of2



1.1 Snow 
overmillimeters to 
entimeters. Surfa
e hoar (SH) is formed on top of the snow surfa
e during
lear, humid and 
alm nights (Figure 1.3). The snow surfa
e is 
ooled by radiative heattransport while humid air 
ondenses at the snow surfa
e. Wind redu
es the size or evenhinders surfa
e hoar growth. Surfa
e hoar 
rystals 
an rea
h sizes of a few 
entimeters.Snow is a sintered material and is therefore bonded. Bonds between grains are a result ofwater vapor transport through the pore spa
e and mole
ular motion at the surfa
e. Thestrength of a layer depends on the bonding of the individual grains. Layers 
onsisting ofpersistent grain types (e.g. depth hoar) form fewer bonds per unit volume than layersof non-persistent grain types (e.g. small rounded grains). Layers of poorly bonded graintypes are weaker in shear than in 
ompression (Akitaya, 1974). Bond growth is fastestfor new snow, high temperatures and large load. Bonding is of parti
ular importan
e forthe avalan
he formation pro
ess.

Figure 1.1: Non-persistent snow 
rystals on a 2 mm grid. New snow (left), de
omposedand fragmented pre
ipitation parti
les (mid) and small rounded grains (right).(Photo:SLF ar
hive).

Figure 1.2: Persistent snow 
rystals on a 2 mm grid. Fa
eted 
rystals (left), depth hoar(right). (Photo: SLF ar
hive).
3



Chapter 1 Introdu
tion

Figure 1.3: Surfa
e hoar 
rystals on top of the snow surfa
e.
1.1.2 Observation and measurement methods

Manual observationsWhen analyzing the snow 
over a manual snow pro�le is 
ommonly observed. The snowlayering is re
orded in
luding layer thi
kness, snow type, grain size and hardness of thelayers. These point observations are time 
onsuming and somewhat subje
tive, but arestill the most relevant information on the snow 
over stratigraphy used by avalan
hefore
asters.A manual snow pro�le is often supplemented by stability tests. Stability tests are usedfor mainly two reasons: to �nd potential weak layers and to qualify their strength. Vari-ous �eld tests have been used by pra
titioners as well as by resear
hers. The two most
ommon tests are the ruts
hblo
k (RB) (Föhn, 1987) and the 
ompression test (CT)(Jamieson, 1999). For these two tests, snow 
olumns of di�erent size (RB: 2 m x 1.5 m,CT: 30 
m x 30 
m) are isolated from the snow 
over and are subsequently loaded fromthe top (see Methods se
tion for more details). The observed release type (RB) and thefra
ture 
hara
ter (CT) provide additional stability information. Winkler and S
hweizer(2009) 
ompared di�erent stability tests. They found that stability tests performed ad-ja
ent to ea
h other revealed the same failure layer in only about 60% of the 
asesand pointed out the 
hallenge of automati
ally dete
ting potential failure layers within asnow 
over. Furthermore, they argued that the 
ompression test typi
ally underestimatesstability.4



1.1 Snow 
overBirkeland and Chabot (2006) analyzed stability tests performed on slopes rated as un-stable. They found that if only one test is 
onsidered for slope stability 
lassi�
ationthe slope 
an still be rated as stable in about 10% of the 
ases. They, as others before(Jamieson and Johnston (1993); S
hweizer et al. (2008b)), proposed to perform a se
-ond observation at a representative site about ten meters apart from the �rst test and
hoosing the test with the lowest s
ore.
SnowMicroPenS
hneebeli and Johnson (1998) developed the SnowMi
roPen (SMP), a digital penetrom-eter to enable qui
k snowpa
k resistan
e probing. The method requires no digging andprovides obje
tive high resolution penetration resistan
e data. Johnson and S
hneebeli(1999) introdu
ed a mi
ro-stru
tural model to derive snow properties from the signal. Re-
ently, Marshall and Johnson (2009) improved this mi
ro-stru
tural model. Their modelwas not available during this study and 
ould therefore not be used.Snow 
over stability information is 
ru
ial for avalan
he warning servi
es as well as forba
k
ountry re
reationists. This information is typi
ally derived from manual snow 
overobservations and stability tests. Pielmeier and Marshall (2009) related point stability (asestimated with the ruts
hblo
k) to layer properties derived from the SMP 
al
ulatedwith the improved mi
ro-stru
tural model. They found the mi
ro-stru
tural strength ofthe a priori de�ned weak layer (see Methods se
tion) to be the most reliable predi
tor ofstability (84% total a

ura
y, predi
ting stable and unstable). Compared to earlier studies(e.g. Pielmeier and S
hweizer (2007)) the 
lassi�
ation a

ura
y found by Pielmeier andMarshall (2009) was higher, suggesting that the improved mi
ro-stru
tural model allowsbetter signal interpretation.Previous SMP studies analyzed properties of spe
i�
 weak layers, su
h as layers of buriedsurfa
e hoar, in spa
e and time using various statisti
al methods (Lutz et al. (2007);S
hweizer and Kronholm (2007); Kronholm et al. (2004); Birkeland et al. (2004a)).Satyawali et al. (2009) related the mean, the standard deviation and the 
oe�
ient ofvariation of the SMP penetration resistan
e to the major grain types. With the help ofsome additional expert rules they suggested a preliminary method to relate the SMPsignal to grain types.Common pra
ti
e when analyzing SMP signals is a visual inspe
tion of the signal. If noobvious errors, e.g. signal drift, are identi�ed, the layer of interest is de�ned manuallyand the properties are 
al
ulated. Lutz et al. (2007) used moving window statisti
sas a re�nement of manual weak layer dete
tion. Floyer and Jamieson (2008) and vanHerwijnen et al. (2009) used various signal pro
essing methods to identify known weaklayers, i.e previously identi�ed by stability tests, in penetrometer signals. Additionally,Floyer and Jamieson (2008) suggested a 
on
eptual framework for automati
 dete
tionof weak layers. 5



Chapter 1 Introdu
tionBellaire et al. (2009) introdu
ed an algorithm whi
h automati
ally dete
ts weak layersand estimates stability (see Methods se
tion for more details). This algorithm showspromising potential for an automati
 weak layer dete
tion and a dire
t stability estima-tion. The method needs more improvements, but weak layer dete
tion in manual snow
over observations seems similarly di�
ult (S
hweizer and Jamieson, 2007). In addi-tion, S
hweizer and Jamieson (2007) related manually observed failure layer propertiesto observed instability and developed a threshold sum approa
h to 
lassify failure layersbased on stru
tural properties. When they used the method for failure layer dete
tion,i.e. identifying the prin
ipal weakness in a given snow stratigraphy, the a

ura
y was only53% - exemplifying the di�
ulty of failure layer dete
tion. Bellaire et al. (2009) foundan a

ura
y of 60% to dete
t a weak layer automati
ally within a SMP signal.
1.2 Avalanche formationPrerequisites for the release of a dry-snow slab avalan
he (Figure 1.4) are a weak layerbelow one or more slab layers. Figure 1.5 illustrates the two required pro
esses for a slabavalan
he release. First, a fra
ture needs to be initiated within the weak layer or at aweak interfa
e. Se
ond, the failure has to grow until it rea
hes a 
riti
al length assumedto be larger than 1 m and smaller than 10 m (S
hweizer et al., 2003). Beyond this 
riti
allength the fra
ture be
omes self-propagating, the slab might deta
h and an avalan
hereleases. As a matter of fa
t the 
riti
al length is unknown, but is assumed to be < 10m (S
hweizer et al., 2008b) - and probably on the order of the slab thi
kness.Figure 1.6 shows a s
hemati
 of a slab avalan
he. The energy required for fra
turepropagation has to be lower or equal to the available energy supplied by the slab layers.The slab layers 
onsist of well-bonded snow with densities of about 200 kg m−3, i.e.the slab layers are 
ohesive enough to form a blo
k of snow. The typi
al thi
kness ofslab layers is about 0.5 m (M
Clung and S
haerer, 2006). van Herwijnen and Jamieson(2007b) argued that hard slab layers impede failure initiation by skiers, but pointedout that they favor fra
ture propagation. This was supported by numeri
al simulationsperformed by Habermann et al. (2008). Dry-snow slab avalan
hes 
an be triggered by
ontinuous loading during snowfall as well as by lo
alized rapid near-surfa
e loading by,for example, skiers. Layers deeper than 1 m are rarely skier-triggered (S
hweizer et al.,2003).Weak layers underneath the slab typi
ally 
onsist of poorly bonded snow su
h as depthhoar, surfa
e hoar or fa
eted 
rystals. These large (in size) persistent grain types formfewer bonds per unit volume. It is assumed that, the amount of bonds is mu
h moreimportant in terms of failure growth and fra
ture propagation than the size of the bonds.A 
riti
al weak layer has to favor fra
ture initiation as well as fra
ture propagation.However, without 
ohesive slab layers an avalan
he release is unlikely. For example,fra
ture initiation within a layer of surfa
e hoar below a 50 
m slab layer of low density6



1.3 Spatial variability of the snow 
oversnow (new snow) might be possible, but will not propagate. The same 
riti
al weak layerbelow a well-bonded 
ohesive slab might favor fra
ture initiation be
ause the additionalstress indu
ed by a skier is better applied to the weak layer and more energy is availablefor fra
ture propagation.On
e a fra
ture propagates and the slab be
omes deta
hed a 
rown fra
ture (Figure1.6) is formed by a dynami
 tension fra
ture usually slope perpendi
ular. The fra
turesat the sides, or avalan
he �anks, are formed by the downward motion of the slab layers.The Stau
hwall (not shown in Figure 1.6) is the bottom boundary of the slab 
aused bya shear fra
ture. The stau
hwall may be di�
ult to identify after an avalan
he release,be
ause the slab overruns the stau
hwall. The fra
ture is assumed to appear at the sametime as the fra
tures at the sides just before the slab moves downhill (M
Clung andS
haerer, 2006). The bed surfa
e is the surfa
e on whi
h the avalan
he slides downhill.This 
an either be a harder snow layer below the weak layer, like visible in Figure 1.4and illustrated in Figure 1.6, or the avalan
he 
an slide dire
tly on the ground.In general, fra
ture initiation requires a smaller area, e.g. area below skies, whereasthe fra
ture growth and propagation requires larger areas of low weak layer strength.van Herwijnen and Jamieson (2005) showed that a fra
ture below a skier 
an be largeenough to propagate. In addition, they pointed out the importan
e of slab layers forfra
ture propagation. In other words, a weak layer 
annot be triggered without a slaband on the other hand, there is no avalan
he without a weak layer. That means dry-snow slab avalan
he release depends on weak layer and slab layer properties, and theirintera
tion.
1.3 Spatial variability of the snow coverAs des
ribed above avalan
he formation is strongly in�uen
ed by weak layer and slablayer properties. The snow 
over is exposed to varying meteorologi
al 
onditions su
h aswind and radiation. In addition, the snow 
over is also subje
ted to internal metamorphi
pro
esses for
ed by meteorologi
al 
onditions. These varying 
onditions and the snow
over underlying ground (e.g blo
ks), are driving agents for spatial variability of the snow
over.This study distinguish between spatial variability of the weak layer and the slab layerproperties. A weak layer is often formed at the snow surfa
e (e.g. surfa
e hoar, near sur-fa
e fa
eting). The weak layer formation 
an be assumed to be spatially rather uniform.Wind during and after a snow storm a�e
ts the slab layering due to irregular depositionor erosion. If irregular deposition o

urs, di�erent temperature gradients are established7



Chapter 1 Introdu
tion

Figure 1.4: Dry-snow slab avalan
he. 25 February 2009, Steintälli, Davos, Switzerland

Figure 1.5: S
hemati
 of the required pro
esses for a slab avalan
he release. First, afra
ture needs to be initiated, e.g. by a skier. Se
ond, the failure growth until it rea
hesa 
riti
al length and third the fra
ture propagates until the slab be
omes deta
hed.
8



1.3 Spatial variability of the snow 
over

Figure 1.6: S
hemati
 of a dry-snow slab avalan
he.a�e
ting the metamorphi
 pro
esses a
ting on the weak layer as well as on the slab layerproperties.Before the most relevant studies on spatial variability of the snow 
over are dis
ussedthe term "spatial variability" needs to be de�ned. The term spatial variability is used inthis study to des
ribe variations of snow 
over properties at the slope s
ale. To 
apturespatial variations of snow 
over properties measurements need to be spatially distributed.If measurements are 
orrelated and a 
orrelation length exists the investigated snow
over property shows a spatial stru
ture, i.e. a 
lustering. The s
ale of this stru
tureis of parti
ular importan
e, sin
e it is believed to be related to failure initiation andpropagation.Various sampling methods have been used throughout the years to quantify spatialvariability. These methods in
lude point stability tests like the ruts
hblo
k (Föhn, 1987)or 
ompression test Jamieson (1999). Weak layer properties were measured using shearframes (Jamieson and Johnston, 2001) and high resolution penetrometers (S
hneebeliand Johnson, 1998). Slopes of di�erent size in di�erent terrain lo
ated in di�erent snow
limates were tested.During the last years various studies on spatial variability have been 
arried out. Re
ently,S
hweizer et al. (2008b) reviewed spatial variability studies at di�erent s
ales. Thesestudies investigated the variation of layer properties as well as of point stability. S
hweizeret al. (2008b) 
on
luded that a wide range of variability exist, but weak layers areoften spatially 
ontinuous and show less variation than slab layers (e.g. Kronholm andS
hweizer (2003); Birkeland et al. (2004b)). Furthermore, they pointed out, that thes
ale of variation is a key fa
tor for assessing the propensity of fra
ture propagation.Fra
ture 
hara
ter, ruts
hblo
k release type and shear quality are more 
ontinuous thans
ores of stability tests and are therefore less subje
ted to spatial variations. Numeri
almodels suggest that spatial variation hinder fra
ture propagation (e.g. Fy�e and Zaiser(2004);Kronholm and Birkeland (2005)). The sampling design a�e
ts the estimated
orrelation length (Kronholm and Birkeland, 2007). This fa
t and the di�erent applied9



Chapter 1 Introdu
tionmethods made 
omparison of the di�erent studies questionable and partly explain the
ontradi
tionary results of spatial variability studies.Re
ent studies not in
luded in S
hweizer et al. (2008b) are 
ompiled in Table 1.1.Floyer (2008) performed transe
ts of penetrometer measurements using the SABREprobe (Ma
kenzie and Payten, 2002) a
ross di�erent terrain features su
h as wind af-fe
ted slopes or a
ross the unreleased snow 
over next to an avalan
he. Simenhois andBirkeland (2009) and Hendrikx et al. (2009) both studied spatial variations using theExtended 
olumn test (ECT) (Simenhois and Birkeland, 2006). Simenhois and Birkeland(2009) found no or very little variation in their test results. On the other hand, theECT results by Hendrikx et al. (2009) showed large variations. Lutz (2009) analyzedthe temporal evolution of spatial variability of weak layer properties for one slope with anested sampling design. He found that spatial variability in
reased over time and spatialvariability de
reased after large loading events.These �ndings from the latest studies on spatial variability of layer properties and pointstability essentially 
oin
ide with the 
on
lusions made by S
hweizer et al. (2008b).
1.4 Summary and aimsTo summarize, spatial variability exists and various degrees of spatial variability at di�er-ent s
ales were observed. Weak layers were found to be 
ontinuous showing less variationthan slab layers. Spatial variability a�e
ts the avalan
he formation pro
ess. Spatial vari-ability of weak layer and slab layer properties a�e
t fra
ture initiation as well as fra
turepropagation. Criti
al weak layer properties are required over distan
es smaller than 10 mto rea
h the 
riti
al length. In fa
t, 
orrelation length of layer properties < 10 m wereobserved at the slope s
ale.Throughout all studies some trends seemed to emerge supporting the theory of howspatial variability a�e
ts snow slope stability. Observation showed that a slope 
an betriggered by a se
ond person skiing after and beside the �rst person. This observationmight be related to spatial variability of layer properties, sin
e the fra
ture initiation andpropagation propensity might di�er at the slope s
ale due to the spatial variability ofweak and slab layer properties. Therefore, and the above des
ribed example supportsthis, one 
an hypothesize that spatial variability is parti
ular relevant if variation o

ursbetween stable and unstable 
onditions and the unstable regions are large enough to favorfra
ture initiation as well as propagation. This limits the relevan
e of spatial variabilityfor avalan
he fore
asting to time periods between storm events.A slope whi
h is not triggered during investigation 
an only be rated as stable in termsof an avalan
he release. That means, slope instability 
an not be readily measured anda slope stability 
lassi�
ation remains elusive.10



1.4 Summary and aims
Table 1.1: Re
ent spatial variability studies not in
luded in S
hweizer et al. (2008b)with property under study and major results.Study Property ResultsFloyer (2008) Penetration resistan
e(SABRE probe) - Di�erent terrain features have beenanalyzed; a wind a�e
ted slope, a raingully, a boulder �eld, elevation and aspe
t
hanges and the unreleased snow adja-
ent to an avalan
he- Transe
t length and spa
ing di�er de-pending on terrain feature; length 1.3 -2000 m; spa
ing 5 
m - 400 m- Penetration resistan
e layer thi
knessand depth were found to vary 
onsider-ably over surveyed features.- Features parti
ular asso
iated with highspatial variability were wind ridges, as-pe
t 
hanges, elevation 
hanges, snowsurrounding boulders and runnels 
ausedby rain events.Simenhois and Birke-land (2009) Point stability (ECT) - ECT stability tests have been performedon two slopes- The results were spatial uniform whilewithin one grid all test propagate and theother shows a 
lustering of propagationand non propagation.Hendrikx et al. (2009) Point stability (ECT) - Two slopes, a windy and a sheltered one,were investigated- Considerable variation in propagationpotential was observed- Resistan
e of propagation and 
luster-ing in
reased over timeLutz (2009) Strength, point stabil-ity, penetration re- - Temporal evolution of weak layer prop-erties for one slope.sistan
e (SMP) - Spatial variability of measured parame-ter in
reased over time.- Spatial variability of parameter de-
reased after large loading events.

11



Chapter 1 Introdu
tionThe aim of this study is to quantify spatial variations of snow 
over properties at theslope s
ale and asses the relevan
e of the variations for slope stability to support theabove des
ribed hypothesize. This aim should be a
hieved by 1) identifying snow 
overparameter asso
iated with snow 
over instability 2) identifying their spatial stru
ture and3) relating this spatial stru
ture to slope instability.

12



Chapter 2

Methods

This 
hapter summarizes and dis
usses the manual observations, introdu
es the SnowMi-
roPen and �nally des
ribes the statisti
al methods used to analyze the data. The datawere 
olle
ted 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 
hapter.
2.1 Sampling designIn this se
tion some parameters relevant for sampling designs are de�ned. Furthermore,some general questions regarding sampling strategy are addressed. Finally, the samplingdesign used in this study is introdu
ed and the a

ura
y of dete
ting the range of thevariable under investigation is estimated.Blös
hl (1999) suggested a framework for studies where s
ale issues are of parti
ularimportan
e. For this framework he introdu
ed three s
ales the pro
ess s
ale, the mea-surement s
ale and the model s
ale. The aim of a spatial variability study is to measureand quantify the pro
ess s
ale. The measurement s
ale is des
ribed by the s
ale triplet(spa
ing, extent and support) and the s
ale triplet is de�ned as:Spa
ing - The spa
ing is de�ned as the distan
e between measurement lo
ations. Twomain sampling strategies exist, regular sampling and random sampling. With regularsampling the spa
ing is 
onstant. The spa
ing with random sampling varies.Extent - The extent of a sampling design is de�ned as the maximum possible distan
ebetween measurement lo
ations. To study avalan
he release the extent should not besmaller then about 10 m, sin
e this is the expe
ted upper length s
ale required forfra
ture propagation leading to avalan
he release (S
hweizer, 1999).Support - The support of the sampling design is de�ned as the area needed to perform13



Chapter 2 Methodsthe measurement at ea
h measurement lo
ation. For example the 
ompression test hasa support of 900 
m2, the ruts
hblo
k of 3 m2 and the SnowMi
roPen (SMP) a supportof 19.6 mm2.
2.1.1 Comments on sampling designThe sampling design is of parti
ular importan
e for a reliable interpretation of spatialstru
tures (see de�nition below). As mentioned above the extent should not be smallerthen 10 m, a reasonable upper limit seems to be about 20 m, be
ause surveys on larger,steeper slopes are often too dangerous in terms of avalan
he release. Sampling designswith a smaller extent allow one to perform more than one survey on the same slope,sin
e the amount of available slopes within an experimental site is limited. In addition,this pro
edure enables one to 
apture the temporal evolution of spatial variability onpotential avalan
he slopes. Kronholm and Birkeland (2007) analyzed di�erent samplingdesigns (regular and random) and assessed whether these sampling designs were able todete
t a pre-de�ned stru
ture. They 
on
luded that the sampling design should 
ontainsome randomness if the 
orrelation length is unknown. However, in pra
ti
e, randomlydistributed measurement points are di�
ult to lo
ate on grids where the extent is small(< 20 m), i.e. lo
ating points, for example, by GPS requires di�erential GPS.A large amount of sampling lo
ations improves the reliability of the geostatisti
al analysis.Di�erent authors suggest to use more then hundred points to ensure a reliable statisti
alanalysis (e.g. Webster and Oliver (2007)). However, performing many measurements isoften not pra
ti
al sin
e it is time 
onsuming and snow 
onditions might 
hange duringthe day.Skøin and Blös
hl (2006) analyzed the bias on the 
orrelation length estimate if extent,spa
ing and support 
hange. They found that the estimated 
orrelation length is biaseddepending on the 
hoi
e of these parameters. Furthermore they pointed out, that thesampling design should be adapted to the expe
ted 
orrelation length. As a rule ofthumb, Skøin and Blös
hl (2006) suggested for an optimized sampling design an extentlarger and a spa
ing smaller than the expe
ted 
orrelation length.For snow the 
orrelation length is unknown. Also, the number of pro
esses a
ting onthe snow 
over, e.g. wind or radiation, and the typi
al length s
ale of these pro
essesare not su�
iently known. Many pro
esses su
h as wind 
ause variations at di�erents
ales. As this study fo
us on avalan
he formation, parti
ularly on the e�e
t of spatialvariability on avalan
he formation, an assumption on the length s
ale 
an be made thatmight be most relevant. This s
ale is related to the avalan
he release pro
ess whi
h 
anbe des
ribed in terms of fra
ture me
hani
s. In order for an initial failure to propagateso that eventually the slab be
omes deta
hed, the failure has to rea
h a 
riti
al size.Independent estimates suggest that the 
riti
al size is < 10 m but larger than the slabthi
kness (S
hweizer et al., 2003). Therefore the sampling design should be su
h that a14



