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Abstract
The avalanche forecast regions in Canada range from 100 to 50,000, far larger than the 10 km2
covered in a typical backcountry day. This difference in scale could cause the local avalanche
danger to differ from the regional bulletin. This study assessed the relationship of field
observations and snowpack tests with the local avalanche danger. Data were collected over 6
winters during 425 field days. Univariate and multivariate cross-validated classification trees
were created using the observations to predict the local danger. The univariate trees show the
critical value of an observation that indicates elevated danger. The multivariate trees show how
the observations can be combined. These trees provide objective data that could form the
framework of a decision support tool to help recreationists localize the danger. Contrary to
popular belief, field observations were more valuable than stability tests for localizing the
danger.
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INTRODUCTION

A snow avalanche is a mass of snow moving down a slope. The snow mass can also have ice,
soil, rocks, wood and other debris entrained in the flow. Every year in Canada avalanches affect
transportation corridors, industry, infrastructure, and claim human lives. The annual cost of
avalanche damage in Canada is estimated to be 10 million (Jamieson and Stethem, 2002), and
avalanche control costs are estimated to be between 5 million (Jamieson and Stethem, 2002) and
10 million (McClung and Schaerer, 2006).
1.1

Avalanche types

There are two main types of avalanche release: loose-snow avalanches and slab avalanches
(Figure 1.1). Loose snow avalanches start at a single area or point, and spread out in a triangle
shape as they move downslope and entrain mass. Slab avalanches are caused by the failure of a
weak layer within the snowpack. A slab avalanche is released as a plate of snow, with a
thickness equal to the depth of the failure layer. This plate is entirely cut out from the rest of the
snowpack by fractures that have propagated in the snow, and once isolated it proceeds to travel
downslope (McClung and Schaerer, 2006, p 73). The Canadian Avalanche Association (2003)
reported that 96% of recreational avalanche accidents occurring between 1984 and 2003
involved slab avalanches.
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Figure 1.1: Two types of avalanches: Loose snow avalanche (left, photo: Bruce Jamieson),
Slab avalanche (right, photo: Shane Haladuick).
Another way to categorize avalanches is by the moisture content of the snow, either dry or wet.
An important distinguishing characteristic of the motion of wet snow avalanches is the higher
friction at the sliding surface. This causes wet snow avalanches to travel at lower speeds than dry
snow avalanches. Evidence of this higher friction is scouring, the formation of grooves in the
debris, and the entrainment of rocks, dirt and other material (McClung and Schaerer, 2006, p
128). Wet avalanches in motion will have lumps of several meters in diameter, and upon
stopping these lumps will be visible in the deposit. Wet avalanches can release as either loose or
slab avalanches.
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1.2

Avalanche path

The term ‘avalanche path’ is used to
describe the terrain boundaries of
known or potential avalanches
(Mears, 1992). There are typically
three sections of an avalanche path
(Figure 1.2): the starting zone, the
track, and the run-out zone. The
starting zone is where unstable snow
fails and begins to move (McClung
and Schaerer, 2006, p 109), the track
is where large avalanches tend to
achieve maximum velocity and mass,
and the run-out zone is where
deceleration and deposition occurs
for large avalanches (Mears, 1992).

Figure 1.2: An avalanche path showing the regions
of the start zone, track and run-out zones and their
common slope angle range (taken from Delparte,
2008).

1.2.1

Destructive potential

The size of an avalanche is categorized by its destructive potential. In order to determine the size
category an observer must visualize the objects listed in Table 1.1 located in the track of the
avalanche and estimate the damage. To provide reference points the typical mass and path length
of avalanches of each size are also included in the table.
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Table 1.1: Avalanche destructive potential (CAA, 2007).
Size

Destructive potential

Typical mass Typical path
(tonnes)

length (m)

1

Relatively harmless to people.

< 10

10

2

Could bury, injure, or kill a person.

102

100

3

Could bury and destroy a car, damage a truck,

103

1000

Could destroy a railway car, large truck, several 104

2000

destroy a wood-frame house or break a few
trees.
4

buildings or a forest area of approximately 4
hectares.
5

Largest snow avalanche known. Could destroy

105

3000

a village or a forest area of approximately 40
hectares.
1.3

Avalanche forecasting

Avalanche forecasting is the prediction of current and future snow instability or avalanche
danger in space and time, relative to a given trigger (McClung and Schaerer, 2006).
1.3.1

Classes of information and the forecasting process

To gather information to make informed forecasts, professionals rely on several sources,
including avalanche observations; slope testing with various loads such as explosives, cornices,
or skiers, field observations, snow profiles, snowpack tests; and weather. LaChapelle (1980)
grouped the information available to forecasters into three classes, according to the informational
entropy (noise). Information from the lower class numbers has lower entropy and is more
relevant and more easily interpreted. According to LaChapelle, Class One (I) information is
instability factors, including avalanche activity and stability tests. Class Two (II) information is
snowpack factors, including snow stratigraphy, temperatures, grain size and type, and snow
density, all of which can be obtained in a snow profile. Class Three (III) information includes
weather factors, such as precipitation, wind, air temperature, and radiation (McClung and
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Schaerer, 2006, p 149). A flowchart of these input variables and their role in the forecasting
process is shown in Figure 1.3. More recently, stability tests have been shown to have substantial
entropy associated with them, especially as compared to avalanche activity, and thus Zeidler
(2004, p 33) proposed a subclass of 1b for stability tests. In addition, Birkeland (1997) argued
that terrain variables should be included as an additional class, and Jamieson (2001) proposed
that they be denoted class 0 as terrain has minimal entropy.

McClung and Schaerer (2006, p
149) stated that the purpose of
avalanche forecasting is to reduce
the uncertainty about the snow
stability (or avalanche danger).
There are three sources of this
uncertainty: 1) temporal and
spatial variability of the snow
cover (including terrain); 2)
changes caused by snow and
weather conditions; and 3) human

Figure 1.3: Variables used in avalanche forecasting, and
the forecasting process (compiled from McClung and
Schaerer, 1993, Chapter 6; Birkeland, 1997; Zeidler,
2004, p 33).

factors. To reduce the uncertainty caused by (1) and (2), avalanche forecasters use their
experience and knowledge to synthesize information from a variety of sources to produce a
forecast.
1.3.2

Uncertainty in avalanche forecasting

The forecaster qualitatively describes the uncertainty in their forecast by expressing their degree
of confidence in the forecast as very good, good, fair, poor or very poor (Statham et al., 2010a).

There are three main sources of uncertainty in avalanche forecasting (McClung and Schaerer,
2006, p 149). The first is spatial and temporal variability. Spatial variability exists across all
terrain scales, and some of the major influences of terrain are aspect, elevation, slope incline,
slope curvature, ground cover, and orientation to the wind. Table 1.2 shows some of the typical
spatial variability scales relevant to avalanche forecasting. The characteristic length of each scale
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corresponds to the element in question. McClung and Schaerer (2006, p 159) refer to three scales
of avalanche forecasting, the synoptic scale, meso scale and micro scale. The synoptic scale is
analogous to the mountain range scale, the meso scale is regional and the micro scale is basin, or
perhaps even slope scale. In general, as the spatial scale decreases the difficulty of forecasting
avalanches increases because the forecasting problem becomes more specific, and smaller terrain
features need to be accounted for in the forecast. Thus to forecast danger at the smaller scale the
forecaster requires real time class I and II information from terrain at the same scale.

Table 1.2: Scales of spatial variability and their characteristic lengths (modified from
Campbell et al., 2004).
Scale

Description

Characteristic length

Grain

The size of individual snow grains or crystals

0.1 mm – 1 cm

Layer

Typical snow layer thickness

1 cm – 10 cm

Snowpack

Typical snowpack thickness

10 cm – 5 m

Study plot

The size of a typical study plot

5 m – 30 m

Slope

The size of typical avalanche slopes

5 m – 100 m

Basin

The size of typical mountain basins or bowls

100 m – 1 km

Regional

One or a few mountains

1 km – 10 km

Mountain range

Several mountains

10 km – 100+ km

Temporal variability of the snow cover is also a source of avalanche forecasting error and has its
own scale: now, hours, days, weeks, and even up to years (Thumlert et al., 2014). An estimate of
the stability or danger in the present is referred to as a nowcast, and is an estimate of the current
avalanche danger. A nowcast is usually much more accurate than a forecast (McClung and
Schaerer, 2006, p 159). This is because the forecasted avalanche danger is largely based on the
forecasted weather, which can be inaccurate, and this inaccuracy is then passed on to the
avalanche forecast. This uncertainty becomes more pronounced with larger forecasted time
scales, as the inherent chaos in weather systems becomes the driving factor.

The second source of uncertainty in avalanche forecasting is due to changes in the weather or
snowpack conditions. When the weather or snowpack are rapidly changing, for example when
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there is rapid warming or precipitation, then an abrupt change in the avalanche danger can occur.
This can affect the accuracy of even the one-day forecast because the avalanche danger can
change drastically within this time range. An example of this is forecasting avalanche danger in
spring conditions, where typical night time cooling can lead to Low avalanche danger in the
morning then rapid day time warming can increase the danger to High during the day.

The third source of uncertainty in avalanche forecasting is human error. Avalanche forecasting
and decision making in avalanche terrain require multiple subjective estimates of likelihood, and
therefore are vulnerable to heuristic traps and biases. Biases are the tendency to present or hold a
partial perspective, at the expense of other potentially equally valid alternatives. Heuristics are
decision shortcuts that help find adequate, though often imperfect answers to difficult questions
(Kahneman, 2011). Thus heuristics differ from biases because they either employ a procedure or
a rule based approach, or they are subconscious. Some common heuristic tools used are mental
short cuts, rules of thumb, or formal rule based decision aids. In avalanche decision making these
tools can help make difficult decisions more quickly; however, using them can also expose
decision makers to error (McCammon, 2002).
1.3.3

Field observations

Field observations are made by an observer travelling through or near avalanche terrain. They
are made with the observer remaining on the surface of the snow cover, without digging a snow
pit. There are many observations that are generally accepted by avalanche professionals to be
associated with different forms of instability. Since these observations are made from above the
snow surface they are more commonly associated with surficial instability; however, several of
the observations have been linked to deeper instability as well (Jamieson et al., 2009a). Jamieson
et al. (2009a) identified 26 field observations of interest and these observations are described in
Table 1.3.
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Some of these observations
require additional explanation.
A whumpf occurs when a weak
layer collapses as the fracture
travels through it. It is
generally caused by loading on
the snow surface, such as by a
person or a machine. An
observer on the snow surface
witnessing a whumpf will often
report a falling or dropping
sensation, and an audible sound
phonetically similar to
‘whumpf’ (McClung and
Schaerer, 2006, p 98). Shooting
cracks are tensile cracks that

Figure 1.4: Photograph of a crack that suddenly shot out
from the observers ski. This indicates the presence of both
a slab and a weak layer, conditions that are favourable for
avalanches (photo: Bruce Jamieson).

occur as the observer travels
over the snow cover and are visible on the surface running at least 1 m away from the local
dynamic load (McClung and Schaerer, 2006, p 173). Whumpfs and shooting cracks (Figure 1.4)
occur under similar snowpack and loading conditions and thus have been grouped together for
this study (Jamieson et al., 2009a). This differs from surface snow cracking at the skis, which is a
sign of surface slab cohesion but not necessarily an underlying weak layer (Jamieson et al.,
2009a).

Pin wheeling occurs due to warming of the surface snow, causing a piece of surface snow to roll
down the slope accumulating mass and forming a spiral or pinwheel shape (Jamieson et al.,
2009a). Tree bombing is a mass of snow falling off the branches or top of a tree. This can either
be caused by wind or warming, but not by the movement of the observer or any other element.

Wind scouring is occasions when the snow has been scoured off the surface (McClung and
Schaerer, 2006, p204). Wind ripples can also form on the surface, aligned perpendicular to the
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wind with the sharp side of the ridge facing the predominant wind direction. Sastrugi are long
ridges on the snow surface running parallel to the predominant wind direction, formed by wind
erosion. Wind drifts can be observed at undulations in the terrain, or on the upwind side of trees.

A ski pole probe (Figure 1.5) is using
the basket end of a ski pole to push
down into the snowpack to a depth of
50 cm, feeling for variations in
resistance and obvious weak layers or
crusts. The basket can then be
dragged up the edge of the hole while
removing it from the snow to again
feel for changes in resistance and
texture. A detailed procedure of the
ski pole probe is provided in
McClung and Schaerer (2006, p192).

A hand shear test (Figure 1.6) is a
simple and relatively quick snowpack
test for the top 40 cm of the
snowpack. This test is very similar to
the shovel shear test, the process for
which is described in CAA (2007).
The main differences are the test

Figure 1.5: Photograph of an observer performing a
pole probe (photo: Shane Haladuick).

dimensions and the force application,
which is applied by the hand instead of the shovel blade. To perform the hand shear, a column of
snow measuring approximately 30 x 30 cm and 40 cm deep is isolated using skis, ski pole and
hand (Jamieson et al., 2009a). The observer then applies a slope parallel shear force to the back
of the column, with the flat palm side of their hand, in an attempt to initiate a slope parallel shear
fracture. The resistance to fracture (easy, moderate, hard, no result), fracture character (break,
resistant planar, sudden planar), and depth of the fracture are recorded. As with the shovel shear
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test, the hand shear test is very sensitive to fractures that occur at the bottom of the isolated
column (Jamieson, 1999) and these fractures should not be considered.

Figure 1.6: Photograph of an observer performing a hand
shear test (photo: Mike Conlan).
Table 1.3: Field observations performed in this study (after Jamieson et al., 2009a).
Field Observation

Description

Current loose avalanche activity

Loose avalanches observed in motion

Current slab avalanche activity

Slab avalanches observed in motion

Recent loose avalanche activity

Deposit from loose avalanches

Recent slab avalanche activity

Deposit from slab avalanches

Whumpfing / shooting cracks

Whumpfs or shooting cracks

Cracking at skis

Cracking at skis due to stiffness of the surface
snow

Pin wheeling

Number of slopes with pin wheeling occurring that
day

Tree bombing

Tree bombing observed while occurring
10

Table 1.3 (continued)
Hand shear Resistance

Hand shear performed on top 40 cm of snowpack.
Note the resistance of the shear.

Hand shear character

The fracture character of the hand shear

Hand shear depth

The depth of the hand shear failure

Snow surface condition

Surface condition, a secondary condition can be
selected

Surface crust supportive

Does the surface crust support a skier or not?

Crust Thickness

Thickness of surface crust if present

Ski penetration

Average depth ski penetrates the snow surface

Ski pole probe

Probing top 50 cm of snowpack with ski pole

Precipitation

Snowfall or rain rate

Wind speed

Average wind speed for observation period

Blowing snow

Location of blowing snow

Wind scouring

Time range that any scouring / sastrugi occurred

Wind deposits

Depositing or drifting snow

Sky condition

A measure of the cloud cover

HN24

Height of new snow in the past 24 h

HN48

Height of new snow in the past 48 h

Ta trend since previous day

Change in max air temperature over the previous
24 h (negative if colder)

Ta warming to 0 °C

Did the air temperature reach 0 °C today?

Overnight freeze after thaw

Did the snow surface freeze overnight after
thawing yesterday?

1.3.4

Snow profiles

A snow profile (Figure 1.7) is a record of the snowpack properties at a point location, with a
focus on the layer properties in the snowpack (McClung and Schaerer, 200 6, p 187). Profiles
provide information on snowpack factors and thus are a source of Class II information. The
standard procedure for completing a snow profile is described in CAA (2007). The process
begins by making a standard set of location and weather observations for the profile site. This
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includes the GPS location, vegetation band, elevation, aspect, slope angle, snow height, and
basic weather observations (sky condition, precipitation type and rate, wind speed and direction,
and air temperature).

Figure 1.7: A picture of a snow pit in which a person is observing a snow profile. The
observer is in the process of identifying and sizing the snow grains using a loupe.
The blue lines indicate observed layers in the pit wall (photo: Jason Guptil).
The snow pit needs to be large enough facilitate the snow profile and the snowpack tests, which
is at least 200 cm in cross slope width and 150 cm in upslope length. The depth is variable, full
profiles go to the ground; however, test profiles go as deep as required to gather the information
of interest. The pit has three walls (there is no downslope wall) and each wall is carved smooth
for observation and consistency of results. The shaded sidewall is called the observation wall,
and is where the profile is observed. The depth of each layer in the snowpack is recorded, along
with the hand hardness (Table 1.4), the grain types (Table 1.5), and the grain size.
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Table 1.4: Hand hardness scale (CAA, 2007).
Hand test

Term

Code

Fist in glove

Very low

F

4-Fingers in glove

Low

4F

1-Finger in glove

Medium

1F

Blunt end of a pencil

High

P

Knife blade

Very high

K

Too hard to insert knife

Ice

I

Table 1.5: Grain types (after Fierz et al., 2009).
Grain type

Code

Precipitation particles

PP

Stellar, dendrites

PPsd

Graupel

PPgp

Decomposing and fragmented precipitation particles

DF

Rounded grains

RG

Faceted crystals

FC

Rounding faceted crystals

Symbol

*

FCxr

Surface hoar

SH

Depth hoar

DH

Melt forms

MF

Clustered rounded grains

MFcl

Rounded polycrystals

MFpc

Melt-freeze crust

MFcf

Snow profiles allow the operator to gain information on the strength of the weak layers and
bonds in the snowpack. McClung and Schaerer (2006, p193) outline some general rules that are
useful for interpreting this information:
•

Hardness: Shear strength (and therefore fracture toughness) increase with increasing hand
hardness.
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•

Grain shape and size: Smaller and rounder grains tend to be stronger. Longer and more
angulated grains (facets, surface hoar, depth hoar, graupel) tend to be weaker.

•

Grain bonds: Bonding is more important than grain size. A snow sample requiring a
larger effort to break up into individual grains has stronger bonds.

•

Free-water: Snow decreases in strength with an increase in the free-water content.

•

Density: Strength tends to increase with increasing density; however, hardness is a better
indicator of this trend. An important exception is depth hoar, which is relatively dense but
very weak.

1.3.5

Snowpack tests

Snowpack tests gather information on the instability of the snowpack and thus are Class I
information, or more specifically Class Ib. Many different snowpack tests are used in the
industry to assess different snowpack properties. Some tests target only a specific weak layer to
determine its strength and / or propagation potential. Examples of these tests are the deep tap test
and the propagation saw test. Other tests target the whole snowpack, providing a measure of the
overall stability of the snowpack. These tests are called stability tests, and common examples are
the compression test (CT) and rutschblock (RB) test, the two tests used in this study. Both the
CT and RB test use a pulsed compressive force applied vertically downward to initiate a fracture
in a weak layer in an isolated column of the snowpack. The CT uses a hand tapping a shovel
blade to apply this force, and the RB test uses a skier on skis.

There are two main sources of error for snowpack tests: 1) spatial variation (Section 1.3.2), and
2) the loading and trigger mechanism of the test being different than an actual skier or
snowmobiler travelling on a slope. With respect to the first source, the larger the area of a single
measurement (support), the smaller the distance between the measurements (spacing), and the
larger the distance spanned by the measurements (extent) (BloČschl, 1999), the less susceptible
the measurements are to scale effects. For snowpack tests, the support is the area of a single
snowpack test, the spacing is the distance between two tests, and the extent is the distance
covered by all of the tests.
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With respect to the second source, when a skier is skiing down the slope they are dynamically
applying both compressive and shear forces to the weak layer. By contrast, the CT and RB test
apply a pulsed compressive force. The RB test is performed on a slope, which creates an
associated shear component of the force on the weak layer; however, it is still pulsed and not
continuous like a skier. In addition, a person travelling through the snow creates stress fields
through the snowpack specific to their method of travel; for instance skis produce different stress
field than snowmobiles (Thumlert and Jamieson, 2013). Both of these stress fields are different
than the stress fields created by a CT, where a shovel blade strikes the snow surface (Thumlert
and Jamieson, 2014). The RB test likely has a stress field more similar to a skier because skis are
used in the test; however, this has not been tested. Therefore, both the CT and RB test have
errors associated with the inexact simulation of skier load, with the CT test being more
susceptible to this error.

These errors can either lead to false unstable (type I error) or false stable (type II error) results.
The consequences of a false unstable (type I) result is that the recreationist might overestimate
the instability and danger, and thus not ski a slope that they could have skied, losing the potential
utility. The consequence of a false stable (type II) result is that the recreationist might
underestimate the instability and danger, ski the slope, and trigger an avalanche. Therefore of the
two errors false stables (type II) are more of a concern; however, a good test should minimize
both types of error. It is important to remember that because of these errors the decision of
whether or not to ski a slope must not be based on the results of stability tests alone.
1.3.6

Snow stability

Snow stability is the chance of an avalanche not initiating, analyzed in terms of space and time,
and is a factor of both the sensitivity to trigger and spatial distribution of the instability. In
Canada snow stability is rated on a five-point scale: Very Poor, Poor, Fair, Good, and Very Good
(Table 1.6). Stability test results can be used to help determine the stability rating; however, the
sensitivity to triggering takes precedence over stability test results in the case of disagreement.
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Table 1.6: Snow stability rating system in Canada (CAA, 2007).
Stability Sensitivity to triggers

Stability test results

rating

Test score

Natural

Triggered avalanches

avalanches

Fracture
character

Very

No natural

Avalanches may be

Generally

No fracture or

good

avalanches

triggered by heavy loads,

no results.

non-planar

expected.

such as large cornice falls,

break

in isolated terrain features.

fractures.

Good

No natural

Avalanches may be

Generally

avalanches

triggered by heavy loads in moderate to

resistant or

expected.

isolated terrain features.

non-planar

hard results.

Generally

break
fractures.
Fair

Poor

Isolated natural

Avalanches may be

Generally

Resistant or

avalanches are

triggered by light loads in

easy to

sudden

expected on

areas with specific terrain

moderate

fractures.

specific terrain

features or certain

results.

features.

snowpack characteristics.

Natural

Avalanches may be

Generally

Generally

avalanches are

triggered by light loads in

easy results.

sudden

expected in areas

many areas with

with specific

sufficiently steep slopes.

fractures.

terrain features or
certain snowpack
characteristics.
Very

Widespread

Widespread triggering of

Very easy to Sudden

poor

natural

avalanches by light loads.

easy results.

avalanches are
expected.
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fractures.

1.3.7

Avalanche danger

Hazard is the source of harm or a situation with the potential to cause harm in terms of human
injury, including damage to health, property, the environment or any other object of value (CSA,
1997). Thus, an avalanche hazard exists when an avalanche has the potential to cause harm.

Avalanche danger scales are used by most countries, including Canada, to communicate the
avalanche hazard. When forecasting avalanche danger using a danger scale, public forecasters in
Canada are considering the potential effect of an avalanche on a backcountry recreationist. In
addition to the avalanche frequency, which is forecast in the stability rating, the avalanche
danger also accounts for the consequences of the avalanche. The Canadian avalanche danger
scale is shown in Table 1.7.
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Table 1.7: Canadian avalanche danger scale (after Statham et al., 2010b).
Danger level

1 Low

2 Moderate

Travel advice

Likelihood of

Avalanche size and

avalanches

distribution

Generally safe

Natural avalanches

Small avalanches in

avalanche conditions.

and human-

isolated areas or

Watch for unstable

triggered

extreme terrain.

snow on isolated terrain

avalanches

features.

unlikely.

Heightened avalanche

Natural avalanches

Small avalanches in

conditions on specific

unlikely; human-

specific areas; or

terrain features.

triggered

large avalanches in

Evaluate snow and

avalanches

isolated areas.

terrain carefully;

possible.

identify features of
concern.
3 Considerable

4 High

5 Extreme

Dangerous avalanche

Natural avalanches

Small avalanches in

conditions. Careful

possible; human-

many areas; or large

snowpack evaluation,

triggered

avalanches in

cautious route finding

avalanches likely.

specific areas; or

and conservative

very large

decision making

avalanches in

essential.

isolated areas.

Very dangerous

Natural avalanches

Large avalanches in

avalanche conditions.

likely; human-

many areas; or very

Travel in avalanche

triggered

large avalanches in

terrain not

avalanches very

specific areas.

recommended.

likely.

Avoid all avalanche

Natural and human

Large to very large

terrain.

triggered

avalanches in many

avalanches certain.

areas.
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1.3.8

Avalanche risk

The Canadian Standards Association (CSA, 1997) defines risk as the probability, or chance, of
death or adverse effects on health, property, the environment or other things of value. ISO 31000
(ISO, 2009) expands upon this definition of risk, defining risk as the effect of uncertainty on an
organization’s objectives. By this definition risk can be either positive or negative, meaning that
an outcome can be better or worse than expected.

The Canadian Avalanche Association (McClung et al., 2002) defines avalanche risk as the
product of two variables: 1) the probability of the element at risk being struck by an avalanche;
and 2) the probable consequences to the element at risk, or the vulnerability term, Pv. The
probability of the element at risk being struck by an avalanche can further be broken down into
two factors, 1a) is the exposure of the element to an avalanche hazard (probability of exposure,
Pe), and 1b) is the probability of an avalanche occurring and reaching or exceeding a specified
location (probability of avalanche, Pa). This relationship is shown in Equation 1.1, where Ra is
the risk of an avalanche with respect to the element at risk (Jamieson and Jones, 2012).
𝑅! = 𝑃!   ×  𝑃!   ×  𝑃!

Equation 1.1

For a recreationist, considering only skier-triggered avalanches, the probability of an avalanche
reaching their specific location (Pa) is equal to the probability of them triggering an avalanche
(Ptriggering), because every avalanche they trigger will reach them (Jamieson et al., 2009b).
Ptriggering is directly related to the snow stability since stability only considers the frequency.
However, it is more meaningful for recreationists to think in terms of danger, therefore Jamieson
et al. (2009b) used an expert survey to quantify Ptriggering for each danger level. A recreationist’s
exposure is 100% when they are travelling through terrain where they can trigger an avalanche.
The vulnerability is not a single value, but a vector of discrete values that correspond to a set of
scenarios. One possible set of scenarios is to divide avalanche by type, e.g. Ploose and Pslab.
Another method is to divide the scenarios by destructive size (Jamieson and Jones, 2012).

Thus, the risk for a recreationists travelling through terrain where they can trigger an avalanche
is dependent upon the danger and the size of the avalanche. Since avalanche size is a measure of
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the consequence of the avalanche, which is also considered in the danger rating, the risk is
directly dependent on the danger rating. When the danger increases, the risk increases. Thus on
days where the danger is relatively high, the risk of backcountry skiing will exceed the
acceptable risk tolerance for many recreationists. To maintain a risk level below their acceptable
risk tolerance, recreationists can manage their exposure to terrain where they can trigger
avalanches, thus reducing their risk.
1.4
1.4.1

Avalanche forecasting in Canada
Public bulletins

In Canada the avalanche danger is communicated to the public through avalanche bulletins or
reports. Western Canada is divided into twenty bulletin regions, each of which issues an
avalanche bulletin or report to the public 1, 3 or 7 times per week. Figure 1.8 is a map of the
bulletin regions. Also, Table 1.8 summarizes the bulletin regions; including the size of the
region, frequency of forecasts, source of the bulletin, and whether the region has an avalanche
bulletin or report.

In the avalanche bulletins the avalanche danger is rated at three vegetation bands: alpine (A), tree
line (TL) and below tree line (BTL). Alpine refers to the upper mountain elevations, with few or
no trees. TL refers to the transitional elevation band, below is closed forest and above is alpine.
BTL includes terrain from valley bottom up to where the mountainside forest begins to thin.

As previously stated, the danger is rated using the five-point danger scale described in Table 1.7.
Each avalanche bulletin also has a few sentences providing travel and terrain advice, as well as
forecast details, which include limited text summarizing the recent avalanche activity, the
snowpack, and the weather forecast. In addition, the bulletin identifies and describes the main
avalanche problem of the day, which is further discussed in Section 1.4.2. If the region uses a
report instead of a bulletin then the danger is not rated; however, the report still contains text
describing the main avalanche problem(s), travel advice, avalanche activity, a snowpack
summary and weather forecast. A sample avalanche bulletin from the North Columbia Cariboos
is included in Figure 1.9.
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Figure 1.8: Map of the bulletin regions in Western Canada (image source: Google,
IBCAO, Landsat; map data: Canadian Avalanche Centre, SIO, NOAA, U.S. Navy,
NGA, GEBCO).
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Table 1.8: Summary of the Canadian bulletin regions (after Bakermans et al. 2010, with
data from the Canadian Avalanche Centre).
Region

Mountain

Forecast source

range

Frequency

Area

(forecasts/

2

Perimeter

(km )

(km)

week)
Northwest - Coastal

Coast

CAC

7

51,990

2470

Northwest - Inland

Columbia

CAC

7

47,950

1230

Sea to Sky

Coast

CAC

7

28,980

1750

Whistler Backcountry

Coast

Whistler-Blackcomb

7
260

70

210

90

23,860

1040

30,740

840

22,220

850

ski patrol
North Shore

Coast

North Shore Avalanche

7

Advisory Group
South Coast Inland

Coast

CAC

7

North Columbia

Columbia

CAC

7

(Cariboos)
North Columbia

Columbia

CAC

7

(Monashees and Selkirks)

1

Glacier Park

Columbia

Parks Canada

7

190

80

South Columbia

Columbia

CAC

7

28,950

850

Purcells

Columbia

CAC

7

12,340

610

45,020

1500

18,350

790

5130

470

5270

340

North Rockies

Rocky

CAC

1

Kootenay Boundary

Rocky

CAC

7

Jasper

Rocky

Parks Canada

7

1

1

Bighorn Country

Rocky

CAC

1

Banff, Yoho and Kootenay

Rocky

Parks Canada

7

2200

300

Kananaskis

Rocky

Parks Canada

7

4210

420

South Rockies

Rocky

CAC

7

11,860

660

Lizard Range

Rocky

CAC

7

900

150

Waterton

Rocky

Parks Canada

3

370

100

Avalanche report issued instead of a bulletin
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Figure 1.9: Sample Canadian avalanche bulletin from the North Columbia
Cariboos region (taken with permission from the Canadian Avalanche
Centre bulletin archive).
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1.4.2

Conceptual model of avalanche hazard

Since its inception in 2010, public avalanche forecasting in Canada has employed the Conceptual
Model of Avalanche Hazard (Statham et al., 2010a). This method uses a set of steps to describe
the main (up to a maximum of three) avalanche problems present for the given spatial and
temporal range of the forecast. For clarity it is important to remain consistent with the
terminology when using to the conceptual model. The term avalanche problem is a broad term
that refers to not only the avalanche character, but to several descriptors of the avalanche
character as well. The term avalanche character refers only to the release character of the
avalanche (Klassen and Haegeli, 2013).
1.4.2.1 Avalanche character
The avalanche character is selected from a list of eight possible character types. These character
types make use of the distinction between loose and slab avalanches as well as wet and dry
avalanches, and further divide the slab category. The eight character types are loose dry, loose
wet, wet slab, wind slab, storm slab, persistent slab, deep slab, and cornice. Each problem is
described in more detail below.

Loose dry avalanches are commonly known as sluffs and are usually small. They normally start
on steep terrain (greater than 40°) and this instability disappears quickly after a storm, persisting
on the temporal scale of hours to days. This instability usually exists close to the surface, and
since it is a loose avalanche there is low cohesion in the snow, thus no slab properties are
present. Avalanches of this type do not propagate; however, they can gain mass due to
downslope entrainment (Haegeli et al., 2010; Statham et al., 2010a). Figure 1.1 (left) shows a
loose dry avalanche; note the point initiation, and the subsequent downslope entrainment. Also
note the loose dry nature of the deposit.
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Loose wet avalanches are more
dense and powerful than loose dry
avalanches as they can have
substantial downslope entrainment.
They often occur on sunny aspects
during the warmest part of the day.
Since they are loose avalanches they
have low cohesion in the snow and
have no slab properties. The
weakness in the snowpack persists
Figure 1.10: Loose wet avalanche (photo: Ron Perla).

on the scale of hours to days;

however, the weakness can exist at any level in the snowpack depending on the temperature of
the snowpack at that depth (Haegeli et al., 2010; Statham et al., 2010a). Figure 1.10 shows a
loose wet avalanche; again note the point initiation and downslope entrainment, and also the
globular wet nature of the debris.

Wet slabs involve wet layers
in the snowpack, and occur
when water is located below
the surface. They are dense and
have the potential to be large
climax avalanches. The slab is
composed of wet grains with
typical hand hardness in the
range of 4-Finger to Pencil.
The instability persists on the
scale of hours to days and
exists from the middle of the
snowpack to the deeper pack.
Wet slabs have the potential to

Figure 1.11: Crown of a wet slab avalanche (photo: Bruce
Jamieson).

propagate across an entire
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avalanche path (Haegeli et al., 2010; Statham et al., 2010a). Figure 1.11 shows the crown of a
wet slab avalanche; note the wetness of the snowpack.

