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ABSTRACT 

Deep slab avalanches are a unique and difficult-to-forecast natural hazard. This thesis 

analyzed a variety of data sources from southwestern Canada including two large 

databases and data collected at 27 recent deep slab avalanches. A statistical method based 

on non-exceedance probability of average slab thickness and weak layer age was 

developed to regionally define deep slab avalanches. Local weather preceding deep slab 

events was investigated to discriminate days with deep slab avalanches from those 

without. Snowpack characteristics and tests were analyzed to find similarities among 

deep slab avalanche events. Precipitation during days with deep slab avalanches was 

found to be significantly more than days without deep slab avalanches. The Propagation 

Saw Test (PST) and Deep Tap Test (DT) were found to be useful snowpack tests for 

identifying deep slab hazard. The failure layer of deep slab avalanches typically was 

softer, contained larger snow grains, and was less dense the either of its adjacent layers. 
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1.0 INTRODUCTION 

This introductory Chapter will present the research problem through a discussion of basic 

snow avalanche (hereafter referred to as avalanche) phenomena. Section 1.1 will define 

snow avalanches and discuss their impacts on society. In Section 1.2 the mountain 

seasonal snowpack is introduced. Different types of avalanches will be introduced in 

Section 1.3. Slab avalanche formation is discussed in more detail in Section 1.4. 

Persistent weak layers responsible for many slab avalanches are discussed in Section 1.5. 

Non-persistent weak layers are introduced in Section 1.6 and snow and avalanche 

climates are introduced in Section 1.7. The idea of avalanche forecasting is introduced in 

Section 1.8. Previous studies that looked at deep slab avalanches are presented in Section 

1.9. An overview of the thesis and the objective are presented in Section 1.10. 

1.1 Snow avalanches and societal impacts 

Avalanches are a mass of snow that moves rapidly down a slope due to gravity. The 

estimated cost of snow avalanches to the Canadian economy is about 30 million dollars 

per year (Jamieson, 2009). The cost is due to highway closures, property damage, and 

loss of life. An additional 10 million dollars is spent to control avalanches in mountainous 

transportation corridors (McClung and Schaerer, 2006). The average number of 

avalanche fatalities in Canada calculated between 1997 and 2007 is 14 people per year 

(Jamieson et al., 2010). This is an increase from an average of 8.5 when calculated 

between 1984 and 1996 (Jamieson and Geldsetzer, 1996). Understanding the avalanche 

phenomena and the factors that lead to their release is the role of both avalanche 
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forecasters and researchers. A better understanding of the avalanche phenomena will save 

lives, structures, and reduce highway closure times.  

1.2 Seasonal snowpack 

The mountain seasonal snowpack (hereafter referred to as snowpack) can consist of three 

components: ice, air, and water. Snow is dry if no liquid water is present (CAA, 2007). 

The snowpack undergoes constant change from the first snowfall until the last of the 

snowpack melts. Additional load due to new snowfall, wind, heat from the ground, sun, 

and surrounding objects all affect how the snowpack changes. As subsequent snowfalls 

accumulate, each having unique properties due to interactions with their environment, a 

layered snowpack takes form. The layered snowpack can be significantly spatially 

variable across the mountain range, drainage, and slope scale. 

Freshly fallen snow, also known as precipitation particles (PP), takes on a dizzying array 

of forms. W.A Bentley made it his life’s work to document as many PP as he could by 

capturing thousands of images (Bentley and Humphreys, 1962). Regardless of initial 

properties of PP, they instantly start to change shape and size under the influence of 

metamorphic processes resulting in a granular bonded structure with a high cohesion. 

The temperature gradient within a dry winter snowpack (below 0○ C) drives the snow 

metamorphic process. The temperature profile of a typical snowpack is warm at the base 

(about 0○ C) and cooler towards the surface (Armstrong, 1981). This creates a macro 

temperature gradient that typically transfers heat from the base of the snowpack to the 

surface. The air inside the snowpack, except near the surface under specific conditions, is 
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at 100% relative humidity. Warmer air contains more water vapor and has a higher vapor 

pressure than cooler air which drives a grain-to-grain transfer of mass (Colbeck, 1997). 

Previous experimental testing has shown that when the magnitude of the temperature 

gradient is less than about 10○ C m-1, rounding metamorphism (also known as equilibrium 

growth) takes place (Akitaya, 1974). The vapor pressure is relatively high above convex 

surfaces and relatively low above concave surfaces (Colbeck, 1997). This vapor pressure 

differential tends to dominate during rounding metamorphism driving vapor to and 

depositing vapor on concave surfaces filling gaps and creating bonds between snow 

grains resulting in a well bonded snowpack. 

When the temperature gradient is greater than 10○ C m-1 faceting metamorphism (also 

known as kinetic growth) tends to take place (Akitaya, 1974). The increased flow of 

vapor at this relatively high temperature gradient causes vapor to be deposited on the 

slightly cooler faces of snow grains (Colbeck, 1997). Faceted snow grains (FC) are 

angular and have flat faces. Depth hoar (DH) is an advanced form of faceted snow grains. 

Once faceted grains form they persist in the snowpack for long periods of time (McClung 

and Schaerer, 2006, p. 67). The rapid growth of faceted grains, depth hoar being an 

extreme case, consumes smaller grains that were present and leaves a poorly bonded 

snowpack (Colbeck, 1997). Both faceting and rounding metamorphism occur more 

rapidly at warmer temperatures (e.g. metamorphism will be faster at -5○ C than at -20○ C). 

Another form of metamorphism is a result of melting and refreezing of liquid water 

between snow grains. When liquid water is present in the snowpack due to rain, warm air 

(above freezing), or solar radiation either an ice layer (IF) or layer of poly crystals (MF) 
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is formed. These layers are typically relatively strong within the snowpack, but can be a 

concern because they block the flow of vapor and promote faceting in adjacent layers 

(Colbeck and Jamieson, 2001), concentrate stress from dynamic surface loading (e.g. a 

skier) (Habermann et al., 2008), and may provide a sliding surface for avalanches. 

1.3 Types of avalanches 

Avalanches have two common forms: loose snow and slab. Both forms can be either wet 

or dry, which refers to the moisture content of the snow. Loose snow avalanches occur 

when surface snow has low cohesion. An initial point of failure near the surface of the 

snowpack moves down the slope due to gravity entraining snow and widening (Figure 

1.1). Most dry loose snow avalanches are small.  

In Canada, regardless of whether it is a wet, dry, loose or slab avalanche a size is assigned 

to it based on its destructive potential as shown in Table 1.1. The mass of the deposit, 

path length, and impact pressure are used to aid practitioners in estimating avalanche 

size.  

Slab avalanches occur when a slab, consisting of one or more layers of cohesive snow, 

releases as a unit (Figure 1.2). Slab avalanches are the cause of most avalanche fatalities 

and property damage in Canada (Jamieson et al., 2010, p-30).  

1.4 Slab avalanches 

Perla (1977) standardized the nomenclature for the failure surfaces of a slab avalanche a: 

bed surface (sliding layer at base of slab), crown (upslope slab boundary), flank (slab side 
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boundary), and stauchwall (downslope boundary) (Figure 1.3).  

 
Figure 1.1: Loose snow avalanche (photo Bruce Jamieson) 

 
Figure 1.2: Aerial photo of a snow slab avalanche. The slope runs down and to the right. 
(photo: John Scurlock) 
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Table 1.1: Canadian snow avalanche size classification (after McClung and Schaerer, 

2006) 

Size Destructive potential Typical 
mass (t) 

Typical path 
length (m) 

Typical impact 
pressure (kPa) 

1 Relatively harmless to people < 10 10 1 
2 Could bury, injure, or kill a person 102 100 10 
3 Could bury a car, destroy a small 

building, or break a few trees 
103 1000 100 

4 Could destroy a railway car, large 
truck, several buildings, or a forest with 
an area up to 4 hectares 

104 2000 500 

5 Largest snow avalanches known, could 
destroy a village or forest of 40 
hectares 

105 3000 1000 

 

 

Figure 1.3: Aerial photo of a snow slab avalanche showing the crown, flank, bed surface, 

and stauchwall locations. The slope runs down and to the right. (photo: John Scurlock) 
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Slab avalanche release begins with the local failure of a weak layer between the bed 

surface and the slab (Schweizer, 1999). Snow is quasi-brittle exhibiting ductile properties 

under low strain rates and brittle properties under high strain rates. The brittle range (i.e. 

high strain rates) is associated with snow avalanches. In the brittle range weak layers 

have a low internal friction (Ziedler and Jamieson, 2006a). The failure of the weak layer 

is caused by an increased strain rate induced on the weak layer by additional snow load, 

solar warming, explosive shock wave, or dynamic loading by a skier or vehicle. Strain is 

concentrated in flaws in the failure layer. This is calculated as the stress intensity which 

has a critical value known as fracture toughness, which depends on the material 

properties of the snow. In fracture mechanics, the ratio of the stress intensity over the 

fracture toughness determines whether a fracture initiates and propagates to release an 

avalanche (McClung and Schaerer, 2006, p. 80). Once the initial failure has started, it will 

spread as a self-propagating fracture within the failure layer. If the slope is sufficiently 

steep, the overlying slab will fractures in tension at the crown, shear at the flanks and 

compression at the stauchwall and slide downhill due to gravity.  

Figure 1.4 shows the parts of an avalanche path. The start zone generally has a slope 

angle greater than 25○ and is where the large slab avalanches are released. The track 

typically has an average slope angle of 15- 25○ and is where large avalanches are 

typically moving the fastest and are most destructive. Small terrain feature within the 

track or start zone may be the location of release for smaller avalanches. Many small 

avalanches will start and stop within the start zone or track. The runout zone is 

characterized by an average slope angle of less than 15○ and is generally where large 
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avalanches decelerate and deposit the mass of snow. Large slab avalanches will generally 

run the entire length of the path, at times even connecting several adjacent avalanche 

paths. 

 

Figure 1.4: Avalanche path showing location of the start zone, track, and runout zone. 

1.5 Persistent weak layers 

Persistent weak layers within the seasonal snowpack are the failure layer for most human 

triggered accidental avalanches in Canada (Jamieson et al., 2010). Persistent weak layers 

refer to snow grain layers that have low fracture toughness and persist for long periods of 

time within the snowpack. These forms include surface hoar, facet snow grains, depth 

hoar, and poorly bonded crusts (Jamieson and Johnston, 1992). 

Surface hoar forms when water vapor in the air is deposited on the snowpack surface 
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when the air adjacent to the snowpack is oversaturated with water vapor relative to the 

snowpack surface (McClung and Schaerer, 2006, p. 37). Surface hoar typically forms as 

feathery crystals but has been observed as needles. Jamieson and Schweizer (2000) 

reported that needle shaped surface hoar was not found at any avalanche sites. Figure 1.5 

shows a feather-shaped surface hoar crystal. Haegeli and McClung (2007) showed that in 

the Columbia Mountains of western British Columbia, up to seven layers of surface hoar 

can develop and several of these layers could produce avalanche activity. 

 
Figure 1.5: Surface hoar crystal. (photo: ASARC) 

Faceted snow grains (FC), as mentioned in Section 1.2, are the result of a temperature 

gradient greater than 10 ○C m-1. The transport of water vapor at this temperature gradient 

is relatively fast generating the growth of large, angular snow grains with flat faces 

(Colbeck, 1997). If faceting continues for extended periods of time, striations will form 

on the faces of FC and multi-layered growth will occur. When the FC take on a hollow or 

striated form the snow grains are called depth hoar (DH). Because FC and DH form 

under anisotropic sublimation and deposition the macrostructure of the snowpack is 

characterized by large snow grains, large pore spaces, poor bonding to adjacent layers 

and lack of settlement and strength gain (McClung and Schaerer, 2006, p. 57).  
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Poorly bonded crusts are known to persist for long periods of time in a snowpack. 

Jamieson et al. (2001) documented the avalanche activity of a poorly bonded crust that 

produced avalanches for the majority of a winter season. Colbeck and Jamieson (2001) 

proposed a mechanism for which a poorly bonded crust may develop. When a wet layer 

on the surface of the snowpack is buried by dry snow, very large temperature gradients 

will exist at the dry-on-wet interface for a short time driving faceting metamorphism. 

Colbeck (1991) noted that the condensation of the upward flowing water vapor at the 

bottom of less permeable layers could contribute to faceting below crusts. 

1.6 Non-persistent weak layers 

Non-persistent weak layers are typically layers of new snow (PP) or recently decomposed 

PP (DF). Layers form due to wind, temperature and humidity variations during a storm 

and redistribution of PP by wind. Fracture toughness and snow grain bonding increase 

rapidly primarily due to overburden pressure (McClung and Schaerer, 2006, p. 68).  

1.7 Snow and avalanche climate 

Roch (1949) first observed and began to define three snow climates within the western 

United States. He named them Maritime (also known as Coastal), Intermountain (also 

known as Transitional) and Continental (also known as Rocky) because of the frequency 

in which they would occur in particular geographical locations. The Maritime snow 

climate is often observed in mountain ranges close to large oceanic bodies of water. The 

Continental snow climate is often observed in mountain ranges that are well inland (e.g. 

the Rocky Mountains of Colorado, USA and Alberta, Canada). The Intermountain snow 
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climate is geographically located between the typical locations of Maritime and 

Continental snow climates (Armstrong and Armstrong, 1987). It is now generally 

accepted that snow climates cannot be described by geographic location but are better 

identified by characteristics of weather patterns and snow on the ground (Mock and 

Birkeland, 2000; Tremper, 2001; McClung and Schaerer, 2006, p. 21). Snow climates are 

used to classify seasonal snow around the world and to guide avalanche researchers to try 

and better understand the avalanche phenomenon and decide which avalanche mitigation 

techniques are best suited for each snow climate. 

1.7.1 Coastal snow climate 

A coastal snow climate is typified by mild temperatures that hover just below 0C and 

have an abundant moisture supply. This results in a deep (3+ m), dense snow pack that is 

relatively stable when compared to the other snow climates. Storms tend to be frequent, 

delivering snow that commonly has densities of 100 to 200 kg m-3. The highest avalanche 

hazard (i.e. potential for avalanches) tends to occurs during or shortly after wind and-or 

precipitation events. Because of the relatively mild temperature at which the precipitation 

falls, weak layers within the snowpack do not tend to persist for very long periods of 

time. Weak layers that do form tend to be related to new snow instabilities caused by a 

warming trend during the precipitation event, a weak interface associated with ice crusts 

(caused by either sun or more commonly rain), and rapid warming or rain which can 

occur at any time of year (Tremper, 2001; LaChapelle, 1966). 
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1.7.2 Transitional snow climate 

A transitional snow climate will typically be colder than a maritime climate and have a 

maximum snowpack depth of approximately 1.5 to 3 m at treeline. Like the maritime 

climate, new snow instabilities are common but with lower temperatures and more 

variable precipitation patterns, many other weaknesses can form within the snowpack. 

The development of persistent weak layers such as facets, depth hoar and surface hoar are 

common. These weaknesses can persist for long periods of time. Precipitation rarely falls 

as rain but is not uncommon (Armstrong and Armstrong, 1987; LaChapelle, 1966). 

1.7.3 Continental snow climate 

The Continental snow climate will typically have the weakest snowpack due to cold air 

temperatures and a shallow snowpack, typically < 1.5 m, and long periods of time with 

no new precipitation. Because of this persistent basal weak layers (weak layers at the 

base of the snowpack) of FC or DH almost always develop and are responsible for many 

avalanches throughout the winter season. It is not uncommon for large avalanches to 

occur in January, February or March and release on weak layers that were formed in 

November (Armstrong and Armstrong 1987, LaChapelle 1966). 

1.7.4 Avalanche winter regimes 

Haegeli and McClung (2007) suggested including persistent weak layer information into 

a snow climate classification system to make it more relevant to the avalanche 

phenomena. They produced maps delineating the spatial distribution of persistent weak 

layers in southwestern Canada for specific winters. Weak layers for their study were 
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classified into three groups; faceted crystals including facet and ice crust combinations, 

surface hoar, and pure crust forms. Maps were produced that showed the number and 

extent of each persistent weak layer for each winter season in their study and then seven 

sites were selected to construct idealized snow profiles showing the frequency and 

sequence that persistent weak layers formed. They found that early season faceting was 

common amongst all snow climate regions and not just continental sites as assumed by 

earlier studies. The number of avalanches on surface hoar layers varied considerably 

amongst the seven sites. Haegeli and McClung (2007) compared the snow climate of 

each site by season, as defined by Mock and Birkeland (2000), to the profiles of 

persistent weak layers. They found that the snow climate classification did not correlate 

to the weak layer profiles. The winters of 1996-97 and 1998-99 both exhibited Maritime 

trends in all snow climate regions according to Mock and Birkeland (2000), but persistent 

weaknesses amongst the regional were quite different. These results show that snow 

climate classification alone cannot adequately describe avalanche hazard.  

Haegeli and McClung (2007) showed that to adequately describe avalanche hazard more 

than just climate normals are required. They suggest that expanding the existing snow 

climate definition to include avalanche specific information would lead to a process 

orientated division of avalanche regions. They also suggest that the regions should be 

termed avalanche winter regimes instead of snow climates to emphasize the importance 

of other factors associated with avalanche hazard. Fitzharris (1987) made a similar 

conclusion stating that sequences of weather events, as opposed to frequency of weather 

types, was more important when assessing the avalanche hazard.  
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1.8 Avalanche forecasting  

Avalanche forecasting programs are set up to protect transportation corridors, ski resorts, 

backcountry recreational areas, and some industrial operations such as mining and 

forestry. Davis (1998) suggested that an avalanche forecaster is always trying to answer 

three questions: 

1) Which terrain could produce an avalanche? 

2) What is the probability of an avalanche occurring? 

3) What are the likely consequences of those avalanches? 

How these questions are answered can be a very complicated process that, for the most 

part, involves inductive reasoning supported by deterministic treatment of snow and 

weather data (LaChapelle, 1980) at various scales. Avalanche forecasting is a continual 

process where current avalanche, weather and snowpack observations are integrated with 

past observations to make current snow stability assessments. Snow stability is the 

probability of an avalanche not occurring. This information is then merged with 

forecasted weather to predict snow stability into the future.  

McClung and Schaerer (2006, p. 166) separate observations into three classes for the 

purpose of avalanche forecasting. According to the classification system, the higher the 

class number the more uncertainty is associated with the observations and more 

interpretation is required to forecast avalanche activity. 

Class I: Instability factors 

This class of information provides direct evidence of how an applied force and weak 
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layers interact. Examples of Class I data include current avalanches, cracking or 

collapsing of the slab, and loading tests. Loading tests include ski testing small slopes 

to intentionally start an avalanche, using explosives to initiate avalanches, and 

isolating a column of snow, usually on the order of one of 0.1 to 2 square meters in 

plan view, and dynamically loading the weak layer (McClung and Schaerer, 2006, p. 

167). 

Class II: Snowpack factors 

Class II information is sought from within the snowpack. This class of information is 

very relevant but is not as directly applicable to current instability as Class I factors. 

Class II data includes snowpack depth, past avalanche activity, snowpack structure 

including: layer hardness, grain type and size, moisture content, density, and 

temperature (McClung and Schaerer, 2006, p. 168). The Canadian Avalanche 

Association (CAA) Observation Guidelines and Recording Standards for Weather, 

Snowpack, and Avalanches (CAA, 2007) describes the accepted techniques to collect 

Class II data.  

Because much of Class II data is ‘point data’, it requires experience and skill to 

extrapolate the data to larger scales such as a slope, drainage or mountain range due 

to spatial variability of these properties. Temporal variations of Class II factors are an 

important part of extrapolating snow stability into the future. 

Class III: Meteorological factors 

This class of observations provides indirect evidence about current and future 
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snowpack stability. Class III data includes new snow amounts and rate, wind velocity, 

air temperature, incoming short wave radiation, humidity, cloud cover, and freezing 

level. Empirical relationships have been developed that correlate the presence, 

loading, and strength of weak layers. With the aid of meteorological forecasts into the 

future, this class of data allows stability to be forecast into the future. 

A fourth class, Class IV, has been proposed by Birkeland (1997, p. 16) to include terrain 

as a class of information. He, and many experienced avalanche professionals, note that 

without terrain favorable for avalanches, avalanches will not occur. This class would 

include aspect, slope angle, elevation, vegetation regime (i.e. below treeline (BTL), 

treeline (TL), or above treeline (ALP)), vegetation density and type, and slope shape (i.e. 

cross slope and slope parallel curvature). 

Conventional avalanche forecasting uses past avalanche activity, weather and snowpack 

observations and test data to forecast stability by aspect and elevation. How the various 

classes of information are combined and how much weight is given to each will depend 

on personal experiences of the avalanche forecaster. Experienced forecasters do not agree 

which variables are important, but all are still able to make good forecasts (LaChapelle, 

1980). This is likely because much of the data are redundant (LaChapelle, 1980), e.g. a 

drop in barometric pressure, increased cloud cover, and snowfall or low scores from 

numerous snowpack tests. To help eliminate knowledge gaps and help formulate a clear 

understanding of current and future snow stability, an avalanche forecaster will often use 

a form, which helps to organize important data (see Appendix A for an example). Having 

experienced similar snowpack and weather conditions and familiarity with terrain are 
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important for accurate avalanche forecasting. 

Often, the goal of an avalanche forecast is to determine current and future avalanche risk, 

i.e. the interaction of something of value (e.g. road, human life, and buildings) and an 

avalanche. Therefore, avalanche characteristics (e.g. size and slab dimensions) and the 

thing at risk are important in to determine the avalanche forecast. A highway avalanche 

forecasting program is most concerned with avalanches large enough to reach the road, 

often located in the runout zone, and recreational and guided backcountry avalanche 

forecasts are most concerned with the interaction of an avalanche and a human. 

Avalanche forecasting operations often have an acceptable risk that guide an avalanche 

forecaster to make decisions based on their avalanche forecast, e.g. whether to close a 

highway or leave it open or to ski a certain slope with guests or not. 

Computers often assist in the avalanche forecasting process. Graphical summarization of 

historical weather data is often the simplest example (Jamieson, 2009). More complex 

models have been developed, but are not common, for areas that have long records of 

avalanche and weather data. These usually involve some method of discriminating days 

with, from days without avalanches, or another similar categorical discrimination. Best 

known of these models is Nearest Neighbors (e.g. Buser, 1983). The Nearest Neighbors 

model finds n number of days in the historical records with similar conditions to the 

current day and then computes the probability of an avalanche occurring based on the 

percentage of the n days that had an avalanche. 
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1.9 Previous studies on deep slab avalanche 

Bradley and Bowles (1967) and Bradley (1970) studied the strength-load ratio of basal 

weaknesses (e.g. FC or DH) in the Bridger Range of Montana, US. Their study defined 

deep slab avalanches as full depth avalanches releasing the entire snowpack as a result of 

sudden failure of the basal snow layer. They found that when the weight of the overlying 

slab was twice the penetration strength of the failure layer full depth avalanches were 

likely. 

After a particularly difficult winter in 1996-97 with many large avalanches releasing on a 

particular weak layer, Jamieson et al. (2001) performed an analysis of the formation and 

resulting avalanche activity on that layer. A rain event in mid-November 1996 formed a 

wet layer of snow on the surface of the snowpack. Immediately following the rain event 

the air temperature dropped and dry snow fell onto the moist snow surface. As the moist 

layer froze a 6 cm layer of FC formed above the MF crust. Jamieson et al. (2001) 

analyzed deep slab avalanches that occur with a FC failure layer above this specific MF 

crust. During the winters of 1996-97 more than 700 dry and mostly natural deep slab 

avalanches were reported in the North Columbia Mountains that failed on that layer. 

Colbeck and Jamieson (2001) have shown how the temperature gradient can be 

concentrated near the wet dry interface to form FC. The last reported avalanche on this 

weak layer was 19 March 1997. By correlating the maximum size of avalanche and an 

index derived to represent the amount and size of avalanche activity on the weak layer 

with potential predictors, they found that days with deep slab avalanches correlated 

moderately with several predictor variables. These variables included previous avalanche 
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activity over the previous two to three days, accumulated snowfall over periods of three 

or more days, increased air temperature over four days, the presence of a marked 

hardness difference between FC and MF crust, and low values of a particular index of 

strength.  

Comey and McCollister (2008) analyzed a database from Bridger-Teton National Forest, 

US, with over 18 000 avalanche events. Eight hundred avalanches, with a crown depth of 

more than 1.18 m, defined as deep slab avalanches. By comparing the relative number of 

occurrences between different types of avalanches they found that deep slab avalanches 

tended to be larger, had a more cohesive slab, and occurred more frequently in December 

and January. Their analysis however lacked any tests of statistical significance. 

Savage (2006) presented an analysis of deep slab avalanche activity on the south face of 

Lone Mountain, Montana, US. Seventy four avalanche events were singled out as being 

deep slab avalanches based on the crown depth of more than 1.2 m. By analyzing the 

weather that preceded these deep slab avalanche events he found that multi-day 

precipitation and strong prevailing winds were important predicting factors. Total 

snowfall amounts over three to five days appeared to correlate better to deep slab 

avalanche activity than 12 – 36 hour amounts. Substantial wind loading into the start 

zone usually occurred at some point in the previous five days. He also found that every 

avalanche in the data set had either a crust or a hard ice layer as the bed surface. Savage 

(2006) reported that FC were often found above the crust but not DH. 

Each of these previous studies had their own definition of what a deep slab avalanche is. 

They were defined in a way that fit a regional problem. Jamieson et al. (2001) used a 
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particularly persistent weak layer that released many avalanches with unusually thick 

slabs. Bradley and Bowles (1967) and Bradley (1970) defined deep slab avalanches as 

full depth avalanches on a thick basal weakness of FC or DH due to the frequent 

development of this type of weakness in the Rocky Mountains of Montana, US, where 

they performed their research. Savage (2006) and Comey and McCollister (2008) chose 

to define deep slab avalanches based on an arbitrary depth they felt was sufficient to meet 

their expectations of what a deep slab avalanche is. The Canadian Avalanche Centre 

(CAC) defines persistent deep slab avalanches (Klassen, 2010). The CAC however does 

not provide any quantitative values, only qualitative descriptions; mainly that the failure 

layer is deeply buried, typically on or near the ground and the sensitivity to avalanche 

initiation fluctuates from benign to very sensitive. In Chapter 2 of this thesis a unifying 

definition of deep slab avalanches was developed that incorporates parts of all of these 

definitions. 

1.10 Thesis overview and objectives 

All avalanche forecasting programs, including those intended to protect the public in the 

backcountry, along transportation corridors and at ski areas, are occasionally challenged 

by unexpected deep slab avalanches. Inductive reasoning, used by avalanche forecasters, 

works well under most avalanche forecasting situations. However, when confronted with 

rare avalanches, such as deep slab avalanches, they are not as useful. When the 

complexity and consequences of decisions are increased, as is the case when forecasting 

for such rare events, these skills can be far less effective (Spiegelhalter, 2010).  

The objectives of this thesis are: 
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 Develop a definition for deep slab avalanches that is sensitive to regional 

variations of snow and climate. 

o  Determine avalanche characteristics that differ between deep slab 

avalanches and more common avalanches 

 Develop data based support for inductive forecasting of deep slab avalanches by 

investigating: 

o Antecedent (preceding) weather of deep slab avalanches 

o Snowpack characteristics and snowpack test results associated with deep 

slab avalanches. 

Chapter 2 of this thesis looks at a database of avalanches maintained by the CAA to 

develop a definition of deep slab avalanches and explore the differences in characteristics 

between deep slab avalanches and other avalanches. Chapter 3 utilizes the database of the 

British Columbia Ministry of Transportation and Infrastructure (BCMoTI) Avalanche and 

Weather Programs to investigate antecedent weather for days with deep slab avalanches. 

The antecedent weather on days with deep slab avalanches were compared to the 

antecedent weather on days without deep slab avalanches to see which predictor variables 

may be appropriate for deep slab avalanche prediction. Chapter 4 looks at the results of 

field visits to 27 recent deep slab avalanches. I visited Thirteen of the 27 avalanches in 

the 2009-10 and 2010-11 winter to support this thesis. Snowpack characteristics and 

results from stability tests are analyzed to better improve forecasting of deep slab 

avalanches. Chapter 5 offers a summary of conclusions made in this thesis and 

recommendations for further research.  
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2.0 CHARACTERISTICS OF DEEP SLAB AVALANCHES IN SOUTHWESTERN 

CANADA 

2.1 Introduction 

Deep slab avalanches are a unique and difficult-to-forecast natural hazard. Little effort 

has been applied to their study, especially in the mountainous regions of southwestern 

Canada. In this Chapter over ten thousand dry slab avalanches from a Canadian database 

were analysed to quantitatively define deep slab avalanches on a regional scale. This 

definition is then used to explore the characteristics of deep slab avalanches and 

compared them to other non-deep slab avalanches.  

Previous research on mountain climate and characteristics of deep slab avalanches are 

presented in Section 2.2. Data sources and their collection bias are discussed in Section 

2.3. The methodology for defining deep slab avalanches is discussed in Section 2.4. Also 

discussed in this Section are the characteristics used for comparison between deep slab 

avalanches and non-deep slab avalanches and data handling methods. The quantitative 

values for the definition of deep slab avalanches are presented in Section 2.5 as are the 

results from the comparison. A discussion of the results is presented in Section 2.6. 

Concluding remarks are presented in Section 2.7. 

2.2 Previous research 

Recent research indicates that slab properties such as stiffness and thickness are 

positively correlated with failure layer fracture propagation (van Herwijnen and 

Jamieson, 2007b). The release of deep slab avalanches by light triggers, e.g. humans, is 
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likely to be less frequent than for larger triggers, e.g. Explosives, due to an exponential 

decrease of localized dynamic shear stress with depth (Schweizer, 1997). Most difficult-

to-forecast deep slab avalanches involve a failure layer that has been subjected to large 

overburden pressures for extended periods of time suggesting that the failure layer would 

have great strength (Brown et al., 2001). This suggests that triggers to initiate deep slab 

avalanches would have to be large but studies have found that deep slab avalanches can 

release with relatively little snowfall amounts in the previous 24 hours (Jamieson et al., 

2001). The aim of this study was to analyze an extensive database of avalanche 

occurrences in southwestern Canada to better understand characteristics of deep slab 

avalanches and determine differences from more typical avalanches. This analysis has 

been done at a regional scale to account for known regional influences on avalanche 

characteristics (e.g. LaChapelle, 1966; Armstrong and Armstrong, 1987). 

Previous studies that have investigated the characteristics of deep slab avalanches have 

been performed in specific regions mainly focusing on the transitional (Jamieson et al., 

2001; Savage, 2006; Comey and McCollister, 2008), and continental snow climates 

(Bradley and Bowles, 1967) focused mainly on in the western United States. These 

studies suggest that deep slab avalanches are larger both in terms of slab dimensions as 

well as in terms of relative size compared to the path (Comey and McCollister, 2008) and 

that occurrence of the deep slab avalanches correlate better with trends in weather over 

several days as opposed to the previous 24 hours (Jamieson et al., 2001; Savage, 2006). 

These earlier studies each have its own definition for deep slab avalanches making 

comparisons between studies difficult.  
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The Canadian Avalanche Centre (CAC) defines a “persistent deep slab avalanche” as a 

deeply buried hard slab avalanche that often fails on or near the ground (Klassen et al., 

2010). While this definition is very effective at communicating the essence of a difficult 

to forecast deep slab avalanche, a quantitative definition is needed for a study of 

historical data. This study uses a definition of deep slab avalanches inspired by that of the 

CAA for persistent deep slab avalanches based on the age and depth of the failure layer. 

Many studies have investigated the different climates of the various mountainous regions 

in western North America (e.g. Armstrong and Armstrong, 1987; Johnson, 2000) as well 

as avalanche climates (Haegeli and McClung, 2007). These studies generally divide the 

mountainous regions into three categories, Coastal, Inter-Mountain or Transitional and 

Continental. In southwestern Canada these regions translate to the Coast, Columbia and 

Rocky Mountain ranges (Figure 2.1). The Coast Mountain ranges are characterized by 

relatively warm temperatures, large amounts of precipitation and frequent midwinter 

rainfall events. The Colombia Mountain ranges are characterized by periods of intense 

snowfall with intermittent periods of cold clear weather brought about by high pressure 

arctic outbreaks. Winter temperatures are generally mild; however, they are colder than 

the Coastal Mountains. The Rocky Mountain range is characterized by less precipitation, 

long periods of cold clear conditions and a relatively thin snowpack. 

This study investigates a large database of avalanche occurrences collected in 

southwestern Canada. The goal is to determine the physical characteristics of deep slab 

avalanches and compare various slab, start zone and failure layer characteristics with 

other avalanches.  
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Figure 2.1: Study area and boundaries (dashed line) separating the four mountain 

regions used in this study. 

