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ABSTRACT 

 
 

 More winter recreationists are venturing into steep avalanche chutes and 

ñextremeò terrain each year, and avalanche fatalities are increasing.  The slope-scale 

spatial variability of weak layers and slabs and how it relates to this complex terrain is of 

critical importance but poorly understood.  In this study, I use terrain parameters to model 

potential trigger locations (PTLs) of slab avalanches, which are defined based on slab 

thicknesses and presence of weak layers.   

 In a sample couloirs and chutes in Montana and Wyoming, field teams tracked 

and mapped persistent weak layers and slabs with probe sampling.  Terrain parameters 

derived from a one meter DEM were used to explore the relationships between PTLs and 

terrain.   Exploratory analysis, multi-model classification trees, and logistic regression 

models support strong relationships between terrain and PTLs.   

 Modeling of PTLs was highly successful for individual couloirs, with terrain-

based model success rates frequently exceeding 70% for depth hoar PTLs and 85% for 

near-surface weak layers.  However, models varied widely from couloir to couloir, with 

generally poor cross-validation results between couloirs, suggesting that the relationships 

between terrain and PTLs in each couloir are unique and highly complex.  For these 21 

couloirs in steep alpine terrain, parameters relating to wind deposition and scouring have 

the strongest association with PTLs..  Parameters with the greatest ability to discriminate 

PTLs are distance from the edge of a couloir, relative elevation, degree of wind exposure, 

and degree of terrain exposure.  The influences of these and other terrain parameters vary, 

depending on broader-scale terrain characteristics, prior weather patterns, and seasonal 

trends.  

 Practical implications from this study are numerous.  With an understanding of 

the broader scale influences and physical processes involved, we can use terrain to 

optimize stability test locations, explosive placements, or route selection.  The unique 

nature of each couloir means that simple rules relating terrain to PTLs will not apply, 

although couloirs in the same cirque generally share similarities. This work increases our 

understanding of how each parameter relates to the physical processes causing PTLs and 

how these relationships can vary.  This information will help to improve practical 

decision-making ability as well as future modeling efforts.   
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1. INTRODUCTION 
 
 

Avalanches pose a serious threat to human life and infrastructure in mountainous 

areas worldwide.  In the United States, avalanches kill more people on average annually 

than earthquakes, landslides, or other mass movement phenomena (Voight et al., 1990).  

Last winter season, 25 people were killed in avalanches in the United States 

(avalanche.org, 2011).  One of the best ways to mitigate avalanche deaths is an increased 

understanding of avalanches and the snowpack. 

The majority of avalanche fatalities are the result of slab avalanches (McClung 

and Schaerer, 2006).  Slab avalanches occur when a more cohesive slab of snow overlies 

a less cohesive weak layer and the conditions in the snowpack are conducive to weak 

layer fracture across a slope (Schweizer et al., 2003).  Snow accumulates and 

metamorphoses in layers that may or may not be continuous at various scales, from 

centimeters to kilometers, and are often difficult to predict.  A crucial element for 

improving avalanche prediction and mitigation is understanding the structure and spatial 

pattern of weak layers and slabs as they interact with the terrain.   

Numerous studies in the past half century have characterized the spatial 

variability of snow properties such as penetration resistance, shear strength, and stability 

test scores. Results vary tremendously due to differences in scale triplets (support size, 

spacing, and extent of measurements), field methods, analysis methods, and natural 

variability.  Schweizer et al. (2008) provide a comprehensive review of this previous 

work. There has been limited success in predicting and explaining the observed 

variability, particularly with regards to terrain.  Furthermore, due to the challenging 
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nature of working in steep, avalanche terrain, these previous studies typically characterize 

the snowpack on uniform slopes less than 35
o
.  Few snow scientists have attempted to 

characterize or predict the snowpack in the highly variable and complex terrain that many 

skiers, snowboarders, climbers, and snowmobilers now venture into on a regular basis.  

