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ABSTRACT

More winter recreationists are ventug into stee@valanche chuteand
Aextr emeod t eandawlance fataitedareiyceasing Theslopescale
spatial variability of weak layemnd slabsnd howit relates to this complexerrainis of
critical importance but poorly understoobh this study, luse terrain parameters to model
potertial trigger locabbns(PTLs) of slab avalanches, which are defined based on slab
thicknesses and presence of weak layers.

In a sampleouloirsand chutesn Montana and Wyomindijeld teamdracked
and mappegersistentveak layers and slabs wignobe sampling Terran parameters
derived from ane meteDEM wereused to explore the relationships betwPai.sand
terrain. Exploratory analysis, multiodel classification trees, and logistic regression
modelssupportstrongrelationships between terrain aRdLs.

Modelingof PTLs washighly successful for individual coulairwith terrain
based model success rates frequently exceeding 70% for depth hoar PTLs and 85% for
nearsurface weak layersHowever, models variedidely from couloir to couloir, with
generally por crossvalidation resultdetween couloirssuggesting thahe relationships
between terrain and PTIus each couloiareunique and highly complex-or these 21
couloirsin steep alpine terrain, parameters relating to wind deposition and scoureng hav
the strongst association with PTLsParameters with the greatest ability to discriminate
PTLsare distance from the edge of a couloir, relagilezation,degree ofvind exposure
anddegree oferrainexpasure. The influences tiiese and othderrain parameters vary,
depending omroaderscale terrain characteristigeior weather patterns, and seasonal
trends.

Practical implications from this study are numeroWith an understanding of
the broader scale influences and physical processesé@uyalie can use terrain to
optimize stability test locations, explosive placements, or route seledti@unique
nature of each couloir means that simple rudeting terrain to PTLwill not apply,
althoughcouloirs in tle samesirquegenerally sharsimilanties. This work increasgour
understanding of how each parameter relates tptiisical processes causing PHr&l
how these relationshigmnvary. This information will help tamprovepractical
decisionmaking abilityas well asuture modeahg efforts



1. INTRODUCTION

Avalanches pose a serious threat to human life and infrastructure in mountainous
areas worldwideln the United States, avalanches kill more people on avaragelly
than earthquakes, landslides, or other mass movegshenbmengVoight et al., 1990Q)
Last winter season, 25 people were killed in avalanches in the United States
(avalanche.org, 20110ne of he best wagto mitigate avalanche deathsais increased
understanding of avalanches and the snowpack.

The majority of avalanche fatalities are the result of slab avala(elv€dung
and Schaerer, 20065lab avalanches occur when a more cohesive slab of snow overlies
a less cohesive weak layer and the conditions in the snowpack are certfdugeak
layer fracture across a sloffechweizer et al., 2003 5now accumulatesnd
metamorphoseis layers that may or may not be continuous at various scabes, fr
centimeterdo kilometers and are often difficult to predicf crucial element for
improving avalanche predictiand mitigations understanding the structure and spatial
pattern ofweaklayersand slabss they interact with the terrain.

Numerousstudies in the past half century have characterized the spatial
variability of snow properties such as penetration resistance, shear staewmigtability
test scoresResults vary tremendously due to differences in scale triplets (support size,
spacing and extent of measurements), field methods, analysis methods, and natural
variability. Schweizer et al2008)provide a comprehensive reviewtbfs previous
work. There has been limited success in predicting and explaining the observed

variability, particularly with regards to terrain. Furthermalge to thechallenging
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nature of working in steep, avalanche terrthese previous studies typlty characterize
the snowpack on uniform slopes less thah 88w snow scientists have attempted to
characterizer predictthe snowpack in the highly variable and complex terrain that many
skiers, snowboarderslimbers,and snowmobileraow venture iio on a regular basis.
The present study is unique in that it looks at spatial patterns of snoalpaekteristics
in complexalpine terrain by sampling patterns of weak layerd slabsn steep, snow
filled gullies, chutes, or couloirsounded on eitheside by rock or treefhereafter
referred to as couloirs for consistehcy

