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Abstract

Surface hoar crystals grow on the snow surface and can form a persistent weak
layer in the snowpack when buried. Skiers may trigger slab avalanches on such layers,
which can be difficult to predict.

During the winters 1992-2001, measurements of snowpack and surface hoar lay-
ers were collected at study sites in the Columbia Mountains. This data was used to de-
velop three models to predict the shear strength of buried surface hoar layers. The Inter-
val model accounts for 72% of the variability in the data, and forecasts shear strength to
within 18% of measured values.

Snowpack measurements were used to calculate a skier stability index for a
number of buried surface hoar layers. It was shown that this index is a predictor of re-
gional skier-triggered avalanche activity on these layers. A shear strength model was
used to forecast this stability index, which may be useful for operational avalanche fore-

casting.
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Notation

z Shear strength of a layer of buried surface hoar

c Overburden stress (load) on a layer of buried surface hoar

P Density of snow layer

A Exponential shear strength growth term

Emin Minimum characteristic crystal size of a layer of buried surface hoar

Emax Maximum characteristic crystal size of a layer of buried surface hoar

g Acceleration due to gravity

h Thickness (measured vertically) of a snowpack layer

H Thickness of slab (measured vertically) overlying a layer of buried surface hoar

HS Height of snowpack

m Mass of snow slab core sample

N Number of observation/measurement days of a buried surface hoar layer

Sk3s  Skier stability index

t Time (days) since burial of a surface hoar layer by snowfall

Twl Temperature in the middle of a layer of buried surface hoar

TG  Magnitude of temperature gradient (measured vertically) through a layer of
buried surface hoar

Thick Thickness of a layer of buried surface hoar



1. INTRODUCTION
1.1 Snow avalanches

In mountainous regions throughout the world, snow avalanches are the rule, and
not the exception. Snow avalanches affect tourism, construction, and transportation in-
dustries by causing death, injury, property damage, as well as closure and delays on
mountainous roads. Although the number of Canadian avalanche fatalities involving
buildings, roads, and work sites shows a decreasing trend in the last forty years, the
number of recreational fatalities does not show signs of decrease as backcountry winter
activities become increasingly popular (Jamieson and Geldsetzer, 1996, pp. 8-9). Under-
standing factors in the snowpack that lead to avalanche activity is the role of both ava-
lanche forecaster and researcher; better understanding can help save lives in the back-

country.

1.2 The mountain snowpack

A typical mountain snowpack will, over the course of a given winter, exhibit a
layered stratigraphy of different snow forms. Each of these layers will have different
properties, including constituent snow grains, density, hardness, liquid water content,
etc. Often the snowpack includes a slab of several strong layers overlying a weak layer.
This weak layer can act as the failure plane for slab avalanches.

The mountain snowpack characteristically exhibits considerable spatial variabil-
ity in its makeup within a given region and across individual slopes. Such variability is
due to factors including wind exposure, aspect to incoming solar radiation, ground cover

characteristics, elevation, incline, and others.



1.3 Avalanche formation

In speaking of avalanches, it is common practice to divide them into two distinct
categories, based on the mechanism of release: point release (loose snow) avalanches
and slab avalanches (e.g. Canadian Avalanche Association, 1995). A point release ava-
lanche (Figure 1.1) occurs when a small amount of cohesionless snow releases from the
surface of a slope and sets other snow in motion. This produces a characteristic triangu-
lar pattern of snow release, with the original release point at the apex. A slab avalanche
(Figure 1.2) occurs when a slab of cohesive snow is released in a block by a failure at
depth, and is characterised by a fracture line or crown at the top of the avalanche. Slab
avalanches are typically larger than loose snow avalanches and start in a weak layer be-

low the constituent layers of the snow slab (e.g. McClung, 1987).

Figure 1.2: A slab avalanche.
B. Jamieson photo.

Figure 1.1: A loose snow avalanche.
B. Jamieson photo.
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This study undertakes to gain greater understanding of slab avalanches on weak layers

of buried surface hoar crystals.

Slab avalanches can be either triggered (by skiers, explosives, over-snow ma-
chines, cornice fall, etc.) or release naturally (spontaneously). In the case of rapid load-
ing, such as that by a skier, slab avalanches release when the stress on the snowpack
(due to the weight of slab plus triggers if applicable) is greater than the strength of the
weak layer underlying the slab. Release is thus a function of the properties of the overly-
ing slab and of the weak layer, in addition to any applicable triggers.

Skier-induced stresses on the snowpack decrease with increasing slab thickness,
and skiers are not usually effective triggers on slabs thicker than one meter (e.g. Fohn,
1987; Schweizer and Jamieson, 2001).