2.3 Data 

2.3.1 Avalanche occurrence and characteristic data 

Data for this study was provided by the Canadian Avalanche Association (CAA). They 

maintain a database of daily avalanche occurrences submitted by avalanche industry 

professionals. This database is known as the Information Exchange (InfoEx), which was 

developed as a means for avalanche safety operations for sharing observations from the 

previous day. A dataset of this type offers a unique chance to analyze avalanche events 
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spanning many years. Contributors to the InfoEx include mechanized and non-

mechanized back-country skiing operations, national and provincial parks, highways 

programs, ski resorts and natural resource companies.  

The data used in this study were provided in two databases. The first covers the 1991-92 

to 2001-02 winter seasons. Gruber et al. (2004) wrote a parsing code to tabulate this data 

from daily InfoEx text reports. Starting in the 2004-05 winter season the CAA introduced 

an online reporting format that allowed subscribers to report avalanche observations 

online and the data was stored digitally in a tabular format. The second database covers 

the 2004-05 to the 2009-10 winter seasons. Data for the 2002-03 and 2003-04 seasons 

were not readily available and not included in this study. 

Both databases have a similar structure. Daily observations from the months of October 

to April were tabulated to present avalanche and start zone characteristics such as: 

observation date, occurrence date, failure layer burial date, number of avalanches, trigger, 

start zone aspect (from-to), avalanche size (min-max) (CAA, 2007), start zone elevation 

(min-max), start zone slope angle (min-max), crown width (min-max), run length(min-

max), crown thickness (min-max), a primary failure layer grain form, a secondary failure 

layer grain form, and unique to the second database, bed surface level (i.e. storm snow, 

old snow, and ground) and bed surface grain form.  

2.3.2 Quality of the InfoEx data 

Several inherent shortfalls of an operational avalanche dataset tend to skew the data. 

Environmental factors such as poor visibility and large operational tenures prevent a 
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complete dataset from being collected (Gruber et al., 2004). This means that only a 

sample of the avalanches were recorded and often during the peak activity of an 

avalanche cycle the more remote areas of a tenure were not visited. Different operations 

have different goals and observational capabilities which lead to biases in the reported 

data. Mechanized ski operations cover large areas, varied terrain, and deal with an 

undisturbed snowpack. Certain areas of their tenure may be without observations for 

several weeks. In contrast, highway operations generally focus on areas directly 

threatening the road (Haegeli and McClung, 2004) and make observations several times a 

day from the first snowfall of the season until the avalanche hazard is gone. The frequent 

use of explosives for avalanche control often results in a disturbed snowpack. Finally, the 

operating season for the majority of the participating operations was between the months 

of December and late March. The effect of this was poor early and late season data 

coverage. 

An increase in the number of observations per season restricts a comparison of number of 

avalanches per season. The number of observations by season are shown in Figure 2.2. 

The three year moving-average increases with time. This was likely due to the increased 

use and familiarity of the InfoEx service as it became established within the Canadian 

avalanche community. A sharp increase in the number of avalanche observations can be 

seen since the implementation of the online reporting starting in the 2004-05 season.  

Variations in the way in which avalanche information can be described in paragraph form 

necessitated the parsing code written by Gruber et al. (2004), which occasionally 

extracted incorrect data from the text reports. This was most often the case when more 
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than one failure layer was active at any given time. Obvious errors were corrected or 

eliminated from the data. 

 

Figure 2.2: Avalanche observations by year. Bars represent the regional number of 

reported avalanche records. One avalanche record may represent one or multiple 

avalanche events. The three year moving-average for each region is plotted as a line. 

Many of the data in the InfoEx data base were estimated and not measured. While for 

some variables this does not affect the observation (e.g. avalanche size), the majority of 

the observations it will have a large effect on the accuracy of the measurements. While no 

study of these errors has been conducted, an educated guess has been made for this 

analysis. Table 2.1 shows the assumed errors for quantitative characteristics. The crown 

thickness was assumed to be within 20 cm of the actual thickness when estimated; 

however, it was likely often underestimated (Jamieson, personal communication, May 

2010). The failure layer grain type was likely predicted correctly when estimated due to 
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the intimate familiarity that reporting avalanche professionals have with current 

conditions and physical characteristics of avalanches. The reported occurrence date was 

assumed correct even when an offset (e.g. 36 hours) has been estimated.  

Table 2.1: Typical errors assumed to be associated with estimated characteristics of 

reported avalanche observations. 

Characteristic Reporting 
error 

Avalanche size   ± 0 
Elevation (m)   ± 100 
Slope angle (degrees)   ± 3 
Slab width (m)   ± 20% 
Run length (m)   ± 20% 
Slab thickness (cm)   ± 20 

 

2.3.3 Precipitation data 

Daily precipitation data have been analyzed to see if any qualitative correlations could be 

seen between deep slab avalanche occurrences and precipitation amounts. One weather 

station has been selected from each mountain region for this analysis. Stations were 

selected that had a sufficiently long record and considered representative of snow climate 

in each mountain region. 

The Bow Summit meteorological station (elev. 2000 m) located beside Hwy. 93 between 

Lake Louise and Saskatchewan River Crossing represents the Rocky Mountain range. 

This Station was installed in 1991 and has been running for 20 years. Hourly total 

precipitation values, accurate to 1 mm, were provided for this station by the Alberta 
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Ministry of Environment. 

The Mt. Fidelity meteorological station (elev. 1905 m, a.s.l.) located on Mt. Fidelity in 

Glacier National Park represents the Columbia Mountain ranges. This station has been 

used extensively for avalanche research (e.g. Jamieson et al., 2001; Haegeli et al., 2004) 

in the Columbia Mountains. Daily precipitation data from 1976 to 2007 have been 

provided by the weather office of Environment Canada in the form of daily snowfall 

amounts and daily rainfall amounts (Environment Canada, 2011a). 

The Whistler Roundhouse meteorological station (elev. 1850 m) located on Whistler 

Mountain above the town site of Whistler has been selected to represent the Coast 

Mountain ranges. Daily precipitation data from 1976 to 2010 have been provided by the 

weather office of Environment Canada in the form of daily snowfall amounts and daily 

rainfall amounts (Environment Canada, 2011a). 

2.4 Methods 

2.4.1 Selection of appropriate data for study 

Of the original 45 718 avalanche records contained in the two databases, each represents 

one or more avalanches. Only records representing dry slab avalanches which were 

reported to involve a persistent failure layer (McClung and Schaerer, 2006), have a 

reported crown height and failure layer burial date have been selected for this study. Dry 

slab avalanches are different than wet slab avalanches in terms of motion and slab 

properties (McClung and Schaerer, 2006) and are likely to have a dependence on the start 

zone elevation as well as time of year. Dry slab avalanche are much more common during 
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the peak reporting period of the InfoEx (late Dec. to late Mar.) and typically cause greater 

impact forces due to higher velocities (Mears, 1992). For an avalanche record to be 

included in the analysis the failure layer needs to be a persistent grain form. This was due 

to the well documented ability for persistent grain forms to exist for long periods of time 

within the snowpack (e.g. Jamieson, 2005; McClung and Schaerer, 2006). The resulting 

data has 6 252 avalanche records, representing 13 751 avalanches. 

The data were divided into four Mountain regions: Coast Mountain ranges (CMR), North 

Columbia Mountain ranges (NCMR), South Columbia Mountain ranges (SCMR) and the 

Rocky Mountain ranges (RMR). Figure 2.1 shows the location of these four regions. 

2.4.2 Definition of a deep slab avalanche 

This analysis defines deep slab avalanches in a way that aims to be in line with the 

Canadian Avalanche Centre’s (CAC) definition of persistent deep slab avalanches.  

“Persistent deep slab avalanches are caused by a thick and hard cohesive slab of snow 

losing its bond to an underlying weak layer that is very deeply buried in the snowpack, 

often on or near the ground. They are highly unpredictable and destructive; essentially 

not survivable. It’s common for persistent deep slab avalanches to become dormant for 

extended periods of time then “wake-up” again, weeks or sometimes months later ... 

When active, they often occur without warning or with light triggers. In dormant phases, 

they may require heavy triggers.” CAC (2010) 

To accomplish this, deep slab avalanches were viewed as extreme events. Extreme events 

are generally found at the tails of distributions (Bier et al., 2004), which was a useful 
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concept to apply to a large quantitative dataset such as the InfoEx. The concept of 

selecting extreme events based on a non-exceedance probability has been practice for 

years in the environmental and engineering sciences (e.g. design events of the 1:100 year 

flood, or the 1:300 year avalanche). The most common non-exceedance probability used 

to define extreme events in meteorological studies is 90% (IPPC, 2007), but the selection 

of a probability is arbitrary and is often done so to best suit the needs of a particular study 

(Zhu and Toth, 2001).  

To be considered a deep slab avalanche the failure layer must have been buried for at 

least three weeks. This eliminates avalanches that have a thick slab and fragile failure 

layer that is relatively weak and more predictable behaviour.  

The 80th percentile of crown thickness for all avalanches has been chosen to define a deep 

slab avalanche on a regional scale for two reasons. In all regions there were at least 30 

avalanche records that meet these criteria ensuring a diverse sample. Using this non-

exceedance value, with the three week old failure layer criterion, close to 10% of the total 

number of avalanches were selected as deep slab avalanches in each region except for in 

the Rocky Mountain region (Table 2.2). Since these avalanches are not just defined by 

slab thickness but also by failure layer age they are called ‘old deep slab avalanches’. 

Because much of the outcome of this study was dependent on the non-exceedance 

probability chosen. A sensitivity analysis has been performed varying the non-exceedance 

probability for avalanche slab thickness form the 70th to 95th percentile. 

 



33 

 

Table 2.2: The average slab thickness used to define old deep slab avalanches (Q80) for 

each region. The number of avalanche observation records and the corresponding 

number of avalanches are represented as a percentage of the regional observations data 

et. The 70th percentile to 95th percentile of average slab thickness is also presented. Obs. 

records: observation, Ava.: avalanche, CMR: Coast Mountain region, NCMR: North 

Columbia Mountain region, SCMR: South Columbia Mountain region, RMR: Rocky 

Mountain region. 

  

CMR NCMR SCMR RMR 
thick 
(cm) Obs Ava thick 

(cm) Obs Ava thick 
(cm) Obs Ava thick 

(cm) Obs Ava 

Q70 75 13% 18% 60 15% 11% 60 14% 12% 60 24% 22% 

Q75 80 12% 17% 70 14% 9% 65 13% 10% 70 19% 18% 

Q80 100 8% 12% 75 12% 9% 75 11% 8% 75 16% 17% 

Q85 110 7% 10% 85 10% 7% 83 9% 7% 99 12% 11% 

Q90 125 5% 6% 100 10% 6% 100 8% 6% 110 7% 8% 

Q95 150 4% 4% 130 4% 3% 130 4% 3% 150 5% 4% 

ALL   400 811   2908 6802   2301 4781   643 1357 

 

Table 2.2 shows the various average slab thicknesses associated with each non-

exceedance probability in each region as well as the percentage of avalanche events 

defined as old deep slab avalanche as that exceeded the value. To help visualize which 

avalanches were the focus of this study a scatter plot of failure layer age vs. average slab 

thickness for each avalanche occurrence is shown in Figure 2.3. For simplicity only the 

80th percentile of slab thickness is shown using data combined from all regions and 

plotted as a vertical line (x=75). The plot is divided into 4 quadrants, A, B, C and D. The 



34 

 

vast majority of the avalanche events were in quadrant A, about 70%. Forecasters are 

familiar with these avalanches. The slab thickness is relatively shallow and the failure 

layer is still young and fragile. Quadrant C is the focus of this study: old failure layers 

with thick slab avalanches. This quadrant represents about 10% of the avalanches. 

 

Figure 2.3: Failure layer age vs. average slab thickness for all avalanches events 

included in this study. X= 75 represents the 80th percentile of slab thickness calculated 

using all avalanches events from all four regions. Y = 21 is the separation of avalanche 

involving a failure layer 21 days old or older from avalanches with a failure layer less 

than 21 days old. CMR: Coast Mountain region; NCMR: North Columbia Mountain 

region; SC: South Columbia Mountain region; RMR: Rocky Mountain region. 
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2.4.3Failure layer age 

The failure layer age has been calculated simply by computing the number of days 

between the failure layer burial date and the release of the slab avalanche. This is very 

simple for all persistent forms except depth hoar, which is a common failure layer form in 

a Continental snow climate (Bradley and Bowles, 1967). The Continental snow climate is 

known for having a snowpack with a weak basal layer of depth hoar or large faceted 

snow grains (Bradley and Bowles, 1967), which form in the presence of a strong 

temperature gradient (Akitaya, 1974) that is present for much of the winter (Armstrong 

and Armstrong, 1987). Unfortunately basal failure layers were rarely assigned a burial 

date and these potentially important avalanches cannot be included in the analysis 

without one. For this reason, avalanche observations in the Rocky Mountains that were 

reported to have failed on the ground and do not have a failure layer date were assigned a 

burial date of December 10th and the failure layer was assumed to be depth hoar. 

2.4.4Avalanche Characteristics  

The source database allows for multiple avalanches per record and avalanche 

characteristics to be reported with a range of values for certain variables (i.e. maximum 

and minimum) for variables such as crown height, elevation, etc. Where a maximum and 

minimum were reported, an average of the two was used for all the avalanches in the 

record. If only one value was reported as the “minimum”, it was taken to be the average. 

2.4.5Expansion of avalanche records 

As mentioned each record represents either one or more avalanches. Where the number 
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was reported this was taken literally. When the number of avalanches was reported as 

“isolated”, “few”, “several” or “numerous” they were translate into 1, 3, 5, and 10 

respectively. 

2.4.6 Handling of Precipitation data 

Later in this Chapter, monthly precipitation, max storm precipitation and max storm 

length are presented along with monthly avalanche occurrences. For all regions if a daily 

precipitation record was missing but both the previous and following days showed 

measurable precipitation amounts then precipitation on the missing day was calculated to 

be the average of the precipitation on the previous and following days. If one or more 

days of precipitation data was missing then the total months precipitation was not 

reported. A storm was considered to start on the first day with measurable precipitation 

after a period of one or more days with no measurable precipitation and includes all 

consecutive days with measurable precipitation. A storm was associated with the month 

in which it began. 

Precipitation data from the Rocky Mountain region were reported hourly. The data were 

condensed to daily records by summing all hourly data in a calendar day. If more than 

four hours were missing from a single day then that day was not used. 

In the Columbia and Coast Mountain region a “ten-to-one” rule was used when summing 

total precipitation. This method convert’s snowfall data, reported in cm, into a snow 

water equivalent (measured in mm) by dividing each record by 10 so that it can be 

summed with the rainfall data. This rule assumes that new snow has a density of 100 kg 
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m-3. This was a very rough estimate and new snow densities are known to very regionally 

(Armstrong and Armstrong, 1987). The Coast Mountain region will likely on average 

have more dense new snow then the Columbia Mountain region which will in turn on 

average have more dense new snow then the Rocky Mountain region. However this is a 

common practice at most Environment Canada meteorological stations (Environment 

Canada, 2011b) and was assumed for this analysis. 

2.4.7 Method of comparison 

The Mann-Whitney U test was used to determine significant differences between two 

groups of the same variable. It is a nonparametric (independent of distribution) measure 

that uses ranks in place of original values. It can be used for non-normal and ordinal data. 

If it is assumed that the two groups have similar distributions, it can be thought of as a 

test of medians (Sprent and Smeeton, 2007). A difference was considered significant 

when the p value was less than 0.05. 

2.5 Results 

In all four mountain regions, the avalanche size, width, length, slab thickness (average 

crown height) and age in the old deep slab subsets were significantly larger than in the 

original datasets for all reported avalanches (Table 2.3). The Mann-Whitney U test was 

performed for each pair of regions for the characteristic shown in Table 2.3 and the p. 

value associated with each test is shown in Table 2.4. By combining the results of Tables 

2.3 and 2.4 several inferences can be made. Two findings were that old deep slab 

avalanches in the CMR tend to occur on less steep slopes and have larger slab thickness 
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compared to the other regions and the RMR old deep slab avalanches tend to involve 

failure layers that were older than the other mountain ranges. These results are discussed 

further in the following Sections. 

2.5.1 Slab thickness 

Table 2.2 shows the 70th through 95th percentile of slab thickness based avalanche 

observations from each mountain region. Also shown in this table are the number of 

avalanche records and the corresponding percentage of avalanches when each of the 

probabilities was used as the non-exceedance probability, as well the total number of 

records and avalanches for each region. The datasets were sufficiently large that when the 

70th through 95th percentiles were used as non-exceedance probabilities more than 30 

records were observed for each region except for Q95 in the CMR. The CMR by far has 

the fewest number of reported avalanche records. The avalanche-to-record ratio ranges 

from 1.5 to 3 indicating a good distribution of data and the percentiles were not 

dominated by one or two records with numerous avalanches.  

The 70th through 95th percentiles of slab thickness increase steadily from about 60-75 cm 

at the 70th percentile to 130-150 cm at the 95th percentile in each region. The CMR slab 

thicknesses were consistently deeper than the other ranges.  

Using the Mann-Whitney U test, old deep slab avalanche average slab thickness in the 

CMR were significantly thicker (i.e. p < 0.05) than each of the other three regions (Table 

2.4). The other mountain regions were not significantly different from each other. 
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2.5.2 Age 

Comparing the failure layer age for each mountain regions suggests that the RMR has old 

deep slab avalanches with significantly older failure layers with the median age being 39 

days (Table 2.3). While only 5 days separates the medians of the RMR from the next 

closest mountains regions (i.e. NCMR and SCMR), 48 days separates the 3rd quartiles, a 

difference of over a month. The coefficient of skewness for the RMR was 0.73 and 1.8, 

2.5 and 2.3 for the NCMR, SCMR, and CMR respectively. This suggests that the data in 

the RMR were much more evenly distributed in the top 50th percentile than the other 

ranges which were more heavily skewed. The NCMR, and SCMR do not show 

significantly different failure layer ages. The CMR have the youngest slab avalanche 

failure layers with a median age of 28 days. All other ranges were significantly older.  

Because a December 10th failure date was assigned for some avalanches in the RMR a 

query of the RMR avalanche dataset revealed that 17.5% of all the avalanche 

observations were on a December 10th failure layer, whereas 38% of the old deep slab 

subset observations were reported with this date. 

2.5.3 Slope angle 

The interquartile ranges for the average slope angle were all between 33 and 43 degrees 

(Table 2.3). The old deep slab subsets in the RMR and CMR show no significant 

difference to the complete datasets from those regions. The NCMR and SCMR were 

significantly steeper than the complete datasets with a median difference of 2 and 3 

degrees respectively.  
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When the old deep slab subsets from each range were compared, significant differences 

exist. Median differences were small, two to three degrees. Old deep slab avalanches 

from the CMR release on slopes that were significantly less steep then other regions. 

2.5.4 Size 

In all four mountain regions the size of old deep slab avalanches were significantly larger 

than the respective complete regional datasets. In the NCMR and SCMR the median 

difference was one full step suggesting that the median impact pressure (CAA, 2007) was 

roughly ten times greater for old deep slab avalanches in these regions. In the RMR and 

CMR the difference was one half step. 

When the old deep slab avalanches of regions were compared to one another (Table 2.4) 

it is seen that the avalanche size from the RMR was smaller than from the other regions. 

Avalanche sizes from the CMR, NCMR, and SCMR were similar. However, the Mann-

Whitney U test finds that the NCMR and SCMR differ significantly. 

A sensitivity analysis of the non-exceedance probability for slab thickness reveals that the 

size of the avalanche was not strongly linked to the average thickness of the slab (Figure 

2.4). Only when the non-exceedance probability was increased to the 95th percentile was 

there any increase in the median size. 

 

 

 



41 

 

Table 2.3: Descriptive statistics for various avalanche characteristics and the Mann-

Whitney U test p-value from a comparison of the regional dataset and the 80th percentile 

old deep slab dataset. Bold values are significant (p < 0.05). Descriptive statistics 

presented are the number of avalanches N, minimum value Min., first quartile Q1, 

median Med, third Quartile Q3 and maximum value Max. CMR: Coast Mountain Region, 

NCMR: North Columbia Mountain Region, SCMR: South Columbia Mountain region, 

RMR: Rocky Mountain region.  

 

 

N Min Q1 Med Q3 Max N Min Q1 Med Q3 Max p

CMR 785 0.5 1.5 2 2.5 4 93 2 2 2.5 3 4 <0.01

NCMR 6625 0.5 1 1.5 2 5 568 1 2 2.5 3 5 <0.01

SCMR 4697 0.5 1 1.5 2 4 384 1 2 2.5 3 4 <0.01

RMR 1326 0.5 1 1.5 2 4 211 0.5 2 2 2.5 3.5 <0.01
CMR 668 400 1500 1800 2100 2700 66 1200 1700 1800 2150 2450 0.13

NCMR 6116 23 1700 1981 2200 3500 537 200 1900 2150 2300 2850 <0.01
SCMR 4242 17 1900 2100 2300 2900 356 1000 2000 2250 2450 2900 <0.01
RMR 1148 6 1900 2000 2350 3170 175 100 1900 2225 2500 3170 <0.01
CMR 669 12 33 35 38.5 55 63 20 35 35 40 45 0.75

NCMR 5475 10 35 35 40 70 480 20 35 38 40 70 <0.01
SCMR 3869 15 35 38 40 70 329 20 35 40 43 50 <0.01
RMR 1127 15 35 38 40 60 172 20 35 38 40 60 0.99
CMR 666 5 25 60 105 3500 81 30 100 150 210 3500 <0.01

NCMR 5655 5 20 45 100 4000 482 10 70 125 250 4000 <0.01
SCMR 3856 5 15 30 60 1500 355 6 40 100 200 1500 <0.01
RMR 1110 5 20 40 80 1500 192 15 75 100 202.5 500 <0.01
CMR 610 5 40 105 275 2500 63 80 225 300 505 2000 <0.01

NCMR 5335 3 40 98 250 2900 485 10 200 400 780 2900 <0.01
SCMR 3793 2 30 80 200 2500 344 2 150 300 600 2500 <0.01
RMR 1046 3 50 150 300 1700 178 3 200 300 500 1500 <0.01

CMR 811 5 30 53 80 300 94 100 110 125 150 250 <0.01

NCMR 6802 5 32.5 45 70 400 579 75 90 100 150 400 <0.01

SCMR 4781 5 30 40 65 300 397 75 90 110 150 300 <0.01

RMR 1357 5 25 40 70 400 229 75 80 100 145 400 <0.01

CMR 811 0 4 10 23 119 94 21 22 29 39 119 <0.01

NCMR 6802 0 5 8 15 130 579 21 25 34 45 130 <0.01

SCMR 4781 0 4 9 16 149 397 21 25 34 40 138 <0.01

RMR 1357 0 5 14 33 148 229 21 30 39 93 148 <0.01
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Table 2.4: Regional comparison of old deep slab avalanche characteristics. Shown are 

the p-values from the Mann-Whitney U test. Bold numbers show significant values (p < 

0.05). CMR: Coast Mountain Region, NCMR: North Columbia Mountain Region, SCMR: 

South Columbia Mountain region, RMR: Rocky Mountain region.  

 

2.5.5 Slab width and run length 

The average slab width and run length of the old deep slab avalanches were significantly 

larger than the complete datasets for each region. For each region the median difference 

in slab width for each region was about 150 m to 200 m and the median difference in run 

length was about 150 m to 300 m. 

The CMR old deep slab avalanches were significantly wider than the other mountain 

regions. The other regions were similar except for the NCMR being significantly 

different then the SCMR. 

CMR NCMR SCMR CMR NCMR SCMR CMR NCMR SCMR
NCMR 0.61 <0.01 <0.01
SCMR 0.07 <0.01 <0.01 <0.01 <0.01 0.07
RMR <0.01 <0.01 0.01 <0.01 <0.01 0.64 0.02 0.01 <0.01

CMR NCMR SCMR CMR NCMR SCMR CMR NCMR SCMR
NCMR <0.01 0.46 <0.01
SCMR <0.01 <0.01 0.38 <0.01 <0.01 0.71
RMR <0.01 0.06 0.2 0.49 <0.01 0.65 <0.01 0.23 0.24

CMR NCMR SCMR
NCMR <0.01
SCMR 0.01 0.39
RMR <0.01 <0.01 <0.01

Failure layer age (days)

Slab width (m) Run length (m) Ave. slab thickness (cm)

Avalanche Size Elevation (m) Slope angle (degrees)
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Figure 2.4: Avalanche size for all old deep slab datasets (i.e. old deep slab avalanches 

defined by the 70th through 95th percentile of slab thickness) and the entire dataset 

separated by region, the numbers below each box-plot represent the number of avalanche 

events represented. 

2.5.6 Aspect 

Aspects associated with the old deep slab avalanches were similar to those of the 

complete datasets in all regions. About 80% of old deep slab avalanches occur on NW 

through E aspects (Figure 2.5). A sensitivity analysis of the non-exceedance probability 

that defines old deep slab avalanches shows similar results at all non-exceedance 

probabilities. 
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2.5.7 Avalanche initiation 

Figure 2.6 shows the avalanche trigger for each region. It can be seen that for each region 

spontaneous natural triggers were more common for old deep slab avalanches than for the 

entire datasets; however, this was only marginally so for the RMR and SCMR. In all but 

the CMR explosive controlled avalanche were more common for old deep slab 

avalanches. In all regions skier-triggered avalanches were less likely to occur with old 

deep slab avalanches. In the SCMR the other category (i.e. helicopter, machine, vehicle, 

etc.) was a greater portion of the old deep slab avalanche triggers than in other regions. 

 

Figure 2.5: Start zone aspect for all old deep slab datasets (i.e. old deep slab avalanches 

defined by the 70th through 95th percentile of slab thickness) and the entire dataset 

separated by region, the numbers at the bottom of each bar represent the number of 

avalanche events represented. Aspects have been divided into the 8 cardinal co-ordinates. 
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Figure 2.6: Avalanche initiation for all old deep slab datasets (i.e. old deep slab 

avalanches defined by the 70th through 95th percentile of slab thickness) and the entire 

dataset separated by region. The numbers at the bottom of each bar represent the number 

of avalanche events represented. Types of initiation have been separated into four types, 

N: natural; S: skier; X: explosive; Other; helicopter, vehicle, machine. 

2.5.8 Failure layer and bed surface 

The percentage of old deep slab avalanches in which a particular persistent weak layer 

was recorded as the primary failure layer is shown in Figure 2.7. In all regions faceted 

snow layers were reported more frequently with old deep slab avalanches than with other 

avalanches and surface hoar layers were reported about less frequently by about 40%. 

Faceted snow grains were reported to be the primary failure layer for close to 80% of old 
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deep slab avalanches in the Coast Mountains and about 50% in the South Columbia 

Mountains. Surface hoar was more prevalent in the North and South Columbia 

Mountains, about 35% and 20% respectively, than in the Coast and Rocky Mountains. In 

all mountain ranges crusts were reported as a failure layer about the same amount of 

times for old deep slab avalanches as they were for all avalanches recorded in the dataset, 

10% to 20%. Depth hoar avalanches were commonly reported as the primary failure layer 

with old deep slab avalanches in the RMR, about 60%. Depth hoar was insignificant as a 

weak layer when the entire dataset of avalanche was examined for all regions. 

It can be seen in Figure 2.7 that as the non-exceedance probability for slab thickness 

increases faceted snow grains in the Coast, North and South Columbia, and Depth Hoar 

in the Rocky Mountains were more frequently the failure layer. The association rose by 

about 20% in all regions when the non-exceedance probability was increased from the 

70th to 95th percentile. Conversely, surface hoar layers were less likely as the non 

exceedance probability was increased in all regions.  

The percentage of old deep slab avalanches that involved a particular bed surface is 

shown in Figure 2.8. In the Coast, North and South Columbia Mountains regions the bed 

surface of old deep slab avalanches is about the same as the entire dataset. In the Rocky 

Mountains ground avalanches were more frequent and faceted and crust bed surfaces 

were less frequent with old deep slab avalanches. 

As the non-exceedance probability for slab thickness increases the change in bed surface 

type is not as marked as it is for the primary failure layer. 
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Figure 2.7: The failure layer reported at old deep slab avalanche (Q80), old deep slabs 

defined by the 70th through 95th percentile of slab thickness and the entire dataset 

separated by region. Represented is the number of times a particular failure layer was 

recorded as a percentage of the total number of times a failure layer was recorded in the 

region. The table contains the number of avalanche records a failure layer was recorded 

in each region. C: Coast Mountain region, NC: North Columbia Mountain region, SC: 

South Columbia Mountain region, R: Rocky Mountain region. 
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Figure 2.8: The bed surfaces reported at old deep slab avalanche (Q80), old deep slabs 

defined by the 70th through 95th percentile of slab thickness and the entire dataset 

separated by region. Represented is the number of times a particular bed surface was 

recorded as a percentage of the total number of times a bed surface was recorded in the 

region. The table contains the number of avalanche records a bed surface was recorded 

in each region. C: Coast Mountain region, NC: North Columbia Mountain region, SC: 

South Columbia Mountain region, R: Rocky Mountain region. 
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2.5.9 Timing of old deep slab occurrence 

A comparison of the percentage of avalanche occurrences by month is shown in Figure 

2.9. While some interesting regional trends can be seen in the distributions of all 

avalanches reported by regions, the most notable observation was the consistent January 

spike of old deep slab avalanches in the CMR, NCMR and SCMR and the increase in 

December and January for the RMR.  

2.5.10 Regional Precipitation 

The Columbia Mountains (Mt. Fidelity) and the Coast Mountains (Whistler Roundhouse) 

each have over 30 years of records. This allows for accurate climate normals to be 

calculated in accordance with the World Meteorological Organization (Environment 

Canada, 2011b). In the case of the Rocky Mountains, Bow Summit, the record period was 

about 20 years for each month. Environment Canada (2011b) performed an analysis of 

mean total monthly precipitation at 44 locations to see how weather stations with shorter 

records compared to 30 year records. They determined the 30 year record normally fell 

within 5% of the 20-year for monthly values (October through April). This suggests that a 

record with 20 years of observations was reasonably representative of the normal values 

for precipitation. 

The total monthly precipitation (snow water equivalent) in all three mountain regions was 

higher in the months of November through January than it was in the later months of 

February and March for all three regions as seen in Figure 2.10. The maximum storm 

precipitation amount from each month tends to decrease as the winter months progress 
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(Figure 2.10). The maximum storm length was generally unchanged throughout the 

winter months with only a slight decreasing trend after the month of January. 

 

 

Figure 2.9: Percentage of avalanche occurrences by month for all old deep slab datasets 

(i.e. old deep slab avalanches defined by the 70th through 95th percentile of slab 

thickness) and the entire dataset separated by region. Old deep slab avalanches are 

defined by the 80th percentile (black bars). All avalanches recorded in a region are shown 

by the red bars. 
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Figure 2.10: Precipitation analysis for three weather stations representing the Coast, 

Columbia and Rocky Mountain regions. The top row represents monthly precipitation, the 

middle row represents the maximum snowfall associated with one storm per month and 

the bottom row represents the maximum storm length associated with one storm for each 

month. The number of seasons represented is displayed below each box-plot. 
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2.6 Discussion 

2.6.1 Inter regional comparisons 

The characteristics of the old deep slab avalanche subsets for each region were found to 

be significantly larger in size when compared to the complete regional avalanche 

datasets. This is in agreement with previous work by Comey and McCollister (2008).  

The method for reporting start zone slope angle was not standardized until August of 

2009, consequently inconsistencies may be responsible for the increased slope angles 

reported with old deep slab avalanches. Old deep slab avalanches tend to propagate wider 

than other avalanches (Table 2.3, width) and terrain, including slope angle, can vary 

substantially in the start zone. The greater width of the crown indicates that much of the 

terrain in the start zone was involved, where more frequent avalanches with less width 

that would only involve localized areas of the start zone.  

2.6.2 Average slab thickness 

The old deep slab avalanches reported in the CMR tend to have thicker slab avalanches 

when compared to the other regions (p < 0.01); specifically the median of the slab 

thickness was found to be 15-25 cm thicker. The CMR receives frequent heavy 

precipitation events throughout the winter months (Armstrong and Armstrong, 1987). 

This would explain why the deepest slab avalanches occur in this region.  

2.6.3 Failure layer age 

It was not surprising that the RMR was found to be the region with the oldest failure 
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layer ages. It was possible this result was artificially arrived upon by manually assigning 

the failure layer date of December 10th to ground avalanches. However, the presence of 

more ground avalanches supports this decision. Of all of ground avalanches in the old 

deep slab subset 38% of them have a failure layer burial date of December 10 th. The 

artificial assignment of the date was felt to be justified due to the importance of inclusion 

of ground avalanches for the RMR. 