2.1 Sampling design
orrelation length of a few meters 
an be determined - at least approximately.
2.1.2 Partly randomized sampling designThe sampling design used in this study was developed for a grid of 18 m x 18 m (Figure2.1). This area was divided into nine sub-grids of 6 m x 6 m. Ea
h sub-grid 
ontained�ve SMP measurements in a L-shaped design as suggested by Cline et al. (2001). Thedistan
e between ea
h SMP measurement within a sub-grid di�ered (0.25 m, 0.5 m, 1m).
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Figure 2.1: Left: Sampling design of the present study. Dots indi
ate lo
ations of SMPmeasurements, squares lo
ation of 
ompression tests adja
ent to the SMP measure-ment. The position of the manual pro�le is indi
ated by P, where two additional
ompression tests and a SMP measurement were performed. RB lo
ates the positionof the ruts
hblo
k test. The SMP measurements are 0.25 m, 0.5 m and 1 m apart.Right: Frequen
y distribution of lag distan
e h for the sampling design shown on theleft.The point pairs within ea
h lag distan
e 
lass are well distributed (Figure 2.1). For lagdistan
es h = 4 - 17 m the number of point pairs is > 30. Journel and Huijbregts (1978)suggested a minimum of 30 - 50 point pairs within ea
h lag distan
e.The mean spa
ingof the sampling design is 9 m and the extent is about 20 m. A

ording to Skøin andBlös
hl (2006) the spa
ing for a regular grid with a �xed spa
ing should be smallerthan the expe
ted 
orrelation length. The sampling design is partly randomized and hastherefore no �xed spa
ing. The mean spa
ing is on the order of the maximum expe
ted
orrelation length and might therefore be somewhat too large. However, the random15



Chapter 2 Methodssampling design also in
ludes distan
es smaller then the expe
ted 
orrelation length,whi
h allows one to 
over the small-s
ale variability.
2.1.3 Testing design accuracyGeostatisti
al analysis is in�uen
ed by the sampling design (Skøin and Blös
hl, 2006). Toassess the appli
ability of the sampling design introdu
ed above for our spe
i�
 purpose(presen
e or absen
e of a range of a few meters), Gaussian random �elds with de�nedinitial 
ovarian
e parameters (σ = 1 ± 0.2 ; τ = 0; R = 2 m, 5 m and 8 m ± 0.2m, 100 simulations per range) were generated using the grf-fun
tion implemented inthe RandomFields-pa
kage (S
hlather, 2001) for R (R Development Core Team, 2009).The �elds were generated on a re
tangular grid with a regular spa
ing of 0.25 m (5328points). Ea
h point of the sampling lo
ation was assigned to the 
orresponding valueof the generated �eld and a sample variogram was 
al
ulated. A spheri
al model λ was�tted to ea
h sample variogram and the parameter range R, sill σ and the nugget τ weredetermined (λ = R, σ, τ). A method suggested by Cressie (1993) was used to estimatethe best �tting variogram. This method used the weighted least-squares approa
h givenby the fun
tion J :

J(λ) =
K
∑

i=1

N(h(i))

{

γ(h(i))− γ(h(i));λ

γ(h(i));λ

}2 (2.1)where N(h(i)) is the number of point pairs separated by the lag distan
e h(i) (i =
1, , K), and γ is the experimental variogram and γ the theoreti
al variogram. The fun
-tion J gives more weight to smaller lags and to lags with more point pairs N(h(i)). Theinitial 
ovarian
e parameters of the theoreti
al variogram were the same as those usedto generate the random �elds.Figure 2.2 shows the variation of simulated ranges for the three generated ranges of 2m, 5 m and 8 m sampled with the sampling design used in this study. The median, meanand the standard errors of the simulated ranges are given in Table 2.1. The di�eren
esbetween 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 1m. The largest standard error (± 0.7 m) was observed for the generated 2 m range, thesmallest standard error (± 0.3 m) for the 5 m range. The sampling design should be su
hthat a 
orrelation length of a few meters 
an be determined - at least approximately. Arobust estimate is not possible with this sampling design, but it 
an be used to 
larify ifa 
orrelation length of a few meters exists or not.16



2.1 Sampling design

Figure 2.2: Distribution of simulated ranges for the three generated ranges of 2 m, 5m and 8 m. Boxes span the interquartile range. Open 
ir
les indi
ate outliers.
Table 2.1: Summary statisti
s for the sampling design testing. Given are the generatedrange, the median of the simulated range, the mean of the simulated range as well asthe standard error of the mean (SE).Generated Range Median Mean SEm m m m2 2.9 4.4 0.75 5.7 6.4 0.38 8.5 9.8 0.5
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Chapter 2 Methods
2.2 Manual observations

2.2.1 Snow profileWithin a grid a manual snow pro�le was re
orded by an experien
ed observer. Usuallyprior to re
ording the stratigraphy, a resistan
e pro�le was taken using the rammsonde(Bader et al., 1939). Grain type and size as well as the hardness of the layers werere
orded a

ording to Fierz et al. (2009). A density and a temperature pro�le 
ompletedthe manual pro�le. After pro�ling, the stability at the pro�le lo
ation was tested using aruts
hblo
k test as well as two 
ompression tests. These manual observations providedhelp to identify the weak layer within the SMP signal and to assign the results fromspatially distributed 
ompression tests to a spe
i�
 layer.The manual snow pro�les were 
lassi�ed into �ve stability 
lasses (1: very poor, 2:poor, 3: fair, 4: good, 5: very good) a

ording to S
hweizer and Wiesinger (2001). This
lassi�
ation is based on the ruts
hblo
k s
ore, the resistan
e pro�le and on weak layer
hara
teristi
s.
2.2.2 Stability testStability tests are used to identify weak layers and to assess the probability of slabavalan
he release. Various stability tests have been developed during the last de
ades.The two most 
ommonly used stability tests are the 
ompression test (CT) and theruts
hblo
k test (RB) whi
h are used by avalan
he professionals as well as by ba
k
ountryskiers. Isolated 
olumns are loaded and fra
tures in weak layers are observed. Based onthe loading step the point stability, i.e. the lo
al release potential, 
an be estimated.
The rutschblock testThe ruts
hblo
k test des
ribed by Föhn (1987) has a size of 3 m2 (2 m x 1.5 m). Afterisolating the blo
k from the snow 
over, the blo
k is loaded by a skier in six steps untila fra
ture o

urs (Table 2.2). The loading steps ranges from, (1) fra
ture o

urs duringisolating the blo
k to (6) jumping onto the upper third of the blo
k. After a fra
tureo

urred the loading step (1 to 6) is re
orded as well as the release type. No release
orresponds to a ruts
hblo
k s
ore 7. The release type, i.e. how mu
h of the blo
k slidesaway, 
an be either whole blo
k (wb), below skies (bs) or an edge (e). The fra
ture type
an either be 
lean, rough or irregular. Low s
ores and a whole blo
k release 
an berelated to high triggering potential. On the other hand, high s
ores, as well as a releasebelow skies or of only an edge of the blo
k, indi
ate low triggering potential.The ruts
hblo
k serves as a referen
e to de�ne the most prominent weak layer. The18



2.2 Manual observationsweak layer identi�ed with the ruts
hblo
k test was de�ned as the primary weak layer ofthe grid.Table 2.2: Ruts
hblo
k s
ores 1 to 7 and the 
orresponding loading steps.RB s
ore Loading step1 A release while 
utting.2 A release while stepping onto theupper third of the ruts
hblo
k.3 A release during one of three pushesfrom the knees.4 A release after the �rst jump fromabove the blo
k.5 A release after the se
ond or thirdjump from above the blo
k.6 A release after jump from abovewithout skis7 No release
The compression testThe 
ompression test (Jamieson, 1999) (CT) has a mu
h smaller support than theruts
hblo
k test (900 
m2). A 
olumn of 30 
m x 30 
m is isolated from the snow 
overwith a saw. Then, a shovel is pla
ed on the top of the 
olumn to ensure uniform loaddistribution. The 
olumn is loaded while tapping on the shovel blade, moving the hand10 times from the wrist, 10 times from the elbow, and �nally 10 times from the shoulder.When a weak layer fra
tures the number of taps 
orresponds to the 
ompression tests
ore. In addition, the fra
ture type a

ording to van Herwijnen and Jamieson (2007a)is re
orded. van Herwijnen and Jamieson (2007a) introdu
ed �ve fra
ture types: suddenplanar (SP), sudden 
ollapse (SC), resistant planar (RP), progressive 
ollapse (PC) andbreak (B) (see Table 2.3 for further explanation).Low 
ompression test s
ores and sudden fra
tures are related to poor stability (vanHerwijnen and Jamieson, 2007a). That means fra
ture initiation and fra
ture propagationare possible. However, the small support of the 
ompression test does not allow toquantify the propagation propensity at the slope s
ale.The fra
ture initiation and propagation propensity at the slope s
ale are di�
ult to es-timate and 
annot dire
tly be determined. Currently, no test method exists to estimateboth pro
esses at the slope s
ale, without disturbing or triggering the slope, i.e. bombingor ski-
utting. However, Gauthier and Jamieson (2006) developed the propagation sawtest (PST). This test enables one to estimate the lo
al propagation propensity of a weak19



Chapter 2 MethodsTable 2.3: Classi�
ation of 
ompression test fra
ture type a

ording to van Herwijnenand Jamieson (2007a).Fra
ture type Code Fra
ture 
hara
teristi
sProgressive Com-pression PC Fra
ture usually 
rosses 
olumn with oneloading step, followed by gradual 
om-pression of the layer with subsequentloading steps.Resistant Planar RP Planar or mostly planar fra
ture that re-quires more than one loading step to 
ross
olumn and/or blo
k does not slide easilyon weak layer.Sudden Planar SP Planar fra
ture suddenly 
rosses 
olumnwith one loading step and the blo
k slideseasily on weak layer.Sudden Collapse SC Fra
ture suddenly 
rosses 
olumn withloading step and 
auses noti
eable slopenormal displa
ement.Non-planar Break B Irregular fra
ture surfa
e.No Fra
ture NF No fra
ture o

urslayer. A beam of typi
ally 1 m length and 30 
m width is isolated. Afterwards, a failure isarti�
ially initiated while 
utting the weak layer with a saw, until the fra
ture propagates.With this test the propagation propensity 
an be estimated, sin
e the fra
ture propa-gates through the entire weak layer or might arrest. However, the fra
ture propagationpropensity at the slope s
ale remains unknown, sin
e the PST test is only 1 m long. Toestimate the fra
ture propagation propensity at the slope s
ale a PST test 
overing thewhole slope would be required. Obviously, this pro
edure is too time 
onsuming sin
e itrequires intensive digging, i.e. fra
ture propagation propensity needs to be extrapolated.The 
ompression test s
ore and fra
ture type (van Herwijnen and Jamieson, 2007a)were 
ombined to provide the point stability 
lassi�
ation used for further analysis. Inthe following point stability 
lasses are indi
ated by lower 
ase letters and slope stability(see below) by upper 
ase letters. This study uses three stability 
lasses poor, fair and
good.The two sudden fra
tures (SP and SC), were grouped as well as the non-sudden fra
-tures (RP,PC,B). If no fra
ture (NF) o

urred, i.e. the weak layer identi�ed with theruts
hblo
k did not fra
ture during a 
ompression test, the 
orresponding 
ompressiontest fra
ture type was assigned to the group of non-sudden fra
tures.Table 2.4 shows how 
ompression test s
ore and fra
ture 
hara
ter are 
ombined for pointstability 
lassi�
ation. A 
ompression test s
ore ≤ 13 observed with a sudden fra
ture20



2.2 Manual observationsTable 2.4: Point stability 
lassi�
ationPoint stability CT s
ore Fra
ture type CT s
ore Fra
ture type
poor ≤ 13 SP, SC
fair < 20 RP,PC,B or ≥ 13 SP, SC
good ≥ 20 RP,PC,Bwas rated as poor point stability. S
ores < 20 with a non-sudden fra
ture 
hara
ter wererated as fair point stability, as well as s
ores ≥ 13 and sudden fra
ture 
hara
ter. If the
ompression test s
ore was ≥ 20 and had a non-sudden fra
ture the point stability wasrated as good.

2.2.3 Slope stability classificationThe slope stability 
an not readily be measured or determined, but several stabilitytests allow one to estimate slope stability. Compression tests were performed spatiallydistributed as shown in Figure 2.6 and 
lassi�ed into point stability 
lasses of poor,
fair and good. This point stability 
lassi�
ation 
onsidered 
ompression test s
ore andfra
ture 
hara
ter, whi
h are related to fra
ture initiation and fra
ture propagation,respe
tively.It is assumed that homogeneous and 
ontinuous weak layers and sti� slabs favor fra
-ture propagation. Sudden fra
tures in stability tests are related to larger propagationpropensity (Gauthier, 2007). Low 
ompression test s
ores indi
ate high failure initia-tion probability. All this information is in
luded in the point stability 
lassi�
ation. Thatmeans, the spatial distribution of point stability, derived from the 
ompression tests, 
anbe 
onsidered to estimate slope stability.The 
ompression test results were 
lassi�ed into point stability 
lasses poor, fair or
good as des
ribed above. Slopes where all 
ompression test s
ores were 
lassi�ed as ofeither poor, fair or good point stability were 
lassi�ed as slopes with POOR, FAIRor GOOD slope stability, respe
tively. As des
ribed above, the 
riti
al length is assumedto be < 10 m. Slopes where the point stability, derived from the 
ompression test,was either poor, fair or good over distan
es > 10 m, i.e. the 
riti
al length is de�nitely
overed, were 
lassi�ed as POOR, FAIR or GOOD depending on whi
h point stability
lass was observed. Slopes that showed 
onsistent or varying point stability 
lasses overdistan
es < 10 m were 
lassi�ed as slopes of GOOD stability. 21



Chapter 2 Methods
2.3 Meteorological observationsSeven automati
 weather stations (AWS) are lo
ated within the experimental site wheremeasurements were performed during the winters 2006 to 2009 (Figure 2.3). Theseseven stations in
lude three so-
alled meteorologi
al stations and four so-
alled windstations. A meteorologi
al station measures air temperature (ventilated) and humidity,short-wave and long-wave radiation (in
oming as well as outgoing), surfa
e temperature,snow height and additional wind speed and dire
tion. The data are available as 10 minuteaverages. A wind station measures speed and dire
tion and in addition with a separateanemometer the speed of the three wind 
omponents u,v,w. Ea
h wind stations measuresalso the snow height.

Figure 2.3: Lo
ation of the seven automati
 weather stations (AWS). Meteorologi
alstations (blue 
rosses) as well as wind stations (bla
k 
rosses).
22



2.4 SnowMi
roPen (SMP)
2.4 SnowMicroPen (SMP)The SnowMi
roPen (SMP) developed by S
hneebeli and Johnson (1998) has be
ome avaluable tool to derive snow me
hani
al properties. The following se
tion des
ribes thete
hni
al 
omponents of the SMP and the signal analysis. Finally, general limitationsand error sour
es are des
ribed.
2.4.1 DesignThe SMP (Figure 2.4) 
onsists of a rod whi
h is driven into the snow 
over by a motorunit with a 
onstant speed of 20 mm s−1 (S
hneebeli and Johnson, 1998). The movable
one shaped tip (Figure 2.5) with a diameter of 5 mm and an in
luded angle of 60◦transfers 
hanges in penetration resistan
e to a piezo-ele
tri
 for
e sensor. The for
esensor measures penetration resistan
e (range 0-42 N) every 4 µm, whi
h 
orrespondsto a data sampling rate of 5 kHz. As most of the penetration resistan
e is due to the
onta
t of the upper part of the 
one (not the tip) with the i
e matrix, it is assumedthat the layer resolution of the SMP 
orresponds to the height of a trun
ated 
one witha lateral area that is two thirds of the lateral surfa
e area of the whole 
one, that is 1.8mm.

Figure 2.4: SnowMi
roPen during sampling. See text for detailed explanation.
23



Chapter 2 Methods

Figure 2.5: Tip of the SnowMi
roPen. Cone shaped tip on top of the rod. The for
esensor is lo
ated inside the silver 
olored part of the rod. The brush should preventthat too mu
h frozen snow at the rod is transported into the motor unit.
2.4.2 Micro-structural modelSnow 
onsists of sintered i
e parti
les and the strength of snow in
reases during thesintering pro
ess due to bond growth (Kaempfer and S
hneebeli, 2007). The porosity ofsnow layers that are part of a dry-snow slab avalan
hes ex
eeds 70%. This high porosityallows the SMP to measure the deformation and failure of mi
ro-stru
tural elements that
an be used for a quantitative analysis of the SMP penetration pro�le.To derive stru
tural information, failures of individual mi
ro-stru
tural elements needto be identi�ed in the SMP signal. The SMP measures a for
e distan
e pro�le. Theresistan
e measurement in low density snow (50 - 300 kgm−3) is 
aused by the ruptureand de�e
tion of the mi
ro-stru
tural elements, i.e. the rupture of bonds (Johnson andS
hneebeli, 1999). In high density snow (above 300 kgm−3), additionally, the fri
tionbetween the i
e and the sensor tip needs to be taken into a

ount. A s
hemati
 SMPsignal for two di�erent snow types is shown in Figure 2.6. A mi
ro-stru
tural elementwill rupture within a typi
al length of dimension Ln, and will indu
e a peak for
e in theSMP signal Fmax (Figure 2.6). The element length Ln is de�ned through the number ofpeaks (elements) within a volume zA:

Ln =

(

zA

npeaks

)
1

3 (2.2)24



2.4 SnowMi
roPen (SMP)with z the depth interval in mm, npeaks the number of peaks within the distan
e z and
A the lateral surfa
e area of the sensor tip (≈ 39 mm2). The rupture for
e fr is de�nedas the di�eren
e between the peak for
e Fmax and the 
orresponding minimum Fmin.The mi
ro-stru
tural strength 
an be derived from the rupture for
e fr and the elementlength Ln and is de�ned as:

S =
fr
L2
n

(2.3)

Figure 2.6: (a) S
hemati
 of poorly bonded (top) and well-bonded (bottom) snowlayers and (b) the 
orresponding s
hemati
 SMP signals. (
) The de�nition of themi
rostru
tural parameters, rupture for
e fr, element length Ln and peak for
e Fmaxand the 
orresponding minimum Fmin. The number of peaks npeaks 
orresponds tothe number of ruptures per unit length.
2.4.3 Limitations and error sourcesCommon pra
ti
e while analyzing SMP pro�les in order to derive weak layer propertiesis a visual inspe
tion of the signal. Changes in penetration resistan
e are attributed tolayer boundaries. A 
hange of the signal varian
e is also an indi
ator of 
hanging snowtypes (S
hneebeli et al., 1999). In 
ombination with the manual pro�le and a stabilitytest, experien
ed users 
an identify weak layers manually in SMP pro�les. However, thispro
edure is subje
tive and even two experien
ed users might identify di�erent layersor boundaries. The boundaries of a snow layer in the SMP pro�le are not dis
rete as25



Chapter 2 Methodssuggested in manually observed pro�les, but a transition zone between two layers exists,that is the hardness 
hanges gradually between two layers of di�erent hardness. Thetransition zone is partly an artifa
t of the measuring devi
e sin
e the measuring 
oneshaped tip has a �nite length (4.33 mm). Transition zones between layers with largedi�eren
es in penetration resistan
e are on the order of the layer resolution, but 
an belarger within softer snow, whi
h makes the de�nition of layer boundaries more di�
ult.These transition zones have to be taken into a

ount when analyzing the for
e-distan
esignal.Measurement errors 
an o

ur due to, variable penetration speed and me
hani
al as wellas ele
troni
al problems. To ensure a 
onstant penetration speed the operator shouldhold the motor 
asing steady to prevent the devi
e from lifting be
ause of the rea
tionfor
e of the SMP against the snow. Me
hani
al problems might o

ur if the sensor isfrozen. An O-ring seal should impede that snow rea
hes the sensor. However, this O-ringseal is not water proof and after a few dozen measurements water may rea
h the sensorand might freeze up. Warming up and 
ooling down of the devi
e also produ
es moisturenext to the sensor. SMP signals a�e
ted by a frozen sensor 
an easily be identi�ed andshould be ex
luded. The sensor is often subje
t to large temperature 
hanges duringthe measurement. These temperature 
hanges a�e
t the 
asing surrounding the piezo-ele
tri
 sensor, whi
h results in a deformation of the piezo-
rystal whi
h may 
ausesignal drift. To minimize these e�e
ts the SMP should be 
ooled down before ea
hmeasurement.
2.5 Statistical methods

2.5.1 GeostatisticsDuring the last years geostatisti
al analysis has been applied to snow studies, e.g. Kron-holm (2004). One aim of a geostatisti
al analysis is to identify the 
orrelation length ofobserved properties. Typi
ally the variable of interest Z at sampling lo
ations x = (X, Y )is divided into a trend T (x) and a residual part R(x) (Cressie, 1993):
Z(x) = T (x) +R(x) (2.4)It is assumed that R(x) is stationary with 
onstant mean and varian
e over the entirearea under study. Both the trend T (x) (see next se
tion) and the residual part R(x)need to be quanti�ed to des
ribe the spatial stru
ture of the variable under study. Figure2.7 shows the orientation of the 
oordinates X (
ross-slope) and Y (up-slope).26



2.5 Statisti
al methods

Figure 2.7: Orientation of 
oordinates X (
ross-slope) and Y (up-slope).
Trend removalOften spatial trends of a property exist spanning the entire area of investigation. Thesetrends need to be removed before 
al
ulating the variogram. Trends introdu
e a non-stationarity of the property under investigation. Trends of snow properties 
an often bedire
tly explained by meteorologi
al 
onditions su
h as wind. For example, the variationof snow depth at the slope s
ale may be explained by snow drift.Trends have been quanti�ed in this study by applying a �rst order polynominal to thedata su
h that:

T (x) = a+ bX + cY (2.5)with the 
oe�
ients a,b and c. The sampling lo
ations are des
ribed by X , Y , where Xis positive in the orographi
 left dire
tion (
ross-slope) and Y is positive up-slope. Theusage of a linear trend does not imply that the trend was linear. However, a linear trendallows one to dire
tly interpret slope s
ale trends. That means, a positive 
orrelation ofthe variable of interest in X dire
tion 
orresponds to an in
rease of this variable 
rossthe slope (
ompare Figure 2.7).
VariogramThe semi-variogram (Webster and Oliver, 2007) is used to des
ribe spatial propertiesof the residual part R(x). It is assumed that R(x) is stationary over the entire area ofinterest. That means, the mean and varian
e are 
onstant over the area and the spatialdependen
e of the data Z is only a result of the distan
e between sampling lo
ationsand not of their absolute position. These assumptions are typi
ally ensured after trendremoval (Webster and Oliver, 2007).The semi-variogram γ(h) 
al
ulates the half mean squared di�eren
es between samplinglo
ations separated by distan
e h. In the following the semi-variogram is referred to as27



Chapter 2 Methodssimply the variogram to avoid ex
essive jargon. Usually point pairs with similar distan
esare grouped into 
lasses of lag distan
es to in
rease the number of point pairs per 
lass.This grouping in
reases the robustness of the statisti
al analysis. For ea
h lag distan
e hthe experimental variogram (open 
ir
les, Figure 2.8) 
an be 
al
ulated following Cressieand Hawkins (1980).
γ(h) =

[

1
N(h)

∑N(h)
i=1 |Z(xi + h)− Z(xi)|

1

2

]4

(0.914 + 0.988
N(h)

)
(2.6)with Z the variable of interest at sampling lo
ation xi = (Xi, Yi) and N(h) the numberof point pairs separated by the lag distan
e h. The variogram is a measure of variation.The varian
e in
reases with lag distan
e h as the measurements be
ome more dissimilar.