Wind slab avalanches are
composed of wind-transported
decomposing fragments and
precipitation particles, and are
generally small to medium in
size. They typically occur on
steeper lee and cross-loaded
slopes (generally greater than
35°) and have the potential to
Figure 1.12: Wind slab avalanche, skier triggered (photo:
Bruce Jamieson).

propagate across a terrain
feature. They can often be
distinguished by the

appearance of the snow surface, including such signs as scouring and sastrugi. Other signs
include a change in surface snow hardness, hollow drum like sounds when walking on the slab,
and cracking at one’s skis. Wind slab avalanche problems involve instability in the upper
snowpack and tend to stabilize quickly, in the scale of hours to days. The typical slab has a hand
hardness is in the range of 4-Finger to Knife (Haegeli et al., 2010; Statham et al., 2010a). Figure
1.12 shows a wind slab avalanche, note the variable slab depth, and the signs of wind scouring
on the ridge.
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Storm slab avalanches
involve recently deposited
storm snow layers. The slab is
typically composed of
precipitation particles and
decomposing fragments, with
a hand hardness in the range
of Fist to Pencil (either soft or
hard slabs). The instability
exists in or just below the new
storm snow, and the

Figure 1.13: Storm slab avalanche (photo: Cameron Ross).

instability tends to stabilize quickly, on the scale of hours to days. Storm slabs vary in size from
small to large depending on the depth of the instability, and they have the potential to propagate
across the entire avalanche path. They can be located in any piece of terrain, but they occur more
frequently in the alpine on moderately steep slopes (greater than 35°) (Haegeli et al., 2010;
Statham et al., 2010a). Figure 1.13 shows a storm slab avalanche; note the recent snowfall on the
trees and the smoothness of the snow cover.

Persistent slabs (Figure 1.14)
fail on persistent weak layers
buried in the upper to mid
snowpack. They can vary in
size from medium to very large
and can propagate across entire
avalanche paths and into
adjacent paths. These
avalanches can occur on very
gentle terrain, on slopes as low
Figure 1.14: Flank of a persistent slab avalanche (photo:
Mike Conlan).

as 20°. The persistent
avalanche problem can be

localized to specific elevation bands, aspects, or regions, depending on spatial location of the
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persistent weak layer. True to their name, persistent weak layers can persist in the snowpack on a
scale of weeks to months, and can have dormant periods, becoming active again when stimulated
by weather factors. The persistent weak layers associated with these avalanches are made up of
persistent grain types, which are depth hoar, surface hoar, facets and crusts. These grains are
commonly larger in size than other grain types, and as a result persist in the snowpack for long
periods of time. The typical hand hardness of the slab is in the range of 4-Finger to Pencil (stiff
to hard), but can be as soft as Fist at the top (Haegeli et al., 2010; Statham et al., 2010a).

Deep persistent slabs are
similar to persistent slabs in
that they involve failure of a
persistent weak layer in the
snowpack. The distinction is
that deep slabs involve a
persistent layer that is buried
in the bottom half of the
snowpack, potentially even at
the base of the snowpack as a
basal instability. As a result

Figure 1.15: Deep persistent slab avalanche (photo: Bruce
Jamieson).

the slabs are very thick, and
thus deep slabs can produce very large avalanches that can propagate across the avalanche path
and into adjacent paths. They tend to fail on moderately steep slopes (30 to 40°), and like
persistent slabs the instability can be localized to specific regions. Deep slabs are very persistent,
persisting for months or potentially the entire season. They can be dormant for long periods of
time before coming active again, often when the weather changes, as in after a storm or with
warm spring weather. Like persistent slabs, the weak layer is formed of persistent grains. The
typical slab hand hardness is in the range of 1-Finger to Knife, but can be as soft as Fist at the top
(Haegeli et al., 2010; Statham et al., 2010a). Figure 1.15 shows a deep slab avalanche; note that
the avalanche involves the full depth of the snowpack down to the ground.
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Cornices are the final
character type. Cornices can
be triggers of slab avalanches,
commonly failing during
periods of wind loading and /
or temperature change. Figure
1.16 shows a cornice
triggered slab avalanche; note
the prominent cornice across
the top of the slope.

Figure 1.16: Cornice triggered slab avalanche (photo:
Bruce Jamieson).

1.4.2.2 Avalanche problem location and qualification
The location of the avalanche problem is specified by describing where in the terrain the
avalanche character is expected to be found. Descriptors can include the aspect, elevation,
vegetation bands, operating zones, or terrain features (Statham et al., 2010a; CAA, 2012).

Avalanche problems are qualitatively assessed by their sensitivity to trigger, spatial distribution,
and likelihood of trigger. There are two types of avalanche initiation: natural (not caused by
humans) or artificial (caused by humans) (McClung and Schaerer, 2006, p 96). Natural
avalanches are usually initiated by weather events, for instance snow or rain precipitation or
temperature change. Cornice, ice, or rock fall, or even earthquakes can also cause natural
avalanches. Artificial avalanches are initiated by an external force applied to the snowpack by
humans. This external force can either be classified as a heavy load or a light load. Heavy loads
include triggered cornice or ice, a compact group of people, a machine (snowmobile, snow cat,
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helicopter), or explosives. A light load includes a single person, wildlife or a small triggered
cornice (CAA, 2007). Table 1.9 shows the categories of sensitivity to trigger. The avalanche
problem can also be qualitatively assessed by its distribution, as shown in Table 1.10. The
sensitivity to triggers and the distribution of the avalanche problem are then combined to
determine the likelihood of triggering an avalanche. The likelihood is categorized as unlikely,
possible, likely, very likely, and almost certain (Statham et al., 2010a).

Table 1.9: Sensitivity of the avalanche problem (after Statham et al., 2010a; CAA, 2012).
Sensitivity

Comments

Unreactive

Natural

Human

Explosive triggers

Cornice

triggers

triggers

Size

triggers

Natural

Ease of

Size of explosive and

avalanche

triggering

effect

occurrences

by a single

Size of cornice fall that

human

will trigger a slab

No

No

Very large

avalanches

avalanches

explosives

Results

No slabs

Comments

No slab
from very
large
cornices

Stubborn

Few

Difficult to

Large

trigger

explosives

Some

Large

Many

Medium

Numerous

Any size

& air blasts
Touchy

Very
Touchy

Several

Numerous

Easy to

Single hand

trigger

charge

Triggering

Any size

certain
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Table 1.10: Distribution of the avalanche problem (after Statham et al., 2010a; CAA, 2012).
Distribution Density

Evidence

Isolated

Evidence is rare and hard to find.

The instability is spotty and found in few
locations.

Specific

Widespread

Comment

The instability exists in portions of

Evidence exists but is not always

terrain.

obvious.

The instability is found in many

Evidence is everywhere and easy to

locations.

find.

How is the evidence distributed within

How hard is it to find?

the location identified?

The likelihood of triggering is
then combined with the
expected destructive size of
the avalanche to determine the
hazard, or danger, of the
avalanche problem. This can
be visualized in Figure 1.17,
where the top right area of the
figure is the highest danger,
and the bottom left area is the
lowest danger. The yellow
ellipse shows the location of a
hypothetical avalanche
problem. The size and shape
of the ellipse can represent
either the range of the
qualifiers of the avalanche

Figure 1.17: The conceptual model of avalanche hazard
showing how the likelihood of triggering an avalanche is
combined with the destructive size of the avalanche to
determine the hazard that avalanche problem posses. A
hypothetical avalanche problem is shown in yellow. The
blue arrow denotes the direction of greater hazard on the
chart (modified from CAA, 2012).

problem or the forecaster’s
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uncertainty in qualifying the avalanche problem. Each of the avalanche problems are added to
the plot and the hazard for each problem is combined to arrive at the final avalanche hazard for
the forecasting period.
1.5

Research motivation and objectives

On a typical backcountry day a recreationist ski tours, split boards, snowshoes or snowmobiles
through avalanche terrain. Jamieson et al. (2008) estimated a recreationist’s area of exposure to
avalanche hazard at 10 km2, or the area of one mountain drainage. This area is referred to as the
local avalanche area, and the avalanche danger rating in this area is the local avalanche danger
(DLN). Even though snowmobiles can travel much quicker than other methods, in the Columbia
Mountains of Canada snowmobilers often make long approaches on snow roads, with less
exposure to avalanche paths. Most of their exposure occurs at the head of the valley, where they
often spend the majority of their time (Jamieson et al., 2009a). As a result the 10 km2 exposure
area is reasonably accurate estimate for all modes of transport.

As described in Section 1.4.1, the Canadian regional avalanche bulletin is an expert assessment
of the avalanche danger for a specific region, ranging is size from 100 km2 to 50,000 km2 (Table
1.8). This is not the same as the local avalanche danger (10 km2). In fact, Jamieson et al. (2006)
found that this rating differed from the local avalanche danger rating in 36-43% of cases. The
difference in spatial scale is one of the main reasons for the discrepancy. Other reasons include
the difference in temporal uncertainty between the local nowcast and the regional forecast, the
spatial variability of the avalanche danger (Schweizer et al., 2008a), that accurate data may not
have been available when the forecast was made (Jamieson et al., 2009a) and error by human
forecasters or forecasting models (Jamieson et al., 2009a). In addition, the regional bulletin is not
available in certain areas (Jamieson et al., 2009a).

It is useful for recreationists to use additional sources of information to verify or adjust the
regional bulletin to their local area. To localize the avalanche danger, professionals and
experienced recreationists rely on weather, avalanche, and snowpack observations, as well as
observations from snow profiles and snowpack tests that require digging a pit. They also rely on
their previous experience travelling in similar conditions, and their intuition (Stewart-Patterson,
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2008), which has been developed over years of operating in avalanche conditions. By contrast
recreationists usually do not dig pits due to the time and training requirement. They also have
less experience operating under similar avalanche conditions and do not have the wealth of
experience required to calibrate accurate intuitive decisions. Therefore, non-digging field
observations play an important role in the localization of the avalanche danger for recreationists.
In addition, a comparison between the field observations and snowpack tests could provide
useful information for more experienced recreationists and professional avalanche forecasters,
who utilize both streams of information. Therefore, there were three main objectives of this
study:
1. To	
  determine	
  whether	
  field	
  observations	
  or	
  snowpack	
  tests	
  are	
  more	
  valuable	
  for	
  
localizing	
  the	
  avalanche	
  danger.	
  
2. To	
  determine	
  which	
  observations	
  were	
  the	
  most	
  valuable	
  to	
  recreationists	
  for	
  
localizing	
  the	
  avalanche	
  danger,	
  and	
  under	
  which	
  avalanche	
  characters.	
  
3. To	
  investigate	
  how	
  these	
  observations	
  can	
  be	
  combined	
  to	
  help	
  predict	
  the	
  
avalanche	
  danger.	
  
1.6

My role in data gathering

The members of the Applied Snow and Avalanche Research (ASARC) at the University of
Calgary collaborate on all of the ongoing studies to help gatherer the largest amount of data
possible. As a result, along with myself, many past and present members of ASARC have
collected the data for this study. Table 1.11 tabulates the field days I was and was not present for.
Note that I was not involved in any of the days before the winter of 2013 as I was not yet a
member of ASARC, but the data gathering for this study was already underway years before I
joined the team. Also note that due to the nature of safe travel in avalanche terrain, even on the
days that I was present there was at least one, and often many, other observers present.

When I was not present in the field ASARC used only trained observers for data collection. This
training entailed a one-day field session before the start of each field season. The most important
aspect of the training session was to cover the safe travel practices specific to this study. Next the
data gathering procedure was covered, including the intricacies of each observation, and the
process to accurately rate the local danger. For the winters of 2009-2012 Dr. Jamieson led the
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training session, and for the winters of 2013 and 2014 I led it, and it took place at Kicking Horse
Mountain Resort, and Rogers Pass respectively. To supplement the training the observers were
also provided with a detailed field book for recording their observations (Appendix A). This
book contained any necessary definitions and explanations to aid in gathering accurate data. For
the winters of 2009-2012 Dr. Jamieson prepared the field book, and for the winters of 2013-2014
I prepared the field book.

Table 1.11: Field days with and without the author as an observer.
Winter year

Author

Not

present

present

2013 and 2014

46

82

2009-2012

0

337
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2

LITERATURE REVIEW

This literature review comprises four sections. First, the literature undertaken to verify regional
avalanche bulletins is reviewed. Second, each field observation is reviewed for classifying as
Class I, II and II information. Third, the differences between different snowpack tests (CT and
RB) are assessed. Finally, some of the statistical methods used in this study to compare field
observations and stability tests with avalanche danger are reviewed.
2.1

Regional avalanche bulletin verification

There have been several studies undertaken to verify the accuracy of regional avalanche
bulletins. Schweizer et al. (2003b) performed a bulletin verification study in Davos, Switzerland
in the winter of 2002. Trained observers performed field observations as well as digging many
snow profiles and rutschblock tests (between 50 and 70 per 3 day period) and then rated snow
stability for the slope scale. They found that for Low regional danger bulletins 90% of the local
verification stability ratings were Good or Very Good. However, for Considerable danger they
found that more than 50% of the stability ratings were Poor or Very Poor. This suggests that the
bulletin is less accurate in the Considerable range then it is in Low. They had an overall
coefficient of variation of 20%, regardless of the danger level. It is important to note that the
difference found between the regional danger and the slope stability will be due to three factors:
1) error in the regional danger rating, 2) the difference between a measure of danger and slope
stability (which doesn’t consider consequence), and 3) the difference between stability at the
slope scale and the stability at perhaps a slightly larger scale, such as the basin scale.

Jamieson et al. (2008) also performed a regional bulletin verification study, using data gathered
from the Coastal, Columbia, and Rocky Mountains of western Canada, in the winters of 2005
and 2006. They had 192 ratings of the local avalanche danger to compare with the regional
danger rating. They found that the local nowcast (verification rating) agreed with the regional
bulletin 59 - 64% of the time. They found that the small and medium bulletin regions (less than
8000 km2) had a hit rate 13% higher than the large bulletin regions. They also found that as the
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hit rate increased by approximately 5% as the lead-time of the forecast was decreased by a day
(as the date the forecast was made became closer to the date of verification).
2.2

Field observations

Research into the relationship between field observations and instability or avalanche danger has
so far been limited. McClung and Schaerer (2006, p 170) referred to the practice of evaluating
snow-instability through the non-numerical integration of information from field observations.
They indicated that there was potential for correlating snow instability with individual
observations. They suggested that correlation would be most successful for broad forecasts, over
larger geographic areas, using Class III information (weather factors). In contrast, this study
investigated the link between individual observations and local avalanche danger.
2.2.1

Class I information – instability factors

Class I observations include avalanche occurrences, whumpfs or shooting cracks, cracking at the
skis, pin wheeling, tree bombing, and the hand shear test. This section explains each observation,
grouped into categories to match those used in my research.
2.2.1.1 Avalanches
Avalanches are Class Ia information and are the best indicator of snow slope instability. They
indicate that the snow is unstable on the slope where the snow has avalanched, and therefore it is
likely that adjacent slopes are also unstable (McClung and Schaerer, 200 6, p 172). The more
recent an avalanche the more weight is applied to the observation, where weight is defined as the
predictive validity of the evidence (McClung, 2011). Therefore, avalanches observed in motion
carry the most weight. Munter (2003) proposed that the danger is at least Considerable if recent
avalanche activity is observed. Jamieson et al. (2009a) looked at correlations between avalanche
type (slab or loose) and time of occurrence (in motion, recent). Their findings are illustrated in
Table	
  2.1. Jamieson et al. (2009a) noted that the lack of a correlation did not necessarily negate a
relationship, and could instead be a factor of limited positive observations.
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Table 2.1: Correlations between avalanche observations and the local and regional danger
(Jamieson et al., 2009a).
Local danger
Slab avalanches (in motion)

✓

Slab avalanches (recent)

✓

Regional danger
✓

Loose avalanches (in motion)

✓

Loose avalanches (recent)

✓

An important differentiation is between avalanches that occurred spontaneously and avalanches
that are triggered; either by skier, vehicle, cornice, ice or rock fall, explosives, wildlife, or any
other localized dynamic loading. This is because the failure mechanism underlying these two
types of releases is different. Spontaneous avalanches (e.g. triggered by snowfall or warming)
begin with a ductile failure in the weak layer (Schweizer et al., 2003a), which spreads until it
reaches a critical length, triggering the brittle propagation of a fracture along the weak layer or
interface. On the other hand, avalanches from localized dynamic loading result from a brittle
fracture initiated by the dynamic load. This fracture will propagate if it reaches a critical length
(McClung and Schaerer, 2006, p 95-97). McClung and Schaerer (2006, p 99) suggest that
imperfections or weak zones in the snowpack are required for dynamically triggered avalanches
to occur and that the brittle fractures initiated from skiers alone are not enough. This is still under
debate. For avalanches caused by localized dynamic loading, McClung and Schaerer (2006, p
175) state that an explosive-triggered avalanche indicates fair to poor stability on the test slope
and likely other adjacent slopes. An explosive crater with tensile cracks visible but with no
avalanche release also indicates weakness in the snowpack. Conversely, a crater with no
avalanches or tensile cracks indicates stable snow. Schweizer et al. (2003b) found relatively
weak correlation between an avalanche activity index and regional danger. Their index was
weighted for avalanche trigger (natural, skier, explosive) and avalanche size. The reasons cited
for the poor correlations were inconsistency in observation frequency, potential inaccuracy of the
regional danger, and that more factors than avalanche activity alone indicate danger. Schweizer
(2003) commented on the frequency of avalanches of different trigger types under different
danger levels. He found that under Moderate danger, natural and remote triggered avalanches are
rare, and skier triggered are occasional. For Considerable danger natural and remote are
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occasional and skier triggered are typical. For High danger natural and remote are typical and
skier triggered are frequent.
2.2.1.2 Whumpfs and shooting cracks
Whumpfs and shooting cracks are also both Class Ib information on snow instability. As with
avalanche activity, Munter (2003) proposed that the danger was at least Considerable if whumpfs
or shooting cracks were observed. van Herwijnen and Jamieson (2007a) found that CT results
with sudden collapse (SC, see Table	
  3.2) fracture character were associated with whumpfs more
than any other character, which is supported by the assertion that the vertical collapse sensation
of a whumpf aligns with the collapse nature of an SC fracture (McClung and Schaerer, 200 6, p
98). Jamieson et al. (2009a) found that the presence of any whumpf or shooting crack was a
significant indicator of increased local and regional avalanche danger. This agrees with
Schweizer (2003), who found that whumpfs and shooting cracks have an occasional frequency
for Moderate danger, typical for Considerable, and frequent for High danger.
2.2.1.3 Cracking at the skis, pin wheeling and tree bombing
The field observations of surface snow cracking at the skis, pin wheeling and tree bombing are
both signs of instability and also snowpack factors, and therefore do not fit well into the
classification scheme, being either Class Ib or II information. McClung and Schaerer (2006, p
206) mention that tree bombs caused by the warming of the air temperature to 0 °C can be
potential triggers for avalanches. Jamieson et al. (2009a) found that cracking at the skis was
significantly correlated with the local avalanche danger but not the regional danger. Neither tree
bombing nor pin wheeling correlated with either the local or regional danger.
2.2.1.4 Hand shear test
As a form of snowpack test, the hand shear is classified as Class Ib information. There is limited
data available on the hand shear test; however, Jamieson et al. (2009a) found that the hand shear
resistance and character correlated with the local avalanche danger, but not the failure depth.
Data on the shovel shear test is also relevant as the hand shear can be viewed as a simplified
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version of the shovel shear test. Jamieson (1999) found that results of the shovel test were
approximately twice as variable as the CT. Shear tests (either the hand or the shovel shear), are
strength tests, which means they test the shear strength of a weak layer in the snowpack. This is
fundamentally different than a stability test, such as the CT or RB test, which tests the ratio of
the strength of the weak layer to the overlying load, which is typically the load of the overlying
slab, but can also include dynamic load such as the loading steps in the test (Jamieson, 1999).
However, even with this fundamental difference in these tests, Föhn and Camponovo (1997)
showed that snow stability is linearly correlated with weak layer strength because the weak layer
increases in strength with an increase in overlying load, through the processes of snow settlement
and metamorphism. This implies that low CT scores should correlate with easy shears in the
shear tests and high CT scores should correlate with hard results in the shear tests (Jamieson,
1999).
2.2.2

Class II information - snowpack factors

Class II observations are the snowpack factors, for example all of the information that can be
gathered from a snow profile, such as layering, grain type and size, and hand hardness. Snow
penetration measurements, via skis or ski poles, and the snow surface condition are also Class II
information.
2.2.2.1 Snow penetration
McClung and Schaerer (2006, p 192, 184) state that probing into the snowpack (as with the ski
pole probe) is not a reliable index of stability. However, they do mention that it can be useful in
determining the relative hardness of the snow layers and to detect weaknesses. It can also
provide information about the availability of soft snow for slab formation and wind transport.
Jamieson et al. (2009a) found no significant correlation between the ski pole probe and the local
avalanche danger.

Regular penetration measurements, such as the pole probe or ski penetration, provide
information on the strength of the near surface snow. This is especially true for snow that has
fallen during a recent storm, where decreasing penetration measurements with time indicate
39

settling, and an increase in strength (McClung and Schaerer, 2006, p 184). They can also be
useful in examining variations in the snow depth, hardness, and texture across terrain. Deep ski
penetration can indicate locations of deep and potentially unstable snow, whereas shallow ski
penetration can indicate the presence of wind or sun crusts. This is especially true when observed
in conjunction with a crust as the surface condition. Jamieson et al. (2009a) found that ski
penetration correlated significantly with both the local and regional avalanche danger.
2.2.2.2 Surface condition
In general, a settled surface condition or crusts have subtle links with instability. A dry fresh
surface indicates the potential for a storm slab problem to exist. A surface where snow grains
have been compacted by wind transport (wind stiff) alerts to a potential wind slab problem.
Sticky or moist / wet coarse surface conditions are an indication of warming of the snow surface.
The surface condition is also an important factor in determining whether new or drifting snow
will bond well (McClung and Schaerer, 200 6, p 197). In general, surfaces that are warm, soft
and rough bond better with new snow. Observations of crust would tend to exhibit poor bonding
with new snow. Observations of wind stiff or settled snow would depend on the specific
conditions of the surface and the new snow. Jamieson et al. (2009a) found no obvious
relationship between surface condition and danger; however, they noted that more data collected
during springtime, when warmer temperatures and increased solar radiation contribute to a moist
and settled snowpack, would be useful to determine if a settled or moist surface is associated
with lower danger.
2.2.3

Class III information - weather factors

Class III observations comprise precipitation, sky condition, wind speed, blowing snow, wind
scouring, wind deposits, HN24, HN48, temperature trend since the previous day, air temperature
warming to 0 °C, and state of snow surface thawing and refreezing.
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2.2.3.1 Precipitation
Precipitation type (rain or snow) and rate (1 cm / hour to 4+ cm / hour) can be used to form a
simple estimate of the rate of increasing load on the snowpack, which affects the stability of the
snowpack. As precipitation accumulates on the snowpack it increases the shear stress of the
snowpack. As an opposite reaction, the strength of the snowpack increases with the new load. As
the intensity of the precipitation increases, the shear stress increases at a faster rate than the
strength, leading to instability. A rule of thumb of 2.5 cm / h is often used to estimate the
intensity of precipitation required to create instability, which is equivalent to an intense snowfall
(McClung and Schaerer, 200 6, p 201). Perla (1970) found that values of greater than 3.8 cm / h
accompanied by moderate winds could indicate instability. For rain on snow events, 0.5 – 2.5
mm / h is the threshold between stability and instability. Results from a study at Alta, Utah
(Perla, 1970) indicated that the maximum precipitation rate was a better indicator of instability
than the average precipitation rate. Jamieson et al. (2009a) found that precipitation rate
correlated significantly with both the local and regional avalanche danger.
2.2.3.2 New snow
Two measures of new snowfall are routinely used in field observations (CAA, 2007): HN24
(snowfall in the last 24 hours) and HN48 (snowfall in the last 48 hours). Snowfall is the most
frequent cause of avalanches (McClung and Schaerer, 200 6, p 198) and thus snowfall
observations are good avalanche predictors. This is because the increase in the depth of the new
snow creates an increase in the load on any weak layers or interfaces in the snowpack, including
the interface between the new and old snow. The height of snow water equivalent (HSW) is a
better measure of increased load on the snowpack; however, the density of the new snow would
also be required for this calculation, which is not as easily observed. Several rules of thumb have
been developed for the amount of new snowfall required to create a widespread avalanche cycle.
A study on avalanches in Kootenay Pass, BC (McClung and Schaerer, 200 6, p 199) found there
was a 50% probability of a large avalanche with 48 mm of HSW (31 cm of snow at 150 kg / m3)
and a 90% chance with 79 mm HSW (53 cm of snow at 150 kg / m3). A study undertaken at Alta,
Utah, and Mammoth Mountain, California (Davis et al., 1999) analyzed 31 Class III weather

41

factors for their relation with avalanche size, likelihood and a combined size and likelihood
metric (indicative of danger). They found that a combined factor of snowfall and wind to the
fourth power, measured over the past 1, 2, and 3 days, correlated the strongest with stability and
danger. Snowfall factors alone had the next strongest correlation, with snow water equivalent
ranking slightly better than depth. These snowfall factors included HN24, HN48, and HN72.
Another study in Alta found a 50% chance of large avalanche with 50 mm HSW, and an 80%
chance with 100 mm. These results demonstrate the variability involved in using height of snow
as an indicator of likelihood of avalanches; however, they also show that in general it is a strong
indicator. Jamieson et al. (2009a) found that HN24 and HN48 correlated significantly with both
the local and regional danger.
2.2.3.3 Sky condition
Cloud cover has a complex relationship with snow stability. First, greater cloud cover is related
to precipitation and snowfall amounts, which are both linked to increasing instability. Also, dense
cloud cover reduces the incoming short wave radiation that reaches the surface of the snow. This
limits warming of the snow surface, which is related to decreased instability. Conversely, thin
cloud cover allows some incoming short wave radiation through but limits outgoing long wave
radiation, thus potentially causing rapid heating of the surface (McClung and Schaerer, 200 6, p
207). Less cloud cover is also related to greater solar warming, especially during spring
conditions, which is related to greater instability. Jamieson et al. (2009a) found that sky
condition correlated significantly with both the local and regional danger, and therefore was
treated as an ordinal variable. They acknowledged the possibility that a non-monotonic
relationship existed, and that perhaps they did not have enough spring days in their dataset to
expose the warming relationships.
2.2.3.4 Wind factors
Wind is an important factor in avalanche formation. This study considers four wind observations:
wind speed, blowing snow, wind scouring, and wind deposits. Wind speed affects the type and
location of the instability and the timing of avalanches. For example, dry snow falling without
wind will likely create a loose snow avalanche character; however, wind above a threshold value
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(typically in the moderate range) begins to transport snow from the windward fetch zones onto
the lee slopes, creating tightly packed wind slabs. Observing the process of blowing snow alerts
the observer that this process is occurring. In addition, when travelling on the windward fetch
zones, scouring and sastrugi on the surface provide evidence that this process has occurred. A
fetch zone is an open slope on the windward side of a mountain where snow is transported from
by the wind. When travelling on the lee slopes, evidence of wind depositing can also be found
(McClung and Schaerer, 200 6, p 203). The wind direction is also an important factor in
assessing the effect of wind, as it dictates which slopes are windward and leeward. Results from
Perla’s (1970) Alta, Utah study found that wind direction was a better indicator of avalanche
hazard than wind speed. Davis et al. (1999) found that the wind indicators of weather data,
including average wind speed over the past 1, 2, and 3 days, were the next best indicators of
instability and danger after the snowfall amounts. Jamieson et al. (2009a) found that blowing
snow and wind deposits significantly correlated with both the local and regional danger, while
wind speed and scouring did not significantly correlate with either the local or regional danger.
Wind occurring in conjunction with new snowfall is also an important consideration, as wind
speeds in the moderate (26-40 km/h) to strong range (41-60 km/h) can increase snowfall
accumulation by two to ten times (Lehning et al., 2002).
2.2.3.5 Temperature
The air temperature trend since the previous day is an important observation, especially during
storm events. If new snow is deposited through a warming trend then warm, dense snow will be
deposited on top of cold, light snow, which will create an ‘upside down’ snowpack, with hard
over soft. This stronger layer over a weaker layer is a good formula for slab avalanche formation
(Perla, 1970). Jamieson et al. (2009a) did not find correlation between the 24-hour air
temperature trend or surface thaw and refreeze and avalanche danger.

Temperature affects the dry snowpack in three ways (McClung and Schaerer 2006, p 185): 1)
Snow stiffness and brittleness increases as temperature decreases, leading to the increased
likelihood of fracture propagation. Also the strength of the snow decreases as the temperature
approaches the melting point (0 °C). 2) Temperature gradients through the snowpack control
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metamorphism. In general a larger temperature gradient causes an overall weakening of the
snowpack. 3) Warmer temperatures cause snow to form bonds and gain fracture toughness faster.
This is especially important for new snow instability, which decreases with increasing
temperature and load on the weak layer or interface. Davis et al. (1999) found that weather
variables related to temperature had a lower correlation with stability and danger than the
snowfall or wind factors.

Air temperature has a large impact on wet slab avalanching, and this effect can be monitored by
observing if the air temperature warms to 0 °C, and whether the snow thawed the previous day
and then refroze overnight. McClung and Schaerer (2006, p 205) note that avalanches have been
observed immediately after the air temperature reaches 0 °C in starting zones. It is believed this
is because the warm air causes loose snow sloughing from cliffs, or tree bombs, which then
trigger avalanches.
2.3

Snowpack tests

Snowpack tests are instability factors, and thus Class Ib information. The results of a snowpack
test are only valuable if the observer is able to interpret them with respect to slope stability and /
or avalanche danger. Research has been undertaken to validate stability tests with respect to
snow stability by comparing test results to both stability ratings and datasets of stable and
unstable slopes. The second target metric is preferable because it is an objective rating. A
knowledge gap exists in the comparison of snowpack tests with avalanche danger. The main
body of work in this avenue is based on a preliminary version of the dataset used in this study
(Bakermans et al., 2010), and this study aimed to expand upon this work. This review
summarizes the literature for the CT and RB test, the two snowpack tests used in this study.

When examining the results of snowpack tests it is important to note the difference between
fracture initiation, which is the likelihood of a fracture starting in a weak layer, and fracture
propagation, which is the likelihood of the fracture travelling far enough to release an avalanche.
Jamieson (2003) concluded that the propagation propensity is more important for assessing the
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risk of skier-triggered avalanches than fracture initiation; however, both ingredients are
necessary for an avalanche to occur.
2.3.1

Compression test

The score of the CT is the number of loading steps to cause a fracture, thus lower scores are
associated with higher instability. The loading steps range from 1 to 30 and no fracture has no
score, although in this study no fracture was assigned a score of 35 to allow for analysis. van
Herwijnen and Jamieson (2007a) found that fracture character was a better indicator of
propagation potential than test score, and since propagation potential is an indicator of instability,
fracture character is a better indicator of instability than score. They found that most progressive
compression (PC) and resistant planar (RP) (see Table	
  3.2) fractures were associated with scores
in the easy to moderate range and occurred in soft weak layers near the surface. These are
favorable conditions for fracture initiation. However, they found that these fractures were
associated with a low frequency of skier triggering because in this location there is relatively
small difference in grain size between the crystals and hand hardness between the adjacent
layers. This means that these results were often false unstables, and the fracture character can
help identify these. Conversely, sudden collapse and sudden planar (SC and SP) were associated
with deeper weak layers that had greater hand hardness. These conditions are less favourable for
fracture initiation because the stress from the skier reduces with depth and deeper harder layers
are generally stronger. However, they found a higher frequency of skier triggering with sudden
fractures than with PC and RP. One main reason for this is that sudden fracture character is
commonly associated with persistent grain types, which are more often the failure layer for skiertriggered slab avalanches (Schweizer and Jamieson, 2001). Avalanches of this type fall inside the
persistent and deep persistent avalanche character types. These persistent grain types tend to
have high propagation potential, which is necessary for skier-triggered avalanches. Jamieson
(2003) noted that fracture character will likely have less temporal variability than the CT score,
meaning that the fracture character will remain more indicative of the propagation propensity
than the test score over time. This is because the CT score increases as the slab thickness
increases.
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Jamieson (1999) and van Herwijnen and Jamieson (2007a) examined the frequency of skier
triggering as a function of CT score. Jamieson (1999) found that the frequency of skier-triggered
slab avalanches decreases with increasing CT score. However, van Herwijnen and Jamieson
(2007a) found no clear decrease in the frequency of skier triggering with increasing CT score,
although they did find a significant difference in CT score between stable and unstable slopes. It
is important to note that even though Jamieson (1999) found a strong trend, 10% of slopes with
hard CT results were skier triggered, meaning these results were false stables. Positive stability
test results (a failure) are useful because they demonstrate the potential for avalanches; however,
negative results (no failure) do not necessarily mean there is no instability, as the spatially
variable nature of the snowpack could lead to unrepresentative test results (McClung and
Schaerer, 2006, p 167). This is reinforced by Stewart (2002) and Campbell (2004) who found
that the coefficient of variation of stability tests were on the order of 30 – 50% depending on the
area of the test, so the CT with its relatively small area would be closer to 50%. Schweizer and
Jamieson (2010) used CT score alone and CT score and fracture character to predict slope
stability. They found that CT score alone was a poor indicator of stability, having a high
proportion of false stable results. Considering both the score and fracture character only
moderately improved the results. Figure	
  2.1 graphs CT score and fracture character against slope
instability.
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Figure 2.1: Frequency of skier triggering in CT’s by (a) test score and (b) fracture
character. The number of skier-triggered tests as well as the total number of tests are
shown above the bars (modified from van Herwijnen and Jamieson, 2007a).
Bakermans et al. (2010) examined the correlation between stability tests and avalanche danger.
They found that CT’s had weak correlation with the local avalanche danger, but that the test
results from a single test location were too variable to predict danger. They did state that there
could be promise in using the results of a single stability test to identify locations where the
danger was different from the regional danger rating, in other words they could be useful in
localizing the avalanche danger. They also found that the correlations were stronger when both
the test score and fracture character were considered. Jamieson et al. (2006) found that the
average number of sudden fractures (nCTS), the lowest CT score in the test (CT), and the lowest
sudden fracture score (CTS), measured in a single column, all significantly correlated with the
local avalanche danger. These are all stability test variables defined by Jamieson et al. (2006)
(see Table	
  3.5 for definitions).
2.3.2

Rutschblock test

In the RB test the release type provides an indication of the propagation potential (Schweizer and
Jamieson, 2010). Schweizer et al. (2003b) found that release type was significantly correlated
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with the regional avalanche danger. Schweizer and Jamieson (2003) found that 85% of unstable
profiles had a whole block release type, whereas in the stable profiles most-of-block and edgeof-block releases occurred 76% of the time. Schweizer et al. (2008b) found that the RB release
type had a higher accuracy for predicting unstable slopes (81%) than the score (61%), supporting
the understanding that release type is related to fracture propagation, which is more indicative of
skier triggering than fracture initiation.