2.6.4 Failure layer grain form and bed surface 

For the complete dataset of all reported avalanches as well as for the old deep slab 

subsets, the RMR showed relatively more ground avalanches than the other regions. Even 

when all avalanches assigned with a December 10th failure layer date were removed 

from the RMR old deep slab subset, ground avalanches account for over 12% of the 

avalanches. All other regions report very few ground avalanches, which was likely due to 

the lack of failure layers of depth hoar near the ground.  

From Figure 2.7 it can be seen that the association of faceted snow grains with the old 

deep slab avalanche subsets was increased and the association of surface hoar snow 

grains was decreased when compared to the complete datasets from each region. While 

old deep slab subsets in the Columbia Mountain regions were obviously different from 

the entire datasets (i.e. association with faceted snow grains were more prevalent and 

surface hoar less) surface hoar snow grain still represent a large portion of the old deep 

slab failure layers, 24% in the SCMR and 36% in the NCMR. These findings are in 

agreement with those of Haegeli and McClung (2007) that the Columbia Mountains 

avalanche climate will often have several active surface hoar layers per season but the 
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CMR and RMR will see less surface hoar as the failure layer for slab avalanches. It was 

very interesting that the association with surface hoar decreases with the increase of the 

non-exceedance probability for slab thickness; however, facets become more common. 

This may be evidence that surface hoar tends to gain strength more readily when 

subjected to large overburden pressure where faceted snow grains may initially gain 

strength quickly but as overburden pressures increases strength will be gained more 

slowly.  

Haegeli and McClung (2007) found that a crust typically forms in the Coast Mountain 

region in early to mid-winter due to mild temperatures and rain events. These crusts are 

often associated with avalanche activity and evidence of this can be seen in Figure 2.7 It 

would also explain why they were as frequent with the entire dataset from this region as 

they were with old deep slab avalanche subset at all non-exceedance probabilities for slab 

thickness. It was, however, surprising to see the number of avalanches reported to involve 

a crusts in the RMR. Johnson (2000) reports an average of 0 mm of rain during for the 

RMR winter months (November - March), Mock and Birkeland (2000) report the same 

for the RMR of the United States but did not present data for the month of November. 

Nevertheless, it is suspected that when an early season rain or significant warming event 

forms a crust in the RMR it is important for subsequent releases of old deep slab 

avalanches. In the Columbia mountain regions, there was a modest increase in association 

with crusts for old deep slab avalanches. The overall association with crusts likely has to 

do with how stress is concentrated around hard stiff layers (Habermann et al., 2008).  
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2.6.5 Initiation 

All regions showed skier triggering as the most frequent form of initiation for the 

complete avalanche datasets and natural and explosive triggered avalanches as most 

frequent for the old deep slab subsets. Only in the Rocky Mountain region did explosive 

triggered avalanches outnumber natural avalanches in the old deep slab subsets. This was 

most likely because of the relatively shallow average maximum snow depth of 132 cm 

(Johnson, 2000), an annual basal weak layer and the frequent use of explosives to control 

avalanche hazards. The high percentage of old deep slab avalanches that were naturally 

occurring in all regions suggests that particular weather events or succession of weather 

events precede the initiation of old deep slab avalanches. Jamieson et al. (2001) 

documented a particular failure layer, crust and facet combination, during the winter 

season of 1996-97 which produced many old deep slab avalanches in the NCMR and 

SCMR. They found that snowfall accumulation over several days and changes in air 

temperature over 4-5 days were significantly correlated with avalanche activity. 

2.6.6 Start zone aspect 

In each region old deep slab avalanches follow similar trends compared to all avalanches 

reported, i.e. north and east aspects were more common than south and west aspects. This 

was likely due to the prevailing wind in southwestern Canada being from the west or 

southwest (Renner, 2005). The reduced direct solar radiation on north and east-facing 

slopes foster the growth and persistence of persistent failure layers such as surface hoar, 

depth hoar and facets.  
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2.6.7 Avalanche size 

In all but the CMR the difference in avalanche size between the entire dataset and the old 

deep slab subset was from one to two. This difference represents an order of magnitude 

increase in impact pressure, as well as a relatively harmless avalanche to an avalanche 

that could bury, injury or kill a human (McClung and Schaerer, 2007 ).  

2.6.8 Timing of old deep slab avalanches 

Old deep slab avalanches tended to occur most often in January for all regions except the 

Rocky Mountains where activity peaked in December. This was a distinct change from 

the trends shown by data representing the complete dataset of avalanches. Haegeli and 

McClung (2007) found that each of the four regions usually develop an early season 

failure layer of faceted snow grains that will produce avalanche activity. This January and 

December spike may be the result of an early season failure layer reaching a critical load. 

Once the peak has passed, the failure layer may gain strength due to densification and 

pressure sintering caused by the increased overburden pressures (Brown et al., 2001). 

The analysis of winter precipitation in the three snow climates of southwestern Canada 

show that the precipitation patterns in the early months were different than those of the 

later months and suggest that precipitation may be a key factor in the release of old deep 

slab avalanches. Each region shows a decrease in the amount of precipitation as the 

winter months progress. The same was true for the maximum amounts of precipitation 

per storm and the maximum length of a storm as well. In another study of winter climate 

in southwestern Canada with different meteorological sites, Johnson (2000) found that 
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average monthly precipitation peaked in December for the Rocky Mountains and in 

January for the Columbia Mountains.  

2.7 Conclusion 

By reviewing over ten thousand dry slab avalanches from the InfoEx database, a 

qualitative definition of old deep slab avalanches was introduced based on non-

exceedance probability of average slab thickness and the minimum age of the failure 

layer being three weeks. This analysis was done on a regional basis for the Coast 

Mountain range, North Columbia Mountain Range, South Columbia Mountain range, and 

Rocky Mountain Range. In the Coast Mountains old deep slab avalanches were defined 

as being deeper than 100 cm, in the North Columbia Mountains 75 cm, South Columbia 

Mountains 75 cm, and Rocky Mountains 75 cm.  

It was found that many of the characteristics for old deep slab avalanches were similar 

among all the four regions. They tended to propagate wider, run further and were more 

destructive then typical avalanches. These characteristics alone make them a major 

hazard. Furthermore avalanche forecasters report that old deep slab avalanches are more 

difficult to forecast. This is likely because the old deep slab events are not common and 

consequently experience forecasting for such events is reduced (Spiegelhalter, 2010). 

The aspects on which old deep slab avalanches occur were similar to trends seen for other 

avalanches. Old deep slab avalanches tended to be triggered naturally or with large 

triggers as opposed to light triggers such as a skier. Faceted snow grains and depth hoar 

in the RMR tended to be associated with the failure layers of many old deep slab 
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avalanches. Surface hoar was reported as the failure layer for a considerable number of 

old deep slab avalanches in the Columbia Mountains but the association decreased as the 

slab thickness increased. The percentage of old deep slab avalanches reported to involve 

a faceted layer increased as the thickness of the slab was increased.  

Old deep slab avalanches tended to occur most often during the early season, January in 

the CMR, NCMR and SCMR and December in the RMR. It is believed that this is often 

the result of an early season failure layer, typically facets, reaching a critical load and 

being triggered or significantly destabilized by a large precipitation event.  
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3.0 ANTECEDENT WEATHER FOR DAYS WITH DEEP SLAB AVALANCHES 

3.1 Introduction 

This Chapter analyzed 204 days with deep slab avalanches from five different forecast 

regions representing Coastal and Transitional areas of British Columbia, Canada. 

Detailed weather and avalanche observations were used to find antecedent weather 

variables that were significantly different between days with, and days without, deep slab 

avalanches on regional and combined scales. Five British Columbia Ministry of 

Transportation and Infrastructure (BCMoTI) highway forecast regions with reliable 

weather and avalanche observations records were selected so that both long and short 

term antecedent periods could accurately be assessed. Threshold values for antecedent 

variables were calculated with the aim of providing decision support for forecasting deep 

slab avalanches. 

In Section 3.2 previous research about antecedent weather associated with avalanche 

activity is discussed. The study areas and data collected are summarized in Section 3.3. 

Section 3.4 describes the methods used in this analysis from how the data were selected 

and interpreted, which variables were used for comparison and why, and what methods 

were used for comparison. The results of this analysis are discussed in Section 3.5 

including a comparison of climate in the five regions, which variables might best 

distinguish days with, from days without, deep slab avalanches, and the threshold values 

of these variables. A discussion of the results is presented in Section 3.6, including how 

these results may be used by practitioners to help forecast deep slab avalanches. Section 

3.7 provides some concluding remarks. 
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3.2 Previous research 

Antecedent weather to avalanche activity has long been known to be a key piece of 

information for avalanche forecasters and Atwater (1954) proposed ten factors that 

contribute to avalanche hazard. Seven of the factors were associated with weather and 

three with the snowpack. The weather factors he identified were wind, temperature and 

several measures of precipitation, snowfall intensity and new snow amounts. Perla (1970) 

investigated the relationship between antecedent weather and avalanche hazard near Alta, 

Utah, USA. He found that precipitation, particularly maximum precipitation intensity, 

and wind direction had the most influence on avalanche activity. McClung and Tweedy 

(1993) investigated avalanche activity in the Kootenay Pass highway corridor of British 

Columbia. In this region small avalanches can affect the highway since the highway 

crosses the track of several avalanche paths. For this reason all avalanches capable of 

affecting the highway were recorded regardless of size. They found that various measures 

of precipitation and wind correlated significantly to avalanche activity. Increasing 

amounts of new snow measures including daily amounts, total storm amounts, and 

maximum snowfall rate had the greatest effect on avalanche activity. Wind speed and 

direction displayed second order effects. 

Fitzharris and Schaerer (1980) investigated the frequency of major avalanche winters in 

Rogers Pass, British Columbia, Canada and qualitatively analyzed climatology associated 

with major avalanche activity. Two distinct climatological patterns for major avalanche 

winters were identified. The first was characterized by frequent storms, mild 

temperatures, and sustained snowfall. Major avalanche activity occurred when air 
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warmed to above freezing temperature or with exceptional snowfall amounts. Timing of 

major avalanches was equally probable at any time throughout the season. The second 

major climatological pattern was characterized by a long and sustained arctic outbreak 

that abruptly switched to a major storm with rapid warming to above freezing 

temperatures and heavy precipitation. In this case, major avalanche activity was confined 

to a brief period of catastrophic events. Fitzharris and Schaerer (1980) suggested that 

major storms that would trigger major avalanche cycles would be associated with record 

or near-record breaking snowfall amounts on the order of 110 mm in six days or 60 mm 

in one day. 

Schweizer et al. (2008) analyzed avalanche activity from one path in Switzerland in an 

attempt to derive a critical new snow depth that may cause avalanches to affect a 

highway. They attempted to determine the return period of the critical new snow depth 

and relate it to the avalanche return period. Their analysis determined that critical 3-day 

storm snow amounts of about 60 cm were required. Return period analysis showed that 

an avalanche was likely to reach the road once every five years but that the associated 

critical new snow amount would occur about four times per year. Due to the high number 

of expected false alarms with this system, they determined that this would not be 

operationally feasible. 

Jamieson et al. (2001) performed a study to look directly at weather variables associated 

with deep slab avalanches. By averaging weather data from two centralized locations in 

the North Columbia Mountain Range of British Columbia , Canada, they correlated 

avalanche activity on a particular weak layer that was responsible for many deep slab 
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avalanches to antecedent weather variables. The strongest correlations were with new 

snowfall amounts and temperature increases over several days to a few weeks. Height of 

new snowfall and changes in temperature during the previous two days did not provide 

good correlations. Savage (2006) found similar results in a study of deep slab avalanche 

from Lone Mountain, Montana.  

A critical factor for forecasting landslide hazard is antecedent weather, particularly 

precipitation; Bunce (2008) provides a good review of previous work in this area. There 

have been no consistent trends in the required amount of antecedent precipitation 

required to cause landslides. Amounts have been found to vary depending on the 

geographical location and the most relevant antecedent periods with high precipitation 

rates vary from 2 to 45 days or longer followed and were often followed by a shorter high 

intensity “trigger.” Specific weather over a long antecedent precipitation periods was 

required to trigger deep landslides but not shallow landslides (Bunce, 2008). Jakob and 

Weatherly (2003) studied landslide activity in the North Shore Mountains of Vancouver, 

British Columbia. They found that stream flow from a small catchment area, four week 

antecedent precipitation, and the average intensity six hours prior to an event were the 

most important variables when considering landslide activity. Stream flow was used as a 

gauge for soil moisture conditions. Jakob and Weatherly (2003) note that statistical 

analysis to isolate “important” variables is meaningless if there is not an explanation of 

causal mechanisms that explain the relevance of the variables. They also suggest that 

threshold values for landslide are likely to be geographically unique due to differences in 

soil and rock conditions.  
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3.3 Study area and data 

All data used in this Chapter were provided by the BCMoTI Avalanche and Weather 

Programs. They have been responsible for monitoring, forecasting, and controlling 

avalanche activity along highway corridors within the province since the early 1980’s. In 

all forecast regions the BCMoTI maintains a network of weather stations called the 

remote avalanche and weather station network (RAWS). Initially the RAWS weather data 

were recorded manually in various elevations bands and locations. An effort was made 

early on to establish telemetric data collection, which offers continual collection of data 

at a higher time resolution. Data from the 1996-97 through 2010-11 winter seasons are 

analyzed in this Chapter. 

Five forecast regions were chosen based on available data and are listed in Table 3.1 and 

shown in Figure 3.1. Two of the forecast regions are located in the Northern Coast 

Mountains, one in the South Coast Mountains, one in the Northern Cascade Mountains, 

and two in the South Columbia Mountains. The climates of these regions vary and are 

discussed in more detail later in this Chapter. 

3.3.1 Avalanche data 

Avalanche occurrence records were collected by manual observation. Avalanche 

technicians employed by the BCMoTI make daily observations from the road elevation or 

by helicopter. Avalanche data such as a path identifier, slab dimensions, including slab 

depth, observation time and an estimated time range of when the slab would have 

released were estimated using binoculars and knowledge of snow stratigraphy gained 
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from routine snow profiles performed at various locations within the forecast region. 

Table 3.1: Forecast region locations, number of observed avalanche paths per regions, 

and the number of days with deep slab avalanches per region. 

Region Location-mountain sub-range # of 
Avalanche 
Paths 

Number of days 
with deep slab 
avalanches 

Bear pass Boundary group of the North Coast Mountains 70 48 

Ningunsaw Boundary group of the North Coast Mountains 15 29 

Duffey Lake Pacific group of the South Coast Mountains 107 36 

Coquihalla North Cascade Mountains 69 78 

Revelstoke TCH 
East 

Selkirk group of the South Columbia Mountains 40 13 

3.3.2 Weather data 

Each forecast region has at least two, and in most cases three, remote weather stations 

that record hourly, or more frequent, measurements of weather data that are relevant for 

forecasting avalanches. Typically one station is located at treeline elevation in a sheltered 

site to collect precipitation data representative of avalanche start zones. A second station 

is located higher in an exposed location to collect wind velocity data. Often a third station 

will be located below tree line near the road elevation and will also collect precipitation 

data. All stations measure air temperature. Two stations may be placed at one or more of  

the high elevations in some forecast regions where micro climate effects are substantial in 

order to capture the differences. As an example Figure 3.2 shows the majority of the 

Revelstoke Trans-Canada Highway (TCH) East forecast region. Avalanche paths are 
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outlined and shaded and the location of remote weather stations are marked and named.  

Weather stations selected for this study have a sufficient record length and were 

considered representative of the avalanche paths of interest. Table 3.2 lists the weather 

stations used in each region and what type of information was collected at each station. 

 

Figure 3.1: Map of British Columbia highlighting the locations of the forecast regions. 

To measure precipitation, a shielded standpipe precipitation gauge filled with an anti-

freezing liquid measures the weight gained by solid or liquid precipitation via a pressure 

transducer. It is not common for snow height measurements to be made at weather 

stations equipped to measure precipitation. Thermistors are installed at all weather 



66 

 

stations and measure the air temperature at the time of the reading. Anemometers 

measure air velocity at stations designated for wind data measurements. 

 

Figure 3.2: Google Earth image showing the majority of the Revelstoke Trans-Canada 

Highway (TCH) East forecast region with the observed avalanche paths outlined and the 

locations of telemetry weather stations. 

3.4 Methods 

Hourly precipitation, temperature, and wind speed data were used to calculate antecedent 

variables and discriminate between days with deep slab avalanches and days without. 

Each forecast region was analyzed individually and finally all regions were analyzed 

together to see which variables were best suited to distinguish between days with, and 

days without, deep slab avalanches. 
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Table 3.2: Meteorological weather station locations and site descriptions. Information 
obtained from BCMOTI (2011) 

Region NAME  LAT.  LONG. ELEV.(m)  Use DESCRIPTION 
B

ea
r P

as
s 

DISRAELI  56.09972 -129.75167 2000 Wind 
Ridgetop above South side 
of Hwy 37A, 5.5 km West of 
toe of Bear Glacier 

KETTLE HOLE  56.10347 -129.63297 440 Prcp 
South side of Hwy 37A, 2.4 
km East of toe of Bear 
Glacier. 

WINDY POINT 
LOWER  56.11017 -129.51522 1035 Prcp- 

Temp 

Just below treeline at Windy 
Point, North side of Hwy 
37A, 16 km West of 
Meziadin Junction. 

WINDY POINT 
UPPER  56.11714 -129.52642 1490 Wind- 

Temp 

Ridgeline, above Misty 
avalanche path 40.9, 16 km 
West of Meziadin Junction. 

C
oq

ui
ha

lla
 GREAT BEAR 

REMOTE  49.59694 -121.17639 1710 Wind- 
Temp 

Great Bear Summit above 
snowshed 

LITTLE BEAR  49.59972 -121.1775 1660 Prcp- 
Temp 

Col between Gr Bear and 
Iago Summit 

D
uf

fe
y 

La
ke

 

BLOWDOWN 
PEAK  50.40694 -122.25556 2320 Wind 

Mountain top, South side of 
Hwy 99 at East end of 
Duffey Lake. 

BLOWDOWN 
MID 50.40222 -122.26472 1890 Prcp- 

Temp 

Mid mountain, South side of 
Hwy 99 at East end of 
Duffey Lake. 

CAYOOSH 
SUMMIT  50.38472 -122.41667 1350 Prcp- 

Temp 
S side of Hwy 99 at Cayoosh 
Summit 

N
in

gu
ns

aw
 

SNOWBANK 
HIGH  56.76389 -129.98333 1675 Wind 

Ridgeline, above Snowbank 
Creek path 41.0, West side 
of highway 37. 8.7 km south 
of Nigunsaw Pass 

SNOWBANK 
MID  56.77667 -129.97253 1065 Prcp- 

Temp 

At treeline, South of 
Snowbank Creek, West side 
of Hwy 37 

GAMMA  56.94667 -130.10694 1175 Prcp- 
Temp 

Just below treeline on 
Ningunsaw Mtn., South of 
headwaters of Gamma 
Creek. 

EAGLE RIDGE  56.77531 -129.89694 1788 Wind 
Ridgetop, 3.5km East of 
Hwy 37 beside Bell Irving 
comshell. 

REVISION  56.79544 -129.97519 1418 Wind 

Ridgetop North of Red Flat 
Creek, West side of Hwy 37 
in Snowbank Creek 
Avalanche Area. 

R
ev

el
sto

ke
 T

C
H

 
Ea

st
 

CORBIN PASS 
LOW  51.19333 -117.77111 1615 Prcp- 

Temp 

Mid mountain North side of 
Hwy 1, 43 km NE of 
Revelstoke 

CORBIN PASS 
HIGH  51.20083 -117.77778 2135 Wind 

Ridgetop North side of Hwy 
1 above avalanche path 46.4 
Helen's, 43 km NE of 
Revelstoke 
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3.4.1 Meteorological station comparison 

Mock and Birkeland (2000) developed a quantitative flowchart for classifying snow 

climates, i.e. Coastal, Transitional, and Continental. Unfortunately the flowchart 

classification system requires data that were not available for this study. Armstrong and 

Armstrong (1987) performed a detailed study of snow climates in the western United 

States and proposed guidelines for snow climate classification. Significantly different 

variable for precipitation and temperature found by Armstrong and Armstrong (1987) 

were used as a reference to define and help compare the climates of the forecast regions 

in this study. 

Statistics were calculated from hourly data between the months of November through 

March. If the hourly data from the November to March time period was not at least 90% 

complete, the season data were not included in the calculation of the statistics. This is 

similar to Environment Canada (2011b) handling of hourly data to calculate monthly 

climate normals. 

For the comparison of station precipitation data, only days with more than 1 mm of 

precipitation were analyzed. This was done so that only days with precipitation would be 

compared. 

3.4.2 Meteorological station adjustments 

The Windy Point Lower station located at tree line in the Bear Pass forecasting region has 

many long gaps in its precipitation record. Some were as long as days and other span 

whole seasons. Adjusted precipitation data from the road side Kettle Hole station, located 
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approximately 7.5 km west of the summit were used to fill the missing data. Typically 

higher elevations will receive more precipitation (Claus et al., 1984). Claus et al (1984) 

developed equations to adjust the snow water equivalent by elevation in southwestern 

BC. However, these equations were not appropriate for this study because they were 

developed for use in the conversion of the 30 year maximum snow amounts. Therefore, a 

simple adjustment factor was calculated to correct the Kettle Hole precipitation amounts 

for elevation difference between Windy Point Lower and Kettle Hole. The 24 hour 

precipitation amounts were summed for both stations, the ratio of precipitation was 

calculated for every 24 hour period where both stations were operational for 100% of the 

time and more than 1 mm of precipitation was recorded at both stations such as:  

𝑓𝑖 =
𝑊𝑃𝐿𝑖

𝐾𝐻𝑖
       (3.1) 

where fi is the ratio of precipitation on day i, WPLi is the 24 hour cumulative precipitation 

from the Windy Point Lower station on day i, and KHi is the 24 hour cumulative 

precipitation from the Windy Point Lower station on day i. The population of ratios were 

bootstrapped (Efron and Tibshirani, 1986) (N = 3000) to obtain a median and standard 

error (S.E.). 

3.4.3 Station selection 

Days with deep slab avalanches were identified and the specific avalanche with the 

thickest slab was selected to represent that day. Weather stations were selected to 

represent the antecedent weather, one for precipitation, temperature and wind. Stations 

were selected based on proximity to the path and completeness of the data record for the 
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time period of interest. Antecedent variables for days with deep slab avalanches were 

calculated from the approximated occurrence time of the avalanche event. The 

occurrence time of natural avalanches was often not known and a time range was 

estimated. In most cases the time range was under six hours but is occasionally as high as 

24 hours and, in very few cases, 48 hours. The occurrence time of an avalanche was taken 

as half the time range subtracted from the observation time. 

3.4.4 Days with deep slab avalanches vs. days without deep slab avalanches 

Days with deep slab avalanches were defined as any day with a “Na” avalanche, i.e. had 

been triggered as a result of weather events such as snowfall, wind or temperature (CAA, 

2007), and having an average slab thickness of at least 0.8 m. Detailed information of the 

failure layers was often missing and therefore the definition formed in Chapter 2 for old 

deep slab avalanches could not be used for this analysis. 

Days without deep slab avalanches were defined as all days accept: 

 Days with deep slab avalanches 

 The day immediately following a day with deep slab avalanches. 

 Days with an avalanche having an average slab thickness greater than 0.8 m that 

had been triggered as a result of any cause including explosives or human-

triggered. 

 Days with a reported avalanche of unknown depth. 
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3.4.5 Definition of antecedent variables 

Various precipitation, air temperature, and wind speed variables were used to attempt to 

discriminate days with deep slab avalanches from days without deep slab avalanches. A 

list of antecedent variables used in this study are shown in Table 3.3. 

Table 3.3: Antecedent variable descriptions. 

 Variable  Description 

Pr
ec

ip
ita

tio
n P(A-B) mm Sum of precipitation between the days A and B. 

P_3h(A-B) mm h-1 
Max 3h average precipitation between the days A and 
B. 

P_G2.5(A-B) 

 

Number of hours with 2.5 mm of precipitation or 
more between the days A and B. 

Te
m

pe
ra

tu
re

 T(0) ○C Temperature at time of the event 

T_G0(A-B) 

 

Number of hours the temperature was above freezing 
between the days A and B. 

ΔT(A-B) ○C Max temperature change between days A and B. 

W
in d W_G24(A-B) 

 

Number of hours when the average wind speed is 
greater than 24 km h-1 between the days A and B. 

 

All the antecedent variables are followed by an (A-B) subscript. The values of A and B are 

days relative to a specific avalanche event or, 12:00 hours for days without deep slab 

avalanches. This definition is consistent with Bunce (2008) and avoids confusion about 

when an antecedent period starts, ends and what the antecedent period is relative to. 

Variables were calculated from hourly data between days A and B. If the hourly data 

between days A and B was not at least 90% complete the antecedent variables was not 

calculated. Figure 3.3 illustrates the definition of these terms. 
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Figure 3.3: Antecedent weather prior to the deep slab avalanche in the Lanark slide path 

on January 18, 2011 in the Revelstoke TCH East forecast region. The graphs have been 

annotated with various antecedent variables. For variables that are related to the number 

of hours a certain criterion is met, a horizontal line has been drawn at the criteria.  

3.4.6 Method for comparison 

To contrast variables from days with deep slab avalanches to days without deep slab 

avalanches the non-parametric Mann-Whitney U-test (Sprent and Smeeton, 2007) was 

used. A level of significance of p = 0.05 was selected to define a statistically significant 

difference. A bootstrap approach has been employed to determine variable summary 
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statistics.  

Classification tree statistics were used to determine a splitting value for each variable 

(Breiman et al., 1984). Each variable was assessed separately and the tree was limited to 

one split to determine a splitting value for each variable. As is expected with any rare 

event, in this case days without deep slab avalanches outnumber days with deep slab 

avalanches by 70 - 250 times. To account for the imbalance a random non-heuristic 

oversampling method (Kotsiantis et al., 2006) was used to grow the number of days with 

deep slab avalanches so that the datasets would be equal in size, i.e. as many data points 

as the days without deep slab avalanches. 

3.4.6.1 Effect of oversampling 

The CART method of decision tree analysis proposed by Breiman et. al. (1984) was used 

to determine the univariate threshold values that discriminate days with deep slab 

avalanches. This method is computationally intensive as it checks all potential splitting 

values and uses the Gini index to decide which split is best. The Gini index is calculated 

at a child node as: 

𝐺𝑖𝑛𝑖 = 1 − ∑ 𝑓𝑖
2         (3.2) 

where fi is the fraction of items labeled with value i in the set. A Gini index value of zero 

would be a perfect split and an even distribution of classes would provide the greatest 

Gini index and the worst split. To determine the best split, each child node Gini index is 

combined as: 
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𝐺𝑖𝑛𝑖𝑠𝑝𝑙𝑖𝑡 = ∑
𝑛𝑖

𝑛
𝐺𝑖𝑛𝑖𝑖

𝑘
𝑖=1         (3.3) 

where k is the number of child nodes, n is the number of records in the parent node, ni is 

the number of records at an individual child node, and GINIi is the node GINI index. If 

classes are heavily imbalanced then the Gini index will perform poorly. This is because 

for splits that isolate the minority class well, there will often be values from the tails of 

the majority class that will outnumber or equal the minority class giving misleading 

results. Two common methods used to balance datasets are oversampling the minority 

class, as was done here, and undersampling the majority class (Kotsiantis et. al., 2006). A 

major drawback to undersampling the majority class is that many of the data are not used 

that may be important in the learning process while developing the tree. Data are 

randomly selected with replacement, the distribution of the balanced sample should be 

similar to that of the original but inevitably much information will be lost. The problem 

with oversampling of the minority class is that with multiple splits in a decision tree, over 

fitting can occur for one or few data points of the minority class since each data point is 

replicated multiple times. For this analysis over fitting cannot occur since the analysis is 

limited to one split and it is for this reason that oversampling was selected as the 

preferred method to balance the data. 

3.4.7 Validation of splitting values 

The agreement between the forecasted event and the observed event was assessed with a 

ten-fold cross validation process. The quality of the forecast can be assessed with joint 

distribution of forecast event f and observed event x, which can be displayed in terms of a 
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2 x 2 contingency table in the case of a binary categorical forecast (Table 3.4). Table 3.4 

displays all possible forecast outcomes but is more easily understood when factorized in 

conditional distributions (Murphy and Winkler, 1986). In order to determine how well the 

variable threshold value discriminates between deep slab days and non-deep slab days, 

the probability of detection (POD) and the probability of false detection (POFD) were 

chosen (Table 3.5). The frequency of correct null forecasts (FOCN) and the false alarm 

ratio (FAR) deliver additional insight into how reliable forecasts were, as does the 

proportion correct (PC) and the true skill statistic (TSS) (Wilks, 1995). An overview of 

the evaluation quantities used is given in Table 3.5. 

Table 3.4: Contingency table for a binary forecast (“1”: event, “0”: non-event). Total 

number of cases: N= a + b + c + d 

  Observed x 

  1 0 

Forecast f 1 a b 

 0 c d 

 

3.5 Results 

3.5.1 Kettle hole precipitation adjustment 

Large data gaps were present in the tree line Windy Pass Low weather stations in Bear 

Pass. Adjusted data from the road side Kettle Hole weather station was used to fill those  
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Table 3.5: Quality measures of a two by two contingency table (Doswell et al., 1990; 

Wilks, 1995). The variables a, b, c, and d refer to in the descriptions are the same as 

those in Table 3.4. 

Measure Description 

 

POD (Probability of 
detection) 

Probability that event “1” was forecasted when it was 
observed,  

p(f = 1|x = 1). Estimated with a/(a + c). 

POFD (Probability of false 
detection) 

Probability that event “1” was forecasted when it was not 
observed, 

p(f = 1|x = 0). Estimated with b/(b + d). 

FOCN (Frequency of correct 
null forecast) 

Probability that the non-event “0” was observed when it 
was forecasted,  

p(x = 0|f = 0). Estimated with d/(c + d). 

FAR (False alarm ratio) Probability that the event “1” was not observed when it 
was forecasted,  

p(x = 0|f = 1). Estimated with b/(a + b). 

PC (Proportion correct) PC (Proportion correct) Probability that the observed 
event was correctly forecasted. Estimated with (a + d)/N. 

TSS (True skill statistic) TSS (True skill statistic) Measure of skill. Skill is the 
relative accuracy with respect to a reference forecast.  

Estimated with POD-POFD = (ad−bc)/(a+c)(b+d). 
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gaps. There were 588 days where both the Kettle Hole and Windy Point Lower stations 

were recording for a complete 24 hour period and received at least 1 cm of snow at both 

stations. The top 1% of the ratios (Equation 3.1) were treated as outliers and removed. 

The median value was found to be 1.22 with a standard error of 0.04. Figure 3.4 shows a 

histogram of the bootstrap medians, (N = 3000). The histogram and the QQ-plot visually 

suggest normality but both a Lilliefors and Pearson chi-square test of the data return a p-

value < 0.01 suggesting that they were not. Skewness of the data was 0.49, the median 

and mean were both 1.22. Because the mean and median values were the same and the 

visual fit to normality is reasonable, the mean value of the bootstrap medians was used as 

the expected value and the correction factor for Kettle Hole precipitation data to fill the 

missing Windy point Lower data. 

 

Figure 3.4: Bootstrap histogram, N = 3000, for the difference factor (i.e. Equation 3), 

and a QQ-plot. 
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3.5.2 Climate comparisons 

Table 3.6 contains precipitation data including average and maximum 24 hour amounts 

from winter seasons where at least 90% of the hourly records were available. All stations 

did not have a long record especially the Windy Point Lower and Gama stations. As 

shown in the climate region data of Armstrong and Armstrong (1987), the Coast 

Mountains generally receive more precipitation. This trend can be seen in the data from 

the forecast regions as well. Bear Pass and Coquihalla receive more precipitation 

compared to the other sites; they also do not have a major mountain range between them 

and their major source of precipitation, the Pacific Ocean (Renner, 2005). Moisture is lost 

through orthographic lifting when moist air passes over a mountain range. Ningunsaw 

and Duffey Lake are located in the Coast Mountains, but at the eastern edge of the range 

explaining the diminished snowfall. Variability in the mean total precipitation, expressed 

as the coefficient of variation (CV), vary between stations but were generally low in all 

forecast regions when compared to the values found by Armstrong and Armstrong 

(1987). The mean 24 hour precipitation amounts among all regions were very similar, 

generally in the range of 6-9 mm. These values are less than those found by Armstrong 

and Armstrong. Absolute maxima were found to be most extreme in Bear Pass and the 

Coquihalla regions. Within each region, snowfall varies between stations demonstrating 

elevation, orographic, and other micro-climate effects on precipitation. 