Figure 2.8: S
hemati
 of a variogram. Experimental variogram (open 
ir
les) as wellas the theoreti
al variogram (dashed line) are shown with the des
riptive parameterpartial sill σ , nugget τ , and range R.To ea
h experimental variogram γ(h) a theoreti
al variogram γ(h) (dashed line in Figure2.8) 
an be �tted. A spheri
al variogram was �tted to ea
h experimental variogram aspreviously done for snow properties by Kronholm (2004). The spheri
al model is de�nedsu
h that:
γ(h) =











0 h = 0,

τ + σ
[

3h
2R

− 1
2
( h
R
)3
]

0 < h ≤ R

τ + σ h > R

(2.7)and �tted using weighted least square method.28



2.5 Statisti
al methods
Variogram interpretationFigure 2.8 shows a s
hemati
 variogram with the des
riptive 
ovarian
e parameters, par-tial sill σ, nugget τ and range R. The sill (partial sill + nugget) is rea
hed when thetheoreti
al variogram rea
hes a plateau. The distan
e where the sill is rea
hed 
orre-sponds to the range R. Values separated by distan
es smaller than the range R aresimilar (
orrelated), beyond the range values are dissimilar (un
orrelated). The nuggetvarian
e τ is 
aused by measurement errors and variations smaller than the minimumspa
ing.Theoreti
al variograms should only be interpreted to half the extent (Cressie, 1993),sin
e the range estimate be
omes unreliable. However, this rule of thumb is subje
tiveand depends on the sampling design as well as on the amount of available point pairswithin ea
h lag (Journel and Huijbregts, 1978). Journel and Huijbregts (1978) suggested30 - 50 point pairs within ea
h lag for a variogram estimation. The sampling design usedin this study ful�lled this requirement for almost all lag distan
es (
ompare Figure 2.1).For this study all lag distan
es were 
onsidered for the variogram estimation, but thetheoreti
al variogram was only interpreted to about half the extent.Three typi
al variograms are shown in Figure 2.9. The pure-nugget variogram (Fig. 2.9a)indi
ates no spatial dependen
e of the variable under study, after trend removal, overthe entire area of interest (σ = 0). A pure nugget variogram indi
ates, that a possiblevariation is only 
aused by a slope s
ale trend or variations have s
ales larger than thestudy area.A unbounded variogram, i.e. the varian
e γ in
rease linearly with in
reasing lag distan
eis shown in Figure 2.9
. The unbounded variogram indi
ates a non-stationary pro
ess ofthe residuals of the variable under study. This implies that the applied trend should beof a higher order, i.e. it is not linear. For 
ompleteness a variogram where a range R 
anbe identi�ed is shown in Figure 2.9b.

Figure 2.9: Three typi
al variograms. a) pure-nugget b) the theoreti
al variogram, inthis 
ase a spheri
al, rea
hes a sill and 
) an unbounded variogram.If a range R or 
orrelation length 
an be determined by the variogram, a spatial stru
ture29



Chapter 2 Methodsspanning the s
ale of the range R exists. Values are spatially variable if large variationsof this value o

ur over small distan
es. The value is less spatially variable if smallvariations are observed over large distan
es. The extent at whi
h the variable of interestis investigated is of parti
ular importan
e. A 
orrelation length of 10 m at slope s
alemight indi
ate low spatial variability, but might indi
ate high spatial variability at forexample the basin s
ale.
2.5.2 Moran’s IIn addition to the geostatisti
al analysis, the spatial stru
ture was estimated with theMoran's I 
oe�
ient, a measure of spatial auto
orrelation (Moran, 1948) that has beenre
ently applied in a snow study by Hendrikx et al. (2009). The 
oe�
ient ranges from-1 (dispersion) to +1 (
lustered). A value of zero indi
ates a random pattern (Figure2.10). The null hypothesis 
hosen was "no spatial auto
orrelation exists". For this study,we 
hoose a level of signi�
an
e p < 0.05 to reje
t the null hypothesis. The Moran'sI statisti
s was 
al
ulated with the Moran.I - fun
tion implemented in the ape-pa
kage(Paradis et al., 2004) for R (R Development Core Team, 2009) and is de�ned as:

I =
N

∑

i

∑

j
wij

∑

i

∑

j wij(Zi − Z)(Zj − Z)
∑

i(Zi − Z)2
(2.8)where N is the number of sampling lo
ations indexed by i and j, Z is the mean of thevariable under study and wij is a matrix of spatial weights. This study uses an inversedistan
e matrix whi
h gives more weight to smaller distan
es. Note that the Moran's I
oe�
ient des
ribes the spatial stru
ture of the variable of interest in
luding a possibleslope s
ale trend, i.e. the data were not de-trended.

Figure 2.10: S
hemati
 of three theoreti
al patterns. Representing a) a dispersed pat-tern (Moran's I ⇒ -1) b) a random pattern (Moran's I = 0) and 
) a 
lustered pattern(Moran's I ⇒ +1).
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2.5 Statisti
al methods
2.5.3 Non-spatial statisticsNon-spatial statisti
s, i.e. the measurement lo
ation was not 
onsidered for statisti
alanalysis, have been used in this study to des
ribe the data. All parameters analyzed inthis study were tested for normal distribution. They passed the Kolmogorov Smirnovtest (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 
oe�
ient ofvariation (QCV) were used to des
ribe the observed data.The semi-interquartile range (SIQR) was used to des
ribe the absolute dispersion of theobserved data. The SIQR (Spiegel and Stephens, 1999) is de�ned as:

SIQR =
Q3−Q1

2
(2.9)with Q1 the 1st (25% of the data) and Q3 (75% of the data) the 3rd quartile.The quartile 
oe�
ient of variation (QCV) as a relative measure of dispersion is de�nedas:

QCV =
Q3 −Q1

Q3 +Q1
(2.10)For 
omparison with other studies the quartile 
oe�
ient of variation (QCV) 
an berelated to the 
oe�
ient of variation (CV) su
h that:

CV =
3

2
QCV (2.11)

Tree statistics and performance measuresUnivariate tree statisti
s (Breiman et al., 1998) were used to derive threshold valuesfor stability 
lassi�
ation (see 
hapter 4.1), i.e. distinguish between the stability 
lassesof poor and fair − to − good. Bellaire et al. (2009) used this stability 
lasses for thestability 
lassi�
ation of SMP pro�les. For these 
lassi�
ation pro�les with a ruts
hblo
ks
ore ≤ 3 were assigned to the group of poor, pro�les with a ruts
hblo
k s
ore > 3as fair − to − good point stability. To estimate the performan
e of these di�erent
ross-
orrelated predi
tion models 
ontingen
y tables as s
hemati
ally shown in Table2.5 were generated (Wilks, 1995). Various performan
e measures 
an be derived fromthese 
ontingen
y tables (Doswell et al., 1990). 31



Chapter 2 Methods Table 2.5: S
hemati
 of a 
ontingen
y table.Observationpoor fair-to-goodModel poor a bfair-to-good 
 dThis study fo
used on 3 measures. The hit rate (HR)
HR =

a+ d

a+ b+ c+ d
(2.12)is a measure of the overall a

ura
y. The poorest hit rate is zero if a = d = 0, whereasthe best possible hit rate is 1 (b = c = 0). The se
ond parameter is the probability ofdete
tion (POD) de�ned as:

POD =
a

a+ c
(2.13)A POD of 1 indi
ates a perfe
t predi
tion of poor stability. Finally the probability ofnon-events (PON) is 1 if all observations 
lassi�ed as fair − to − good are modeled
orre
tly.

PON =
d

b+ d
(2.14)
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Chapter 3

Data

This 
hapter introdu
es 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 performedmeasurements within ea
h grid in
luding 
ompression tests and SMP measurements. Inaddition, the dataset used by Bellaire et al. (2009), whi
h was supplemented with addi-tional SMP signals for this study, is presented.
3.1 GridsDuring three winters between 2006 and 2009 twenty three grids were 
arried out on di�er-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 di�erent aspe
ts (N, NE, S, SW) and theslope angle varied between 18◦ and 35◦. Five grids were dis
arded sin
e the majority ofthe SMP measurements were erroneous. One grid, performed on a strongly wind a�e
tedslope was also dis
arded, be
ause the weak layer 
ould not be identi�ed in most of theSMP signals. Therefore, only 17 out of 23 grids were analyzed in this study.In nine out of the remaining 17 grids the weak layer 
onsisted mainly of persistent graintypes (Jamieson and Johnston, 1998) and in three 
ases at least the se
ondary graintype was persistent (Table 3.1). The remaining �ve weak layers or interfa
es were eithermixtures of de
omposed fragmented pre
ipitation parti
les and small rounded grains (3)or hardness 
hanges a
ross a layer interfa
e between layers of small rounded grains (2).The sele
tion of a grid lo
ation was strongly depending on the avalan
he danger as well ason weather 
onditions during the �eld day. A slope was sele
ted by the most experien
edmember of the �eld 
rew. No spe
i�
 slopes or aspe
ts were preferred for sampling.The slopes had a rather uniform snow depth distribution and were undisturbed. Themeteorologi
al 
onditions were re
orded by the automati
 weather stations. To relate33



Chapter 3 Dataobserved snow 
over 
onditions to meteorologi
al parameters, generally slopes 
lose toweather stations were sampled. During the winter of 2007-2008 fortnightly measurementshave been performed on a south-west fa
ing slope (blue open 
ir
les, zoom Figure 3.1)to follow stability over time.
–
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Figure 3.1: Map of the experimental site. The lo
ations of the automati
 weatherstation (X) are shown as well as the grid lo
ations for the three winters between 2006and 2009 (
olored open 
ir
les). The small map represents a zoom of the south-westfa
ing slope where many of the grids have been performed.
3.2 Stability testsEa
h grid 
ontained a manual snow pro�le supplemented with a ruts
hblo
k test. Sev-enteen ruts
hblo
k tests were analyzed. The layer identi�ed by the ruts
hblo
k wasde�ned as the weak layer. Ruts
hblo
k s
ores and the release types are shown in Table34



3.2Stabilitytests

Table 3.1: Summary information for the 23 
arried out grids. Beside date and lo
ation, aspe
t slope angle and weak layer primarygrain type(WL) are given as well as the pro�le type (PT) a

ording to S
hweizer and Wiesinger (2001) the ruts
hblo
k s
ore(RB) and release types (RT). Additional given are the mean 
ompression test s
ore (CT), the absen
e or presen
e (x) of signsof instability, notes and �nally if the grid was used (x).No. ID Date Coordinates Asp. Angle WL PT RB RT CT Signs Notes UsedX Y ◦1 1-0607 25.01.2007 779164 186514 SW 19 RG 3 4 wb, 
 RR Rammruts
h x2 2-0607 02.02.2007 779404 186872 NE 20 RG 5 7 - 17.5 x3 3-0607 16.02.2007 779500 186540 N 30 FC 3 5 wb, 
 13 x4 4-0607 06.03.2007 779296 186774 N 18 DH 4 6 bs, 
 15 x frozen sensor5 5-0607 08.03.2007 779170 186535 SW 23 DF 3 5 E, 
 12 x6 6-0607 15.03.2007 778650 185970 N 33 DH 2 3 wb, r 12 x x7 1-0708 10.01.2008 779170 186525 SW 22 FC 2 2 wb, 
 10.5 x x8 2-0708 17.01.2008 779515 186529 N 32 RG 3 5 wb, 
 11.5 x9 3-0708 23.01.2008 779179 186538 SW 22 DH 1 2 wb, 
 11 x x10 4-0708 31.01.2008 779300 186775 N 20 FCmx 3 4 wb, 
 14.5 x11 5-0708 07.02.2008 779154 186537 SW 22 DH 3 4 wb, r 12.5 x x12 6-0708 15.02.2008 779401 186560 N 32 FC 4 6 E, 
 22.5 x13 7-0708 19.02.2008 779155 186545 S 23 FCmx 3 3 bs, r 14 x14 8-0708 06.03.3008 779171 186571 S 18 DH 4 6 E, r 16.5 x frozen sensor15 9-0708 18.03.2008 779341 186591 NE 34 RG 4 4 bs, s 19 x x16 1-0809 09.01.2009 779155 186532 SW 23 FC 4 6 bs, 
 frozen sensor17 2-0809 14.01.2009 779312 186765 N 20 RG 4 5 E, s 13.5 x18 3-0809 29.01.2009 779164 186546 SW 20 DH 3 3 bs, r 12 x frozen sensor19 4-0809 30.01.2009 779499 186530 N 30 RG 3 4 bs, 
 11 x20 5-0809 05.02.2009 779275 186781 N 20 SH 3 5 wb, 
 19 frozen sensor21 6-0809 19.02.2009 779162 186527 S 20 DH 4 5 bs, 
 13 x x22 7-0809 26.02.2009 779194 186530 SW 21 FCmx 4 6 wb, r 18 x23 8-0809 17.03.2009 778635 185959 N 35 DH 3 4 bs, r 18 no 
ontinuous weak layer35



Chapter 3 Data3.1. Ruts
hblo
k s
ores ranged from 2 to 7 (no release). Most release types were wholeblo
k releases (10 out of 17). Four ruts
hblo
ks released below skis and in three gridsonly an edge released.Compression tests were also 
arried out in all grids. Ea
h grid 
ontained 10 pairs of
ompression tests. In total 340 
ompression tests were analyzed. The median 
ompressiontest s
ores ranged from 10.5 to 22.5. Only 
ompression test s
ores for the weak layeridenti�ed by the ruts
hblo
k test were taken into a

ount for this study. The minimums
ore of two side by side 
ompression tests was used. The median di�eren
e between twoadja
ent 
ompression tests was 1 s
ore (3rd quartile: 3 s
ores). In most 
ases, the RBfailure layer also failed in both of the two adja
ent 
ompression tests. In 19 out of 170
ompression test pairs, only one 
ompression test of the pair failed on the weak layeridenti�ed by the ruts
hblo
k test. In 12 out of 170 
ompression test pairs the weak layeridenti�ed with the ruts
hblo
k 
ould not be fra
tured with the 
ompression test.
3.3 SMP measurements

3.3.1 GridsTo quantify snow 
over properties SMP pro�les were measured at 46 lo
ations overthe entire grid. In total 1058 SMP signals were re
orded. From these 1058 pro�les 295pro�les had to be dis
arded due to erroneous signals (Table 3.1). All SMP signals werevisually inspe
ted. So far no method exist to identify erroneous signals automati
ally.Pielmeier and Marshall (2009) used a four level quality 
he
k (C1-C4) to rate signalquality (Table 3.2).Before the sensor tip tou
hes the snow surfa
e, the tip travels through the air whilemeasuring. The signal measured in air should only be a�e
ted by vibrations from themotor and 
an be used as a baseline signal (mi
ro-varian
e) to identify erroneous signals.A typi
al air signal os
illates around zero with a maximum amplitude of ± 0.02 Ndepending on the spe
i�
 SMP. If the sensor is frozen this amplitude is mu
h smaller.Within the snow 
over, an erroneous signal due to a frozen tip 
an be identi�ed by anearly linear in
rease in penetration resistan
e.All analyzed SMP signals belong to the group C1, i.e. no trends and o�-set visible. Theremaining 763 pro�les were analyzed as des
ribed in the Methods se
tion. IDL pro
edures(IDL version 6.4) were used for signal pro
essing. These pro
edures were based on themi
ro-stru
tural model introdu
ed by Johnson and S
hneebeli (1999) and on the stabilityformulation introdu
ed by Bellaire et al. (2009).36



3.3 SMP measurementsTable 3.2: Four level SMP signal quality 
he
k suggested by Pielmeier and Marshall(2009). Quality Type of SMP signal errorC1 NoneC2 Trend or o�set in absolute SMP for
eC3 Dampened or disturbed SMP for
e mi
ro-varian
eC4 Both C2 and C3
3.3.2 Stability algorithmTo verify the SMP stability algorithm introdu
ed by Bellaire et al. (2009) a dataset
onsisting of 71 SMP pro�les from the eastern Swiss Alps was used. These pro�les weremeasured 
lose (< 0.5 m) to a manual snow pro�le 
ompleted with a stability test.Stability tests used were the ruts
hblo
k test (in 59 
ases) and the 
ompression test (in12 
ases). This data set is similar to the data set used by Bellaire et al. (2009), butwas supplemented with additional SMP measurements. The old data set was veri�edusing the four level quality 
he
k (C1-C4) introdu
ed by Pielmeier and Marshall (2009).Following this pro
edure erroneous signals (about 10%) had to be dis
arded from theoriginal data set.Compression test s
ores were 
onverted into 
omparable ruts
hblo
k s
ores a

ording toS
hweizer and Jamieson (2003). The ruts
hblo
k s
ores 
overed the entire range (1 to7) with a median s
ore of 4.In 41% of the 71 observed pro�les the primary grain type in the failure layer was fa
eted
rystals. In another 22 pro�les, the failure layer primarily 
onsisted of either depth hoar(16%), rounded fa
ets (13%) or buried surfa
e hoar (1%). In the remaining failurelayers (29%) melt forms, graupel and mixtures of rounded grains and de
omposed andfragmented pre
ipitation parti
les were observed. The failure depth ranged from 5 
mto 62 
m, with a median value of 30 cm.For the stability 
lassi�
ation of the SMP stability index proposed by Bellaire et al. (2009)the pro�les (N = 71) were grouped into two stability 
lasses based on the ruts
hblo
ks
ore. S
ores ≤ 3 indi
ated rather poor (N = 28), s
ores ≥ 4 fair− to− good stability(N = 43).
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Chapter 4

Results

This 
hapter summarizes the results of this study. First, a re-analysis of the SMP stabilityalgorithm introdu
ed by Bellaire et al. (2009) is presented. Se
ond, the results of a spatialand non-spatial analysis of the data are shown. Finally, the observations are related tosnow slope stability.
4.1 SMP Stability algorithm

4.1.1 IntroductionColle
ting stability information, i.e. performing stability tests like the 
ompression test orthe ruts
hblo
k test, is time 
onsuming. Measuring the snow stratigraphy over one meterwith the SMP takes about two minutes. In 
ontrast, a manual snow pro�le supplementedwith stability tests lasts about one hour. A SMP signal based stability information wouldtherefore in
rease the amount of available stability information and would redu
e the un-
ertainty of estimating slope stability with a single stability tests. That means, additionalobje
tive stability information would be available.The following re-analysis whi
h is used for further analysis in this study is based on theproposed algorithm by Bellaire et al. (2009), but uses an extended dataset (see se
tion3.3.2). The re-analysis of the algorithm in
ludes, beside the analysis made by Bellaireet al. (2009), a more detailed analysis of mi
ro-stru
tural parameters, whi
h may beused to assess slope stability.The algorithm estimates stability by a stepwise sequential analysis of mi
ro-stru
turalparameters - see method se
tion for details - derived from the SMP signal. First, the fourweakest transitions between layers are identi�ed. Se
ond, for ea
h of the four weakesttransitions the 
orresponding weak layer boundaries are de�ned. Third, by taking into39



Chapter 4 Resultsa

ount the layer stru
ture, the layer that will most likely fail is sele
ted from the fourpotential weak layers. Finally, based on an analysis of weak layer and slab propertiesSMP signals are 
lassi�ed into two stability 
lasses of poor and fair − to− good.
4.1.2 Model developmentThis se
tion provides the theoreti
al ba
kground of the algorithm. The stability algorithmis based on four assumptions (Bellaire et al., 2009) whi
h are mainly based on the mi
ro-stru
tural parameters as introdu
ed above.
a) The mi
rostru
tural element length Ln is larger for poorly bonded snow than it is forwell-bonded snow (Johnson and S
hneebeli, 1999). As a 
onsequen
e the numberof ruptures npeaks per unit length is mu
h smaller for poorly bonded snow than forwell-bonded snow.
b) A weak layer 
an often be des
ribed as a region of poorly bonded grains, i.e. fewerbonds per unit volume. The rupture for
e fr in a layer of poorly bonded grainsis lower than the ruptures for
e in a layer of well-bonded grains (Johnson andS
hneebeli, 1999).
c) Large dis
ontinuities in stru
ture (hardness and grain size) between layers indi
ateweak areas or interfa
es (S
hweizer and Jamieson, 2003).
d) Weak layers buried deep within the snow 
over are less prone to skier triggering,be
ause the additional skier-indu
ed stress strongly de
reases with in
reasing depth(Föhn, 1987).
Weak layer detectionFollowing assumptions (a) and (b) a parameter relating to the stru
ture of layers named
Ψ is de�ned:

Ψ =
f̄rnpeaks

A
(4.1)where fr (N) is the rupture for
e averaged over 1 mm of the SMP signal, npeaks thenumber of peaks within 1 mm and A is the lateral surfa
e area of the sensor tip (39mm2). The parameter Ψ is smaller for poorly bonded than for well-bonded grain types(see assumptions (a) and (b)).Following assumption (
), that is large dis
ontinuities in properties between layers in-di
ate a weakness, the gradient of Ψ (1 mm) is 
al
ulated over the entire signal. Thegradient of Ψ, whi
h 
an be interpreted as a layer boundary property, is only relevant forinstability when the peak for
e Fmax is also small and indi
ates low strength. Therefore,40



4.1 SMP Stability algorithmthe gradient of Ψ is s
aled by the ratio of the peak for
e Fmax to the lateral surfa
e areaA of the sensor tip:
B =