There argwo primaryobjectives for this study. The first is to describe spatial
patterns andariability of variousweak layers and slabs in couloir§econd, explore
how terrain parameters relate to snow wessesnd whichterrain parameters are most
influential for predictingweaknessem this complex terrain The practical implications
of thisresearctwill be more effective avalanche control at ski areas, satgeselection
in steep terraimmore effective selection of snow pit sites for assessing avalanche danger
and improved modeling capabilities for avalanche forecasting

This study examinethe spatial variability oflepth hoar, surface hoar, near
surface facets, and slabsa sample o021 couloirs from the Madison Range of Montana
and the Teton Range of Wyomingllected over two wintersAvalanche pobeprofiles
atnumerougoints describe the stratificatian the snowpack. Based on presence of
weak | ayers and sl abs, the snowTriggerser vati on

Location® PTL9 within each couloir.Exploratory statistical analysislassification
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trees andlogistic regressioshow how PTLs are related to amber of terrain ppdidors

derived fromaone metedigital elevation nodel (DEM).
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2. LITERATURE REVIEW

The release of slabavalanche requires the failure of a weak layreveak
interfaceunderneath anowslab(Schweizer et al., 2003)Weak layers fornthrough
various processes, and a distinction is made betweentshaortveaknesses in the storm
snow that ocur as the new snow accumulasesl persistent weaknessekhe latter,
termedpersistent weak layers, are characterized by snow grains with weak structures that
endure redtively longperiods of timgMcClung and Schaerer, 2006Because of their
long-lived and fragile nature, persistent weak lay@rthe interface above theaneoften
difficult to detectand arghe causesf most avalanchfatalities From a samplef 186
avalanchesSchweizer and Jamies¢2001)found that 82%ailed on a persistent weak
layer. Persistent weak layenshich are the focus of this studyre dassified into three
main typesdepending on the processes that cause their formautio the eésulting grain

type:depth hoar, facets, and surface hoar.

WeakLayers

Depth hoar forms near the base of the snowpaekrasult of strong temperature
and vapogradients andelatively warm temperatures near the groukittamorphism
of grainsin shalow, early seasosnowpack with strong temperature gradiem@nresult
in the growth ofpoorly bondedaind weakaceted or cupped graindlumerous studies
have described the formatipnocesses, rates of growth, gardpertiesof depth hoar
(e.g.,Akitaya, 1974, Bradley et al., 1977; Giddings and LaChapelle, 1962; Sturm and

Benson, 1997)Nearfreezing temperaturegear the groundnd much colder air
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temperatureat the snow surfacare the driving forces behinapth hoar formation, and
research has shown that depth hoar preferentially forms near shallowly buried rocks
(Arons et al., 1998; Birkeland et al., 199%) a study of 90 humatriggered avalanches
in Switzerland, approximately 20% failed in deptrahor at the interface above depth
hoar(Schweizer and Litschg, 20015rom a sample of@lfatal avalanches in Canada,
22% failed on depth ho&damieson and Johnston, 199Bjrkeland(1998)reported that
6% of lage backcountry avalanches investigated in southwest Montana ovetyadive
period failed on depth hoar.

Facetsften formanother dangerous persistent weak laydéwmerous laboratory,
field, and theoretical studies have demonstrated #deats typicky form from rapid
metamorphism near the surface of the snow caused by extreme temperature gradients
(e.g.,Armstrong, 1985; Fukuzawa and Akitaya, 1993; Morstad et al., 2@ivjeland
(1998)describes the dominant proceskesearsurface faceting: diurnal
recrystallization, meltayerrecrystallization, and radiation recrystallization, all of which
require a strongemperature flux near the surface of the snBgcause crusts act as
barriersagainstupward moving water vappfaceting is typically enhanced below various
crusts(Colbeck, 1991) Facets are also frequently found above crusts because of the
latent heat released from freezing wet or moistiayl hefaceting process i&kely
enhanced due to low thermal conductivity of the faceted layer in relation to the crust
(Colbeck and Jamieson, 2001)amiesorand Langevir{2004)showed that faceting
associated with mefteeze crusts can be favoraticertairelevation bands with the

optimal combination of freezing levels for subsequent stor&®riwave and long
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wave radiationas well as snow density and thermal conductivéire linked to facet
formation(Slaughter, 2010Qandaspectsvhere crusts are thickdue to greater solar
radiationfavor facet developmellecause more latent heat is released from the freezing
crusts(Jamieson and Langevin, 2004}oopersteir{2008)found that southern aspects
favored diurnal recrystallization in a field study from southwestern Montana. Larger,
more developed facets are expected to persist longer and take longer to gain strength
(Colbeck, 1998) Failure on a facets account fores 30% of the human triggered
avalanches in the Swiss avalanche datg&etweizer and Litschg, 2005P9% of the
avalancles from the Montana datag@&irkeland, 1998)and 28% of the fatal Canadian
avalanchegJamieson and Johnston, 1992)