Air temperature climate data from the forecast regions and those found by Armstrong and 

Armstrong (1987) are displayed in Table 3.7. The warmest regions were found in the 

south coast with weather stations at Coquihalla and Cayoosh (west end of Duffey Lake). 



79 

 

The coldest region was Ningunsaw. The standard deviation of the mean temperatures was 

relatively constant among all forecast regions and about half of that found by Armstrong 

and Armstrong. Duffey Lake showed the greatest range of mean maximum and minimum 

daily temperatures and Bear Pass the smallest. The absolute maxima and minima air 

temperatures were similar for all regions. 

Table 3.6: Precipitation climate normals for the forecast regions, November-April. As 

well the Coast and Transitional snow climate normals found by Armstrong and 

Armstrong (1987), November-April. WPL: Windy Point Lower, KH: Kettle Hole, SM: 

Snowbank Mid, G: Gama, LB: Little Bear, BM: Blowdown Mid, CS: Cayoosh Summit, 

CL: Corbin Low.  

 Bear Pass Ningunsaw Coquih-
alla Duffey Lake Revels

-toke Coast 
** 

Inter 
** 

  WPL KH* KH SM G LB BM CS CL 

# of years 4 12 10 11 5 22 17 14 19 14 14 

Prcip. 
(mm)          

  

Mean 
Total 1323 1281 1143 990 790 1561 811 739 808 1285 854 

CV 4% 25% 25% 19% 18% 17% 20% 24% 16% 48% 46% 

            Mean 24 
hr 9.3 9.0 8.056 6.5 5.6 9.1 6.1 6.0 5.3 15.4 14.6 

            Max 24 hr 56.9 50.7 45.2 43.3 31.8 63.4 44.1 39.3 33.6 91.1 81.8 

            Abs. Max 
24 hr 82.0 87.8 78.4 58.0 43.2 107.0 72.0 58.2 55.0 107 114 

 *Adjusted values. Adjustment factor 1.22 with a S.E. of 0.04 
**Armstrong and Armstrong (1987). 24 hour amounts are in cm of snowfall. 



80 

 

Table 3.7: Air temperature climate normals for the forecast regions, November-April. As 

well the Coast and Transitional snow climate normals found by Armstrong and 

Armstrong (1987), November-April. WPL: Windy Point Lower, SM: Snowbank Mid, G: 

Gamma, LB: Little Bear, GB: Great Bear, BM: Blowdown Mid, CS: Cayoosh Summit, 

CL: Corbin Low. 

 
Bear 
Pass 

Ningunsaw Coquihalla Duffey Lake Reve-
lstoke 

  

  WPL SM G LB GB BM CS CL Coast** Inter** 

# of years 15 17 10 13 23 20 14 22 14 14 

Temp (○C) 
        

  

Mean -4.5 -5.7 -5.6 -3.5 -3.6 -4.7 -3.4 -4.6 -1.3 -4.7 

Std. Dev. 0.9 1.1 1.3 1.0 1.1 1.1 0.8 1.0 2.1 2.2 

           Mean of 24 
hr max -1.9 -2.7 -2.3 0.5 -0.6 -1.0 1.3 -0.8 2.8 -1.1 

Mean of 24. 
Hr min -6.6 -8.1 -7.9 -6.3 -6.1 -7.9 -7.4 -7.3 -5.6 -8.9 

Range 4.7 5.4 5.6 6.8 5.4 6.9 8.7 6.5 8.4 7.8 

           Abs. 24 hr 
max 24.6 20.8 18.0 20.6 20.5 22.2 22.7 19.9 16.7 13.3 

Abs. 24 hr 
min -27.5 -31.6 -31.8 -28.0 -32.0 -31.4 -27.7 -29.4 -27.2 -31.7 

Range 52.1 52.4 49.8 48.6 52.5 53.6 50.4 49.3 43.9 45 

**Armstrong and Armstrong (1987)  

 

Average and maximum wind speed data from the forecast regions are shown in Table 3.8. 

No historical data for comparison could be found. A general decrease in mean wind speed 
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can be seen from west to east. In the Ningunsaw forecast region the weather station that 

is best suited to collect wind velocity data was moved several times due to challenges 

with maintenance and access. This has resulted in three station locations with short record 

periods and no overlap between sites. From the data it would appear that Eagle Ridge site 

had lower velocity winds than Snowbank High and the current location at the Revision 

site. This would possibly affect the wind speed data for the 2004 thorough 2008 season in 

the Ningunsaw region. The data were used regardless of this possible discrepancy 

between the stations because a complete record was believed to be more important and it 

would be balanced for days with and days without deep slab avalanches. The Duffey 

Lake and Bear Pass regions consistently report stronger winds then all other regions.  

3.5.3 Occurrence of deep slab avalanches by region 

The occurrence of days with deep slab avalanches per month is shown in Figure 3.5. It 

can be seen that each region has two peaks of activity, one major and one minor. The 

more coastal climate regions, Bear Pass, Coquihalla, and Duffey Lake, show a minor 

peak in January and a major peak in March or April. Ningunsaw and Revelstoke TCH 

East have a major peak in December and a minor peak in April. 

3.5.4 Antecedent variables comparison 

Table 3.9 shows the p-value of the Mann-Whitney U test comparing days with deep slab 

avalanches to days without deep slab avalanches for each antecedent variable. Significant 

p-values of less than or equal to 0.05 are highlighted. The number of days for each group, 

bootstrap medians and the associated S.E. can be found in Tables B1 through B6 of 
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Appendix B. For certain antecedent periods, precipitation 12 hours to 12 days prior to a 

deep slab event were found to be significantly different between days with deep slab 

avalanches and days without in all regions, as were the maximum temperature change 

over various time periods. 

Table 3.8: Wind speed climate normals for the forecast regions, November-April. D: 

Disraeli, WPU: Windy Point Upper, SH: Snowbank High, ER: Eagle Ridge, R: Revision, 

GB: Great Bear, CH: Corbin High. 

 Bear Pass Ningunsaw Coquihalla Duffey 
Lake Revelstoke 

  D WPU SH ER R GB BP CH 

# of years 5 10 2 3 3 22 14 16 

Wind 

(km h-1) 

        Mean 17.0 15.0 13.6 4.6 12.5 13.1 18.8 9.5 

Std. Dev. 3.9 2.3 1.7 1.7 3.7 1.8 1.8 0.6 

         Max of 24 
hr Mean  63.7 54.0 46.3 22.9 42.0 39.0 51.5 28.4 

         Abs Max 24 
hr 80.4 76.1 52.6 49.7 52.9 47.2 72.3 52.6 

 

A consistent trend in all regions was the significance of antecedent precipitation from 12 

hours to 12 days. The median values for the days with deep slab avalanches were not 

exceptional, especially the 12 hour and 24 hour amounts which were about 2 and 10 mm, 
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respectively for all regions except Bear Pass where it was found to be 8 and 14 mm. 

Median values for days without deep slab avalanches were about 1 to 2.5 mm. When the 

forecast regions were combined all precipitation variables were found to be significant 

for differentiating days with, from days without, deep slab avalanches. A comparison of 

the precipitation amounts for the 1, 3, and 6 day antecedent periods can be seen in Figure 

3.6. The difference in the more coastal areas (e.g. Bear Pass, Coquihalla, and Duffey 

Lake) was more pronounced at shorter time periods and diminishes as the time periods 

increase to six days. For the transitional regions, e.g. Ningunsaw and Revelstoke, the 

difference in precipitation between days with deep slab avalanches and days without 

remained similar at all time periods. 

 

Figure 3.5: Percent of deep slab avalanche occurrences by month for each region. The 

actual number of deep slab avalanches is written above each bar. 

Table 3.9: Mann-Whitney U test p-values of antecedent variable comparison for days 



84 

 

with deep slab avalanches and days without. Highlighted cell are significant with a p -

value less than or equal to 0.05. 

 

Bear 
Pass Ningunsaw Coquihalla 

Duffey 
Lake Revelstoke All 

P(0-0.5) < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 
P(0-1) < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 
P(0-3) < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01 
P(0-6) < 0.01 < 0.01 0.04 < 0.01 < 0.01 < 0.01 
P(0-12) < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 
P(1-3) < 0.01 < 0.01 0.02 0.11 0.10 < 0.01 
P(3-6) < 0.01 0.03 0.44 0.14 0.30 < 0.01 
P(6-12) 0.01 0.04 < 0.01 0.29 0.33 < 0.01 
P_3h(0-1) < 0.01 < 0.01 0.04 < 0.01 0.03 < 0.01 
P_3h(1-2) < 0.01 0.01 0.61 0.05 0.14 < 0.01 
P_G2.5(0-1) < 0.01 < 0.01 0.24 < 0.01 0.30 < 0.01 
P_G2.5(1-2) < 0.01 0.14 0.91 0.55 0.30 0.01 
P_G2.5(0-2) < 0.01 0.02 0.30 0.00 0.09 < 0.01 
T(0) 0.08 0.34 0.08 < 0.01 0.10 0.81 
T_G0(0-1) 0.62 0.01 0.65 0.01 0.28 0.93 
T_G0(0-2) 0.72 0.02 0.29 0.02 0.20 0.94 
T_G0(0-12) 0.57 < 0.01 < 0.01 0.33 0.05 < 0.01 
T_G0(1-2) 0.48 0.08 0.06 0.07 0.26 0.39 
T_G0(2-12) 0.18 < 0.01 < 0.01 0.65 0.05 < 0.01 
ΔT(0-0.5) < 0.01 < 0.01 < 0.01 0.43 < 0.01 < 0.01 
ΔT (0-1) < 0.01 < 0.01 0.37 < 0.01 0.21 < 0.01 
ΔT (0-2) 0.18 0.06 0.01 0.22 0.22 < 0.01 
ΔT (0-6) 0.27 0.12 < 0.01 0.00 0.02 < 0.01 

W_G24(0-0.5) 0.03 0.04 0.20 0.05 0.86 < 0.01 

W_G24(0-1) 0.09 0.19 0.32 0.04 0.78 < 0.01 
W_G24(0-3) 0.41 0.06 0.01 0.06 0.44 < 0.01 
W_G24(0-6) 0.56 0.06 < 0.01 0.39 0.87 < 0.01 
W_G24(0-12) 0.02 0.04 < 0.01 0.66 0.21 < 0.01 

W_G24(0.5-1) 0.68 0.23 0.60 0.01 0.92 < 0.01 

W_G24(1-3) 0.59 0.32 < 0.01 0.03 0.69 < 0.01 

W_G24(3-6) 0.25 0.06 0.02 0.48 0.74 < 0.01 
W_G24(6-12) 0.01 0.06 < 0.01 0.26 0.47 < 0.01 
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Figure 3.6: Cumulative precipitation for: a) P(0-1), b) P(0-3), c) P(0-6), and d) P(0-12) for days 

with deep slab avalanches and days without. Days with deep slab avalanches are shaded. 

The number of data represented by each boxplot is written above it. 
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The maximum 3-hour precipitation rate during the 24-hour antecedent period was found 

to be significantly different between days with deep slab avalanches and days without in 

all forecast regions. The maximum 3-hour precipitation rates are displayed in Figure 3.7. 

Many of the areas do not consistently show average precipitation rates above 1 mm h-1 

except for Bear Pass. 

 

Figure 3.7: Maximum 3 hour precipitation rate in the 24 hour antecedent period. A 

relative histogram of the data is plotted on the right with actual counts for each bar 

listed. A violin plot is on the left to show median, interquartile range and a smoothed 

density function. Histogram bin width is 0.25 mm h-1. 

Precipitation that fell during the 12 days preceding day with deep slab avalanches is 

shown in Figure 3.8. Comparison of the antecedent variables P(0-3), P(3-6) and P(0-6), and  
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Figure 3.8: Comparison of cumulative precipitation for days with deep slab avalanches: 

a) P(0-3) and P(3-6) antecedent periods and b) P(3-6) and P(6-12) antecedent periods. Mann-

Whitney U test p-values are written below each comparison. 
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P(6-12) were made. Precipitation tended to increase non-linearly during the 12 days leading 

to the deep slab avalanches. The median P(0-3) and P(0-6) were 1.57 and 1.27 times P(3-6) 

and P(6-12), respectively (mean values of the five regions). However, when tested this 

difference was not significant for most regions. For days without deep slab avalanches 

the median P(0-3) was roughly equivalent to the P(3-6) as was P(0-6) equivalent to P(6-12) . 

Three of the four maximum temperature change variables that show a significant 

difference between days with and days without deep slab avalanches in most of the 

forecast regions. When the regions were combined all of the maximum temperature 

change variables were significant. For non-deep slab avalanche days the median 

temperature change was always negative except for ΔT(0-0.5), which was always positive. 

This exception is likely due to non-deep slab antecedent variables being calculated at 

12:00 hours. The median values for maximum temperature change preceding days with 

deep slab avalanches were greater than zero except for Coquihalla ΔT(0-1). If normality is 

assumed for the bootstrapped medians for days with deep slab avalanches then a one-

sided test with a confidence of 0.05 does not prove that the median values was greater 

than zero in most cases. The Duffey Lake and Coquihalla forecast regions were an 

exception. This information is summarized in Figure 3.9. 

Figure 3.10 shows the same information as Figure 3.9 for only the days with deep slab 

avalanches but in the form of a normalized histogram. In all regions except for Bear Pass 

the number of deep slab avalanches that released with the maximum temperature change 

being positive was about 1.5 to 2 times that being negative. For the 12 hours preceding 

deep slab avalanches Figure 3.10 shows that the majority of the data were positive and  
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Figure 3.9: Maximum temperature change: a) ΔT(0-0.5), b) ΔT(0-1), c) ΔT(0-2), and d) ΔT(0-6) 

for days with deep slab avalanches and days without. Days with deep slab avalanches are 

shaded. The number of data represented by each boxplot is written above it.  

centered just above freezing with absolute temperature changes less than 5 °C common 

except in the Duffey Lake region which has a strong positive skew. As the antecedent 

periods were increased the data became bimodal with a peak above and below freezing. 
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For the Coquihalla, Duffey Lake, and Revelstoke regions more noticeable differences can 

be seen in the bimodal data of the ΔT(0-2) , ΔT(0-6) variables with noticeable positive 

skews. 

 

Figure 3.10: Maximum temperature change: ΔT(0-0.5), ΔT(0-1), ΔT(0-2), and ΔT(0-6) for days 

with deep slab avalanches. Plotted are horizontal relative histograms. The total number 

of data represented in each histogram is written at the top of the graph. Histogram bin 

width is 1 °K. 

It can be seen in Figure 3.11 that most natural deep slab avalanches in the forecast 

regions occurred when temperatures where mildly negative, in the -10 ○C to 0 ○C range. 

Coquihalla and Duffey Lake have the most number of deep slab avalanches that released 

with positive temperatures, which fits well with the observation made in Figure 3.5 that 

shows the peak of activity being in March and April when daytime temperatures were 
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warmer.  

 

Figure 3.11: Temperature at the time of the deep slab avalanches. A relative histogram of 

the data is plotted on the right with actual counts for each bar listed. A violin plot is on 

the left to show median, interquartile range and a smoothed density function. Histogram 

bin width is 2 °C. 

Figure 3.12 shows the number of hours that the average hourly wind speed exceeded 24 

km h-1 for the 24 and 72 hour period preceding deep slab avalanches. It can be seen that 

the majority of avalanches in all regions did not occur during periods of sustained high 

winds with the exception of Duffey Lake and Bear Pass. Some interesting trends are 

found by examining Table 3.9. Bear Pass and Ningunsaw show significant short term and 

long term winds but not the middle term winds. Coquihalla showed significant difference 
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in all but the short term winds. Duffey Lake showed a significant difference in the winds 

of the previous 3 days. 

 

Figure 3.12: Number of hours wind speeds exceeded 24 km h-1 in the 1 day (W_G24(0-1)) 

and 3 days (W_G24(0-3)) prior to the deep slab avalanche events. A relative histogram of 

the data is plotted on the right with actual counts for each bar listed. A violin plot is on 

the left to show median, interquartile range and a smoothed density function. Histogram 

bin width is 3 hours. 

3.5.5 Distinguishing days with deep slab avalanches 

Table 3.10 shows the antecedent variables and the 10-fold cross-validation test statistics 

POD and TSS. All test statistics for each region can be found in Tables B7 through B12 
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of Appendix B. Highlighted cell in the table represent POD of at least 0.75 and the top 

ten ranked TSS by region. All TSS are greater than 0 indicating that the threshold values 

selected are better than a random forecast. The Coquihalla region was the most difficult 

region to distinguish days with deep slab avalanches, ten variables had a TSS less than 

0.10 and none were greater than 0.40. Many variables have a POD greater than 0.75 

which is favorable for a forecasting aid; however, the low value of the TSS means that 

forecasts were far too conservative and not operationally feasible. 

3.6 Discussion 

3.6.1 Regional climates 

The Coquihalla and Bear Pass regions receive similar annual precipitation amounts to the 

Coast region of the Western United States. The other regions were more similar to an 

Transitional region. It is interesting that the mean 24-hour precipitation amounts were 

similar in all regions, suggesting that the Coquihalla and Bear Pass regions receive more 

days with precipitation rather than more intense precipitation.  

In terms of mean daily temperature all regions were similar to the Transitional range. The 

Coquihalla and Duffey Lake regions show the warmest temperatures with mean 

temperature in the -3 ○C range and the only regions to have a positive mean maximum 

daily temperature between the months of November to April.  

Based on the analysis of the climate in the five forecast regions it can be seen that there 

were dissimilarities amongst the forecast regions in terms of precipitation, temperature 

and wind. Based on precipitation and maximum daily temperatures the Coquihalla  
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Table 3.10: Contingency table test statistics POD and TSS for the threshold values 

determined with univariate tree statistics for each antecedent variable. Highlighted cells 

in the table represent POD of at least 0.75 and the top ten ranked TSS by region. 

 Bear Pass Ningunsaw Coquihalla Duffey Lake Revelstoke All 
Var POD TSS POD TSS POD TSS POD TSS POD TSS POD TSS 
P(0-0.5) 0.81 0.53 0.54 0.44 0.66 0.26 0.34 0.32 0.92 0.38 0.45 0.33 
P(0-1) 0.76 0.50 0.58 0.47 0.21 0.15 0.33 0.32 0.66 0.46 0.35 0.28 
P(0-3) 0.87 0.59 0.69 0.47 0.40 0.21 0.36 0.30 0.73 0.51 0.45 0.34 
P(0-6) 0.96 0.49 0.92 0.55 1.00 0.09 0.65 0.29 0.92 0.51 0.89 0.31 
P(0-12) 0.98 0.37 0.92 0.48 0.93 0.10 0.95 0.26 0.83 0.47 0.78 0.33 
P(1-3) 0.55 0.38 0.74 0.40 0.41 0.14 0.54 0.20 0.63 0.33 0.76 0.27 
P(3-6) 0.96 0.24 1.00 0.18 0.97 0.10 1.00 0.10 0.62 0.26 0.84 0.18 
P(6-12) 0.94 0.27 0.77 0.11 0.79 0.19 0.69 0.17 0.92 0.21 0.81 0.20 
P_3h(0-1) 0.95 0.40 0.72 0.47 0.91 0.06 0.31 0.28 0.72 0.38 0.47 0.29 
P_3h(1-2) 0.64 0.41 0.96 0.16 1.00 0.02 0.28 0.19 1.00 0.27 0.42 0.22 
P_G2.5(0-1) 0.39 0.28 0.28 0.20 0.09 0.07 0.31 0.29 0.08 0.08 0.20 0.16 
P_G2.5(1-2) 0.24 0.19 1.00 0.09 1.00 0.03 NA 0.01 0.10 0.06 0.09 0.05 
P_G2.5(0-2) 0.55 0.38 0.21 0.14 0.10 0.06 0.35 0.30 0.15 0.10 0.26 0.18 
T(0) 0.98 0.24 0.93 0.26 1.00 0.06 0.97 0.21 0.76 0.35 0.97 0.05 
T_G0(0-1) 0.36 0.13 0.88 0.23 0.95 0.10 0.62 0.32 0.76 0.25 0.91 0.03 
T_G0(0-2) 0.98 0.07 0.97 0.21 1.00 0.09 0.63 0.26 0.69 0.26 0.96 0.04 
T_G0(0-12) 0.96 0.10 1.00 0.23 0.85 0.33 0.79 0.15 0.76 0.35 0.96 0.10 
T_G0(1-2) 0.91 0.07 1.00 0.15 0.96 0.11 0.62 0.24 0.69 0.21 0.92 0.05 
T_G0(2-12) 0.96 0.12 1.00 0.25 0.83 0.32 0.97 0.07 0.70 0.35 0.85 0.16 
ΔT(0-0.5) 0.84 0.37 0.83 0.45 0.33 0.18 0.18 0.14 0.77 0.53 0.56 0.28 
ΔT (0-1) 0.61 0.43 1.00 0.42 0.08 0.07 0.92 0.43 0.71 0.30 0.64 0.25 
ΔT (0-2) 0.50 0.21 1.00 0.25 0.82 0.15 0.15 0.12 0.29 0.23 0.85 0.14 
ΔT (0-6) 0.93 0.12 1.00 0.31 0.83 0.31 0.31 0.27 0.53 0.37 0.85 0.25 
W_G24(0-0.5) 0.67 0.20 0.51 0.29 0.39 0.08 0.39 0.23 1.00 0.05 0.49 0.19 
W_G24(0-1) 0.77 0.21 0.43 0.25 0.52 0.09 0.27 0.20 0.10 0.07 0.58 0.18 
W_G24(0-3) 0.94 0.25 0.85 0.32 0.87 0.15 0.31 0.25 1.00 0.05 0.77 0.23 
W_G24(0-6) 0.97 0.23 0.80 0.36 0.67 0.18 0.14 0.13 1.00 0.12 0.84 0.21 
W_G24(0-12) 1.00 0.43 1.00 0.44 0.76 0.23 0.14 0.11 0.72 0.27 0.00 0.00 
W_G24(0.5-1) 0.89 0.06 0.30 0.14 0.99 0.02 0.23 0.16 0.10 0.08 0.33 0.12 
W_G24(1-3) 1.00 0.08 0.14 0.13 0.65 0.18 0.21 0.16 1.00 0.09 0.77 0.23 
W_G24(3-6) 1.00 0.23 0.78 0.33 0.34 0.10 0.03 0.03 1.00 0.12 0.79 0.16 
W_G24(6-12) 0.89 0.29 1.00 0.42 0.45 0.23 0.69 0.24 0.91 0.24 0.74 0.22 
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regions was most similar to the Coast region outlined by Armstrong and Armstrong 

(1987). The Bear Pass and Duffey lake regions were a mix of the Coast and Transitional 

regions. Ningunsaw and Revelstoke were most similar to the Transitional region. 

Dissimilar climate has long been known to effect avalanche activity and how to best 

approach forecasting the avalanche hazard (LaChapelle, 1966; Bradley, 1970; Armstrong 

and Armstrong, 1987).  

Table 3.11 shows the top ten ranked variables based on the TSS for each region as well as 

the threshold value determined using univariate tree statistics. Highlighted variables have 

a POD greater than 0.75. Precipitation variables were most often ranked in the top ten in 

all regions except Coquihalla. Variables associated with wind were least often represented 

in the top ten.  

The differences in climate seem to extend to the timing of deep slab avalanches. The 

more coastal regions have a major peak in deep slab activity later in the season while the 

transitional regions peak earlier (Figure 3.5). For these reasons the results from the 

grouped regional analysis were not appropriate and the analysis needs to only be 

interpreted on a regional basis. Other problems with grouping the data was that the 

analysis was weighted by the Coquihalla region since it accounts for approximately 40% 

of the data. 

3.6.2 Antecedent variables 

In general, antecedent variables for precipitation performed best (based on the TSS) in 

most regions when discriminating days with deep slab avalanches from those without. 
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However, the antecedent period which provided the best discrimination varied by region. 

Other variables such as the change in air temperature in the Duffey Lake region or the 

numbers of hours that the air temperature was above freezing in the Coquihalla region 

were also found to discriminate relatively well in certain regions. This may be attributed 

to the different snow climate and snowpack characteristic expected in each region 

(Armstrong and Armstrong, 1987; Haegeli and McClung, 2007). Both the slab properties 

Table 3.11: The top ten ranked antecedent variables (by TSS)in descending order for each 

region and the associated threshold value. Highlighted cells have a POD of at least 0.75. 

Bear Pass Ningunsaw Coquihalla Duffey Lake Revelstoke All 
Var. Thres

hold 
value 

Var. Thres
hold 
value 

Var. Thres
hold 
value 

Var. Thres
hold 
value 

Var. Thres
hold 
value 

Var. Thres
hold 
value 

P(0-3) > 
23.0 
mm 

P(0-6) >28.0 
mm 

T_G0 
(0-12) 

<71.5 
h 

ΔT (0-

1) 
> -4.0 
K 

ΔT(0-

0.5) 
<2.5 
K 

P(0-3) >33.0 
mm 

P(0-0.5) > 3.0 
mm 

P(0-12) >54.0 
mm 

T_G0 
(2-12) 

<59.0 
h 

P(0-0.5) > 
11.5 
mm 

P(0-3) >17.0 
mm 

P(0-12) >62.0 
mm 

P(0-1) > 7.0 
mm 

P(0-3) >21.0 
mm 

ΔT (0-

6) 
>-7.5 
K 

T_G0 
(0-1) 

> 
10.0 h 

P(0-6) >22.0 
mm 

P(0-0.5) >5.5 
mm 

P(0-6) >35.0 
mm 

P(0-1) >11.0 
mm 

P(0-0.5) >1.75 
mm 

P(0-1) >22.0 
mm 

P(0-12) >52.0 
mm 

P(0-6) >21.0 
mm 

W_G
24 
(0-12) 

< 
84.5 h 

P_3h 
(1-2) 

>0.12 
h-1 

W_G
24 
(0-12) 

>27.0 
h 

P_G2
.5 (0-2) 

>1.5 
h 

P(0-1) >5.0 
mm 

P_3h  
(0-1) 

>1.21 
h-1 

ΔT (0-

1) 
>1.5 
K 

ΔT(0-

0.5) 
>2.0 
K 

W_G
24 
(6-12) 

>28.0 
h 

P(0-3) >29.5 
mm 

P_3h 
(0-1) 

>0.5 
h-1 

ΔT  
(0-0.5) 

<2.0 
K 

P_3h 
(1-2) 

> 1.1 
mm 
h-1 

P(0-0.5) >6.0 
mm 

P(0-3) >33.0 
mm 
 

P_G2
.5 (0-1) 

>1.5 
h 

P(0-0.5) >0.5 
mm 

P(0-1) >15.5 
mm 

P_3h  
(0-1) 

>0.5 
h-1 

W_G
24  
(0-12) 

>13.5 
h 

P(6-12) >33.0 
mm 

P(0-6) >25.0 
mm 

ΔT (0-

6) 
>15.0 
K 

P(1-3) >7.0 
mm 

P(1-3) >23.0 
mm 
 

ΔT (0-

1) 
>-4.5 
K 

ΔT(0-

0.5) 
>-1.0 
K 

P_3h  
(0-1) 

> 2.5 
h-1 

T_G0 
 (0-12) 

<14.5 
h 

ΔT 
 (0-1) 

>0.5 
K 

P_G2
.5 (0-2) 

>0.5 
mm 

W_G
24  
(6-12) 

>2.5 
h 

W_G
24 
(0-6) 

>13.2 
h 

ΔT (0-

6) 
>24.0 
K 

T(0) <-2 C ΔT 
 (0-6) 

>9.0 
K 
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and failure layer characteristics would affect the influence of antecedent weather to 

triggering avalanches. Slab properties, which are influenced by wind, sun, air, and 

precipitation, affect the transfer of stress from the snowpack surface to the weak layer and 

thereby influence the strain rate in the weak layer. Weak layer properties such as the 

critical strain, the strain rate at which brittle failure occurs, vary between weak layer 

snow grain forms (Narita and others, 1992; Fukuzawa and Narita, 1993). 

3.6.2.1 Explanation of causal mechanisms for antecedent variables 

The addition of new precipitation on a snowpack has many complicated affects. The 

additional overburden pressure causes snow layers and interfaces to gain strength through 

densification (Kojima, 1967; Conway and Wilbour, 1999; Zeidler and Jamieson, 2006a; 

Zeidler and Jamieson 2006b), pressure sintering between load-bearing grains, and an 

increased coordination number (increased number of bonds) (Brown et al., 2001). 

However, while a weak layer in the snowpack will gain strength due to an overburden 

pressure the overall stability (i.e. the ratio of strength to load) for a time can decrease if 

loading is rapid (Jamieson et. al., 2001). The mechanical behavior of snow is also highly 

rate dependent (Schweizer, 1999). At low strain rates, less than about 10-8 s-1, 

deformation is viscous, at mid strain rates, > 10-8 s-1 and < 10-3 s-1, snow can undergo 

strain softening and ductile failure and can experience strain softening, at high strain 

rates, < 10-3 s-1, snow will fail in a brittle fashion (Schweizer et al., 2003). Antecedent 

precipitation variables were chosen with these principles in mind. Accumulation of 

precipitation (i.e. P(A-B)) increases the normal and shear stress on a failure layer 

temporarily reducing the stability of potential avalanche slopes (Jamieson et al., 2001). 
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As the precipitation rate increases the absolute load necessary for failure would decrease 

because this increased rate of stress gained. P_3h(A-B) and P_G2.5(A-B) were meant to 

account for the rate dependence of snow. 

Increased temperatures lower the peak shear stress of a snow layer and substantially 

decrease the modulus of elasticity, i.e. allow the snow to deform more before failure 

(Schweizer, 1999). For layers deep in the snowpack it is not likely that changes in air 

temperature would cause a direct effect deeper than about 50 cm (McClung and Schaerer, 

2006, p. 97). They explain that shallow slab avalanches release due to warming because 

of the reduced stiffness (i.e. the modulus of elasticity is decreased). Jamieson et al. (2001) 

proposes that increased temperatures may be able to significantly weaken isolated thin 

spots in the slab, which would act as trigger points and factures would then propagate 

along the failure layer beneath the rest of the thick slab. McClung (1987) points out that 

snowpack creep above a weak layer increase strain rates on that layer and that stiff 

snowpack layers near the surface provide the greatest resistance to creep. This provides a 

mechanism for increased temperature to cause increase strain rate on deep layers. Many 

practitioners and studies have suggested rapid changes — positive or negative —can have 

a destabilizing effect on the snow cover (Exner and Jamieson, 2008; Jamieson et. al., 

2001; Fitzharris, 1986). ΔT(A-B) was incorporated to account for changes in air 

temperature. When air temperatures rise above freezing surface layers may begin to melt. 

Liquid water will form and descend through channels in the snowpack and on slopes 

move along horizontal layers where flow is impeded vertically (Wankiewicz, 1979). Free 

water has a destabilizing effect increasing the temperature of the entire snowpack and can 
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lead to an isothermal snowpack and wetting of weak layers, ultimately lowering stability 

(McClung and Schaerer, 2006). T_G0(A-B) was meant to incorporate this potential 

destabilizing process into the analysis. 

When winds moves snow by saltation substantial deposits of dense snow form on the 

surface of lee slopes adding significant weight and potentially forming a slab where there 

previously was none (McClung and Schaerer, 2006, p. 32). The speed at which this 

occurs is dependent upon the condition of the snow surface. Loose, unbounded snow will 

typically initiate saltation with wind speeds of 18 to 36 km h-1; dense, well bonded snow 

can require winds in excess of 90 km h-1 to initiate saltation (Barry, 2008; Mellor, 1965). 

W_G24(A-B) was meant to capture antecedent periods where snow transportation was 

likely. 24 km h-1 was used as the threshold hourly average wind speed because at this 

speed loose snow would begin to move in saltation and periodic gust would likely be 

higher which would begin transport of well bonded snow. 

3.6.2.2 Precipitation 

In every region antecedent cumulative precipitation variables calculated from 12 hours to 

12 days prior to a deep slab avalanche were found to be significantly different from days 

without deep slab avalanches. Jamieson et al. (2001) found that the correlation between 

cumulative snowfall amounts and deep slab avalanche activity increased from no 

correlation at 1 day to moderate at 15 days. Savage (2006) found similar results that 

showed more deep slab avalanches occurred with increased cumulative snowfall over 4.5 

days, while at 12 and 36 hours little or no snowfall was often observed. Both of these 

studies were looking at antecedent weather correlated to how many avalanches occurred. 
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The results from this Chapter show that even though snowfall amounts over short time 

periods may not be correlated to the release of many deep slab avalanches, precipitation 

amounts tended to be more for days that had a deep slab avalanche than those that did 

not.  