The present study is unique in that it looks at spatial patterns of snowpack characteristics 

in complex alpine terrain by sampling patterns of weak layers and slabs in steep, snow-

filled gullies, chutes, or couloirs bounded on either side by rock or trees (hereafter 

referred to as couloirs for consistency).   

There are two primary objectives for this study. The first is to describe the spatial 

patterns and variability of various weak layers and slabs in couloirs.   Second, I explore 

how terrain parameters relate to snow weaknesses and which terrain parameters are most 

influential for predicting weaknesses in this complex terrain.   The practical implications 

of this research will be more effective avalanche control at ski areas, safer route selection 

in steep terrain, more effective selection of snow pit sites for assessing avalanche danger, 

and improved modeling capabilities for avalanche forecasting.   

This study examines the spatial variability of depth hoar, surface hoar, near-

surface facets, and slabs in a sample of 21 couloirs from the Madison Range of Montana 

and the Teton Range of Wyoming collected over two winters.  Avalanche probe profiles 

at numerous points describe the stratification in the snowpack.  Based on presence of 

weak layers and slabs, the snow observations are used to define ñPotential Trigger 

Locationsò (PTLs) within each couloir.  Exploratory statistical analysis, classification 
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trees, and logistic regression show how PTLs are related to a number of terrain predictors 

derived from a one meter digital elevation model (DEM).   
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2. LITERATURE REVIEW 
 
 

 The release of a slab avalanche requires the failure of a weak layer or weak 

interface underneath a snow slab (Schweizer et al., 2003).  Weak layers form through 

various processes, and a distinction is made between short-term weaknesses in the storm 

snow that occur as the new snow accumulates and persistent weaknesses.  The latter, 

termed persistent weak layers, are characterized by snow grains with weak structures that 

endure relatively long periods of time (McClung and Schaerer, 2006).  Because of their 

long-lived and fragile nature, persistent weak layers or the interface above them are often 

difficult to detect and are the causes of most avalanche fatalities.  From a sample of 186 

avalanches, Schweizer and Jamieson (2001) found that 82% failed on a persistent weak 

layer.  Persistent weak layers, which are the focus of this study, are classified into three 

main types depending on the processes that cause their formation and the resulting grain 

type: depth hoar, facets, and surface hoar. 

Weak Layers 

 
 

 Depth hoar forms near the base of the snowpack as a result of strong temperature 

and vapor gradients and relatively warm temperatures near the ground.  Metamorphism 

of grains in shallow, early season snowpacks with strong temperature gradients can result 

in the growth of poorly bonded and weak faceted or cupped grains.  Numerous studies 

have described the formation processes, rates of growth, and properties of depth hoar 

(e.g., Akitaya, 1974; Bradley et al., 1977; Giddings and LaChapelle, 1962; Sturm and 

Benson, 1997). Near-freezing temperatures near the ground and much colder air 
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temperatures at the snow surface are the driving forces behind depth hoar formation, and 

research has shown that depth hoar preferentially forms near shallowly buried rocks 

(Arons et al., 1998; Birkeland et al., 1995).  In a study of 90 human-triggered avalanches 

in Switzerland, approximately 20% failed in depth hoar or at the interface above depth 

hoar (Schweizer and Lütschg, 2001).  From a sample of 46 fatal avalanches in Canada, 

22% failed on depth hoar (Jamieson and Johnston, 1992).  Birkeland (1998) reported that 

6% of large backcountry avalanches investigated in southwest Montana over a five-year 

period failed on depth hoar.  

 Facets often form another dangerous persistent weak layer.  Numerous laboratory, 

field, and theoretical studies have demonstrated that facets typically 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., 2007).  Birkeland 

(1998) describes the dominant processes for near-surface faceting: diurnal 

recrystallization, melt-layer recrystallization, and radiation recrystallization, all of which 

require a strong temperature flux near the surface of the snow.  Because crusts act as 

barriers against upward moving water vapor, faceting 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 moist layers. The faceting process is likely 

enhanced due to low thermal conductivity of the faceted layer in relation to the crust 