The score of the RB test is
the number of loading steps
to cause fracture, so a lower
score indicates higher
instability. The score ranges
from 1 to 7, where 7 is no
fracture. Schweizer et al.
(2003b) compared RB
score directly to the
regional danger and found
significant correlation.
Schweizer et al. (2008b)
also found that unstable
slopes had significantly

Figure 2.2: Probability of triggered slabs as a function of RB
score. Föhn’s (1987) study is composed Swiss data and
Jamieson and Johnson’s (1995) data is from western Canada
(modified from Jamieson and Johnston, 1995; with data
compiled from Föhn, 1987).

lower RB scores than stable
slopes. However, Bakermans et al. (2010) examined the correlation between RB tests and local
avalanche danger and found that there was a weak correlation between the score and the danger,
and that the correlations were not substantially improved by including the release type.
Bakermans et al. (2010) did note that RB test sites were selected using ‘amateur’ skill level,
which decreases the representativeness of the results. Föhn (1987) collected data on 150 RB tests
over 5 winters in Switzerland and compared them to a calculated stability index. He found that
slope instability and the probability of skier triggering decreases with increasing RB score. In
general he observed that RB scores of 1 – 3 are associated with ‘numerous spots of unstable
snowpack’, for 4 – 5 ‘local instabilities maybe expected’, and for 6 – 7 ‘there is a low risk of
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triggering snow slabs’. Jamieson and Johnston (1995) performed a similar study in the Columbia
and Rocky Mountains of western Canada, and found a similar trend as Föhn (1987). The results
of both of these studies shown in Figure	
  2.2.

Schweizer and Jamieson (2003) found that a RB score of 3 or less was the break point between
stable and unstable. The stable RB tests had a median score of 5, while the unstable tests had a
median score of 3. Jamieson (2003) found that higher RB score (5, 6 or 7) was more indicative of
stability for non-persistent weak layers than for persistent weak layers. For persistent weak layers
he found that high RB scores may underestimate the instability thus leading to false stable
results. Schweizer and Jamieson (2010) used RB score alone, RB score and release type, and RB
score or release type to predict slope stability. They selected threshold values of RB score of 3 or
less and release type of whole block as indicating instability. They found that for RB score alone
the test identified the stable slopes accurately; however, it had a large proportion of false stables.
This was improved by considering both the score and the release type, when both indicated
stability the test was 99% accurate at predicting stability. Also, when either the score or the
release type indicated instability the test was 94% accurate at predicting instability. Jamieson et
al. (2006) found that the number of whole block (nRBW), and the whole or most of block
(nRBM) releases per test, the lowest RB score (RB), and the lowest whole or most of block score
(RBM), all correlated with the local avalanche danger.

The relationship between RB score and the release type has also been documented. For RB score
of 3 or less there is approximately equal proportions of whole, most, and edge of block releases,
whereas for RB scores of 5 or 6 there is a slightly higher proportion of edge of block releases
(Chiambretti et al., 2013). Schweizer et al. (2008b) showed a strong relationship between release
type and RB score, with whole block having the lowest score, most of block mid range, and edge
of block having the highest score. In addition, RB failure depth has been examined. Schweizer et
al. (2003b) found that failure depth was significantly correlated with RB score; however, not
correlated with stability. This is logical, as stability does not consider consequence; it is likely
that depth would show a stronger relationship with danger. Schweizer and Jamieson (2007)
found that the RB failure depths between 18 and 94 cm were an indication of instability.
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The spatial variability of the RB test has also been examined. Campbell and Jamieson (2007)
performed arrays of RB tests on slopes representative of start zones and found that 84% of the
test results were within one score of the median.
2.3.3

Comparing the CT and RB test

Jamieson (1999) completed
three CT’s beside two RB tests
230 times over four winters. As
expected, he found that in
general as the average CT score
increased the median RB score
also increased. A RB score of 2
corresponded to a CT score in
the easy to moderate range, a
RB score of 7 corresponded to
CT scores in the hard to no
failure range. For RB score of
2 – 5, and sometimes 6, the
corresponding CT scores were
in the moderate range. This
trend is shown in Figure	
  2.3. In
general Jamieson concluded

Figure 2.3: CT scores compared with adjacent RB tests
for 230 test comparisons in the Columbia and Rocky
Mountains of western Canada throughout the winters of
1996 to 1999 (modified from Jamieson, 1999). The box
contains the middle 50% of the data. The pink line shows
the median. Whiskers show the min and max. n value
above the box is the number of observations.

that the RB test is a better
index of stability than the CT because it tests a greater area (3 m2 compared to 0.09 m2), and uses
loading steps that simulate the load from a skier. However, in the time required to complete one
RB test the observer could instead have completed two or three CT’s, and if these tests are spread
throughout the terrain effectively more information can be gathered than with a single RB test.
Bakermans et al. (2010) also compared both the CT and RB test with the local avalanche danger
and found that the RB test results correlated better; however, all of the significant correlations
were relatively weak.
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2.4

Statistical methods

This section reviews previous literature for two methods used in this study. The first method is
classification trees, and the second is grouping the data by avalanche character.
2.4.1

Classification trees

Classification trees are a useful tool for performing analysis of lower ranking types of data, such
as categorical or ordinal, or combinations of different types of data. Classification trees were
used for analysis in this study, and a more detailed explanation is provided in Section 3.3.3.

Schweizer and Jamieson (2003) used univariate classification trees to determine the critical
values that formed the break point between a stable and unstable slope. Among critical values for
many other variables, their trees selected RB scores of less than 4 as critical for instability.

Hendrikx et al. (2005) used multivariate classification trees to build forecasting models to predict
avalanche days, which were defined as a day with an avalanche of size 2.5 or greater, or a sum of
avalanche size of 10 or greater. They used meteorological data as inputs, 16 variables with 3 time
frames each (12, 24, and 72 hours) for a total of 48 input variables. Their tree is shown in Figure
2.4, where C is calm, L is light, and M is moderate wind speeds. The first split is on the 72-hour
temperature dependent wind drift parameter, which is a combination of the sum of precipitation,
the average wind speed to the fourth power, and temperature, with a critical value of light winds
and heavy precipitation. The 72-hour average wind speed is the next split on the left branch, with
a critical value of light or less. On the right branch the 12-hour average air pressure is the next
split, which is likely an indication of a period of high precipitation intensity, such as the center of
a low, or the passing of a front. Next the maximum air temperature is selected, with
temperatures less than 2.9 °C as critical. This temperature range selects colder days with the
possibility of precipitation. Finally, the 72 hour depth of snow is selected, with the critical value
of 1.95 m or greater as the depth required during a thaw cycle (because this depth is only for air
temps greater than 2.9 °C). Another interesting result of this tree is that all of the selected
variables are for the 72-hour time range (except air pressure which is 12 hour). This could be an
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indication that the temporal scale critical for the meteorological variables is likely closer to 72
hours than 12; however, this result is unsubstantiated.

Figure 2.4: Classification tree to determine avalanche days, using 48 meteorological input
variables (modified from Hendrikx et al., 2005). C, L, and M are calm, light, and moderate
wind speeds respectively. Calm wind speed is defined as 0 km / h, light is 1 to 25 km / h,
and moderate is 26 to 40 km / h (CAA, 2007). Av is avalanche.
Jamieson et al. (2009a) used multivariate classification trees to link field observations with
avalanche danger. They included only predictor variables that showed a strong correlation with
the local avalanche danger, which were the regional forecast, recent slab avalanche activity,
cracking at the skis, whumpfing / shooting cracks, hand shear resistance, and hand shear
character. They used the local avalanche danger as the target variable. Their tree is shown in
Figure 2.5, where RF is the regional forecast and the letters L, M, and C denote the danger
levels. The order of the variables selected by the tree is a measure of the weight placed on that
variable, with the variables selected first being the strongest indicators of danger. The regional
forecast was selected first, which is not surprising as it is a measure of the avalanche danger,
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even though it is on a different spatial and temporal scale. Whumpfs / shooting cracks and recent
slab avalanches were selected at the next level, again not surprising as they are both regarded as
primary signs of instability (McClung and Schaerer, 2006, p 172-173). Cracking at the skis was
selected next, and finally whumpfing / shooting cracks are selected a second time.

Figure 2.5: Classification tree to determine the local avalanche danger
from predictor variables (modified from Jamieson et al., 2009a). The
symbols L, M, and C have different meanings than in Figure 2.4. In
this figure they stand for Low, Moderate, and Considerable avalanche
danger. RF is regional forecast.
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Schweizer et al. (2008b) also used
multivariate classification trees to
assess stable vs. unstable slopes
(Figure	
  2.6). Their input
variables were a threshold sum,
RB score, and RB release type.
The threshold sum is a count of
the number of factors that exceed
a critical threshold value, from a
set of six factors: difference in
grain size, failure layer grain size,
difference in layer hardness,
failure layer hardness, failure
layer grain type, and failure layer
depth. Threshold sum was
selected first, indicating that it
was the most important variable.
RB score was selected second, so

Figure 2.6: Classification tree to determine whether a
slope is stable or not (modified from Schweizer et al.,
2008b). Threshold sum is comprised of 6 factors:
difference in grain size, failure layer grain size,
difference in layer hardness, failure layer hardness,
failure layer grain type, and failure layer depth.

it was the next most important
variable, and RB release type was the third. The critical values selected as the break points by the
tree (RB < 4, and release type of whole block) are helpful in interpreting RB results with respect
to snow stability.
2.4.2

Grouping by avalanche problem

Jamieson et al. (2010) made the first attempt at grouping field observations by the avalanche
problem they corresponded to, and performing analysis on these groups. Before the adaptation of
the conceptual model, which included avalanche problems, it was typical to group the
observations by mountain range. It was hypothesized that grouping the observations by
avalanche problem would create stronger correlations in the observations specific to the problem
under examination, for example blowing snow would be expected to correlate strongly with a
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wind slab problem. Also it would obviate their current practice of data partition by mountain
range, as data collection across mountain ranges is expensive. Unfortunately they did not have
enough observations in the study to examine each problem individually, so they grouped the
problems, combining wind slab and storm slab as one group and persistent and deep persistent as
another group. They found that recent slab avalanches, whumpfs and shooting cracks, tree
bombs, ski penetration, HN24, HN48, and air warming to 0 °C correlated significantly with the
local avalanche danger for both groups. Crust thickness, hand shear failure depth, and snowfall
rate correlated significantly with the local avalanche danger only for storm and wind slab.
Cracking at the skis, pin wheeling, and hand shear resistance correlated significantly with the
local avalanche danger only for persistent and deep persistent slab. This study continues this
analysis with a larger dataset, allowing for comparison for each avalanche problem.
2.5

Summary

Section 2.2 described the limited research to date on field observations. Some of the
observations, especially the Class III weather factors, have research available linking them to
snow stability; however, for other observations, for example Class II factors, there is very little
research available. Additionally, research linking field observations to avalanche danger is rare.
Section 2.3 detailed the research linking snowpack tests to snow stability and danger. In general
the snowpack tests have been covered more extensively than the field observations, but there are
still gaps in the literature, especially in comparing the test results to danger as opposed to
stability. Section 2.4 detailed the research relating to the use of some newer statistical and
analytical methods being applied to data analysis in the field of snow science and avalanches.
These methods and others are applied in this study to link field observations and snowpack test
results to the local avalanche danger.
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3

METHODS AND DATASET

This chapter is comprised of three sections. The first section describes the methods used to
collect the data for the study, the second section presents the dataset, and the third section
outlines the statistical methods used for analysis.
3.1

Data collection

This section describes the methods for data collection in this study. This study has been ongoing
for 7 winters, with annual fine-tuning of the methods. In some instances this constrained the
structure of the study in order to maintain compatibility with the older data. This means that
some information that would be useful was not recorded because it did not exist in the older
dataset.
3.1.1

Field work

A typical field day replicated a recreationist’s backcountry day. Typically recreationists travel in
avalanche terrain less than 20 days per year (Bakermans et al., 2010). The field team started at
the trailhead below tree line and ascended to the decision point, defined as the point at which the
group decided whether or not to enter more hazardous avalanche terrain. The decision point was
often at or near tree line (TL); however, it could be in the alpine or below tree line (BTL)
depending on the terrain and the avalanche conditions. On their way up to the decision point they
made the non-digging observations for the morning. These non-digging observations are listed in
Table 3.1.

At the decision point one or two main avalanche characters for the day were identified. They
were often the same two characters identified during the morning safety meeting for our field
teams; however, they could change if conditions observed in the field were different than
anticipated. These characters were selected from a simplified version of the avalanche characters
described in Section 1.4.2.1. The characters for this study were Loose Dry, Wet (loose and slab),
Wind Slab, Storm Slab, Persistent Slab, Deep Slab, and all characters (All). There were two
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differences between our characters and the Haegeli et al. (2010) characters: 1) wet loose and wet
slab were combined into one category (Wet), and 2) the cornice category was excluded. The wet
loose and slab categories were combined because these problems often occur at the same time.
Cornice was omitted because it is a unique character, focusing on a potential trigger as opposed
to the snowpack as the other characters do.

The location of the avalanche character was recorded, along with the vegetation band and
specific terrain features where it existed. The sensitivity (Table 1.9), distribution, (Table 1.10)
likelihood of trigger (Figure 1.17), and expected size (Table 1.1) for each character were also
recorded (Statham et al. 2010a; CAA, 2012). The importance of each of the two characters was
rated on a scale of 1 to 10, with the total importance summing to 10.

At the decision point, the local danger (DLN) was rated for the morning, using all the available
information. This information included observations from previous days traveling in the area for
work and recreation, morning team meetings, forecaster meetings, information from neighboring
avalanche safety operations, snow profiles and snowpack tests recently performed in the area,
and the non-digging observations, e.g. observations of drifting snow, made while traveling to the
decision point. The danger was rated according to the 5-point danger scale (Table 1.7); at
whichever elevation bands the observers had a reasonable confidence in rating. They did not
necessarily have to travel in the elevation band in order to rate it; they just had to be confident in
their rating for that band. If they were not confident in a rating then they would leave the rating
for that elevation band blank. A rating of the observer’s confidence in their rating, as in the
conceptual model (Statham et al., 2010a; CAA, 2012), would have been beneficial to quantify
this uncertainty; however, a confidence rating was not available in early years of this study.

Also at the decision point, the observers dug a snow pit and performed a snow profile according
to the standards outlined in CAA (2007). Since this study was replicating a recreationist’s
standpoint they did not strive for expert site selection, and instead aimed to replicate the quality
of site selection that can be reasonably expected from a recreationist. For example they would
not probe the snowpack for buried trees or rocks, as is standard practice for professionals,
because it was assumed recreationists would not take this step. The purpose of the snow profile
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was to identify the major failure planes in the snowpack that were potentially skier triggerable so
they could be cross-compared with the stability test results if necessary.

After performing the snow profile the observers completed the snow stability tests, which
included two compression tests and one rutschblock test. The stability tests were performed
according to CAA (2007) and are described in Section 3.1.3. After the snowpack tests they
descended back to the trailhead, again making the same set of non-digging observations as
before the decision point (Table 3.1). Once at the trailhead they rated the local avalanche danger
(DLN) for the entire day, again using all available information. If the rating performed in the
afternoon was different than the morning rating the reason for the rating change was recorded.
3.1.2

Field observations

Table 3.1 lists the field observations performed in the study. The data types and the possible
values for the variables are also listed. For ordinal variables the values are listed in order from
lowest to highest. A hypothesis for the expected correlation of the observation with DLN is also
shown. The hypothesis states whether or not a strictly increasing monotonic trend is expected,
and the sign of the trend (positive or negative). The hypothesis is based on prior knowledge of
the observation and its link to snow stability and avalanche danger (refer to Section 0).

On a given day the field observations were performed twice, both before and after the decision
point. For the bulk of the analysis the observations from pre and post decision point were
combined. Where applicable the observations were summed, for example the number of Current
Slab Avalanches was a sum for the day. Where this was ambiguous the highest ordinal value
(Table 3.1) was used, for example for Recent Slab Avalanches if 24-48 h and <24 h were both
observed then <24 h was used. For the categorical variables Surface Condition and Ski Pole
Probe, the post decision point observation value was used.

An expert survey of eight graduate students ranked the categories of the categorical variables in
order of increasing avalanche danger. The variable Overnight Freeze After Thaw achieved
consensus in the survey, therefore this variable was converted to an ordinal variable with the
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rank order as identified in the survey. Surface Condition and Ski Pole Probe did not achieve
consensus so they were left as categorical variables.

Avalanches that were observed in motion (Current) and avalanches that occurred previously
(Recent) were recorded under separate observations. This is because there is the possibility that
the instability that caused older avalanches no longer exists at the time when the deposit is
observed; whereas it is certain that the instability that created currently occurring avalanches still
exists.

Whumpfs / Shooting Cracks were grouped into the same field observation category. This is
because they are both accepted as strong signs of high instability for the weak layer and
overlying slab (McClung and Schaerer, 200 6, p 98, 173-174; Jamieson et al., 2009a) and are
associated with fracture propagation potential in the weak layer (van Herwijnen and Jamieson,
2007b).

For the categorical variable Surface Condition, the categories were the same as Jamieson et al.
(2009a), so that older observations could still be included in the dataset for this analysis. These
categories were ‘dry fresh’, ‘settled’, ‘sticky’, ‘wind stiff’, ‘moist / wet coarse’, and ‘crust’, and
they are defined below.
•

‘Dry fresh’ is new or recent snow.

•

‘Settled’ is older snow.

•

‘Sticky’ is fine-grained snow that has become moist due to warming or solar radiation.

•

‘Wind stiff’ are snow grains that have been broken by the wind and tightly compacted,
forming a stiff surface layer.

•

‘Moist / wet coarse’ grained snow is snow that has been refrozen at least once, which is
generally observed in spring conditions.

•

‘Crust’ is melted and refrozen snow.

For Ski Pole Probe the categories were ‘increasing resistance’, ‘hard over soft’, ‘buried crust’, or
‘obvious weak layer’. The categories are defined blow.
•

‘Increasing resistance’ is when resistance increases with depth and does not decrease.
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•

‘Hard over soft’ is greater resistance initially and then the resistance decreases as the pole
moves down into a softer layer underneath.

•

‘Buried crust’ is a crust that formed on the surface by melting and refreezing of the
surface snow and then was subsequently buried.

•

‘Obvious weak layer’ is the presence of buried persistent grains (surface hoar, depth hoar
or facets). This was usually a thin layer of snow with very low resistance.

For Precipitation, rain was ranked higher than snow because it has a larger negative effect on
snow stability, based on prior knowledge of its link to avalanche stability and danger. There are
several reasons for this: 1) water has a much higher density than new snow, causing a more rapid
increase in applied load to the snowpack, 2) water causes melting at grain boundaries and bonds,
which reduces friction between grains, 3) rapid contraction of new snow layers near the surface,
causing redistribution of the stress (Conway and Raymond, 1993).

For measures of new snow height, HN24 and HN48 (CAA, 2007) were used. These are both
well-established measures that are used frequently in avalanche forecasting. It is likely that better
correlations would have been found using height of snow water equivalent instead (Davis et al.,
1999); however, it is unreasonable to expect a recreationist to take this measurement accurately
in the field.
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Table 3.1: Field observations and their associated values, data types, hypothesis of the
expected sign of the trend, and information class (Section 1.3.1, Jamieson et al. 2009a).
Field observation

Values (ordered low to

Data type

Hypothesis

high rank)

Information
Class

Current Loose Avalanches

0, 1, 2, 3+

Ordinal

(+)

Ia

Current Slab Avalanches

0, 1, 2, 3+

Ordinal

(+)

Ia

Recent Loose Avalanches

none, 24-48 h, <24 h

Ordinal

(+)

Ia

Recent Slab Avalanches

none, 24-48 h, <24 h

Ordinal

(+)

Ia

Whumpfing / Shooting

0, 1, 2, 3+

Ordinal

(+)

Ib

Cracking at Skis

none, occasional, frequent

Ordinal

(+)

Ib or II

Pin Wheeling

0, 1-2, 3+

Ordinal

(+)

Ib or II

Tree Bombing

none, occasional, frequent

Ordinal

(+)

Ib or II

Hand Shear Resistance

no result, hard, moderate,

Ordinal

(+)

Ib

Ordinal

(+)

Ib

Cracks

easy
Hand Shear Character

break, resistant planar,
sudden planar

Hand Shear Depth

cm

Ratio

(+)

Ib

Snow Surface Condition

dry fresh, settled, sticky,

Categorical

N/A

II

wind stiff, moist / wet
coarse, crust
Surface Crust Supportive

yes, no

Binary

(+)

II

Surface Crust Thickness

cm

Ratio

(-)

II

Ski Penetration

cm

Ratio

(+)

II

Ski Pole Probe

gradually increasing

Categorical

N/A

II

resistance, a hard layer
over a soft layer, buried
crust (CR), obvious weak
layer (WL)
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Table 3.1 (continued)
Precipitation

snow: 0, <1, 1, 2, 3+ (cm /

Ordinal

(+)

III

Ordinal

Non-

III

h) or rain: light, moderate
(according to CAA, 2007)
Wind Speed

Blowing Snow

calm, light, moderate,
strong/extreme (according

monotonic

to CAA, 2007)

trend

none, at ridge, below ridge

Ordinal

Non-

III

monotonic
trend
Wind Scouring

none, 24-48 h, < 24 h

Ordinal

(+)

III

Wind Deposits

none, 24-48 h, < 24 h

Ordinal

(+)

III

Sky Condition

clear, few, scattered,

Ordinal

Non-

III

broken, overcast, obscured

monotonic

(according to CAA, 2007)

trend

HN24

cm

Ratio

(+)

III

HN48

cm

Ratio

(+)

III

Ta Trend in 24 h

°C, either positive or

Ratio

(+)

III

negative
Ta Warming to 0 °C

yes, no

Binary

(+)

III

Overnight Freeze After

thaw and refreeze, no

Ordinal

(+)

III

Thaw

thaw, thaw and no refreeze

3.1.3

Snowpack tests

This study was limited to digging at one profile site per day because it is reasonable to expect a
recreationist to dig once if the results are deemed useful (Bakermans et al., 2010). It is
understood that spatial variability affects the predictive ability of a single stability test (Campbell
and Jamieson, 2007; Schweizer et al., 2008a); however, studies have also shown that stability
tests can be related to the stability on adjacent slopes (Föhn, 1987; Schweizer and Jamieson,
2007).
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The snowpack tests chosen for this study were the compression test (CT) and the rutschblock
(RB) test (Figure 3.1). Because this study was interested in the overall stability of the snowpack,
stability tests that target the entire snowpack were chosen, as opposed to snowpack tests that
target specific weak layers. Also, tests with a wide user base were selected to make the results as
widely applicable as possible. The CT is probably the most well known and widely used stability
test in Canada (Jamieson and Johnson, 1996; van Herwijnen and Jamieson, 2007a). The RB test
is the standard stability test used by the Swiss Avalanche Warning Service (Schweizer, 2002).
Both the CT and RB tests are standardized according to the Canadian Avalanche Association
Observation Guidelines and Recording Standards (CAA, 2007). In each snow profile one to three
CT’s and one RB were performed. To facilitate the tests the width of our snow pit was extended
to 220 cm, and the depth was about 140 cm.

Figure 3.1: CT (left, photo: Shane Haladuick) and RB test (right, photo: Alex
Sinickas) in progress. Blue lines in the RB highlight the block as it is releasing.
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3.1.3.1 Compression test (CT)
The CT is performed by isolating a 30 cm x 30 cm column of snow up to 100 to 120 cm deep.
The uphill dimension is measured parallel to the slope. The column is then loaded by placing a
shovel blade on top of the column and the loading is created by the operator striking the blade
with their hand. Taps 1-10 are the ‘easy’ range, with the tapping motion initiated from the wrist.
Taps 11-20 are the ‘moderate’ range, with the motion initiated from the elbow. Taps 21-30 are
the ‘hard’ range, with the motion initiated from the shoulder. The number of taps to cause a
fracture and the depth of the fracture are recorded. There can be multiple failures per test
column, the test is continued until 30 taps are completed. The fracture character is also recorded
according to the categories described in Table 3.2. Schweizer and Jamieson (2010) state that the
compression test can be performed at any slope angle and is effective for depths less than 100
cm.

Table 3.2: Fracture character types for the compression test (CAA, 2007).
Fracture character

Code

Description

Sudden planar

SP

A thin planar* fracture suddenly crosses column in one loading step
and the block slides easily** on the weak layer.

Resistant planar

RP

Planar* or mostly planar fracture that requires more than one loading
step to cross column and / or the block does not slide easily** on the
weak layer.

Sudden collapse

SC

Fracture crosses the column with a single loading step and is
associated with a noticeable collapse of the weak layer.

Progressive

PC

compression

A fracture of noticeable thickness (non-planar fractures often greater
than 1 cm), which usually crosses the column with a single loading
step, followed by step-by-step compression of the layer with
subsequent loading steps.

Non-planar break

BRK

Non-planar, irregular fracture.

* “Planar” based on straight fracture lines on front and sidewalls of column.
** Block slides off column on steep slopes. On low-angle slopes, hold sides of the block and
note resistance to sliding.
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3.1.3.2 Rutschblock test (RB)
The RB test is performed by isolating a column of snow 1.9 m across slope on the top, 2.1 m
across slope on the bottom, 1.5 m upslope, and 1.2 m deep (CAA, 2007). The column is typically
isolated using a cord to cut the back and sides of the column. The column is then loaded
according to the loading steps described in Table 3.3. The RB score and fracture depth are
recorded. The release type is also recorded, according to the descriptions in Table 3.4. Schweizer
and Jamieson (2010) specify that the RB test is effective on slopes greater than 25° and for
depths ranging from 30 to 90 cm.

Table 3.3: Loading steps for the RB test (CAA, 2007).
RB Score

Loading step description

RB1

The block slides during digging or cutting, or anytime before the block is completely
isolated.

RB2

The tester approaches the block from above and gently steps down onto the upper part of
the block (within 35 cm of the upper wall).

RB3

Without lifting heels, the tester drops from straight leg to bent knee position, pushing
downwards and compacting surface layers.

RB4

The tester jumps up and lands in the same compacted spot.

RB5

The tester jumps again on the same compacted spot.

RB6

For hard or deep slabs, remove skis or snowboard and jump on the same spot. For soft or
thin slabs where jumping without skis might penetrate through the slab, keep equipment on,
step down another 35 cm (almost to mid-block) and push once then jump three times.

RB7

None of the loading steps produced a smooth slope-parallel fracture.

Table 3.4: Rutschblock release type (CAA, 2007).
Release type

Code

Description

Whole block

WB

90 – 100 % of block.

Most of block

MB

50 – 80 % of block.

Edge of block

EB

10 – 40 % of block.
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3.1.3.3 Test variables
Three variables describing CT results and five variables describing RB results were analyzed as
per Jamieson et al. (2006) and Bakermans et al. (2010). Variables describing failure depth were
also added, making a total of four CT and seven RB variables (Table 3.5).

Table 3.5: Compression and rutschblock test variables (taken from Bakermans et al.,
2010).
Variable

Description

Compression test
CT

Median of scores (number of taps) from first fracture in each test. If no fracture occurred,
CT was set to 35.

CTS

Median of scores from first sudden fracture (Sudden Planar or Sudden Collapse) in each
test. If no sudden fracture occurred, CTS was set to 35.

nCTS

Average number of sudden fractures per compression test.

CTSD

Depth of deepest sudden fracture. If no sudden fracture occurred, CTSD was set to 0.

Rutschblock test
RB

Median of first score from each test. If no fracture occurred, RB was set to 7.

RBW

Median score of first whole-block release from each test. If no whole-block release
occurred, RBW was set to 7.

RBM

Median score of first most-of-block or whole-block release from each test. If no most-ofblock or whole-block release occurred, RBW was set to 7.

nRBW

Average number of whole-block releases per test.

nRBM

Average number of most-of-block or whole-block releases per test.

RBWD

Depth of deepest whole-block release. If no whole-block release occurred, RBWD was set
to 0.

RBMD

Depth of deepest most-of-block or whole-block release. If no most-of-block or wholeblock release occurred, RBWMD was set to 0.
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3.2

Dataset

To maintain clarity of terminology, when necessary the field observations were collectively
referred to as the independent variables, and the DLN rating was the dependent variable. It is
understood that DLN is only a measure of the perceived as opposed to real avalanche danger;
however, it is the best available metric as it is a nowcast performed on location.

The dataset contains data gathered over the past 6 winters (2009-2014), throughout the Coastal,
Columbia and Rocky Mountains of western Canada. As described previously, on a given day the
field observations were performed twice; however, for the bulk of the analysis a combined total
day version of the observations were used. Also, typically two CT tests were performed per day,
and one RB test, yielding 614 CT tests and 101 RB tests for analysis.

As discussed in Bakermans et al. (2010), because the observers used the stability test results as
input information when determining DLN, there is the potential for DLN to be influenced by the
stability test results. To isolate this bias the observers rated the danger both before and after
digging, and recorded the reason for any change in their rating. The stability tests were the cause
of a rating change on 26 of the 321 days with CT’s and 7 of the 100 days with RB tests. To
ensure there was no bias these days were removed from the dataset, and this reduced dataset is
shown in Table 3.6 and graphically in Figure 3.2. The unbiased pre decision point ratings could
have been used instead; however, since the rating was changed it is known that the pre decision
point rating was incorrect, therefore the rating was excluded so as to avoid introducing this
uncertainty.
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Table 3.6: The number of field days where field observations, CT, and RB tests were
performed, categorized by the main avalanche character identified on the day. Note that
the percentages for the subcategories do not sum to 100% because there were some days
where the main avalanche character was not identified.
Avalanche Field
character

CT

RB

observations
Days

%

Days

%

Days

%

All

425

100

295

100

93

100

Deep

30

7

24

8

7

8

Loose

20

5

16

5

1

1

Persistent

121

28

85

29

26

28

Storm

82

19

56

19

34

37

Wet

21

5

13

4

6

6

Wind

133

31
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Figure 3.2: Field days for field observations, CT tests, and RB
tests, categorized by avalanche problem.
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3.2.1

Consolidating multiple DLN ratings

On a given day one to three different people independently rated DLN. In addition, each rater
made multiple DLN ratings on a single day (from one to three), for the three vegetation bands
(BTL, TL and alpine). This means that there are up to a maximum of nine DLN ratings to
compare to the day’s observations. This section describes how this problem was addressed, first
for the multiple vegetation bands, then for the multiple raters.

The problem of the multiple vegetation bands was addressed differently for the snowpack tests
and the field observations. Since the snowpack tests were performed at a point location, the
vegetation band that the data was from was known, allowing a comparison with only the danger
rating for the relevant vegetation band. This reduced the number of ratings to a maximum of
three for each snowpack test day. However, the field observations were made throughout the day
while travelling, making it impossible to determine which vegetation band they were from. As a
result the field observations from a single day was compared to all of the available danger ratings
(a maximum of nine).

The problem of the multiple raters was addressed by comparing the independent variables to
each of the (potentially inconsistent) ratings without applying any weights to the ratings. This
allowed the variable number of ratings on a day to account for the uncertainty inherent in rating
the local avalanche danger. For example, if three raters independently produced three identical
ratings for a day then this rating would hold three times more weight than a single rater.

This also led to the problem of having different values for N (the number of cases). To maintain
consistency, Ndays refers to the number of observation days, which corresponds to the N value for
the independent variables. Nratings refers to the number of ratings by rater, vegetation band, and
day, which corresponds to the N value for the dependent variables.