Similar to the results of Savage (2006) the antecedent precipitation periods that were 

significant in this analysis had median precipitation amounts that were not unusual for 

periods with snowfall. Median values for the 24 hour amounts were 5 to 15 mm. Median 

6-day cumulative precipitation was about 25 to 65 mm and the 12 day accumulation was 

on the order of 50 to 120 mm. This suggests that deep slab avalanches often occurred 

following multi-day periods of precipitation and not following extended periods of with 

little or no precipitation. Snowpack stratigraphy might explain why some periods require 

large precipitation amounts and others smaller amounts. 

Looking at precipitation in discrete blocks prior to days with deep slab avalanche events, 

a trend of increasing cumulative precipitation was apparent from the median values 

(Figure 3.8). However, statistical tests showed that in most regions other than Bear Pass 

and Ningunsaw the apparent trend was not significant.  

In terms of TSS, more antecedent precipitation variables ranked in the top ten most 

effective predictive variables compared to other variables except for the Coquihalla 

region. However, for the antecedent precipitation thresholds that were determined, nearly 

all produced a FAR greater than 30%. Since days with deep slab avalanches were 

oversampled, the FAR would in reality be even higher suggesting that the values are not 

useful on their own for forecasting days with deep slab avalanches. 
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3.6.2.3 Temperature 

The number of hours that the air temperatures was above freezing (i.e. T_G0(A-B)) did not 

distinguish days, with from days without, deep slab avalanche except in the Duffey Lake 

region. In the Duffey Lake region almost 50% of the days with deep slab avalanches 

occurred in April or May when it was more common for daytime temperatures to be 

above freezing at tree line elevations.  

Antecedent temperature variables that were selected as the best predictors based on the 

TSS either had a POD less than 75% and or a FAR greater than 30% making for poor 

univariate predictors for operational forecasting.  

3.6.2.4 Wind 

Wind variables were not as effective as other variables for discriminating days with, from 

days without, deep slab avalanches. These variables may provide more detail if wind 

direction was incorporated into the analysis. For a specific area in Utah, USA, Perla 

(1970) determined that wind direction independent of wind speed to be a good indicator 

of avalanche activity for a specific group of paths with a similar orientation.  

3.6.3 Early vs. late season days with avalanches 

A preliminary analysis of forecasting variables separated into early and late season shows 

that results may be significantly increased for some if not all of the regions. Figure 3.13 is 

similar to Figure 3.11 except crosses have been added to the right side of each boxplot to 

represent data associated with late season days (March, April and May) and circles to the 
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left side for early season days. It suggests that the temperature at the time of a release for 

deep slab avalanches was likely warmer for late season avalanches than it was in the 

early season. In the extreme cases of Duffey Lake and Revelstoke a near perfect split was 

present. Early and late season days with deep slab avalanche demonstrate differences in 

the amounts of antecedent precipitation (Figure 3.14). In most regions early season days 

with deep slab avalanches tend to receive more precipitation than late season days. These 

differences suggest that early and late season days with deep slab avalanches were 

different and separate analyses should be conducted. 

 

Figure 3.13: Similar to Figure 3.11. Air temperatures at the time of the deep slab 

avalanches for each region. Circles represent data prior to March 1st and crosses 

represent data on and subsequent to March 1st.  
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Figure 3.14: Similar to Figure 3.8. Comparison of cumulative precipitation for the P(0-3) 

and P(3-6) antecedent periods and P(3-6) and P(6-12) antecedent periods. Mann-Whitney U 

test p-values are written below each comparison. Circles represent data prior to March 

1st and crosses represent data on and subsequent to March 1st.  
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3.6.4 Nature of the data analyzed 

As previously mentioned (Chapter 2) an operational dataset is inherently skewed. In this 

case, the goal of the highways operation is to provide cost effective and low-risk passage 

for the public. The BCMoTI operational goal is to not have a deposit of any avalanche 

larger than a size two reach an open road. While recent research is explaining why thick 

slab avalanches are able to propagate further (e.g. Gauthier, 2007), practitioners have 

known this for many years and use it to their advantage. BCMoTI avalanche forecasters 

will detonate explosive in start zones to release avalanches on failure layers before a slab 

of high propagation potential develops. This also has the effect of removing the failure 

layer from the start zone in many cases.  

This would explain why “Na” deep slab avalanches were rare in the dataset and suggest 

that they were rarer than they would be in an uncontrolled environment. It is possible that 

in an uncontrolled environment better correlations with antecedent weather would be 

seen. It is unlikely, however, that such comprehensive avalanche observations and 

detailed high resolution weather data from representative locations would be found in any 

other setting than a highways forecasting region.  

3.7 Conclusion 

This Chapter analyzed 204 days with deep slab avalanches from five different forecast 

regions representing Coastal and Transitional areas of British Columbia. Detailed weather 

and avalanche observations were used to find antecedent weather variables that were 

significantly different between days with, from days without, deep slab avalanches on a 
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regional scale and for combined regions. The results show that antecedent precipitation 

from 12 hours to 12 days before a day with deep slab avalanches typically had more 

precipitation than days without deep slab avalanches. The threshold values determined 

using univariate tree statistics were not effective at isolating a useful threshold values due 

to a high FAR. Certain antecedent temperature and wind variables were significantly 

different for days with deep slab avalanches on a regional scale. However, the same 

problem exists where the determined threshold values were not effective at isolating 

useful threshold values due to a high FAR.  

A brief attempt was made at the onset of this study to see if return periods of antecedent 

precipitation could be used as in the forecasting of landslides (e.g. Bunce, 2008), but 

without success. It was clear why from the results of this analysis. The precipitation 

amounts were significantly greater for days with deep slab avalanches but were most 

often not extraordinary. The analysis of periods of extreme avalanche activity (e.g. 

Fitzharris and Schaerer, 1980) would possibly be better suited to that type of analysis. 

This analysis highlighted several important considerations for future analysis of 

antecedent weather associated with deep slab avalanches: 

 Early and late seasonal variation of critical antecedent weather for deep slab 

avalanches was likely. Separation for analysis would likely improve results. 

 No single antecedent weather variable was promising for forecasting deep slab 

avalanches. A multi-variable analysis will be beneficial in future attempts. It will 

also be important to include variables about snow stratigraphy such as slab and 

weak layer properties (i.e. hardness, depth, strength, grain type, etc.).  
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 Imbalanced datasets will likely always be present when comparing days with, to 

days without, deep slab avalanches. 

 Different discriminating variables and different threshold values vary by region. 
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4.0 FIELD MEASUREMENTS AT OLD DEEP SLAB AVALANCHES 

4.1 Introduction 

Practicing professionals identify deep slab avalanches as a unique type of avalanche that 

is very difficult to forecast. This is in part because deep slab avalanches only correlate 

weakly with the 12 and 24 hour snowfall amounts and associated winds, or with short 

term air temperature changes. This study analyzes data collected at 27 recent deep slab 

avalanches to determine snowpack and avalanche characteristics that will be good 

predictors for deep slab avalanches. General avalanche characteristics, snowpack 

stratigraphy in the start zone, and snowpack test data are the focus of this Chapter. 

Previous research on avalanche characteristics is examined in Section 4.2 to better 

understand what is unique about old deep slab avalanches. The dataset and study area are 

introduced in Section 4.3. Section 4.4 describes field and analytic methods used in this 

research. Section 4.5 looks at the results of this analysis. Section 4.6 discusses these 

results and how they may be used to understand and forecast old deep slab avalanches. 

Finally Section 4.7 summarizes this analysis in final concluding remarks. 

4.2 Previous research 

Snow stability and stratigraphy are closely related to avalanche release probability. 

Avalanche forecasting services use these key parameters to predict avalanche release. 

Snowpack tests are considered low entropy data (LaChapelle, 1980) or Class I data 

(McClung and Schaerer, 2006, p. 167) as they are directly related to current condition. By 

the same authors, snowpack data (e.g. snow grain type and size, layer hardness, and 
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density) are considered medium entropy or Class II data since they are not as relevant for 

assessing current stability and more interpretation is required. Snowpack data is suited to 

assess potential future hazard. 

Prior field studies of snowpack property data that summarize avalanche data have 

focused on the type of release, mostly natural, explosive and more recently skier-

triggered. Perla (1977) summarized the dimensions of 205 slab avalanches, as well as 

some snowpack and terrain properties associated with the avalanches providing a first 

review of field data associated slab avalanches. Stethem and Perla (1980) analyzed 30 

avalanches from Whistler Mountain. They found a wide variety of grains in failure layers 

and in many cases the grains in failure layers differed little from those in adjacent layers. 

Föhn (1993) summarized the properties of about 300 failure layers underlying slab 

avalanches in Switzerland. He found that 40% of failures occurred in failure layers 1-60 

mm in thickness and 60% of failures occurred on weak interfaces, where no distinct layer 

texture could be found. In his study failure layers consisted most often of aged surface 

hoar (40 %), faceted snow grains (25 %) and depth hoar (15 %). He found that the 

distribution of the failure layer ages displays an exponential form with a time constant of 

15 to 20 days, i.e. a failure layer is much more likely to occur while the layer is younger 

than 20 days. 

Jamieson and Johnston (1998) performed a study of skier-triggered avalanches analyzing 

185 slopes, 96 of which avalanched and 87 did not. 75% of the skier-triggered slab 

avalanches were less than 56 cm thick and less than 25% had a failure layer older than 13 

days. They found that the failure layer hand hardness was generally softer (median 4F-) 
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and compression test (CT) scores were generally lower (median 14 taps) compared to 

slopes that did not avalanche. The compression test is a test of snow stability and 

described in more detail in Section 4.4. The hardness of snowpack layers is often simply 

rated with a penetration test known as the hand hardness test. A penetrating force of 1 to 

1.5 kg-force is manually applied and the hardness classes vary with the size of an inserted 

object: F (Fist), 4F (4 Fingers), 1F (1 Finger), P (Pencil), and K (Knife) (CAA, 2007). 

Jamieson and Geldsetzer (1999) surveyed 153 experienced avalanche professionals in 

western Canada to find patterns in unexpected skier-triggered avalanches. They then 

contrasted some of the results with a dataset of 1390 skier-controlled avalanches (i.e. 

intentionally skier-triggered). It was found that most unexpected skier-triggered slab 

avalanches were thicker than controlled slab avalanches. Over half of the avalanches 

failed on a layer deeper than the most recent storm snow interface. Furthermore, they 

found that about 75% failed on persistent grains, i.e. surface hoar, faceted grains, and 

depth hoar. Spatial variability (i.e. spatial variations of snowpack properties and stability) 

was determined to be important as 41% of the cases involved remote triggering and 33% 

of the cases were triggered from unexpected locations. 

Schweizer and Lütschg (2000) studied ten years of avalanche incidents data from the 

Swiss Alps. The median slab thickness of the avalanches studied was 45 cm. The analysis 

of 90 profiles found that a failure layer was found in only 42 % of the cases. In all other 

cases the failure was between two adjacent layers (new snow failures) with a median 

rutschblock score of three. The thin (1 cm) failure layer was usually soft, found between 

harder layers and consisted primarily of large grains ( ≥ 2 mm) with plane faces, i.e. 
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surface hoar, faceted grains, and depth hoar. The typical slab consisted of F to 4F snow 

and consisted of defragmented precipitation particles or rounded grains. The median 

density of the slab was slightly higher than 200 kg m-3.  

Schweizer and Jamieson (2003) analyzed a Swiss-Canadian dataset of over 400 snow 

profiles from skier-triggered slopes and slopes that were skied but not triggered. The 

median failure layer depth of the avalanches analyzed was 45 cm (stable slopes) and 47 

cm (unstable slopes). Using a univariate analysis they determined that the rutschblock 

score, failure layer hardness, failure layer grain size as well as difference in grain size and 

hardness across the failure interface were very important for discriminating between 

stable and unstable slopes. The rutschblock test is a snowpack stability test and is 

described in more detail in Section 4.4. 

4.3 Study area and dataset 

Since 1990, field technicians from the University of Calgary have observed 35 snow 

profiles at 27 old deep slab avalanches. Most of the old deep slab avalanches have been 

observed in the Columbia Mountains (21) but a few were in the Coast (1) and Rocky 

Mountain ranges (5). All avalanches meet the definition of old deep slab avalanches as 

defined in Chapter 2, i.e. average slab depth appropriate for the region (Coast: 100 cm, 

Columbia: 75 cm, Rocky: 75 cm) and a failure layer age of at least 21 days. Prior to the 

2009-10 winter season observations were made on a convenience basis, i.e. if a research 

field group was in the vicinity of an avalanche occurrence and travel to the site was 

reasonable in terms of time and safety. In the 2009-10 winter season an effort was made 

to visit recent old deep slab avalanches, 13 of the 27 old deep slab avalanches were 
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visited in the past two winter seasons (2009-10 and 2010-11).To identify recent old deep 

slab avalanches, field technicians would monitor the avalanche activity reported on the 

InfoEx each evening (see Chapter 1). When an avalanche of interest was reported in the 

InfoEx, field teams would contact the reporting operation and arrange travel logistics. 

Sites would usually be visited one to two days after the avalanche occurrence; two sites 

were visited more than three days after the avalanche occurred (six and nine days).  

4.4 Methods 

4.4.1 Standard methods of snow stability assessment 

Many methods of determining snow stability have been developed. It is often better to 

think of a snow stability assessment as an assessment of snow instability since signs of 

instability are more easily observed and interpreted (McClung and Schaerer, 2006).  

4.4.1.1 Snow profile 

Standard site information such as the slope aspect, slope inclination, elevation, vegetation 

zone, snowpack depth, air temperature, wind speed and direction, current precipitation 

type and rate and amount of cloud cover were recorded. This information was invaluable 

when analyzing the data at a later date to confirm that the profile was performed at an 

appropriate site. The slope aspect was recorded as being from one of the eight cardinal 

coordinates (i.e. north: N, north-east: NE, east: E, south-east: SE, south: S, south-west: 

SW, west: W, north-west: NW). Slope inclination was measured with an inclinometer in 

degrees from horizontal. Vegetation zones (i.e. below treeline (BTL), treeline (TL), and 

above treeline (ALP)) vary by geographical location and aspect so it was used in place of 
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elevation for this study.  

Standard procedures for performing a snow profile are outlined in CAA (2007). Snow 

profiles identify the seasonal snow stratigraphy. Stratigraphy boundaries were identified 

by isolating discontinuities in property layers such as layer hardness (R), density (ρ), 

grain form (F) and grain size (E). The depth of the layer boundaries (D) were recorded 

along with the layer properties (Figure 4.1). 

Layer hardness was determined by performing the hand hardness test. An object was 

inserted parallel to the layer boundaries with moderate effort (about 10 to 15 N) to 

determine hand hardness. The standard objects are shown in Table 4.1. Slight variations 

of hardness are identified using a + or – symbol after the rating (e.g slightly harder than 

4F would be 4F+). 

Grain forms were classified according to Fierz et al. (2009) and are grouped into these 

major categories: precipitation grains (PP), decomposed and fragmented precipitation 

grains (DF), rounded grains (RG), faceted grains (FC), depth hoar grains (DH), surface 

hoar grains (SH), melt grain forms (MF), and ice grain forms (IF). 

A 100 cm3 cylindrical metal tube (3.5 cm in diameter) was inserted parallel to snow layer 

bounderies to remove a volume of snow which was then weighed to determine snow 

layer density. It is not practical to measure layers with a thickness of less than 3.5 cm 

using this method. This explains why common failure layers such as surface hoar and 

thin layers of facet around a crust often do not have a density measurement. Crusts (both 

MF crust and IF crusts) often do not have a density measurement; this is due to 
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difficulties in obtaining representative samples. 

 

Figure 4.1: A snow profile. Note finger marks in the wall for testing layer hardness, 

thermometer next to the ruler to measure temperature. The failure layer in this case was 

depth hoar which is located just above the ground. 
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Table 4.1: Relative hand hardness scale used to determine hardness of layers of snow in a 

snow profile (CAA, 2007). 

Data code Object Relative Hardness 

F Fist in glove Very low 

4F Four fingers in glove Low 

1F One finger in glove Medium 

P Blunt end of pencil High 

K Knife blade Very high 

I Too hard to insert knife Ice 

 

4.4.1.2 Compression test 

Parks Canada wardens, in the 1970’s, developed what is known as the compression test  

(CT) (Jamieson, 1999). To perform the test a shovel blade is placed on top of an isolated 

vertical column of snow, 30 cm x 30 cm, and loaded dynamically (Figure 4.2). Loading is 

performed by tapping on the shovel blade ten times from the wrist (referred to as easy 

taps), then ten times from the elbow (moderate taps), and finally ten times from the 

shoulder (hard taps) (CAA, 2007). The loading step at which failure occurs indicates how 

much effort is required to initiate a failure. The CT does not target a particular failure 

layer and all layers in the top 120 cm of the column are tested. However, larger forces are 

applied to shallow layers. It is not recommended to perform this test on failure layers 

deeper than about 120 cm because of inconsistent results due to absorption of the applied 

load within the column and an unintentional wobbling of the column (Jamieson, 1999) 
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applying a moment at the base of the column. Fracture character in the CT has not been 

interpreted in terms of crack opening mode. It is unsure if a 30 cm x 30 cm column would 

allow transition to propagation beyond the critical crack length. 

 

Figure 4.2: The compression test (CT) (photo: ASARC). 

An important observation of this test is how failure occurs. The failure type or facture 

character has long been known to be important for interpreting CT results. van Herwijnen 

and Jamieson (2007a) standardized fracture character reporting in Canada. Johnson and 

Birkeland (1998) independently standardized shear quality (similar to fracture character) 

in the United States simultaneously. The standardized methods for recording fracture 

character have gained popularity amongst practitioners internationally in recent years. 

This analysis used the fracture characters as defined by van Herwijnen and Jamieson 
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(2007a) described in Table 4.2. Fracture character was found to be related to fracture 

propagation by van Herwijnen and Jamieson (2007b). They found that sudden fractures 

were most often associated with failure layers that tend to propagate.  

Table 4.2: Descriptive classification of fracture character in snowpack tests (CAA, 2007). 

Fracture 
Character 

Code Fracture Characteristics 

Progressive 
Compression 

PC Fracture usually crosses column with single loading step, 
followed by gradual compression of the layer with subsequent 
loading steps 

Resistant 
Planar 

RP Fracture requires more than one loading step to cross column 
and-or the block does not slide easily on the failure layer 

Sudden Planar SP Fracture suddenly crosses column in one loading step and the 
block slides easily on the failure layer 

Non-planar 
Break 

B Irregular fracture 

Sudden 
Collapse 

SC Fracture crosses column with single loading step and is 
associated with noticeable vertical displacement 

No Result NR *No failure in the layer of interest 

*Definition altered for this analysis 

4.4.1.3 Deep Tap Test 

The deep tap test (DT) is a variation of the CT (CAA, 2007). A column of snow is 

isolated, as for the CT, and all but 15 cm of snow above a failure layer, measured at the 

back of the column, is removed. The loading step at which failure occurs and the fracture 

character are recorded (same procedure as CT). A DT can be performed on the same 

column as the CT if a deeply buried failure layer did not fracture and the DT can be 
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performed on any layer regardless of depth (Figure 4.3).  

 

Figure 4.3: The deep tap test (DT). 

4.4.1.4 Rutschblock test 

The rutschblock test (RB) is performed as outlined by CAA (2007). Seven loading steps 

are applied to an isolated area of snow 200 cm cross slope by 150 cm upslope (Table 4.3, 
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Figure 4.4). Like the CT, all layers in the isolated column are tested with larger forces 

induced on the shallower layers. The release type is also recorded as whole block (WB, 

90-100% of block), most block (MB, 50-80% of block), and edge block (10 to 40% of 

block). It is assumed that due to the large weak layer area tested in the RB test that a 

transition to propagation takes place. The crack opening mode is likely mixed mode 

always involving a component of mode -1 (anti-crack) (van Herwijnen, 2005).  

 

Figure 4.4: A researcher performing the rutschblock test (RB). The slab is in motion 

sliding, as a unit, on a failure layer of depth hoar just above the ground. 
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4.4.1.5 Propagation saw test 

The propagation saw test (PST) is a relatively new. It specifically tests the propensity for 

a fracture to propagate in a failure layer. It has been under development at the University 

of Calgary since 2005 (Gauthier and Jamieson, 2006) and was just recently published in 

an addendum to the Canadian Avalanche Association (CAA) Observation Guidelines and  

Table 4.3: Loading steps and scores used in a rutschblock test (CAA, 2007). 

Rutschblock 
score Loading step 

1 The block slide during isolation. 

2 The tester approaches the block from above and gently steps down onto 
the upper part of the block with skis on (within 35 cm of the upper wall). 

3 Without lifting heels, the tester drops from straight leg to bent knee 
position, pushing downwards and compacting surface layers. 

4 The tester jumps up and lands in the same spot. 

5 The tester jumps again on the same spot. 

6 

For hard or deep slab avalanches, remove skis and jump on the same spot, 
For soft slab avalanches or thin slab avalanches where jumping without 
skis might penetrate through the slab, keep equipment on, step down 35 
cm (almost mid-block) and push once then jump three times. 

7 None of the loading steps produced a smooth slope-parallel fracture. 

 

Recoding Standards for Weather, Snowpack and Avalanches (CAA, 2007). The test is 

performed by isolating a column 30 cm cross slope by 100 cm upslope. A blunt object 

(typically a snow saw), ~2 mm thick, is drawn upslope through the failure layer of 

interest at a constant speed until a fracture propagates suddenly (Figure 4.5). The fracture 
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will either reach the end of the column (END), arrest before reaching the end (ARR), or 

the slab will fracture and the fracture will stop (SF). If the failure layer is deeper than 100 

cm the upslope dimension of the column is scaled such that it is proportional to the depth 

of the failure layer. If a self-propagating fracture is initiated before 50% of the column 

length is cut and the fracture reaches the end of the column then there is a high propensity 

for fracture propagation. When the cut length is greater than 50% of the column length or 

the fracture arrests before reaching the end of the column then fracture propagation is not 

likely. The PST does not indicate whether starting a failure is likely. 

 

Figure 4.5: A researcher performing the propagation saw test (PST). 
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4.4.1.6 Extended column test 

Simenhois and Birkeland (2009) developed the extended column test (ECT) in New 

Zealand and Colorado and was just recently published in an addendum to the Canadian 

Avalanche Association (CAA) Observation Guidelines and Recoding Standards for 

Weather, Snowpack and Avalanches (CAA, 2007). The test, similar in procedure to the 

CT, is performed by loading one end of a column 90 cm cross slope and 30 cm upslope 

(Figure 4.6). The number of taps required to initiate a fracture are recorded as well as the 

number of subsequent taps for the fracture to propagate to the far side of the column. 

Fracture propagation is likely (ECTP) if a fracture is initiated and propagates to the far 

side of the column on that loading step or the first subsequent tap (CAA, 2007). Fracture 

propagation is not likely with all other results. ECTN indicates that a facture initiated but 

did not propagate across the column. ECTX indicates that no fracture was initiated in the 

column. 
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Figure 4.6: A researcher performing the extended column test (ECT). 

4.4.1.7 Comparison of snowpack tests 

Each test has strengths and weaknesses when assessing stability. Schweizer and Jamieson 

(2010) reviewed many of the methods used in this study and assessed their performance. 

They determined three distinct types of data: snowpack stratigraphy, failure layer 

initiation and failure layer fracture propagation. The information that each test provides is 

summarized in Table 4.4. They found that the RB, PST, and ECT have higher accuracy 

when assessing stability compared to the CT. This is likely because the area of failure 

layer tested is large enough to represent fracture propagation whereas the area tested in a 

CT is not (Schweizer and Jamieson, 2010). They state that reliability increases when two 
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adjacent tests are performed and that a second test performed at a different site would be 

more useful than two adjacent tests.  

Table 4.4: Information about dry snow avalanches provided by various snow snowpack 

tests used in this study (after Schweizer and Jamieson, 2010). 

Observation-test Stratigraphy Failure 
Initiation 

Fracture 
Propagation 

Snow profile yes no no 

RB: score + release type yes yes yes 

CT: Score + fracture character yes yes partly 

ECT yes yes yes 

PST no partly yes 

4.4.2 Avalanche characteristics 

Standard avalanche characteristics were recorded at each site. Those analyzed in this 

study included the avalanche size (Canadian destructive scale (CAA, 2007)), avalanche 

trigger (grouped as natural, light load, and heavy load), crown width, average slab 

thickness, slope inclination, aspect, and start zone vegetation zone.  

4.4.3 Site selection for snow profile 

Site selection to perform a snowpack profile at an avalanche site is important and requires 

experience (Schweizer and Jamieson, 2010). The aspect, slope inclination, snow depth 

and layering should be similar to that found in the start zone of the avalanche. CAA 

(2007) states that the location of a profile may be dug into the flanks or crown face and if 

more than a short time has passed since the avalanche one should dig at least 1 m beyond 
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the crown or flank. This is the best place to identify the failure layer and average slab 

depth. However, snow is a viscoelastic material (Shapiro et al., 1997) and it is possible 

that the flanks and crown deform when an avalanche releases changing the strength 

properties of the slab, failure layer, and bed surface. For this reason, in the 2009-10 

winter season profile sites were selected 5 - 20 m beyond the crown or flank, sometimes 

more if an appropriate site was available. A quick observation of the crown or flack 

would be carried out first to get a basic understanding of slab and failure layer properties 

to ensure the selected site represented the slab properties in the start zone. An avalanche 

occurrence southeast of Revelstoke, B.C., in the Columbia Mountains was visited and the 

site layout is shown in Figure 4.7. The avalanche is shaded and outlined. There were two 

profiles performed at this event. Both were above the crown at opposite ends, one was 15 

m back from the crown and the other was 7 m back. Both sites were lee to the 

predominate winds at the site like the start zone; however, the slope inclinations were 

slightly less compared to the start zone, 25○ and 28○ as opposed to the 38 ○ slope 

inclination in the start zone. A site near the upper flanks would have been preferred since 

loading and slope inclination would have been better represented but a past avalanche 

and a morainal feature at the site prevented such a site. These sites were both judged 

adequate to represent the start zone snowpack properties. 

4.4.4 Procedure for avalanche observation 

Prior to the 2009-10 season it was common to perform a detailed snow profile to record 

the slab, failure layer, and bed surface properties. It was common to perform a CT and if 

time permitted a RB. The PST, ECT or DT tests were not performed at any old deep slab  
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Figure 4.7: Google earth image of an avalanche visited by the ASARC field team. This 

avalanche, outlined and shaded polygon, was observed in the Columbia Mountains 

southeast of Revelstoke. The trigger location is shown as Hr, Helicopter remote. Snow 

profile location, Pit 1 and Pit 2, were located above the crown (5-15 m back) where 

snowpack layer characteristics were judged similar to the start zone. Dots indicate slab 

depth measurements (GPS waypoints). 

avalanches visited prior to the 2009-2010 season. Starting in the 2009-2010 winter season 

many tests were performed at each site but due to time constraints imposed by weather 

and travel logistics, priority for data collection was given in this order: 

1. Avalanche dimensions and start zone characteristics 
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2. Snowpack profile at a representative location  

3. PST 

4. ECT 

5.  DT 

6. CT 

7. Rutschblock (RB) 

8. A second snow profile 

The Mann-Whitney U test was used to determine significant differences between two 

groups of the same variable. It is a nonparametric measure that uses ranks in place of 

original values (Sprent and Smeeton, 2007). If it is assumed that the two groups have 

similar distributions, it can be thought of as a test of medians. A difference was 

considered significant when the p value was less than 0.05. 

The Spearman rank correlation coefficient (r), a non-parametric measure, was used to 

determine dependence between two variables. The correlations coefficient is a 

dimensionless value between -1 and 1 which provides a quantitative measure of the 

strength of the correlation (Sprent and Smeeton, 2007). A large positive or negative 

number indicates that a strong correlation may exist. An associated p value provides a 

measure of significance for the correlation. A correlation was considered significant when 

the p value was less than 0.05. 

4.4.5.2 Snowpack Properties 

At avalanche events where more than one snow profile was performed, only one was 
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selected for analysis. Best judgment was used to select the most appropriate profile by 

comparing completeness of profile and site location (elevation, slope, aspect, etc.) 

relative to the avalanche start zone. 

Hand hardness measurements were converted to an ordinal numeric index as per Table 

4.5. Intermediate values were increased or decreased by 1-3, (e.g. P+ = 4.3 and 1F- = 

2.7), similar to Geldsetzer and Jamieson (2000). 

Table 4.5: Numeric ordinal indexing of relative hand hardness (after Fierez et al., 2009). 

Hand harness Hand hardness index h 

F (Fist) 1 

4F (4 Finger) 2 

1F (1 Finger) 3 

P (Pencil) 4 

K (Knife) 5 

I (Ice) 6 

 

If more than one grain form was reported for a snow layer, the dominant form was used. 

When a range of snow grain sizes was reported the maximum representative size was 

used. 

Differences in snowpack properties between the failure layer (Wl) and superstratum 

(Layer above the failure layer) (La) were analyzed separately from the differences 

between the failure layer and substratum (layer below the failure layer) (Lb). Differences 
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between adjacent layers and the failure layer were calculated as: 

∆X𝐿𝑎 = 𝑋𝐿𝑎 −  𝑋𝑊𝑙         (4.1) 

∆X𝐿𝑏 = 𝑋𝐿𝑏 − 𝑋𝑊𝑙          (4.2) 

Where X is a layer property (e.g. snow grain size, layer hardness).  

The slab was defined as all layers above the failure layer. Slab properties such as hand 

hardness and density were calculated using a weighted average (by layer thickness).  

4.5 Results 

Skiers triggered 11 of the 27 avalanches, ten of which were unintentional (i.e. accidently 

or remotely triggered). Six were remotely triggered and four accidently. Seven of the 27 

avalanches released naturally (spontaneously) as a result of a change in stability that was 

caused by environmental factors. The remaining nine avalanches were triggered by large 

loads, i.e. snow machines, explosives, cornices, etc. Cornices were included with large 

load avalanches and not natural avalanches because of the large dynamic point load they 

induce on a slope. A summary of all avalanches is shown in Table 4.6.  

Table 4.6: Distribution of observed avalanches grouped by trigger. 

Trigger Number of avalanches in dataset 

Natural or spontaneous 7 

Large Load, i.e. machine, explosive, 
natural cornice 

9 

Light Load, e.g. skier 11 
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4.5.1 Avalanche and start zone characteristic 

The typical old deep slab avalanche was a size 3 avalanche (Figure 4.8) that occurred at 

or above TL on a 37 degree (Figure 4.9) NE facing slope. The failure layer age was 

typically a month old. The released slab was 200 m wide (Figure 4.10) and 100 cm thick 

(Figure 4.11).  

The size of the old deep slab avalanches for different triggers (natural, light load, heavy 

load) did not differ significantly (i.e. p > 0.05). The size of the old deep slab avalanche 

did not significantly correlate to the average slab thickness, failure layer age, slope 

inclination, height of snow in the start zone, or elevation of the start zone. Avalanche size 

did correlate significantly to the width of the slab (Table 4.7). 

 

Figure 4.8: Distribution of the avalanche size for the 27 old deep slab avalanches. 
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Table 4.7: A correlation matrix for numeric avalanche start zone characteristics. Shown 

is Spearman’s R, values in bold are significant with a p-value ≤ 0.5. AGE: weak layer 

age, Thick: average slab thickness, Size: avalanche size, Width: crown width, Slope: 

average start zone slope angle, Elev.: start zone elevation (m), HS: snowpack thickness in 

the start zone. 

 
AGE Thick Size Width Slope Elev. HS 

AGE 1.00 0.29 0.33 0.21 -0.27 0.25 -0.07 

Thick 
 

1.00 0.30 0.20 0.00 -0.08 0.07 

Size 
  

1.00 0.78 -0.13 0.33 0.25 

Width 
   

1.00 0.04 0.04 0.12 

Slope 
    

1.00 -0.24 -0.20 

Elev 
     

1.00 0.04 

HS 
      

1.00 

 

Most of the old deep slab avalanches (14 out of 27) started at TL. Twelve of 27 had their 

start zones in the ALP and 1 was observed to start BTL. 

No significant difference was found for the slope inclination at which light load, natural, 

or large load triggered avalanches occurred (p-value > 0.5). The interquartile range for all 

old deep slab avalanches was between 35○ and 40○ (Figure 4.9). The slope inclination did 

not significantly correlate with any of the other variables. 

Northeast was the most common aspect for old deep slab avalanches to occur (9 of 27), 

followed by North (8 of 27), Northwest (4 of 27), West (3 of 27), Southeast (2 of 27), and 

South (1 of 27). In 20 out of the 27 cases the avalanche occurred on a northerly aspect  

(NW, N, or NE). 
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Figure 4.9: Start zone inclination for 25 of the 27 avalanches. Min: minimum), Q1: first 

quartile, Med: median, Q3: third quartile, Max: maximum. 