(Colbeck and Jamieson, 2001).  Jamieson and Langevin (2004) showed that faceting 

associated with melt-freeze crusts can be favored at certain elevation bands with the 

optimal combination of freezing levels for subsequent storms.  Short-wave and long-
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wave radiation, as well as snow density and thermal conductivity,  are linked to facet 

formation (Slaughter, 2010), and aspects where crusts are thicker due to greater solar 

radiation favor facet development because more latent heat is released from the freezing 

crusts (Jamieson and Langevin, 2004).  Cooperstein (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 for over 30% of the human triggered 

avalanches in the Swiss avalanche dataset (Schweizer and Lütschg, 2001), 59% of the 

avalanches from the Montana dataset (Birkeland, 1998), and 28% of the fatal Canadian 

avalanches (Jamieson and Johnston, 1992). 

 Surface hoar also forms an extremely fragile persistent weak layer.  The winter 

equivalent of dew, these feathery crystals form when water vapor sublimates directly 

from the air to the snow surface.  The conditions necessary for surface hoar formation 

have been the focus of many studies.  Lang et al. (1984) demonstrated that the crystal 

growth is associated with significantly cooler snow surface temperatures than the 

overlying air, which is typical during clear, cold nights.  Light air turbulence and 

humidity are required for grain growth (Colbeck, 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 Montana due to differences in radiation 

supply.  In addition to validating previous findings, Slaughter et al. (2011) showed that 

incoming long-wave radiation and snow surface temperatures  are significant factors in 

surface hoar formation.   Surface hoar is easily destroyed by significant winds, and 
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because of the difficulty in modeling air turbulence in complex terrain with respect to 

both formation or destruction of surface hoar, it is nearly impossible to forecast for the 

presence of surface hoar remotely (Feick et al., 2007).  However, in wind sheltered 

forested openings, both Shea and Jamieson (2010) and Lutz and Birkeland (2011) were 

able to successfully model surface hoar growth based on skyview and its relationship to 

incoming and outgoing radiation.   Trees and terrain features shield longwave radiation 

emittance and prevent the rapid cooling of snow surface at night; thus inhibiting surface 

hoar growth (Shea and Jamieson, 2010).   Surface hoar accounted for 31% of the 

backcountry avalanches in the Montana dataset (Birkeland, 1998), 41% of the fatal 

avalanches in Canada (Jamieson and Johnston, 1992),  and approximately 20% of the 

human-triggered avalanches studied in Switzerland (Schweizer and Lütschg, 2001). 

Spatial Variability 
 
 

The spatial distribution of weak layers and snow strength is a primary concern for 

avalanche prediction and mitigation.  Spatial variability of the snowpack at various scales 

is a primary source of uncertainty in avalanche forecasting (Hageli and McClung, 2004).  

Wind during or after deposition of snow is a major agent in causing variability (Sturm 

and Benson, 2004), as well as precipitation, sublimation, radiation, temperature, and 

snow metamorphism as they interact with terrain.  These processes act on or over a range 

of various scales, from micro-structure to slope to mountain range, adding to the 

complexity of the problem (Schweizer et al., 2008).  

Conway and Abrahamson (1984) spurred an interest in slope scale spatial 

variability with a benchmark paper analyzing shear strength measurements in a spatial 
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context.  Based on highly variable shear strengths measured across crown walls and un-

fractured slopes, they suggested that weak zones (or deficit zones) of sufficient size may 

cause tensile failure, and depending on the distribution of strong zones (or pinning 

zones), the fracture could propagate across the slope to cause an avalanche.  Furthermore, 

the average strength of the slope may not be as critical as the minimum strength or the 

size of the deficit zones.  The research of Conway and Abrahamson (1984) brought to 

question the validity of point stability tests for assessing avalanche danger, and numerous 

studies followed exploring the variability of different snow strength or stability tests at 

the slope scale.   