Surface hoaalso forms amextremely fragile persistent weak layer. The winter
equivalent of dew, #sefeathery crysta formwhen water vapor sublimates directly
from the air to the snow surfac&he conditions necessary for surface hoar formation
have been the tms of many stiies. Langet al.(1984)demonstrated that the crystal
growth is associated with significantly cooler snow surface temperatures than the
overlying air which is typicalduringclear, cold nights Light air turbulenceand
humidity arerequired for grain growtfColbeck, 1988; Hachikubo and Akitaya, 1997)
Cooperstein(2008)showed that aspect affects the growth of surface hoar, which was
more prevalent on north aspects in southwest Montanadiifdrences in radiation
supply. In addition to validating previous findings, Slaughteal.(2011)showed that
incoming longwave radiatiorandsnow surface temperaturese significant factosin

surface hoar formation.Surface hoar is easily destroyeddignificantwinds, and



.
because dthe difficulty in modeling air turbulenda complex terrain with respect to
bothformation or destructionf surface hoar, it is nearly impossible to forecast for the
presence of surface hoar remotggick et al., 2007)However, inwind sheltered

forested opening®oth Shea and Jamiesof2010)andLutz and Birkeland2011)were

able tosuccessfully model surface hoar growth based on skyview and its relationship to
incoming and outgoing radian. Trees and terrain features shield longwave radiation
emittance angbrevent the rapid cooling of snow surface at night; thus inhibiting surface
hoar growth(Shea and Jamieson, 2010%urface hoar accounted for 31% of the
backcountry avalanches in the Montana datg&atkeland, 1998)41% of the fatal
avalanches in Canaddamieson and Johnston, 199ahdapproximately 20% of the

humantriggered avalanches studied in Switzerl§&dhweizer and Ligchg, 2001)

Spatial Variability

Thespatialdistribution of weak layerandsnow strengtlis a primary concerfor
avalanche prediction and mitigatioBpatial variability of the snowpack at various scales
is a primarysource of uncertainty in avaletme forecastingHageli and McClung, 2004)
Wind during or after deposition of snow is a major agent in causing variaiStiym
and Benson, 2004as well as precipitation, sublimation, radiation, temperature, and
snow metamorphism as they interadth terrain These processes amt orovera range
of various scales, from micistructureto slope to mountain rangadding to the
complexity of the probleniSchweizer et al., 2008)

Conway and Abrahamsdh984)spurred an interest in slope scale spatial

variability with a benchmarkaper analying shear strength measurements in a spatial
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context. Based on highly variable shear strengths measured acrosswati@iand un
fractured slopeghey suggested that weak zones (or deficit zones) of sufficient size may
cause tensile failure, and deparglon the distribution of strong zones (or pinning
zones), the fracture could propagate across the slope to cause an avdtaritieemore,
the average strength of the slope may not be as critical as the minimum strehgth or
size of the deficit zonesTheresearctof Conway and Abrahamsd®984)brought to
guestionthe validity of point stability tests for assessing avalanche daagémumerous
studies followed explorinthe variability of different snow strength or stability tests at
the slope scale

Jamiesorand Johnsto(i1993)performed a series efvenly space®utschblock
tests orsix uniform slopes, free of rock outcrops or abrupt slope changes. They found no
large deviations from the median score @&cores) from 277 tests, asldowed that
97% of their tests fell within +/1 score of the mediain highly contrasting results
Landry et al(2004)compared stability indices aleven uniform slopes and found 25%
to 39% of their sites were not statistically representative of the stability of the slope.