69

3.2.2

Distributions of the dataset

Figure 3.3 shows the distribution of the DLN for the field observation, CT, and RB test datasets,
grouped by vegetation band. Note that the field observation data has a reasonably even
distribution of ratings from each vegetation band, whereas the CT and RB data favor the TL
band, and have minimal ratings from the alpine. This is because the CT and RB ratings are only
from the band where the profile and tests were undertaken, which was usually the decision point
for the day. In the mountains of western Canada TL is often the vegetation band where the
avalanche terrain increases in hazard, making it a good decision point. Also, from a logistical
standpoint TL is a good location for digging a snow profile because there is more space than in
the BTL and the snow is less disturbed by the effect of the trees, and yet it is more sheltered than
the alpine.
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Figure 3.3: Relative frequency of DLN ratings by vegetation
band.
Figure 3.4 shows the distribution of the dataset grouped by danger level. Moderate and
Considerable danger make up the majority of the ratings. As is expected, there are few days with
High danger, and very few with Extreme. There is reasonable agreement between the dataset for
the field observations, the CT tests, and the RB tests. The lower frequency of low ratings for the
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stability test datasets is likely due to their reduced frequency of BTL ratings compared to the
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  (%)	
  

field observations, as the BTL is frequently rated lower than the other vegetation bands.
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Figure 3.4: Relative frequency of DLN ratings by danger level.
3.3

Statistical methods

This section is comprised of three main sections: Univariate analysis, Multivariate analysis, and
Classification trees.
3.3.1

Univariate analysis

This section describes the methods used in the univariate analysis. It begins with general
statistical techniques and ends with several methods used in specific cases.
3.3.1.1 Spearman rank (SR) and Kruskal-Wallis (KW) tests
The Spearman rank (SR) correlation (Walpole et al., 2007, p 690-691) was used to test whether a
significant correlation (p <0.05) existed between two variables. The magnitude of the SR R value
was also used to interpret correlation results.
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The Kruskal-Wallis (KW) test (Kruskal and Wallis, 1952) was also frequently used. It is a nonparametric analysis of variance, used to assess whether the different DLN rating groups originated
from the same distribution of the independent variable (commonly interpreted as having the
same median). The null hypothesis was rejected for p values less than 0.05.
3.3.1.2 Fisher transformation
There were several occasions where two datasets were compared to check for a significant
difference between them. For these comparisons the Fisher transformation was used to convert
the SR correlation into Z scores. The Z scores and the pooled standard errors from the two
datasets were then used to calculate the Z statistic (Myers and Sirois, 2006), which
approximately follows a normal distribution and has a known standard error (Equation	
  3.1). The
two-sided t-test was then performed on the Z statistic to check for a significant difference (p <
0.05). The equations for this procedure are shown in Equation	
  3.2 to Equation	
  3.3.
1
1 + 𝑆𝑅
𝑍  𝑠𝑐𝑜𝑟𝑒 =       ∗   𝑙𝑛  
2
1 − 𝑆𝑅

𝑆𝐸!""#$%

Equation 3.2

1
1
=   
+
𝑛! − 3 𝑛! − 3

𝑍  𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 =   

3.3.2

Equation 3.1

𝑍  𝑠𝑐𝑜𝑟𝑒! − 𝑍  𝑠𝑐𝑜𝑟𝑒!
𝑆𝐸!""#$%

Equation 3.3

Multivariate analysis

This section describes the methods used in the multivariate analysis. It describes techniques
specific to the multivariate analysis, such as multicollinearity and combinations of independent
variables.
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3.3.2.1 Multicollinearity
The Spearman rank correlation (SR) was used to test for multicollinearity between the
independent variables. It is important to consider multicollinearity in the classification tree
analysis because the classification trees consider it when constructing the trees, selecting the best
variable at every juncture, given the previous selections. This means that the variable selected at
each node was not necessarily the next strongest correlation, but instead it was the most
important variable at that juncture given the structure of the tree above. It is important to keep
this in mind when interpreting the multivariate classification trees.

To fully test for multicollinearity seven correlation matrices would be required, one for each
avalanche character group. This was not done, and instead only one matrix was created for all
characters (All). This matrix will not capture all of the multicollinearity between the variables
because some variables may only be correlated for certain avalanche characters. However, it was
decided that the benefit gained by fully describing all of the interrelationships between the
variables with these seven matrices is outweighed by the difficulty in interpreting the results of
that many correlations. It is expected that this matrix will capture most of the multicollinearity,
but that there is the potential for some specific cases of variable combinations and avalanche
character to be missed.
3.3.2.2 Determining the number of independent variable inputs
For the multivariate analysis it is important to not flood the statistical analysis with too many
independent variables, as this can lead to overfitting, which makes the results too specific to this
dataset. Also, too many independent variables increases the multicollinearity, which makes
interpretation of the results more difficult (Hair et al., 2006, p 24). The first step in managing this
was to only consider independent variables that were selected through the selection process in
the univariate analysis.

Even with the reduced number of independent variables from the selection process it is still
possible to have too many independent variables for the multivariate analysis. Hair et al. (2006, p
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288) provides rules to determine the maximum number of independent variables to use. These
rules were developed for multiple discriminant analysis; however, in this study they were applied
for classification trees. The rules suggest the use of the greater number from the following two
rules as the maximum number of independent variables: 1) a minimum ratio of 5:1 observations
to independent variables, and 2) 20 observations per category. To determine the minimum
number of observations using Rule 1, the number of selected variables from the univariate
analysis is multiplied by 5. To determine the minimum number of observations for Rule 2, the
number of categories is multiplied by 20. Since this study has a binary response variable for the
multivariate analysis (Low - Moderate danger vs. Considerable and higher), the number of
categories is 2, and the minimum number of observations for Rule 2 is 40. Therefore, the
minimum number of observations overall is the greater of 40 and the result of Rule 1. The
number of observations for each category must exceed the minimum number of observations in
order to add all of the selected independent variables as inputs for the multivariate analysis. In all
cases there were enough observations available to add all of the selected independent variables.
3.3.3

Classification trees

Classification trees were created by using either one (univariate) or multiple (multivariate) input
variables to predict the target variable, which was the binary version of DLN (Section 3.3.3.4).
Before explaining how classification trees work, some terminology is required. A node is an
element of the tree that is connected by branches. Parent nodes are directly superior in the tree
hierarchy to their child nodes. A node that does not have a child node is called a leaf node. A case
is a set of input variables for a random instance in the data set, which is then inserted into the
tree.

When given a set of input variables the classification tree iteratively and objectively splits a node
into two branches by selecting both a variable and a critical criterion of that variable that ‘best’
classifies the target variable. The baseline definition for the ‘best’ classification at any node is
the one that minimizes the cost of misclassification of a case. In fact, the algorithm selects splits
that provide the largest decrease in impurity (heterogeneity) between the parent node and the
child nodes. Several options are available to define impurity, and this study used the Gini
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diversity index (Breiman et al., 1998, p 93-104). For the two-class problem, the Gini diversity
index is the probability of a case being categorized as one class multiplied by the probability of
the case not being in that class. This index is calculated for the entire tree, in a top down manner,
starting at the root node (the topmost parent node). A stopping criteria was used to limit the
growth of the tree, based on three stopping rules: 1) if the node was pure (perfectly classified), 2)
if the number of parent node observations was 10 or less, and 3) if the number of leaf node
observations was 1. The size of the tree was then further pruned to the ‘best level’, as described
in Section 3.3.3.2.
3.3.3.1 Cross-validation
To validate the classification trees (both univariate and multivariate) the predictive result of the
tree was compared to the actual binary DLN values to create a 2x2 contingency table. An example
of a hypothetical contingency table is shown in Table	
  3.7. This contingency table was then used
to calculate the performance parameters for the tree (Section 3.3.3.3).

Table 3.7: A hypothetical 2x2 contingency table (modified from Doswell et al., 1990).
Observed
Yes

No

Total

Forecasted Yes

x

z

x+z

No

y

w

y+w

Total

x+y

z+w

N

For each category, the final classification tree presented was built from the total dataset, and
pruned using five-fold cross-validation (Section 3.3.3.2). However, the performance parameters
could not be calculated from the final tree because data used to build the tree would also be used
to test the tree, yielding falsely high measures of performance. Instead, the final contingency
table was built piecewise using five-fold cross-validation. Four fifths of the dataset was used to
train a tree, which was then pruned to the best level also using five-fold cross-validation (Section
3.3.3.2). Thus there were two levels of cross-validation, an outer level to build the contingency
table, and an inner level to prune the tree. The pruned tree was then tested with the remaining
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one-fifth of the dataset, and a contingency table was built from this test. This process was
repeated five times, and the five contingency tables were summed to yield the final crossvalidated contingency table. The performance parameters were then calculated from this final
table. The data partitioning for both cross-validation levels used stratified sampling to ensure the
distribution of the dependent variables in each testing partition was consistent with the overall
distribution of the dependent variable (Breiman et al., 1998, p 241).

In order to perform a fair cross-validation each of the five cross-validation trees must be
unrestrained so that the best possible tree can be grown. This creates the potential for some of the
cross-validation trees to have a significantly different structure than the final tree. If one of these
trees is drastically different, for instance if one is much less complex than the final tree, then the
contribution to the contingency table from that tree will not be representative of the actual final
tree. This is a source of error in the accuracy measures. The case where one of the trees does not
split at all is the extreme of this scenario, as the non-splitting cross-validation tree is not at all
representative of the final tree. For this reason cross-validation trees that did not split were not
included in the analysis and only splitting trees were used to piecewise build the contingency
tables. If the classification trees would not split after several attempts then the category was
ignored.

For the univariate classification trees only the first split was analyzed; however, some of the trees
had multiple splits. The validation parameters for these trees were calculated from the full tree,
not just the first split. In general this caused the validation parameters that are displayed for these
multi-split trees to be slightly higher than they would be for just the first split.
3.3.3.2 Pruning
To avoid overfitting, both the univariate and multivariate trees were pruned using an algorithm
based on five-fold cross-validation (Breiman et al, 1998). The final tree was the smallest tree
with a misclassification cost within one standard error of the minimum misclassification cost.
Table 3.8 shows the cost matrix used to determine the misclassification cost; there is no cost to
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correct classification, and a cost of 1 was applied to an incorrect classification in either direction
(too high or too low).

Table 3.8: Cost matrix to determine the misclassification cost. L, M, C, H, X are Low,
Moderate, Considerable, High, Extreme, respectively.
Observed
Danger

L or M

C, H, X

Model

L or M

0

1

Forecasted

C, H, X

1

0

3.3.3.3 Validation parameters
To fully define a 2x2 contingency table (Table	
  3.7) one requires three dimensions of verification
(Doswell et al., 1990; Murphy, 1991). The parameters chosen for this study were the probability
of detection (POD), probability of false detection (POFD), and false alarm rate (FAR), as per
Doswell et al. (1990). These parameters are independent and thus describe the 3 dimensions of
the contingency table. The equations for these parameters are provided in Equation	
  3.4 to
Equation	
  3.9 respectively, and reference Table	
  3.7. The POD (Equation	
  3.4) is defined as the
number of times the higher danger category is correctly predicted divided by the number of times
the danger is in the higher category. The best possible POD is 1, and the worst is 0. The POFD
(Equation	
  3.5) is the number of times the danger was incorrectly predicted to be in the higher
category divided by the number of times the danger was observed to be in the lower category. A
perfect POFD is 0, and the worst possible POFD is 1. The FAR (Equation	
  3.6) is defined as the
number of times the danger was incorrectly predicted to be in the higher category divided by the
total number of higher danger predictions. Hence the name false alarm rate, this equates to the
percentage of forecasts that sound the alarm for a positive event when there is not one. A perfect
FAR is 0, and the worst possible FAR is 1.

To provide a big picture view of the performance of the classification trees the percentage correct
(PC) and true skill score (TSS) were also calculated. The PC (Equation	
  3.7) is as the name
suggests, the percentage of times the forecast accurately predicts the danger category, the best
possible forecast having a PC = 1, and the worst a PC = 0. The TSS (Equation	
  3.8) is a measure
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of the overall skill of the forecast, and can be thought of as the degree to which the forecast is
better than random chance, with the best possible forecast having a TSS = 1, and a random
forecast would theoretically have a TSS of 0. The TSS incorporates both the POD and POFD;
however it does not incorporate the FAR. The base rate (Equation	
  3.9) was also calculated. It is
the proportion of the dependent variables that have a positive value (in this case the proportion of
the DLN ratings that are Considerable or higher).
x
x+y

Equation 3.4

𝑧
𝑧+𝑤

Equation 3.5

𝑧
𝑥+𝑧

Equation 3.6

𝑥+𝑤
𝑁

Equation 3.7

𝑃𝑂𝐷 =   

𝑃𝑂𝐹𝐷 =   

𝐹𝐴𝑅 =   

𝑃𝐶 =   

𝑇𝑆𝑆 = 𝑃𝑂𝐷 − 𝑃𝑂𝐹𝐷

Equation 3.8

𝑥+𝑦
𝑁

Equation 3.9

𝐵𝑎𝑠𝑒  𝑟𝑎𝑡𝑒 =   

3.3.3.4 Binary treatment of DLN
For both the univariate and multivariate classification trees DLN was reduced from an ordinal
variable to a binary variable. This was done by splitting the ratings into Low or Moderate vs.
Considerable or higher. There were two reasons for this approach. First, it simplified the
analysis, and more importantly, the interpretation of the results. One of the objectives of this
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study was to determine how recreationists can use field observations and snowpack tests to
determine their local danger. Since by definition recreationists are occasional backcountry
travellers, it was important to keep any advice or rules to be directed at recreationists as simple
as possible. Second, when a recreationist is making a decision on whether to travel into a specific
piece of terrain on a specific day they are actually making a binary go vs. no-go decision.
Therefore, they do not need to know exactly what the danger level is on a 5-point scale, they
need to know whether the danger rating combined with the specific terrain is above their risk
tolerance or not. In the definitions of the Canadian danger levels, the change from Moderate
danger to Considerable danger marks the change from heightened to dangerous avalanche
conditions. This is probably the most important distinction in the danger scale, and often
corresponds to the break point between go or no-go for most recreationists. Studies of avalanche
accidents support this: analysis of 10 years of data found that the percentage of avalanche
fatalities that occurred during Considerable danger was 49% in the Canada, 37% in the USA,
54% in Switzerland, and 49% in France (Greene et al., 2006).
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4

RESULTS

The results section is comprised of four main sections: a check to see if reading or writing the
regional bulletin biased the local danger rating, an assessment of the variability / uncertainty in
avalanche danger ratings, univariate analysis, and multivariate analysis.
4.1

Bias check for regional bulletin readers and writers

There is a potential bias in the dependent variable DLN, due to ratings by those who had either
read or written the regional bulletin for the day. This is important because if the dependent
variable is biased it affects the correlation with the independent variables, making the
interpretation of the results difficult and potentially inconclusive. To assess this bias five datasets
were created, separated by the presence of danger raters from the following groups:
•

All raters

•

Raters who were not bulletin readers or writers (the unbiased control group)

•

Raters who were either a bulletin reader or writer

•

Raters who were bulletin readers but not writers

•

Raters who were bulletin writers

Because the field observation dataset entirely encompassed the CT and RB datasets the potential
bias was only checked for the field observation dataset, and the results are displayed in Table
4.1. The hit rate (Wilks, 1995, p 240) was calculated, showing the percentage of instances where
DRF = DLN for each group. The hit rate for the bulletin reader or writer group was 66%, 2
percentage points higher than for the unbiased group (HR = 64%). The hit rate for the reader
only group was similar at 65%, which was 1 percentage point higher than the unbiased group.
However, the hit rate for the bulletin writer group was 73%, which was 9 percentage points
higher than the unbiased group.

The Spearman rank (SR) (Section 3.3.1.1) was used to assess the datasets because of the ordinal
nature of the regional and local danger ratings. The SR’s were all positive, and any dataset
containing bulletin readers or writers had a slightly higher SR R than the unbiased dataset. The
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two-sided t-test was used to check for a significant difference (significant for p < 0.05) in the
SR’s between each of the datasets and the unbiased control group (Section 3.3.1.2). The p-values
for the two-sided t-test for the reader or writer group and the reader only group were 0.009 and
0.03 respectively, both of which were less than 0.05 and therefore significantly different than the
unbiased group. The p-value for the writer group was 0.27, which was not significantly different
than the unbiased group. The lack of significance for this group may be because the sample size
was much smaller than the other groups. These results suggest that there was indeed a small bias
in the local danger rating when the rater had read or written the regional bulletin. The hit rates
also suggested that this bias was larger for the raters who had written the bulletin than the
bulletin readers. However, for the reader or writer group, the Nratings values for the two-sided ttest were very large, which yielded a significant result even though the hit rate was only 2
percentage points higher. In light of these results it was decided that the gain in the number of
observations by keeping the reader / writer days in the dataset was greater than the small bias this
created, and therefore the reader / writer days were included in the dataset for this study.

Table 4.1: Bias check for presence of regional bulletin readers or writers amongst the local
danger raters. Z statistic p-value is the p-value comparing the Spearman rank (SR) R for
all ratings, the reader or writer group, the reader only group, and the writer group with a
non-reader or writer control group. Hit rate is the percentage of DRF and DLN ratings that
were the same.
Nratings

SR between

Two-sided Hit rate

DRF and DLN

t-test

R

p

p value

(%)

All data

2139

0.71

<0.001

0.61

63.4

Unbiased (no readers or writers)

768

0.69

<0.001

ND

64.1

Readers or writers

1075

0.75

<0.001

0.009

66.3

Readers only

919

0.74

<0.001

0.03

65.2

Writers

147

0.74

<0.001

0.27

72.8

81

4.2

Sources of variability and uncertainty in avalanche danger ratings

There is uncertainty present in the process of rating the avalanche danger, whether it is a local or
regional rating. It is expected that the local nowcast is more accurate than the regional forecast
because it has a smaller spatial and temporal scale; however, it is possible that any difference
between the local nowcast ratings and the regional forecast ratings could be due to the
uncertainty inherent in rating the avalanche danger, and not the scale differences. If this were
true it would mean that the local nowcast is actually no better a measure of danger than the
regional forecast, they are just performed by different people and therefore differences exist. To
test for this possibility the difference between the DLN ratings from different raters were
compared to DRF - DLN.
For the comparisons the hit rate (the relative frequency of matches) and distribution of the
difference (mean and standard deviation) were examined. Higher hit rates demonstrate better
accuracy, and less variability demonstrates better precision. Also, the SR correlation between the
datasets was calculated. As described in Section 3.3.1.2, the two-sided t-test was used to test for
a significant difference between the datasets.

Figure 4.1 shows the distribution
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Figure 4.1: Relative frequency of the difference
between the local danger ratings for different raters. N
is Nratings.
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the same respective groups were -0.014, 0, 0.003, and -0.043, and the standard deviations were
0.36, 0.3, 0.4, and 0.37. Therefore, alpine had the least spread of data and TL the greatest. The
maximum difference between the ratings was 1 below and 2 above.

Figure 4.2 shows the relative
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Figure 4.2: Relative frequency of DRF - DLN for all
bulletin regions in the dataset. N is Nratings of the local
nowcast.

were 0.12, 0.02, 0.18, and 0.14,
respectively, showing a conservative bias in the regional bulletin rating (the regional danger was
higher more than it was lower than the local danger rating). The bias was greatest at TL and
lowest in the alpine. The standard deviations of DRF - DLN for the same respective groups were
0.67, 0.61, 0.68, and 0.69; therefore, the spread of the difference was similar for all vegetation
bands, with the alpine having a slightly lower spread than the other bands. The maximum
difference was 3 above and 3 below. This difference was quite large considering danger is a 5
point scale; however, there was only one case where DRF was 3 levels higher than DLN and 4
cases where DRF was 3 levels lower.
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It was also hypothesized that the
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Figure 4.3: Relative frequency of DRF - DLN for only the
small bulletin regions (area < 500 km2). N is Nratings of the
local nowcast.

other regions. To test this
hypothesis datasets of the small and large bulletin regions were also compared. Figure 4.3 shows
the relative frequency of DRF - DLN for the small bulletin regions (area < 500 km2). The hit rates
for all vegetation bands, alpine, TL, and BTL were 64%, 68%, 63%, and 62% respectively. The
means of DRF - DLN for the same respective groups were 0.18, 0.04, 0.23, and 0.25, and the
standard deviations were 0.60, 0.57, 0.62, and 0.59. Again the alpine had the lowest mean and
standard deviation. There was a greater overall conservative bias for the small regions than all
regions; however, the standard deviation was slightly lower, showing that the spread of the
difference was less for the smaller regions. The maximum difference of 1 below and 2 above,
suggests more agreement between DRF and DLN for the smaller regions; however, sample size
was much smaller (nsmall regions = 539, nlarge regions = 1600).
Table 4.2 summarizes the SR correlations and hit rates between the datasets for grouped
vegetation bands. The hit rate for DLN - DLN other raters was nearly 25 percentage points higher
than the hit rate for DRF - DLN for both all regions and small regions, the SR correlation was 0.21
higher than all regions and 0.25 higher than small regions, and two sided t-test was significant
against both the all regions and small regions datasets (p-value = 0 for both). Thus, the accuracy
of the DLN ratings was significantly higher than the accuracy of the regional bulletin for all
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regions or small regions. Comparing the small regions (< 500 km2) to the large regions (> 500
km2), the small regions hit rate was 1 percentage point higher than the large regions; however,
the SR correlation was 0.04 lower, and the two-sided t-test (Section 3.3.1.2) was not significant
(p value = 0.12).

Table 4.2: Spearman rank correlation and hit rates between the datasets, using grouped
vegetation band data. The datasets being compared are shown in the row heading. Hit rate
is the percentage of ratings that are the same.
Nratings

Spearman rank
R

ρ

Hit rate (%)

DLN vs. DLN other raters

943

0.92

0

93.5

All regions (DRF vs. DLN)

2139

0.71

<0.001

63.4

Small regions (DRF vs. DLN)

539

0.67

<0.001

64.0

Large regions (DRF vs. DLN)

1600

0.71

<0.001

63.2

Figure 4.4 shows the relative frequency of DRF - DLN for all bulletin regions and all vegetation
bands, subdivided by the main avalanche problem of the day, as identified in the local nowcast.
The respective hit rates for all characters (All), Deep Slab, Loose Dry, Persistent Slab, Storm
Slab, Wet, and wind were 63%, 52%, 78%, 60%, 64%, 58%, and 67%. Thus, Loose Dry had the
highest hit rate and Deep Slab had the lowest. The means of DRF - DLN for each of the same
respective characters were 0.12, 0.25, 0.09, 0.04, 0.06, 0.009, and 0.16; therefore, all character
types had a conservative bias in the regional bulletin, and it was highest for Deep Slab and
lowest for Wet. The standard deviations of DRF - DLN for the same respective characters were
0.67, 0.74, 0.47, 0.70, 0.69, 0.65, and 0.61; therefore, Loose Dry had the least spread, and Deep
Slab had the greatest spread.
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Figure 4.4: Relative frequency of DRF - DLN grouped by main avalanche character of the
day. All bulletin regions and vegetation bands are included. N is Nratings of the local
nowcast.
4.3

Univariate analysis

The univariate analysis section is comprised of four main sections: the univariate selection
criterion, univariate classification trees, analysis with an alternate dependent variable (DRF –
DLN), a comparison of the information classes, and a comparison of the field observations from
before the decision point with the full day.
4.3.1

Selection criterion

A selection criterion was established to select significant independent variable and avalanche
character categories. This was done to filter the categories down from 273 (39 independent
variables across 7 avalanche characters) to a number more conducive to in depth analysis and
interpretation.

The ratio, interval, binary, and ordinal variables that were hypothesized to have a strictly
increasing monotonic trend with DLN were tested with both the Spearman rank (SR) correlation
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and Kruskal-Wallis (KW) test (Section 3.3.1.1). Variables that were significant for both the SR
and KW tests (p value < 0.05) were selected.

There were also some variables hypothesized to have a non-monotonic trend with DLN. These
were Wind Speed, Blowing Snow, Sky Condition, and all of the stability test variables with a
measure of failure depth. If these variables were significant for both the SR and KW tests then
they were selected, just like for the variables with a strictly increasing monotonic trend.
However, if these variables were significant for the KW test but not the SR test they were not
immediately discounted. This is because the SR test is not appropriate for non-monotonic trends,
whereas the KW test is. Instead, if only the KW test was significant then boxplots of the
variables were visually examined for presence of a non-monotonic trend. If such a trend existed
then they were also selected. For the categorical variables snow Surface Condition and Ski Pole
Probe only the KW test was used because the SR test is not appropriate. If the KW test was
significant then the boxplots of these variables were similarly visually examined. It should be
noted that this did not necessarily capture all of these cases; however, if a non-monotonic or nonlinear trend was observed in the univariate classification trees then these variables were also
investigated. An example of such a trend would be criteria with opposite signs.

The results of the SR correlations and KW test between the independent variables and DLN are
shown in Table 4.3. Avalanche character and independent variable categories significant for both
the SR and KW tests are shaded in blue. The correlations for Ta Warming to 0 °C correlated
significantly, except in the opposite sign to what was hypothesized. Since the correlations were
consistent, it was assumed that the hypothesized correlation sign was incorrect and the
correlations were selected and are shaded purple in Table 4.3. Correlations for Loose Dry
character with DLN and Wind Speed and nCTS were also significant with the opposite sign as
expected; however, since these results appear to be anomalies they were not selected. The
categories shaded in green had a non-monotonic trend, a non-linear trend, or were categorical
variables that were significant on the KW test and visual inspection of their distributions showed
the presence of a trend.
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Table 4.3: Spearman rank correlations (SR R) and Kruskal-Wallis p-values (KW p)
between the independent variables and DLN. The expected signs for SR R based on expert
knowledge are beside the variable names, as well as the hypothesis of whether a strictly
increasing monotonic or linear trend exists or not. Significant (p < 0.05) SR R and KW p
values are in italic. Blue shaded categories were significant for both the SR and KW tests.
Purple shaded categories were also significant for both tests, but with the opposite sign as
hypothesized. Green shaded categories are either had a non-monotonic trend, a non-linear
trend, or were categorical variables that were significant for the KW test, and visual
inspection of their distributions showed a meaningful trend. The all characters (All)
category also includes days for which the main avalanche character is unknown. ND
indicates no data.
Independent

Hypothesis

Test

variable
Regional bulletin
DRF

(+)

Field Observations
Current Loose Av’s

Current Slab Av’s

Recent Loose Av’s

Recent Slab Av’s

Whumpfing /

(+)

(+)

(+)

(+)

(+)

Shooting Cracks
Cracking at Skis

Pin Wheeling

Tree Bombing

Hand Shear

(+)

(+)

(+)

(+)

Resistance
Hand Shear
Character

(+)

Avalanche character
All

Deep

Loose

Persist

Storm

Wet

Wind

Ndays

425

30

20

121

82

21

133

SR R

0.71

0.59

0.82

0.68

0.63

0.52

0.74

KW p

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

Ndays

425

30

20

121

82

21

133

SR R

0.01

-0.22

-0.19

0.00

0.00

0.14

0.06

KW p

0.06

0.12

0.11

0.59

0.66

0.40

<0.01

SR R

0.11

ND

0.16

0.16

0.07

0.18

0.09

KW p

<0.01

ND

0.39

<0.01

0.01

0.19

0.02

SR R

0.09

0.31

0.25

0.05

0.08

0.33

0.05

KW p

<0.01

<0.01

0.04

0.14

0.24

<0.01

0.03

SR R

0.25

0.50

0.37

0.21

0.25

0.37

0.22

KW p

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

SR R

0.19

0.21

-0.10

0.15

0.30

0.01

0.14

KW p

<0.01

0.04

0.75

<0.01

<0.01

0.14

<0.01

SR R

0.05

-0.19

0.21

0.04

0.00

-0.10

0.07

KW p

0.03

0.23

0.11

0.10

0.42

0.32

0.01

SR R

0.08

0.49

0.22

0.10

0.09

0.24

0.00

KW p

<0.01

<0.01

0.01

0.06

0.29

0.01

0.33

SR R

0.22

0.25

0.20

0.20

0.08

0.18

0.22

KW p

<0.01

0.01

0.01

<0.01

0.01

0.04

<0.01

SR R

0.16

-0.04

0.01

0.28

0.17

0.19

0.04

KW p

<0.01

0.14

0.99

<0.01

<0.01

0.18

0.22

SR R

0.05

-0.22

-0.05

0.15

0.06

0.18

-0.06

KW p

<0.01

0.08

0.93

<0.01

0.16

0.34

0.12
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Table 4.3 (continued)
Hand Shear Depth

(+)

SR R

0.13

-0.10

-0.02

0.15

-0.08

0.07

0.06

KW p

<0.01

0.03

0.48

<0.01

0.39

0.86

0.29

Surface Cond

Categorical

KW p

<0.01

0.18

0.20

<0.01

<0.01

0.37

<0.01

Surface Crust

(+)

SR R

0.10

ND

-0.19

0.32

ND

0.11

-0.06

KW p

0.29

ND

0.59

0.10

ND

0.68

0.74

SR R

-0.04

0.24

ND

-0.18

ND

0.27

0.01

KW p

0.43

0.43

ND

0.63

ND

0.31

0.65

SR R

0.39

0.06

0.12

0.34

0.41

0.08

0.37

KW p

<0.01

0.09

0.55

<0.01

<0.01

0.82

<0.01

Supportive
Surface Crust

(-)

Thickness
Ski Penetration

(+)

Ski Pole Probe

Categorical

KW p

0.02

0.49

0.16

0.07

0.01

0.97

0.01

Precipitation

(+)

SR R

0.21

0.09

0.19

0.07

0.33

-0.08

0.24

KW p

<0.01

0.13

<0.01

0.07

<0.01

0.74

<0.01

Trend, Non-

SR R

-0.01

0.28

-0.32

0.01

0.17

-0.01

0.01

monotonic

KW p

0.01

<0.01

0.01

<0.01

<0.01

0.53

0.16

Trend, Non-

SR R

0.04

0.35

-0.17

0.04

0.23

0.11

0.02

monotonic

KW p

0.05

<0.01

0.33

<0.01

<0.01

0.12

0.08

(+)

SR R

-0.02

-0.10

0.22

0.01

0.02

0.12

0.02

KW p

0.41

0.61

0.04

<0.01

0.98

0.37

0.23

SR R

0.06

0.38

0.08

0.12

0.16

-0.04

0.09

KW p

<0.01

<0.01

0.50

<0.01

0.03

0.65

0.05

Trend, Non-

SR R

0.16

0.04

0.25

0.01

0.29

-0.17

0.16

monotonic

KW p

<0.01

0.40

0.02

1.00

<0.01

0.23

<0.01

(+)

SR R

0.30

0.25

0.28

0.13

0.36

-0.09

0.37

KW p

<0.01

0.04

0.01

<0.01

<0.01

0.66

<0.01

SR R

0.36

0.39

0.26

0.34

0.42

0.00

0.38

KW p

<0.01

<0.01

0.04

<0.01

<0.01

0.97

<0.01

SR R

0.05

0.09

0.21

-0.05

0.12

0.24

0.00

KW p

<0.01

0.37

0.05

<0.01

0.05

0.04

0.01

SR R

-0.16

0.04

-0.06

-0.20

-0.24

-0.03

-0.13

KW p

<0.01

0.53

0.12

<0.01

<0.01

0.96

<0.01

SR R

0.15

0.17

0.14

0.09

0.28

0.17

0.13

After Thaw

KW p

<0.01

0.32

0.06

0.10

<0.01

0.18

<0.01

Compression Test

Ndays

295

24

16

85

56

13

61

SR R

-0.16

-0.24

-0.45

0.03

-0.21

-0.03

-0.19

KW p

0.01

0.39

0.04

0.74

0.18

0.01

0.15

Wind Speed

Blowing Snow

Wind Scouring

Wind Deposits

Sky Condition

HN24

HN48

Ta Trend in Past 24 h

Ta Warming to 0 °C

Overnight Freeze

CT

(+)

(+)

(+)

(+)

(+)

(-)
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Table 4.3 (continued)
CTS

nCTS

CTSD

(-)

SR R

-0.05

-0.18

0.40

-0.09

-0.22

-0.23

0.09

KW p

0.09

0.28

0.09

0.02

0.06

0.24

0.67

SR R

0.07

0.15

-0.47

0.13

0.21

0.24

-0.13

KW p

0.25

0.23

0.03

0.01

0.13

0.25

0.43

Trend, Non-

SR R

0.13

-0.19

0.11

0.24

0.19

0.20

-0.02

linear

KW p

<0.01

0.51

0.15

0.03

0.08

0.37

0.62

Ndays

93

7

1

26

34

6

15

SR R

-0.45

-0.39

ND

-0.27

-0.40

-0.15

-0.43

KW p

<0.01

0.43

ND

0.08

<0.01

0.15

0.07

SR R

-0.39

-0.39

ND

-0.30

-0.42

ND

0.00

KW p

<0.01

0.43

ND

0.25

<0.01

ND

0.30

SR R

-0.38

-0.39

ND

-0.21

-0.41

0.07

-0.17

KW p

<0.01

0.43

ND

0.17

<0.01

0.46

0.62

SR R

0.35

0.33

ND

0.30

0.37

ND

-0.04

KW p

<0.01

0.54

ND

0.27

0.01

ND

0.28

SR R

0.26

0.39

ND

0.16

0.27

-0.07

0.05

KW p

0.01

0.43

ND

0.13

0.08

0.46

0.80

Trend, Non-

SR R

0.34

0.28

ND

0.28

0.42

ND

-0.07

linear

KW p

<0.01

0.64

ND

0.34

<0.01

ND

0.26

Trend, Non-

SR R

0.22

0.39

ND

0.06

0.27

-0.07

-0.02

linear

KW p

<0.01

0.43

ND

0.02

0.02

0.46

0.53

(+)

Rutschblock Test
RB

RBW

RBM

nRBW

nRBM

RBWD

RBMD

(-)

(-)

(-)

(+)

(+)

4.3.1.1 Significant variables
The regional danger (DRF) correlated significantly with DLN for every avalanche character type in
both the SR and KW tests. The correlations ranged from 0.52 for Wet to 0.82 for Loose Dry, and
were higher than any other correlation for any of the field observations or stability test variables.