Jamieson and Johnston (1993) performed a series of evenly spaced Rutschblock 

tests on six uniform slopes, free of rock outcrops or abrupt slope changes.  They found no 

large deviations from the median score (+/- 3 scores) from 277 tests, and showed that 

97% of their tests fell within +/- 1 score of the median. In highly contrasting results, 

Landry et al. (2004) compared stability indices on eleven 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 slopes, typically ranging from 25
o
 to 40

o
 (Campbell and Jamieson, 

2007; Föhn, 1988; Hendrikx et al., 2009; Jamieson, 1995; Kronholm and Schweizer, 

2003; Stewart and Jamieson, 2002).  Disparate results can be attributed to natural 

variability and different field and analysis techniques.  Many studies have used different 

scale triplets: the support size of each measurement, spacing between measurements, and 

spatial extent of all of the measurements are not consistent and cause further variability in 
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results (Schweizer et al., 2008).  The effects of ground surface irregularities, terrain 

geometry, depth to failure layer, slope angle, solar radiation, proximity to the tops of 

slopes, trees, and ñtree bombsò (snow falling from tree branches) are all cited as potential 

sources of variability (Campbell and Jamieson, 2007; Föhn, 1989; Jamieson, 1995). 

 To further understand the causes of spatial variability in the snow, Harper and 

Bradford  (2003) traced snow stratigraphy on a flat glacier in an attempt to isolate 

densification and layering processes from the influences of vegetation, topography, and a 

variable basal boundary. They noted little variability across tens of meters in layers 

recorded in snowprofiles, but observed discontinuities using higher resolution tools (a 

permittivity probe and radar imaging).  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 Bradford (2003) 

suggested that ñthe high spatial variability in snow stratigraphy commonly cited is 

typically due to the influence of local boundary conditions rather than feedbacks between 

primary and secondary densification processes alone.ò  This reinforced the idea that 

spatial variability on avalanche slopes is driven by topography and ground cover. 

 As the character of spatial variability became an important parameter in avalanche 

release models (Schweizer, 1999), more studies attempted to quantify spatial variability 

using spatial statistics.  Kronholm and Schweizer (2003) and Kronholm et al. (2004) 

applied geostatistical techniques to characterize the spatial variability of stability tests on 

eight slopes and penetrometer profiles on one slope.  In nearly half of their samples, they 

found large slope-scale trends accounted for half of the variability in test scores, which 
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was partly attributed to slab thickness.  All of the layers analyzed with a penetrometer 

showed significant linear trends across the slopes.  The slope trends imply selection of 

stability site location is critical.  All of the weak layers tracked with the penetrometer 

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 

layer or slab is not an inherent property, but rather a product of its location in space.  

Other spatial variability studies have had varying geostatistical results, again a product of 

natural variability, layer type, method, and scale, but autocorrelation lengths were 

frequently on the order of 10 m (Guy and Birkeland, 2010; Logan et al., 2007; Lutz and 

Birkeland, 2011) or poorly defined (Shea and Jamieson, 2010). 

With inconclusive results on the spatial variability of snow and weak layers, the 

problem of representative pit selection for assessing slope stability remains.  Birkeland 

and Chabot  (2006) documented a 10% to 15% ñfalse-stableò rate from a database of 

3500 stability tests.  In other words, one out of ten slopes that were deemed safe by a 

stability test was actually unstable, an unacceptable rate when human lives are at stake.  

Birkeland and Chabot (2006) recommend digging more widely spaced pits to improve 

backcountry usersô probability of finding weaknesses, but also note that there can be 

large areas of strong snow and relatively small weak zones; thus a second pit may only 

slightly improve the chances of finding the weak zone. This concept is supported by field 

research (e.g., Hendrikx et al., 2009; Stewart and Jamieson, 2002) in which clusters of 

high strength and low strength have been observed.  Birkeland 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 strong pit 

locations, even when layer type, 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 

layer doesnôt necessarily indicate instability, targeting locations with weak layers 

improves the probability of finding instability and a better representation of the slope.  