A gradΨ

Fmax

(4.2)As the peak for
e Fmax is typi
ally smaller for poorly bonded layers than for well-bondedlayers, se
tions of the SMP signal with Fmax > 0.5 N are not 
onsidered for furtheranalysis. This value of 0.5 N is used a pre-�lter, sin
e weak layers have to be weak, andwas derived empiri
ally.In early winter thi
k depth hoar layers may form at the base of the snowpa
k. Theselayers may persist for the whole winter, but 
an usually not be skier triggered whenthey are buried deeper than about 1 m. However, in the SMP signal they are oftenidenti�ed as a weak transition, be
ause Ψ is mu
h smaller for larger grains than forsmaller grains. To avoid this, the parameter B was additionally weighted by a depthdependent fa
tor w, whi
h was derived from the frequen
y distribution of slab thi
kness.This fa
tor 
orresponds to the Weibull density distribution:
w(z) = f(z, α, β) =

α

β
zα−1 e−( z

β
)α (4.3)where z is the slab thi
kness and α and β are the 
oe�
ients of the Weibull distribution.These latter 
oe�
ients were obtained from the frequen
y distribution of thi
knessesof snow slabs above the failure surfa
e from 512 stability tests done in Switzerland andCanada (updated from S
hweizer and Jamieson (2003) (Figure 4.1) ) where z is the slabthi
kness, and α and β are the 
oe�
ients of the Weibull density distribution: α = 2.5,

β = 500. Without this weighting fa
tor w the snow surfa
e is in most 
ases identi�edas the weakest transition (air/snow).Combining Equations (4.2) and (4.3) yields to the �nal parameter ∆ to seek potentialweaknesses in a SMP pro�le:
∆ =

A gradΨ

Fmax

w(z) (4.4)The parameter ∆ 
an be negative for transitions between poorly-bonded layers and well-bonded layers, and positive for bonded/poorly-bonded transitions, i.e. a potential weaktransition (WT) is lo
ated where ∆ either rea
hes a maximum or a minimum value.For further analysis, the two primary (min and max) and the two se
ondary extremevalues that were 
loser to the surfa
e than the primary ones, were used. Furthermore, atransition on
e identi�ed by either a minimum or a maximum 
an not be sele
ted again.That means four independent weak layers are identi�ed by the algorithm. 41



Chapter 4 Results

Figure 4.1: Histogram of slab thi
kness from 512 stability tests performed in the SwissAlps and the Columbia Mountains of western Canada, and the �tted Weibull distribu-tion (solid line).
Figures 4.2 a to f summarize the above des
ribed pro
edure for identifying the 
riti
alweak 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 ∆ are identi�ed (Fig.4.2b). Transition number two (Fig. 4.2b) was the observed weak layer in the ruts
hblo
ktest (depth zWL = 465 mm). The Figures 4.2
 to 4.2f show the region of the weaklayer for the penetration resistan
e F , the parameter Ψ, the rupture for
e fr and thenumber of ruptures npeaks. The parameter Ψ is shown in Figure 4.2d. Ψ is equally smallfor persistent as for non-persistent layers, what indi
ates similar bonded layers. The weaklayer (transition number two) in this example is a layer of rounded fa
ets (FCmx) belowa layer of small rounded grains (RG) that is harder than the weak layer. Figure 4.2eshows the rupture for
e. The rupture for
es below and above the hard layer are quitesimilar. In fa
t, similar grain sizes (i.e. similar bond sizes) were observed, supportingassumption (b). As a result in this 
ase, following Equation (4.1), Ψ 
an only be smallerif the number of ruptures is smaller, whi
h is often the 
ase for layers of poorly bondedgrains (Fig. 4.2f). In the example shown, the layer of rounded fa
ets has slightly fewerbonds than the layers above the harder layer. This �gure also shows the di�
ulty ofdete
ting weak layers that have stru
tural parameters that are similar to those of layersthat are not weak layers.42



4.1 SMP Stability algorithm

Figure 4.2: (a) Original (bla
k solid) and averaged SMP signal (gray solid line, 1 mm average).(b) Parameter ∆ to �nd potential weak transitions. The lo
ations are indi
ated by the numbers 1to 4. (
) Zoom to the region of weak layer (dashed lines in a) with original (solid bla
k line) andaveraged (solid gray line) SMP signal. Dashed lines show upper and lower boundaries indi
ated bythe algorithm. (d) Parameter Ψ at the depth of the weak layer with grain types for both the observedweak layer and adja
ent layer. (e) Averaged rupture for
e for the depth of the weak layer. Dashedlines show layer boundaries of the weak layer. (f) Number of ruptures for the region of the weaklayer. Dashed lines show upper and lower boundaries of the weak layer de�ned by the algorithm.43



Chapter 4 Results
Defining weak layer boundariesThe parameter ∆ identi�es four potential weak transitions, i.e. poorly bonded regionsin the resistan
e-depth pro�le. Colbe
k et al. (1990) de�ned a layer as a stratum whi
his di�erent in at least one respe
t (hardness, grain size, shape) from the stratum aboveand below. To de�ne the upper and lower boundaries of the potential weak layer, theminimum for
e Fmin within 1 
m either above and below the weak transition (WT) wasidenti�ed. If the minimum for
e Fmin (averaged over 1 mm) was found above the weaktransition, WT was de�ned as the lower layer boundary, otherwise as the upper layerboundary. To de�ne the other layer boundary the 
oe�
ient of variation was 
al
ulated.The lo
al 
oe�
ient of variation (CV) is de�ned as the standard deviation divided bythe mean over 1 mm of penetration for
e signal. It is assumed that a layer boundary islo
ated where the gradient of the CV is larger than 0.1. The value of 0.1 was derivedempiri
ally by 
omparing the gradient of the CV to the observed manual pro�les and theirlayering. The lo
ations where the threshold of 0.1 is ex
eeded 
orrespond to the upperand lower boundary, respe
tively. However, the upper and lower boundaries often fallwithin the transition zone, as hardness 
hanges gradually between two layers of di�erenthardness. Therefore the �nal upper and lower boundaries are assumed to be lo
ated inthe middle between the boundaries and the position of the minimum for
e Fmin. Theabove des
ribed pro
edure is illustrated in Figure 4.3.
Figure 4.3: S
hemati
 of layer boundary dete
tion. Left: Pi
king of weak transition(WT) by∆ and sear
hing for the minimum penetration resistan
e Fmin within ± 1 
m.Right: De�ning the weak transition as �rst temporary layer boundary and sear
hingfor the �rst position where the 
oe�
ient of variation is > 0.1 (se
ond temporaryboundary layer). The middle between these two positions and the minimum penetrationresistan
e is de�ned as upper (UB) and lower (LB) boundary, respe
tively.
Critical weak layer detectionIn order to test the algorithm, the failure depth of the automati
ally pi
ked 
riti
al weaklayers was 
ompared to the depth of the failure layer that was identi�ed manually inthe SMP pro�le with the help of the manual snow pro�le and the stability test. Whenapplying the algorithm, i.e. seeking the four potential weak layers in the pro�les, in 90%of 
ases (64 out of 71) one of the four potentially weak layers derived from the SMPsignal 
oin
ided with the observed weak layer (Fig. 4.4a).44



4.1 SMP Stability algorithmAs des
ribed above four potential weak layers are identi�ed by the algorithm. To de
idewhi
h of the four potential weaknesses is most prone to be skier triggered, two potential
riti
al layers were sele
ted from the four identi�ed layers by 
hoosing the two layerswith the lowest penetration resistan
e. Then, the layer (one of these two) that showedthe maximum di�eren
e in penetration resistan
e between the slab and the weak layeris de�ned as the layer whi
h is most prone to be skier triggered. Di�erent 
ombinationsof various mi
ro-stru
tural parameters and their di�eren
es between slab and weak layerwere tested. However, the above des
ribed pro
edure performed best and in 58% of the64 SMP signals the weak layer identi�ed by the algorithm 
orresponded to the observedweak layer (Figure 4.4b), random pi
king yields to 25%. This a

ura
y is 
omparableto the performan
e of stability �eld tests su
h as the Compression Test or the ExtentedColumn Test (Winkler and S
hweizer, 2009). These stability tests performed adja
entto ea
h other identi�ed the same weak layer only in about 60% of the 
ases.For 
omparison, Figure 4.4
 shows that the depth of the minimum penetration resistan
ewas poorly related to the observed failure depth. The agreement was only 11%. Thisimplies that mi
ro-stru
tural properties and mi
ro-me
hani
al strength derived from theSMP signal are essential for weak layer dete
tion.
4.1.3 Stability formulationVarious weak and slab layer properties were 
ontrasted for the stability 
lasses of poorand fair − to − good (Fig. 4.5). These properties in
luded the penetration resistan
e(F ), the number of peaks (npeaks), the element length (L), the rupture for
e (fr), themi
ro-stru
tural strength (S) and the parameter Ψ. For the 
omparison only those 64pro�les were 
onsidered where one of the potential weaknesses was the observed weaklayer.The pro�les rated as poor had lower median values for all variables, ex
ept the elementlength L, than the pro�les rated as fair − to − good (Figure 4.5). For all variables,ex
ept the weak layer penetration resistan
e (pwl = 0.286 , pslab = 0.293), the observeddi�eren
es were judged to be statisti
ally signi�
ant (p < 0.05) based on a nonparametri
Mann-Whitney U-Test (Spiegel and Stephens, 1999).For the signi�
ant variables a threshold value was determined using univariate 10-fold
ross-validated tree statisti
s (Breiman et al., 1998) to 
lassify the pro�les into the twostability 
lasses. The performan
e of the di�erent 
lassi�ers is indi
ated by the hit rate(HR), the probability of non-events (PON) and the probability of dete
tion (POD),as shown in Table 4.1. The best hit rate (75%) were observed for the mi
ro-stru
turalstrength and for the parameter Ψ of the slab layers. Furthermore, both parameter showedthe same threshhold value (15 kPa). This 
an partly be explained by the fa
t that themi
ro-strength and the parameter Ψ are 
omparable (
ompare equation (2.3 and 4.1).However, the parameter Ψ was a slightly better predi
tor of weak layer instability sin
e45
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Figure 4.4: (a) Failure depth derived from ruts
hblo
k test and 
ompression tests vs.failure depth as sele
ted manually from the four suggested weak layers (a

ura
y:
90%). (b) Comparison of the observed failure depth to the failure depth of the weaklayer derived automati
ally by the algorithm (a

ura
y: 58%). (
) Comparison of theposition of the lowest measured penetration resistan
e to the observed failure depth(a

ura
y: 11%). The solid line in ea
h graph shows the "one-to-one" relationship.46



4.1 SMP Stability algorithmthe POD was larger for Ψ than for S.As des
ribed in the method se
tion a reliable dete
tion of poor stability is preferred. Thebest performan
e was for the weak layer Ψ with a POD of 88% and a threshold value of15 kPa. This value is three times larger than the value found by Bellaire et al. (2009).Bellaire et al. (2009) used a di�erent dataset (not 
ross-validated) whi
h 
ould explainthis di�eren
e. More data are required for a robust estimation of threshold values. Theparameter Ψ for the slab layers showed a lower POD (57%), however the probability ofdete
ting non-events (PON) was 87% with also a treshhold value of 15 kPa.Using these threshold values to sele
t the most 
riti
al weak layer (one out of four)instead of the above des
ribed pro
edure did not perform better, revealing the 
omplexityof an automati
 dete
tion of weak layers. In addition, a multivariate 
lassi�
ation, i.e. allparameter of weak and slab layers were used for the 
lassi�
ation, results in a 
lassi�
ationonly based on the parameter Ψ.
Table 4.1: Threshold values, hit rate (HR), standard deviation of (HR), probability ofnon-dete
tion (PON) as well as probability of dete
tion (POD) for various weak andslab layer properties: Penetration for
e (F ), the number of peaks (npeaks), the elementlength (L), the rupture for
e (fr), the mi
ro-strength (S) and the parameter Ψ.Weak layerParameter Unit Threshold HR STD PON STD POD STD% % % % % %

F N < 0.115 50 0.04 48 0.06 54 0.09
npeaks - < 10.5 67 0.02 62 0.04 75 0.03
L mm > 1.5 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
Ψ kPa < 15 66 0.03 50 0.02 88 0.07Slab layers
F N < 0.065 56 0.05 70 0.07 36 0.07

npeaks - < 5.8 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
Ψ 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 arethe the penetration for
e (F ), the number of peaks (npeaks), the element length (L),the rupture for
e (fr), the mi
ro-strength (S) and the parameter Ψ.
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4.2 Non-spatial analysis of grid data
4.2 Non-spatial analysis of grid data

4.2.1 IntroductionThe following se
tion presents a non-spatial analysis of four layer properties. These fourparameters are, the mean penetration resistan
e F , the maximum penetration resistan
e
Fmax, the parameter Ψ as introdu
ed in se
tion 4.1 and �nally the layer thi
kness D.Ea
h parameter was 
al
ulated for the weak layer as well as for the slab layers.These four layer properties were 
hosen be
ause:1. Penetration resistan
e F : Small penetration resistan
e indi
ates low strength.Weak layers are typi
ally layers of low strength. A slab 
onsisting of new snow, hasa small penetration resistan
e and failure initiation is likely, but fra
ture propaga-tion is unlikely. On the other hand, slab layers of well 
onsolidated snow (e.g. smallrounded grains) show typi
ally high penetration resistan
e whi
h favors fra
turepropagation (van Herwijnen and Jamieson, 2005).2. Maximum penetration resistan
e Fmax: Crusts have a mu
h higher penetrationresistan
e and might hinder fra
ture initiation if they are part of the slab layers(van Herwijnen and Jamieson, 2005; Habermann et al., 2008).3. The parameter Ψ: The parameter Ψ relates to the stru
ture of layers. Ψ is smallerfor poorly bonded snow (fra
ture propagation is likely) and larger for well bondedsnow (fra
ture propagation is unlikely)(Bellaire et al., 2009).4. Depth D: Weak layers lo
ated near the surfa
e (< 15 
m) and deeper than 1 mare rarely ski triggered (Föhn, 1987; S
hweizer and Jamieson, 2003).The degree of variation of these parameters and of point stability were determined aswell as possible slope s
ale trends. The aim of this analysis was to relate the variationand absolute values to slope stability.Various degrees of variation were observed for the snow 
over properties and pointstability. However, the interpretation of these results espe
ially with regard to avalan
heformation remains 
hallenging. In the following a possible interpretation of point stability(
ompression test) patterns with regard to failure initiation and fra
ture propagation isintrodu
ed. 49



Chapter 4 Results
4.2.2 Layer properties

Variation of layer propertiesStatisti
s for all parameters and ea
h grid are shown in Tables A.1 - A.4 (Appendix A).The median values of the penetration resistan
e and the parameter Ψ were typi
allyhigher for the slab layers than for the weak layer (14 out of 17). Obviously, the medianthi
kness D and the maximum penetration resistan
e Fmax were always larger for theslab than for the weak layer (17 out of 17). The semi-interquartile range (SIQR) ofthe penetration resistan
e was smaller for the weak layer in 12 out of 17 
ases. For theparameter Ψ the SIQR was smaller for the weak layer in 13 out of 17 
ases. Similar to themedian values, the SIQR of the layer thi
kness D and maximum penetration resistan
e
Fmax 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
oe�
ient of variation (QCV) is shown. The semi-interquartile range (SIQR) 
an beinterpreted as a measure of variation sin
e it is a measure of the absolute spread of thedata. The quartile 
oe�
ient of variation (QCV) des
ribes the relative variation.The median values of all parameters were higher for the slab layers than for the weaklayer. The semi-interquartile range (SIQR) was smaller for the weak layer than for theslab. That means, the observed weak layer properties showed smaller absolute variationsthan the same properties within the slab. The quartile 
oe�
ient of variation (QCV)showed a large range for all parameters. The 
oe�
ient was typi
ally smaller for the slablayers than for the weak layers. The largest range was observed for the weak layer Ψ andthe smallest for the weak layer maximum penetration resistan
e Fmax.Table 4.2: Summary statisti
s of the four parameters, Ψ, Fmax, F , and D. Given aremedian values for the weak layer and the slab layer properties of all 17 grids. Shownare the median, the semi-interquartile range (SIQR) and the minimum and maximumof the quartile 
oe�
ient of variation (QCV).Weak layer Slab layerMedian SIQR QCV Median SIQR QCVMin - Max Min - Max

Ψ kPa 8.86 3.52 0.08 - 0.81 30.29 6.29 0.04 - 0.48
Fmax N 0.22 0.05 0.12 - 0.31 2.75 0.38 0.11 - 0.38
F N 0.10 0.02 0.14 - 0.62 0.20 0.05 0.10 - 0.46
D 
m 1.79 0.34 0.07 - 0.61 30.23 2.48 0.04 - 0.38
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4.2 Non-spatial analysis of grid data
Relation between propertiesTo estimate the relation between weak and slab layer properties in the seventeen gridsPearson 
orrelation 
oe�
ients were 
al
ulated. All parameter passed the Kolomogorov-Smirnov test (p < 0.05) to ensure normality. Cal
ulation was done for the median andthe semi-interquartile range of all four parameters, Ψ, Fmax, F and D. The median wastaken instead of the mean be
ause the data were slightly skewed.No 
orrelation was observed between the weak and slab layer thi
kness. The 
orrelation
oe�
ients are displayed in Table 4.3. Strong positive 
orrelation was observed for thethree other parameters. The parameter Ψ showed the strongest 
orrelation between weaklayer and slab layers for the semi-interquartile range (SIQR) and the median, 0.9 and
0.7, respe
tively. That means, large variations or median values of the slab layers wererelated to large variations or median values of the weak layer and vi
e versa.Table 4.3: Pearson 
orrelation 
oe�
ients between weak and slab layer properties 
al-
ulated for the parameter Ψ, the penetration resistan
e F , the maximum penetrationresistan
e Fmax and the thi
kness D. Correlation 
oe�
ients are given for the medianand the semi-interquartile range. Median SIQR

Ψ 0.7 0.9
F 0.6 0.6

Fmax 0.4 0.5
D < 0.1 < 0.1

Point stability variationSummary statisti
s for the 
ompression test s
ores and fra
ture 
hara
ter of the ea
hweak layer are given in Table 4.4. The weak layer was identi�ed by the ruts
hblo
k testand assigned to the 
ompression tests.For eight grids the median 
ompression test s
ore was ≤ 13, two grids showed medians
ores ≥ 20 and for the remaining seven grids the median 
ompression test s
ore wasbetween 14 and 19. The semi-interquartile range (SIQR) for seven out of the eightgrids with 
ompression test s
ore ≤ 13 was below 1. That means, the variation wasless than 2 s
ores for 50% of the data. The SIQR of the grids with intermediate andhigh 
ompression test s
ores was larger than 1. Ex
ept for grid 5 and 7 from winter2007-2008, these grids show an SIQR below or equal to 1, respe
tively. However, thevariation o

ure a
ross 
lasses of intermediate and high 
ompression test s
ores.Fra
ture 
hara
ters were grouped into either sudden fra
tures (0) or non-sudden fra
tures51



Chapter 4 Results(1). Ten 
ompression tests were 
hosen as des
ribed in se
tion 2.5.1. The proportion(Ratio in Table 4.4) of sudden to non-sudden fra
tures was 
al
ulated. Seven gridsshowed sudden fra
tures over the entire grid (Ratio = 0/10). For two grids only one pairof 
ompression tests showed a non-sudden fra
ture (Ratio = 1/10). The weak layer ofgrid 2-0809 was asso
iated with non-sudden fra
tures (Ratio = 10/10). The 
ompressiontest fra
ture 
hara
ter of the remaining seven grids showed non-sudden fra
tures as wellas sudden fra
tures. Ratios varied from 3/10 to 7/10.To obtain a relation between point stability variation and snow 
over properties the me-dian and semi-interquartile range of the four parameter (F , Fmax, Ψ,D) were 
orrelatedwith the point stability variation (SIQR) as shown in Table 4.4. Table 4.5 shows the
orrelation 
oe�
ients for the weak layer and slab layers. The strongest 
orrelation wasobserved for the parameter Ψ. The semi-interquartile range as well as the median of theparameter Ψ were positively 
orrelated with point stability variation. That means, thepoint stability variations were related to variation of the stru
tural parameter Ψ. Theother parameters showed no or weak 
orrelation with point stability and its variation.
4.3 Spatial analysis of grid data

4.3.1 IntroductionIt is assumed that the spatial stru
ture of snow 
over properties a�e
ts snow slopestability. To determine the 
orrelation length in the measurements a geostatisti
al analysiswas performed. In addition, the Moran's I 
oe�
ient, a measure of spatial auto
orrelationwas 
al
ulated. These two statisti
al methods were applied to the four weak and slablayer properties assumed to be relevant for the avalan
he formation pro
ess. Prior to thegeostatisti
al analysis the data need to be de-trended to ensure stationarity. The trendanalysis is also shown in this se
tion.
4.3.2 Slope scale trendsSlope s
ale trends were des
ribed by �tting a linear model (Eq. 2.5) to the data. Allregression 
oe�
ients are displayed in Tables A.5 to A.8 in Appendix A for the fourparameters under study.Table 4.6 summarizes the number of observed trends in either X , Y or both dire
tions ofthe four parameters for the 17 grids. Depending on the parameter, trends were presentin up to 12 grids out of 17 for the weak layer (Ψ). The 
orrelation 
oe�
ient R2 variedbetween < 0.01, i.e less than 1% of the variation 
an be explained by slope s
ale trends,and 0.44 depending on the parameter.52



4.3 Spatial analysis of grid data
Table 4.4: Basi
 statisti
s of the 
ompression test s
ores and type (N = 10) for allseventeen grids. Shown are the minimum and maximum 
ompression test s
ore aswell as the median, mean, 1st (Q1) and 3rd (Q3) quartile and the resulting semi-interquartile range and quartile 
oe�
ient of variation. Ratio gives the number ofnon-sudden fra
tures out of 10 
ompression tests.Compression TestS
ore Fra
ture typeGrid ID Min Max Median Mean Q1 Q3 SIQR QCV Ratio1-0607 11 35 27.5 26.6 20 35 7.5 0.27 7/102-0607 13 21 17.5 17.3 16 19 1.5 0.09 0/103-0607 11 35 13.5 19.8 13 30.5 8.75 0.40 4/105-0607 11 35 12 14.2 11.25 12 0.375 0.03 3/106-0607 5 13 12 11.5 11.25 13 0.875 0.07 0/101-0708 3 11 10.5 9.1 7.75 11 1.625 0.17 0/102-0708 11 12 11.5 11.5 11 12 0.5 0.04 4/103-0708 3 14 11 10.6 11 11.75 0.375 0.03 0/104-0708 11 22 14.5 15.9 13 19.5 3.25 0.20 3/105-0708 10 14 12.5 12.3 12 13 0.5 0.04 0/106-0708 18 35 24 27.3 22.25 35 6.375 0.22 4/107-0708 9 16 14 13.8 13 15 1 0.07 0/109-0708 18 35 19.5 21.3 19 21.5 1.25 0.06 4/102-0809 12 35 14 18.2 13 17.5 2.25 0.15 10/104-0809 11 15 11 12 11 12.75 0.875 0.07 1/106-0809 11 15 13 13.2 13 14 0.5 0.04 1/107-0809 15 21 18 18 16.25 19.75 1.75 0.10 0/10
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Chapter 4 ResultsTable 4.5: Results of the 
orrelation between the variation of point stability (SIQRTable 4.4) with the semi-interquartile range and the median of the four parametersunder study. Given are the 
orrelation 
oe�
ients for the weak layer and the slablayers. Weak layer Slab layersMedian SIQR Median SIQR
Ψ 0.44 0.56 0.46 0.44

Fmax 0.25 0.02 -0.03 0.15
F 0.07 < 0.01 0.23 0.13
D -0.01 0.12 0.07 -0.11In 
ontrast, the trends observed for the slab layers (up to 10 grids out of 17) explain upto 95% of the slope s
ale variation (Table 4.7). These 95% were observed for the slablayer thi
kness of grid 6 of winter 2006 - 2007. That means, only 5% of the variation wasrelated to variation of the residuals. In fa
t, this grid was observed at a wind a�e
tedslope where slab thi
kness de
reased from the lower right to the upper left 
orner (lookinguphill).The weak layer thi
kness is the only parameter whi
h showed only uni-dire
tional trends,i.e. signi�
ant 
oe�
ients in only one dire
tion. The layer thi
kness in
reased either inup-slope or in orographi
 left dire
tion. The weak layer maximum penetration resistan
eas well as the parameter Ψ tended to de
rease in up-slope dire
tion as well as in oro-graphi
 left dire
tion. The penetration resistan
e of the weak layer de
reased in up-slopedire
tion.Slab layer thi
kness de
reased in up-slope dire
tion as well as the maximum penetrationresistan
e and the parameter Ψ. The mean penetration resistan
e of the slab layersin
reased in up-slope dire
tion.