A number of other studies describe the spatial variability of point stability tests on
relatively uniform slopestypically ranging from 25to 40 (Campbdland Jamieson,
2007; F6hn, 1988Hendrikx et al., 2009; Jamieson, 1995; Kronholm and Schweizer,
2003; Stewart and Jamieson, 2Q0R)sparataesuts can be attributea thatural
variability and different field and analysis techniqud%any studies have used different
scale triplets: the support size of each measurement, spacing between measurements, and

spatial extent of all of the measurementsrarteconsistent and cause further variability in
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results(Schweizer et al., 2008)The effects of ghund surfacé@regularities terrain
geomery, depth to failure layer, slope angse|ar radiation, proximity to the ps of
slopesfreesa nd At r dsaowlabing fraandree branckgareall cited as potential
sources of variabilityCampbell and Jamieson, 2007; F6éhn, 1989; Jamieson,.1995)

To further understand the causes of spatial variability in the dhaxper and
Bradford (2003)traced snow stratigraphy @nflatglacier in an attempt to isolate
densification and layering processesnfrthe influences of vegetation, topography, and a
variable basal boundaryhey noted little variabilityacross tens of meteirslayers
recorded in snoprofiles, but observed sitontinuities using higher resolution tools (a
permittivity probe and radamaging) The variability in layers less than 1 cm thick was
credited to primary processes such as wind gusts and changing snowfall rates or crystal
form. Because these primary layers were well preserved, Harper and Bi@®oa)l
S U g g e s tthe dightsgatial variébility in snostratigraphy commonly cited is
typically due to thénfluence of local bondary conditions rather thdeedbacks between
primary and secondary densificatiprocesses alori.This reinforced the idea that
spatial variability on avalanche slopeslis/en bytopography and ground cover.

As the character of spatial variabilitgdame an important parameteriralanche
release modelSchweizer, 1999)more studies attempted to quantify spatial variability
using spatial statisticKronholm and Schweiz€2003)andKronholm et al(2004)
applied geostatistica&chniques to characterize the spatial variability of stability tests
eight slopesnd penetrometqarofiles on one slopeIn nearly half of their samplethey

found large slopeacale trendaccounted for half of the variability test scoreswhich
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waspartly attributed to slab thicknesall of the layers analyzed with a penetrometer
showed significant linear trendsross the slopeshe slope trends imply selection of
stability site location is critical All of the weak layes tracked with the penetrater
could be modeled with semivariograms, but showed a wide range of model parameters.
Like previous studies, their data supports the inference that the spatial structure of a weak
layeror slabis not an inherent property, but rather a product of @atlon in space.
Otherspatial variabilitystudieshavehad varying gostatistichresults again a product of
natural variability, layer type, method, and scalg autocorrelation lengthgere
frequentlyon the order o0 m (Guy and Birkeland, 2010; Logan et al., 2007; Lutz and
Birkeland, 2011 pr poorly definedShea and Jamieson, 2010)

With inconclusive results on the spatial variability of snow and weak layers, t
problem of representat pit selection for assessing slope stability remalBigkeland
and Chabot(2006)d oc ument ed a 19Dt% ldloe d 5r%a thid afl rsem a
3500 stability tests. In other words, one out of ten slopes that were deemed safe by a
stability test vasactuallyunstable, an unacceptable rate whamanlives are at stake.
Birkeland and Chabd2006)recommendligging morewidely spacegits to improve
b ac k c ou n prababilityof fendirng &eaknessesut also notehatthere anbe
large areas of strong snow and tiekely small weak zoneshus a second pihay only
slightly improve the chances of finding the weak zdft@s conceptis supported by field
research{e.g.,Hendrikx et al., 2009; Stewart and Jamieson, 200®@hich clusters of
high strength and low strength have been obserBa#teland et al(2010)used a

statistical approach on 25 previous spatial variability datasets and found that there is no
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optimal test spacing for minimizing the probability of choosing two relatively sfpdng
locations even when layer pe, stability test type, or spatial layout are considered.
Thus, it is critical to target weak areas for pit site selection. While the presence of a weak
| ayer doesnodét necessarily indicate instabi

improves the probability of finding instabilityand abetterrepresentation of the slope