The number of field observations selected as significant for each avalanche character can be
determined by counting down the columns in Table 4.3. This includes strictly increasing
monotonic and non-monotonic but trending, linear and non-linear but trending, and categorical
variables. For all characters (All), 20 field observations were selected, and the highest SR R
value was 0.36 for HN48. For Deep Slab, 10 field observations were selected, and the highest SR
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values were for recent avalanche activity and Pin Wheeling, with SR R values of 0.50 and 0.49,
respectively. For Loose Dry, 10 field observations were selected, and the highest SR R value was
for Recent Slab Avalanches with 0.37. For Persistent Slab, 14 field observations were selected,
and the highest SR R values were for Ski Penetration and HN48 with 0.34. For Storm Slab, 15
field observations were selected, and the highest SR R values were for HN48 and Ski Penetration
with 0.42 and 0.41, respectively. For Wet, 4 field observations were selected, and recent slab had
the highest SR R value with 0.37. Finally, for Wind Slab, 13 field observations were selected and
HN48 and HN24 had the highest SR R values with 0.38 and 0.37, respectively. Overall the
highest SR R values were for Deep Slab avalanches. Storm Slab, Persistent Slab, and Wind Slab
correlated with the most field observations, and Wet correlated with the fewest field
observations.

The number of characters with significant correlation between DLN and each field observation
can be determined by counting horizontally across the rows. Recent Slab Avalanches had
significant correlations for the most characters (6 of 6), HN24 and HN48 both had significant
correlations for 5 of the 6 characters, and Whumpfing / Shooting Cracks and Tree Bombing both
had significant correlations for 4 of the 6.

For the stability test variables the highest correlation with DLN for all characters (All) was the
lowest RB score (RB), at 0.45. There were no significant correlations with DLN and any of the
stability test variables for Deep Slab, Wet, or Wind Slab. The only significant correlation with
DLN for Loose Dry was with the lowest CT score (CT), with a SR R value of 0.45. The only
significant correlation with DLN for Persistent Slab was for the lowest sudden CT score (CTS),
with an SR R value of 0.24. There were 6 significant correlations with DLN for Storm Slab, all of
them RB variables, with the highest being the lowest whole block RB score (RBW), and the
depth of the deepest whole block release (RBWD), both with SR R values of 0.42. Therefore, the
highest correlations with DLN were for all characters (All) and the lowest RB score (RB), and for
Loose Dry and the lowest CT score (CT). Storm Slab was the only character to have multiple
stability test variables selected, with 6 of the 7 RB variables being selected. None of the stability
test variables correlated significantly with DLN for more than one avalanche character.
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4.3.1.2 Non-monotonic or non-linear trend
The field observation variables
hypothesized to possess a nonmonotonic trend with
avalanche danger were Wind
Speed, Blowing Snow, and Sky
Condition. Occasions where
the KW test was significant but
the SR was not significant may
point to these non-monotonic
trends. For Wind Speed this
occurred for all characters (All)
and Persistent Slab, for
Blowing Snow this occurred
for Persistent Slab, and for Sky

Figure 4.5: Boxplots of Blowing Snow by local avalanche
danger (DLN) for days with Persistent Slab avalanche
character. The box contains the middle 50% of the data.
Whiskers extend above and below the interquartile range
to the most extreme value within 1.5 interquartile ranges.
The red line shows the median. The number above the
boxplots is Nratings for each observation.

Condition this did not occur.
Visual examination of the boxplots for these categories showed a non-monotonic trend only for
Blowing Snow and Persistent Slab (Figure 4.5), so this category was also selected and is shaded
in green in Table 4.3. The figure shows higher danger for Blowing Snow ‘at ridge’ top compared
to Blowing Snow ‘below ridge’ top and ‘no’ Blowing Snow. Note that Blowing Snow ‘below
ridge’ top is generally associated with greater Wind Speeds.

All of the stability test variables involving a measure of failure depth were hypothesized to have
non-linear relationships with danger (CTSD, RBWD, RBMD). For these variables there were no
cases where the KW test was significant but the SR test was not.
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4.3.1.3 Categorical

For categorical variables only
the KW test was used because
the SR test is not applicable.
Therefore, if the KW test was
significant then the
distributions of the variables
were visually examined for
presence of a relationship. The
categorical variables were
snow Surface Condition and
Ski Pole Probe.

Figure 4.6: Boxplots of Surface Condition by local
avalanche danger (DLN) for all avalanche characters (All).
Box plot formatting as per Figure 4.5 with data outside of
the whiskers as outliers (red + signs).

For Surface Condition the
KW test was significant for
all characters (All), Persistent
Slab, Storm Slab, and Wind
Slab. Visual examination of
these boxplots showed a
relationship for all of these
categories (Figure 4.6 to
Figure 4.9). These were
selected as significant and are
shaded green in Table 4.3.
‘Wind stiff’ was generally

Figure 4.7: Boxplots of Surface Condition by local
avalanche danger (DLN) for days with Persistent Slab
character. Box plot formatting as per Figure 4.5.

associated with higher danger,
except for Wind Slab conditions surprisingly. ‘Dry fresh’ was also consistently associated with
higher danger. ‘Crust’ was the associated with the lowest danger for all characters (All),
Persistent Slab, and Wind Slab; however, it was associated with higher danger for Storm Slab.
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‘Settled’ had generally lower danger for all characters (All), Storm Slab, and Wind Slab, but
relatively higher for Persistent Slab.

Figure 4.8: Boxplots of Surface Condition by local
avalanche danger (DLN) for days with Storm Slab
character. Box plot formatting as per Figure 4.5.

Figure 4.9: Boxplots of Surface Condition by local
avalanche danger (DLN) for days with Wind Slab character.
Box plot formatting as per Figure 4.5.
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For Ski Pole Probe the KW
test was significant for all
characters (All), Storm Slab,
and Wind Slab. Visual
examination of the boxplots
of these categories showed a
relationship for just Storm and
Wind Slab (Figure 4.10 and
Figure 4.11). These were
selected as significant
categories and are shaded
green in Table 4.3. ‘Obvious

Figure 4.10: Boxplots of Ski Pole Probe by local avalanche
danger (DLN) for days with Storm Slab character. Box plot
formatting as per Figure 4.5. CR is crust, WL is weak
layer.

weak layer’ was associated
with the highest danger for both storm and Wind Slab. ‘Hard over soft’ was associated with the
lowest danger for Storm Slab. ‘Buried crust’ was associated with the lowest danger for Wind
Slab.

Figure 4.11: Boxplots of Ski Pole Probe by local avalanche
danger (DLN) for days with Wind Slab character. Box plot
formatting as per Figure 4.5. CR is crust, WL is weak
layer.
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4.3.2

Univariate classification trees

Univariate classification trees (Breiman et al., 1998) were created for all of the selected
independent variable and avalanche character categories (the shaded categories in Table 4.3),
using the binary version of DLN as the target. To simplify the interpretation of the univariate trees
only the criterion of the first split was analyzed. Subsequent splits were not assessed, but these
more complex trees were still used to examine the first split. Trees that did not split at all (trees
composed of only the root node) were ignored. The results of these trees are shown in Table 4.4.

The performance parameters for each tree are also included in Table 4.4. The following is an
example of how to interpret the performance parameters. First consider a very good tree, for
instance Deep Slab avalanches and Pin Wheeling. The percentage correct (PC) value was 0.83,
which means this tree was correct 83% of the time. The true skill score (TSS), a measure of the
skill of the tree and how much better the tree performs that random chance, was 0.54. This TSS
is high for two reasons, the probability of detection (POD) was high (0.61), and the probability
of false detection (POFD) was low (0.07). The high POD shows that this tree had a good hit rate,
meaning it was able to correctly identify when the danger was in the high category 61% of the
time. Conversely, the low POFD means that the tree rarely incorrectly predicted high danger
compared to the number of times the danger was actually low. Finally, the false alarm rate (FAR)
was also relatively low (0.21), meaning that only 21% of the forecasts made by the tree were
high when they should have been low. This can be contrasted with a poorly performing tree, for
instance Loose Dry and the Ta Trend in Past 24 h. This tree also had a high PC value (0.86),
meaning that this tree was correct 86% of the time. However, the TSS for this tree was negative,
which shows that this tree was worse at forecasting elevated danger than random chance. Again,
there are two components of the TSS which could cause this, either the POD was low, or the
POFD was high, or both. In this case the POD was very low, and the POFD was actually
relatively good at 0.05. The POD of zero was actually the worst possible value. It shows that this
tree never correctly forecasted a positive event, in other words this tree never correctly said the
danger was in the higher category. The final metric, the FAR was also very poor for this tree.
The FAR value of 1 shows that 100% of the time that this tree said the danger was in the higher
category, it was actually in the lower category. The performance parameters can be interpreted in
96

this way for all of the trees to determine how well each of the univariate and multivariate
classification trees performed.

Table 4.4: Results of univariate classification trees for significant avalanche character and
independent variable categories. Values of the independent variable that satisfy the
criterion are associated with Considerable or higher avalanche danger. Validating
measures (percentage correct (PC), true skill score (TSS), probability of detection (POD),
probability of false detection (POFD), and false alarm rate (FAR)) are also shown. Crossvalidation trees that did not split are not included.
Avalanche

Independent variable Criterion

character
All

Performance parameters
PC

TSS

POD

POFD

FAR

Field Observations

Ndays = 425, Base Rate = 0.35

Recent Slab

< 48 h

0.67

0.16

0.26

0.10

0.42

≥2

0.67

0.11

0.18

0.07

0.41

Tree Bombing

≥ Frequent

0.63

0.08

0.22

0.15

0.55

Hand Shear Depth

≥ 27 cm

0.65

0.01

0.02

0.01

0.43

Ski Penetration

≥ 21 cm

0.69

0.22

0.33

0.12

0.39

Precipitation

≥ S2 or rain

0.68

0.12

0.16

0.04

0.31

HN24

≥ 6 cm

0.68

0.24

0.37

0.13

0.40

HN48

≥ 19 cm

0.72

0.30

0.43

0.13

0.35

Ta Trend in Past 24 h

10 °C

0.66

0.03

0.03

0.00

0.13

Avalanches
Whumpfing /
Shooting Cracks

decrease
CT Test Variables

Ndays = 295, Base Rate = 0.34

CT

≤ 14

CTSD

≥ 29 cm and ≤
107 cm

0.62

0.07

0.23

0.15

0.57

0.64

0.00

0.07

0.07

0.65

RB Test Variables

Ndays = 93, Base Rate = 0.40

RB

≤4

0.70

0.33

0.54

0.21

0.37

RBW

≤4

0.73

0.38

0.49

0.11

0.25
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Table 4.4 (continued)
RBM

≤4

0.70

0.35

0.56

0.21

0.37

nRBW

≥1

0.70

0.33

0.51

0.18

0.35

nRBM

≥1

0.59

0.01

0.06

0.05

0.56

RBWD

≥ 11 cm

0.70

0.27

0.44

0.17

0.38

RBMD

≥ 27 cm

0.66

0.20

0.34

0.13

0.38

Field Observations

Ndays = 30, Base Rate = 0.31

Recent Loose

< 48 h

0.51

0.11

0.54

0.43

0.65

< 24 h

0.78

0.46

0.61

0.15

0.35

≥1

0.59

-0.12

0.00

0.12

1.00

Pin Wheeling

≥1

0.83

0.54

0.61

0.07

0.21

Tree Bombing

≥ Occasional

0.72

0.25

0.40

0.15

0.46

Blowing Snow

Anywhere

0.72

0.23

0.28

0.05

0.29

Wind Deposits

< 48 h

0.55

0.15

0.60

0.45

0.64

HN48

≥ 16 cm

0.73

0.49

0.75

0.26

0.44

Field Observations

Ndays = 20, Base Rate = 0.12

Precipitation

≥ s2 or rain

0.86

-0.05

0.00

0.05

1.00

Wind Scouring

< 48 h

0.85

0.24

0.29

0.04

0.50

Sky Condition

≥ Scattered

0.85

0.28

0.33

0.05

0.50

HN24

≥ 13 cm

0.86

-0.03

0.00

0.03

1.00

Ta Trend in Past 24 h

1+ °C increase

0.86

-0.05

0.00

0.05

1.00

Persistent

Field Observations

Ndays = 121, Base Rate = 0.42

Slab

Current Slab

≥2

0.61

0.08

0.11

0.03

0.26

< 48 h

0.63

0.17

0.28

0.11

0.35

≥2

0.60

0.13

0.26

0.13

0.41

Deep Slab

Avalanches
Recent Slab
Avalanches
Whumpfing /
Shooting Cracks

Loose Dry

Avalanches
Recent Slab
Avalanches
Whumpfing /
Shooting Cracks
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Table 4.4 (continued)
Tree Bombing

≥ Frequent

0.64

0.18

0.28

0.10

0.33

Hand Shear

Mod or Easy

0.55

0.09

0.41

0.33

0.51

Hand Shear Depth

≥ 18 cm

0.57

0.00

0.07

0.07

0.59

Ski Penetration

≥ 18 cm

0.61

0.14

0.42

0.28

0.48

Blowing Snow

Anywhere

0.57

-0.01

0.07

0.07

0.60

Wind Deposits

< 48 h

0.58

0.07

0.16

0.09

0.43

HN24

≥ 17 cm

0.63

0.19

0.35

0.15

0.38

HN48

≥ 9 cm

0.68

0.27

0.55

0.28

0.41

CT Test Variables

Ndays = 85, Base Rate = 0.40

CTSD

≥ 29 cm

0.42

0.25

0.48

Field Observations

Ndays = 82, Base Rate = 0.56

Recent Slab

< 48 h

0.48

0.07

0.28

0.22

0.37

≥1

0.52

0.13

0.28

0.14

0.29

Easy

0.63

0.20

0.75

0.55

0.37

Dry fresh, crust,

0.59

0.07

0.98

0.91

0.42

Resistance

Storm Slab

0.68

0.17

Avalanches
Whumpfing /
Shooting Cracks
Hand Shear
Resistance
Surface Condition

wind stiff, sticky
Ski Penetration

≥ 28 cm

0.61

0.30

0.51

0.20

0.24

Ski Pole Probe

incr res, buried

0.58

0.02

0.85

0.84

0.44

CR, obvious WL
Precipitation

≥ S2 or rain

0.52

0.09

0.64

0.55

0.40

Sky Condition

≥ Overcast

0.61

0.22

0.71

0.48

0.35

HN24

≥ 7 cm

0.64

0.28

0.64

0.36

0.31

HN48

≥ 13 cm

0.67

0.32

0.76

0.44

0.31

Ta Trend in Past 24 h

1+ °C increase

0.57

0.11

0.64

0.53

0.39

Ta Warming to 0 °C

No

0.62

0.15

0.92

0.76

0.39
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Table 4.4 (continued)
Overnight Freeze

no thaw or thaw

After Thaw

and then no

0.63

0.18

0.92

0.74

0.39

refreeze

Wet

RB Test Variables

Ndays = 34, Base Rate = 0.53

RB

≤4

0.74

0.47

0.75

0.28

0.25

RBW

≤4

0.69

0.48

0.69

0.22

0.22

RBM

≤4

0.71

0.47

0.75

0.28

0.25

nRBW

≥1

0.71

0.41

0.75

0.34

0.29

RBWD

≥ 40 cm

0.68

0.36

0.64

0.28

0.28

RBMD

≥ 14 cm

0.68

0.10

0.69

0.59

0.43

Field Observations

Ndays = 21, Base Rate = 0.22

Recent Slab

< 24 h

0.40

0.15

0.57

0.74

0.25

Avalanches
Wind Slab

Field Observations

Ndays = 133, Base Rate = 0.26

Whumpfing /

≥1

0.74

0.02

0.02

0.00

0.00

Dry fresh, moist /

0.73

-0.01

0.01

0.01

0.88

Shooting Cracks
Surface Condition

wet coarse
Ski Pole Probe

Obvious WL

0.73

0.00

0.02

0.02

0.73

HN24

≥ 7 cm

0.73

0.14

0.27

0.12

0.56

HN48

≥ 16 cm

0.77

0.25

0.35

0.10

0.44

The splitting criteria for each independent variable identifies the range of the variable associated
with elevated avalanche danger (Considerable or higher), for each avalanche character.
4.3.2.1 Avalanches and Whumpfing
For Recent Slab Avalanches the criterion was ‘< 48 h’ for all characters (All), Deep Slab,
Persistent Slab, and Storm Slab, and ‘< 24 h’ for Wet. ‘Any’ Whumpfing or Shooting Cracks
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were critical for Deep Slab, Storm Slab, or Wind Slab, whereas ‘2 or more’ Whumpfs or
Shooting Cracks were critical for all characters (All), and Persistent Slab.
4.3.2.2 Pin Wheeling, Tree Bombing, and Hand Shear
Pin Wheeling was only critical for Deep Slab avalanches, with any Pin Wheel slopes observed
that day being the critical level. ‘Occasional’ Tree Bombing was critical for Deep Slab; however,
only ‘frequent’ Tree Bombing was critical for all characters (All) and Persistent Slab. Hand
Shear Resistance was critical for ‘moderate’ or ‘easy’ resistance for Persistent Slab, whereas
only ‘easy’ was critical for Storm Slab. The Hand Shear Depth criterion was 27 cm and deeper
for all characters (All), but only 18 cm and deeper for Persistent Slab.
4.3.2.3 Precipitation, Sky Condition, and Wind
Snowfall had criterion of ‘S2+’ or ‘rain’ all characters (All), Loose Dry, and Storm Slab. The
results of Sky Condition mirrored this; cloud cover of ‘scattered or more’ for Loose Dry and
‘overcast or more’ for Storm Slab were critical. Blowing Snow at ‘any location’ and Wind
Deposits ‘< 48 h’ were critical for both deep and Persistent Slab characters. Wind Scouring ‘< 48
h’ was the criterion for Loose Dry avalanche character.
4.3.2.4 Ski Penetration and New Snow
Ski Penetration of 21 cm or more was critical for all characters (All), 18 cm or more for
Persistent Slab, and 28 cm or more for Storm Slab. For 24 hour new snowfall, 6 cm or greater
was critical for all characters (All), 13 cm for Loose Dry, 17 cm for persistent, 7 cm for Storm
Slab, and 7 cm for Wind Slab. For 48 hour new snowfall, 19 cm or greater was critical for all
characters (All), 16 cm for Deep Slab, 9 cm for Persistent Slab, 13 cm for Storm Slab, and 16 cm
for Wind Slab.
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4.3.2.5 Ta Trend in Past 24 hours, Ta Warming to 0 °C, and Overnight Freeze After Thaw
Ta Trend in 24 h of a ‘decrease of 10 °C or more’ for all characters (All), an ‘increase of 1 °C or
more’ for Loose Dry, and an ‘increase of 1 °C or more’ for Storm Slab were critical. A
significant relationship with both signs is an indication of a non-linear relationship. Because of
this result the boxplots of Ta Trend in Past 24 h and each of all characters (All), Loose Dry,
Storm Slab, and Wet were visually examined for the existence of non-linear relationships. These
characters were selected because they were significant for Ta change in the last 24 hours in the
KW test (Table 4.3). Of these four characters the boxplots for all characters (All), Loose Dry,
and Storm Slab showed a non-linear relationship (Figure 4.12 to Figure 4.14). For air
temperature warming to 0 °C the critical value for Storm Slab was ‘no’. Overnight Freeze After
Thaw also only had a critical value for Storm Slab avalanches, which was either ‘no thaw’, or
‘thaw and no refreeze’.

Figure 4.12: Boxplots of Ta change in 24 hours by local avalanche danger (DLN) for all
avalanche characters (All). Box plot formatting as per Figure 4.5.
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Figure 4.13: Boxplots of Ta change in 24 hours by local avalanche danger (DLN) for days
with Loose Dry character. Box plot formatting as per Figure 4.5.

Figure 4.14: Boxplots of Ta change in 24 hours by local avalanche danger (DLN) for days
with Storm Slab character. Box plot formatting as per Figure 4.5.
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4.3.2.6 Surface Condition and Ski Pole Probe
For the categorical variable Surface Condition, ‘dry fresh’, ‘crust’, ‘wind stiff’, and ‘sticky’ were
critical Surface Conditions for Storm Slab, whereas ‘dry fresh’ and ‘moist / wet coarse’ were
critical for Wind Slab. These relationships can be more clearly seen in the boxplots for Storm
and Wind Slab and Surface Condition (Figure 4.8 and Figure 4.9). For the other categorical
variable Ski Pole Probe, ‘increasing resistance’, ‘buried crust’, and ‘obvious WL’ were critical
for Storm Slab, and ‘obvious WL’ was critical for Wind Slab. These relationships are shown
more clearly in the boxplots for Ski Pole Probe (Figure 4.10 and Figure 4.11).
4.3.2.7 Stability test variables
For the stability test variables, the criterion for the lowest CT score and all characters (All) was
14 or less. The lowest RB score (RB), the lowest whole block RB score (RBW), and the lowest
whole or most of block RB score (RBM) for all characters (All) and Storm Slab was critical for 4
or less. The critical number of whole block releases (nRBW) for all characters (All) and Storm
Slab was 1, and the critical number of whole or most of block releases (nRBM) for all characters
(All) was also 1. The depth of the deepest whole block release (RBWD) for all characters (All)
was 11 cm or deeper, and for Storm Slab it was 40 cm or deeper. The depth of the deepest whole
or most of block release (RBMD) for all characters (All) was 27 cm or deeper, and 14 cm or
deeper for Storm Slab.

The sign of the criterion for all characters (All) and the depth of the deepest sudden fracture
(CTSD) was inconsistent. Of the five criteria for this univariate tree (because of five fold crossvalidation) three were critical for depths greater than a minimum value, and two were critical for
depths less than a maximum value. The selection of both greater than and less than as criteria
was an indication that a non-linear relationship exists for all characters (All) and CTSD (Figure
4.15). The danger was slightly higher for CTSD depths of 0 cm (no sudden fracture) than for
depths of 1-29 cm, climbs to a maximum for depths 50-59 cm, and then was lower again. In
general, the highest danger is within the criterion range, which was ≥ 29 and ≤ 107 cm. The
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criterion for Persistent Slab and the depth of the deepest sudden fracture was 29 cm or less,
which agrees with all characters (All), although does not possess the non-linear trend.

Figure 4.15: Boxplots of depth of the deepest sudden fracture in the compression test (CSTD)
by the local avalanche danger (DLN) for all avalanche characters (All). Note that depths of 0
cm indicate no sudden fracture. Box plot formatting as per Figure 4.5.
4.3.3

An alternate dependent variable (DRF – DLN)

This part of the study used the difference between DRF and DLN as the dependent variable. Using
the modified target identifies the occasions where the local nowcast differs from the regional
forecast, and the independent variables that triggered these differences in danger rating. To
further this idea, only days where the DLN rater wrote or read the regional bulletin were used in
this analysis, because on those days the regional bulletin was known, but the local nowcasters
chose a different rating. The results of this analysis are shown in Table 4.5. Note that for a given
number of days (Ndays) the number of ratings (Nratings) is less in Table 4.5 than in Table 4.3,
because on a given day only certain nowcasters may have read or written the bulletin and only
these raters were included, whereas in Table 4.3 all raters were included. The analysis for this
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section again used both the SR and KW tests and looked for independent variables that were
significant for both tests. For the categorical variables only the KW test was used.
This section highlights some of the highest significant SR correlations from Table 4.5 that were
not significant with DLN as the target. Both correlations with the expected sign and correlations
with the opposite sign are included. High correlations with the expected sign show observations
that were associated with a higher local danger relative to the regional danger, whereas
correlations with the opposite sign show observations with a lower relative local danger.

The variables that correlated with DRF – DLN with the expected sign but not with DLN alone were
all characters (All) and Current Loose Avalanches, Deep Slab and Cracking at the Skis, Hand
Shear Resistance, and Overnight Freeze After Thaw; Wet and Blowing Snow and Wind
Scouring; and Wind Slab and Hand Shear Character. Variables that correlated with DRF – DLN
with the opposite sign and were not selected with DLN alone were Deep Slab and Precipitation,
Ta Trend in Past 24 h, and Ta Warming to 0 °C; Loose Dry and Current Loose and Slab
Avalanches, Cracking at the Skis, and Blowing Snow; Persistent Slab and Pin Wheeling; Storm
Slab and Hand Shear Depth; Wet and Blowing Snow and Wind Scouring; and Wind Slab and
Current Loose Avalanches, and Hand Shear Character and depth.

Many more variables correlated significantly with DLN but did not correlate with DRF – DLN. Of
these, some of the highlights were Deep Slab and Whumpfs; Loose Dry and Recent Loose
Avalanches, Pin Wheeling, Wind Scouring, and Ta Trend in Past 24 h. Also, for the stability test
variables, for Persistent Slab the depth of the deepest sudden fracture (CTSD) was not
significant, and for Storm Slab the lowest whole block RB score (RBW), the number of whole
block RB scores (nRBW), and the depth of the deepest whole block RB release (RBWD) were
not significant.
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Table 4.5: Spearman rank correlations (SR R) and Kurskal-Wallis p-values (KW p)
between the independent variables and (DRF - DLN). The expected signs for SR R based on
expert knowledge are beside the variable names, as well as the hypothesis of whether a
strictly increasing monotonic trend exists or not. Significant (p < 0.05) SR R and KW p
values are in italic. Blue shaded categories are significant for both the SR and KW tests
with the expected sign. Purple shaded categories are significant for both the SR and KW
tests with the opposite sign as expected. Green shaded categories are categorical variables
that are significant for the KW test. The all characters (All) category also includes days for
which the main avalanche character is unknown. ND indicates no data.
Independent

Hypothesis

Test

variable
Field Observations
Current Loose

(-)

Av’s
Current Slab Av’s

Recent Loose

(-)

(-)

Av’s
Recent Slab Av’s

Whumpfing /

(-)

(-)

Shooting Cracks
Cracking at Skis

Pin Wheeling

Tree Bombing

Hand Shear

(-)

(-)

(-)

(-)

Resistance
Hand Shear

(-)

Character
Hand Shear Depth

(-)

Avalanche characters
All

Deep

Loose

Persist

Storm

Wet

Wind

Ndays

232

10

10

41

45

14

102

SR R

-0.08

0.06

0.39

-0.10

-0.11

0.07

-0.15

KW p

0.01

0.60

<0.01

<0.01

0.26

0.74

<0.01

SR R

-0.14

ND

-0.33

-0.17

-0.13

ND

-0.12

KW p

<0.01

ND

<0.01

0.25

0.22

ND

0.06

SR R

-0.08

0.13

0.37

-0.13

-0.15

-0.20

-0.08

KW p

<0.01

0.39

<0.01

<0.01

0.13

0.17

0.20

SR R

-0.10

-0.08

-0.09

-0.20

-0.10

-0.28

-0.04

KW p

<0.01

0.15

0.21

0.05

0.27

0.08

0.15

SR R

-0.11

0.33

0.22

-0.20

-0.16

-0.16

-0.09

KW p

<0.01

0.04

0.23

0.02

0.04

0.44

0.14

SR R

-0.06

-0.36

0.26

-0.15

-0.04

0.11

-0.06

KW p

0.12

0.02

<0.01

0.10

0.53

0.25

0.06

SR R

-0.07

-0.29

0.37

-0.20

0.14

-0.21

-0.11

KW p

0.10

0.01

0.01

0.04

0.04

0.14

0.11

SR R

-0.09

0.02

0.13

-0.21

-0.07

0.00

-0.09

KW p

0.01

0.05

0.33

0.02

0.10

0.54

0.21

SR R

-0.11

-0.41

-0.08

-0.29

0.00

0.17

-0.09

KW p

0.01

0.01

0.73

<0.01

0.02

0.42

0.08

SR R

-0.10

-0.26

-0.01

0.03

-0.02

-0.02

-0.15

KW p

0.01

0.14

0.36

<0.01

0.96

0.88

<0.01

SR R

0.00

-0.03

0.02

0.08

0.26

0.02

-0.13

KW p

0.13

0.97

0.23

0.02

<0.01

0.98

<0.01

Surface Cond

Categorical

KW p

0.08

0.25

0.07

0.14

0.19

0.27

0.08

Surface Crust

(-)

SR R

-0.02

ND

ND

-0.29

ND

ND

-0.10

KW p

0.16

ND

ND

0.33

ND

ND

0.16

Supportive
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Table 4.5 (continued)
Surface Crust

(-)

Thickness
Ski Penetration

(-)

SR R

0.15

ND

ND

0.46

ND

-0.55

0.10

KW p

0.07

ND

ND

0.06

ND

0.26

0.22

SR R

-0.02

0.07

0.06

-0.05

-0.06

-0.04

0.02

KW p

0.43

0.66

0.72

0.19

0.56

0.65

0.16

Ski Pole Probe

Categorical

KW p

0.04

0.02

0.99

0.13

0.06

0.04

<0.01

Precipitation

(-)

SR R

0.00

0.41

-0.34

-0.17

0.04

0.03

0.03

KW p

0.01

0.02

0.01

0.12

0.07

0.89

0.07

Trend, Non-

SR R

-0.05

-0.05

0.23

-0.10

-0.09

-0.25

-0.03

monotonic

KW p

0.34

0.28

0.21

0.04

0.38

0.07

0.41

Trend, Non-

SR R

-0.03

0.06

0.37

0.07

-0.18

-0.35

-0.05

monotonic

KW p

0.85

0.29

0.01

0.16

0.03

0.01

0.10

(-)

SR R

-0.02

0.03

0.33

-0.01

-0.12

-0.35

-0.01

KW p

0.21

0.02

0.04

0.16

0.19

0.01

0.40

SR R

-0.01

0.18

0.20

-0.05

-0.04

-0.11

-0.05

KW p

0.82

0.10

0.25

0.03

0.49

0.39

0.35

Trend, Non-

SR R

0.05

-0.02

-0.41

-0.08

-0.01

0.07

0.14

monotonic

KW p

0.10

0.45

0.01

0.02

0.20

0.59

<0.01

(-)

SR R

-0.08

-0.05

-0.32

-0.22

0.03

0.02

-0.06

KW p

<0.01

0.43

0.05

0.03

0.21

0.69

0.11

SR R

-0.03

-0.21

-0.17

-0.16

0.07

-0.02

0.02

KW p

0.27

0.29

0.33

0.18

0.12

0.95

0.51

SR R

-0.02

0.35

0.28

0.10

-0.06

-0.04

-0.06

KW p

0.41

0.05

0.18

0.19

0.46

0.56

0.27

SR R

0.15

0.38

0.22

0.03

0.21

0.22

0.14

KW p

<0.01

0.02

0.23

0.34

0.01

0.03

0.02

SR R

-0.15

-0.38

-0.22

-0.07

-0.27

0.04

-0.16

After Thaw

KW p

<0.01

0.02

0.23

0.22

<0.01

0.89

<0.01

Compression Test

Ndays

136

8

9

31

28

8

45

SR R

0.09

-0.01

-0.23

0.18

0.27

-0.28

0.00

KW p

0.03

0.20

0.23

0.29

0.01

0.12

1.00

SR R

0.00

-0.46

0.01

-0.07

-0.04

0.50

0.00

KW p

0.81

0.02

0.71

0.92

0.83

0.01

0.20

SR R

0.04

0.46

-0.05

0.10

0.09

-0.45

0.08

KW p

0.77

0.02

0.36

0.70

0.57

0.04

0.45

Wind Speed

Blowing Snow

Wind Scouring

Wind Deposits

Sky Condition

HN24

HN48

Ta Trend in Past

(-)

(-)

(-)

24 h
Ta Warming to 0

(-)

°C
Overnight Freeze

CT

CTS

nCTS

(-)

(+)

(+)

(-)
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Table 4.5 (continued)
CTSD

Trend, Non-

SR R

0.04

-0.09

-0.19

0.23

0.18

-0.47

0.10

linear

KW p

0.77

0.16

0.36

0.07

0.11

0.02

0.28

Ndays

53

3

1

12

20

4

11

SR R

0.07

ND

ND

0.31

0.30

-0.47

-0.30

KW p

0.13

ND

ND

0.00

0.01

0.10

0.07

SR R

0.04

ND

ND

0.42

0.04

ND

-0.36

KW p

0.53

ND

ND

0.00

0.88

ND

0.03

SR R

0.09

ND

ND

0.23

0.29

0.39

-0.36

KW p

0.03

ND

ND

0.00

0.01

0.26

0.02

SR R

-0.03

ND

ND

-0.42

-0.01

ND

0.34

KW p

0.78

ND

ND

0.00

0.93

ND

0.05

SR R

0.00

ND

ND

0.09

-0.21

-0.39

0.31

KW p

0.26

ND

ND

0.00

0.15

0.26

0.05

Trend, Non-

SR R

-0.02

ND

ND

-0.41

0.04

ND

0.31

linear

KW p

0.92

ND

ND

0.00

0.76

ND

0.08

Trend, Non-

SR R

-0.01

ND

ND

0.08

-0.06

-0.39

0.13

linear

KW p

0.41

ND

ND

0.00

0.81

0.26

0.38

Rutschblock Test
RB

(+)

RBW

(+)

RBM

(+)

nRBW

(-)

nRBM

(-)

RBWD

RBMD

4.3.4

Comparing the information classes

The correlations between the information classes (Table	
  3.1) were compared to determine which
information class provided the most useful information for a recreationist. The field observations
Cracking at the Skis, Pin Wheeling, and Tree Bombing were not included because they do not
clearly fit into the classes.
Table	
  4.6 displays the relative frequency of selected categories for each information class. The
highest frequency was for Class III information, with 52%. Class I information had the second
highest frequency of variables selected at 32%, and Class II information was selected the least
frequent (29%).
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Table 4.6: Selected variable and avalanche character categories grouped by information
class.
Information Frequency of total
class

categories selected

I

32.3

II

28.6

III

51.9

Table	
  4.6 compares the
frequency of selected
variables, but not the
magnitude. Therefore, the
magnitudes of SR R
correlations for the selected
categories were also
compared (Figure	
  4.16). In
this comparison the variables
with non-monotonic trends
and the categorical variables
were ignored, as they have no
SR R values. The median
values for classes I, II, and III

Figure 4.16: Comparison of correlation strength for
variables selected from each information class, using all six
avalanche characters plus the all character (All) category.
Box plot formatting as per Figure 4.5. The number above
each box is the n value, which is the number of noncategorical variables selected for each class.

respectively were 0.25, 0.38,
and 0.24. The standard deviation for classes I, II, and III respectively were 0.12, 0.03, 0.1.
Therefore Class II had a much higher median than classes I or III, and a much tighter
distribution. However, the n value for Class II was only 4, and all of the correlations were for Ski
Penetration, one of the better performing observations. Class I and III had very similar medians
and standard deviations.
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4.3.5

Comparing the pre-decision point and whole day field observations

The field observations pre decision point were compared to the observations from the full day to
determine whether it is necessary for a recreationist to enter more hazardous avalanche terrain to
gather information about the avalanche danger. The comparison used SR and KW to test the
relationship between the field observations and DLN, and then compared the test results for the
two observation groups (Table 4.7 and Figure 4.17).