Terrain Influences 
 
 

Nearly all of the spatial variability research points towards terrain as one of the 

best, and perhaps only, tools for targeting weaknesses.  While potential environmental 

causes for the observed spatial variability patterns at the slope scale are frequently 

discussed, statistical testing or modeling of these influences has been limited.  Exceptions 

include Birkeland et al. (1995), Lutz and Birkeland (2011), and Shea and Jamieson 

(2010).  

Birkeland et al. (1995) explained the spatial variations in snow strength surveyed 

on two inclined slopes, one uniform and one with a more complex substrate. The latter 

showed a complicated pattern of resistance, but the presence of rocks underlying the 

snow was found to significantly decrease resistance in a multiple linear regression model, 

although the relationship was statistically weak.   

Shea and Jamieson (2010) used Google Earth land cover images to model the 

effect of trees impinging on sky view and surface hoar growth.  Using several surface 

hoar events from sparsely forested slopes, they used a scaled linear relationship between 

averaged grayscale values and surface hoar size to model surface hoar crystal size after a 

surface hoar event and achieved reasonable results.  They tested their model on a similar 
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slope for a different event, and found that it correctly predicted size within 1.5 mm 60% 

of the time.   

Lutz and Birkeland (2011) used the relationship between incoming radiation and 

terrain to spatially model surface hoar strength and size.  They used a survey station to 

construct a 0.5 m digital elevation model (DEM) 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 radiation.  Surface hoar size had significant 

linear correlations with 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 slope where: (1) incoming longwave 

radiation was greater due to re-radiation from trees (preventing cooling of the snow 

surface at night and crystal growth), and (2) incoming shortwave radiation was greater 

(inhibiting persistence by warming of the snow surface during the day). 

Also noteworthy is Birkelandôs (2001) work, which modeled the relationships of 

terrain (coordinates, elevation, distance from ridge, radiation, and slope angle) with 

snowpack and stability data at the mountain range scale.  This study found surprisingly 

weak correlations with terrain on the first sampling day in February.  However, on the 

second sampling day in April, elevation had significant correlations (0.28 to 0.49) with 

all but one of the snowpack and stability variables.  Both distance from ridge and 

radiation also had a number of significant correlations.  When combining the effects of 

the terrain variables in multiple linear regression models, no valid models could predict 

the stability patterns observed on the first day.  For the second sampling day, elevation, 
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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 stability indices.  None of these models 

explained more than 30% of the variance, indicating that many more complicating factors 

are involved.  Birkeland (2001) also suggested incorporating wind parameters in future 

models and incorporating finer-scale variability into future analyses.  

Previous studies in weak layer formation and spatial variability suggest that the 

influence of terrain is a very complex problem.  The successful slope-scale studies of 

Birkeland et al. (1995), Shea and Jamieson (2010), and Lutz and Birkeland (2011) were 

in part because they focused on the influence of one or two parameters, or one type of 

weak layer on a simplified and specific slope.  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 

resolution elevation map to model a more complete picture of snowpack evolution on 

complex slopes, including different weak layer types.  This type of snowpack modeling 

has never been done before, but a number of studies have correlated avalanche activity 

with a collection of terrain parameters (e.g., McClung, 2003; Schaerer, 1977). 

Of particular interest is the work of Gleason (1996), who characterized the terrain 

of avalanche paths on Lone Mountain and used several of the same slopes as the present 

study.  He measured terrain parameters in the field and analyzed their influence on over 

3500 recorded avalanche events.  Gleason (1996) found that steeper slope angles up to 

43
o
, higher elevations, aspects receiving more solar radiation, and aspects clustered 

opposite the prevailing wind are positively correlated to natural avalanche frequency 
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using stepwise multiple linear regression.  He also documented that avalanche frequency 

decreases for slopes above 43
o
 because of continuous sluffing. 

Using Geographic Information Systems (GIS) to derive terrain attributes is a 

common practice in avalanche studies (Marienthal et al., 2010).  For example, Maggioni 

and Gruber (2003) defined potential avalanche release areas using GIS by deriving slope 

angle, proximity to ridges, aspect, curvature, and elevation range from 10 m DEMs.  