Terrain Influences

Nearly allof thespatial variabilityresearctpoints towards terrain asne ofthe
best and perhaps onJyools for targeting weaknesse§Vhile potential avironmental
causes for the observed spatial variability patterns at the slope scale are frequently
discussed, statistical testingmodelingof thesenfluenceshas beefimited. Exceptions
includeBirkeland et al(1995) Lutz and Birkeland2011) andShea and Jamieson
(2010)

Birkelandet al.(1995)explainedthe spatial variations isnow strengtisurveyed
on two inclined slopesne uniform and one with a more compbkubstrateThe latter
showed a complicated pattern of resistabog the presence of rocks underlying the
snow was found teignificantlydecrease resistangea multiple linear regression model
although the relationship was statistically weak

Sheaand Jamieso(2010)usedGoogle Earth land cover images to model the
effect of trees impinging on sky vieand surface hoar growtiJsing several surface
hoar events from sparsely forested slopes, they used a scaled linear relatietvagm b
averaged grayscale values auniface hoar size to modgirface hoar crystaizeafter a

surface hoar evemrind achievedeasonable resultsThey tested their model onsamilar
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slope for a different event, and found thatorrectly predictedige within 15 mm 60%
of the time

Lutz and Birkeland2011)used the relationship between incoming radiation and
terrain to spatially model surface hoar strength and Sihey used asurvey station to
construct a @ mdigital elevation modelEM) of topography and vegetation of the
field site prior to the first snowfall. A sky visibility model and meteorological parameters
modeled incoming longwave and shortwave radiatiBarfacenoar sizenad significant
linear correlationsvith all of the radiation parameters calculated, and shear strength was
correlated with shortwave radiation. Smaller, stronger surface hoar crystals were
observed and predicted on the portion of the slopeeav(i incoming lorgwave
radiation wagyreater due to readiation from trees (preventing cooling of the snow
surface at night and crystal growth), anilif@oming shortwave radiation wgseater
(inhibiting persistence by warming of the snow surfacéndushe day).

Also noteworthy iBirkelandd €001)work, whichmodeled the relationships of
terrain(coordinateselevation, distance from ridge, radiation, and slope angle) with
snowpackand stability data at the mountain range scallas stud/ found surprisingly
weak correlations with terrain on the first sampling day in February. However, on the
second sampling day in ApritJevation had significant correlation8.28 t00.49) with
all but one of thesnowpack and stability variables. Balistance from ridge and
radiation also had a number of significant correlatiofhen combininghe effects of
theterrainvariablesn multiple linear regression modeho valid models could predict

the stability patterns observed on the first.d&grthe second sampling daslevation,
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radiation, distance from ridge, and east coordinate were all terms that appeared in at least
one of four significant models for the various stabiligfices. Mne of these models
explained more than 30% of the varigniadicating that many more complicating factors
are involved Birkeland(2001)also suggested incorporating wind parameters in future
models and incorporating finscale variabilityinto future analyses

Previousstudiesin weak layer formatin and spatial variabilitpuggest that the
influence ofterrain is a very complex problem. Téeccessful slopscalestudiesof
Birkeland et al(1995) Shea and Jamies@¢2010) andLutz and Birkeland2011)were
in partbecausehey focused on the influence of one or two parameters, or oneftype
weak layer on a simplifiednd specificslope. My goal is to incorporate all of the terrain
parameters at our disposal that can be reasonably determined in the field or from a high
resolutionelevation map tanodel amore complete picturef snowpackevolutionon
complex slopes, including different weak layer typ@&sis type osnowpackmodeling
has never been done befobat a number of studies have correlated avalanche activity
with a collection of terrain parametdisg.,McClung, 2003; Schaerer, 1977)

Of particular interest is the work &fleason1996) who characterized the terrain
of avalanche paths on Lone Mountaind usedeveral of the same slopestlas present
study. Hemeasured terrain parameters in the field and analyzed their influence on over
3500 recorded avalanche even&eason1996)foundthat steepeslope anglsup to
43, higherelevatiors, aspect receiving more solar radiatioand aspestclustered

opposite thegrevailing windare positivelycorrelated to natural avalanche freqexen
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using stepwise multiple linear regressidtie alsodocumented that avalanche frequency
decreases for slopes abové B8cause of continuous sluffing.