Table 4.7: Comparison of pre decision point field observations with observations from the
full day. The statistical tests are correlating the field observation with DLN. Significant SR
or KW test results are italicized.
Field observation

Pre decision point

Full day

SR R

KW p

SR R

KW p

Current Slab Av’s

0.11

<0.01

0.11

<0.01

Recent loose

0.05

<0.01

0.09

<0.01

Recent Slab Av’s

0.23

<0.01

0.25

<0.01

Whumpfs

0.17

<0.01

0.19

0.03

Cracking at Skis

0.09

<0.01

0.05

<0.01

Pin Wheeling

0.06

<0.01

0.08

<0.01

Tree Bombing

0.17

<0.01

0.22

<0.01

Hand Shear Resistance

0.19

<0.01

0.16

<0.01

Hand Shear Character

0.06

<0.01

0.05

<0.01

Hand Shear Depth

0.14

<0.01

0.13

<0.01

Ski Penetration

0.41

<0.01

0.39

<0.01

Precipitation

0.21

<0.01

0.21

<0.01

Wind Deposits

0.05

0.03

0.06

<0.01

Sky Condition

0.19

<0.01

0.16

<0.01

111

The full day observations
were a combination of the
pre and post decision point
observations as described in
Section 3.1.2, where the
observation signifying the
highest danger was used.
The selected observations
for all characters (All) were
used for the comparison.
The categorical observations
Surface Condition and Ski
Pole Probe were excluded
from this comparison. The
SR and KW tests were used

Figure 4.17: Comparison of pre decision point field
observations with observations from the full day. Box plot
formatting as per Figure 4.5. The number above the box is
the n value, which is the number of field observations being
compared.

to test the relationship
between the observations and DLN for both the pre decision point and full day observations. The
local danger rating made in the afternoon was used as the dependent variable for the comparisons
because it is based on information gathered from the entire day, and therefore should be more
accurate.

All of the field observations that were significant on both the SR and KW tests for the whole day
observations were also significant for both tests for pre decision point observations. Figure 4.17
shows a box plot of the SR R values for the pre decision point and the whole day observations to
aid in visualizing the magnitudes. The median of the full day observations was actually slightly
lower than for the pre decision point observations (0.15 vs. 0.16); however, the middle 50% of
the data for the full day observations was noticeably higher, as well as the upper quartile. The
standard deviation for both groups was very similar, 0.09 for the full day observations and 0.1
for the pre-decision point observations.
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4.4

Multivariate analysis

The multivariate analysis section is comprised of three main sections: a check for
multicollinearity, an assessment of the number of independent variables to use an inputs, and
multivariate classification trees.
4.4.1

Multicollinearity

A correlation matrix was created for the all of the independent variables, including DRF, using the
SR correlation (Table 4.8). Overall there was significant correlation between many of the
variables in all three datasets.

The regional danger (DRF) correlated with 14 field observations and 9 stability test variables. The
field observations that correlated with the largest number of other field observations were HN24,
HN48, and Ski Penetration (15); Hand Shear Resistance and Current Slab Avalanches (14); Sky
Condition, Hand Shear Depth, Cracking at Skis, and Pin Wheeling (13). The field observations
that correlated with the largest number of stability test variables were Whumpfs / Shooting
Cracks and Hand Shear Resistance (11 of 11); and Surface Condition, Ski Pole Probe, and Ta
Warming to 0 °C (9 of 11).

Not surprisingly, there were very high correlations between the stability test variables. Six
variables (CTSD, RB, RBW, RBM, nRBW, nRBM) correlated with all of the other variables. All
of the remaining variables correlated with at least 8 of the 10 other variables. The stability test
variable that correlated with the greatest number of field observations was the lowest CT score
(CT), with 23 significant correlations.
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DRF
Current Loose
Current Slab
Recent Loose
Recent Slab
Whumpfs
Crack at Skis
Pin Wheeling
Tree Bombing
Wind Deposits
Srf Cond
Srf CR thick
CR Support
Precip Rate
Wind Speed
Blowing Snow
Wind Scouring
Ski Pen
Ski Pole Probe
H Shear Resist
H Shear Char
H Shear Depth
Sky Condition
HN24
HN48
Ta Trend 24 h
Ta Warm 0 °C
Overnight Frz
CT
CTS
nCTS
CTSD
RB
RBW
RBM
nRBW
nRBM
RBWD
RBMD

4.4.2

DRF
Current Loose
Current Slab
Recent Loose
Recent Slab
Whumpfs / Shooting Cracks
Cracking at Skis
Pin Wheeling
Tree Bombing
Wind Deposits
Surface Condition
Surface CR Thickness
Surface CR Supportive
Precipitation Rate
Wind Speed
Blowing Snow
Wind Scouring
Ski Penetration
Ski Pole Probe
Hand Shear Resistance
Hand Shear Character
Hand Shear Depth
Sky Condition
HN24
HN48
Ta Trend in Past 24 h
Ta Warming to 0 °C
Overnight freeze / thaw
CT
CTS
nCTS
CTSD
RB
RBW
RBM
nRBW
nRBM
RBWD

Table 4.8: Correlation matrix of SR correlations for all independent variables, including
DRF. Significant correlations (p-value < 0.05) are shaded in blue.

Determining the number of independent variable inputs

Table 4.9 summarizes the minimum number of observations required for two cases, 1) to use all
of the field observations from the selection process and DRF as input variables, and 2) to use all
of the field observations and stability test variables from the selection process, and DRF for input
variables. Ndays and Nratings for the corresponding categories are shown for comparison. These
values were the same for both the field observations only and for the combined field
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observations and stability test variables, as there are no days in the dataset where stability tests
were performed when the field observations were not.

Table 4.9: Minimum number of observations required for multivariate analysis of the field
observation variables for each character type, and the number of observations available.
Character

Field observations

Field observations and

Ndays

Nratings

stability test variables
# potential

Min N

# potential

Min N

independent

value

independent

value

variables

variables

All

21

105

30

150

425

2210

Deep

11

55

11

55

30

117

Loose

11

55

12

60

20

111

Persistent

15

75

16

80

121

561

Storm

16

80

22

110

82

401

Wet

5

40

5

40

21

113

Wind

14

70

14

70

133

741

For the field observations only, Ndays exceeds the minimum required observations for all
characters (All), Persistent Slab, Storm Slab, and Wet. For the field observations and stability
tests combined, Ndays exceeds the minimum for all characters (All), Persistent Slab, and Wet.
There is no concern regarding the minimum number of observations for these categories. For the
other categories Ndays is too low for the potential number of independent variables. However,
there are two measures of the number of observations in the study, Ndays, which corresponds to
the number of independent variables, and Nratings, which corresponds to the number of dependent
variables. Even though the number of observation days is limited for some of the character types,
each of these days point at multiple dependent variable targets. This provides greater depth to the
dataset and more information for the multivariate analysis to use. Therefore the Nratings number
was used to determine how many independent variables could be added to the assessment, not
Ndays. In all cases Nratings was greater than the minimum N value required, so all of the potential
independent variables were used as inputs.
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4.4.3

Multivariate classification trees

Multivariate classification trees (Figure	
  4.18 to Figure	
  4.32) were built to examine the
interrelationships between the independent variables and the binary DLN rating. Four groups of
trees were created in total, using different combinations of the available input variables. Trees
were built for each of the six avalanche characters and for all characters (All). The performance
parameters for all of the multivariate trees are shown in Table	
  4.10.
4.4.3.1 Classification trees with field observations only
The first group of trees (Figure 4.18 to Figure 4.22) used only the selected field observations as
input variables. These trees are useful for comparing the field observations and the combinations
of these observations that correspond to elevated local avalanche danger. These trees help
recreationists determine which observations are important to help them localize the danger under
each avalanche character. The classification trees for Loose Dry and Wet did not split and were
not included.
4.1.1.1.1 All characters (All)
The tree for all characters (All) built from the field observations (Figure 4.18) selected HN48
first, with 19+ cm as the criteria. The second tier of selected observations was Recent Slab
Avalanches and Precipitation Rate, with ‘< 24 h’, and ‘S2+’ or ‘rain’ as the respective criteria.
The third tier of observations was a Ta change in 24 hours of ‘less than 10 °C’, Wind Deposits of
‘none’ or within ‘24-48 h’, and Surface Condition of ‘dry fresh’. The fourth tier was Ski
Penetration, with of 18+ cm as the criteria, the fifth tier was Whumpfs, with a critical value of
‘any’, and the sixth tier was Surface Condition, with ‘dry fresh’ or ‘wind stiff’ as critical.
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Figure 4.18: Classification tree for all characters (All). The tree was built with only the
selected field observations as inputs.
Multivariate classification trees can also be interpreted as a series of if then statements. The if
statements for the tree in Figure 4.18 are given as an example below, and this example can be
followed to convert any of the other multivariate trees to a series of if statements as well.
•

Local danger is Considerable or higher if HN48 is greater than 18 cm, and the
Precipitation Rate is ‘S2+’ or ‘rain’, or the Surface Condition is ‘dry fresh’

•

Local danger is Considerable or higher if HN48 is less than 19 cm, but Recent Slab
Avalanches are observed within 24 hours and there are no Wind Deposits within 24 hours

•

Local danger is Considerable or higher if HN48 is less than 19 cm, there are no Recent
Slab Avalanches within 24 hours, and the air temperature has ‘not decreased by more than
10 °C’
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•

Local danger is Considerable or higher if HN48 is less than 19 cm, there are no Recent
Slab Avalanches within 24 hours, the air temperature has ‘decreased by 10 °C or more’ in
24 hours, the Ski Penetration greater than 17 cm, Whumpfs are observed, and the Surface
Condition is ‘dry fresh’ or ‘wind stiff’

•

Otherwise the local danger is Low to Moderate

4.1.1.1.2 Deep Slab
For Deep Slab (Figure 4.19) the first field observation
selected was the number of Pin Wheel slopes, and the critical
value was ‘any slopes’. The second tier observation was
HN48 with a criterion of 9 cm or more. The third tier
observation was HN24, with a criterion of 5 cm or more.
4.1.1.1.3 Persistent Slab
For Persistent Slab (Figure 4.20) the first field observation
selected was HN48, with a criterion of 9 cm or more. The
second tier of observations was Ski Penetration and HN24,
with a criterion of 28 cm or more and 3 cm or less,
respectively. The third tier of observations was Tree
Bombing and Hand Shear Resistance, with critical values of
‘frequent’ and ‘easy’ respectively. The fourth tier of

Figure 4.19: Classification tree
for Deep Slab. The tree was
built with only the selected
field observations as inputs.

observations was Surface Condition with a critical value of
‘dry fresh’, ‘settled’ and ‘wind stiff’, and HN48 again, with a criterion of 16 cm plus. The right
side of this tree can be easily interpreted as an if statement: if there is 9 cm or more HN48 then if
either HN24 is 3 cm or less, or Hand Shear Resistance is ‘easy’, or HN48 is 16 cm or more than
the danger is Considerable or higher, else it is Low to Moderate.
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Figure 4.20: Classification tree for Persistent Slab. The tree
was built with only the selected field observations as inputs.
4.1.1.1.4 Storm Slab
For Storm Slab (Figure
4.21) the first observation
selected was HN48, with a
criterion of 13 cm or more.
The second tier of
observations was Hand
Shear Resistance with a
critical value of ‘any
failure’, and Ski
Penetration with a criterion
of 28 cm or more. The third
tier of observations was
Wind Speed, with a critical

Figure 4.21: Classification tree for Storm Slab. The tree was
built with only the selected field observations as inputs.

value of ‘calm’. The fourth
tier of observations was Blowing Snow, with a critical location value of ‘below ridge’. Again,
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the right side of this tree can be interpreted as an if statement: if there is 13 cm or more HN48,
and either 28 cm or more Ski Pen, or ‘calm’ winds, or Blowing Snow ‘below ridge’, then the
danger is Considerable or higher, else it is Low to Moderate. The left side can also be interpreted
as an if statement: if there is 12 cm of HN48 or less and the Hand Shear produced a failure then
the danger is Considerable or higher.
4.1.1.1.5 Wind Slab
The classification tree for Wind Slab (Figure 4.22) was
univariate, selecting only HN48, with a criterion of 16 cm or
more.

Figure 4.22: Classification tree
for Wind Slab. The tree was
built with only the selected
field observations as inputs.
4.4.3.2 Classification trees with field observations and stability test variables
The second group of trees (Figure	
  4.23 to Figure	
  4.25) used both the selected field observations
and the selected stability test variables. These trees were built for each character that had any
stability test variables selected. These trees are useful in comparing all of the available
observations and stability test variables, and the combinations that indicate elevated danger.
These trees are the best for helping avalanche professionals, and experienced recreationists who
are performing stability tests in the field, determine which observations and stability tests are the
most important in localizing the danger. There is also the potential for these trees to be used as an
objective avalanche-forecasting tool as they used all the available input information without
considering the regional danger. Specifically, they could be useful for avalanche forecasters to
verify their forecasts. Three of the characters (Deep Slab, Wet, and Wind Slab) did not have any
significant stability test variables; therefore no new trees were built for these categories. For the
other categories (all characters (All), Loose Dry, Persistent Slab, and Storm Slab) trees were
built, but only the trees for all characters (All), Persistent Slab, and Storm Slab selected one of
the stability variables to add to the trees.
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4.1.1.1.6 All characters (All)
The classification tree for all characters (All) (Figure 4.23) is very similar to the tree for all
characters (All) using only the field observations, except the depth of the deepest whole block
RB release (RBWD) was selected instead of Precipitation Rate in the second tier, with a criterion
of 34 cm or more. This caused Ski Penetration to be selected in the third level of the right side of
the tree instead of Surface Condition, with a criterion of 23 cm or more. The left side of the tree
remained unchanged.

Figure 4.23: Classification tree for all characters (All). The tree was built with the selected
field observations and stability test variables as inputs.
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4.1.1.1.7 Persistent Slab
For Persistent Slab, the tree for
field observations and stability
test variables (Figure 4.24) is very
similar to the tree for using only
the field observations (Figure
4.20), except that Ski Penetration
was replaced with the depth of the
deepest sudden CT fracture
(CTSD) in the second tier, and
the rest of the left hand branch of
the tree was collapsed because of
this replacement. The right side of
the tree remained unchanged.

Figure 4.24: Classification tree for Persistent Slab. The
tree was built with the selected field observations and
stability test variables as inputs.

4.1.1.1.8 Storm Slab
The classification tree for
Storm Slab is identical to
the Storm Slab tree using
only the field observations
(Figure 4.25), except that
Blowing Snow in the
fourth level was replaced
by the lowest whole block
RB score (RBW), with a
criterion of 6 or less.

Figure 4.25: Classification tree for Storm Slab. The tree was
built with the selected field observations and stability test
variables as inputs
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4.4.3.3 Classification trees with field observations and regional danger
The third group of trees (Figure	
  4.26 to Figure	
  4.32) used both the field observations and the
regional danger as input variables. The regional danger is probably the most valuable piece of
avalanche information available to a recreationist when travelling in the backcountry. Jamieson
et al. (2009a) found that the regional danger had a higher correlation with the local nowcast than
any of the field observations. The purpose of these trees was to determine how well the regional
danger performed as a predictor variable when combined with the other variables, and how the
classification trees changed with this new information. These trees should be the best overall
trees for recreationists to determine the local danger, as they contain all of the information
available to recreationists.
4.1.1.1.9 All characters (All)
For all characters (All), the addition of the
regional danger to the field observation
variables drastically changed the tree
(Figure 4.26), as the regional danger was
selected as the first variable, with a criterion
of ‘Considerable or higher’. Ski Penetration
was selected at the second tier, with a
criterion of 28 cm or greater. The regional
danger was selected again for the third tier,
with critical values of ‘High’ or ‘Extreme’.
Air temperature warming to 0 °C was
selected for the fourth tier, with a critical
value of ‘no’, and Surface Condition and
Pin Wheel slopes were selected for the fifth
tier, with critical values of everything
except ‘moist / wet coarse’, and ‘any
slopes’, respectively.

Figure 4.26: Classification tree for all
characters (All). The tree was built with the
selected field observations and the regional
danger (DRF) as inputs.
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4.1.1.1.10 Deep Slab
For Deep Slab avalanches the tree (Figure 4.27) is of
similar structure to the tree built only from the field
observations (Figure 4.19), except the regional danger
took the place of HN48, with a criterion of
‘Considerable or higher’, and HN48 was bumped down
to take the place of HN24. This tree can be easily
viewed as an if statement: if there are any Pin Wheel
slopes, or in the regional danger is Considerable or
higher and HN48 is 9 cm or greater, then the local
danger is Considerable or higher, else it is Low or
Moderate.
Figure 4.27: Classification tree for
Deep Slab. The tree was built with
the selected field observations and
the regional danger (DRF) as inputs.
4.1.1.1.11 Loose Dry
With the addition of the regional danger the
classification tree for Loose Dry character (Figure 4.28)
was able to make a split, as with only the input of field
observations and stability test variables the tree would
not split. The regional danger was selected for the first
variable in the tree, with a criterion of ‘Considerable or
higher’. The second tier of the tree selected Recent Slab
Avalanches, with a criterion of ‘any within 48 hours’.
This tree can be easily interpreted as: if the regional
danger is Considerable or higher, and there is Recent
Slab Avalanches then the danger is Considerable or
higher, else the danger is Low to Moderate.
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Figure 4.28: Classification tree for
Loose Dry. The tree was built with
the selected field observations and
the regional danger (DRF) as inputs.

4.1.1.1.12 Persistent Slab
The addition of the regional danger to the
classification tree for Persistent Slab (Figure 4.29)
drastically changed the structure of the tree,
reducing it to a univariate tree based on the
regional danger, with a criterion of ‘Considerable
Figure 4.29: Classification tree for
Persistent Slab. The tree was built with
the selected field observations and the
regional danger (DRF) as inputs.

or higher’.

4.1.1.1.13 Storm Slab
For Storm Slab (Figure 4.30) the regional danger
was selected as the first variable, with a criterion
of ‘Considerable or higher’. Whumpfs was
selected for the second tier, with ‘any’ as critical.
Precipitation Rate was selected for the third tier
with criterion of ‘S1+’ or ‘rain’, and HN24 was
selected for the fourth tier, with 0 cm as critical.

Figure 4.30: Classification tree for Storm
Slab. The tree was built with the selected
field observations and the regional
danger (DRF) as inputs.
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4.1.1.1.14 Wet
The addition of the regional danger allowed the tree for
Wet (Figure 4.31) to split, as the tree did not split with
only the field observations and stability test variables as
inputs. However, the tree is very simple, remaining
univariate with the regional danger as the only variable,
with a criterion of ‘Considerable or higher’.

Figure 4.31: Classification tree for
Wet. The tree was built with the
selected field observations and the
regional danger (DRF) as inputs.

4.1.1.1.15 Wind Slab
For Wind Slab (Figure 4.32) the regional
danger was selected as the first variable, with a
criterion of ‘Considerable or higher’. The
second tier selected Overnight Freeze After
Thaw, with ‘no thaw’, or ‘thaw and no
refreeze’ as the critical values.

Figure 4.32: Classification tree for Wind
Slab. The tree was built with the selected
field observations and the regional danger
(DRF) as inputs.

4.4.3.4 Classification trees with field observations, stability test variables, and regional danger
The fourth group of trees contained all of the available inputs: the field observations, stability
test variables, and the regional danger. These trees should be useful for experienced recreationists
who are performing stability tests in the field, as they contain all of the information available to
an experienced recreationist. However, none of the classification trees selected any stability test
126

variables, and all of the trees were the same as or similar to the trees in Section 4.4.3.3, which
used only the selected field observations and the regional danger. Therefore, the trees are not
repeated in this section.
4.4.3.5 Performance parameters
Table 4.10 shows the performance parameters for all the multivariate classification trees (from
Section 4.4.3). The tree for Loose Dry character, built from the field observations and regional
danger, had the highest PC with 91%. However, Loose Dry character also had the lowest base
rate at 12%, which had a large effect on the PC. The relatively low POD exemplifies this; since
the base rate was low there were not very many positive events to detect. Also this tree had one
of the highest FAR’s at 45%. The high FAR means that this tree yielded false positive
predictions frequently compared to the total number of positive predictions it made.

The tree for Wind Slab character built from the field observations and the regional danger had
the second highest PC with 86%, and also the highest TSS with 65%. This tree was quite
effective overall as it had a high POD (76%), and a relatively low POFD (11%) and FAR (29%).

The tree for Storm Slab built from the field observations and the regional danger had the highest
POD with 85%. This means that the tree was very accurate at predicting positive events relative
to the number of total positive events that occur. This led to a relatively high TSS at 54%;
however, not as high as some of the other trees because of the high POFD at 31%. This high
POFD speaks to the tendency of this tree to forecast false positive events with respect to the
number of non-events that occur. But this tree also had the lowest FAR at 22%, so overall this
was a very effective tree as well.

In general, the trees built from the field observations and the regional danger had the best
validation parameter results, especially for the PC and the TSS. The trees built from just the field
observations performed slightly poorer; however, the difference was not very pronounced for
just the POD, POFD, and FAR.
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Table 4.10: Performance parameters for multivariate classification trees in Figure 4.18 to
Figure 4.32. Trees were built using only the selected independent variables of the type
described in the table (field observations, stability test variables, regional danger, or a
combination thereof).
Avalanche

Ndays

character

Base

Performance parameters

rate

PC

TSS

POD

POFD

FAR

Field observations
All

425

0.35

0.74

0.39

0.53

0.14

0.33

Deep Slab

30

0.31

0.81

0.51

0.61

0.10

0.27

Persistent Slab

121

0.42

0.73

0.45

0.66

0.21

0.31

Storm Slab

82

0.56

0.68

0.34

0.76

0.43

0.30

Wind Slab

133

0.26

0.76

0.28

0.40

0.11

0.45

Field observations and stability test variables
All

425

0.35

0.74

0.40

0.56

0.16

0.35

Persistent Slab

121

0.42

0.71

0.38

0.55

0.17

0.30

Storm Slab

82

0.56

0.66

0.30

0.72

0.42

0.31

Field observations and regional danger
All

425

0.35

0.81

0.58

0.74

0.16

0.28

Deep Slab

30

0.31

0.81

0.54

0.67

0.12

0.29

Loose Dry

20

0.12

0.91

0.49

0.55

0.05

0.45

Persistent Slab

121

0.42

0.77

0.54

0.77

0.23

0.29

Storm Slab

82

0.56

0.78

0.54

0.85

0.31

0.22

Wet

21

0.22

0.84

0.48

0.56

0.08

0.33

Wind Slab

133

0.26

0.86

0.65

0.76

0.11

0.29
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5

DISCUSSION

The discussion is comprised of four sections: sources of variability and uncertainty in rating
avalanche danger, univariate analysis, multivariate analysis, and sources of error.
5.1

Sources of variability and uncertainty in rating avalanche danger

The difference in DLN ratings for the different local nowcasters was smaller than the difference
between the DRF and the DLN ratings, even when only considering the small bulletin regions.
Since the local nowcast ratings were performed independently and without consultation, the high
hit rate with themselves shows that the error present in making a local nowcast is low,
approximately 7% (Table 4.2). This suggests that the difference between DRF and DLN is due to
the scale differences and not because of general uncertainty in rating avalanche danger.
The DRF for the smaller bulletin regions (area < 500 km2) was not significantly closer to DLN
than for the larger regions (area > 500 km2) (Table 4.2). This is contrary to the findings of
Jamieson et al. (2008), who concluded that subdividing the bulletin regions into smaller, more
homogeneous areas would improve the accuracy of the regional danger ratings. The reason for
this is likely because the small regions had a greater overall conservative bias than the large
regions. The small regions dataset was almost entirely composed of days from Glacier National
Park (GNP), and it is possible that during the periods of this study the avalanche forecasters in
GNP were more conservative than the forecasters in other bulletin regions.

There was a positive bias found in the regional danger ratings (the bulletin ratings were too high
more often than too low) (Figure 4.2). As discussed in Jamieson et al. (2008), there are two
possible explanations for this: 1) regional forecasters (especially for the large forecast regions)
have a tendency to err on the side of caution and bump the rating to the higher level if they are
unsure, or if there are smaller sub regions within their region that have higher danger levels. 2)
There were many more Low DRF ratings than Extreme, and it is not possible to have a negative
difference for the Low ratings, which biases the results towards positive differences.
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The alpine band had higher hit rates and less spread in the data for both the difference between
the regional forecast and local nowcast, and the difference between the local nowcasts (Figure
4.1 to Figure 4.3). This suggests that the ratings for the alpine were the most accurate, and the TL
ratings were the least accurate. This is a peculiar result, as it was hypothesized that there would
be less agreement between DRF and DLN for the alpine than for the other vegetation bands. This is
due to the greater variability in the alpine, supported by findings of Grüenewald and Lehning
(2011), who found snow depth variability increased with increasing altitude. This hypothesis was
further reinforced by the fact that there were many days in the dataset where the local nowcasters
rated the alpine danger without having travelled in the alpine, whereas they almost always
travelled in the BTL and TL. The raters only rated the alpine when they felt confident in their
ratings, but this could still be a source of error. One explanation for the higher alpine accuracy is
that the danger in the alpine is generally higher than TL or BTL. Since the danger is rated Low
more frequently than it is rated either High or Extreme (Figure 3.4), this may cause the alpine
rating to often be a choice between Moderate or Considerable, whereas TL and BTL ratings may
be a choice between Low, Moderate, or Considerable.

The difference between DRF and DLN grouped by character shows the accuracy of the regional
danger for each character (Figure 4.4). The highest hit rate was for Loose Dry, and the lowest for
Deep Slab, therefore the regional bulletin is the most and least accurate under these conditions
respectively. Deep Slab also had greatest conservative bias where DRF > DLN than for any of the
other characters. This is not surprising due to the high consequence of Deep Slab avalanches. It
is interesting that Wet had the least conservative bias in the bulletin as it would have been
expected to have a relatively high bias due to the difficulty of rating danger under Wet
conditions. One important consideration is that the avalanche character identified in the local
nowcast may not be the same as the character identified in the regional forecast. In subsequent
research this problem could be solved by only considering days with the same character in the
local and regional ratings. Also, it would be interesting to verify the avalanche character between
the local nowcast and regional forecast.

130

5.2

Univariate analysis

This section divides the independent variable and avalanche character categories into four
categories to facilitate discussion, as listed below. ‘Selected’ refers to the univariate selection
process (Section 4.3.1).
•

Selected categories that were expected to correlate

•

Selected categories that were not-expected to correlate

•

Non-selected categories that were expected to correlate

•

Non-selected categories that were not expected to correlate

This is summarized in Table 5.1. The expected correlation is based on previous research and
general knowledge. There are two general reasons for unexpected correlations: 1) A significance
level of 0.05 was used, therefore statistically 1 in 20 selected correlations are due to sampling
error. 2) There is a high degree of multicollinearity; therefore, a relationship may be due to the
interrelation of several variables. There are also some specific reasons, and these are discussed
further in this section. In most cases the lack of an expected correlation is likely due to the
limited size of the dataset. This is especially true for observations that are rare occurrences, such
as Current Avalanches or Whumpfing / Shooting Cracks. However, there are also specific
reasons, which are discussed in this section.
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Table 5.1: Summary of the independent variable and avalanche character categories that
were either selected as expected (blue); unexpectedly selected (red); unexpectedly notselected (purple), or not-selected as expected (white). Independent variables that were not
selected for any characters were omitted. ‘Selected’ refers to the univariate selection
process (Section 4.3.1).

Deep

Loose

Persist

Storm

Wet

Wind

Regional bulletin, Ndays

All

Independent variable

425

30

20

121

82

21

133

425

30

20

121

82

21

133

DRF
Field Observations, Ndays
Current Loose Av’s
Current Slab Av’s
Recent Loose Av’s
Recent Slab Av’s
Whumpfs / Shooting Cracks
Cracking at Skis
Pin Wheeling
Tree Bombing
Hand Shear Resistance
Hand Shear Character
Hand Shear Depth
Surface Condition
Ski Penetration
Ski Pole Probe
Precipitation
Wind Speed
Blowing Snow
Wind Scouring
Wind Deposits
Sky Condition
HN24
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Table 5.1 (continued)
HN48
Ta Trend in Past 24 h
Ta Warming to 0 °C
Overnight Freeze After
Thaw
Compression Test, Ndays

295

24

16

85

56

13

61

93

7

1

26

34

6

15

CT
CTSD
Rutschblock Test, Ndays
RB
RBW
RBM
nRBW
nRBM
RBWD
RBMD
5.2.1

Strictly increasing monotonic or linear correlations

5.2.1.1 Regional danger
The high correlations between the regional and local danger ratings were expected. These
correlations were higher than for any other field observation or stability test variable, showing
that for any avalanche character, the best single piece of information available to a recreationist
was the regional danger. The highest correlation was for Loose Dry, which shows that there is
the least need to localize the avalanche danger for Loose Dry. The lowest correlation was for
Wet, and therefore this character type has the greatest need for localization of the danger.
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5.2.1.2 Loose Avalanches
Loose Avalanches were expected to correlate with local danger for Loose Dry and Wet
avalanche characters. This was found for Recent but not Current Loose Avalanches. A possible
explanation for this is that an observation bias may have existed for Current Loose Avalanches.
It is fairly easy to skier trigger loose avalanches under certain conditions (Loose Dry character),
but rare to observe currently occurring natural loose avalanches. The skier triggered loose
avalanches in this study were rarely greater than Size 1, because observers were only
comfortable skier triggering this size of avalanche; however, natural loose avalanches could be
larger. Thus there was a bias towards selecting very small Current Loose Avalanches with low
consequence, explaining the lack of correlation with danger. These results correspond with
Jamieson et al (2009a) who found that Current Loose Avalanches correlated with the regional
danger but not the local danger. Jamieson et al. (2009a) did not find a correlation between Recent
Loose Avalanches and local danger; however, the dataset in this study is larger and the division
by avalanche character may increase the significance of the correlations.