They statistically identified mean slope, curvature, and distance to ridge as the most 

influential parameters in avalanche frequency.  Studies that have used GIS to derive 

terrain parameters frequently cite poor DEM resolution as a source of inaccuracy, and the 

10 m to 30 m DEMs commonly used are inadequate for describing some slope scale 

terrain parameters (Deems, 2002; Schmid and Sardemann, 2003; Schweizer and 

Kronholm, 2007).  This current study is unique in that it uses a one meter DEM to derive 

terrain parameters, a resolution that has only recently been possible due to high-

resolution airborne Light Detection and Ranging (LiDAR) technology. Presently, the best 

DEM source for the wide range of complex terrain features found in the alpine 

environment, especially gulleys, is LiDAR (Hopkinson et al., 2009).   

The application of DEM-derived terrain parameters for modeling snow depth or 

snow water equivalent in hydrological studies has had documented successes.  Although 

snow depth is not a measure of stability, stability test scores and snow strength have been 

empirically correlated to snow depth (e.g., Birkeland et al., 1995; Campbell and 

Jamieson, 2007; Kronholm and Schweizer, 2003).  Thus, terrain parameters used to 

predict snow depth may be useful for predicting weak zones.  Most hydrological research 
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has focused on the cirque or mountain range scale, and terrain predictors are commonly 

radiation or aspect, elevation, and slope or curvature (e.g., Blöschl et al., 1991; Elder et 

al., 1998).  Winstral et al. (2002) designed two parameters that effectively predicted the 

effects of wind: an index of shelter/exposure from upwind terrain to characterize the wind 

scalar, and a drift delineator, which used upwind breaks in slope to indicate zones of lee 

deposition.  Erickson et al. (2005) found that these two wind parameters, plus elevation, 

slope, and potential radiation were all significant predictors of snow depth using a 

complex mean geostatistical modeling approach when non-linear forms were employed.  

The wind shelter/exposure index had the greatest affect on predicted snow depth of these 

parameters.   

The work of 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 study.  Wirz et al. 

(2011) used a high-resolution terrestrial laser scanner to collect repeated snow depth 

measurements over two seasons. When comparing snow depths to slope angle, curvature, 

and roughness derived from a one meter DEM, only weak linear correlations were found 

(maximum=0.21). Based on comparisons of total snow depth observations and new snow 

distributions following snow/wind events and snow only events, they conclude that the 

wind-terrain interaction is the most dominant process for snow accumulation on steep 

faces.  Wirz et al. (2011) also observed that overall snow depth distribution patterns were 

similar over two winters, but single snow loading events had varying patterns from storm 

to storm.  Furthermore, spatial variability on the steep face was at least 30% more 
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variable and snow depth was always lower when compared to a similar site with gentler 

terrain.    

Summary 
 
 

In summary, persistent weak layers form under a complex regime of 

topographical and meteorological conditions.  The spatial variability of these layers and 

their properties is well documented but predictive ability is very limited.  Targeting weak 

layers is critical for slope stability assessment, and terrain is the most realistic tool for 

doing so.  The successful use of terrain parameters to model weak layer properties on 

several simple slope-scale studies as well as snow depth distributions at larger scales 

provides optimism for our ability to predict weak zones in more complex, avalanche 

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). 

 

 

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

Seventeen couloirs were sampled from Lone Mountain in the Madison Range, 

near Big Sky, Montana (Fig. 2 and Table 1).  Lone Mountain is located 50 km southwest 

of Bozeman.  Big Sky Resort and Moonlight Basin operate lift-served ski areas on the 

mountain.  Lone Mountain is a conical peak with several major ridgelines reaching its 

summit at 3403 m.  The upper 670 m of the peak consist mostly of steep talus and scree 

above treeline (Savage, 2006).  While Lone Mountain is situated in a region that is 

classified as an intermountain snow climate, its snowpack is usually characteristic of a 

continental climate due to its relatively colder and dryer winters (Mock and Birkeland, 

2000).  Few other peaks in the region approach the elevation of Lone Peak, so it receives 

exceptionally strong winds that are typically from the southwest to northwest. Winds are 

frequently in the 30-80 km/hr range, gusting in the 80-130 km/hr range several times 

each season.  Prevailing winds are generally west to southwest (Table 1). Annual alpine 

snowfall averages 1100 cm at an average snow water equivalent (SWE) of 7% (Savage, 

2006).  The cold temperatures and low snowfall lend themselves to strong temperature 

gradients in the snowpack, and depth hoar or facets near early season crusts are 

commonly widespread and can be very problematic (e.g., Savage, 2010).  