Slab avalanche failure and release (Figure 1.3) is often described as a shear fail-

ure in a weak layer (which causes tension in the overlying slab), followed by a propagat-

_weak layer

-

crown

slab substratum

stauchwall

Figure 1.3: Schematic of a typical slab avalanche
(after McClung and Schaerer, 1993, p.75).
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ing shear fracture in the weak layer, then a tensile fracture at the crown (upper horizon-
tal wall) of the avalanche, then shear failure at the flanks (sidewalls) (McClung and

Schaerer, 1993, pp. 80-83).

1.4 Weak layers in the snowpack

Weak layers in the snowpack can be termed either persistent or non-persistent.
Non-persistent weak layers, also called new snow or storm instabilities, usually take the
form of a low density layer of large precipitation particles that exhibits lower strength
than adjacent layers of new snow particles. Non-persistent weak layers generally stabi-
lise within a few days of forming (Jamieson, 1995, p. 10). Jamieson and Johnston
(1992) found that non-persistent weak layers commonly play a role in fatal backcountry
avalanches involving amateur (recreational) decision makers, but not with professional
decision-makers.

Persistent weak layers can remain unstable in the snowpack for a month or more
when buried and are made of one of three crystal types: facets, depth hoar, and surface
hoar. Facets and surface hoar can form on or near the snow surface and can become the
failure planes for slab avalanches once buried by snowfall. Facets can also form within
the snowpack. Depth hoar is an advanced form of faceted crystals typically found close
to ground in shallower snowpacks. A persistent weak layer may vary quite considerably
over a local region, such that they are quite capable of surprising professional decision-
makers in the backcountry (Jamieson and Geldsetzer, 1999). These persistent weak lay-
ers account for most of the slab avalanche fatalities in Canada from 1972 to 1992

(Jamieson and Johnston, 1992). Studies have shown that thin (i.e. less than 10 mm
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thick) persistent weak layers are most important to slab avalanche failure (e.g. F6hn,

1992), and therefore are of considerable importance in avalanche forecasting.

Based on reports of 93 fatal slab avalanches in Canada between 1972 and 1991,
Jamieson and Johnston (1992) estimate that persistent weak layers of surface hoar, fac-
ets, or depth hoar were involved in 91% of fatal slab avalanches and “almost all” ava-
lanche accidents involving snow professionals. In a survey of 153 experienced western
Canadian avalanche professionals (Jamieson and Geldsetzer, 1999), 71% of unexpected
skier-triggered avalanches involved the aforementioned persistent weak layers, 55% of

which were surface hoar.

1.5 Surface hoar

Surface hoar or “hoarfrost” consists of highly faceted crystal forms, which grow
on the snow surface (Figure 1.4) by the deposition of water vapour from the air above
the snow surface (e.g. Colbeck, 1987; Lang et al., 1984). This occurs most often during
clear, cold, fairly calm nights when the air near the snow surface cools to its dewpoint.
Once buried by snowfall (Figure 1.5), surface hoar layers are characteristically weak
due to few intercrystalline bonds within the layer and poor bonding to over- and under-
lying layers in the snowpack (e.g. Lang et al., 1984; Colbeck, 1987). These weak layers
may remain reactive as a failure plane for slab avalanches for several weeks or more
(e.g. Fohn, 1992). Even when no longer a factor in avalanche occurrences, a surface
hoar layer can remain visible in the snowpack for an extended period, such that, “a dra-
matic change in snowpack conditions...is required to completely destroy a hoar

layer,” (Lang et al., 1984).




Figure 1.4: Surface hoar on the snow surface. Applied Snow and
Avalanche Research Consortium (ASARC) photo.

Figure 1.5: A layer of buried surface hoar. Region on right displaced
due to failure of surface hoar layer. ASARC photo.
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Once a shear fracture has been initiated under a snow slab, it can propagate
within surface hoar layers, through areas where the surface hoar could not be triggered
by a skier (Jamieson, 1995, pp. 185-194). Thus, when triggered at an isolated weakness
in the snowpack, surface hoar may allow fractures through regions of the snowpack that
were apparently stable, making such events surprising and dangerous to avalanche pro-

fessionals.

1.6 Snowpack metamorphism

In a dry mountain snowpack (below 0°C), there are two processes affecting the
metamorphism of the snow crystals, rounding (equilibrium) and faceting (kinetic). The
dominant process depends on the magnitude of the temperature gradient, measured ver-
tically in the snowpack. Rounding metamorphism occurs when the temperature gradient
is less than 10°C m™' in magnitude, and is associated with more rapid bonding between
crystals and strength gain. Rounding will tend to occur in areas with thicker snowpacks
and warmer temperatures. Faceting metamorphism occurs when the temperature gradi-
ent is greater than 10°C m™ in magnitude, and is associated with little bonding between
crystals and slower strength gain. Faceting will tend to occur in areas with thinner snow-

packs and colder temperatures (e.g. Akitaya, 1974; Colbeck, 1987).