Contour plots of grid propertiesFor visualization 
ontour plots, i.e a linear interpolation between measurements point(not de-trended), of the parameter Ψ, thi
kness D, maximum penetration resistan
e
Fmax and penetration resistan
e F for weak layer and slab layer of all seventeen gridsare shown in Appendix B - E.The 
ontour plots of the measured weak layer and slab layer properties under studysuggest that in most of the 
ases no 
lear spatial pattern exists. However, the slab layersproperties showed more often spatial patterns than the weak layers, suggesting that weaklayers are more uniform.54



4.3 Spatial analysis of grid data
Table 4.6: Slope s
ale trends observed for the four parameters, F , Ψ, Fmax and Dfor the weak layer. See Tables A.5 to A.8 in Appendix A for details. Given are thenumber of grids (out of 17) having signi�
ant trends in either X or Y dire
tion and thenumber of grids showing a trend in both dire
tions. Total indi
ates the total numberof grids with trends. Also given is the median and the minimum and maximum of the
orrelation 
oe�
ient R2.Spatial trends Variation explainedX Y Both Total Median Min - Max

R2 R2

F 4 2 3 9 0.12 < 0.01 - 0.41
Ψ 6 4 2 12 0.18 0.02 - 0.35

Fmax 5 3 2 10 0.12 0.01 - 0.44
D 3 5 0 8 0.11 0.01 - 0.42

Table 4.7: Slope s
ale trends observed for the four parameters, F , Ψ, Fmax and D forthe slab layer. See Tables A.5 to A.8 in Appendix A for details. Given are the numberof grids (out of 17) having signi�
ant trends in either X or Y dire
tion and thenumber of grids showing a trend in both dire
tions. Total indi
ates the total numberof grids with trends. Also given is the median and the minimum and maximum of the
orrelation 
oe�
ient R2.Spatial trends Variation explainedX Y Both Total Median Min - Max
R2 R2

F 2 3 5 10 0.16 < 0.01 - 0.75
Ψ 2 4 4 10 0.20 0.01 - 0.67

Fmax 1 5 2 8 0.10 0.01 - 0.57
D 2 2 5 9 0.21 < 0.01 - 0.95
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Chapter 4 ResultsThe slab layer thi
kness D (Appendix E) showed patterns for almost all grids. This 
anpartly be explained by slope s
ale trends, sin
e the slab layers are a�e
ted by wind, e.g.snow drift. In fa
t, the modeled trends showed the largest 
orrelation 
oe�
ients (R2,Table 4.7). In 
ontrast, the weak layer thi
kness seems to be more uniform with smallvariations.
4.3.3 Geostatistical analysis

Variogram analysisThe modeled 
orrelation length, i.e. the range, of ea
h grid for the weak layer and slablayers of the four parameters (Ψ, Fmax, Ψ, D) are 
ompiled in Table 4.8. The variogramplots are shown in Appendi
es B to E.A summary of Table 4.8 is displayed in Table 4.9. Correlation length 
an only be reliablybe determined up to about half of the extent (Journel and Huijbregts, 1978). Therefore,variograms with 
orrelation length ≥ 8 m were 
lassi�ed as unbounded. These variogramsrea
h their sill, i.e. a plateau, 
lose to half the extent and were therefore questionable.More unbounded and pure-nugget variograms (see Figure 2.3) were modeled for theweak layer than for the slab layers (Table 4.9). This means that a 
orrelation lengthsmaller than half the extent was more often observed for the slab layers than for theweak layers, indi
ating that slab properties were more often spatially 
orrelated thanweak layer properties.The median 
orrelation length R was larger for the slab layer properties than for theweak layer properties (Table 4.9). However, the minimum and maximum 
orrelationspanned almost all possible 
orrelation length for all observed properties. The fa
t, thata 
orrelation length was observed more often for the slab layer properties than for theweak layer properties suggest that di�erent pro
esses a�e
t weak and slab layers. Thisis also supported by the fa
t that the median 
orrelation length was larger for the slabthan for the weak layer properties.
4.3.4 Moran’s IThe Moran's I 
oe�
ient is an index of spatial auto
orrelation and was 
al
ulated for thefour parameters ,Ψ, F , Fmax and D, within ea
h grid. Median values for the weak layerand the slab layers are displayed in Table 4.10 (
oe�
ients for ea
h grid and parameter,see Appendix A ,Tables A.9-12).Comparing the median Moran's I 
oe�
ients of the four parameters for the weak layerand slab layers showed that the medians were larger for the slab layers ex
ept for themaximum penetration resistan
e. For the parameter Ψ the Moran's I was larger for the56



4.3 Spatial analysis of grid data
Table 4.8: Correlation length R for the parameter Ψ, the penetration resistan
e F ,the maximum penetration resistan
e Fmax and the weak and slab layer thi
kness (D)given for ea
h grid. "-" indi
ates a pure nugget variogram (no range), "≥ 8" indi
atesan unbounded variogram.Weak layer Slab layersID Ψ F Fmax D Ψ F Fmax Dm m m m m m m m1-0607 2 2 3 ≥ 8 4 6 4 32-0607 ≥ 8 ≥ 8 ≥ 8 7 ≥ 8 7 4 43-0607 ≥ 8 ≥ 8 ≥ 8 3 4 6 3 ≥ 85-0607 ≥ 8 3 3 - 6 4 6 36-0607 - - - - ≥ 8 6 - 71-0708 ≥ 8 6 3 2 2 3 6 42-0708 ≥ 8 ≥ 8 - 3 ≥ 8 ≥ 8 5 43-0708 - 4 - ≥ 8 3 3 ≥ 8 54-0708 ≥ 8 ≥ 8 ≥ 8 5 7 6 4 ≥ 85-0708 ≥ 8 ≥ 8 - 4 2 ≥ 8 ≥ 8 56-0708 6 3 3 5 7 7 3 67-0708 7 3 5 - ≥ 8 6 - ≥ 89-0708 3 3 3 ≥ 8 ≥ 8 ≥ 8 ≥ 8 32-0809 ≥ 8 ≥ 8 ≥ 8 ≥ 8 ≥ 8 ≥ 8 3 ≥ 84-0809 3 3 3 - 4 3 3 36-0809 3 3 3 2 5 6 3 67-0809 ≥ 8 ≥ 8 - 1 ≥ 8 3 ≥ 8 ≥ 8
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Chapter 4 Results
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 layersparameters (Ψ, F , Fmax, D). In addition, the median 
orrelation length and the rangeof 
orrelation length is given. Weak layer Slab layers

Ψ F Fmax D Ψ F Fmax DUnbounded 9 7 3 4 7 4 4 5Pure nugget 2 1 5 4 0 0 2 0Sill (Range) 6 9 9 9 10 13 11 12Median (m) 3 3 3 3 5 6 4 5Min - Max (m) 2-7 2-6 3-5 1-7 2-7 3-7 3-6 3-7

Table 4.10: Median values of the Moran's's I 
oe�
ients of weak layer and slab layerproperties Ψ, F , Fmax and D for all 17 grids. In addition, the number of grids outof 17 for whi
h the weak layer Moran's I was smaller than the slab layer Moran's I(Ratio) are given. Weak layer Slab Ratio
Ψ 0.14 0.26 11/17
F 0.12 0.26 14/17

Fmax 0.10 0.10 7/17
D 0.08 0.26 14/17
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4.4 Relating observations to slope stabilityslab layers in about 65%, for F and D in about 82% and for Fmax in about 41% of the17 
ases.The Moran's I statisti
s suggests that the parameters of the slab layers were more
lustered than those of the weak layer. This observation is 
onsistent with the resultsof the geostatisti
al analysis where larger 
orrelation length were observed for the slablayer properties, ex
ept for the parameter Fmax whi
h showed similar 
orrelation lengthfor the slab and weak layers.
Point stability patternsThe point stability, derived from 
ompression tests, was 
lassi�ed into stability 
lasses of
poor, fair and good as des
ribed in the Methods se
tion (Table 2.4). Figures 4.6 to 4.8show point stability for ea
h grid grouped by the winter when the grid was performed.Three di�erent regimes were observed. First, uniform 
onditions within one stability
lass over the entire grid, e.g. grid 5 of winter 2006-2007 or grid 4 of winter 2008-2009.Se
ond, variations a
ross two stability 
lasses, e.g. grid 2 of winter 2007-2008 and thirdall 
lasses were present over the entire grid (e.g. grid 3, winter 2006-2007).
4.4 Relating observations to slope stability

4.4.1 IntroductionSlope stability was estimated using the point stability observations as outlined in se
tion2.2.3. In the following, 
orrelation length R and Moran's I are 
ompared to slope stability.
4.4.2 ClassificationCompression test s
ores were 
lassi�ed into point stability 
lasses of poor, fair and good(se
tion 2.2.2). Based on point stability and the spatial distribution of point stability(Figure 4.6 - 4.8) slopes were 
lassi�ed into three stability 
lasses POOR, FAIR and
GOOD (se
tion 2.5.2). In the following, this slope stability estimate will be referred toas "Slope Stability I". Using this 
lassi�
ation, eight slopes were 
lassi�ed as POOR,�ve slopes as FAIR and the remaining four slopes as GOOD.Bellaire and S
hweizer (2010) suggested a di�erent slope stability 
lassi�
ation, referredto as "Slope Stability II". It is based on the pro�le 
lassi�
ation into �ve stability 
lassesa

ording to S
hweizer and Wiesinger (2001) (se
tion 2.2.1), the mean point stability ofthe grid (using the 
ompression tests) and the presen
e or absen
e of signs of instability59



Chapter 4 Results
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Figure 4.6: Point stability for the grids observed during the winter of 2006 - 2007. The
olor of the 
ir
les indi
ates either poor (orange), fair (yellow) or good (green) pointstability.
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4.4 Relating observations to slope stability
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Figure 4.7: Point stability for the grids observed during the winter of 2007 - 2008. The
olor of the 
ir
les indi
ates either poor (orange), fair (yellow) or good (green) pointstability.
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Chapter 4 Results
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Figure 4.8: Point stability for the grids observed during the winter of 2008 - 2009. The
olor of the 
ir
les indi
ates either poor (orange), fair (yellow) or good (green) pointstability.(se
tion 2.2.3). Using this 
lassi�
ation, only three grids were 
lassi�ed as POOR, �veas FAIR and the remaining nine as GOOD.A 
omparison of both slope stability 
lassi�
ations is given in Table 4.11. ComparingSlope Stability I and II shows that a) all slopes 
lassi�ed with Slope Stability II as FAIRwere shifted into the group of POOR with Slope Stability I and b) �ve grids 
lassi�ed as
GOOD with II moved to the group of FAIR with Stability I. This shift towards unstable
onditions using Stability I 
an be explained by the high sensitivity of the 
ompressiontest results, i.e. 
ompression tests tend to underestimate stability. Hen
e, "Slope StabilityI" is a more 
onservative estimate of slope stability than "Slope Stability II" whi
h takesobserved signs of instability into a

ount.The 
lassi�
ation used by Bellaire and S
hweizer (2010) seems to provide a more realisti
view of slope stability in a

ordan
e to the observations of the �eld 
rews. However, thespatial distributed 
ompressions tests, i.e. fra
ture 
hara
ter and s
ore, allows one a62



4.4 Relating observations to slope stabilityTable 4.11: Slope stability 
lassi�
ation. Shown are the grid ID, the ruts
hblo
k s
ore(RB) where a bold s
ore indi
ates a whole blo
k release, the pro�le 
lassi�
ation(PC) into �ve stability 
lasses (1: very poor, 2: poor, 3: fair, 4: good, 5: very good)a

ording to S
hweizer and Wiesinger (2001) as well as the median point stability, i.e.the median of all 
ompression test s
ores. A "x" in the 
olumn "Signs" marks the gridswhere signs of instabilities were observed. Slope Stability I 
orresponds to the slopestability 
lassi�
ation as introdu
ed in se
tion 2.5.4. Slope stability II 
orresponds tothe stability 
lassi�
ation used by Bellaire and S
hweizer (2010).ID RB PC MPS Signs Slope Stability I Slope Stability II1-0607 4 3 RR GOOD GOOD2-0607 7 5 17.5 FAIR GOOD3-0607 5 3 13 POOR FAIR5-0607 5 3 12 POOR FAIR6-0607 3 2 12 x POOR POOR1-0708 2 2 10.5 x POOR POOR2-0708 5 3 11.5 POOR FAIR3-0708 2 1 11 x POOR POOR4-0708 4 3 14.5 GOOD GOOD5-0708 4 3 12.5 x POOR FAIR6-0708 6 4 22.5 GOOD GOOD7-0708 3 3 14 FAIR GOOD9-0708 4 4 19 x FAIR GOOD2-0809 5 4 13.5 GOOD GOOD4-0809 4 3 11 POOR FAIR6-0809 5 4 13 x FAIR GOOD7-0809 6 4 18 FAIR GOODmore detailed insight into the spatial distribution of 
ompression test results and how ita�e
ts slope stability. For this reason the following analysis is based only on the slope
lassi�
ation I.
Layer propertiesDes
riptive statisti
s of the parameter Ψ, the maximum penetration resistan
e Fmax, themean penetration resistan
e F and the thi
kness D for the weak layer and slab layersfor all seventeen grids are 
ompiled in Table A.1 - A.4 in Appendix A. The seventeengrids are grouped into either POOR, FAIR or GOOD slope stability (I) as des
ribedabove. Median values of the semi-interquartile range (SIQR), the quartile 
oe�
ient of63



Chapter 4 Resultsvariation (QCV) and the median were 
al
ulated and are shown in Table 4.12.The median as well as the SIQR of the parameter Ψ for the weak layer in
reased within
reasing stability. The quartile 
oe�
ient of variation, on the other hand, de
reasedwith in
reasing stability from 43% to 28%. The semi-interquartile range was about fourtimes larger for the slopes 
lassi�ed as GOOD than for the slopes 
lassi�ed as POOR.
Ψ was larger for the slab than for the weak layer. Furthermore, lower values of the QCVwere observed for the slab than for the weak layer. This shows that the relative variationsin Ψ were smaller for the slab than for the weak layer.For the maximum penetration resistan
e Fmax of the weak layer the median slightlyin
reased with in
reasing stability. No trend was observed for the semi-interquartile rangewhile the 
oe�
ient of variation de
reased with in
reasing stability. The median QCVranged from 15% to 23%. The maximum penetration resistan
e was larger for the slablayers than it was for the weak layer. Similar to the weak layer the maximum penetrationresistan
e in
reased with in
reasing slope stability. For the slab, the semi-interquartilerange and the QCV in
reased with in
reasing stability.The median penetration resistan
e F of the weak layer showed no 
lear trend for themedian and the semi-interquartile range or the QCV with in
reasing stability. For the slablayers only the median penetration resistan
e slightly in
reased with in
reasing stability.The median thi
kness D of the weak layer de
reased with in
reasing stability, as didthe semi-interquartile range and the quartile 
oe�
ient of variation. The slab thi
k-ness in
reased with in
reasing stability. However, no trend was observed for the semi-interquartile range, and the quartile 
oe�
ient of variation de
reased. In addition thesmallest relative variations were observed for the slab layer thi
kness (10% to 8%).
Point stabilityThe results of the 
ompression test s
ores for ea
h grid (Table 4.4) were sorted byin
reasing slope stability and are 
ompiled in Table 4.13. The mean and median 
om-pression test s
ores in
reased with in
reasing stability. The median semi-interquartilerange (SIQR) of the 
ompression test s
ores per slope stability 
lass in
reased with in-
reasing stability (POOR = 0.7, FAIR = 1.3, GOOD = 4.8). Slopes 
lassi�ed as
POOR or FAIR showed more often sudden fra
tures of the weak layer 
ompared toslopes 
lassi�ed as GOOD.
GeostatisticsThe median 
orrelation length for ea
h stability 
lass of the four parameters are given inTable 4.14. No signi�
ant relation between the estimated 
orrelation length and slopestability was observed. The used sampling design allows one to dete
t 
orrelation length64



4.4 Relating observations to slope stability
Table 4.12: Des
riptive statisti
s for all four parameters grouped a

ording to slopestability 
lass. For ea
h stability 
lass the median, the semi-interquartile range (SIQR)and of the quartile 
oe�
ient of variation (QCV) are given for weak layer and slablayers separately. Weak layer Slab layer

ΨMedian SIQR QCV Median SIQR QCVkPa kPa kPa kPaPOOR 4.1 2.3 0.4 26.0 5.9 0.30FAIR 8.9 4.5 0.3 38.3 1.6 0.15GOOD 30.5 8.1 0.3 61.3 13.5 0.22
FmaxMedian SIQR QCV Median SIQR QCVN N N NPOOR 0.2 0.04 0.23 1.9 0.3 0.22FAIR 0.2 0.06 0.20 2.8 0.3 0.14GOOD 0.3 0.05 0.15 3.4 1.1 0.37
FMedian SIQR QCV Median SIQR QCVN N N NPOOR 0.08 0.02 0.29 0.19 0.04 0.22FAIR 0.12 0.02 0.16 0.20 0.02 0.16GOOD 0.09 0.02 0.27 0.29 0.08 0.26
DMedian SIQR QCV Median SIQR QCV
m 
m 
m 
mPOOR 2.7 0.7 0.33 25.4 2.3 0.10FAIR 1.8 0.3 0.16 31.2 3.6 0.05GOOD 1.1 0.4 0.20 36.6 2.6 0.08
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Table 4.13: Compression test results (
ompare Table 4.4) of the seventeen grids sorted by in
reasing slope stability. Shownare the minimum and maximum 
ompression test s
ore as well as the median, mean, 1st (Q1) and 3rd (Q3) quartile and theresulting semi-interquartile range and quartile 
oe�
ient of variation. Ratio gives the number of non-sudden fra
tures out of10 
ompression tests. In addition, all median are shown (bold) below ea
h stability 
lass.Compression testS
ore Fra
ture typeGrid ID Slope stability Min Max Median Mean Q1 Q3 SIQR QCV Ratio3-0607 POOR 11 35 13.5 19.8 13 30.5 8.75 0.40 4/105-0607 POOR 11 35 12 14.2 11.25 12 0.375 0.03 3/106-0607 POOR 5 13 12 11.5 11.25 13 0.875 0.07 0/101-0708 POOR 3 11 10.5 9.1 7.75 11 1.625 0.17 0/102-0708 POOR 11 12 11.5 11.5 11 12 0.5 0.04 4/103-0708 POOR 3 14 11 10.6 11 11.75 0.375 0.03 0/105-0708 POOR 10 14 12.5 12.3 12 13 0.5 0.04 0/104-0809 POOR 11 15 11 12 11 12.75 0.875 0.07 1/10Median 11 14 12 12 11 12 0.7 0 1/102-0607 FAIR 13 21 17.5 17.3 16 19 1.5 0.09 0/107-0708 FAIR 9 16 14 13.8 13 15 1 0.07 0/109-0708 FAIR 18 35 19.5 21.3 19 21.5 1.25 0.06 4/106-0809 FAIR 11 15 13 13.2 13 14 0.5 0.04 1/107-0809 FAIR 15 21 18 18 16.25 19.75 1.75 0.10 0/10Median 13 21 18 17 16 19 1.3 0 0/101-0607 GOOD 11 35 27.5 26.6 20 35 7.5 0.27 7/104-0708 GOOD 11 22 14.5 15.9 13 19.5 3.25 0.20 3/106-0708 GOOD 18 35 24 27.3 22.25 35 6.375 0.22 4/102-0809 GOOD 12 35 14 18.2 13 17.5 2.25 0.15 1/10Median 12 35 19 22 17 27 4.8 0 6/10 66



4.4 Relating observations to slope stabilitywith an a

ura
y of about 2 m. Observed trends (Table 4.14) fall within the range ofthis a

ura
y.Most of the modeled pure-nugget and unbounded variograms fall into the 
lass of POORslope stability. This may be interpreted as rather uniform layer 
onditions sin
e lowervariations of layer properties were also assigned to the slope stability 
lass of POOR.Table 4.14: Median 
orrelation length of the parameter Ψ, the penetration resistan
e
F , the maximum penetration resistan
e Fmax and the thi
kness D of weak layer andslab layers per slope stability 
lass. Correlation lengthWeak layer Slab layers