The Lone Mountain couloirs are on different headwalls and cirques above treeline 

(Fig. 2).  The couloirs were chosen based on logistical accessibility (with cooperation 

from Big Sky Resort and Moonlight Basin), the existence of snowpacks relatively 

unaffected by skiers or explosives, and their wide range of aspects and snowpacks.  



 
 

 

Fig. 2.  Seventeen couloirs were sampled from five cirques or headwalls on Lone Mountain, encompassing a wide range of 

aspects and characteristics.  Each dot represents a sample point.

1
9 
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Table 1.  Characteristics of each couloir sampled. 

 

Couloir  ID  

Mountain, 

Range 

Group/ 

Cirque 

Date 

Sampled 

Wind 

Station 

Prevailing 

Wind 

Azimuth  

# of 

Samples 

3rd Gulley 
1 

Lone Mountain, 

Madisons The Gullies 1/31/2010 

Lone 

Summit 
265

o
 119 

6th Gulley 
2 

Lone Mountain, 

Madisons The Gullies 2/9/2010 

Lone 

Summit 
260

o
 120 

7 Dwarves 

3 

Rendezvous 

Mountain, 

Tetons 

Granite 

Canyon 2/13/2010 

Rendezvous 

Summit 

250
o
 18 

A-Chute 

4 

Rendezvous 

Mountain, 

Tetons 

Granite 

Canyon 2/16/2010 

Rendezvous 

Summit 

250
o
 33 

Upper AZ1 
5 

Lone Mountain, 

Madisons 

Upper A to 

Z Chutes 2/11/2010 

Lone 

Summit 
265

o
 70 

Upper AZ2 
6 

Lone Mountain, 

Madisons 

Upper A to 

Z Chutes 2/28/2010 

Lone 

Summit 
270

o
 56 

Upper AZ3 
7 

Lone Mountain, 

Madisons 

Upper A to 

Z Chutes 3/9/2010 

Lone 

Summit 
265

o
 84 

Upper AZ4 
8 

Lone Mountain, 

Madisons 

Upper A to 

Z Chutes 3/11/2010 

Lone 

Summit 
265

o
 92 

Upper AZ5 
9 

Lone Mountain, 

Madisons 

Upper A to 

Z Chutes 3/11/2010 

Lone 

Summit 
265

o
 60 

Unskiabowl 
10 

Mt. Glory, 

Tetons Teton Pass 3/13/2010 

Rendezvous 

Summit 
250

o
 105 

Claw 
11 

Mt. Elly, Tetons Teton Pass 3/18/2010 

Rendezvous 

Summit 
250

o
 73 

Alder 
12 

Lone Mountain, 

Madisons Headwaters 12/9/2010 Jack Creek 
270

o
 97 

Cold Springs 
13 

Lone Mountain, 

Madisons Headwaters 12/9/2010 Jack Creek 
270

o
 74 

First Fork 
14 

Lone Mountain, 

Madisons Headwaters 12/10/2010 Jack Creek 
270

o
 99 

Jack Creek 
15 

Lone Mountain, 

Madisons Headwaters 12/11/2010 Jack Creek 
275

o
 104 

Rock Creek 
16 

Lone Mountain, 

Madisons Headwaters 12/11/2010 Jack Creek 
275

o
 89 

Trident 
17 

Lone Mountain, 

Madisons 

North 

Summit 1/28/2011 Great Falls 
240

o
 120 

Great Falls 
18 

Lone Mountain, 

Madisons 

North 

Summit 1/30/2011 Great Falls 
240

o
 101 

Tears 
19 

Lone Mountain, 

Madisons 

North 

Summit 2/4/2011 Great Falls 
240

o
 56 

Mullet 
20 

Lone Mountain, 

Madisons 

Lone Lake 

Cirque 2/27/2011 Great Falls 
230

o
 72 

Lone Lake 
21 

Lone Mountain, 

Madisons 

Lone Lake 

Cirque 3/5/2011 Great Falls 
230

o
 71 
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Field teams sampled two couloirs from the Gullies in January and February of 