Using GeographidnformationSystems (GISjo derive terrain attributes is a
common practice in avalahe studiegMarienthal et al., 2010)For exampleMaggioni
and Grubef2003)definedpotential avalanche release areas usinglyl8erivingslope
angle, proximity to ridges, aspect, curvature, eletationrangefrom 10m DEMs
Theystatisticallyidentifiedmean slope, curvature, and distance to riagthe most
influential parameters in avalanche frequen8iudies that have used GIS to derive
temrain parameters frequently cite poor DEM resolution as a source of inacamdtye
10 m to 30m DEMs commonly usedreinadequate for describing some slope scale
terrain parameter®eems, 2002; Schmid and Sardemann, 2003; Schweizer and
Kronholm, 2007) Thiscurrentstudy is unique in that it useae meteDEM to derive
terrain parameters resolution that has only recently been possible dhiglhe
resolution airborné&ight Detection and Ranging (LIDAR) technolod@resently, the best
DEM source for the wide range of complex terrain features found ilpiree
environment, especially gulleys, is LiDARIopkinson et al., 2009)

The application of DEMlerived errain parameters for modeling snow depth or
snow water equivalent in hydrological studies has had documented sscddtdsough
snow depths not a measure of stabilitstability test scores and snow strength have been
empirically correlated to snow pih (e.g.,Birkeland et al., 1995; Campbell and
Jamieson, 2007; Kronholm and Schweizer, 2003)us terrain parametsmused to

predictsnow deptimay be useful fopredicting weak zonesMost hydrological reseah
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has focused on th@rqueor mountain range scaland terrain predictors are commonly
radiationor aspectelevation, and slope or curvatufe.g.,Bloschl et al., 1991; Elder et
al., 1998) Winstral et al(2002)designed two parameters that effectively predicted the
effects of wind: an index of shelterpasure from upwind terrain to characterize the wind
scalar, and a drift delineator, which used upwind breaks in slapditatezones of lee
deposition. Erickson et al(2005)found that these two wind parameters, @lesation,
slope, and potential radion were all significant predictors of snow dep#ing a
complex mean geostatistical modeling approahkn nonrlinear forms were employed
The wind shelteexpasure index had the greatest affect on predicted snow défitase
parameters

The workof Wirz et al.(2011)is of interest because they characterized snow
depth on a steep rock face at a similar scale and resolution as this\&tuzlt al.
(2011)used a highresolution terrestrial laser scanner to collegteatednow depth
measurements over two seasons. When comparing snow deglitiset@ngle, curvature,
and roughness derived fronoae meteDEM, only weaklinear correlations weréound
(maximum=0.2). Based orcomparisons of totanow deptlobservationgndnew snow
distributiors following snow/wind events and snow only eveti®y concludehat the
wind-terrain interaction is the most dominant prodessnow accumulation onestp
faces Wirz et al.(2011)also observed that overall snow depth distribution patterns were
similar over two winters, but singenow loadingevents had varying patterns from storm

to storm. Furthernte, spatial variabilityon the steep faogas at least 30%nore
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variableandsnow depttwas always lower when comparedatgimilar site with gentler

terrain.

Summary

In summary, persistent weak layers form under a complex regime of
topographical ancheteorological conditions. The spatial variability of these layers and
their properties is well documented lpuedictive ability is very limited. Targeting weak
layers is critical for slope stability assessmanid terrain ishe most realistic tool fo
doing so. The successful use of terrain parameters to model weak layer properties on
several simple slopscale studies as well as snow depth distributions at larger scales
provides optimism for our ability to predisteak zones in more complex, avalaac

terrain.
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3. METHODS

Study Sites

This study collected data from two mountain ranges with unique snow climates:

the Teton Range in northwest Wyoming and the Madison Range in Southwest Montana

(Fig. 1).
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Fig. 1. Study sits in the Madison Range, Montana and Teton Range, Wyoming.
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Big Sky Study Area