1.7 Snowpack observations

Snowpack observations for this project were made at fixed study sites in the Co-

lumbia Mountains of British Columbia.
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Fixed study sites enable the collection of consistent, temporally continuous snowpack

data; the evolution of specific layers may be monitored throughout the winter.

The snow profile is a depthwise cross-section of the snowpack (Figure 1.6). The
profile represents data collected from a snow pit (Figure 1.7) dug at an undisturbed site.
The important layers in the snowpack are identified, recording the grain type and size,
hand hardness (resistance to penetration), density, and liquid water content of each
layer, as well as a temperature profile of the snowpack. More detail on snow profiles can
be found in the Observation Guidelines and Recording Standards for Weather,
Snowpack and Avalanches (Canadian Avalanche Association, 1995).

Once identified in the snow profile, the strength of a buried surface hoar layer
can be measured with a shear frame test (Jamieson and Johnston, 2001). This involves
placing a sheet metal frame in the snow directly above the weak layer and pulling manu-
ally with a force gauge to cause a brittle shear failure in the weak layer (Figure 1.8). The
shear strength of the layer is the maximum force read on the gauge divided by the area

of the frame. The details of this technique will be discussed in Chapter 3.

1.8 The role of the avalanche forecaster

Performing a snow stability evaluation in order to assess the avalanche hazard in
an area has long been the role of the avalanche forecaster (e.g. McClung and Schaerer,
1993, p.164). The parameters observed by forecasters or their staff in the course of their
duties are divided into Class I, II, and III factors (McClung and Schaerer, 1993, p.125).

The lower the class number, the more directly the factor relates to avalanche release.
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Class I factors include avalanche activity and mechanical tests of snow stability (such as
explosive and ski testing, Rutschblock and compression tests). Class II factors are snow-
pack factors, which come from within the snow cover (such as shear strength of layers,
snowpack stratigraphy, hardness of layers, temperatures, densities, grain types of layers,
etc.). Class III factors are meteorological data (such as wind, precipitation, temperature,
solar radiation). Weather (Class III) begets the snowpack (Class II) which begets ava-
lanches (Class I) (LaChapelle, 1980; McClung and Schaerer, 1993, pp. 124-150).

Some Class I and II factors are based on point observations of the snowpack and

therefore subject to spatial variability, a consideration that limits interpretation.

1.9 Objectives

Class I factors are the most direct indicators of snow stability. Class I factors
such as avalanche activity and mechanical stability tests are commonly used by the fore-
caster, but quantitative tests of weak layer strength are not. This is because such tests,
like the shear frame test, require special equipment and training, and thus are not com-
monly used operationally.

The goal of this study is to develop a model that relates the strength of a buried
weak layer of surface hoar to commonly observed (Class II) snowpack factors. Thus,
standard observation techniques may be used to estimate the strength of a buried surface
hoar layer in the Columbia Mountains. Furthermore, this study also aims to construct a

model for predicting future changes in the shear strength of a buried surface hoar layer.
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If such a model is successful, not only will the avalanche forecaster have knowledge of
another means of evaluating snow stability, but also will have access to a new forecast-

ing tool for the Columbia Mountains.

1.10 Overview of this study

Chapter 1 of this study introduces the role of buried surface hoar as a persistent
weak layer in the mountain snowpack and outlines the means by which an avalanche
forecaster evaluates snow stability. The merit of a model to predict the strength of bur-
ied surface hoar layers is presented. Chapter 2 reviews the literature on buried surface
hoar layers, stability indices, and the extrapolation of study site measurements for fore-
casting avalanche activity. Chapter 3 discusses the methods and locations of data collec-
tion for this study. In Chapter 4, several models to predict the strength of buried surface
hoar layers are developed and evaluated. Chapter 5 examines an application of a shear
strength prediction model for regional avalanche forecasting. Chapter 6 presents conclu-

sions from this study and provides some suggestions for further research.



2. LITERATURE REVIEW
2.1 Introduction

This chapter reviews the literature on surface hoar in Section 2.2, stability indi-
ces and avalanche forecasting in Section 2.3, and extrapolation of study plot measure-
ments for avalanche forecasting in Section 2.4. The results of the literature review are

summarised in Section 2.5.