The median age of the failure layer was 31 days (about a month). Spontaneous natural 

avalanches had a median failure layer age of 49 days but this was not found to be a 

significant difference from avalanches with other triggers (p-value = 0.30). Failure layer 

age did not significantly correlate with any other variables. 

The median width of the old deep slab avalanches was 200 m. The width of the released 

slab did not significantly correlate to average slab thickness, failure layer age, slope 

inclination, height of snow in the start zone, or elevation of the start zone. It did 

significantly correlate with the avalanche size as mentioned above. When avalanches 

triggered naturally and large loads were grouped, the median width was slightly larger, 

250 m. The median width of light load triggered avalanches was less (110 m). This 

difference was not significant, p-value = 0.16. 



132 

 

 

Figure 4.10: Avalanche slab width for 25 of the 27 old deep slab avalanches. 

The median slab thickness of the old deep slab avalanches was 100 cm with an 

interquartile range of 82 cm to 120 cm. The average slab thickness did not significantly 

correlate to any of the other variables. The ratio of the average slab thickness to the snow 

depth at the location of the snow profile showed that the average slab thickness accounts 

for 37% of the snowpack (median value, the interquartile range was 29% to 52%). The 

median average slab thickness for light load old deep slab avalanches was 85 cm. The 

median slab thickness for spontaneous and large load triggered avalanches was 110 cm. 

This difference was not significant (p-value = 0.08). 
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Figure 4.11: Average slab thickness for the 27 old deep slab avalanches. 

4.5.2 Snowpack properties 

All of the failure layer grain forms were persistent snow grains by the definition used for 

old deep slab avalanches (Figure 4.12). SH was the most common, present in 18 of the 27 

old deep slab avalanches. FC was second most common (6 of 27). DH was present in 

three of the 27 cases. The bed surface was not always recorded but was most commonly 

comprised of FC (12 of 23) followed by RG (6 of 23). The snow grain form of the 

superstratum was also not always recorded. From this data the superstratum was most 

often consisting of RG (11 of 20), followed by FC forms (5 of 20), and then MF (4 of 

20). 
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Figure 4.12: Superstratum, failure layer, and substratum snow grain forms observed at 

the old deep slab avalanche sites. RG: rounded grains, FC: faceted grains, DH: depth 

hoar, SH: surface hoar, MF: melt form, G: ground. 

The maximum grain size of the superstratum, failure layer, and substratum are shown in 

Figure 13a. It can be seen that the grain size of the failure layer was much larger than 

either the superstratum or substratum. These differences in grain size were significant. 

Figure 4.13b shows the differences in grain size between the failure layer and 

superstratum (ΔELa) as well as the difference between the failure layer and substratum 

(ΔELb). The median ΔELa and ΔELb was 5.5 mm. 
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Figure 4.13: Weal layer and adjacent layers snow grain crystal size. a) Snow grain size 

distributions for the superstratum, failure layer, and substratum layers. b) Distribution of 

failure layer minus superstratum grain size (-ΔELa) and failure layer minus substratum 

grain size (-ΔELb). 

The hand hardness of the failure layer, superstratum and substratum are shown in Figure 

4.14a. It can be seen that the failure layer was less resistant to penetration than either the 

superstratum or substratum. The difference was found to be significant. Where Figure 

4.14a shows the layers grouped, Figure 4.14b shows the differences in hardness between 

the failure layer and the superstratum and between the failure layer and the substratum 

(ΔLa and ΔLb) which was 1.33 steps for both. 

Hand hardness profiles were completed at 25 of 27 old deep slab avalanches. The median 

average slab hardness was 3.07 or 1F with an inter quartile range of 2.5 to 3.5 or 4F+ to 

P-. The median percentage of the slab consisting of 1F- or harder snow was 77% with an 

interquartile range of 53% to 90%. The median percentage of the slab consisting of 4F+ 
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or weaker snow was 26% with an interquartile range of 10% to 53%. The percentage of 

slab avalanches greater than or equal to 1F- was significantly more than the percentage of 

slab less than or equal to 4F+. The median percentage of the slab consisting of P- or 

stronger snow was 32% with an interquartile range of 11% to 63%.  

 

Figure 4.14: Weal layer and adjacent layers hand hardness. a) Snow layer hardness 

distributions for the superstratum, failure layer, and substratum layers. b) Distribution of 

failure layer and superstratum layer hardness differences (ΔRLa) and failure layer and 

substratum layer hardness differences (ΔRLb.). 

A density profile was recorded at 14 of the 27 avalanche events. The median average slab 

density was 226 kg m-3 with an interquartile range of 190 kg m-3 to 237 kg m-3 (Figure 

4.15b) The bed surface was typically at least as dense as the slab as seen in Figure 4.16. 

The bed surface was most often 1.5 to 1.75 times more dense than the average slab 

density. The superstratum ranged in density from 250 to 374 kg m-3 which is typical of 

well settled old snow (McClung and Schaerer, 2006, p. 92). The density of the failure  
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Figure 4.15: Weal layer, adjacent layers, and slab density.  a) Snow layer density 

distributions for the superstratum, failure layer, and substratum layers. b) Average slab 

density distribution for 14 of the 27 old deep slab avalanches observed. 

 

 

 

Figure 4.16: Distribution of bed surface (substratum) to average slab density ratios for 

11 of the 27 old deep slab avalanches. 
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layer was only observed at six old deep slab avalanches. This was due to the high number 

of surface hoar failure layers that were too thin for accurate density measurements. For 

the six sites where density was recorded the interquartile range was 248 to 276 kg m -3. 

The interquartile range of the substratum was 265 to 308 kg m-3. 

4.5.3 Snowpack test results 

The CT is the most common snowpack test performed by winter backcountry 

recreationists and professionals alike. Figure 4.17 shows the results from 45 CTs 

performed in 17 locations at 13 old deep slab avalanche events. In 13 of the 45 CTs 

(29%) showed no results. The median CT score (taps), for the remaining 32 tests, was 22 

with an interquartile range of 15 to 25. The most often observed fracture character was  

sudden planar (72%), followed by sudden collapse (19%) and resistant planar (9%). No 

test exhibited progressive compression. Three of the 17 locations exhibited only no 

results. At two locations a CT with no result was accompanied by sudden planar results. 

At two sites a CT with no results was accompanied by resistant planar results. The 

remaining locations (10 of 17) showed no variability in the fracture character. 

At six old deep slab locations seven RB tests were performed. In five of the seven RB 

tests no failure was initiated (RB7). The other two tests produced a score of RB3 and 

RB5. 
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Figure 4.17: Distribution of fracture character observed for compression tests performed 

at recent old deep slab avalanches. Boxplots show the distribution of compression test 

scores observed for each fracture character.  

Twenty-two DTs were performed in ten locations at nine old deep slab avalanche events 

(Figure 4.18). Three of the 22 (14%) DTs yielded no result. The median DT score for the 

remaining 19 tests was 21 with an interquartile range of 14 to 22. The fracture character 

most often observed was sudden planar (45%), followed by sudden collapse (36%). Three 

tests showed no result, one test showed a resistant planar results and no test exhibited 

progressive compression. Two of the three NR results were performed at the same 

location. The other NR result was experienced at one location with two sudden collapse 

results. The resistant planar result was observed with two sudden planar results in one 

location. The remaining locations (7 of 10) show no variability in the fracture character. 
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Figure 4.18: Distribution of fracture character observed for deep tap tests performed at 

recent old deep slab avalanches. Boxplots show the distribution of deep tap test scores 

observed for each fracture character.  

The ECT is a recently developed adaptation of the CT. Figure 4.19 shows the results 

from 27 ECTs performed in 13 locations at 11 old deep slab avalanche events. Twenty-

one of the 27 ECTs (78%) yielded ECTX result. The remaining six ECTs showed scores 

greater than 20. Four of the six results showed that propagation was likely (ECTP) and 

two did not (ECTN). Only at one location did the ECT show consecutive propagation 

likely results (i.e. two of two results showed propagation likely (ECTP). At 8 of the 13 

locations consecutive results showed that propagation was unlikely (i.e. ECTX or 

ECTN). 
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Figure 4.19: Distribution of for extended column test results performed at recent old deep 

slab avalanches. Point data show the distribution of test scores observed for each result. 

The PST assesses the tendency of a fracture to propagate independent of the force 

required to initiate the fracture. Figure 4.20 shows the results from 31 PSTs performed in 

14 locations at 11 old deep slab avalanche events. At twenty of the 31 PSTs (65%) the 

results showed that propagation was likely. Three locations (27%) showed contradicting 

adjacent results, i.e. propagation likely next to propagation not likely. At seven of the 14 

(50%) locations results were only propagation likely and at four locations (29%) results 

were only propagation unlikely. Where the fracture propagated all the way to the end of 

the column the median cut length was 39% of the column length, with an interquartile 

range of 35% to 51%. Where propagation was found to be likely the median cut length 

was 36% of the column length and the interquartile range was 34% to 39%. 
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Figure 4.20: The bar chart shows the distribution of results observed for the propagation 

saw tests performed at recent old deep slab avalanches. Boxplots show the distribution of 

cut length observed for each result.  

4.6 Discussion 

4.6.1 Avalanche characteristics 

Schweizer (1997) showed that the influence of skier’s induced additional shear stress on a 

potential failure layer diminishes quickly with depth and at about 70 cm below the ski 

base it is less than ten percent of the total stress; due to the skier plus slab. Eleven of the 

27 avalanches were skier-triggered (light load) even though the minimum average slab 

depth was 75 cm. Jamieson et al. (2001) proposed that skier triggering of old deep slab 

avalanches may be caused by triggering the failure layer in areas where the slab is thin. 

This might have been the case at these old deep slab avalanches but the depth of the 

failure layer at the trigger point remains unknown for the avalanches analyzed. Savage 
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(2006) stated that from his experience controlling deep slab avalanches, several well 

placed small explosives were more effective than one large explosive. He reasoned that 

placement of the explosive in large complex start zones was more important than size. 

Simenhois and Birkeland (2008) support the idea of thin spot triggering with 

experimental results that showed fractures were more likely to propagate from thin to 

thick areas than they were from thick to thin areas. 

The median slab thickness of skier-triggered avalanches was less than that of the other 

avalanches, median depth of 85 cm opposed to 110 cm, although this was not a 

significant difference possibly due in part the small sample size. At a median depth of 85 

cm, a skier would only need to find a shallow spot on the slope (e.g. a spot where the 

failure layer depth of 65 cm) and have a ski penetration of ten cm to increase their 

influence to approximately 40% of total stress (skier plus slab) (Schweizer 1997). More 

than 90 % of the skier-triggered avalanches were triggered unexpectedly, either being 

reported as accidental or remotly triggered. Jamieson and Geldsetzer (1999) report that 

the trigger point of an unexpected avalanche was what surprised more than 30% of 

avalanche professionals. This is likely the case with the skier-triggered avalanches in this 

old deep slab avalanche dataset; however, the trigger point was seldom known.  

About 75% of the old deep slab avalanches occurred on northerly aspects. Many other 

authors have found similar results with other forms of avalanches (e.g. Tremper, 2001, p. 

78; Jamieson and Geldsetzer, 1996, p. 12). These authors state that easterly aspects also 

have a high frequency of avalanche activity but not one East aspect was reported in this 

study. If a binomial distribution is assumed for the distribution of avalanche activity by 
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aspect and each aspect were to have equal probability, then in 27 trials there is a 97% 

percent chance that at least one trial would be on an east aspect. Personal experience and 

discussion with active avalanche professionals confirms that east aspects can and do have 

old deep slab avalanches; however, the predominance of northerly aspects in this dataset 

might highlight that formation and preservation of the failure layer is very important for 

future old deep slab avalanches. Northerly aspects receive protection from the sun and to 

some extent wind. The energy balance at treeline or above is such that outgoing long 

wave radiation will dominate for most of the winter months promoting the formation of 

persistent failure layers such as SH, FC, and DH (McClung and Schaerer, 2006). 

Persistent grain forms are preserved more effectively on north aspects since snowpack 

temperatures are lower slowing the metamorphic processes (McClung and Schaerer, 

2006, p. 52).  

Only one old deep slab avalanche in this study was observed below treeline suggesting 

old deep slab avalanches are more likely at treeline and above. At and above treeline is 

where there is more wind effect, less vegetation, and higher snowfall amounts. At TL and 

above, vegetation is sparse and acts as a snow fence in many cases creating thicker areas 

lee of the trees. In the ALP wind will move snow smoothing the landscape by filling in 

depressions before covering high areas. This creates a complicated distribution of snow at 

TL and above with many thin and thick areas. In large start zones, local thin snowpack 

areas likely act as trigger locations for natural and light load avalanches (Jamieson et al., 

2001). Skier triggering from shallow areas is intuitive and has been discussed but the role 

of shallow areas in natural avalanche release has received less attention. Changes in 
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temperature is known to effect the release of thinner slab (≤ 50 cm) by changing the 

stiffness of the slab (McClung and Schaerer, 2006, p. 97). Jamieson et al. (2001) suggest 

that snow depth variability in the start zone is required for temperature triggered deep 

slab avalanches because they provide a location for temperature changes to effect the 

failure layer. Jamieson et al. (2001) point out that local thin snowpack areas are also 

likely to preferentially form FC and DH because of stronger temperature gradients in the 

snowpack and rocky outcrops (a common thin snowpack area) this will be exaggerated 

by the rock warming from incoming long wave radiation and conduction of the heat to 

the base of the surrounding snowpack. The terrain below tree line is characterized by 

more densely spaced forest giving defense against redistribution of snow by wind. 

Schweizer (2003) reports that a the snowpack is to irregular for slab avalanche when the 

forest density is 200 stems of diameter > 16 cm ha-1 (7 m stem spacing) and extreme slab 

avalanche with a fracture depth >1 m are very rare when the forest density is 100 stems 

of diameter > 16 cm ha-1 (10 m stem spacing). Higher elevations (i.e. TL and ALP) have a 

deeper snowpack (Barry, 2008, p. 296). This is in part because they receive more intense 

snowfall but also because they receive snowfall earlier than lower elevations due to the 

environmental lapse rate (Barry, 2008, p. 52). These early season snowfalls are subject to 

strong variations in diurnal temperatures creating very weak basal layers of FC or DH 

which may act as failure layers. This is especially true in continental snow climates.  

4.6.2 Slab Properties 

The interquartile range of the average slab thickness was 82 to 120 cm. It is interesting 

that in this dataset the thickness of the slab does not significantly correlate to any other 
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variables (e.g. size or crown width) even though it was established in Chapter 2 that old 

deep slab avalanches are more destructive and have wider crown widths than non-old 

deep slab avalanches. The thicker and stiffer a slab, the more energy it can transfer to the 

tip of the propagating crack (Gauthier, 2007, pg-170). This explains why old deep slab 

avalanches tend to propagate further than thin slab avalanches but is contradictory to why 

slab thickness does not correlate other variables in this study, e.g. crown width 

specifically. A possible explanation of why slab thickness does not correlate is that terrain 

limits the potential of slab dimensions (Jamieson and Johnston, 1992). Natural terrain 

features (e.g. cliffs, ridges where snow depth is typically thin, increased forest density, 

ect.) can stop fracture propagation. 

The result of the slab analysis can help practitioners recognize slab avalanches capable of 

producing old deep slab avalanches. The median average slab hardness was 1F with a 

first quartile of 4F+, which are both higher than previous studies of thinner skier-

triggered avalanches which found a median slab hardness of 4F- (e.g. Jamieson and 

Johnston, 1998; Schweizer and Lütschg, 2000). 75% of the old deep slab avalanches in 

this study were primarily (more than half) 1F- snow or harder and more than 11% was of 

the slab was P- snow or harder. In 75% of the cases the base of the slab was P- or harder. 

These results give the lower values to look for when assessing potential for old deep slab 

avalanches.  

The interquartile range of average slab density was 190 to 237 kg m-3, about the same as 

that found in other studies of thinner slab avalanches (e.g. Schweizer and Lütschg, 2000). 

This density are typical of well bonded snow (McClung and Schaerer, 2006, p. 92).  
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The bed surface (substratum) density was most often 1.25 to 1.75 times higher than the 

average slab density. In only one case was the bed surface less dense than the slab. 

McClung and Schaerer (2006, pg. 91) found similar results in an analysis of thinner 

avalanches. Most of the bed surface to average slab density ratios were 1 to 1.5. 

However, much of their data (about 25%) had a ratio less than 1.  

4.6.3 Failure layer and adjacent layer properties 

The most common failure layer observed at the old deep slab avalanches was SH. This 

was likely a bias of the dataset as much of the data was collected in the Columbia 

Mountains know for a high number of active SH failure layers (Haegeli and McClung, 

2007). This bias is very evident in the results of the snow grain extent. It was found that 

snow grains in the failure layer were much larger than either the superstratum or 

substratum by a median difference of 5.5 mm. The nine cases where surface hoar was not 

the failure layer, the median grain size difference was 2.5 mm. This bias will affect the 

failure layer properties and snowpack test results. 

The CAC defines a persistent deep slab avalanche as often failing on or near the ground 

(CAC, 2010). In this study only 29% to 52% of the snowpack overlaid the failure layer 

(i.e. the failure layer was often in the upper portion of the snowpack). This result points 

out that most of the failure layers in this study did not form near the ground during the 

early season. 

The failure layers that released old deep slab avalanches tended to have lower hand 

harnesses than either the superstratum or substratum by more than one full step. This is 
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evidence that the failure layers (all persistent snow grains) do not gain hardness as 

quickly as other layers under similar overburden or creep conditions. Similarly, 

Armstrong (1980) found that the density of DH, and likely FC, was gained more slowly 

than rounded grains. 

The grain form most often found in the substratum was FC. SH forms during long cold 

periods with clear skies. This is also a condition where faceted grains will tend to form 

near the surface (Davis et al., 1996). 

4.6.4 Snowpack tests 

The CT gave results that were most often in the hard range (20 or higher) with sudden 

planar results. This can be interpreted as difficult to trigger but if initiated will be a wide 

propagating avalanche, an accurate description of old deep slab avalanches. However, 

almost 30% of the tests performed yielded no result at all. The test set up for the CT is 

such that it was not performed on failure layers deeper than about 120 cm due to physical 

limitations and dampening of loading. Results when the failure layer is deeper than about 

120 cm become questionable as well due to unintentional applied moments while loading 

(Jamieson 1999) changing the intended failure process. The ECT performed even worse 

in terms of no fracturing on the failure layer (ECTX), 78% of tests. Schweizer and 

Jamieson (2010) point out that the ECT is a good test because it tests an area closer to 

that required for the fracture propagation process. However, the large area will greatly 

increase dampening in the column reducing the load delivered to the failure layer. 

Although only a limited number of RBs were performed, five of the seven showed RB7 

results. These tests were ineffective due to the high number of RB7. 
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The median DT score was 21 taps, also in the high range like the CT. However only 3 of 

22 showed no results, and two of those three results were from one location. 18 of the 22 

results (82%) had a sudden fracture character of either SC or SP. This is a promising 

result that may in the future be useful for determining whether a failure layer is capable 

of producing a old deep slab avalanche. A benefit of the DT is that there is no limit to the 

depth at which it can be performed. 

The PST correctly predicted 61% of tests as propagation likely. This is similar to results 

of Ross (2010, p.85) who found a POD of 68% for a much larger dataset of PST results 

with slab thicknesses that ranged from 10 cm to 100 cm. If the percent cut length 

distinguishing propagation likely was changed to 60%, then 92% of PST results would 

have been correctly predicted. This is because there were many results that were just over 

50% cut length. Increasing the cut length definition will increase the number of predicted 

propagation likely results and may result in a higher number of type two errors (false 

positives) possibly making the test more conservative and less useful. Ross (2010) 

performed an extensive study of the PST. He pointed out that theoretically there is no 

maximum depth for the PST, just practical limitations of the time required to dig a deep 

column. He noted that more validation for deep failure layers was needed. The results 

from this study indicate the same. It is promising that only two tests resulted in slab arrest 

(ARR) and both of those were from one location. The PST was difficult to perform on 

thin failure layers sandwiched between stiffer layers. The saw blade tip would often 

deviated into one of the adjacent layers, invalidating the test results. Multiple tests needed 

to be performed to ensure quality of results. For thick weak layers, e.g. depth hoar, there 
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are no guidelines for where to drag the saw (e.g. top middle bottom of weak layer). More 

data on old deep slab PST including at sites where deeply buried old failure layers that 

are not producing old deep slab avalanches are needed for comparison.  

Old deep slab avalanches are likely to have variable slab thickness because there has been 

considerable time for wind to redistribute snow throughout the start zone. The location of 

the profile site is important and it requires experience to locate a proper site and 

extrapolate results. Jamieson et al. (2001) proposed that natural deep slab avalanches are 

more easily triggered from shallow snowpack areas, Simenhois and Birkeland (2008) 

demonstrated that fractures were more likely to propagate from thin to thick snowpack 

areas, and Gauthier (2007, p. 170) showed that a thicker stiffer slab was capable of 

transferring more energy to drive a fracture during propagation. It is proposed that tests of 

initiation be performed at thin snowpack areas on a slope of interest; DT, and CT, ECT, 

and RB if appropriate knowing the limitation of the latter tests. Where the slab is thicker 

it is proposed that the PST tests be performed to assess fracture propagation and a profile 

to assess slab, failure layer and substratum properties. Effort was made to select profile 

sites where the failure layer was buried about the same depth as the average slab 

thickness and the scores of snowpack test in this analysis were often hard; median of 22 

for the CT, 21 for the DT, and 26 for the ECT.  

Although this analysis did not look at variability of snowpack test results in a rigorous 

manor, it is recommended that more than one test be performed at a each location. At 

several locations adjacent tests showed contradictory results. Twice a CT with NR result 

was accompanied by sudden planar results. Once a DT with no result was accompanied 
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by two sudden collapse results and at another a resistant planar result was observed with 

two sudden planar results. At four locations an ECT result showed propagation likely 

beside tests with propagation unlikely. At three locations adjacent PST results showed 

opposing results.  

Schweizer and Bellaire (2010) showed that when adjacent results were similar and 

showed generally unstable results, they often represented the stability of the entire slope. 

However if adjacent test results were opposing or similar showing more stable results a 

second set of tests should be performed at a distance greater than 10 m from the current 

site, should be performed. For a old deep slab avalanche this can mean a significant time 

investment since 2 PSTs can take more than an hour to perform in one location.  

Backcountry recreationalist can reduce their risk of old deep slab avalanches by traveling 

over areas where the snowpack is thicker and less variable. Operations that are interested 

in controlling old deep slab avalanches (i.e. mines, transportation corridors, or ski areas) 

might find the investment in time of observations beneficial to mitigate costs of control 

(e.g. helicopter and explosive costs) to increase success of control. 

4.7 Conclusion 

This study analyzed 27 old deep slab avalanches that fit the definition formed in Chapter 

1. The data were collected mainly in the Columbia Mountains of southwestern B.C. 

Canada but also included avalanches from the Coast and Rocky Mountains. 41% of the 

avalanches were triggered by light loads (i.e. skiers), 27% were triggered naturally and 

33% were trigger by heavy loads. The median avalanche size was three. The median slab 
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dimensions were 200 m wide and 100 cm thick. The median slab thickness of the old 

deep slab avalanches was 100 cm. Slab thickness of light load avalanches (median 85 

cm) were less than natural and large load avalanches (median 110 cm) but the difference 

was not found to be significant (p=0.08). Typically the failure layer had been buried for 

about a month but values ranged from 21 days to 114 days. SH was the most common 

failure layer analyzed (67%), followed by FC (22%) and DH (11%).  

The analysis of profiles at the sites showed that well preserved large snow grains, 5.5 mm 

larger than adjacent layers, was typical. When only the FC and DH layers were analyzed, 

the failure layer grains were still larger by 2.5 mm. The failure layer was less hard than 

either the substratum or superstratum. The median hardness difference between the 

failure layer and the immediate adjacent layers was 1.3 (i.e. slightly more than one full 

step). 

The CT, ECT and RB all performed poorly at assessing old deep slab stability. This was 

because tests did not produce fractures in the layer that released the avalanche. The DT 

produced a sudden fracture character 82% of the time with a median score of 21 taps. The 

fracture character of DT can be useful for determining if a failure layer is capable of 

producing an old deep slab avalanche, although this test likely produces many false 

unstable results. 

The PST gave correct predictions in 65% of the tests. If the interpretation were changed 

so that a cut length of less than 60% suggested propagation likely, then 92% of the tests 

would have been correct. However, more research would be needed to determine the 

ramifications of such a change.  



153 

 

It is recommended that when assessing the stability of a old deep slab avalanche two sites 

should be selected. The first would be in an average to thick snowpack area where the 

slab, failure layer, and substrata layer properties would be assessed. Two PSTs should be 

performed to assess the propensity for fracture propagation. A second site should be 

selected in a thin snowpack area to assess the failure initiation potential of the layer. The 

DT is the recommended test at this site and the CT, ECT, and RB if the failure layer depth 

is appropriate for the tests. A second site more than 10 m away should be selected if 

adjacent results show stable or opposing results (Schweizer and Bellaire, 2010). 

While the properties associated with old deep slab avalanche have been analyzed the 

dataset was small and dominated by failure layers of surface hoar. The results were not 

compared to those from slopes that did not release old deep slab avalanches which are 

necessary to distinguish which variables will be useful for prediction of avalanche 

release. However, the results will assist with snow profile interpretation and future 

studies.  
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5.0 SUMMARY 

Previous studies of deep slab avalanches were focused on local and regional factors 

associated with deep slab avalanches (e.g. Bradley and Bowles, 1967; Jamieson et al., 

2001; Comey and McCollister, 2008). So far no work has examined deep slabs 

avalanches on a larger scale or made interregional comparisons of deep slab avalanches. 

Further, previous studies were not consistent in how they defined deep slab avalanches, 

choosing to define deep slab avalanches in a way that fit their study. This thesis 

investigated broader aspects of the deep slab avalanche problem and to help focus future 

work. The vast mountain ranges of southwestern Canada, world renowned for abundant 

and consistent winter snowfall, provided an ideal location to collect data for this study.  

This thesis had several objectives outlined in Chapter 1.  

 Develop a definition for deep slab avalanches that reflects regional variations of 

snow and climate. 

o  Determine avalanche characteristics that differ between deep slab 

avalanches and more common avalanches 

 Develop data based support for inductive forecasting of deep slab avalanches by 

investigating: 

o Antecedent (preceding) weather of deep slab avalanches 

o Snowpack characteristics and stability test results commonly associated 

with deep slab avalanches. 

These objectives were accomplished by analyzing data from three sources: 
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 The CAA’s InfoEx database, which is a collection of relevant avalanche 

observations made by avalanche technicians across southwestern Canada. 

 A database maintained by the BCMoTI containing avalanche occurrence 

observations in British Columbia as well as nearby relevant weather 

observations. 

 Snowpack and stability o bservations made by members of the Applied Snow and 

Avalanche Researched group from the University of Calgary (ASARC) at 

locations in or near the start zones of recent deep slab avalanches. 

5.1 Develop a definition for deep slab avalanches 

The InfoEx database was used for the purpose of quantitatively defining deep slab 

avalanches. This database has many relevant avalanche observations from a large land 

area. Over ten thousand dry slab avalanches were analyzed to define deep slab avalanches 

and explore their characteristics by comparing them to more common avalanches.  

The observations in the InfoEx database were separated into four regions: the Coast 

Mountain region, the North Columbia region, the South Columbia region, and the Rocky 

Mountain region (Figure 2.1). Deep slab avalanches were defined in each region based on 

the 80th percentile non-exceedance value of the average slab thickness and a failure layer 

age of 3 weeks (21 days). Because this definition relies on both depth of slab as well as 

the age of the failure layer these avalanches were called old deep slab avalanches. The 

depth that defined old deep slab avalanches was 100 cm in the Coast mountain range and 

75 cm in the other three mountain regions (Table 2.2). By using real avalanche data 

collected within the specific regions the definition was found to be representative of local 
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climatic characteristics.  

This definition of old deep slab avalanches and the InfoEx data provided the means to 

investigate inter-regional characteristics of old deep slab avalanches and compare them to 

common avalanches. This analysis showed that there are differences in the regional 

characteristics of old deep slab avalanches but many similarities as well. Old deep slab 

avalanches were most frequent in the month of January in the Coast Mountain region, 

North Columbia Mountain regions and South Columbia Mountain region and were most 

frequent in the months of December and January in the Rocky Mountain Region (Figure 

2.8). In all regions, this is likely the result of an early season failure layer, typically 

formed by kinetic metamorphism, reaching a critical load and being triggered by a period 

of significant precipitation. An analysis of monthly precipitation in each region showed 

that precipitation tended to be greater in the early months of winter than the later months 

(Figure 2.9). The N, NE, and E aspects accounted for about 75% of all reported start zone 

aspects for old deep slab avalanches. 

Faceted snow grains were reported most often as the primary failure layer of old deep 

slab avalanches in the Coast Mountain region and South Columbia Mountain region. In 

the North Columbia Mountain region surface hoar was only slightly more prevalent as 

the predominant failure layer compared to faceted snow grains, 46% to 42%. In the 

Rocky Mountain region the most common primary failure layer was recorded to be depth 

hoar. In all regions as the non-exceedance for slab depth was increased the ratio of 

recorded primary failure layers changed in a linear fashion. At the 95 th percentile of non-

exceedance surface hoar was recoded less than 20% of the time in all regions; faceted 
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snow grains were recorded more than 60% of the time in the Coast, North, and South 

Columbia Mountains; and depth hoar was recorded about 80% of the time in the Rocky 

Mountain region. This suggests that snow grains from kinetic growth are more persistent 

than surface hoar and do not adjust as well to large overburden pressure. The fact that 

faceted snow grains are often found on top of crusts (Jamieson, 2006) which concentrate 

stress (Habermann et al., 2008) may have an influence on why faceted crystals are 

associated frequently with the deepest old deep slab avalanches. When a crust was 

identified to be the bed surface, faceted snow grains were reported as the primary failure 

layer in more than 80% of the time in all regions and surface hoar less than 20%. 

The bed surface of an old deep slab avalanches was typically recorded as either a crust or 

a layer of faceted crystals in the Coast, North, and South Columbia Mountain regions, 

and a crust or ground in the Rocky Mountain region. This makes sense for each region 

since DH is often found close to the ground (Bradley and Bowles, 1967), faceted snow 

grains adjacent to crusts (Jamieson, 2006). In addition, conditions favorable for surface 

hoar formation are often the same conditions leading to the formation of faceted crystals 

(e.g. McClung and Schaerer, 2006). The bed surface of old deep slab avalanches was 

found to be a crust in about 60% of records in the Coast Mountains, North Columbia 

Mountains and South Columbia Mountains, and 30% of the records in the Rocky 

Mountain region. Avalanches failing on the ground accounted for the rest of the bed 

surfaces in the Rocky Mountains. This highlights the importance of a hard bed surface for 

deep slab avalanches. 

In all regions old deep slab avalanches were larger than common avalanches in terms of 
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size), crown width, run length, and slab depth. Natural triggers (e.g. precipitation, 

temperature variation, etc.) and large loads (i.e. explosives, vehicles, etc.) were found to 

be more frequent triggers for old deep slab avalanches than light loads such as a skier.  

5.2 Develop data based support for inductive forecasting of deep slab avalanches 

LaChapelle (1980) stated that a large part of avalanche forecasting is based on heuristic 

skills learned through experience and supported by deterministic treatment of snow and 

weather data. When the complexity and consequences of decisions are increased, as is the 

case when forecasting rare events such as deep slab avalanches, heuristics can be far less 

effective (Spiegelhalter, 2010). This thesis examined antecedent weather of deep slab 

avalanches and snowpack characteristics and snowpack test results from the start zones of 

recent old deep slab avalanches. These data can be used to support and help better predict 

the hazard due to deep slab avalanches. 

5.2.1 Antecedent weather to deep slab avalanches  

In Chapter 3, days with deep slab avalanches were contrasted with days without deep slab 

avalanches. Unfortunately, the data that were used for this analysis, a database 

maintained by BCMoTI Avalanche and Weather Programs, did not contain information 

about failure layer attributes and the definition of old deep slab avalanches could not be 

used. Instead, deep slab avalanches were defined by an average slab thickness of more 

than 80 cm. Only naturally triggered avalanches were analyzed in this Chapter. Several 

highly avalanche active transportation corridors were singled out for this analysis where 

representative weather stations were ideally located to represent weather from the start 
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zones of the avalanche paths. 

Days with deep slab avalanches significantly differed from days without avalanches in 

terms of the amount of precipitation in the preceding 12 hours to 12 days. Most deep slab 

avalanches occurred during times with continuous or nearly continuous precipitation 

recorded during the previous two weeks. However, the threshold values for weather 

parameters, determined using univariate tree statistics, exhibited high false alarm ratios. 