Seventeerouloirs were sampled from Lone Mountain in the Madison Range,
near Big Sky, MontanéFig. 2 and Table 1)Lone Mountains locatedb0 km southwest
of Bozeman.Big Sky Resort and Moonlight Basin operate-b#rved ski areas on the
mountain. Lone Mountain is a conicgleakwith several majoridgelines reaching its
summit at 3403 m. The upp&r0 mof the pealconsist mostly of steep talus and scree
above treelindSavage, 2006)While Lone Mountain is situated anregion that is
classified as an intermountain snow climatesnowpacks usually characteristic @t
continental cinatedue to itsrelatively coler anddryer winters(Mock and Birkeland,
2000) Few other peaks in the region appch theslevationof Lone Peaksoit receives
exceptionally strongvindsthat aretypically from the southwest to northwe¥¥inds are
frequently in the 3@0 km/hrrange, gusting in the 8030 km/hr range several times
each seasorPrevailing windsare generally west southwes{Table 1) Annual alpine
snowfall averages 1100 cabtan average snow water equivalent (SWE) of(B#vage,
2006) The cold temperatures and low snowfall lend themselves to strong temperature
gradients in the snowpack, and depbar or facets near early season crusts are
commonly widespreadndcan be veryproblematide.g.,Savage, 2010)

The Lone Mountain couloirs aon different headwlls and cirques above treeline
(Fig. 2). The coloirs were chosen based on logistical accessibility (with cooperation
from Big Sky Resort and Moonlight Basin), the existencenoiwpacks relatively

unaffeced by skiers or explosives, atitkir widerange of aspects asthowpacks.
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Fig. 2. Seventeen couloirs were sampled friiwe cirques or headwalls on Lone Mountaégmcompassing a wide range of
aspects and characteristidsach dot represents a sample point
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Tablel. Characteristics of each coulsiampled

Prevailing
Mountain, Group/ Date Wind Wind # of
Couloir ID Range Cirque Sampled Station Azimuth | Samples
Lone Mountain, Lone
3rd Gulley 1 Madisons The Gullies| 1/31/2010| Summit 265 119
Lone Mountain, Lone
6th Gulley | 2 | Madisons The Gullies|  2/9/2010| Summit 260° 120
Rendezvous
3 | Mountain, Granite Rendezvous 250° 18
7 Dwarves Tetons Canyon 2/13/2010] Summit
Rendezvous
4 | Mountain, Granite Rendezvoud  250° 33
A-Chute Tetons Canyon 2/16/2010 Summit
5 Lone Mountain, | Upper A to Lone 265 70
Upper AZ1 Madisons Z Chues 2/11/2010] Summit
6 Lone Mountain, | Upper A to Lone 270 56
Upper AZ2 Madisons Z Chutes 2/28/2010| Summit
7 Lone Mountain, | Upper A to Lone 265 84
Upper AZ3 Madisons Z Chutes 3/9/2010| Summit
8 Lone Mountain, | Upper A to Lone 265 92
Upper AZ4 Madisons Z Chutes 3/11/2010| Summit
9 Lone Mountain, | Upper A to Lone 265 60
Upper AZ5 Madisons Z Chutes 3/11/2010{ Summit
Mt. Glory, Rendezvous
Unskiabowl 10 Tetons Teton Pass| 3/13/2010( Summit 250° 105
Rendezvous
Claw 11 Mt. Elly, Tetons | Teton Pass| 3/18/2010| Summit 250° 3
Lone Mountain,
Alder 12 Madisons Headwaterg 12/9/2010| Jack Creek 270 97
Lone Mountain,
Cold Springs 13 Madisons Headwaterg 12/9/2010| Jack Creek 270 4
Lone Mountain,
First Fork 14 Madisons Headwaterg 12/10/2010| Jack Creek 270 99
Lone Mountain,
Jack Creek 15 Madisons Headwaterg 12/11/2010| Jack Creek 275 104
Lone Mountain,
Rock Creek 16 Madisons Headwaterg 12/11/2010| Jack Creek 275 89
Lone Mountain, | North
Trident 7 Madisons Summit 1/28/2011| Great Falls 240 120
Lone Mountain, | North
Great Falls 18 Madisons Summit 1/30/2011| Great Falls 240 101
Lone Mountain, | North
Tears 19 Madisons Summit 2/4/2011| Great Falls 240 56
Lone Mountain, | Lone Lake
Mullet 20 Madisons Cirque 2/27/2011| Great Falls 230 72
Lone Mountain, | Lone Lake
Lone Lake 21 Madisons Cirque 3/5/2011| Great Falls 230 /1
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Field teamssampl& two couloirs from the Gulliesy Januaryand Februarpf
201Q a northeastacingheadvall within the boundaries of Big Sky Resdfid. 3). Prior
to sampling, these couloirs veeclosed to skier traffic, but tlemowpack had been
disturbed by daily explosive control on the faabove, shedding snow through the

couloirs and onto their aprons.