2010, a northeast-facing headwall within the boundaries of Big Sky Resort (Fig. 3).  Prior 

to sampling, these couloirs were closed to skier traffic, but the snowpacks had been 

disturbed by daily explosive control on the faces above, shedding snow through the 

couloirs and onto their aprons. 

 

 

Fig. 3.  3rd Gulley (1) and 6th Gulley (2).  Red arrows indicate approximate location of 

uppermost sampling point. 

 

We sampled five couloirs from the Upper A to Z chutes, located on a south-facing 

headwall in Big Sky Resort, in February and March of 2010 (Fig. 4).  During the 

sampling period, the Upper A to Z chutes were progressively opened to skier traffic, and 

we accessed these couloirs before any significant skier traffic.   The layering in snowpack 
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was representative of a backcountry snowpack and undisturbed by explosives; Big Sky 

ski patrol does not apply explosive control until late season, when supportable sun crusts 

allow skiers to safely ski what is typically otherwise too shallow and rotten to ski.  Prior 

to sampling, several large ANFO explosives were discharged at the base of the wall 

without any major results, although a large natural avalanche released earlier in the 

season from a different part of the headwall than our sampling locations. While the 

stability of the slopes may have been altered, the natural layering of the slopes, which is 

the focus of this study, remained intact. 

 

 

Fig. 4.  Upper AZ1 (5), Upper AZ2 (6), Upper AZ3 (7), Upper AZ4 (8), and Upper AZ5 

(9). 
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In December of 2010, teams sampled five couloirs from the Headwaters, a north 

to northeast-facing cirque in Moonlight Basin ski area (Fig. 5).  These couloirs 

represented natural layering of backcountry conditions because we sampled them in the 

early season prior to any skier traffic.  Moonlight Basin ski patrol applied one or two 

rounds of hand-charges prior to our sampling without any avalanche results, and the 

disturbance to layers was confined to small bomb holes which we avoided during 

sampling. 

 

 

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

Creek (16). 
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In January and February of 2011, we sampled three couloirs from the North 

Summit, a northeast to northwest-facing bowl in Moonlight Basin (Fig. 6).  This area is 

closed to skier traffic early season, but saw a small amount of skier traffic before we 

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 well-developed wind slab prevented skiers from 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. 

 

 

Fig. 6.  Trident (17), Great Falls (18), and Tears (19). 
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Our last two samples from Lone Mountain were collected in February and March 

of 2011 from west and northwest couloirs in Lone Lake Cirque (Fig. 7).  This area is out-

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

 

 

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

 

Teton Study Area 
 

 Field assistants and I sampled four couloirs from the Southern Teton Range, near 

Jackson, Wyoming (Fig. 8 and Table 1).  Two of the couloirs were sampled in 

backcountry areas near Jackson Hole Mountain Resort, located on Rendezvous Mountain 

with an elevation of 3185 m.  We also sampled two couloirs near Teton Pass, where 
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Wyoming Highway 22 passes over the southern Tetons, 8 km west of Wilson, WY at an 

elevation of 2570 m.   

 

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

 

The Tetons generally receive more snowfall than Lone Mountain because Pacific 

moisture tracking along the Snake River Plain is intensified by orographic uplift as it 

encounters the Tetons.  Average annual snowfall near the summit of Rendezvous 

Mountain is 1280 mm at an average SWE of 8.5% (Kozak, 2002).  With more snowfall 


























































































































































































































































































































































































