Other variables such as wind and temperature, calculated over various antecedent 

periods, where also significantly different between days with and days without deep slab 

avalanches in each region. These variables also exhibited a high false alarm ratio. 

5.2.2 Old deep slab avalanches and start zone snowpack characteristics 

Members of the ASARC research group at the University of Calgary visited 27 old deep 

slab avalanches between 1991 and 2011. These data consisted of detailed snow cover 

observations taken at the sites of recent old deep slab avalanches close to the flanks or 

crown within the start zone or, at another site, which had similar properties as the start 

zone (Chapter 4). Surface hoar was the most common failure layer observed (67%) 

followed by faceted snow grains (22%) and depth hoar (11%). This analysis of the 

snowpack properties of old deep slab avalanches was a much smaller dataset than that of 

the analysis in Chapter 2 but is able to show much greater detail into the snow 

stratigraphy. The ratio of failure layer grain forms and bed surfaces for old deep slab 

avalanches found in Chapter 2 is believed to better represent of old deep slab avalanches 

in general than the ration found in Chapter 4. 
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The analysis showed that the failure layer of old deep slab avalanches consisted of larger 

grains than either the above or below adjacent layers. The median difference was 5.5 mm 

in both cases. The failure layer was also typically softer by more than one full step on the 

hand hardness scale, which is about four times softer. When surface hoar was removed, 

the analysis still revealed that the failure layer grain size was larger by 2.5 mm. 

5.2.3 Old deep slab avalanches and start zone snowpack tests 

Standard snowpack tests that loaded the surface of the snowpack were found to be less 

useful, because they often produced no results. The deep tap test and propagation saw test 

are promising for the use in old deep slab stability assessment. At nearly all sites where 

the deep tap test was performed, a sudden fracture character was observed. Although this 

result alone would likely lead to many false alarms, it can be useful for ruling out 

potential deep slab instabilities. The propagating saw test correctly predicted propagation 

likely in 65% of tests performed. The added benefit of both the deep tap test and the 

propagation saw test is that both have no limit to the depth at which they may be 

performed. 

5.2.4 A sampling strategy for old deep slab avalanches 

Based on results of carried out field research, characteristics examined in Chapter 2 and 

previous research about slab avalanche initiation and propagation (Jamieson et al., 2001; 

Simenhois and Birkeland, 2008; Gauthier, 2007) it is recommended that when assessing 

the stability of old deep slabs two locations should be chosen. The first in a relatively 

thick snowpack area where snowpack properties are assessed, in particular the failure 
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layer and the adjacent layer properties such as hardness, grain form and grain size. Two 

propagation saw tests should be performed at this site to assess propagation potential. A 

second site in a relatively shallow area should be chosen to assess fracture initiation The 

deep tap test is recommended as well as the CT, ECT, and RB if the weak layer is 

sufficiently near the surface for results to be reliable. If at either of the two sites adjacent 

snowpack test results show stable or opposing results a second site more than 10 m away 

should be selected to confirm results (Schweizer and Bellaire, 2010). 

While such tests are too time consuming for recreationalist, larger organization that use 

explosives to mitigate old deep slab hazard might find the added time investment will 

reduce the number of unsuccessful avalanche control missions. Recreationists can reduce 

their risk of old deep slab avalanches by recognizing and avoiding thin areas of the 

snowpack when a deep persistent weak layer is present while traveling in avalanche 

terrain. Recreationist should try to stay to uniform snowpack areas. 

5.3 Recommendations for future research 

The following recommendations for future research are suggested to address knowledge 

gaps and outstanding questions regarding deep slab avalanches: 

General recommendations: 

 A common definition of deep slab avalanches should be adopted by the avalanche 

community. Preferably this definition will be quantitative and not qualitative. This 

will aid in communication between researchers and practitioners and make 

comparisons of future studies easier. One possible definition has been proposed in 
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this thesis. 

 The antecedent precipitation and temperature for days with deep slab avalanches 

in early winter differ from late winter (Chapter 3). In future studies of deep slab 

avalanches the thresholds for early or late season avalanches should be different. 

 Based on the TSS, different antecedent variables calculated over different 

antecedent periods performed better than others in various regions (Chapter 3). An 

explanation may be that the typical snowpack structure and weak layers are 

expected to vary among regions (Haegeli and McClung, 2007). For this reason 

future research may benefit from isolating similar regions or more likely similar 

snowpack characteristics such as the type of failure layer. 

Field based research: 

 Savage (2006) observed in his study that the use of multiple small explosives was 

often more effective when trying to control deep slab avalanches. A study of the 

trigger locations of non-natural deep slab avalanches is needed to determine 

snowpack properties at trigger locations. This study could also identify common 

trigger locations relative to or within the start zone to help avalanche forecasting 

programs control deep slab avalanche and give advice to recreationists on how to 

avoid these locations. 

 This thesis has recommended that two locations for snow profiles should be 

chosen to assess stability of deep slab avalanches. One in a thinner snowpack area 

to assess fracture initiation and one in a thicker area to assess fracture propagation 

and snowpack properties. However, data analyzed in Chapter 4 were collected 



163 

 

mostly from areas representative of the average slab thickness. To help validate 

this recommendation, snowpack tests and characteristics from thick and thin 

snowpack areas should be assessed at recent deep slab avalanches. 

 To create prediction models that incorporate snowpack tests and characteristics, 

data are needed from non-performing deep weak layers. This will allow for more 

meaningful results to say that certain characteristics are more commonly 

associated with slopes that had deep slab avalanches and not associated with slope 

that did not. 

 92% of PST results in Chapter 4 would have been classified correctly if the 

threshold cut length was increased to 60% from 50%. If the threshold cut length is 

increased to 60%, it would increase the number of times fracture propagation 

would be predicted likely and could make the test too conservative by increasing 

the FAR and POFD. Improved validation techniques for deep PST results are 

needed. This could possibly be done by analyzing historical data as well as field 

data collected specifically at deep slab avalanche sites, particularly non-

performing deep slab avalanche sites. 

Analysis: 

 No single antecedent weather variable in Chapter 3 was promising for forecasting 

deep slab avalanches. A multivariate analysis of antecedent weather, snowpack 

tests, and snowpack properties might produce better results. This analysis could 

either be done in the form of a decision tree or a threshold sum approach. 

 A survey of experienced avalanche forecasters to determine evidence used to 
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predict and forecast deep slab avalanche hazard. This could be used to develop an 

expert system for forecasting deep slab avalanches.  
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The following page has an example of a form used to help evaluate avalanche stability. 

The form shown was used by ASARC field teams during the 2011-12 winter season. 
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11.1 Daily checklist for evaluating avalanche hazard and other concerns 
Location Date Time Analysts 
Avalanche activity (past-current)  Confidence 
 
 

 

Snowpack observations and tests 
Snowpack tests  
 
 

 

Depth of snowpack  
Snowpack structure 
 
 
 
 

 

Settlement 
 

 
Penetration  
Weather observations and readings 
Precipitation  
Wind  
Air temperature  
Solar radiation                                                   Swarm Exp sky       N40        
S40 

 

Weather forecast (fronts, 500mb flow, freezing level, wind direction and speed, 
temperature, precip) 

Stability 
Alp 
TL 
BTL        
Trend 
(PM) 
Alp 
TL 
BTL        

Danger 
Alp 
TL 
BTL   
Trend 
(PM) 
Alp 
TL 
BTL        

Av. problems             1                                              2 
Type L Wet Wind Strm Prst 

Deep 
L Wet Wind Strm Prst 
Deep 

Locn ALP      TL        BTL ALP      TL        BTL 
React unr.   stub   tchy   

v.tchy 
unr.   stub   tchy   v.tchy 

Prob v.unlk  unlkly  poss  lkly  
~cert 

v.unlk unlkly poss lkly 
~cert 

Sz 1   2   3   4   5 1   2   3   4   5 
Imp 1  2  3  4  5  6  7  8  9  

10 
1  2  3  4  5  6  7  8  9  
10 

 

Likely routes, concerns and mitigation (consider stability, slab prop., terrain, 
consequences) 
 
 
 
 
Non-avalanche concerns (road conditions, personal health, etc) 
 
 
 
 
   



175 

 

 

 

 

 

APPENDIX B – COMPARISON AND TENFOLD UNIVARIATE TREE 

STATISTIC DATA FOR CHAPTER 3 
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Table B1: Comparison statistics for days with, and days without, deep slab avalanches in 

the Bear Pass region. The number of days with, and without, deep slab avalanches and 

the bootstrap median antecedent value (n=50) with associated S.E. Also shown is the 

Mann Whitney p-value from comparing days with, and days without, deep slab 

avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 46 7.89 2.11 3136 1.22 0.00 < 0.01 
P(0-1) 46 13.72 3.12 3115 2.83 0.10 < 0.01 
P(0-3) 47 39.01 4.31 3091 12.33 0.28 < 0.01 
P(0-6) 45 65.35 7.65 3032 31.22 0.82 < 0.01 
P(0-12) 42 115.45 9.16 2912 72.48 1.05 < 0.01 
P(1-3) 45 23.48 2.93 3110 7.25 0.21 < 0.01 
P(3-6) 44 22.20 4.49 3102 14.27 0.40 < 0.01 
P(6-12) 42 47.30 3.46 3032 35.58 0.56 0.01 
P_M3h(0-1) 44 1.48 0.37 3008 0.49 0.00 < 0.01 
P_M3h(1-2) 44 1.36 0.20 3021 0.49 0.01 < 0.01 
P_G2.5(0-1) 46 0.01 0.07 3115 0.00 0.00 < 0.01 
P_G2.5(1-2) 46 0.00 0.00 3130 0.00 0.00 < 0.01 
P_G2.5(0-2) 45 0.90 0.54 3050 0.00 0.00 < 0.01 
T 38 -2.17 0.32 4768 -0.84 0.11 0.08 
T_G0(0-1) 39 0.32 0.62 4739 1.00 0.00 0.62 
T_G0(1-2) 40 0.38 0.64 4745 1.00 0.00 0.48 
T_G0(2-12) 40 9.83 3.29 4555 15.60 0.49 0.18 
ΔT(0-0.5) 38 0.74 0.76 2400 2.67 0.09 < 0.01 
ΔT (0-1) 39 1.89 0.71 4672 -1.92 0.06 < 0.01 
ΔT (0-2) 39 1.10 2.57 4699 -2.35 0.09 0.18 
ΔT (0-6) 38 1.86 4.64 4660 -3.87 0.25 0.27 
T_G0(0-2) 39 1.04 1.34 4694 2.59 0.49 0.72 
T_G0(0-12) 38 13.99 3.74 4466 18.45 0.64 0.57 
W_G24(0-0.5) 35 2.96 1.52 1926 0.00 0.00 0.03 
W_G24(0.5-1) 35 0.98 1.27 1922 0.00 0.00 0.68 
W_G24(1-3) 32 11.62 2.75 1846 8.82 0.60 0.59 
W_G24(3-6) 30 14.36 3.40 1803 15.52 0.68 0.25 
W_G24(6-12) 32 17.27 2.88 1716 34.90 1.05 0.01 
W_G24(0-1) 35 6.26 1.95 1882 1.98 0.32 0.09 
W_G24(0-3) 32 16.86 3.98 1775 14.72 0.81 0.41 
W_G24(0-6) 29 31.08 6.44 1654 35.27 1.14 0.56 
W_G24(0-12) 26 54.45 2.09 1524 74.83 2.42 0.02 
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Table B2: Comparison statistics for days with, and days without, deep slab avalanches in 

the Coquihalla Pass region. The number of days with, and without, deep slab avalanches 

and the bootstrap median antecedent value (n=50) with associated S.E. Also shown is the 

Mann Whitney p-value from comparing days with, and days without, deep slab 

avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 78 2.55 0.55 3017 1.09 0.06 < 0.01 
P(0-1) 77 6.16 1.22 2993 4.59 0.13 < 0.01 
P(0-3) 78 20.94 3.85 3011 17.24 0.30 < 0.01 
P(0-6) 77 42.65 5.00 3019 38.94 0.55 0.04 
P(0-12) 78 94.25 6.62 3013 83.77 0.99 < 0.01 
P(1-3) 77 13.15 2.18 2987 10.70 0.23 0.02 
P(3-6) 77 18.33 1.67 3013 17.68 0.35 0.44 
P(6-12) 77 49.47 3.70 3020 39.02 0.62 < 0.01 
P_M3h(0-1) 77 0.92 0.16 2928 0.70 0.00 0.04 
P_M3h(1-2) 75 0.88 0.15 2924 0.70 0.00 0.61 
P_G2.5(0-1) 77 0.00 0.00 2993 0.00 0.00 0.24 
P_G2.5(1-2) 76 0.00 0.00 2993 0.00 0.00 0.91 
P_G2.5(0-2) 75 0.00 0.00 2956 0.00 0.00 0.30 
T 78 -1.64 0.60 5630 -0.77 0.08 0.08 
T_G0(0-1) 78 2.73 1.61 5629 2.02 0.14 0.65 
T_G0(1-2) 78 0.84 0.97 5628 2.08 0.27 0.06 
T_G0(2-12) 78 16.65 4.04 5630 56.23 1.17 < 0.01 
ΔT (0-0.5) 78 2.52 0.38 5631 3.38 0.05 < 0.01 
ΔT (0-1) 78 -1.48 2.36 5629 -2.94 0.10 0.37 
ΔT (0-2) 78 4.34 2.24 5626 -3.36 0.24 0.01 
ΔT (0-6) 78 11.63 1.07 5630 -6.44 0.41 < 0.01 
T_G0(0-2) 78 4.78 2.29 5624 6.12 0.52 0.29 
T_G0(0-12) 78 25.63 5.98 5617 67.12 1.41 < 0.01 
W_G24(0-0.5) 77 0.02 0.14 2944 0.00 0.00 0.20 
W_G24(0.5-1) 78 0.00 0.00 2949 0.00 0.00 0.60 
W_G24(1-3) 78 5.90 1.01 2927 2.00 0.00 < 0.01 
W_G24(3-6) 78 7.58 2.25 2929 4.98 0.14 0.02 
W_G24(6-12) 78 23.32 5.43 2917 13.42 0.50 < 0.01 
W_G24(0-1) 77 0.36 0.53 2914 0.00 0.00 0.32 
W_G24(0-3) 77 8.84 1.27 2860 4.92 0.27 0.01 
W_G24(0-6) 77 18.50 2.84 2809 12.78 0.58 < 0.01 
W_G24(0-12) 77 44.34 3.87 2745 28.54 0.68 < 0.01 
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Table B3: Comparison statistics for days with, and days without, deep slab avalanches in 

the Duffey Lake region. The number of days with, and without, deep slab avalanches and 

the bootstrap median antecedent value (n=50) with associated S.E. Also shown is the 

Mann Whitney p-value from comparing days with, and days without, deep slab 

avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 36 2.55 1.06 5354 0.50 0.00 < 0.01 
P(0-1) 36 5.51 4.26 5336 1.73 0.04 < 0.01 
P(0-3) 36 13.87 5.80 5338 7.45 0.19 0.01 
P(0-6) 36 27.63 5.87 5298 17.58 0.25 < 0.01 
P(0-12) 36 54.38 9.33 5239 39.06 0.34 < 0.01 
P(1-3) 35 7.13 1.79 5331 4.36 0.12 0.11 
P(3-6) 36 11.07 3.59 5337 7.91 0.13 0.14 
P(6-12) 36 22.62 2.64 5288 18.59 0.28 0.29 
P_M3h(0-1) 35 0.82 0.44 5259 0.37 0.00 < 0.01 
P_M3h(1-2) 35 0.49 0.23 5254 0.37 0.00 0.05 
P_G2.5(0-1) 36 0.06 0.24 5336 0.00 0.00 < 0.01 
P_G2.5(1-2) 35 0.00 0.00 5336 0.00 0.00 0.55 
P_G2.5(0-2) 35 0.04 0.28 5296 0.00 0.00 < 0.01 
T 36 1.31 1.56 5536 0.12 0.09 < 0.01 
T_G0(0-1) 36 12.11 2.76 5527 3.80 0.40 0.01 
T_G0(1-2) 36 9.10 2.01 5527 4.00 0.00 0.07 
T_G0(2-12) 36 64.29 13.42 5475 57.92 1.84 0.65 
ΔT (0-0.5) 36 3.49 1.37 5535 5.02 0.06 0.43 
ΔT (0-1) 36 4.20 1.05 5527 -4.36 0.08 < 0.01 
ΔT (0-2) 36 3.69 2.84 5525 -4.82 0.21 0.22 
ΔT (0-6) 36 14.14 3.33 5496 -2.34 5.71 < 0.01 
T_G0(0-2) 36 22.02 4.72 5511 8.44 0.50 0.02 
T_G0(0-12) 36 90.08 17.72 5434 68.35 1.64 0.33 
W_G24(0-0.5) 35 2.80 2.54 2646 0.09 0.28 0.05 
W_G24(0.5-1) 34 3.74 1.25 2653 0.82 0.39 0.01 
W_G24(1-3) 31 15.20 5.39 2598 8.83 0.42 0.03 
W_G24(3-6) 31 13.60 5.32 2580 15.73 0.57 0.48 
W_G24(6-12) 30 24.40 3.59 2480 35.41 0.83 0.26 
W_G24(0-1) 34 6.59 3.10 2621 3.00 0.00 0.04 
W_G24(0-3) 31 17.62 7.59 2525 14.68 0.59 0.06 
W_G24(0-6) 30 41.13 8.89 2416 32.60 0.68 0.39 
W_G24(0-12) 27 57.60 14.33 2249 68.32 1.25 0.66 
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Table B4: Comparison statistics for days with, and days without, deep slab avalanches in 

the Ningunsaw Pass region. The number of days with, and without, deep slab avalanches 

and the bootstrap median antecedent value (n=50) with associated S.E. Also shown is the 

Mann Whitney p-value from comparing days with, and days without, deep slab 

avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 24 5.50 3.34 3504 0.58 0.05 < 0.01 
P(0-1) 24 13.07 5.09 3489 2.48 0.08 < 0.01 
P(0-3) 24 28.64 6.92 3480 9.58 0.23 < 0.01 
P(0-6) 24 47.26 7.49 3460 22.23 0.35 < 0.01 
P(0-12) 24 81.42 8.16 3419 49.81 0.60 < 0.01 
P(1-3) 23 11.87 1.66 3469 5.75 0.18 < 0.01 
P(3-6) 24 15.97 4.16 3466 10.05 0.23 0.03 
P(6-12) 24 32.18 6.34 3440 23.44 0.34 0.04 
P_M3h(0-1) 24 1.44 0.34 3384 0.40 0.00 < 0.01 
P_M3h(1-2) 23 0.83 0.21 3379 0.40 0.00 0.01 
P_G2.5(0-1) 24 0.04 0.17 3489 0.00 0.00 < 0.01 
P_G2.5(1-2) 23 0.00 0.00 3484 0.00 0.00 0.14 
P_G2.5(0-2) 23 0.06 0.24 3430 0.00 0.00 0.02 
T 29 -3.03 0.66 5537 -2.07 0.08 0.34 
T_G0(0-1) 29 0.00 0.00 5468 0.00 0.00 0.01 
T_G0(1-2) 29 0.02 0.14 5471 0.00 0.00 0.08 
T_G0(2-12) 29 0.98 1.46 5393 17.12 1.14 < 0.01 
ΔT (0-0.5) 28 0.97 0.24 5480 2.77 0.06 < 0.01 
ΔT (0-1) 29 1.99 0.49 5467 -3.40 0.08 < 0.01 
ΔT (0-2) 29 1.48 2.29 5451 -3.84 0.17 0.06 
ΔT (0-6) 29 1.45 4.62 5421 -4.78 0.33 0.12 
T_G0(0-2) 29 0.02 0.14 5406 0.98 0.14 0.02 
T_G0(0-12) 29 3.94 4.78 5272 20.99 1.04 < 0.01 
W_G24(0-0.5) 14 1.35 1.34 2282 0.00 0.00 0.04 
W_G24(0.5-1) 14 0.65 1.19 2294 0.00 0.00 0.23 
W_G24(1-3) 14 2.22 2.31 2197 0.00 0.00 0.32 
W_G24(3-6) 14 11.65 2.87 2186 1.32 0.47 0.06 
W_G24(6-12) 13 20.70 6.00 2105 8.68 1.02 0.06 
W_G24(0-1) 14 3.76 2.89 2213 0.00 0.00 0.19 
W_G24(0-3) 14 8.35 2.04 2081 1.18 0.39 0.06 
W_G24(0-6) 14 21.16 6.59 1972 8.26 1.20 0.06 
W_G24(0-12) 12 47.07 17.53 1876 23.66 1.50 0.04 
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Table B5: Comparison statistics for days with, and days without, deep slab avalanches in 

the Revelstoke Trans-Canada Highway (TCH) East region. The number of days with, and 

without, deep slab avalanches and the bootstrap median antecedent value (n=50) with 

associated S.E. Also shown is the Mann Whitney p-value from comparing days with, and 

days without, deep slab avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 12 3.27 1.76 2895 0.70 0.06 0.01 
P(0-1) 12 6.64 1.66 2886 2.04 0.06 0.01 
P(0-3) 12 22.42 4.94 2868 8.18 0.18 < 0.01 
P(0-6) 12 38.56 4.43 2840 18.97 0.28 < 0.01 
P(0-12) 12 67.32 9.30 2811 42.76 0.59 0.01 
P(1-3) 12 10.84 4.51 2862 5.01 0.05 0.10 
P(3-6) 13 14.28 4.07 2863 8.48 0.18 0.30 
P(6-12) 13 24.75 5.99 2830 19.81 0.34 0.33 
P_M3h(0-1) 12 0.76 0.20 2800 0.37 0.01 0.03 
P_M3h(1-2) 11 0.53 0.23 2793 0.37 0.01 0.14 
P_G2.5(0-1) 12 0.00 0.00 2886 0.00 0.00 0.30 
P_G2.5(1-2) 11 0.00 0.00 2885 0.00 0.00 0.30 
P_G2.5(0-2) 11 0.00 0.00 2831 0.00 0.00 0.09 
T 13 -3.99 1.25 3091 -0.96 0.10 0.10 
T_G0(0-1) 13 0.56 3.39 3071 1.00 0.00 0.28 
T_G0(1-2) 13 0.46 1.93 3070 1.02 0.25 0.26 
T_G0(2-12) 13 4.94 15.91 3018 28.26 2.62 0.05 
ΔT (0-0.5) 13 0.98 1.26 3080 4.31 0.07 < 0.01 
ΔT (0-1) 13 3.11 2.69 3071 -2.86 0.19 0.21 
ΔT (0-2) 13 4.38 3.23 3063 -2.68 1.28 0.22 
ΔT (0-6) 13 12.81 4.56 3037 -6.75 0.46 0.02 
T_G0(0-2) 13 0.42 1.68 3049 2.90 0.36 0.20 
T_G0(0-12) 13 5.84 5.24 2970 34.24 2.47 0.05 
W_G24(0-0.5) 11 0.00 0.00 2566 0.00 0.00 0.86 
W_G24(0.5-1) 11 0.00 0.00 2576 0.00 0.00 0.92 
W_G24(1-3) 11 0.00 0.00 2571 0.00 0.00 0.69 
W_G24(3-6) 12 0.37 0.44 2570 0.00 0.00 0.74 
W_G24(6-12) 12 0.67 0.59 2572 0.91 0.28 0.47 
W_G24(0-1) 11 0.00 0.00 2559 0.00 0.00 0.78 
W_G24(0-3) 11 0.04 0.28 2537 0.00 0.00 0.44 
W_G24(0-6) 11 1.26 1.47 2508 0.24 0.43 0.87 
W_G24(0-12) 11 1.98 1.94 2476 4.60 0.49 0.21 
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Table B6: Comparison statistics for days with, and days without, deep slab avalanches in 

all regions combined. The number of days with, and without, deep slab avalanches and 

the bootstrap median antecedent value (n=50) with associated S.E. Also shown is the 

Mann Whitney p-value from comparing days with, and days without, deep slab 

avalanches. 

 Deep slab days Non-deep slab days  
Variable n med. SE n med. SE p-value 
P(0-0.5) 196 4.22 0.82 15300 1.00 0.00 < 0.01 
P(0-1) 195 8.13 0.83 15223 2.74 0.05 < 0.01 
P(0-3) 197 27.54 3.19 15176 11.01 0.06 < 0.01 
P(0-6) 194 44.16 2.44 15046 25.26 0.22 < 0.01 
P(0-12) 192 86.04 3.25 14793 56.41 0.42 < 0.01 
P(1-3) 192 12.90 1.56 15153 6.72 0.09 < 0.01 
P(3-6) 194 16.87 1.03 15155 11.73 0.13 < 0.01 
P(6-12) 192 38.64 1.84 14993 26.65 0.23 < 0.01 
P_M3h(0-1) 192 1.07 0.12 14831 0.40 0.00 < 0.01 
P_M3h(1-2) 188 0.94 0.11 14803 0.40 0.00 < 0.01 
P_G2.5(0-1) 195 0.00 0.00 15223 0.00 0.00 < 0.01 
P_G2.5(1-2) 191 0.00 0.00 15215 0.00 0.00 0.01 
P_G2.5(0-2) 189 0.00 0.00 14997 0.00 0.00 < 0.01 
T 194 -1.68 0.31 15610 -1.32 0.06 0.81 
T_G0(0-1) 195 0.83 0.87 15529 1.00 0.00 0.93 
T_G0(1-2) 196 0.50 0.52 15540 1.00 0.00 0.39 
T_G0(2-12) 196 14.44 2.45 15227 27.92 0.95 < 0.01 
ΔT (0-0.5) 193 1.79 0.24 14498 3.77 0.04 < 0.01 
ΔT (0-1) 195 2.18 0.34 15494 -3.01 0.07 < 0.01 
ΔT (0-2) 195 3.46 0.88 15484 -3.42 0.13 < 0.01 
ΔT (0-6) 194 9.02 1.00 15371 -5.57 0.28 < 0.01 
T_G0(0-2) 195 2.79 1.44 15431 2.99 0.10 0.94 
T_G0(0-12) 194 18.83 4.94 15022 34.86 1.23 < 0.01 
W_G24(0-0.5) 172 0.39 0.55 14907 0.00 0.00 < 0.01 
W_G24(0.5-1) 172 0.04 0.18 14953 0.00 0.00 < 0.01 
W_G24(1-3) 166 6.49 0.94 14638 1.00 0.00 < 0.01 
W_G24(3-6) 165 8.65 1.58 14532 3.83 0.38 < 0.01 
W_G24(6-12) 165 20.12 2.30 14160 11.46 0.50 < 0.01 
W_G24(0-1) 171 1.55 0.89 14690 0.00 0.00 < 0.01 
W_G24(0-3) 165 10.01 0.94 14194 3.18 0.39 < 0.01 
W_G24(0-6) 161 20.77 2.63 13694 11.04 0.24 < 0.01 
W_G24(0-12) 153 46.25 3.33 13066 25.55 0.50 < 0.01 



182 

 

Table B7: Tenfold univariate tree threshold values for Bear Pass region and the 

contingency table test statistics for predicting days with deep slab avalanches. Presented 

is the mean of the tenfold validation. The column 'greater' refers to how many times 

during the tenfold validation process the prediction was for greater than the determined 

threshold value. 

VAR Threshold Greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 3 10 0.81 0.27 0.79 0.25 0.77 0.53 
P(0-0.5)sd 0 0 0.02 0.03 0.03 0.03 0.02 0.04 
P(0-1) mean 7 10 0.76 0.26 0.76 0.25 0.75 0.50 
P(0-1)  sd 0 0 0.03 0.05 0.03 0.04 0.03 0.07 
P(0-3) mean 23 10 0.87 0.28 0.85 0.25 0.79 0.59 
P(0-3) sd 0 0 0.03 0.03 0.04 0.04 0.02 0.03 
P(0-6) mean 35 10 0.96 0.47 0.92 0.33 0.75 0.49 
P(0-6) sd 0 0 0.01 0.04 0.02 0.03 0.03 0.05 
P(0-12) mean 61 10 0.98 0.61 0.95 0.38 0.69 0.37 
P(0-12) sd 0 0 0.01 0.04 0.03 0.03 0.03 0.04 
P(1-3) mean 23 10 0.55 0.16 0.65 0.23 0.69 0.38 
P(1-3) sd 0 0 0.04 0.02 0.02 0.04 0.02 0.05 
P(3-6) mean 7 10 0.96 0.72 0.87 0.43 0.62 0.24 
P(3-6) sd 0 0 0.01 0.04 0.04 0.03 0.03 0.04 
P(6-12) mean 23 10 0.94 0.67 0.84 0.42 0.63 0.27 
P(6-12) sd 0 0 0.02 0.03 0.06 0.04 0.04 0.04 
P_M3h(0-1) mean 0 10 0.95 0.55 0.90 0.37 0.70 0.40 
P_M3h(0-1) sd 0 0 0.02 0.03 0.03 0.03 0.02 0.03 
P_M3h(1-2)mean 1 10 0.64 0.24 0.68 0.27 0.70 0.41 
P_M3h(1-2)sd 0 0 0.04 0.04 0.03 0.03 0.03 0.05 
P_G2.5(0-1) mean 1 10 0.39 0.11 0.59 0.21 0.64 0.28 
P_G2.5(0-1) sd 0 0 0.04 0.02 0.03 0.02 0.03 0.03 
P_G2.5(1-2) mean 2 10 0.24 0.05 0.55 0.17 0.59 0.19 
P_G2.5(1-2) sd 0 0 0.02 0.01 0.03 0.03 0.02 0.02 
P_G2.5(0-2) mean 1 10 0.55 0.17 0.65 0.24 0.69 0.38 
P_G2.5(0-2) sd 0 0 0.04 0.02 0.04 0.03 0.03 0.05 
T mean 2 -10 0.98 0.74 0.92 0.43 0.62 0.24 
T sd 0 0 0.01 0.03 0.03 0.03 0.02 0.03 
T_G0(0-1) mean 3 10 0.36 0.23 0.55 0.39 0.57 0.13 
T_G0(0-1) sd 0 0 0.02 0.02 0.02 0.03 0.02 0.03 
T_G0(1-2) mean 18 -10 0.91 0.83 0.72 0.48 0.54 0.07 
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T_G0(1-2) sd 8 0 0.13 0.17 0.13 0.03 0.03 0.04 
T_G0(2-12) mean 96 -10 0.96 0.83 0.83 0.47 0.56 0.12 
T_G0(2-12) sd 52 0 0.03 0.06 0.13 0.03 0.03 0.04 
ΔT (0-0.5) mean 3 -10 0.84 0.47 0.76 0.36 0.68 0.37 
ΔT (0-0.5) sd 0 0 0.04 0.04 0.06 0.04 0.04 0.07 
ΔT  (0-1) mean 2 10 0.61 0.19 0.68 0.24 0.71 0.43 
ΔT  (0-1) sd 0 0 0.04 0.03 0.04 0.04 0.03 0.05 
ΔT  (0-2) mean 3 10 0.50 0.30 0.59 0.37 0.60 0.21 
ΔT  (0-2) sd 0 0 0.02 0.03 0.03 0.03 0.02 0.03 
ΔT  (0-6) mean -10 10 0.93 0.80 0.74 0.46 0.56 0.12 
ΔT (0-6)  sd 1 0 0.03 0.03 0.06 0.03 0.02 0.02 
T_G0(0-2) mean 41 -10 0.98 0.91 0.79 0.48 0.53 0.07 
T_G0(0-2) sd 0 0 0.01 0.02 0.10 0.02 0.02 0.03 
T_G0(0-12) mean 138 -10 0.96 0.86 0.83 0.47 0.55 0.10 
T_G0(0-12) sd 56 0 0.03 0.05 0.13 0.02 0.02 0.03 
W_G24(0-0.5)mean 1 10 0.67 0.47 0.62 0.41 0.60 0.20 
W_G24(0-0.5) sd 0 0 0.03 0.03 0.05 0.03 0.03 0.05 
W_G24(0.5-1)mean 9 -10 0.89 0.83 0.61 0.48 0.53 0.06 
W_G24(0.5-1) sd 0 0 0.03 0.04 0.09 0.03 0.03 0.06 
W_G24(1-3)mean 37 -10 1.00 0.92 1.00 0.48 0.54 0.08 
W_G24(1-3) sd 0 0 0.00 0.03 0.00 0.02 0.02 0.03 
W_G24(3-6) mean 34 -10 1.00 0.77 1.00 0.44 0.61 0.23 
W_G24(3-6) sd 0 0 0.00 0.03 0.00 0.01 0.01 0.03 
W_G24(6-12) mean 45 -10 0.89 0.61 0.79 0.40 0.64 0.29 
W_G24(6-12) sd 0 0 0.02 0.03 0.03 0.02 0.02 0.03 
W_G24(0-1) mean 1 10 0.77 0.57 0.66 0.42 0.60 0.21 
W_G24(0-1) sd 0 0 0.04 0.05 0.04 0.04 0.03 0.05 
W_G24(0-3) mean 3 10 0.94 0.69 0.83 0.42 0.62 0.25 
W_G24(0-3) sd 0 0 0.03 0.03 0.05 0.02 0.02 0.03 
W_G24(0-6) mean 58 -10 0.97 0.74 0.89 0.43 0.62 0.23 
W_G24(0-6) sd 0 0 0.01 0.03 0.04 0.02 0.02 0.03 
W_G24(0-12) mean 85 -10 1.00 0.57 1.00 0.36 0.72 0.43 
W_G24(0-12) sd 0 0 0.00 0.04 0.00 0.03 0.02 0.04 
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Table B8: Tenfold univariate tree threshold values for Coquihalla region and the 

contingency table test statistics for predicting days with deep slab avalanches. Presented 

is the mean of the tenfold validation. The column 'greater' refers to how many times 

during the tenfold validation process the prediction was for greater than the determined 

threshold value. 