Recent Loose Avalanches correlated significantly for Deep Slab. There are two possible
explanations for this unexpected result: 1) A loose avalanche could trigger a Deep Slab
avalanche, and 2) Recent Loose Avalanches could be an indication of warming, which can be a
trigger of Deep Slab avalanches (Conlan et al., 2014).
5.2.1.3 Slab Avalanches
Current Slab Avalanches were expected to correlate with local danger for the slab avalanche
characters, which were Deep Slab, Persistent Slab, Storm Slab, Wet, and Wind Slab; however, it
only correlated for Persistent and Wind Slab. Again, there is the potential for an observation bias,
as terrain conducive to larger skier-triggered slab avalanches was avoided as much as possible
for safety reasons. For Recent Slab Avalanches, the correlation for the slab characters was in line
with Jamieson et al. (2009a). The critical time period for Wet is likely less than for the other
character types. This may show that Recent Slab Avalanches need to be more current (‘< 24 h’)
for Wet than for the other characters, perhaps because Wet avalanches are only likely for short
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periods. Oddly, Recent Slab Avalanches also correlated for Loose Dry character. It is possible
that Recent Slab Avalanches are such a strong indication of danger that that they raised the DLN
rating on some days when the main concern was not slab avalanches.
5.2.1.4 Whumpfs / Shooting Cracks
Whumpfing / Shooting Cracks were expected to correlate with local danger for characters
involving a persistent weak layer, which are Deep and Persistent Slab. Both of these correlations
were observed, which agrees with Jamieson et al. (2009a) and Schweizer (2003), who correlated
Whumpfs with danger. The critical number of Whumpfs / Shooting Cracks was higher for
Persistent Slab than for Deep Slab, Storm Slab, or Wind Slab. It is possible that Whumpfs /
Shooting Cracks are more typical under Persistent Slab character, and therefore it takes more
Whumpfs / Shooting Cracks to demonstrate elevated avalanche danger.

Whumpfing / Shooting Cracks were significantly correlated with DLN for Storm and Wind Slab
characters. These correlations were unexpected, because Whumpfing / Shooting Cracks are a
sign of deeper instability related to the collapse of a persistent weak layer, which is not a factor
in either Storm or Wind Slab characters. There are several possible causes of these correlations:
1) A persistent weak layer could underlie a Storm or Wind Slab, and cause the Whumpfs /
Shooting Cracks. This is a definition issue in the conceptual model, as it can be difficult to
determine when a character should change from storm or Wind Slab to Persistent Slab (Klassen
and Haegeli, 2013). 2) Whumpfing / Shooting Cracks are such a strong sign of heightened
danger that even when a different character dominated the day the occurrence of a whumpf still
raised the DLN rating. 3) Observation error from Cracking at the Skis being mistakenly recorded
as shooting cracks.
5.2.1.5 Wind factors
There are two types of wind observations, those that indicate wind slab exist, and those that
indicate wind slabs are forming. Signs of the former are Cracking at the Skis, Wind Scouring,
and Wind Deposits. All three were expected to correlate with local danger for Wind Slab
character; however, only Wind Deposits correlated significantly. Jamieson et al. (2009a) did not
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find a correlation for Wind Scouring with the local danger; however, they did find a correlation
for Cracking at the Skis and Wind Deposits. There are several possible explanations for these
mixed results: 1) Wind Slab character is known to be highly variable, in terms of location,
geographic spread, and sensitivity to trigger, as exemplified in Figure 5.1, where Wind Slab has
the highest proportion of isolated geographic spread. 2) Wind Slabs generally exist at TL or
above, and often only in the alpine; however, on many field days our field teams did not travel
into the alpine, so even though they knew a Wind Slab character existed perhaps they were
unable to observe indications of this character.
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Figure 5.1: Geographic spread of the avalanche problems for all the days in the field
observation dataset.
Signs of a currently forming wind slab are Wind Speed, Blowing Snow, and Tree Bombing;
however, of these only Tree Bombing correlated. Again there is mixed agreement with Jamieson
et al. (2009a), who found a correlation with DLN for Blowing Snow but not Wind Speed.
Blowing Snow and Wind Speed correlated significantly with DLN for Deep and Storm Slab
character. The correlation for Storm Slab is likely due to the relationship between storms and
wind. The correlation for Deep Slab could be an indication of the importance of additional load
for triggering a dormant deep persistent slab, in this case wind loading (Conlan et al., 2014).
Blowing Snow showed a non-monotonic trend with Persistent Slab, supporting this conclusion.
The critical location of Blowing Snow for both Deep and Persistent Slab was ‘anywhere’,
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demonstrating that Blowing Snow ‘within 48 h’ indicates heightened danger when a persistent
problem exists in the snowpack. Loose Dry character had a significant negative correlation
between DLN and Wind Speed, which is not unexpected as Loose Dry conditions are less likely
with high winds, which cause dense deposits.
5.2.1.6 Warming factors
The warming factors were Pin Wheeling, Ta Trend in 24 h, Ta Warming to 0 °C, Overnight
Freeze After Thaw, and Tree Bombing. All five were expected to correlate for Wet character;
however, correlations with DLN were only observed for Pin Wheeling and Ta Trend in 24 h.
Jamieson et al. (2009a) did not find any correlation for Pin Wheeling, which shows that
partitioning the data by avalanche character can bring out character specific correlations.

Several warming factors correlated for either Persistent or Deep Slab. This could be an indication
of the potential for warming to release persistent weak layers (Conlan et al., 2014). Pin Wheeling
also correlated significantly with Loose Dry character. The strong trend was not expected, but it
was not surprising either, as Pin Wheeling is a sign of surface warming, which decreases the
stiffness and strength of the snowpack, especially above -6 °C (Schweizer, 1998). Also, it could
be the case that Pin Wheeling was occurring on the sunny slopes but Loose Dry character still
existed on shady slopes.

There were significant negative correlations between DLN and the warming factors for many of
the characters. This is likely because of the negative relationship between the warming factors
and snowfall. For the same reason, the correlations for Storm and Wind Slab for Overnight
Freeze After Thaw were likely because ‘no thaw’ was ranked the highest, which is an indication
of colder conditions.
5.2.1.7 Hand Shear Variables
The Hand Shear Variables were expected to correlate with DLN the best for Persistent Slab
because of the relationship between fracture character and persistent grain types (Schweizer and
Jamieson, 2001; van Herwijnen and Jamieson, 2007a), and this was observed. The correlations
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for Storm Slab were also expected; however, the expected correlations for Wind Slab were not
observed. The lack of correlation for Wind Slab is possibly due to the isolated geographic spread
of the wind slab problem (Figure 5.1), as perhaps the hand shear tests were not always able to
target the wind slab. The critical values for Hand Shear Resistance for Persistent Slab were
‘moderate’ or ‘easy’, whereas only ‘easy’ was critical for Storm Slab. This shows an increased
sensitivity of the hand shear test under Persistent Slab conditions. The criterion of Hand Shear
Depth for Persistent Slab was 18 cm or greater, compared to 27 cm or greater for all characters
(All), again showing higher sensitivity. Correlations for Deep Slab, Loose Dry, and Wet were not
expected. Deep Slab instability is deeper than the hand shear test, Loose Dry snow rarely has
enough cohesion to create a planar release or the hand just pulls through the loose snow with ‘no
result’, and the effectiveness of snowpack tests on a wet snowpack is not easily interpreted
(Techel and Pielmeier, 2009).
5.2.1.8 Ski Penetration
Ski Penetration correlated significantly with DLN for all characters (All), Persistent Slab, Storm
Slab, and Wind Slab. These correlations were expected, as Ski Penetration is a partial measure of
new snowfall, although it also incorporates settlement and Surface Condition. These findings
correspond with Jamieson et al. (2009a), who found a correlation for Ski Penetration with both
DLN and DRF. The criterion for Ski Penetration was lowest for Persistent Slab, higher for all
characters (All), and the highest for Storm Slab. This meant more Ski Penetration was required
to increase danger for Storm Slab than for Persistent Slab. This could be because the Storm Slab
generally involved newer, less dense snow, permitting greater Ski Penetration. Conversely, since
Persistent Slabs have persisted in the snowpack for a period of time there is a greater likelihood
that the surface snow has settled, reducing the Ski Penetration. This may also show the higher
relative consequence of an avalanche involving the denser Persistent Slab than the less dense
Storm Slab, therefore requiring deeper penetration of the Storm Slab to become critical.
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5.2.1.9 Precipitation
Precipitation correlated significantly with local danger for all characters (All), Loose Dry, and
Storm Slab as expected because snowfall increases instability in the new snow. The criteria for
Precipitation were ‘S2+’, or ‘rain’ for all three categories. This is similar to the 2.5 cm / hour
suggested by McClung and Schaerer (2006, p201), but notably less than Perla’s (1970) value of
3.8 cm / hour.
5.2.1.10 Sky Condition
Sky Condition correlated significantly with DLN for all characters (All), Loose Dry, Storm Slab,
and Wind Slab. This is likely due to the relationship between cloud cover and snowfall. These
results reinforce the results for Precipitation, as well as the results from Jamieson et al. (2009a),
who found correlation between Sky Condition and DLN for all characters (All).
5.2.1.11 New Snow
HN24 and HN48 correlated with local danger for every character except Wet. This result was
exactly as expected, as new snowfall is a strong sign of increased avalanche danger, except when
the danger is due to warming factors (McClung and Schaerer, 200 6, p 198). The criterion for
HN24 for Persistent Slab was higher than the other characters. This could be because it requires
more snow to create avalanche activity under Persistent Slab conditions than Storm Slab, Wind
Slab, or Loose Dry, due to the ‘stubborn’ nature of the Persistent Slab. However, this result is
opposite for Ski Penetration; less Ski Penetration was required to elevate the danger for
Persistent Slab than Storm Slab. This inconsistency could be a due to the difference in slab
density for Persistent Slab and Storm Slab, which affects the relative depth of HN24 and Ski
Penetration. The criterion for HN24 for Storm and Wind Slab was consistent at 7 cm or greater;
however, this value was much less than from other studies (McClung and Schaerer, 200 6, p 199;
Davies et al., 1999). The criterion for HN24 for Wind Slab was lower than most other characters,
likely because wind transports the new snow, greatly increasing the depth in specific areas. The
criterion for HN48 was generally higher than for HN24, as expected because the instability has
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more time to gain strength. Inexplicably, the criterion for HN48 for Persistent Slab was lower
than the HN24 value.
5.2.1.12 Stability test variables
In general, most of the significant SR correlations between the stability test variables and DLN
were low, supporting the conclusion of Bakermans et al. (2010) who found that a single stability
test has limited value in directly assessing the avalanche danger. For all characters (All), all of
the stability test variables correlated, except for the lowest sudden CT score (CTS), and the
number of sudden CT fractures (nCTS). The criterion for the lowest CT score (CT) was 14 or
less, which is in the middle of the moderate tap range. It corresponds with the results of van
Herwijnen and Jamieson (2007a) who found that a CT score of 13 or less had an increased
frequency of skier triggering. The criterion for the lowest RB score (RB) and lowest whole block
RB score were both 4 or less. This corresponds with the findings of Schweizer (2002) who found
that RB scores of 6 or 7 signified stability, and Schweizer et al. (2008b) who found that RB
values of 4 or less indicated unstable conditions. The same criterion for all release types and
whole block release types shows that for this dataset there was not a large difference in the
interpretation of the RB score for different release types. The criterion of whole block releases
(nRBW) and whole or most-of-block releases (nRBM) were both 1. However, there were very
few instances of multi-level RB releases in a single test, causing these variables act as binary
variables more than integer variables. This also affects the depth of the deepest whole block
(RBWD) and the depth of the deepest whole or most-of-block (RBMD) variables, as the
‘deepest’ release was often the only release. The criterion for the deepest whole block RB release
(RBWD) was 11 cm or greater, and for whole or most-of-block (RBMD) it was 27 cm or greater.
Shallower depths for whole block releases correspond to the increased danger associated with
whole block releases. These depths are similar to the findings of Schweizer et al. (2008b) who
found a RB depth criterion of 18 cm or greater.

The lack of correlations for Deep Slab, Wet, or Wind Slab were for the same reasons as listed for
the Hand Shear Variables. The lowest CT score (CT) correlated for Loose Dry. This was
expected as non-sudden fractures are associated with non-persistent grain types (van Herwijnen
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and Jamieson, 2007a). The correlation for Persistent Slab between DLN and the depth of the
deepest sudden CT score (CTSD) supports the relationship between fracture character and
persistent grain types (van Herwijnen and Jamieson, 2007a). The criterion was 29 cm or greater,
which corresponds to Schweizer et al.’s (2008b) criterion of 18 cm or greater. The lack of
correlation for Persistent Slab between the other stability test variables involving a measure of
fracture character and DLN was unexpected; however, the KW test was significant for both.

For Storm Slab 6 of the 7 RB variables correlated with the local danger. The criteria for the
lowest RB score (RB), the lowest whole block RB score (RBW), and the lowest whole or mostof-block RB score (RBM) all match the criteria for all characters (All). The criterion for the
depth of the deepest whole block release (RBWD) was 40 cm or greater, which was much deeper
than the criterion for all characters (All), or the results of Schweizer et al. (2008b). It was also
deeper than the criterion for the depth of the deepest whole or most-of-block release (RBMD) of
14 cm or greater. The depth of the deepest whole block release (RBWD) should be less than for
whole or most-of-block (RBMD) as the danger is more sensitive to whole block releases. The
lack of correlation between DLN and any of the CT test variables for Storm Slab was surprising,
but not unfounded. The larger area (support) of the RB test compared to the CT test (3 m2
compared to 0.09 m2) and the loading steps of the RB test that more similarly resemble the load
of a skier make the RB test a better indicator of skier triggering.
5.2.2

Non-monotonic trend, non-linear trend, or categorical

5.2.2.1 Blowing Snow
The non-monotonic trend between Blowing Snow and Persistent Slab corresponds with the idea
that ‘moderate’ wind speed is very effective at transporting snow (Hartman, 1985). The fact that
this relationship only appeared for Persistent Slab and notably not for Wind Slab is peculiar.
However, there was also a correlation for Deep Slab, so these correlations may indicate the
potential for wind loading to trigger persistent weak layers (Conlan et al., 2014).
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5.2.2.2 Ta Trend in 24 h
Ta trend in 24 h exhibited a non-linear relationship for all characters (All), Loose Dry, and Storm
Slab. Ta below 0 °C is required for snowfall, and also stiffness and brittleness increases with
decreasing temperature. Conversely, warmer air temperatures are associated with warming and
also increased danger (McClung and Schaerer, 200 6, p185). For all characters (All) the colder
trend was more significant and a ‘decrease of 10 °C or more’ was critical; however, for Loose
Dry and Storm Slab an ‘increase of 1 °C or more’ was critical. For all three of these characters
no change in the temperature since the previous day was associated with the lowest danger, and a
change in either direction increased the danger. This aligns well with LaChapelle’s famous quote
“Any rapid change in the mechanical or thermal energy state of the snowpack is a precursor to
avalanching” (Tremper et al., 1993).
5.2.2.3 Surface Condition
There are Surface Condition categories related to all characters except Deep Slab likely because
the temporal scale of the instability is much longer than the temporal scale of the Surface
Condition. Correlations were found for (All), Persistent Slab, Storm Slab, and Wind Slab.
‘Settled’ was selected as critical for Persistent Slab, which was expected because snow resting on
the surface for long periods of time will become settled. For Storm Slab, two of the critical
conditions, ‘dry fresh’ and ‘wind stiff’, were expected because of their association with snowfall
and wind loading. For Wind Slab ‘dry fresh’ was expected because it is an indication of
snowfall. Wet correlations were expected with ‘sticky’ and ‘moist / wet coarse’ because they are
both signs of warming; however, no correlations were observed. Overall when looking at all of
the characters there was a general trend of ‘wind stiff’ and ‘dry fresh’ being associated with
higher danger, and this was likely because of their association with new snowfall and wind.
Jamieson et al. (2009a) did not find any correlation between Surface Condition and local danger,
which shows the importance of considering avalanche character.
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5.2.2.4 Ski Pole Probe
The categorical variable Ski Pole Probe correlated with DLN for Storm and Wind Slab characters.
Both of these correlations were expected, as Ski Pole Probe can detect features of these
characters. For both Storm Slab and Wind Slab ‘obvious weak layer’ was associated with the
highest danger. It is surprising that this was not observed for Persistent Slab; however it is
possible that persistent weak layers are often too thin to be observed with the Ski Pole Probe. For
Storm Slab ‘hard over soft’ was associated with lower danger, probably because there was less
instability in the settled storm snow even if there was greater overall instability in the less dense
snow underlying the settled snow. This caused all of the other categories to be selected as critical
(‘increasing resistance’, ‘buried crust’, and ‘obvious weak layer’); however, the true critical
category is ‘obvious weak layer’. For Wind Slab ‘obvious crust’ was related to the lowest
danger, which was reasonable because of the decrease in stress penetration due to the crust.
However, this relationship depends on the depth of the crust, as a deeper crust can increase
danger because it forms a good bed surface for sliding, and can promote facet growth around the
crust (Colbeck, 1991). ‘Hard over soft’ was expected to correlate for Wind Slab because it is an
indication of the presence of Wind Slab. This category is on the high side of the box plot (Figure
4.11) but not high enough to be significant; perhaps it would become significant with more
observations. Jamieson et al. (2009a) did not find any correlation for Ski Pole Probe.
5.2.2.5 Stability test variables
A non-linear relationship was also observed between the depth of the deepest sudden CT fracture
(CTSD) and all characters (All) (Figure 4.15). The results suggest the danger is lower at shallow
depths, reaches a maximum between 29 cm and 107 cm, and then decreases again. This
corresponds very well with the results of Schweizer et al. (2008b) who found that the criterion
for failure depth for the RB test was between 18 and 94 cm.
5.2.3

Avalanche characters with the most and least indications of danger

The avalanche characters that correlated with the most field observations (Storm, Persistent, and
Wind Slab, in that order) are the avalanche characters expected to have the most field
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observations available to provide information about the avalanche danger. One interpretation of
this is that recreationists can localize the danger most easily for Storm and Persistent Slab.
Conversely, Wet had the least field observations selected, which would suggest it is the most
difficult character for recreationists to localize the danger. This is unfortunate, because Wet also
had the lowest correlation between the regional and local danger, therefore it is the character type
with the greatest need for localization of the danger.

This idea can be extended to avalanche forecasting in general. Since avalanche forecasters have
the knowledge and experience to perform stability tests and interpret the results, the stability test
variables were added to the count of independent variables selected. This pushed Storm Slab
well into the lead with the most variables significantly correlated, with Persistent Slab and Wind
Slab with the second and third most. Perhaps these avalanche characters are the easiest
characters to forecast accurately because of the abundance of information. By the same process
Wet is still the hardest character to forecast for. This would be an interesting topic for further
investigation, perhaps through a survey of avalanche forecasters.
5.2.4

General and specific observations

Table 5.2 lists the field observations that are applicable under all avalanche characters (general),
and the field observations are specific to certain characters (specific).
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Table 5.2: General and specific observations. listed by the avalanche character they are
related to.
General field observations: Slab Avalanches, New Snowfall, Tree Bombing
Specific observations
Avalanche character

Field observation

Deep Slab

Recent Loose Avalanches, Recent Slab Avalanches, Pin Wheeling,
Wind Speed, Blowing Snow, Wind Deposits

Loose Dry

Recent Loose Avalanches, Pin Wheeling, Wind Scouring, Ta Trend in
24 h, lowest CT score (CT)

Persistent Slab

Hand Shear Character, Wind Deposits

Storm Slab

Wind Speed, Blowing Snow, Ta Trend in 24 h

Wet

Recent Loose Avalanches, Pin Wheeling, Ta Trend in 24 h

Wind Slab

None

To determine the general observations two approaches were used. The first approach was to look
at the observations that correlated significantly for the largest number of avalanche characters,
which are the observations that are useful under the largest range of conditions. These
observations, in order of their generality, were Recent Slab Avalanches; HN24 and HN48;
Whumpfing / Shooting Cracks; and Tree Bombing. The second approach was to look at the
observations that have significant SR correlations with DLN that were nearly as high for all
characters (All) as for each individual character, which shows the observations that correlate just
as strong without specifying the avalanche character. These observations were Current Slab
Avalanches, Tree Bombing, Hand Shear Depth, Ski Penetration, HN24, and HN48. Both
approaches selected HN24, HN48, and Tree Bombing. Also, the first approach selected Recent
Slab Avalanches and the second approach selected Current Slab Avalanches. Therefore, Slab
Avalanches, New Snowfall, and Tree Bombing are the most widely applicable observations. All
of these observations are reasonable choices; Slab Avalanches are important for all characters
except Loose Dry. New snowfall is known to be associated with increased danger for all
avalanche characters except Wet. Tree bombs can be caused by either wind or warming, plus
they have a link to new snowfall.
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The opposite of these general observations are the observations that correlated significantly but
only with specific characters. SR R values that were much higher for specific characters than for
all characters (All) are an indication of this. For this selection an arbitrary filter of SR R values
that were twice as strong for specific characters as for all characters (All) was used, and the
results are shown in Table 5.2. If these correlations were expected, or if there is a logical reason
as to why the unexpected correlations occurred then these observations are useful to
recreationists to help localize the avalanche danger under the specific avalanche characters listed.
It is interesting that most of the stability test variables correlated similarly for all characters (All)
as they did for specific characters, suggesting that the stability test variables are generally
applicable.
5.2.5

An alternate dependent variable (DRF – DLN)

Changing the target metric from DLN to the difference between DRF and DLN is interesting
because these are the occasions where the regional danger was known to local nowcaster, but
they rated the local danger differently. This section discusses some of the more noteworthy
results from this analysis.

Table 5.3 lists the independent variable and avalanche character categories that had significant
correlations between the observations and DRF – DLN with the highest magnitudes (SR R > 0.3).
These categories may be instances where the regional danger is too low and needs to be
increased. Some of these categories can be linked to existing knowledge and are therefore
important for localizing the danger, and some cannot. For Deep Slab avalanches Cracking at the
Skis and Overnight Freeze After Thaw further demonstrate the importance of wind loading and
warming as a potential triggers for deep persistent weak layers (Conlan et al., 2014). For Loose
Dry Precipitation, Sky Condition, and HN24 are all related to snowfall, a cause of Loose Dry
instability. It is interesting that the RB variables were selected for Persistent Slab here, as they
were expected for correlate for Persistent Slab but did not with DLN as the dependent variable.
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Table 5.3: Independent variable and avalanche character categories that had significant
correlations between the observations and DRF – DLN with the highest magnitudes (SR R >
0.3).
Avalanche character

Field observation

Deep Slab

Cracking at the Skis, Hand Shear Resistance, Overnight Freeze After
Thaw

Loose Dry

Current Slab Avalanches, Precipitation, Sky Condition, HN24

Persistent Slab

RB, RBW, nRBW, RBWD

Storm Slab

RB

Wet

Blowing Snow, Wind Scouring, CTS, nCTS, CTSD

Wind Slab

None

Table 5.4 lists the independent variable and avalanche character categories that had significant
correlations between the observations and DRF – DLN with the highest magnitudes (SR R > 0.3),
but with the opposite sign as expected. Observations of these variables under the specific
avalanche character listed may have actually indicated occasions where the regional danger was
too high and needed to be decreased; however, again this needs to be supported by prior
knowledge. The selection of Loose Dry and Current and Recent Loose Avalanches is interesting.
There are two possible explanations for this: 1) the selection bias for Current Loose Avalanches
towards very small avalanches, as previously discussed in Section 5.2.1.2. 2) Loose Avalanches
may not be a very good indication of danger because of their lower consequence. Pin Wheeling,
Blowing Snow, and Wind Scouring all indicate the potential for slab formation, therefore
decreasing Loose Dry conditions, so these negative correlations are expected. The selection of
correlation between DRF – DLN and the wind observations Cracking at the Skis and Blowing
Snow for Loose Dry were expected, as both of these observations promote slab formation,
reducing the loose character of the snow. The inverse correlation between DRF – DLN and Current
Loose Avalanches for Wind Slab is reasonable for the opposite reason; Loose Avalanches
indicates poor cohesion of the Wind Slab.
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Table 5.4: Independent variable and avalanche character categories that had significant
correlations between the observations and DRF – DLN with the highest magnitudes (SR R >
0.3), but with the sign opposite to expected.
Avalanche character

Field observation

Deep Slab

Whumpfing / Shooting Cracks, Precipitation, Ta Trend in 24 h, Ta
Warming to 0 °C, CTS, nCTS

Loose Dry

Current Loose Avalanches, Recent Loose Avalanches, Pin Wheeling,
Blowing Snow, Wind Scouring

Persistent Slab

None

Storm Slab

None

Wet

None

Wind Slab

RBW, RBM, nRBW

5.2.6

Comparing the information classes

The Class III variables had relatively more significant correlations than Class I and II variables.
This was unexpected, as Class III information has higher entropy than Class I or II (LaChapelle,
1980), and therefore should have more variability, leading to a lower frequency of significance.
This could be because Class III information: 1) has the largest process scale, 2) is the easiest to
observe. Also, perhaps recreationists do not possess the skill required for Class II observations.

Comparison of the magnitudes of the correlation coefficient showed that Class II information
had the highest magnitude; however, the sample size was very small so this result was essentially
ignored. Class I and III information had very similar distributions of correlation magnitude. The
sample sizes for both of these classes were similar and adequately large (approximately 40),
lending more confidence to this result. However, this result is still unexpected, as Class I
information was expected to have higher correlations than Class III (LaChapelle, 1980). This
unusual result warranted further investigation into which variables were reducing the median for
the Class I observations. Lower correlations were generally for Current Slab Avalanches,
Whumpfs, and the Hand Shear Variables. There is a case for removing Current Slab Avalanches
from this comparison because of the limited number of positive observations, which unduly
reduced the correlation strength. Also, the Hand Shear test has limitations, such as its effective
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depth, so there could also be a case for removing these. If these observations were removed the
median correlation coefficient for the Class I information rises to 0.3, noticeably higher than
Class III, as would be expected. There is also the case to be made that many of the Class I
observations are specific to certain avalanche characters, and therefore it is not fair to include all
of the selected correlations in the comparison; only expected correlations should be counted.
Conversely, Class III information is mainly weather observations, which may be more applicable
to all avalanche characters.
5.2.7

Comparing the pre decision point and whole day field observations

All of the field observations that were significant for the whole day (the combined pre and post
decision point observations, as described in Section 3.1.2) were also significant for only the pre
decision point observation period, and the magnitudes of the correlations were similar. This
indicates that there is a lot of value in the pre decision point observations. This is encouraging as
it shows that recreationist may not need to be exposed to avalanche terrain to gather relevant
information for localizing the danger.

However, there are several sources of error in this comparison. In order to have a fair comparison
of observations taken before entering hazardous avalanche terrain with those taken after entering
more hazardous terrain, the observations from each of these groups need to be carefully
separated. While this was the aim of this part of the study, it was not always the case in practice.
The beginning of the day generally started below tree line in low frequency avalanche terrain, as
is the case with many backcountry routes in Western Canada. However, before reaching the
decision point the observers often had to cross one or more avalanche paths where they were
exposed to avalanche terrain. During persistent and deep persistent slab character, or even storm
slab, this could be the most hazardous parts of the day. However, these observations were still
considered to be pre the decision point, because the decision point, which in practice was
generally the turn around point, had not been reached. This caused observations made in
avalanche terrain to be categorized as pre decision point observations. The reverse scenario also
occurred. The post decision point observations should be observations from more hazardous
avalanche terrain; however, in practice these observations were often taken from the same terrain
149

as covered before the decision point, as the team would simply turn back and ski down the skin
track they had ascended. This could be because they decided not to enter more hazardous terrain,
or often simply because this was the best descent option.

Another source of error is the length of time the observers had to make each set of observations.
The pre decision point observations were usually made while ascending on skins, over the course
of several hours, whereas the post decision point observations were often made while descending
on skis, over the course of less than 30 minutes. Keeping the natural phenomena constant, this
time difference allowed the observers to make many more observations before the decision point
than after. However, this source of error is replicated by actual recreationists who generally
travel through terrain in the same manner.

The inconsistencies between these groups were exacerbated in a small subset of the days when
the field teams used helicopters to access the terrain. In these cases the location of the decision
point was vague, as the team began the day at the top of their route, generally already close to the
most hazardous avalanche terrain they were exposed to all day. Also, the time inconsistencies did
not exist on these days, as the helicopter flights were usually short, and before and after decision
point sections could involve intermittent use of skins and skis.

These errors render the results for this section of the study difficult to interpret. It is not possible
determine how many of the days were affected, or how significant this affect was. It would be
helpful to have had a box that the observers could check stating whether or not they entered
avalanche terrain during that section of the day, allowing the observations to be grouped by the
nature of the terrain.
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5.3

Multivariate analysis

This section is comprised of two parts, multicollinearity, and multivariate classification trees.
5.3.1

Multicollinearity

The correlation matrix showed many significant correlations between the field observations and
stability test variables. This was expected, as many of the variables were closely related, and tend
to happen at similar times.

The correlations between DRF and the field observations and stability test variables can be
compared to the correlations with DLN for all characters (All). Considering only the SR test, DLN
was significant for 20 of the field observations and 9 of the stability test variables. DRF was
significant for only 14 of the field observations but for the same 9 stability test variables as DLN.
The field observations that correlated with DLN but not DRF were Recent Loose Avalanches,
Cracking at the Skis, Pin Wheeling, Wind Deposits, Hand Shear Character, Ta Trend in 24 h, and
Overnight Freeze After Thaw. This indicated that these variables were more strongly related to
the local nowcast than the regional forecast. There are two possible reasons for this, either the 1)
spatial scale, or 2) temporal scale, of the regional forecast is too large to capture these
observations. Three of the observations were indicators of warming (Pin Wheeling, Ta Trend in
24 h, and Overnight Freeze After Thaw), and it is likely that the second reason applies for these
observations, as warming and refreezing can occur over a very short time period. Two of the
observations were indicators of wind (Wind Deposits and Cracking at the Skis) and it is likely
that the first reason applies for these observations, as Wind Slab formation can be a very
localized phenomenon, occurring on one slope and not another. Hand Shear Character can be an
indication of Wind Slab, but it can be an indication of many other character types as well. It is
possible that a combination both reasons caused Hand Shear Character to correlate only with DLN
and not DRF.

The only field observation that was significant for DRF but not DLN was Wind Scouring. It is
peculiar that two wind observations (Cracking at the Skis and Wind Deposits) were significant
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for only the local danger, and another wind observation was significant for only the regional
danger. This is another indication of the unpredictability of the wind factors in this study. The
fact that all of the stability test variables that correlated with the local danger also correlated with
the regional danger shows that the stability test results were less sensitive to either the spatial or
temporal scale differences than the field observations that only correlated with the local danger.
It is generally understood that stability tests are sensitive to differences in spatial scale (Stewart,
2002; Campbell, 2004), so it is suspected that insensitivity to temporal differences was
influential.
5.3.2

Multivariate classification trees

This section discusses the results of the multivariate classification trees. There were four trees
built for each avalanche character, using four different groups of input variables: 1) field
observations, 2) field observations and stability test variables, 3) field observations and regional
danger, 4) field observations, stability test variables, and regional danger. The fourth group did
not produce any unique trees, therefore they are not discussed. The Results Section 4.4.3 is
subdivided first by these groups, then by avalanche character. This section is subdivided in the
opposite way, first by avalanche character, then by the groups of input variables. This way the
results of the trees for each character can be compared. The end of this section examines general
trends observed for all of the avalanche characters and groups of input variables.
5.3.2.1 All characters (All)
Field observations only
The tree for all characters (All) built from only the field observations was quite complex,
containing 6 tiers (Figure 4.18). The selection of HN48 as the first variable corresponded with
the univariate analysis, as the univariate tree for HN48 had the highest PC and TSS. Also, the
criterion of 19 cm or greater was the same for the univariate tree. Moving through the tree, if the
HN48 was not critical then the next most important factor was Recent Slab Avalanches. In the
univariate trees Recent Slab Avalanches had less skill than HN24 and Ski Penetration, but it is
likely that these observations were too strongly correlated with HN48 to be selected next. The
critical time range for Recent Slab Avalanches ‘< 24 h’ was not the same as the univariate
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analysis, which was ‘< 48 h’. This could be because HN48 was already a 48-hour measure.
Continuing down the left branch, if Recent Slab Avalanches was not critical the next tier was the
Ta Trend in 24 h with a critical ‘decrease of less than 10 °C’. This is a very high value for a
temperature decrease in 24 hours, and it was rare for this criterion to be met. Therefore, this
branch classified most observations into the elevated danger category. For the few days that
exhibited a drastic temperature drop, the presence of high Ski Penetration, Whumpfing, and a
Surface Condition of ‘dry fresh’ or ‘wind stiff’ were required to elevate the danger. These days
had large amounts of new snow, or large wind loading.

Travelling back up to the second tier and taking the middle branch, when Recent Slab
Avalanches were present, the next observation was Wind Deposits, with a critical value of
‘none’, or ‘> 24 h’. This value appears counterintuitive; however, this node comes after Recent
Slab Avalanches, therefore it selected Recent Slab Avalanches that were not wind slabs.

Finally, starting at the first tier and taking the right branch, when HN48 is critical, the second
observation selected was Precipitation. The univariate tree for Precipitation performed well, with
a high PC, and the multivariate tree selected the same criterion of ‘S2+’ or ‘rain’. If Precipitation
was not critical then the Surface Condition was examined, and any ‘dry fresh’ days were
categorized as elevated danger. Since at this juncture there was not much Precipitation, but there
was a lot of snow ‘< 48 h old’, this branch was selecting days with signs of a surficial instability,
and not signs where the new snow had likely been stabilized, such as signs of settling, wind, or
warming.