POOR FAIR GOOD POOR FAIR GOODm m m m m m
Ψ 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 IClear trends of the Moran's I 
oe�
ient were observed for only the mean penetrationresistan
e F of the slab and for the weak layer thi
kness D (Table 4.15). However,all parameters showed a positive Moran's I index, i.e the properties showed 
lusteredpatterns. The 
lustering for the other parameters of weak and slab layer tended toin
rease with in
reasing stability.Table 4.15: Median Moran's I 
oe�
ient per slope stability 
lass for the parameter
Ψ, the penetration resistan
e F , the maximum penetration resistan
e Fmax and thethi
kness D of weak layer and slab layers.Weak layer Slab layersPOOR FAIR GOOD POOR FAIR GOOD

Ψ 0.14 0.19 0.19 0.26 0.08 0.31
F 0.09 0.17 0.12 0.17 0.28 0.29

Fmax 0.10 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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Chapter 5

Discussion

5.1 IntroductionHow does spatial variability of snow 
over properties a�e
t snow slope stability? Toanswer this question typi
al avalan
he slopes were investigated. These investigationswere performed utilizing the SnowMi
roPen and manual snow 
over observations. The�rst se
tion (5.2) of this 
hapter 
ontains some general 
omments on the dataset. TheSnowMi
roPen signal was analyzed to derive snow 
over stability estimates using an al-gorithm introdu
ed by Bellaire et al. (2009). A re-analysis of this algorithm is dis
ussed inse
tion 5.3. Data 
olle
ted on 17 slopes were analyzed using non-spatial as well as spatialstatisti
al methods. These results are dis
ussed in se
tions 5.4 and 5.5. Some possibleerror sour
es of the applied methods are dis
ussed at the end of ea
h se
tion. Finally,a hypotheti
al 
on
ept on how spatial variability may in�uen
e snow slope stability ispresented (se
tion 5.6).
5.2 DataDuring three winters between 2006 and 2009 twenty three grids were re
orded. Six gridshad to be dis
arded due to te
hni
al problems with the SMP. Field observations arealways 
hallenging espe
ially those performed during winter time. Equipment as well aspeople are exposed to extreme 
onditions. Often no observations 
ould be performed atall due to severe weather 
onditions and for safety reasons. Resear
h tools like the SMPwere developed to stand these extreme 
onditions, but are still prone to errors. Currently,no other method exists whi
h quanti�es the stratigraphy of mountain snow 
overs withhigh resolution within a reasonable time and is dire
tly related to the me
hani
al prop-erties. However, the time needed to investigate a slope su
h as done in this study was69



Chapter 5 Dis
ussionbetween three and four hours with three experien
ed persons, i.e only one grid 
ouldbe performed per day. These problems and the o

asional la
k of suitable weak layersredu
ed the number of grids available for analysis. Despite the limited data set sometrends seem to emerge.
5.3 Stability algorithmThe developed algorithm (se
tion 4.1) was used to dete
t stru
tural weaknesses in SMPsignals. The re-analysis with a slightly larger dataset showed no major di�eren
es 
om-pared to the �ndings presented by Bellaire et al. (2009). In the majority of the 
ases(90%) one of the four potential weaknesses derived from the SMP signal 
oin
ided withthe observed weak layer (Figure 4.4). A di�erent pro
edure than suggested by Bellaireet al. (2009) was used to automati
ally dete
t weak layers. This new pro
edure takesthe slab layer properties above ea
h weak layer into a

ount. The a

ura
y of bothpro
edures (60% and 58%) are similar to the performan
e of stability �eld tests su
has the 
ompression test or extended 
olumn test (Winkler and S
hweizer, 2009). Thesestability tests performed adja
ent to ea
h other identi�ed the same weak layer only inabout 60% of the 
ases.Weak layer as well as slab properties were 
onsidered to 
lassify measured SMP pro�lesinto stability 
lasses of poor and fair − to − good (Table 4.1). All variables providedplausible results. Poor stability is expe
ted with a low number of ruptures, low rupturefor
e and a low value of Ψ in the weak layer, and with rather soft slab layers. The latter�nding agrees with results of van Herwijnen and Jamieson (2007b) and Habermannet al. (2008) who found that hard layers within the slab impede failure initiation. Alarger dataset would 
ertainly improve the stability estimation and might also allow amultivariate approa
h. Furthermore, the low probability of dete
tion (POD, Table 4.1)of the slab layer parameters is likely related to the fa
t that soft slab layers have a ratherlow Ψ, but avalan
he release is rather unlikely (van Herwijnen and Jamieson, 2007a). Alarger dataset would allow one to derive an upper and lower threshold for the slab layer
Ψ where skier triggering or avalan
he release is most probable.Weak layer dete
tion and stability estimation is based on a single SMP measurementwhi
h is 
ompared to a manual pro�le and a stability test that 
annot be done at theexa
t same lo
ation. Some spatial variations in layer properties between the lo
ation ofthe SMP measurement and the lo
ation of the ruts
hblo
k may o

ur. The un
ertaintyin the stability test result (± 1 s
ore) may further a�e
t the results of the stability
lassi�
ation sin
e only two stability 
lasses were used. Pielmeier and Marshall (2009)showed that a set of SMP measurements, 
overing the area of the ruts
hblo
k, improvedthe a

ura
y of the stability estimate. The automati
 weak layer dete
tion 
ould alsobe improved using a multiple signal approa
h. Multiple signals, measured for instan
earound the ruts
hblo
k like done by Pielmeier and Marshall (2009), 
ould be 
ombined70



5.4 Non-spatial analysisto identify the most 
riti
al weak layer. Furthermore, multiple measurements would allowone to determine spatially related layer properties that favor fra
ture propagation, and totake those into a

ount for the automati
 weak layer dete
tion and stability estimation.Some of the la
k of a

ura
y might be due to te
hni
al problems of the SMP devi
e -although the signal quality was 
he
ked. The sensitivity of the SMP sensor to temperature
hanges might have 
aused erroneous signals that a�e
ted the layer boundary de�nition.This signal drift, i.e. positive or negative o�set, 
an often not be re
ognized by a visualinspe
tion and might a�e
t the derivation of the stru
tural properties. The signals wereanalyzed by two experien
ed persons, however some un
ertainty remains.The dataset used for this analysis 
ontained 71 SMP signals. Most of the weak layers
onsisted of persistent grain types su
h as fa
eted 
rystals or depth hoar. A larger datasetwith various types of weak layers might improve the weak layer dete
tion and stabilityestimation. More SMP signals would allow one to 
reate test and training datasets, whi
hwould substantially improve the reliability and a

ura
y of the algorithm.Still, the SMP, in 
ombination with the algorithm and standard �eld observations(ruts
hblo
k test plus manual pro�le), 
an be used to quantify and analyze spatial vari-ability patterns faster than with standard observation methods. However, more validationof the SMP signals is required before the SMP 
an be
ome a valuable tool for avalan
hewarning servi
es.
5.4 Non-spatial analysisThe non-spatial analysis suggests that the median values of the weak layer propertiesare lower and show less variation than the 
orresponding slab layer properties (TablesA.1-A.4, Appendix A). This supports the �ndings �rst made by Kronholm (2004) andsummarized by S
hweizer et al. (2008b).Slope s
ale trends were observed for most of the weak and slab layer properties (TablesA.5-A.8, Appendix A). Trends were responsible for a large part of the variation of theslab layer properties (e.g. 95%, grid 6 winter 2006/2007). In 
ontrast, slope s
ale trendswithin the weak layer explained less of the variation (Table 4.6). Therefore, it is likelythat di�erent pro
esses a�e
t slab and weak layer properties and 
ause spatial variability.Several metorologi
al parameters are a
ting together to form a mountain snow 
overabove tree line. Slab layers are likely a�e
ted by wind and topography at the slope s
ale.Weak layers often form at the snow surfa
e, e.g. surfa
e hoar or surfa
e fa
eting. Theformation of a weak layer within the snow 
over, i.e. not at the snow surfa
e, is rare andthe energy balan
e at the snow surfa
e is similar at the slope s
ale 
ausing few variations.However, the analysis of su
h a 
omplex system requires the 
oupling of snow 
over andtopographi
al models with high-resolution meteorologi
al models in
luding small s
alewind�eld modeling. 71



Chapter 5 Dis
ussionIt remains unknown what pro
esses 
aused spatial variations of the weak layer residuals.Trends might be explained by meteorologi
al parameters su
h as wind if weak layersare formed at the snow surfa
e. Complex metamorphi
 pro
esses might 
ontribute tothe variation of the weak layer properties. However, these metamorphi
 pro
esses arestrongly in�uen
ed by the entire snow 
over stru
ture and the ground. The 
orrelationbetween weak layer and slab layer variations showed that in 
ase of a variable weaklayer, the slab layers were often variable too (Table 4.3). This might be a hint thatmetamorphi
 pro
esses, for
ed by di�erent temperature gradients, are important forweak layer variation.Grids with low median 
ompression test s
ores showed less variation than grids withintermediate or high 
ompression test s
ores (Table 4.4). The large number of gridswith low median 
ompression test s
ores 
an be explained by the large sensitivity of the
ompression test, typi
ally resulting in an underestimation of point stability (Winklerand S
hweizer, 2009). The fa
t that the variation of s
ores in
reased with in
reasings
ore suggests that the weak layer, on a slope with low median 
ompression test s
ore,was spatially 
ontinuous and rather uniform. The fra
ture type was often less variablethan the 
ompression test s
ore as suggested by van Herwijnen et al. (2009). Some gridsshowed even no variation of fra
ture type. In 
ase the fra
ture type was observed tobe sudden, one 
an assume that fra
ture propagation is more likely (van Herwijnen andJamieson, 2007a).The �nding that the variation of 
ompression test s
ores in
reased with in
reasing sta-bility supports the hypotheti
al 
on
ept that spatial variability is only important withintermediate s
ores. Simply stated, if a single stability test performed on a slope indi-
ates the stability to be poor, stability 
an be assumed as poor everywhere or at leastover areas large enough to favor self-propagating fra
tures. That means, frailure initi-ation as well as propagation are possible and an avalan
he may release. On the otherhand, if tests indi
ate good stability, larger variations at the slope s
ale 
an be expe
tedsuggesting that fra
ture initiation and fra
ture propagation are less likely. The distribu-tion, i.e. the length s
ale, of poor stability test results on slopes with intermediate testresults be
omes 
ru
ial in regard to avalan
he release.The variation of spatially distributed 
ompression test s
ores was related to the variationof the snow 
over properties derived from the SMP measurements (Ψ, F , Fmax, D). Inparti
ular, the variation of the parameter Ψ 
orrelated (R2 ≈ 0.5) with the point stabilityvariation, expressed as the semi-interquartile range of all 
ompression tests (Table 4.5).The stru
tural parameter Ψ introdu
ed by Bellaire et al. (2009) and the mi
ro-strength
S are 
omparable. Both were related to point stability (Bellaire et al., 2009; Pielmeierand Marshall, 2009). This supports the 
hoi
e of Ψ (or S) for signal analysis and slopestability estimation.
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5.5 Spatial analysis
5.5 Spatial analysis

5.5.1 GeostatisticsThe geostatisti
al analysis showed no signi�
ant trends, i.e. the estimated 
orrelationlength was not related to slope stability, and is in that respe
t in
on
lusive. This mightbe due to the fa
t that a) the sampling design was not adequate to measure the variabilityb) the slope stability 
lassi�
ation was not adequate and slope stability 
annot readilybe measured 
) the observations were not performed at the right pla
e and time or d)there is no relation.With the sampling design used in this study (se
tion 2.2) ranges up to 10 m 
an bedete
ted with an a

ura
y of about 2 m. Hen
e, the sampling design should be su�
ientlyreliable to 
apture spatial stru
tures smaller than the maximum length s
ale (≈ 10 m)assumed to be 
ru
ial for the avalan
he formation pro
ess.Ea
h stability 
lassi�
ation is subje
tive. Currently, no method exists whi
h estimatesstability without slope investigation. The SMP stability algorithm was a �rst attemptfor an obje
tive stability 
lassi�
ation, but also requires slope a

ess. Really unstable
onditions 
an only be found when an avalan
he is triggered on the study slope. Simplyspoken, the stability of a slope whi
h was not released during investigation has to 
on-sidered as at least marginally stable. Or in other words, really poor slope stability 
anhardly be measured. This might partly explain why so far no spatial variability study ex-ists whi
h linked snow 
over variability to slope stability. However, the presen
e of weaklayers and signs of instability and the knowledge about the avalan
he formation pro
essallows one to 
lassify slopes as rather poor. A slope 
an be estimated as of rather poorstability if either:1. A weak layer is present over the entire slope and the slab layers are sti� enoughto favor fra
ture propagation without hindering fra
ture initiation.2. Spatially distributed point stability observations show 
onsistent results related toinstability, e.g. 
ompression test s
ore ≤ 13 and sudden fra
tures.3. Signs of instability su
h as "whumpfs" or 
ra
king are observed on the investigatedslope or on slopes of similar aspe
ts.Clearly, rather poor slopes often ful�ll all three requirements.The often investigated south-west fa
ing slope (Figure 3.1) often showed 
riti
al weaklayers with low ruts
hblo
k s
ores (e.g. 1-0708, 2-0707; Table 3.1). This slope has a slopeangle of about 20◦ and is therefore not steep enough for avalan
he release, but one 
ouldimagine that the same 
onditions on a steeper slope would result in avalan
he release.Only one slope (grid 6, winter 2006/2007) was whumpfed and 
ra
ks o

urred duringinvestigation, and 
an therefore be 
lassi�ed as unstable. However, it is questionable73



Chapter 5 Dis
ussionif measurements performed on a slope that was whumpfed are still representative forunstable slopes. In that spe
i�
 
ase the measurements 
an be assumed as representativesin
e the weak layer was a thi
k layer of depth hoar. The di�eren
es in stability of theslopes not whumpfed might be too small for reliable dis
rimination. In other words,ex
ept for one slope (grid 6, winter 2006/2007) all other slopes were stable or at mostmarginally stable. This might explain the la
k of patterns of spatial variations with regardto slope stability in the data analyzed.A trend removal, also done in this study, is required before a geostatisti
al analysisis performed to distinguish between variations introdu
ed by slope s
ale trends andvariations 
aused by the residuals. The separation of the trend and the residuals allowsone to relate variations at di�erent s
ales. However, the trend removal might only berelevant for the weak layer properties sin
e the trend explained a small part of theobserved variations (Table 4.6). The slab layers often showed strong slope s
ale trends(Table 4.7). This variation might be at least as important for the avalan
he formationpro
ess as the variation of the residuals. This result might also explain the in
on
lusivegeostatisti
al analysis and questions the appli
ability of the geostatisti
al analysis.
5.5.2 Moran’s IThe Moran's I 
oe�
ients were positive and larger for the slab layers than for the weaklayer. This observation 
an partly be explained by the presen
e of slope s
ale trends, sin
ethese trends were not removed. Slope s
ale trends are often a result of wind e�e
ts, forexample the slab layer penetration resistan
e is in�uen
ed by wind. Wind in�uen
e onthe snow 
over results in patterns whi
h are 
lustered, as indi
ated by positive Moran'sI 
oe�
ients. That means further, the slab layers showed more often spatial stru
ture.This may be interpreted as 
ontradi
ting the �ndings �rst made by Kronholm et al.(2004) and summarized by S
hweizer et al. (2008b) who 
on
luded that slabs may bemore variable than weak layers.However, the result that slab layers were more 
lustered than weak layers does notne
essarily mean that they were spatially less variable. Slab layers tend to have a largerabsolute spread than weak layers (Table 4.2). Furthermore, Kronholm et al. (2004)argued that slab layers showed more 
omplex stru
tures than the weak layer, withoutany further explanation. Their estimated 
orrelation length for the slab layers varied fromabout 4 m to 
orrelation length larger than half the extent whi
h implies, at least forsome slab layers, a spatial stru
ture. Their investigated weak layers showed no 
orrelationlength and small variations indi
ating uniform 
onditions, i.e. they were still spatiallyvariable but with small variations.74



5.6 Hypothesis
5.6 HypothesisHypothesis: Variations and their length s
ales are only relevant when the variations arearound the threshold between rather unstable and rather stable 
onditions.The results presented showed that weak layers were less 
lustered than slab layers andshow less variation, i.e. weak layers were more uniform than slab layers. This suggestsin 
ase a weak layer is present and shows weak stru
ture, that the variability of the slablayers might 
ontrol the avalan
he formation pro
ess.Numeri
al modeling of spatial variations, e.g. Fy�e and Zaiser (2004), Kronholm andBirkeland (2005) suggests that an in
rease in strength of weak layer, hinders fra
turepropagation. This means that avalan
he release be
omes less likely. Therefore, the 
or-relation length of layer properties favoring fra
ture propagation, be
omes parti
ularlyimportant.Figure 5.1 shows a s
hemati
 of a hypotheti
al 
on
ept of how spatial stability variationsmight be 
onsidered for slope stability estimation. Variations and length s
ales are lessrelevant if they o

ur within the stable or unstable range (a and 
). Spatial variability,espe
ially the 
orrelation length R, be
omes 
ru
ial if variations o

ur a
ross stability
lasses (b). The wave length of b) does not ne
essarily have to be greater than thewave length of a) or 
) - at least not over the entire slope. However, unstable areashave to be large enough (
riti
al length) to favor self-propagating fra
tures. Stability
ould be derived from any sour
e, e.g. point stability observations like the 
ompressionor ruts
hblo
k test or from layer properties derived from the SMP. A suitable thresholdneeds to be de�ned to distinguish between the stable and the unstable range.Grid 6-0607 was whumpfed during investigation in the upper left 
orner. This is 
ertainlyone of the most a�e
t (obviously variable, by naked eye) in the area (
ompare S
hweizeret al. (2008a)). Figure 5.2a shows the 
ontour plots of the parameter Ψ for the weaklayer and the slab layers. This slope was strongly wind a�e
ted from the right. Theparameter Ψ shows a spatial pattern, i.e. a gradual de
rease in Ψ from the lower rightto the upper left, espe
ially for the slab layers. The variation of the parameter Ψ for theweak and slab layer is shown in Figure 5.2b. All SMP measurements are shown startingwith the one at the lower right 
orner and ending at the upper left 
orner in the grid.The measurement lo
ations within the dashed verti
al lines 
orrespond to the area werethe grid was whumpfed while approa
hing the slope. The solid line in Figure 5.2.b at15 kPa 
orresponds to the threshold value estimated for the parameter Ψ (se
tion 4.3).The variation of the parameter Ψ for the slab layers appeared above the threshold i.e.within the stable range. The weak layer on the other hand, showed variation around thethreshold (a
ross stability 
lasses), and the unstable areas 
oin
ide with the areas wherethe slope was triggered.Following the hypotheti
al 
on
ept introdu
ed in Figure 5.1, showed that the variations75
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Figure 5.1: Relevan
e of stability variation for slope stability estimation. Dashed lineindi
ates a stability threshold value. a) Stability variations within the stable range re-sulting in stable slope stability. b) variations a
ross the stable and unstable range. The
orrelation length R 
ontrols the slope stability and 
) variation within the unstablerange result in unstable 
onditions.of the parameter Ψ o

urred above the threshold. However, the values within the areawhere the slope was triggered were lower than the values in the areas where the slope
ould not be triggered. Therefore, a new threshold value for the slab layer is suggestedby grouping the values of the slab layer Ψ at these sampling lo
ations and assigningthem to the 
lass of POOR stability. The remaining points were assigned to the 
lassof GOOD stability.These two 
lasses were 
ompared and a threshold value of 43 kPa was determined todistinguish between POOR (smaller than threshold) and GOOD (larger than thresh-old) slope stability. As des
ribed above soft slab layers (low Ψ values) hinder fra
tureinitiation. Therefore, a threshold of 15 kPa seems to be a reasonable lower thresholdfor the slab layer, sin
e the slab layers should not show smaller Ψ values than the weaklayer. For the weak layer a threshold of < 15 kPa was 
hosen to distinguish betweenthe two stability 
lasses. These threshold values are indi
ated by solid horizontal lines(Figure 5.2b). Figure 5.2
 shows a 
ontour plot of stability estimates based on the abovedes
ribed thresholds, whereas the red areas indi
ate POOR stability and the yellow areas
GOOD stability.Figure 5.2
 and espe
ially Figure 5.2b support the 
on
ept des
ribed above that spatialvariability is only relevant if variations o

ur between the stable and unstable range and76



5.6 Hypothesisthe 
orrelation length of the unstable region is large enough to favor fra
ture propa-gation. Clearly, one observation is not su�
ient for veri�
ation of this 
on
ept. Moreinvestigations on slopes with "unstable" areas are required. In addition, numeri
al simu-lations su
h as done by Kronholm and Birkeland (2005) (
ellular automata) 
an be usedto verify this 
on
ept.
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Figure 5.2: Summary plot of grid 6 winter 2006-2007 for the weak (left) and slablayers (right). a) Contour plots of the parameter Ψ. b) Variation of the parameter Ψ.The verti
al dashed lines indi
ate the areas of the grid where the slope was triggered.Horizontal solid lines 
orresponds to the derived threshold values for the slab and weaklayer. 
) Contour plots of the suggested slope stability 
lassi�
ation (red = poor; yellow= good) based on parameter Ψ (see text for explanation).78



Chapter 6

Conclusions

Spatial variations of weak layer and slab layer properties at the slope s
ale were measuredabove timberline near Davos, Switzerland. Aim of these investigations was to identifysnow 
over parameter asso
iated with snow 
over instability and identify their spatialstru
ture with the goal to relate this spatial stru
ture to slope instability.A novel partly randomized sampling design for e�
ient �eld observations, of snow 
overproperties and point stability, was developed and tested. The SnowMi
roPen (SMP)was used to derive the snow 
over properties. The sampling design 
onsisted of 46 SMPmeasurement lo
ations. The relative small number of sampling lo
ations enables the �eld
rew to sample slopes in a reasonable time. The sampling design further in
ludes, a fullsnow pro�le and 20 
ompression tests. The sampling design was adapted for geostatisti
alanalysis. The 
orrelation length of investigated properties 
an be estimated with ana

ura
y of about ± 2 m. This is not su�
ient if the exa
t estimate of the 
orrelationlength is required. However, determining whether a 
orrelation length of a few meters ispresent or not is possible.Twenty three slopes were sampled near Davos, Switzerland. The data from seventeenslopes were analyzed. The SMP is a valuable tool for snow 
over investigations. However,SMP signals still need to be analyzed with 
are to ensure high data quality. For the presentstudy about 25% of the data had to be dis
arded due to poor signal quality.Unstable snow 
over 
onditions were rare during the three winters between 2006 and2009, making the interpretation of the data in terms of slope stability 
hallenging. Fur-thermore, sampling during periods of high avalan
he hazard is not possible due to safety
on
erns. In addition, the de�nition of slope stability in the 
ourse of �eld studies seemsproblemati
. Nevertheless, some important 
on
lusions 
an be made even from this lim-ited dataset.Earlier studies, e.g. Kronholm and S
hweizer (2003) or Kronholm (2004), were unable torelate spatial SMP measurements to the manual stability observations partly due to (a)79