The Gullies

Fig. 3. 3rd Gulley (1) and 6th Gulley (2). Red arrowdigate approximate location of
uppermost sampling point.

We samplel five couloirs from the Upper A to Z chutdscated ora southfacing
headvall in Big Sky Resortin Februaryand Marchof 2010(Fig. 4). During the
sampling period, the Upper A to Z dba were progressively opened to skier tratied

we accessed theseuloirsbefore any significardgkier traffic. Thelayering insnowpack



22
was representative of a backcountry snowpack and undisturbed by explosives; Big Sky
ski patrol doesotapply explosive control until late season, when supportable sun crusts
allow skiers to safely ski what igpically otherwise too shallow and rotten to ski. Prior
to sampling, several large ANFO explosives were discharged at the base of the wall
without any majoresults although a large natural avalanche released earlier in the
season from a different part of the headwall than our sampling locatirile the
stability of the slopes may have been altered, the natural layering of the slopes, which is

the focus bthis study, remained intact.

Upper A to Z chutes
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Fig. 4. Upper AZ1 (5), Upper AZ2 (6), Upper AZ3 (7), Upper AZ4 (8), and Upes
(9).
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In December of 2010, teams sampled five couloirs from the Headwaters, a north
to northeastacing cirque inMoonlight Basin ski area (Fig. 5). These couloirs
representedatural layering obackcountry conditions because we sampled them in the
early season prior to any skier traffic. Moonlight Basin ski patrol applied one or two
rounds of hangtharges prior t@our sampliig without any avalanche results, and the
disturbance to layers was confined to small bomb holes which we avoided during

sampling.

Headwaters

Fig.5. Alderson (12), Cold Springs (13), First Fork (14), Jack Creek (15), and Rock
Creek (16).



24

In January and February of 2011e sampledhree couloirs from the North
Summit a northeast to northwetdcing bowl! in Moonlight BasiiiFig. 6). This area is
closed to skierraffic early season, but saw a small amount of skier traffareave
sampled it, with the exception of Trident Couloir, which was closed prior to our
sampling. By the time the North Summit was opened to skier traffic and our sampling
teams, a weltlevelopedvind slabprevented skierBom impacting deep weak layers
Moonlight Basin ski patrol runs routine control work in this zone after opening it, but

again, the deep weak layers appeared to remain intact.

North Summit

Fig. 6. Trident (17), Great Falls (18), and Tears (19).
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Our last two samplesom Lone Mountain wereollectedin February and March
of 2011from west and nortivest couloirs irLone Lake CirqueRig. 7). This area is out

of-bounds from the ski areas, but sees occasional backcountry skiers.

Lone Lake Cirque

Fig. 7. Mullet (20) and Lone Lake (21).

Teton Study Area

Field assistants and | sampledr couloirs from the Southern Teton Range, near
Jackson, Wyomin@Fig. 8 and Table 1) Two of the couloirs were sampled in
backcountry areas near Jackson Hole Mountain Resoatdd on Rendezvous Mountain

with anelevation of 3185 m. Walsosampled two couloireear Teton Pass, where
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Wyoming Highway 22 passes over the southiegtons, 8 knwest ofWilson, WY at an

elevation of 2570 m.

Fig. 8. Fou couloirs were sampled from the Southern Tetons.

The Tetons generally receive more snowfall than Lone Mountain because Pacific
moisture trackg along the Snake River Plasintensified by orographic uplitis it
encounters the Teton#&verage anualsnowfall near the summit of Rendezvous

Mountain is 1280 mm &tn average SWE of 8.58Kozak, 2002) With more snowfall







































































































































































































































































































































































































































































































































































































