Field observations and stability test variables
The tree for all characters (All) built from the field observations and the stability test variables
(Figure 4.23) was nearly identical to the tree for only the field observations, the only difference
being the right most branch. If HN48 was critical then the second variable selected was the depth
of the deepest whole block RB release (RBWD). This variable had a relatively poorly
performing univariate tree, with a PC of only 70%, and a TSS of 27%. However, the criterion in
the multivariate tree was 34 cm or deeper, whereas the univariate criterion was only 11 cm or
deeper. Therefore this variable was being used by the tree to separate days that had deeper
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instabilities, which makes sense because these days had already been filtered to days with a lot of
new snow, so it was unlikely there will be shallow instabilities of high consequence. The
selection of a variable involving only whole block fracture character agrees with the findings of
Schweizer et al. (2008b), who found that whole block releases correlated much better than mostof-block with skier triggering. If there was no deep whole block failure then the Ski Penetration
was selected. This likely selected days that had not experienced much settlement of the recent
storm snow, and still exhibited a Loose Dry or Storm Slab character. This was similar to the field
observation only tree. The addition of the stability test variable to the tree did not create a large
improvement in the tree, with the PC remaining unchanged and the TSS only increasing by 1%.

Field observations and regional danger
The tree for all characters (All) built from the field observations and regional danger (Figure
4.26) was very different from the tree built from just field observations. This shows the
importance of the regional danger for the all characters (All). This tree performed much better
than the tree with only field observation inputs, achieving a 7% increase in PC, a 19% increase in
TSS, and no substantial increases in the POFD or FAR.

In this tree the regional danger was selected as the first variable, with the criterion matching the
break in the binary local danger (Considerable or higher). This tree could only downgrade the
regional danger; there was no branch that upgraded the danger. This is because of the large
number of times when the regional danger was rated higher than the local danger. To determine
whether the danger should be downgraded, the tree checked if the Ski Penetration was 28 cm or
greater. This step maintained elevated danger on days when there was lots of unsettled snow, a
sign of storm instability, or possibly a lot of recent snow that had increased load on a persistent
instability. Next the regional danger was checked again, and if it was High or greater then the
danger remained elevated. This was the only case where the regional danger had a criterion
different then the break point used to separate the binary local danger, and it was to prevent a
two-step decrease in the danger. If the regional danger was ‘Considerable’ then there were two
ways for the danger to be decreased: 1) if Ta Warming to 0 °C was ‘no’ and there were ‘no’ Pin
Wheeling slopes, or 2) if Ta Warming to 0 °C was ‘yes’ and the Surface Condition was ‘moist /
wet coarse’.
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5.3.2.2 Deep Slab
Field observations only
The classification tree for Deep Slab avalanches built from only field observations (Figure 4.19)
had three levels. Pin Wheeling was the first observation selected, which corresponded with the
univariate analysis as it had the highest SR correlation for any of the field observations or
stability test variables for Deep Slab character. The second observation selected was HN48 with
a criterion of 9 cm or greater, lower than the 16 cm or greater for the univariate tree. This lower
criterion could be due of the correlation between HN24 and HN48. The criterion for HN24 was 5
cm or greater, lower than for HN48, as expected. The tree as looking at two signs: warming (pin
wheel slopes) and snowfall (HN48 and HN24), which are both known to increase load and
trigger deep persistent weak layers (Conlan et al., 2014). This tree performed well, with a high
PC and TSS, due to the strength of the univariate relationship between Deep Slab and Pin
Wheeling, which also had a high PC and TSS.

Field observations and stability test variables
The tree for Deep Slab avalanches built from the field observations and the stability test
variables was the same as the tree built from just the field observations (Figure 4.19). This
reinforces the understanding that stability tests are not very effective for determining the danger
of a deep persistent instability, because the instability is deeper than the test is able to target. This
also highlights the relative advantage of the field observations under Deep Slab character
conditions, as three field observations were selected as more valuable than any stability test
variable.

Field observations and regional danger
The tree for Deep Slab character built from the field observations and regional danger (Figure
4.27) was very similar to the tree built from just field observations. This was reflected in the
performance of the tree, which was only modestly better with no increase in PC, a 3 percentage
point increase in TSS, and a 2 percentage point increase in the FAR. In fact, this was the only
tree that did not select the regional danger first if it was available. Instead it still selected Pin
Wheeling. This is surprising, as the regional danger had a higher SR correlation than Pin
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Wheeling, although not by a large margin. The selection of ‘Considerable and higher’ as
criterion for the regional danger was expected because this was the same division as used to
make the binary version of the local nowcast.
5.3.2.3 Loose Dry
Field observations only, and field observations and stability test variables
For Loose Dry character, neither the tree built from field observations, nor from field
observations and stability test variables, had any splits. The trees simply predicted the regional
danger as Low to Moderate at all times. This is because the base rate for Loose Dry character
was 0.12, where the base rate is the proportion of days where the danger was in the Considerable
or higher category compared to the Low to Moderate category. This meant that an unsplit tree
calling the danger Low to Moderate would have a corresponding PC of approximately 88% (1 0.12). No combination of the field observations was able to produce a tree with lower
misclassification cost than this unsplit tree.

Field observations and regional danger
The introduction of the regional danger as an input variable provided enough improvement to
allow the tree to split (Figure 4.28). This is seen with the PC for this tree, which was 91%, higher
than the 88% predicted by the non-splitting tree. However, the high PC is misleading, as the
FAR was also high at 45%, a result of the low base rate (0.12).

Not surprisingly, the regional danger was selected as the first variable, with a criterion of
‘Considerable or higher’, to match the split on the binary local nowcast. The second level of the
tree selected Recent Slab Avalanches. This is surprising because Recent Loose Avalanches was
expected to correlate better than Recent Slab Avalanches; however, this was also seen in the
univariate analysis. This tree was only able to downgrade the regional danger, and in fact it
frequently downgraded the danger. This is likely a result of the lower consequence of Loose Dry
Avalanches.
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5.3.2.4 Persistent Slab
Field observations only
The classification tree for Persistent Slab built from only the field observations (Figure 4.20) was
fairly complex, containing 4 tiers. The first observation selected was HN48, which was the best
univariate tree, with the same criterion of 9 cm or greater. Moving down the left side of the tree,
the danger was elevated for days with low HN48 but high Ski Penetration, a combination that
occurs with large amounts of unsettled older (e.g. HN72) snow. If HN48 and Ski Penetration
were low then ‘frequent’ Tree Bombing and ‘dry fresh’, ‘settled’, or ‘wind stiff’ Surface
Condition also elevated the danger. These observations are generally signs of either recent
snowfall or wind.

Moving back up to the first branch, if there was 9 cm or greater of HN48 then the HN24 was
checked. The sign on the HN24 was actually reversed with the tree elevating danger on days
when there was only 0-3 cm of HN24. This counterintuitive branch was due to the interaction
between HN48 and HN24, which had a high degree of multicollinearity, and selected only the
days when most of the HN48 occurred ‘24-48 h ago’, a peculiar result as newer snow is usually
less stable. Next ‘easy’ Hand Shear Resistance was critical, which aligns with the understanding
that the hand shear test is related to the CT which is related to persistent weak layers (Jamieson,
1999); however, the Hand Shear Character would be a better fit for persistent instability than the
resistance (van Herwijnen and Jamieson, 2007a). This tree performed relatively average for all
performance parameters. None of the measures were unusually high or low, showing that this
tree was useful, but not one of the best trees, and it still had a relatively high FAR of 31%.

Field observations and stability test variables
The addition of the stability test variables to the inputs for Persistent Slab made a minor
improvement in the tree (Figure 4.24), raising the PC value by 4 percentage points, and the TSS
by 9 percentage points. There was not a large cost to these improvements, as only the POFD
increased by 2%.
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The structure of the tree remained very similar, with the right side remaining unchanged. On the
left side of the tree the replacement of Ski Penetration with the depth of the deepest sudden CT
fracture the selection of the deepest sudden fracture (CTSD) was not surprising as sudden
fractures are associated with persistent weak layers (van Herwijnen and Jamieson, 2007a). The
criterion of 92 cm or greater was much larger than the univariate tree and is surprisingly close to
the useful depth of the CT, which is around 100 cm (Schweizer and Jamieson, 2010). This was
likely due to the interaction between CTSD and HN48.

This tree shows the preference of the field observations over the stability test variables, even
under persistent character, which is one of the characters where stability tests are the most useful
(Haladuick et al., 2013). This was shown by the selection of many more field observations than
stability test variables, and the preferential ranking of the field observations higher in the tree. It
should be noted; however, that there were 26 field observations, and only 11 stability test
variables, therefore a comparison of the abundance of each type of variable is unfair.

Field observations and regional danger
The addition of the regional danger as an input variable for the Persistent Slab tree completely
collapsed the tree (Figure 4.29) into a univariate tree considering only the regional danger. This
shows that the regional danger alone was such a good predictor for Persistent Slab character that
even though many other variables were significant, none of them were able to decrease the
misclassification cost. This tree had a PC 4 percentage points higher than with the field
observations alone, a TSS 9 percentage points higher, and a FAR 2 percentage points lower.
5.3.2.5 Storm Slab
Field observations only
The classification tree for Storm Slab character with only field observations (Figure 4.21) had an
acceptable PC value (68%), but a low TSS (34%). This was because the POFD was high at 43%.
This means that there were many times that the tree incorrectly predicted the local danger as
Considerable or higher, compared to the number of times the actual local danger was Low to
Moderate.
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The selection of HN48 as the first variable was not surprising because it was an indication of
recent snow, which is the concern under Storm Slab conditions. If there was not very much new
snow then the left branch of the tree checked the Hand Shear Resistance, and any result was
critical. This meant that the danger for Storm Slabs could still be Considerable or higher if there
was a result on the hand shear test. This is because a result on the hand shear test means a near
surface (top 40 cm) instability still exists, such as a storm slab.

The right side of the tree checked Ski Penetration as the second variable. The combination of
HN48 and Ski Penetration selected days when there was recent unsettled snow. If the Ski
Penetration was lower than threshold then the Wind Speed was checked; however, the sign of
this branch was the opposite of expected, with ‘calm’ leading to higher danger. This is because
days with high Wind Speed were likely classified as having a Wind Slab character, therefore
days with Storm Slab character that have a higher danger were associated ‘calm’ winds.
However, the third variable was Blowing Snow, showing that wind transport was still important
under Storm Slab conditions.

Field observations and stability test variables
The tree for Storm Slab built with the field observations and the stability test variables (Figure
4.25) was very similar to the tree for field observations alone, the only difference was the
replacement of Blowing Snow with the lowest whole block RB score (RBW). It is interesting
that these two variables were able to serve as replacements for each other as they are quite
different. Blowing Snow is a sign of wind transport, whereas a low whole block release score is a
sign of instability with high propagation potential. This switch actually decreased the
performance of the tree, with the PC decreasing by 2 percentage points, the TSS decreasing by 4
percentage points, and the FAR increasing by 1 percentage point. Therefore, it is surprising that
RBW was added to the tree at all, and it is likely due to the cross-validation partitions in the data.
Regardless, the poor performance of this tree shows that the field observations performed better
than the stability test variables under Storm Slab conditions. The field observations were selected
higher in the tree, and the tree without any stability test variables actually performed better.
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Field observations and regional danger
The introduction of the regional danger drastically changed the tree for Storm Slab (Figure 4.30),
showing how important the regional danger is under Storm Slab character. This tree performed
much better than the tree with only the field observations, with a PC 10 percentage points higher,
a TSS 20 percentage points higher, and a FAR 8 percentage points lower. The biggest change
was in the TSS, where both the POD was increased, and the POFD was decreased. This means
there were more correct predictions of elevated danger and fewer incorrect predictions of
elevated danger.

The tree first selected the regional danger with a criterion matching the break point for the binary
local danger, as expected. The right hand branch terminated at ‘Considerable or higher’ danger,
whereas the left branch continued. This means that the tree was only able to upgrade the regional
danger. Days with Whumpfs and Precipitation of ‘S1+’ or ‘rain’, or Whumpfs and 0 cm of HN24
were upgraded. The selection of Whumpfs is not surprising as they are regarded as a strong sign
of instability (Jamieson et al., 2009a). The combination of Whumpfs and current snowfall means
the persistent weak layer that is fracturing is being loaded by additional snowfall.
5.3.2.6 Wet
Field observations only, and field observations and stability test variables
Trees with field observations alone and field observations with stability test variables did not
have had any splits. They both predicted the local danger Low to Moderate at all times. This is
because the base rate for Loose Dry character was 0.22, which means that the unsplit tree had a
corresponding PC of approximately 78% (1 – 0.22), and no combination of the field observations
were able to produce a tree with lower misclassification cost than the unsplit tree.

Field observations and regional danger
The introduction of the regional danger as an input variable provided enough improvement in the
misclassification cost to allow the tree for Wet (Figure 4.31) to split, as shown by the PC of
84%. However, the PC was misleading for because it the tree also had the lowest TSS of any of
the trees that used the regional danger as an input. The poor TSS was due to a relatively low
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POD, which in turn was due to the low base rate, because such a low number of positive
observations make it difficult for the tree to detect positive observations accurately.

Not surprisingly, the regional danger was selected as the only variable, with a criterion of
‘Considerable or higher’, to match the split on the binary local nowcast. This reinforces the idea
that the field observations were not very valuable under Wet character.
5.3.2.7 Wind Slab
Field observations only
The classification tree for Wind Slab with only the field observations (Figure 4.22) was a
univariate tree based on HN48. HN48 was the best performing univariate tree for Wind Slab and
therefore it is not surprising it was selected. That being said, the TSS was relatively low at 28%,
and the FAR was quite high at 45%. This shows that the field observations do not combine well
to localize the danger for Wind Slab character. This could be due to several factors, 1) Wind Slab
is a difficult character to localize the danger for, 2) inconsistencies in the observations as Wind
Slab had a large degree of isolated geographic spread, and 3) the base rate for Wind Slab was
only 0.26, meaning there was not a high proportion of positive observations to train the
classification trees.

Field observations and stability test variables
The addition of the stability test variables did not change the classification tree for Wind Slab.
This shows that HN48 was more valuable in localizing the danger than any of the stability test
variables, and reinforces the value of field observations over stability tests under Wind Slab
character.

Field observations and regional danger
The addition of the regional danger greatly improved the performance of the classification tree
for Wind Slab (Figure 4.32). The PC increased by 10 percentage points, the TSS increased by 37
percentage points, and the FAR decreased by 16 percentage points. This is not a surprising result,
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as the classification tree built from the field observations alone did not perform well, leaving
room for improvement.

The first variable selected was the regional danger, with a criterion matching the break point for
the binary local danger. If the regional danger was ‘Low’ or ‘Moderate’ than the local danger
was also rated Low or Moderate, leaving no room to upgrade the regional danger. However, if
the regional danger was ‘Considerable or higher’ then the Overnight Freeze After Thaw was
checked. If it was ‘thaw and refreeze’ the danger was decreased to Low to Moderate, otherwise
the danger was the same as the regional bulletin. This was an interesting selection, as Overnight
Freeze After Thaw did not correlate very strongly for Wind Slab in the univariate analysis, and
the univariate classification tree for this variable did not split. A thaw of the snow and then
refreeze overnight is a strong indication of stability and decreased danger under Wet character;
however, there is not any clear link for this connection under Wind Slab. This could simply be an
indication of how poor the correlations are for Wind Slab character, and this was the best of the
available relationships.
5.3.2.8 General trends
In general, the four groups of input variables used to build the multivariate classification trees
exposed strong hierarchies in the input variables. The overall most valuable variable was the
regional danger. This was not surprising, as the regional danger had the strongest univariate
correlations with the local danger for all of the avalanche character types. In most cases the
regional danger was the first variable selected by the tree. The only exception to this was the tree
for Deep Slab avalanches, which selected Pin Wheeling before the regional danger. The regional
danger was so overwhelmingly significant that in several cases it collapsed the rest of the tree
and no other inputs were considered.

Some of the classification trees built with the regional danger were only able to upgrade the
danger, and some were only able to downgrade the danger, but none were able to both upgrade
and downgrade. The trees for all characters (All), Deep Slab, Loose Dry, and Wind Slab were
only able to downgrade the danger. The tree for Storm Slab was only able to upgrade the danger.
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In general this was because of the greater number of instances when the regional danger was
higher than the local danger than visa versa. However, for Storm Slab avalanche character the
opposite was true, the regional danger was often too low and needed to be upgraded. This is
useful for forecasters when writing bulletins as it suggests occasions when perhaps their forecast
may be too low, and it is even more useful for recreationists because it shows they should be
especially careful when relying solely on the regional danger under Storm Slab conditions.

The next most useful input for the trees was the field observations. The field observations were
selected higher than the stability test variables in every instance. In fact, the only trees that
selected stability test variables were Persistent Slab and Storm Slab. In addition, none of the trees
built with all the inputs (field observations, stability test variables, and regional danger) selected
any of the stability test variables. This shows that for a recreationist travelling in avalanche
terrain inside a bulletin area there is minimal information available from stability tests that they
cannot obtain from other sources.
5.3.3

Sources of error

This section reviews several sources of error and biases that may have affected this study.

One source of error that is an issue for any univariate and multivariate analysis is the effect of
sample size. For univariate analysis, Hair et al. (2006, p 24) states that small sample size can lead
to too little statistical power and thus a lack of significance on statistical tests, or overfitting of
the data. Conversely, large sample size (n > 400, such as for all characters (All)) can lead to
overly sensitive statistical tests. For multivariate analysis, Hair et al. (2006, p 24) states that
unequal sample size can influence the results, and thus the results must be interpreted in light of
the sample size.

The bias due to the presence of regional bulletin readers and writers among the local danger
raters was discussed in Section 4.1. The local nowcasts were significantly more correlated to the
regional forecasts for the bulletin reader / writer group than for an unbiased control group. This
means that the local nowcast ratings have a slight bias towards the regional forecast. Since the
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local nowcast ratings were used as the dependent variable for the majority of this study this
affects the results and potentially the conclusions drawn. However, as discussed in Section 4.1,
this bias was not substantial, and was unlikely to have had a major impact on the results.

Prior to the winter of 2010 the CAC forecasters used an earlier definition of avalanche danger
based on avalanche likelihood without mentioning avalanche size or consequence. This is a
potential source of error because one season of the regional danger in this study (2009) used the
earlier definition. However, it has been suggested by Bruce Jamieson, and supported in
discussion with several avalanche forecasters, that even though they were rating avalanche
likelihood, in practice they were also considering avalanche size or consequence.

Another bias is the potential for certain field observations, such as Whumpfs or Avalanches, to
have a strong impact on the local danger rating, therefore biasing the dependent variable.
Jamieson et al. (2009a) argue that the influence of a single field observation on the local danger
is weak because:
•

The local nowcasters usually worked in an area for several days and had good knowledge
of the avalanche conditions, and thus were rarely surprised by any single observation.

•

The local nowcasters were relying on a large pool of information to determine the ratings,
which diluted any single observation.

•

The stability test variables only caused a rating change in 8% of the CT and 7% of the RB
test days, so the likely impact of the bias caused by a Whumpf was small.

A source of error that was previously discussed in Section 5.1 is that in some instances the
observers would rate the danger in vegetation bands without travelling in them. This led to two
potential sources of error; the first is that the observers had less information available when
performing the local nowcast for these vegetation bands. This error is low, as the observers had
many other sources of information, and they were instructed to only rate the danger when they
were confident. The second error this caused was that the observers may have missed field
observations that only occurred in certain vegetation bands. A good example of this was the
Wind Slab observations, such as Wind Scouring and Cracking at the Skis etc. These observations
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may have only occurred in the alpine, and if the observers did not travel there they would miss
them, unfairly reducing the correlation strength for these observations.

As discussed in Section 5.2.1.5, the geographic spread of the avalanche character can influence
the observations. Persistent and Storm Slab are generally more widespread than Wind Slab
(Figure 5.1), making it easier to locate areas where a Persistent or Storm Slab character exist, and
make positive observations about them.

There was the potential for autocorrelation in the validation of the classification trees, which
could have created error. Because there were up to 9 DLN ratings for every independent variable,
the independent variables had to be repeated up to 9 times. This could have created
autocorrelation when combined with the data partitions used to cross validate the classification
trees. It is possible that the stratified partitioning selected the same repeated observation in both
the training and testing datasets, creating falsely high accuracy parameters. However, it is
expected that this error is not large given the large number of observations and the fact that there
were typically only 3 to 6 DLN ratings, not 9.
Stability tests variables were defined to analyze the stability test results. The stability test
variables, although defined using expert judgment and based on previous research, were still
subjective aggregations of the information available in the original test data. Passing the stability
test results into the statistical tool as a vector instead of the stability test variables would yield
more accurate results. Unfortunately, classification trees are not sophisticated enough to interpret
multiple failures from a single stability test. If the original data were passed to the tree the
algorithm would assume each failure was a unique test, an incorrect interpretation. Therefore, the
stability test variables were used to aggregate the data from a single test. Because the results of
the original tests were manipulated, albeit as little as possible, error was introduced. It is possible
that a more sophisticated statistical technique, such as a neural network, may have been able to
handle multiple results from a single test. However, the neural network would produce black box
results, and the transparency of the classification tree results was preferred. Therefore, the
classification trees were used in this study, and the error introduced through the stability
variables is acknowledged.
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Another source of error was specific to the multivariate classification trees. The trees for all
characters (All), Persistent Slab, and Storm Slab were more complex than the trees for the other
characters. One potential explanation for this greater complexity is the difference in base rate
between the characters. Characters with a base rate closer to 50% tended to have more complex
trees than characters with an unbalanced base rate. The extreme example of this is a tree with a
base rate of 0, this tree does not have to split at all to achieve perfect accuracy, it simply has to
classify the danger in the low category. However, this is not a very useful tree as it is responding
to the base rate, not to the information in the independent variables. This effect was seen in this
study as Storm Slab, Persistent Slab, and all characters (All) had the highest base rates, and were
also the most complex trees. One way to counter this problem is to skew the weight of the cost
matrix in cases where the base rate was skewed significantly to the lower danger group, forcing
the trees to split more frequently. However, for the sake of simplicity and ease of interpretation
this study used a symmetrical cost matrix. In future studies a third level of cross-validation to
adjust the cost matrix to the base rate would be beneficial.
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6

CONCLUSIONS

There were three main objectives of this study. The first was to determine whether field
observations or snowpack tests are more valuable for localizing the danger. The second was to
determine which observations are the most valuable to recreationists for localizing the danger,
and under which avalanche characters. The third was to investigate how these observations can
be combined to help predict the danger. A final aspect of this study was the comparison between
the local and regional avalanche danger. The results of this study with respect to these objectives
are summarized in the following sections.
6.1

Field observations vs. snowpack tests

In the great debate of field observations vs. snowpack tests we now have data to support the
assertion that field observations are in fact consistently more valuable than snowpack tests to in
determining avalanche danger. This is contrary to popular opinion, and contrary to the focus of
much of the research being conducted with respect to avalanches.
6.2

Which observations for which avalanche character?

The avalanche characters that had the most indications of increased danger were Storm,
Persistent, and Wind Slab, in that order. These characters were the easiest for a recreationist to
localize the danger under, and potentially the easiest to forecast the regional danger under.
Conversely, the avalanche character that had the fewest indications of increased danger was Wet
(loose and slab). This character was the most difficult for a recreationist to localize the danger
under, and potentially the most difficult to forecast.
The field observations that were the most applicable (useful under the most avalanche
characters) were Slab Avalanche Activity, New Snowfall, and Tree Bombing. The useful field
observations that were highly specific to certain characters (in bold) were:
•

Deep	
  Slab:	
  Recent	
  Loose	
  Avalanches,	
  Recent	
  Slab	
  Avalanches,	
  Pin	
  Wheeling,	
  Wind	
  
Speed,	
  Blowing	
  Snow,	
  Wind	
  Deposits	
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•

Loose	
  Dry:	
  Recent	
  Loose	
  Avalanches,	
  Pin	
  Wheeling,	
  Wind	
  Scouring,	
  Ta	
  Trend	
  in	
  24	
  
h,	
  lowest	
  CT	
  score	
  (CT)	
  

6.3

•

Persistent	
  Slab:	
  Hand	
  Shear	
  Character,	
  Wind	
  Deposits	
  

•

Storm	
  Slab:	
  Wind	
  Speed,	
  Blowing	
  Snow,	
  Ta	
  Trend	
  in	
  24	
  h	
  

•

Wet:	
  Recent	
  Loose	
  Avalanches,	
  Pin	
  Wheeling,	
  Ta	
  Trend	
  in	
  24	
  h	
  

Combining the observations

Univariate classification trees identified critical values and criteria of the variables that
recreationists can use to help interpret field observations and stability test results. Multivariate
classification trees were built for each avalanche character with four different groups of inputs:
1) field observations only, 2) field observations and stability test variables, 3) field observations
and regional danger, and 4) field observations, stability test variables, and regional danger. These
trees can be used by recreationists and professionals to help interpret observations and localize
the avalanche danger for different avalanche characters. The trees also exposed a hierarchy in the
input variables; the regional danger was the most valuable variable overall, the field observations
were next, and the stability tests were the least valuable. In fact, stability test variables were only
selected for Persistent Slab and Storm Slab characters, and even then they were selected less
frequently and lower in the tree than the field observations. This suggests that for a recreationist
travelling in avalanche terrain inside a bulletin area, there is limited information available from
stability tests that they cannot obtain from other sources.

Most of the trees built with the regional danger as an input were only able to downgrade the
avalanche danger and not upgrade the danger. Based on this data, assumptions and regions in this
study, this suggests a conservative bias in the regional danger ratings. The only exception was
the tree for Storm Slab character, which was only able to upgrade the regional danger. This is
useful for recreationists because it shows they should be especially careful when relying solely
on the regional danger under Storm Slab conditions.
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6.4

Comparing local and regional danger

The correlations between the regional danger and the local danger were higher than for any field
observation or stability test variable. This demonstrates the overwhelming value of the regional
bulletin as the best single piece of information available to a recreationist. The highest
correlation magnitude was for Loose Dry character, which shows that there was the least need to
localize the danger for Loose Dry. The lowest correlation magnitude was for Wet (loose and
slab), and therefore this character had the greatest need for localization of the danger.

An assessment of the variability and uncertainty of the local and regional danger rating was
performed. It was found that the likelihood of difference between local nowcast ratings by
different nowcasters was approximately 7%, whereas, the likelihood of a difference between the
local and regional danger was over 30%. This suggests that the local danger ratings are more
accurate than the regional danger ratings at the local scale. Also, a mean positive bias of 0.12 of
a danger level was found in the regional danger, suggesting that overall the regional bulletin was
slightly conservative. This bias was the greatest for Deep Slab character, likely because of the
greater consequence of Deep Slab avalanches. For both the local and regional danger the alpine
vegetation band had higher accuracy and precision than the other vegetation bands. This could be
because the alpine rating is often constricted to a smaller portion of the danger scale, i.e.
Moderate or Considerable; whereas, the other vegetation bands may more often have a wider
range (i.e. Low to Considerable).
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APPENDIX A: FIELD BOOK PAGES
ASARC RSO Field Observations 2014
Date
Location
Profile
R1
R2
Bulletin readers
Field Observation Before decision (
min)
# loose av in motion SVM 0 1 2 3+ Na 0 1 2 3+
# slab av in motion SVM 0 1 2 3+ Na 0 1 2 3+
recent loose av.
<24 24-48 none <24 24-48 n
recent slab av.
<24 24-48 none <24 24-48 n
# whumpf/shooting 0
1
2
3+
cr
cracking
at skis
None
Occ.
Freq.
# pinwheel slopes
0
1-2
3+
tdy
current
tree bomb
None
Occ.
Freq.
wind deposits
none
<24
24-48
dry fresh settled
sticky
surface condition
wind stiff M/W coarse
Other __________
crust ___ cm sup Y N
snowfall rate
0 <1 1 2 3+ LR MR+

Y N
Bulletin writers
After decision point only
SVM 0 1 2 3+ Na 0 1 2 3+
SVM 0 1 2 3+ Na 0 1 2 3+
<24 24-48 none <24 24-48 n
<24 24-48 none <24 24-48 n
0
1
2
3+
None
Occ.
Freq.
0
1-2
3+
None
Occ.
Freq.
none
<24
24-48
dry fresh settled
sticky
wind stiff M/W coarse
crust ___ cm sup Y N
0 <1 1 2 3+ LR MR+

wind speed
blowing snow
wind scour/sastrugi
avg ski penetration
ski pole probe
(top 50 cm)
hand shear
(top 40 cm)

C
L
M
S+
none @ ridge below ridge
none
<24
24-48
________ cm
obv WL
hard over soft
buried crust
incr. resist
E M H NR
B RP SP |
↓ approx. ________ cm

C
L
M
S+
none @ ridge below ridge
none
<24
24-48
________ cm
obv WL
hard over soft
buried crust
incr. resist
E M H NR B RP SP |
↓ approx. ________ cm

Local Danger

Average sky
HN24 _______ cm HN48 _______ cm
Ta warming to 0 °C Y N
Av type 1: L Wet Wind Strm Prst Deep
yymmdd:
Loc: Alp TL BTL
Shelt, lee nr ridges …
Unreact stub tchy v tchy wide spec isol
Unl poss likely v likely almst cert
Sz: 1 2 3 4 5
Imp: 1 2 3 4 5 6 7 8 9 10

Ta change since yesterday ~_ cm
overnight freeze after thaw: Y N Nthaw
Av type 2: L Wet Wind Strm Prst Deep
yymmdd:
Loc: Alp TL BTL
Shelt, lee nr ridges …
Unreact stub tchy v tchy wide spec isol
Unl poss likely v likely almst cert
Sz: 1 2 3 4 5
Imp: 1 2 3 4 5 6 7 8 9 10

Pre-dig R1 R2 Post R1 R2 Why change? Comments
ALP
TL
BTL
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RSO Recording Notes
Date:
Location
Profile
R1 R2
Bulletin readers
Bulletin writers
Before Decision ( min)
After decision point only

Description
YYMMDD
Description of trip location
Was a snow profile dug on the trip? Yes or No
Initials of the two raters
Initials of anyone who read the current bulletin
Initials of anyone who wrote the current bulletin
Record observations before and after the decision to enter or not
enter more serious avalanche terrain than the ascent route.
Record the minutes of ski travel up to decision point.
# loose/slab av in motion In motion= an avalanche you observed running
SVM= triggered by skier, sled, cat. Na= natural
Recent loose/slab av
Recent avalanches that were not observed in motion.
Use the same SVM and Na columns as for in motion. n= none
# whumpf/shooting cr
Differentiate between shooting cracks and cracking at skis from
stiffness (below)
cracking at skis
Frequency of cracking at skis due to stiffness of the snow
# pinwheel slopes tdy
Number of slopes that pinwheeled today
current tree bombing
Frequency of tree bombing events observed while they’re
occurring
wind deposits
Note time range when wind depositing occurred
surface condition
Select 1-2 surface conditions. Write other if current condition
isn’t in list.
Dry fresh is usually F hardness, settled is usually 4F hardness.
If crust present record the average thickness and supportable
Y/N. Ignore isolated conditions.
snowfall rate
Measured in cm/hr. LR= light rain, MR= moderate rain
wind speed
C= calm, L= light, M= moderate, S+ = strong or greater
blowing snow
Note the location of any blowing snow
wind scouring/sastrugi
Time range that any scouring/sastrugi occurred
avg ski penetration
Average ski penetration in centimeters
ski pole probe
Use basket end of ski pole for probe. Assess top 50cm of
snowpack. WL=weak layer
hand shear
Hand shear test: ~30 x 30 cm and 40 cm deep. Cut back and
sides of column with hand or ski pole and apply shearing force
on back of column with hand. Rate: Easy, Moderate, Hard, No
Result. Also note fracture character: Sudden Planar, Resistant
Planar, Break. Note failure depth.
Average sky
Select symbol for average sky
HN24 and HN48
Record new snow in the previous 24 and 48 hours
Ta change since yesterday Approx change in MAX air temp from yesterday to today
(negative value if colder today)
Ta warming to 0°C
Did the temperature reach 0 °C today? Yes or No
Overnight freeze after
Record Yes or No only if melting occurred on the previous day.
thaw Y N Nthaw
Record Nthaw if no melting occurred on the previous day.
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Av type

Local Danger

General Additional
Notes

Select the two primary avalanche concerns: L= Loose Dry, Wet=
slab/loose, Win= wind slab, Strm= storm slab, Prst= persistent
slab, Deep = deep persistent slab.
Select the location ALP, TL, BTL (ellipses for multiple).
Describe the location within the elevation band, eg sheltered, lee
near ridges, or anything else, use notes to describe in more detail
and arrows to reference back to the elevation band.
Unreact=unreactive, stub= stubborn, tchy= touchy, v tchy=
very touchy, wide= widespread, spec= specific, isol= isolated;
see definitions page
Imp= importance: how much would it influence your advice to
keeners
Rate ALP, TL and BTL if you can do so with confidence.
Observers/raters 1 and 2 must independently rate the local
danger pre-dig (typically post site selection) and post-dig
(typically back at the trail head). If >2 observers, use the 2 with
the most current knowledge/experience. If any ratings change
while/after digging, note who changed their rating and the
primary cause(s) eg. Profile, RB, CT, rumble, wind etc.
-Except for the danger rating, more than one of the given options
can be circled, if necessary.
-Observations of current and recent avalanche activity made
within the last 10 km of travel from the start of the tour (either by
car/heli/sled) should be included.
-Note and explain uncertainty in any observations to assist
subsequent interpretation by someone else.
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