Chapter 6 Con
lusionsthe sampling design that did not allow a spatial analysis for the manual stability obser-vations and (b) the la
k of an SMP derived stability parameter. Therefore, an algorithmfor the analysis of SMP pro�les that dete
ts a potential weakness and provides a stabilityestimate was developed and 
ompared to 71 manually observed pro�les (Appendix F).The stability algorithm identi�ed weak layers with an a

ura
y of 90%. An automati
dete
tion of the most 
riti
al weak layer was however not satisfa
tory. The a

ura
y ofdete
ting the most 
riti
al weak layer was 58%, 
omparable to traditional methods ofstability estimation. Various weak layer and slab layer properties were tested to 
lassifySMP signals into stable or unstable. One of the best 
lassi�ers was the parameter Ψwhi
h is a measure of the snow layer stru
ture. The stability algorithm 
ombines mi
ro-stru
tural properties of snow with expert rules. Therefore, the algorithm in 
ombinationwith the SMP shows promising potential for providing high resolution, obje
tive stabilityestimates as input data for avalan
he fore
asting.The non-spatial analysis showed that the investigated weak layers were spatially 
on-tinuous, i.e. were identi�ed in almost all SMP signals, and the properties showed lessvariations (absolute value) than the slab layer properties. The slab layers showed morevariation than weak layers suggesting that the spatial variability of the slab layers mayeven be more relevant for avalan
he formation than the weak layer variability.Slope s
ale trends were 
al
ulated for the weak and slab layer properties. Most of thevariation of the slab layers were explained by slope s
ale trends. This suggests the im-portan
e of meteorologi
al 
onditions, during and after deposition, as driving agents forspatial variability of the slab layers at the slope s
ale. Varying weak layer properties werefound to be positively 
orrelated with varying slab layer properties suggesting that eitherthe variation of slab layer properties in�uen
e the variation of weak layer properties, orthat the same pro
esses a�e
ted both weak and slab layer properties.Grids with low median 
ompression test s
ores showed less variation than grids withintermediate or high 
ompression test s
ores. That means, stability in
reases with in-
reasing variation. The fa
t that the variation of 
ompression test s
ores in
reased within
reasing s
ore suggests that for low s
ores the spatially 
ontinuous weak layers wererelatively uniform. This suggests that if 
ompression tests (at least two about 10 mapart) are performed on an avalan
he slope and both indi
ate 
onsistent low results,spatial variability 
an be assumed to be small indi
ating rather unfavorable 
onditions.This �nding suggests an e�
ient sampling strategy for avalan
he fore
asters for slopestability assessment. In addition, the fra
ture type showed less variation than the 
om-pression test s
ore (S
hweizer and Bellaire, 2010) suggesting again uniformity of weaklayers.The geostatisti
al analysis showed a variety of 
orrelation lengths, but a 
ertain 
orrela-tion length 
ould not be related to slope stability. Therefore, the e�e
t of length s
ale onslope stability remains unknown. However, slab layers more often showed a 
orrelationlength than the 
orresponding weak layers. This was also supported by the Moran's Iindex, whi
h was positive and larger, i.e. more 
lustered stru
ture, than the weak layers80



Moran's I. This was also 
onsistent with the observation that trends a

ount for moreof the slab layer variation.A hypotheti
al 
on
ept was proposed how spatial variability in�uen
es the avalan
heformation pro
ess. This 
on
ept suggests that spatial variations are only relevant if theyo

ur between stable and unstable 
onditions and the unstable areas are large enough tofavor self-propagating fra
tures. Variations within stable or unstable 
onditions be
omeirrelevant. This 
on
ept should be interpreted as preliminary sin
e only one grid, but theonly proven unstable one, supports the hypothesis. More data are required to validatethis 
on
ept. However, slope instability 
annot readily be measured and a veri�
ationmight only be possible by modeling the e�e
t of spatial variability on fra
ture initiationand propagation propensity.This study provides new insight into the nature of spatial variations at the slope s
aleand points out the di�
ulties that need to be ta
kled in order to 
larify the e�e
t ofspatial variations on avalan
he release. In parti
ular, the de�nition of slope stability inthe 
ourse of �eld studies seems questionable. The e�e
t of meteorologi
al 
onditionson the snow 
over, espe
ially on weak layer and slab layer formation, remains unknownfor the time being. The SMP, still supplemented with some manual observation showspromising potential for snow 
over surveys not only at the slope s
ale.
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Chapter 7

Suggestions for further research

The sampling design is of parti
ular importan
e for a reliable estimation of the 
orrelationlength. Di�erent sampling designs were used during snow 
over investigations throughout the years. Still, sampling designs have to be adapted to the spe
i�
 resear
h ques-tions. Therefore, more analysis of sampling designs is required to identify the optimalsampling design. It might even be possible that di�erent sampling designs are requiredfor snow 
over investigations at di�erent s
ales. This means, a snow survey at the slopes
ale might require a sampling design with a regular spa
ing, but for a survey at the basinor mountain range s
ale a L-shaped design su
h as used in this study might be morepra
ti
al sin
e less sampling lo
ations are required. In addition, sampling designs should
ontain some randomness if the 
orrelation length is unknown, but robust estimates ofthe 
orrelation length are only possible with a large number of sampling lo
ations.The SMP shows promising potential for snow 
over observations. The new mi
ro-stru
tural model Marshall and Johnson (2009) was not used for this study. Pielmeierand Marshall (2009) showed an improvement in stability estimation with the new model
ompared to the old model introdu
ed by Johnson and S
hneebeli (1999). This suggestsalso an improvement of the performan
e of the stability algorithm, espe
ially for theautomati
 weak layer pi
king, introdu
ed by Bellaire et al. (2009) and re-analyzed inthis study. Furthermore, an automati
 layer identi�
ation and quality 
he
k would allowthe usage of the SMP as an operational tool for avalan
he fore
asting servi
es. Thiswould substantially in
rease the number of available snow 
over observations and mighttherefore improve the reliability of avalan
he fore
asts.The propagation propensity at the slope s
ale 
an only be measured if a propagation test
overing the entire slope or grid is performed. However, performing a test of this extent isnot pra
ti
al. The propagation saw test (PST) (Gauthier and Jamieson, 2006) in 
onjun
-tion with SMP measurements allows one to link propagation and non-propagation eventsto snow 
over properties and extrapolation of propagation propensity might be
ome pos-sible. This would substantially improve the understanding of the 
omplex intera
tion of83



Chapter 7 Suggestions for further resear
hweak and slab layer properties with propagation potential.The meteorologi
al 
onditions within the entire experimental site have been measured byseven automati
 weather stations (AWS). Combining these meteorologi
al observations,espe
ially wind and radiation, with the snow 
over observations might give insight intohow these 
onditions a�e
t spatial variability at the slope s
ale. This would allow one toidentify the 
auses of spatial variability and would substantially improve the avalan
hefore
asting even for single slopes.Sin
e slope instability 
annot readily be measured, modeling of di�erent spatial variabilitypatterns at the slope s
ale would allow one to estimate the e�e
t of these variations onsnow slope stability. This modeling 
an also be used to verify the proposed 
on
ept ofhow spatial variability might a�e
t snow slope stability. The data 
olle
ted in this study
an serve as input data for three dimensional snow 
over modeling.Di�erent pro
esses 
ause spatial variability at di�erent s
ales. Therefore, spatial vari-ability has to be interpretated separately for ea
h s
ale, i.e. the slope s
ale, the regionals
ale and the mountain range s
ale. Spatial variability exists, but might only be relevantif o

urring 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 
onsideredfor slope stability estimation. To verify this hypothesis numeri
al modeling is requiredsin
e this situations might be di�
ult to measure. The data 
olle
ted during this study
an be used as input data for numeri
al modeling with 
ellular automata models su
has used by Kronholm and Birkeland (2005).Future studies on spatial variability should utilize the SMP to measure snow 
over prop-erties at the slope s
ale nearby automati
 weather stations, to identify the 
auses ofspatial variability. The measured snow 
over properties should be used as input data for
ellular automata models to estimate the slope stability in order to identify the state ofthe snow 
over most 
riti
al for slope instability. This is probably possible with the data
olle
ted during this study and would form the base for an avalan
he fore
asting model.
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AppendixA

Table A.1: Summary statisti
s of the parameter Ψ for weak layer and slab layers for the 17 grids. Ruts
hblo
k s
ore (RB, bolds
ores indi
ate a whole blo
k release), PC the pro�le 
lassi�
ation into �ve stability 
lasses (1: very poor to 5: very good)a

ording to S
hweizer and Wiesinger (2001), the mean point stability (MPS) based on CT s
ore, presen
e (x) or absen
eof signs of instability, and estimated slope stability are given as well as the number of available SMP measurements for thestatisti
s. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
oe�e
ient of variation (QCV).Grid Weak layer Slab layersID RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max Median SIQR QCVkPa kPa kPa kPa kPa kPa kPa kPa1-0607 4 3 RR good 46 17.35 138.10 54.98 17.86 0.33 81.65 199.70 134.70 32.05 0.222-0607 7 5 17.5 fair 46 15.73 106.00 61.94 5.36 0.08 17.74 45.42 38.25 1.59 0.043-0607 5 3 13 poor 42 7.94 90.93 20.65 5.09 0.27 11.78 61.20 24.14 4.23 0.175-0607 5 3 12 poor 44 0.00 27.78 1.73 1.70 0.81 30.71 89.55 53.28 7.56 0.156-0607 3 2 12 x poor 46 2.81 48.46 17.19 8.67 0.42 12.50 124.60 59.21 22.92 0.361-0708 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 0.362-0708 5 3 11.5 poor 46 11.89 162.20 53.00 10.98 0.20 19.80 173.90 67.59 14.70 0.213-0708 2 1 11 x poor 44 0.10 19.91 5.09 2.52 0.42 0.52 22.40 7.70 3.66 0.474-0708 4 3 14.5 good 46 4.66 34.73 12.06 3.52 0.27 19.70 53.11 30.29 6.85 0.215-0708 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 0.256-0708 6 4 22.5 good 44 16.43 86.80 48.92 12.75 0.25 37.93 178.10 92.38 20.07 0.217-0708 3 3 14 fair 41 2.35 32.38 7.94 2.72 0.31 20.44 85.07 42.10 6.29 0.159-0708 4 4 19 x fair 46 0.00 5.45 2.46 0.42 0.16 1.34 29.02 2.14 0.26 0.122-0809 5 4 13.5 good 46 1.90 36.52 4.98 1.61 0.29 2.43 34.27 8.05 3.54 0.434-0809 4 3 11 poor 46 0.00 1.67 0.57 0.28 0.50 0.08 9.93 2.80 1.20 0.466-0809 5 4 13 x fair 46 0.00 33.04 8.86 4.45 0.48 0.00 2.13 0.51 0.30 0.487-0809 6 4 18 fair 46 1.57 84.01 22.18 6.82 0.34 20.03 104.30 80.69 12.37 0.16 110



Table A.2: Summary statisti
s of the maximum penetration resistan
e for weak layer and slab layers for the 17 grids. Ruts
hblo
ks
ore (RB, bold s
ores indi
ate a whole blo
k release), PC the pro�le 
lassi�
ation into �ve stability 
lasses (1: very poor to 5:very good) a

ording to S
hweizer and Wiesinger (2001), the mean point stability (MPS) based on CT s
ore, presen
e (x) orabsen
e of signs of instability, and estimated slope stability are given as well as the number of available SMP measurements forthe statisti
s. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
oe�e
ient of variation (QCV).Grid Weak layer Slab layersID RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max Median SIQR QCVN N N N N N N N1-0607 4 3 RR good 46 0.24 0.97 0.44 0.12 0.26 2.42 21.18 8.30 3.52 0.372-0607 7 5 17.5 fair 46 0.39 0.96 0.57 0.09 0.15 2.49 6.41 4.26 0.46 0.113-0607 5 3 13 poor 42 0.18 0.81 0.29 0.03 0.12 0.52 2.74 0.79 0.11 0.145-0607 5 3 12 poor 44 0.12 0.51 0.22 0.06 0.25 4.42 19.74 7.52 1.59 0.236-0607 3 2 12 x poor 46 0.20 1.06 0.58 0.14 0.24 1.34 21.94 10.39 3.54 0.341-0708 2 2 10.5 x poor 46 0.07 0.36 0.14 0.03 0.21 0.32 1.20 0.54 0.12 0.212-0708 5 3 11.5 poor 46 0.20 1.42 0.58 0.15 0.24 1.52 4.69 3.06 0.38 0.133-0708 2 1 11 x poor 44 0.06 0.36 0.15 0.03 0.20 0.19 2.44 0.75 0.17 0.224-0708 4 3 14.5 good 46 0.09 0.47 0.22 0.03 0.13 1.23 3.61 2.72 0.53 0.195-0708 4 3 12.5 x poor 42 0.07 0.45 0.15 0.05 0.31 3.34 39.92 8.02 2.53 0.296-0708 6 4 22.5 good 44 0.20 0.82 0.52 0.07 0.14 1.39 13.88 3.99 1.65 0.387-0708 3 3 14 fair 41 0.08 0.62 0.24 0.05 0.20 3.54 33.66 10.88 2.67 0.249-0708 4 4 19 x fair 46 0.06 0.31 0.15 0.02 0.12 0.19 1.81 0.28 0.04 0.142-0809 5 4 13.5 good 46 0.05 0.26 0.09 0.02 0.17 0.15 1.49 0.58 0.22 0.374-0809 4 3 11 poor 46 0.02 0.10 0.06 0.01 0.19 0.08 1.06 0.35 0.08 0.236-0809 5 4 13 x fair 46 0.05 0.56 0.20 0.06 0.30 0.07 0.55 0.24 0.07 0.257-0809 6 4 18 fair 46 0.24 0.87 0.41 0.09 0.20 1.81 5.46 2.75 0.31 0.11111



AppendixA

Table A.3: Summary statisti
s of the penetration resistan
e F for weak layer and slab layers for the 17 grids. Ruts
hblo
k s
ore(RB, bold s
ores indi
ate a whole blo
k release), PC the pro�le 
lassi�
ation into �ve stability 
lasses (1: very poor to 5:very good) a

ording to S
hweizer and Wiesinger (2001), the mean point stability (MPS) based on CT s
ore, presen
e (x) orabsen
e of signs of instability, and estimated slope stability are given as well as the number of available SMP measurements forthe statisti
s. Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile
oe�e
ient of variation (QCV).Grid Weak layer Slab layersID RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max Median SIQR QCVN N N N N N N N1-0607 4 3 RR good 46 0.11 0.49 0.24 0.07 0.29 0.37 1.09 0.70 0.14 0.202-0607 7 5 17.5 fair 46 0.18 0.61 0.28 0.05 0.16 0.08 0.38 0.20 0.02 0.113-0607 5 3 13 poor 42 0.05 0.33 0.10 0.02 0.20 0.11 0.39 0.19 0.02 0.125-0607 5 3 12 poor 44 0.08 0.43 0.16 0.05 0.29 0.30 1.17 0.54 0.11 0.206-0607 3 2 12 x poor 46 0.00 0.36 0.14 0.04 0.31 0.10 1.12 0.50 0.18 0.361-0708 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 0.142-0708 5 3 11.5 poor 46 0.12 1.13 0.39 0.12 0.29 0.18 1.42 0.51 0.12 0.223-0708 2 1 11 x poor 44 0.02 0.18 0.06 0.02 0.30 0.03 0.19 0.08 0.03 0.324-0708 4 3 14.5 good 46 0.04 0.15 0.07 0.01 0.17 0.16 0.41 0.25 0.05 0.205-0708 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 0.306-0708 6 4 22.5 good 44 0.02 0.28 0.10 0.03 0.28 0.13 0.73 0.33 0.11 0.327-0708 3 3 14 fair 41 0.00 0.20 0.05 0.02 0.40 0.07 0.74 0.26 0.06 0.249-0708 4 4 19 x fair 46 0.02 0.21 0.06 0.01 0.14 0.03 0.23 0.05 0.01 0.162-0809 5 4 13.5 good 46 0.00 0.14 0.03 0.01 0.27 0.02 0.15 0.04 0.01 0.344-0809 4 3 11 poor 46 0.00 0.06 0.02 0.01 0.28 0.00 0.08 0.04 0.01 0.226-0809 5 4 13 x fair 46 0.03 0.42 0.13 0.04 0.29 0.00 0.11 0.07 0.02 0.467-0809 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



Table A.4: Summary statisti
s of the weak layer and slab layer thi
kness for the 17 grids. Ruts
hblo
k s
ore (RB, bold s
oresindi
ate a whole blo
k release), PC the pro�le 
lassi�
ation into �ve stability 
lasses (1: very poor to 5: very good) a

ordingto S
hweizer and Wiesinger (2001), the mean point stability (MPS) based on CT s
ore, presen
e (x) or absen
e of signs ofinstability, and estimated slope stability are given as well as the number of available SMP measurements for the statisti
s.Shown are minimum and maximum, the median and the semi-interquartile range (SIQR) as well as the quartile 
oe�e
ient ofvariation (QCV).Grid Weak layer Slab layersID RB PC MPS Signs Slope Stability N Min Max Median SIQR QCV Min Max Median SIQR QCV
m 
m 
m 
m 
m 
m 
m 
m1-0607 4 3 RR good 46 0.1541 3.392 0.8379 0.797 0.61 20.27 32.03 24.61 1.77 0.072-0607 7 5 17.5 fair 46 0.707 5.99 2.781 0.1815 0.07 23.09 32.57 26.36 1.41 0.053-0607 5 3 13 poor 42 0.798 6.706 2.983 1.06 0.32 14.8 50.5 30.23 2.055 0.075-0607 5 3 12 poor 44 0.0799 3.152 0.627 0.2408 0.39 10.26 18.44 13.74 1.04 0.076-0607 3 2 12 x poor 46 1.277 14.78 7 2.3995 0.34 7.228 80.6 56.71 17.935 0.381-0708 2 2 10.5 x poor 46 0.698 4.964 2.426 0.725 0.29 13.17 24.17 18.81 1.995 0.112-0708 5 3 11.5 poor 46 0.1816 1.785 0.5033 0.2239 0.37 16.24 28.91 22.13 2.475 0.113-0708 2 1 11 x poor 44 0.1205 2.386 0.3379 0.1984 0.45 16.46 35.16 28.59 2.67 0.094-0708 4 3 14.5 good 46 0.2902 6.359 1.129 0.233 0.20 40.82 58.55 48.57 3.51 0.075-0708 4 3 12.5 x poor 42 0.8799 4.934 2.926 0.6245 0.21 21.99 85.15 36.31 5.53 0.166-0708 6 4 22.5 good 44 0.2992 4.925 2.703 0.476 0.17 39.61 89.02 52.56 7.63 0.147-0708 3 3 14 fair 41 0.2234 4.856 1.785 0.732 0.37 12.89 49.45 30.5 1.545 0.059-0708 4 4 19 x fair 46 0.2918 10.87 4.2 0.3215 0.08 21.57 75 31.24 4.62 0.142-0809 5 4 13.5 good 46 0.0873 1.687 0.9848 0.1941 0.20 9.559 16.05 11.49 1.025 0.094-0809 4 3 11 poor 46 0.5049 8.033 3.502 1.171 0.32 6.132 20.37 16.17 1.155 0.076-0809 5 4 13 x fair 46 0.0766 1.783 0.7475 0.3399 0.47 22.83 58.8 46.59 8.285 0.207-0809 6 4 18 fair 46 0.4857 2.943 1.623 0.262 0.16 65.63 101.1 82.1 3.635 0.04113



Appendix A
TrendsTable A.5: Coe�
ients of the 
al
ulated �rst order polynominal trend for the meanpenetration resistan
e F . Additional given the 
orrelation 
oe�
ient R2. Bold marked
oe�
ients were signi�
ant (p<0.05).Weak layer Slab layersID a b 
 R2 a b 
 R21-0607 0.25 -0.001 0.002 0.01 0.693 -0.007 0.008 0.092-0607 0.29 -0.006 0.009 0.32 0.190 -0.004 0.008 0.493-0607 0.16 -0.003 -0.003 0.17 0.217 0.001 -0.004 0.175-0607 0.20 -0.002 0.000 0.02 0.671 -0.007 -0.003 0.056-0607 0.11 0.004 -0.002 0.12 0.498 0.024 -0.021 0.511-0708 0.07 0.000 -0.001 0.04 0.102 0.000 -0.002 0.252-0708 0.40 -0.009 0.014 0.19 0.649 -0.029 0.023 0.613-0708 0.05 0.001 0.001 0.03 0.086 0.001 -0.001 0.074-0708 0.09 0.000 -0.001 0.06 0.224 0.002 0.002 0.035-0708 0.05 -0.002 0.000 0.09 0.098 0.005 0.009 0.166-0708 0.12 0.003 -0.004 0.22 0.164 0.021 0.002 0.447-0708 0.07 0.001 -0.002 0.08 0.296 0.004 -0.006 0.109-0708 0.05 0.003 -0.001 0.37 0.048 0.002 -0.001 0.142-0809 0.05 -0.001 -0.001 0.14 0.036 0.000 0.001 0.044-0809 0.02 0.000 0.000 0.00 0.042 0.000 0.000 0.016-0809 0.22 0.003 -0.011 0.41 0.114 -0.001 -0.005 0.757-0809 0.08 0.004 0.002 0.20 0.457 0.006 0.012 0.35
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Table A.6: Coe�
ients of the 
al
ulated �rst order polynominal trend for the maximumpenetration resistan
e. Additional given the 
orrelation 
oe�
ient R2.Bold marked
oe�
ients were signi�
ant (p<0.05).Weak layer Slab layersID a b 
 R2 a b 
 R21-0607 0.481 -0.005 0.005 0.05 6.713 -0.261 0.557 0.402-0607 0.571 -0.006 0.009 0.18 4.404 -0.021 0.014 0.043-0607 0.418 -0.008 -0.003 0.14 1.208 -0.012 -0.023 0.095-0607 0.266 -0.003 0.000 0.02 10.923 -0.184 -0.084 0.096-0607 0.597 0.004 -0.005 0.03 12.191 0.156 -0.344 0.141-0708 0.192 -0.001 -0.003 0.05 0.776 -0.002 -0.018 0.192-0708 0.556 -0.009 0.018 0.17 2.616 -0.028 0.079 0.383-0708 0.154 0.001 0.001 0.01 0.999 -0.011 -0.008 0.034-0708 0.257 0.000 -0.003 0.04 2.576 -0.009 0.018 0.025-0708 0.229 -0.004 -0.003 0.12 11.496 -0.116 -0.052 0.016-0708 0.443 0.008 0.002 0.13 3.201 0.243 -0.089 0.357-0708 0.363 -0.002 -0.010 0.21 12.977 0.091 -0.217 0.049-0708 0.126 0.004 -0.002 0.44 0.310 0.009 -0.009 0.092-0809 0.129 -0.003 -0.001 0.19 0.358 0.014 0.013 0.104-0809 0.067 -0.001 0.000 0.03 0.333 -0.008 0.012 0.186-0809 0.291 0.005 -0.012 0.40 0.382 0.002 -0.016 0.577-0809 0.384 0.005 0.001 0.05 1.691 0.043 0.080 0.41
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Appendix A