VAR threshold greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 2 10 0.66 0.39 0.64 0.37 0.63 0.26 
P(0-0.5)sd 0 0 0.03 0.01 0.03 0.02 0.02 0.04 
P(0-1) mean 22 10 0.21 0.06 0.54 0.22 0.58 0.15 
P(0-1)  sd 0 0 0.04 0.02 0.02 0.06 0.02 0.04 
P(0-3) mean 33 10 0.40 0.19 0.57 0.33 0.60 0.21 
P(0-3) sd 0 0 0.04 0.02 0.03 0.04 0.02 0.04 
P(0-6) mean 16 10 1.00 0.91 1.00 0.48 0.55 0.09 
P(0-6) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
P(0-12) mean 52 10 0.93 0.83 0.95 0.46 0.55 0.10 
P(0-12) sd 33 0 0.24 0.25 0.15 0.06 0.01 0.02 
P(1-3) mean 18 10 0.41 0.27 0.55 0.40 0.57 0.14 
P(1-3) sd 2 0 0.05 0.04 0.02 0.03 0.02 0.03 
P(3-6) mean 7 10 0.97 0.87 0.81 0.47 0.55 0.10 
P(3-6) sd 0 0 0.01 0.02 0.05 0.02 0.02 0.02 
P(6-12) mean 33 10 0.79 0.60 0.66 0.43 0.60 0.19 
P(6-12) sd 0 0 0.02 0.04 0.02 0.02 0.02 0.03 
P_M3h(0-1) mean 0 10 0.91 0.85 0.75 0.48 0.53 0.06 
P_M3h(0-1) sd 0 0 0.19 0.18 0.11 0.03 0.02 0.02 
P_M3h(1-2)mean 3 -9 1.00 0.98 1.00 0.50 0.51 0.02 
P_M3h(1-2)sd 0 0 0.00 0.01 0.00 0.01 0.01 0.01 
P_G2.5(0-1) mean 5 10 0.09 0.02 0.52 0.17 0.54 0.07 
P_G2.5(0-1) sd 0 0 0.02 0.01 0.02 0.08 0.02 0.02 
P_G2.5(1-2) mean 4 -9 1.00 0.97 1.00 0.50 0.51 0.03 
P_G2.5(1-2) sd 0 0 0.00 0.01 0.00 0.01 0.01 0.01 
P_G2.5(0-2) mean 5 10 0.10 0.04 0.52 0.29 0.53 0.06 
P_G2.5(0-2) sd 0 0 0.02 0.01 0.03 0.08 0.03 0.02 
T mean 10 -10 1.00 0.94 1.00 0.49 0.53 0.06 
T sd 0 0 0.00 0.01 0.00 0.02 0.02 0.01 
T_G0(0-1) mean 24 -10 0.95 0.85 0.76 0.47 0.55 0.10 
T_G0(0-1) sd 0 0 0.01 0.02 0.05 0.03 0.03 0.02 



185 

 

T_G0(1-2) mean 24 -10 0.96 0.85 0.79 0.47 0.55 0.11 
T_G0(1-2) sd 0 0 0.01 0.01 0.06 0.01 0.01 0.02 
T_G0(2-12) mean 59 -10 0.83 0.51 0.76 0.38 0.66 0.32 
T_G0(2-12) sd 26 0 0.07 0.11 0.07 0.04 0.03 0.05 
ΔT (0-0.5) mean -1 -10 0.33 0.14 0.56 0.30 0.59 0.18 
ΔT (0-0.5) sd 0 0 0.02 0.04 0.02 0.05 0.02 0.03 
ΔT  (0-1) mean 14 10 0.08 0.01 0.52 0.10 0.53 0.07 
ΔT  (0-1) sd 0 0 0.02 0.00 0.02 0.05 0.02 0.02 
ΔT  (0-2) mean -7 10 0.82 0.67 0.65 0.45 0.58 0.15 
ΔT  (0-2) sd 0 0 0.02 0.02 0.02 0.02 0.02 0.02 
ΔT  (0-6) mean -7 10 0.83 0.52 0.74 0.38 0.66 0.31 
ΔT  sd 0 0 0.01 0.01 0.02 0.02 0.01 0.02 
T_G0(0-2) mean 48 -10 1.00 0.91 1.00 0.48 0.55 0.09 
T_G0(0-2) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
T_G0(0-12) mean 72 -10 0.85 0.52 0.76 0.38 0.66 0.33 
T_G0(0-12) sd 0 0 0.02 0.03 0.04 0.03 0.03 0.05 
W_G24(0-0.5)mean 1 10 0.39 0.31 0.53 0.44 0.54 0.08 
W_G24(0-0.5) sd 0 0 0.03 0.02 0.02 0.02 0.02 0.03 
W_G24(0.5-1)mean 10 -10 0.99 0.97 0.74 0.49 0.51 0.02 
W_G24(0.5-1) sd 0 0 0.01 0.01 0.08 0.02 0.02 0.01 
W_G24(1-3)mean 3 10 0.65 0.47 0.60 0.42 0.59 0.18 
W_G24(1-3) sd 1 0 0.07 0.07 0.03 0.03 0.02 0.04 
W_G24(3-6) mean 15 10 0.34 0.24 0.54 0.41 0.55 0.10 
W_G24(3-6) sd 7 0 0.10 0.09 0.03 0.04 0.02 0.04 
W_G24(6-12) mean 28 10 0.45 0.22 0.59 0.33 0.61 0.23 
W_G24(6-12) sd 3 0 0.04 0.04 0.02 0.03 0.01 0.02 
W_G24(0-1) mean 1 10 0.52 0.42 0.55 0.45 0.55 0.09 
W_G24(0-1) sd 0 0 0.03 0.03 0.02 0.04 0.02 0.04 
W_G24(0-3) mean 1 10 0.87 0.72 0.68 0.45 0.57 0.15 
W_G24(0-3) sd 0 0 0.02 0.02 0.04 0.02 0.02 0.03 
W_G24(0-6) mean 13 10 0.67 0.49 0.61 0.42 0.59 0.18 
W_G24(0-6) sd 0 0 0.02 0.03 0.03 0.02 0.02 0.04 
W_G24(0-12) mean 27 10 0.76 0.53 0.67 0.41 0.62 0.23 
W_G24(0-12) sd 1 0 0.02 0.04 0.03 0.03 0.02 0.04 
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Table B9: Tenfold univariate tree threshold values for Duffy Lake region and the 

contingency table test statistics for predicting days with deep slab avalanches. Presented 

is the mean of the tenfold validation. The column 'greater' refers to how many times 

during the tenfold validation process the prediction was for greater than the determined 

threshold value. 

VAR threshold greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 11 10 0.34 0.02 0.60 0.05 0.66 0.32 
P(0-0.5)sd 0 0 0.02 0.01 0.02 0.02 0.02 0.02 
P(0-1) mean 22 10 0.33 0.01 0.60 0.03 0.66 0.32 
P(0-1)  sd 0 0 0.04 0.01 0.03 0.03 0.03 0.04 
P(0-3) mean 29 10 0.36 0.06 0.59 0.14 0.65 0.30 
P(0-3) sd 0 0 0.04 0.02 0.03 0.04 0.02 0.03 
P(0-6) mean 26 10 0.65 0.36 0.65 0.35 0.64 0.29 
P(0-6) sd 12 0 0.15 0.11 0.04 0.06 0.03 0.05 
P(0-12) mean 29 10 0.95 0.69 0.86 0.42 0.63 0.26 
P(0-12) sd 0 0 0.01 0.02 0.03 0.02 0.02 0.03 
P(1-3) mean 8 10 0.54 0.34 0.59 0.38 0.60 0.20 
P(1-3) sd 3 0 0.09 0.08 0.03 0.04 0.02 0.05 
P(3-6) mean 2 10 1.00 0.90 1.00 0.47 0.55 0.10 
P(3-6) sd 0 0 0.00 0.01 0.00 0.03 0.03 0.01 
P(6-12) mean 18 10 0.69 0.52 0.61 0.43 0.58 0.17 
P(6-12) sd 0 0 0.03 0.02 0.02 0.03 0.02 0.04 
P_M3h(0-1) mean 2 10 0.31 0.02 0.58 0.07 0.64 0.28 
P_M3h(0-1) sd 0 0 0.04 0.02 0.02 0.04 0.02 0.03 
P_M3h(1-2)mean 1 10 0.28 0.09 0.56 0.24 0.60 0.19 
P_M3h(1-2)sd 0 0 0.02 0.01 0.03 0.04 0.02 0.03 
P_G2.5(0-1) mean 2 10 0.31 0.02 0.59 0.06 0.64 0.29 
P_G2.5(0-1) sd 0 0 0.02 0.01 0.01 0.03 0.02 0.03 
P_G2.5(1-2) mean 3 -4 1.00 0.99 1.00 0.51 0.49 0.01 
P_G2.5(1-2) sd 0 0 0.00 0.00 0.00 0.01 0.01 0.00 
P_G2.5(0-2) mean 2 10 0.35 0.04 0.59 0.12 0.65 0.30 
P_G2.5(0-2) sd 0 0 0.03 0.01 0.02 0.04 0.03 0.04 
T mean -4 10 0.97 0.76 0.90 0.44 0.61 0.21 
T sd 0 0 0.01 0.02 0.03 0.02 0.02 0.01 
T_G0(0-1) mean 11 10 0.62 0.30 0.65 0.33 0.66 0.32 
T_G0(0-1) sd 0 0 0.04 0.02 0.03 0.02 0.02 0.04 
T_G0(1-2) mean 8 10 0.62 0.38 0.62 0.38 0.62 0.24 
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T_G0(1-2) sd 0 0 0.02 0.02 0.02 0.03 0.01 0.03 
T_G0(2-12) mean 174 -10 0.97 0.90 0.79 0.48 0.54 0.07 
T_G0(2-12) sd 0 0 0.01 0.02 0.08 0.03 0.03 0.02 
ΔT (0-0.5) mean 17 10 0.18 0.04 0.54 0.15 0.57 0.14 
ΔT (0-0.5) sd 3 0 0.05 0.03 0.02 0.11 0.02 0.02 
ΔT  (0-1) mean -4 10 0.92 0.48 0.86 0.35 0.72 0.43 
ΔT  (0-1) sd 0 0 0.02 0.03 0.03 0.03 0.02 0.04 
ΔT  (0-2) mean 20 10 0.15 0.03 0.53 0.15 0.56 0.12 
ΔT  (0-2) sd 0 0 0.02 0.00 0.03 0.03 0.03 0.02 
ΔT  (0-6) mean 24 10 0.31 0.05 0.58 0.13 0.63 0.27 
ΔT (0-6)  sd 0 0 0.03 0.01 0.03 0.03 0.02 0.03 
T_G0(0-2) mean 17 10 0.63 0.37 0.63 0.37 0.63 0.26 
T_G0(0-2) sd 0 0 0.02 0.02 0.03 0.02 0.01 0.02 
T_G0(0-12) mean 40 10 0.79 0.64 0.63 0.45 0.58 0.15 
T_G0(0-12) sd 0 0 0.02 0.03 0.03 0.02 0.02 0.03 
W_G24(0-0.5)mean 9 10 0.39 0.17 0.58 0.30 0.61 0.23 
W_G24(0-0.5) sd 0 0 0.03 0.02 0.02 0.03 0.02 0.04 
W_G24(0.5-1)mean 12 10 0.23 0.07 0.55 0.22 0.58 0.16 
W_G24(0.5-1) sd 0 0 0.03 0.01 0.02 0.06 0.02 0.04 
W_G24(1-3)mean 37 10 0.21 0.06 0.55 0.21 0.58 0.16 
W_G24(1-3) sd 0 0 0.02 0.01 0.02 0.04 0.02 0.03 
W_G24(3-6) mean 69 9 0.03 0.00 0.50 0.07 0.51 0.03 
W_G24(3-6) sd 0 0 0.01 0.00 0.02 0.08 0.02 0.01 
W_G24(6-12) mean 33 -10 0.69 0.46 0.64 0.40 0.62 0.24 
W_G24(6-12) sd 0 0 0.04 0.03 0.03 0.03 0.02 0.04 
W_G24(0-1) mean 21 10 0.27 0.06 0.56 0.19 0.60 0.20 
W_G24(0-1) sd 0 0 0.02 0.01 0.03 0.03 0.02 0.02 
W_G24(0-3) mean 49 10 0.31 0.06 0.58 0.16 0.63 0.25 
W_G24(0-3) sd 0 0 0.03 0.01 0.02 0.03 0.02 0.03 
W_G24(0-6) mean 108 10 0.14 0.01 0.53 0.07 0.56 0.13 
W_G24(0-6) sd 0 0 0.03 0.01 0.03 0.06 0.03 0.03 
W_G24(0-12) mean 169 10 0.14 0.03 0.53 0.17 0.56 0.11 
W_G24(0-12) sd 0 0 0.03 0.01 0.04 0.03 0.03 0.02 
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Table B10: Tenfold univariate tree threshold values for Ninggunsaw Pass region and the 

contingency table test statistics for predicting days with deep slab avalanches. Presented 

is the mean of the tenfold validation. The column 'greater' refers to how many times 

during the tenfold validation process the prediction was for greater than the determined 

threshold value. 

VAR threshold greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 6 10 0.54 0.10 0.66 0.15 0.72 0.44 
P(0-0.5)sd 0 0 0.04 0.02 0.03 0.03 0.02 0.04 
P(0-1) mean 11 10 0.58 0.11 0.68 0.15 0.74 0.47 
P(0-1)  sd 2 0 0.08 0.05 0.04 0.05 0.02 0.04 
P(0-3) mean 21 10 0.69 0.21 0.72 0.23 0.74 0.47 
P(0-3) sd 4 0 0.08 0.12 0.04 0.06 0.03 0.06 
P(0-6) mean 28 10 0.92 0.37 0.88 0.29 0.77 0.55 
P(0-6) sd 0 0 0.01 0.04 0.02 0.04 0.03 0.05 
P(0-12) mean 54 10 0.92 0.44 0.87 0.32 0.74 0.48 
P(0-12) sd 0 0 0.02 0.02 0.03 0.03 0.02 0.03 
P(1-3) mean 9 10 0.74 0.34 0.72 0.32 0.70 0.40 
P(1-3) sd 0 0 0.04 0.02 0.04 0.02 0.02 0.05 
P(3-6) mean 4 10 1.00 0.82 1.00 0.45 0.59 0.18 
P(3-6) sd 0 0 0.00 0.02 0.00 0.01 0.01 0.02 
P(6-12) mean 23 10 0.77 0.65 0.82 0.43 0.55 0.11 
P(6-12) sd 22 0 0.34 0.36 0.23 0.09 0.02 0.03 
P_M3h(0-1) mean 1 10 0.72 0.25 0.73 0.26 0.73 0.47 
P_M3h(0-1) sd 0 0 0.04 0.03 0.03 0.03 0.03 0.06 
P_M3h(1-2)mean 0 10 0.96 0.80 0.96 0.45 0.57 0.16 
P_M3h(1-2)sd 0 0 0.12 0.13 0.14 0.04 0.02 0.02 
P_G2.5(0-1) mean 1 10 0.28 0.08 0.56 0.22 0.60 0.20 
P_G2.5(0-1) sd 0 0 0.06 0.02 0.03 0.03 0.03 0.05 
P_G2.5(1-2) mean 1 -10 1.00 0.91 1.00 0.48 0.55 0.09 
P_G2.5(1-2) sd 0 0 0.00 0.01 0.00 0.02 0.02 0.01 
P_G2.5(0-2) mean 2 10 0.21 0.06 0.54 0.23 0.57 0.14 
P_G2.5(0-2) sd 0 0 0.03 0.01 0.02 0.02 0.02 0.03 
T mean 0 -10 0.93 0.67 0.82 0.42 0.63 0.26 
T sd 0 0 0.02 0.03 0.05 0.03 0.03 0.04 
T_G0(0-1) mean 4 -10 0.88 0.65 0.75 0.43 0.61 0.23 
T_G0(0-1) sd 1 0 0.05 0.05 0.05 0.02 0.01 0.03 
T_G0(1-2) mean 18 -10 1.00 0.85 1.00 0.46 0.58 0.15 
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T_G0(1-2) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
T_G0(2-12) mean 90 -10 1.00 0.75 1.00 0.43 0.63 0.25 
T_G0(2-12) sd 0 0 0.00 0.03 0.00 0.02 0.02 0.03 
ΔT (0-0.5) mean 2 -10 0.83 0.38 0.78 0.31 0.73 0.45 
ΔT (0-0.5) sd 0 0 0.03 0.02 0.03 0.02 0.02 0.04 
ΔT  (0-1) mean -5 10 1.00 0.58 1.00 0.37 0.71 0.42 
ΔT  (0-1) sd 0 0 0.00 0.03 0.00 0.01 0.01 0.03 
ΔT  (0-2) mean -9 10 1.00 0.75 1.00 0.43 0.63 0.25 
ΔT  (0-2) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
ΔT  (0-6) mean -11 10 1.00 0.69 1.00 0.41 0.65 0.31 
ΔT (0-6)  sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
T_G0(0-2) mean 21 -10 0.97 0.76 0.90 0.44 0.61 0.21 
T_G0(0-2) sd 0 0 0.00 0.02 0.02 0.02 0.01 0.02 
T_G0(0-12) mean 128 -10 1.00 0.77 1.00 0.44 0.61 0.23 
T_G0(0-12) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
W_G24(0-0.5)mean 2 10 0.51 0.21 0.62 0.30 0.65 0.29 
W_G24(0-0.5) sd 0 0 0.03 0.03 0.02 0.04 0.02 0.05 
W_G24(0.5-1)mean 4 10 0.30 0.16 0.55 0.35 0.57 0.14 
W_G24(0.5-1) sd 1 0 0.03 0.04 0.03 0.05 0.02 0.04 
W_G24(1-3)mean 37 10 0.14 0.01 0.54 0.08 0.57 0.13 
W_G24(1-3) sd 0 0 0.02 0.00 0.02 0.04 0.02 0.02 
W_G24(3-6) mean 4 10 0.78 0.44 0.71 0.36 0.67 0.33 
W_G24(3-6) sd 0 0 0.01 0.02 0.03 0.02 0.01 0.03 
W_G24(6-12) mean 3 10 1.00 0.58 1.00 0.37 0.71 0.42 
W_G24(6-12) sd 0 0 0.00 0.03 0.00 0.03 0.02 0.03 
W_G24(0-1) mean 7 10 0.43 0.17 0.59 0.29 0.63 0.25 
W_G24(0-1) sd 0 0 0.03 0.03 0.03 0.04 0.03 0.04 
W_G24(0-3) mean 1 10 0.85 0.53 0.76 0.39 0.66 0.32 
W_G24(0-3) sd 0 0 0.03 0.02 0.04 0.02 0.01 0.03 
W_G24(0-6) mean 14 10 0.80 0.43 0.74 0.35 0.68 0.36 
W_G24(0-6) sd 0 0 0.04 0.03 0.03 0.04 0.03 0.05 
W_G24(0-12) mean 14 10 1.00 0.56 1.00 0.36 0.72 0.44 
W_G24(0-12) sd 0 0 0.00 0.03 0.00 0.03 0.02 0.03 
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Table B11: Tenfold univariate tree threshold values for Revelstoke Tans -Canada 

Highway (TCH) East region and the contingency table test statistics for predicting days 

with deep slab avalanches. Presented is the mean of the tenfold validation. The column 

'greater' refers to how many times during the tenfold validation process the prediction 

was for greater than the determined threshold value. 

VAR threshold greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 1 10 0.92 0.54 0.85 0.37 0.69 0.38 
P(0-0.5)sd 0 0 0.01 0.04 0.03 0.03 0.02 0.04 
P(0-1) mean 5 10 0.66 0.21 0.70 0.24 0.73 0.46 
P(0-1)  sd 0 0 0.04 0.02 0.03 0.02 0.03 0.05 
P(0-3) mean 17 10 0.73 0.22 0.75 0.23 0.76 0.51 
P(0-3) sd 3 0 0.08 0.07 0.05 0.05 0.02 0.04 
P(0-6) mean 22 10 0.92 0.41 0.88 0.31 0.75 0.51 
P(0-6) sd 0 0 0.02 0.03 0.03 0.02 0.02 0.04 
P(0-12) mean 52 10 0.83 0.36 0.79 0.30 0.74 0.47 
P(0-12) sd 0 0 0.02 0.02 0.02 0.03 0.02 0.03 
P(1-3) mean 9 10 0.63 0.30 0.65 0.32 0.66 0.33 
P(1-3) sd 2 0 0.07 0.07 0.03 0.05 0.02 0.04 
P(3-6) mean 12 10 0.62 0.36 0.63 0.37 0.63 0.26 
P(3-6) sd 0 0 0.04 0.02 0.03 0.02 0.02 0.03 
P(6-12) mean 13 10 0.92 0.71 0.78 0.44 0.60 0.21 
P(6-12) sd 0 0 0.01 0.04 0.04 0.02 0.02 0.04 
P_M3h(0-1) mean 0 10 0.72 0.34 0.70 0.32 0.69 0.38 
P_M3h(0-1) sd 0 0 0.04 0.04 0.03 0.04 0.03 0.05 
P_M3h(1-2)mean 0 10 1.00 0.73 1.00 0.42 0.63 0.27 
P_M3h(1-2)sd 0 0 0.00 0.02 0.00 0.02 0.01 0.02 
P_G2.5(0-1) mean 3 10 0.08 0.01 0.52 0.08 0.54 0.08 
P_G2.5(0-1) sd 0 0 0.02 0.00 0.02 0.05 0.02 0.02 
P_G2.5(1-2) mean 1 10 0.10 0.03 0.52 0.27 0.53 0.06 
P_G2.5(1-2) sd 0 0 0.03 0.01 0.01 0.12 0.01 0.03 
P_G2.5(0-2) mean 1 10 0.15 0.05 0.53 0.23 0.55 0.10 
P_G2.5(0-2) sd 1 0 0.04 0.03 0.03 0.09 0.02 0.02 
T mean -2 -10 0.76 0.41 0.71 0.35 0.68 0.35 
T sd 0 0 0.01 0.02 0.03 0.02 0.01 0.02 
T_G0(0-1) mean 2 -10 0.76 0.52 0.67 0.40 0.62 0.25 
T_G0(0-1) sd 0 0 0.02 0.03 0.03 0.03 0.02 0.03 
T_G0(1-2) mean 1 -10 0.69 0.48 0.62 0.41 0.60 0.21 
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T_G0(1-2) sd 0 0 0.03 0.02 0.03 0.04 0.02 0.05 
T_G0(2-12) mean 8 -10 0.70 0.35 0.68 0.34 0.67 0.35 
T_G0(2-12) sd 0 0 0.02 0.03 0.02 0.03 0.01 0.02 
ΔT (0-0.5) mean 2 -10 0.77 0.24 0.77 0.24 0.76 0.53 
ΔT (0-0.5) sd 0 0 0.02 0.02 0.03 0.02 0.02 0.03 
ΔT  (0-1) mean 0 10 0.71 0.41 0.69 0.35 0.65 0.30 
ΔT  (0-1) sd 4 0 0.18 0.13 0.06 0.08 0.03 0.06 
ΔT  (0-2) mean 13 10 0.29 0.06 0.57 0.18 0.61 0.23 
ΔT  (0-2) sd 0 0 0.04 0.01 0.02 0.04 0.02 0.04 
ΔT  (0-6) mean 15 10 0.53 0.17 0.64 0.24 0.68 0.37 
ΔT (0-6)  sd 0 0 0.04 0.02 0.02 0.03 0.02 0.04 
T_G0(0-2) mean 1 -10 0.69 0.43 0.65 0.38 0.63 0.26 
T_G0(0-2) sd 0 0 0.03 0.02 0.03 0.03 0.02 0.03 
T_G0(0-12) mean 15 -10 0.76 0.41 0.71 0.35 0.68 0.35 
T_G0(0-12) sd 0 0 0.02 0.03 0.02 0.03 0.02 0.03 
W_G24(0-0.5)mean 2 -10 1.00 0.95 1.00 0.49 0.52 0.05 
W_G24(0-0.5) sd 0 0 0.00 0.01 0.00 0.02 0.02 0.01 
W_G24(0.5-1)mean 5 10 0.10 0.02 0.52 0.19 0.54 0.08 
W_G24(0.5-1) sd 0 0 0.02 0.01 0.02 0.06 0.02 0.02 
W_G24(1-3)mean 6 -10 1.00 0.91 1.00 0.48 0.54 0.09 
W_G24(1-3) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
W_G24(3-6) mean 7 -10 1.00 0.88 1.00 0.47 0.56 0.12 
W_G24(3-6) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
W_G24(6-12) mean 4 -10 0.91 0.67 0.80 0.42 0.62 0.24 
W_G24(6-12) sd 0 0 0.02 0.02 0.03 0.02 0.02 0.02 
W_G24(0-1) mean 6 10 0.10 0.03 0.52 0.25 0.54 0.07 
W_G24(0-1) sd 0 0 0.02 0.01 0.03 0.05 0.03 0.02 
W_G24(0-3) mean 12 -10 1.00 0.95 1.00 0.49 0.52 0.05 
W_G24(0-3) sd 0 0 0.00 0.01 0.00 0.02 0.02 0.01 
W_G24(0-6) mean 12 -10 1.00 0.88 1.00 0.47 0.56 0.12 
W_G24(0-6) sd 0 0 0.00 0.02 0.00 0.02 0.02 0.02 
W_G24(0-12) mean 4 -10 0.72 0.45 0.67 0.38 0.64 0.27 
W_G24(0-12) sd 0 0 0.03 0.02 0.03 0.03 0.02 0.04 
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Table B12: Tenfold univariate tree thresholds values for all regions combined and the 

contingency table test statistics for predicting days with deep slab avalanches. Presented 

is the mean of the tenfold validation. The column 'greater' refers to how many times 

during the tenfold validation process the prediction was for greater than the determined 

threshold value. 

VAR threshold greater POD POFD FOCN FAR PC TSS 
P(0-0.5)mean 5 10 0.45 0.13 0.61 0.22 0.66 0.33 
P(0-0.5)sd 0 0 0.02 0.01 0.01 0.01 0.01 0.02 
P(0-1) mean 16 10 0.35 0.07 0.59 0.16 0.64 0.28 
P(0-1)  sd 3 0 0.06 0.05 0.02 0.06 0.01 0.01 
P(0-3) mean 33 10 0.45 0.11 0.62 0.19 0.67 0.34 
P(0-3) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.01 
P(0-6) mean 22 10 0.89 0.58 0.79 0.39 0.65 0.31 
P(0-6) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.01 
P(0-12) mean 62 10 0.78 0.44 0.72 0.36 0.67 0.33 
P(0-12) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.01 
P(1-3) mean 7 10 0.76 0.49 0.68 0.39 0.63 0.27 
P(1-3) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.01 
P(3-6) mean 7 10 0.84 0.66 0.67 0.44 0.59 0.18 
P(3-6) sd 0 0 0.01 0.01 0.02 0.01 0.01 0.01 
P(6-12) mean 21 10 0.81 0.61 0.68 0.43 0.60 0.20 
P(6-12) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.02 
P_M3h(0-1) mean 1 10 0.47 0.18 0.61 0.28 0.65 0.29 
P_M3h(0-1) sd 0 0 0.01 0.01 0.01 0.02 0.01 0.02 
P_M3h(1-2)mean 1 10 0.42 0.20 0.58 0.32 0.61 0.22 
P_M3h(1-2)sd 0 0 0.04 0.04 0.01 0.02 0.01 0.02 
P_G2.5(0-1) mean 2 10 0.20 0.04 0.54 0.16 0.58 0.16 
P_G2.5(0-1) sd 0 0 0.01 0.01 0.01 0.02 0.01 0.01 
P_G2.5(1-2) mean 2 10 0.09 0.04 0.51 0.31 0.53 0.05 
P_G2.5(1-2) sd 0 0 0.01 0.01 0.01 0.05 0.01 0.01 
P_G2.5(0-2) mean 2 10 0.26 0.08 0.56 0.23 0.59 0.18 
P_G2.5(0-2) sd 0 0 0.01 0.01 0.01 0.02 0.01 0.01 
T mean -10 10 0.97 0.92 0.74 0.49 0.53 0.05 
T sd 0 0 0.00 0.01 0.03 0.01 0.01 0.01 
T_G0(0-1) mean 24 -10 0.91 0.88 0.58 0.49 0.52 0.03 
T_G0(0-1) sd 0 0 0.01 0.01 0.03 0.01 0.01 0.01 
T_G0(1-2) mean 22 -10 0.92 0.87 0.62 0.49 0.52 0.05 
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T_G0(1-2) sd 0 0 0.01 0.01 0.03 0.01 0.01 0.01 
T_G0(2-12) mean 81 -10 0.85 0.68 0.68 0.45 0.58 0.16 
T_G0(2-12) sd 28 0 0.06 0.08 0.04 0.02 0.02 0.03 
ΔT (0-0.5) mean 2 -10 0.56 0.27 0.62 0.33 0.64 0.28 
ΔT (0-0.5) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.02 
ΔT  (0-1) mean 1 10 0.64 0.38 0.63 0.38 0.63 0.25 
ΔT  (0-1) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.02 
ΔT  (0-2) mean -8 10 0.85 0.71 0.66 0.45 0.57 0.14 
ΔT  (0-2) sd 0 0 0.01 0.01 0.02 0.01 0.01 0.01 
ΔT  (0-6) mean -9 10 0.85 0.60 0.72 0.41 0.62 0.25 
ΔT (0-6)  sd 0 0 0.01 0.01 0.01 0.01 0.01 0.01 
T_G0(0-2) mean 48 -10 0.96 0.92 0.65 0.49 0.52 0.04 
T_G0(0-2) sd 0 0 0.00 0.01 0.02 0.01 0.01 0.01 
T_G0(0-12) mean 185 -10 0.96 0.87 0.79 0.47 0.55 0.10 
T_G0(0-12) sd 0 0 0.00 0.01 0.01 0.01 0.01 0.01 
W_G24(0-0.5)mean 1 10 0.49 0.30 0.58 0.38 0.60 0.19 
W_G24(0-0.5) sd 0 0 0.02 0.01 0.01 0.02 0.01 0.02 
W_G24(0.5-1)mean 3 10 0.33 0.21 0.54 0.39 0.56 0.12 
W_G24(0.5-1) sd 0 0 0.02 0.01 0.01 0.02 0.01 0.02 
W_G24(1-3)mean 1 10 0.77 0.54 0.66 0.41 0.61 0.23 
W_G24(1-3) sd 0 0 0.01 0.02 0.01 0.01 0.01 0.02 
W_G24(3-6) mean 1 10 0.79 0.63 0.64 0.44 0.58 0.16 
W_G24(3-6) sd 0 0 0.01 0.01 0.02 0.01 0.01 0.01 
W_G24(6-12) mean 11 10 0.74 0.52 0.65 0.41 0.61 0.22 
W_G24(6-12) sd 0 0 0.01 0.01 0.01 0.01 0.01 0.02 
W_G24(0-1) mean 1 10 0.58 0.40 0.59 0.41 0.59 0.18 
W_G24(0-1) sd 0 0 0.01 0.01 0.01 0.02 0.01 0.02 
W_G24(0-3) mean 2 10 0.77 0.54 0.67 0.41 0.62 0.23 
W_G24(0-3) sd 1 0 0.02 0.03 0.01 0.01 0.01 0.02 
W_G24(0-6) mean 5 10 0.84 0.63 0.70 0.43 0.61 0.21 
W_G24(0-6) sd 0 0 0.01 0.01 0.02 0.01 0.01 0.02 

 