Table A.7: Coe�
ients of the 
al
ulated �rst order polynominal trend for the param-eter Ψ. Additional given the 
orrelation 
oe�
ient R2.Bold marked 
oe�
ients weresigni�
ant (p<0.05). Weak layer Slab layersID a b 
 R2 a b 
 R21-0607 68.50 -0.37 -0.85 0.03 152.90 -1.52 0.14 0.062-0607 75.57 -1.16 -0.21 0.18 38.58 -0.04 -0.10 0.013-0607 37.31 -0.61 -0.94 0.14 31.45 0.22 -0.83 0.255-0607 6.75 -0.23 -0.15 0.09 72.63 -0.96 -0.98 0.296-0607 17.64 0.99 -0.75 0.33 57.12 2.87 -2.20 0.441-0708 6.12 -0.14 -0.24 0.19 6.58 0.05 -0.34 0.672-0708 63.11 -1.73 1.32 0.18 84.48 -3.88 2.89 0.633-0708 7.45 -0.14 0.03 0.04 8.31 0.13 -0.12 0.044-0708 16.12 0.01 -0.23 0.02 29.02 0.24 0.14 0.035-0708 10.21 -0.43 -0.15 0.21 18.47 0.72 0.66 0.206-0708 24.30 1.62 1.23 0.35 37.76 4.53 2.02 0.497-0708 16.83 -0.29 -0.47 0.16 45.70 0.62 -0.81 0.179-0708 1.92 0.10 -0.03 0.35 3.09 0.09 -0.13 0.042-0809 10.52 -0.45 0.05 0.21 5.45 -0.01 0.43 0.094-0809 0.54 -0.01 0.02 0.08 2.29 -0.05 0.11 0.116-0809 16.39 0.21 -0.89 0.34 1.29 -0.01 -0.06 0.447-0809 2.55 1.51 0.64 0.33 57.28 2.49 -0.70 0.41
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Table A.8: Coe�
ients of the 
al
ulated �rst order polynominal trend for the weakand slab layer thi
kness. Additional given the 
orrelation 
oe�
ient R2.Bold marked
oe�
ients were signi�
ant (p<0.05).Weak layer Slab layersID a b 
 R2 a b 
 R21-0607 1.099 -0.017 0.033 0.04 25.259 0.134 -0.153 0.152-0607 3.349 0.011 -0.065 0.12 28.835 -0.313 0.070 0.573-0607 1.925 0.047 0.099 0.11 31.169 0.051 -0.126 0.025-0607 0.317 0.010 0.029 0.07 12.748 0.053 0.060 0.066-0607 9.224 -0.023 -0.216 0.10 29.047 3.642 -1.687 0.951-0708 1.785 -0.020 0.114 0.21 20.459 0.176 -0.375 0.582-0708 0.633 0.017 -0.017 0.12 29.674 -0.417 -0.372 0.763-0708 1.157 -0.003 -0.064 0.32 23.327 0.155 0.392 0.214-0708 2.209 -0.035 -0.059 0.11 48.270 0.197 -0.010 0.075-0708 3.233 -0.003 -0.035 0.02 41.537 -0.374 -0.076 0.046-0708 2.790 -0.059 0.057 0.21 35.936 1.161 0.887 0.477-0708 2.345 -0.018 -0.009 0.01 30.202 0.013 0.017 0.009-0708 2.142 0.117 0.079 0.18 30.444 0.767 -0.350 0.302-0809 0.419 0.039 0.017 0.42 10.820 0.007 0.065 0.054-0809 4.175 -0.075 0.032 0.06 15.095 -0.074 0.156 0.126-0809 0.638 0.007 0.011 0.02 59.686 -0.020 -1.876 0.757-0809 1.676 -0.029 0.028 0.17 63.673 0.699 1.251 0.63

117



Appendix A
Moran’s ITable A.9: Results of the Moran's I statisti
s for the weak and slab layer Ψ. Shown arethe grid ID the number of measurement points, the p-value as well as the median.Weak layer Slab layerID N Moran's I p Median Moran's I p MedianKPa KPa1-0607 46 0 0.69 55.0 0.31 0.000 134.72-0607 46 0.13 0.00 61.9 -0.04 0.736 38.33-0607 42 0.18 0.00 20.6 0.13 0.001 24.15-0607 44 0.04 0.11 1.7 0.28 0.000 53.36-0607 46 0.21 0.00 17.2 0.30 0.000 59.21-0708 46 0.04 0.12 1.6 0.31 0.000 3.52-0708 46 0.13 0.00 53.0 0.35 0.000 67.63-0708 44 0.07 0.03 5.1 0.24 0.000 7.74-0708 46 0.23 0.00 12.1 0.30 0.000 30.35-0708 42 0.27 0.00 3.1 0.09 0.019 28.06-0708 44 0.37 0.00 48.9 0.56 0.000 92.47-0708 41 0.04 0.14 7.9 0.08 0.026 42.19-0708 46 0.26 0.00 2.5 -0.02 0.643 2.12-0809 46 0.14 0.00 5.0 0.11 0.002 8.14-0809 46 0.14 0.00 0.6 0.10 0.003 2.86-0809 46 0.25 0.00 8.9 0.26 0.000 0.57-0809 46 0.19 0.00 22.2 0.28 0.000 80.7
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Table A.10: Results of the Moran's I statisti
s for the weak and slab layer penetrationresistan
e. Shown are the grid ID the number of measurement points, the p-value aswell as the median. Weak layer Slab layerID N Moran's I p Median Moran's I p MedianN N1-0607 46 0.04 0.162 0.2 0.30 0.000 0.72-0607 46 0.21 0.000 0.3 0.28 0.000 0.23-0607 42 0.19 0.000 0.1 0.14 0.000 0.25-0607 44 0.25 0.000 0.2 0.28 0.000 0.56-0607 46 0.06 0.050 0.1 0.26 0.000 0.51-0708 46 -0.03 0.874 0.0 0.14 0.000 0.12-0708 46 0.10 0.003 0.4 0.35 0.000 0.53-0708 44 0.12 0.002 0.1 0.20 0.000 0.14-0708 46 0.24 0.000 0.1 0.27 0.000 0.35-0708 42 0.08 0.009 0.0 0.12 0.002 0.26-0708 44 0.19 0.000 0.1 0.54 0.000 0.37-0708 41 0.06 0.081 0.1 0.03 0.220 0.39-0708 46 0.17 0.000 0.1 0.05 0.013 02-0809 46 0.02 0.263 0.0 0.09 0.006 04-0809 46 0.08 0.021 0.0 0.12 0.001 06-0809 46 0.30 0.000 0.1 0.37 0.000 0.17-0809 46 0.17 0.000 0.1 0.32 0.000 0.6
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Appendix A

Table A.11: Results of the Moran's I statisti
s for the weak and slab layer maximumpenetration resistan
e. Shown are the grid ID the number of measurement points, thep-value as well as the median.Weak layer Slab layerID N Moran's I p Median Moran's I p MedianN N1-0607 46 0.02 0.332 0.4 0.26 0 8.32-0607 46 0.17 0 0.6 0.03 0.238 4.33-0607 42 0.1 0.003 0.3 -0.07 0.302 0.85-0607 44 0.27 0 0.2 0.14 0 7.56-0607 46 0.01 0.407 0.6 0.01 0.506 10.41-0708 46 -0.03 0.925 0.1 0.11 0.003 0.52-0708 46 0.09 0.008 0.6 0.21 0 3.13-0708 44 0.04 0.171 0.2 0.01 0.486 0.74-0708 46 0.19 0 0.2 0.13 0.001 2.75-0708 42 0.12 0.002 0.2 0.08 0.014 86-0708 44 0.1 0.007 0.5 0.43 0 47-0708 41 0.08 0.022 0.2 0.01 0.5 10.99-0708 46 0.23 0 0.1 0.01 0.032 0.32-0809 46 0.12 0 0.1 0.1 0.006 0.64-0809 46 0.13 0.001 0.1 0.1 0.004 0.46-0809 46 0.27 0 0.2 0.27 0 0.27-0809 46 0 0.668 0.4 0.24 0 2.7
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Table A.12: Results of the Moran's I statisti
s for the weak and slab layer thi
kness.Shown are the grid ID the number of measurement points, the p-value as well as themedian. Weak layer Slab layerID N Moran's I p Median Moran's I p Median
m 
m1-0607 46 0.15 0 0.8 0.17 0 24.62-0607 46 0.04 0.107 2.8 0.35 0 26.43-0607 42 0.07 0.063 3 0.18 0 30.25-0607 44 0.01 0.471 0.6 0.12 0.002 13.76-0607 46 0.06 0.076 7 0.55 0 56.71-0708 46 0.12 0.002 2.4 0.41 0 18.82-0708 46 0.07 0.048 0.5 0.43 0 22.13-0708 44 0.13 0 0.3 0.26 0 28.64-0708 46 0.08 0.008 1.1 0.29 0 48.65-0708 42 0.1 0.014 2.9 0.05 0.09 36.36-0708 44 0.09 0.012 2.7 0.5 0 52.67-0708 41 0.09 0.014 1.8 0.04 0.133 30.59-0708 46 0.16 0 4.2 0.19 0 31.22-0809 46 0.33 0 1 0.14 0 11.54-0809 46 0.07 0.052 3.5 0.13 0 16.26-0809 46 0.05 0.109 0.7 0.38 0 46.67-0809 46 0.08 0.019 1.6 0.42 0 82.1
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Appendix B

Sample (open 
ir
les) and theoreti
al variogram (solid line) of the parameter Ψ for theweak layer and slab layer for the winter between 2006 and 2009. In addition shown arethe 
ontour plots of the weak layer and slab layer Ψ. The Ψ values were not detrended.
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Figure B.1: Grid 1 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ 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 
ir
les) andmodeled variogram of the parameter Ψ for the weak layer (top left) and the slablayers (top right). Contour plots of the parameter Ψ for the weak layer (bottom left)and the slab layer (bottom right).
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Appendix C

Sample (open 
ir
les) and theoreti
al variogram (solid line) of the weak layer and slablayer mean penetration resistan
e F for the winter between 2006 and 2009. In additionshown are the 
ontour plots of the weak layer and slab layer mean penetration resistan
e
F . The mean penetration resistan
e values were not detrended.
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Figure C.1: Grid 1 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor the weak layer (bottom left) and the slab layer (bottom right).
147



Appendix C

0 5 10 15 20

0.00

0.01

0.02

0.03

0.04

Lag distance (m)

V
a

ri
a

n
c
e

0 5 10 15 20

0.00

0.01

0.02

0.03

0.04

0.05

Lag distance (m)

V
a

ri
a

n
c
e

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

0.2

0.4

0.6

0.8

1.0

N

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

0.2

0.4

0.6

0.8

1.0

1.2

1.4
N

Figure C.7: Grid 2 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor 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 
ir
les) andmodeled variogram of the mean penetration resistan
e F for the weak layer (top left)and the slab layers (top right). Contour plots of the mean penetration resistan
e Ffor the weak layer (bottom left) and the slab layer (bottom right).
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Appendix D

Sample (open 
ir
les) and theoreti
al (solid line) variogram of the weak layer and slablayer maximum penetration resistan
e Fmax for the winter between 2006 and 2009. In ad-dition shown are the 
ontour plots of the weak layer and slab layer maximum penetrationresistan
e Fmax. The maximum penetration resistan
e values were not detrended.
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Figure D.1: Grid 1 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e F for the weak layer (bottom left) and the slab layer (bottom right).
169



Appendix D

0 5 10 15 20

0.000

0.005

0.010

0.015

0.020

Lag distance (m)

V
a

ri
a

n
c
e

0 5 10 15 20

0

2

4

6

8

Lag distance (m)

V
a

ri
a

n
c
e

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

0.2

0.3

0.4

0.5

0.6

0.7

0.8
N

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

2

4

6

8

10

12

N

Figure D.11: Grid 6 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e 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 
ir
les) andmodeled variogram of the maximum penetration resistan
e Fmax for the weak layer(top left) and the slab layers (top right). Contour plots of the maximum penetrationresistan
e F for the weak layer (bottom left) and the slab layer (bottom right).
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Appendix E

Sample (open 
ir
les) and theoreti
al (solid line) variogram of the weak layer and slablayer thi
kness D for the winter between 2006 and 2009. In addition shown are the
ontour plots of the weak layer and slab layer thi
kness. The thi
kness D values werenot detrended.
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Figure E.1: Grid 1 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.2: Grid 2 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.3: Grid 3 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.4: Grid 5 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.5: Grid 6 winter 2006 - 2007. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.6: Grid 1 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.7: Grid 2 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
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Figure E.8: Grid 3 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
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Figure E.9: Grid 4 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
186



0 5 10 15 20

0.0

0.5

1.0

1.5

2.0

Lag distance (m)

V
a

ri
a

n
c
e

0 5 10 15 20

0

20

40

60

80

100

120

Lag distance (m)

V
a

ri
a

n
c
e

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

1

2

3

4

mm

0 6 12 18

0

6

12

18

Cross slope (m)

U
p

 s
lo

p
e

 (
m

)

30

40

50

60

70

80

mm

Figure E.10: Grid 5 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
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Figure E.11: Grid 6 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
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Figure E.12: Grid 7 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
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Figure E.13: Grid 9 winter 2007 - 2008. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.14: Grid 2 winter 2008 - 2009. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.15: Grid 4 winter 2008 - 2009. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.16: Grid 6 winter 2008 - 2009. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Figure E.17: Grid 7 winter 2008 - 2009. Experimental variogram (open 
ir
les) andmodeled variogram of the the weak layer (top left) and the slab layers (top right)thi
kness D. Contour plots of the weak layer (bottom left) and the slab layer (bottomright) thi
kness D.
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Appendix F

Table F.1: Summary of the 71 SMP pro�les used for veri�
ation of the SMP stability algorithm. Given are the re
ordingdate (Date), the 
orresponding lo
ation (Europe, Eastern Swiss Alps) as well as the SMP-�lename. In addition givenare the snow height (HS), the slope angle, the ruts
hblo
k s
ore (RB), the primary grain type (Fierz et al., 2009)as well as the depth of the weak layer top (Top) and bottom boundary (Bottom) as identi�ed manually in the SMPsignal. Aplpha = 0 indi
ates lo
ations where a 
ompression test was performed instead of a ruts
hblo
k test. The
ompression test s
ore was 
onverted into ruts
hblo
k s
ores a

ording to S
hweizer and Jamieson (2003).No Date Lo
ation Filename HS Alpha RB Type Top Bottom
m ◦ - - mm mm1 2003-02-14 Weiss�uhjo
h 00010008.pnt 222 0 3 DF 186.5 209.32 2003-04-16 Weiss�uhjo
h 00100061.pnt 215 0 3 FCxr 51.5 118.93 2003-11-25 Jatzhorn NW 00170004.pnt 55 35 6 FCxr 408.4 428.44 2003-11-25 Jatzhorn SW 00180007.pnt 55 30 3 FCxr 259.8 289.15 2003-11-29 Weiss�uhjo
h 00190014.pnt 122 0 3 FCxr 336.8 362.86 2003-12-13 Weiss�uhjo
h 00200007.pnt 106 0 7 FCxr 307.8 311.37 2003-12-17 Könighang 00210013.pnt 214 37 4 FCxr 483.8 504.48 2004-01-02 Weiss�uhjo
h 00230005.pnt 150 0 3 DF 128.8 155.69 2004-01-26 Gipfeli S 00260006.pnt 105 30 5 FCxr 538.6 576.810 2004-01-30 Weiss�uhjo
h 00280010.pnt 235 0 4 DF 181.7 198.011 2004-02-14 Weiss�uhjo
h 00320003.pnt 250 0 3 DF 240.5 252.612 2004-03-16 Weiss�uhjo
h 00450007.pnt 225.7 0 3 DF 117.5 123.313 2004-03-18 S
hafberg 00460000.pnt 95 38 2 RG 277.9 307.914 2004-03-22 Seetäli 00520006.pnt 183 35 3 RG 257.7 262.715 2004-04-05 Könighang 00570004.pnt 174 30 3 PPgp 63.9 66.716 2004-05-04 Saentis
h 00600003.pnt 253 29 4 MF 97.1 116.417 2004-12-01 WF Gipfel Ost 00620002.pnt 43 30 4 FCxr 324.8 358.818 2004-12-24 Könighang 00650003.pnt 55 36 2 DH 401.4 448.819 2004-12-31 Wetterlo
h, Gau 00670014.pnt 79 38 3 DH 392.0 460.820 2005-01-05 Könighang 00690001.pnt 84 36 2 DH 457.9 509.421 2005-03-02 Mittelgrat 00710017.pnt 127 43 4 FCxr 291.5 296.422 2005-04-13 Titlis 00740010.pnt 186.5 33 4 FCxr 463.9 473.023 2006-01-04 Räts
henjo
h 00770004.pnt 161 32 2 SH 511.0 514.024 2006-01-16 Weiss�uhjo
h 00780003.pnt 83.5 0 4 FCxr 200.6 207.625 2006-01-27 S
hönenboden, Strela 00790005.pnt 125 30 3 FCxr 257.4 265.326 2006-02-01 Weiss�uhjo
h 00800002.pnt 106.8 0 7 FCxr 316.3 336.127 2006-02-03 Steintälli, Strela 00810027.pnt 165 25 5 SH 281.9 295.228 2006-02-15 Weiss�uhjo
h 00830002.pnt 115 0 7 FCxr 465.6 499.129 2006-02-16 Pizol 00840011.pnt 210 38 2 PP 297.6 449.730 2006-02-21 Gfrornhorn W 00850014.pnt 91 40 3 RG 202.3 220.431 2006-02-27 Weiss�uhjo
h 00870003.pnt 147 0 2 SH 87.0 105.232 2006-03-18 RadünerRh NW 00890003.pnt 199 33 6 FCxr 255.0 274.633 2006-03-18 RadünerRH NNW 00900006.pnt 88 34 2 FC 335.8 363.134 2006-03-18 RadünerRH NE 00910010.pnt 108 36 4 FC 307.7 326.935 2007-11-16 Jakobshorn File0004a.pnt - 37 5 RG 332.6 333.336 2007-12-30 Äbirügg File0006.pnt - 37 6 FC 384.8 411.437 2008-01-10 Piz Darlux File0006a.pnt - 35 6 FC 398.3 464.938 2008-02-14 Sur Carungas File0007.pnt - 35 5 F
 454.9 480.7195



Appendix F39 2008-03-13 Haupter Tälli Königshang File0009.pnt - 36 2 MF 361.8 375.240 2008-02-16 Nülli Berg File0012.pnt - 32 4 FC 245.9 325.841 2007-11-30 Bergstat. Totalp File0014.pnt - 36 5 FC 164.4 216.142 2008-01-16 Sur Eva File0015.pnt - 30 3 FC 401.7 418.943 2007-12-28 Verborgen Pis
ha File0017.pnt - 36 2 FC 102.9 109.044 2007-11-30 Weiss�uhjo
h File0017a.pnt - 39 4 DH 395.0 434.145 2008-01-10 Piz Darlux, Skibegiet Bergün File0018.pnt - 37 3 FC 153.8 186.346 2008-01-13 Totalphorn File0020.pnt - 41 2 DH 245.0 247.447 2008-01-13 S
hwarzhorn Parsenn File0024.pnt - 40 2 FC 224.6 230.548 2008-02-16 Chessi Hubel File0029.pnt - 38 6 FC 295.5 372.749 2007-12-28 Pis
ha Flüelaberg File0030.pnt - 37 4 FC 239.5 274.450 2008-01-04 Pis
ha Verborgen Pis
ha File0031.pnt - 41 4 FC 238.7 297.751 2008-01-11 Flüela Ts
huggen File0034.pnt - 34 4 FC 521.7 541.652 2008-02-11 Räts
henjo
h File0035.pnt - 37 6 FC 390.8 396.153 2008-01-18 Murtel Corvats
h File0035a.pnt - 29 6 DH 580.5 604.654 2008-02-15 Podestatenalp FILE0039.pnt 132 35 6 DH 291.5 342.555 2007-12-29 Büelen File0042.pnt - 38 5 FC 192.9 242.956 2008-01-18 Murtel Skitraverse File0052.pnt - 37 5 DH 352.2 375.457 2008-01-06 La Vedutta File0055.pnt - 32 2 FC 264.4 298.858 2007-01-25 Steintälli File0021.pnt 97 19 4 RG 222.3 223.859 2007-02-16 Steintälli GRID3021.pnt 160 30 5 FC 328.1 339.160 2007-03-08 Steintälli DYID5048.pnt 116 23 5 FCxr 409.0 423.461 2007-03-15 Wannengrat GRID6048.pnt 144 33 3 DH 370.8 386.762 2008-01-10 SW Hang WAN5 GRID1021.pnt 93 22 2 FC 164.2 167.563 2008-01-17 Steintälli GRID2022.pnt 197 32 5 RG 268.3 287.964 2008-01-23 SW Hang WAN5 GRID3022.pnt 141 22 2 DH 268.0 279.165 2008-01-31 Steintälli GRID0025.pnt 159 20 4 FCxr 424.0 438.766 2008-02-07 SW Hang WAN5 GRID5024.pnt 90 22 4 DH 289.1 289.367 2008-03-18 Steintälli GRID9026.pnt 200 34 4 RG 168.4 175.668 2009-01-14 Steintälli GRID2023.pnt 155 20 5 RG 337.2 351.869 2009-01-30 Steintälli GRID4022.pnt 151 30 4 EG 326.6 332.770 2009-02-05 Steintälli GRID5024a.pnt 207 20 5 SH 471.8 473.171 2009-02-19 SW Hang WAN5 GRID6024.pnt 186 20 5 FCxr 620.6 641.0
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