2.2 Surface hoar
2.2.1 Surface hoar forms and orientations

In general, the shape and growth rate of surface hoar crystals depends on envi-
ronmental factors at the time of formation, such as temperature, degree of supersatura-
tion of the water vapour, and wind (e.g. Kobayashi, 1961). Surface hoar is commonly
seen as “hexagonal plate-type crystals” (Lang et al., 1984); these wedge shapes, or sec-
tor plates, are the most frequent form of surface hoar in snow profiles and failure layers
of slab avalanches in the Columbia Mountains of western Canada (Jamieson and
Schweizer, 2000). However, a number of different one, two, and three dimensional
forms have been observed, such that Jamieson and Johnston (1997) and Jamieson and
Schweizer (2000) propose some subclasses of surface hoar type crystals: wedges (sector
plates), feathers (dendritic forms), spikes/needles, cups, and combinations of such
growth forms in a single grain.

Surface hoar can range in size from a few millimetres to a few centimetres
(Jamieson and Schweizer, 2000). Most surface hoar crystals grow wider as they grow

upward (Lang et al., 1984; Breyfogle, 1986).
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Surface hoar, especially sector plates, usually grows oriented within a few de-
grees of the snow surface normal, but dendritic forms and rimed needles have been ob-
served to grow with a range of orientations within sixty degrees of the surface normal
(Lang et al., 1984).

Many surface hoar layers exhibit crystals with faces aligned parallel. Colbeck
(1988) argues that they are aligned by near-surface winds, which play a role in the for-

mation of the crystals.

2.2.2 Meteorological conditions favouring surface hoar growth

Surface hoar growth is generally favoured during fairly calm, clear nights with
high relative humidity (70% or greater) in the air near the snow surface (Breyfogle,
1986; Hachikubo and Akitaya, 1998). Surface hoar formation begins when the snow
surface temperature cools, via outgoing long-wave radiation, to the dewpoint of the
overlying saturated air mass and water vapour deposition from the air to the surface is

possible (e.g. Lang et al., 1984).

2.2.3 Conditions for surface hoar to form a persistent weak layer

In order for a given surface hoar layer to become an effective persistent weak
layer (i.e. prone to act as a failure layer for slab avalanches for more than a week after
burial), it must be buried intact (relatively unaffected by destructive forces such as high
winds, warm temperatures, or rain) following its growth on the surface (e.g. Breyfogle,

1986). Ideally, this entails burial soon after its formation by a snowfall of low intensity
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and density with large precipitation particles (Breyfogle, 1986). Such snowfall has little
erosive effect on the surface hoar crystals and does not fill in the spaces between crys-

tals with precipitation particles that will form bonds within the surface hoar layer.

2.2.4 Surface hoar and slab avalanches

Skier-triggered slab avalanches on layers of buried surface hoar occur mostly
within the first 15 to 20 days after a layer is buried (Chalmers and Jamieson, in press).
Accidental skier-triggered avalanches which occur later in this period are less frequent
and often larger, and more difficult to predict. The transition of buried surface hoar lay-
ers from unstable to stable conditions is difficult for avalanche professionals to forecast

(Chalmers and Jamieson, in press).

2.2.5 Bonding of surface hoar to adjacent layers

Wedge or sector plate forms comprise the largest percentage of surface hoar fail-
ure layers of slab avalanches in the Columbia Mountains (Jamieson and Johnston,
1997), suggesting that this form is especially effective at forming persistent weak layers
prone to releasing avalanches. Jamieson and Schweizer (2000) report many observations
of surface hoar wedges in the failure layers of slab avalanches, but have never observed
surface hoar needles in such layers.

Wedges are much wider at the top of the crystals than the bottom, which can cre-
ate an “umbrella” effect when new snow buries the layer, which presumably prevents
new snow grains from falling between and forming bonds to adjacent surface hoar crys-

tals (Davis et al., 1996). This umbrella effect is greater when the surface hoar crystals
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have grown over a range of orientations than when they have grown oriented in a single
direction, such as surface normal (Jamieson and Schweizer, 2000). Varying orientations
will create far more contact area between the surface hoar crystals and the adjoining up-
per layer than at the lower layer, which most likely results in larger and more numerous
bonds at the top of the surface hoar layer and smaller bonds at the bottom of the layer
(Geldsetzer et al., 1997). No measurements of these bonds have yet been made to cor-
roborate this idea. Snowpack tests support this idea; surface hoar crystals are often stuck
to the overlying slab following fracture tests, but are rarely found stuck to the layer be-
low (Jamieson and Johnston, 1997; Jamieson and Schweizer, 2000).

The proposed smaller bonds and fewer bonds per unit area at the base of a sur-
face hoar layer, compared to the top of the layer, should result in differentially lower
shear strength, such that the failure of a surface hoar layer will typically depend on fail-
ure of the bonds at the base of the layer (e.g. Jamieson and Johnston, 1997, Jamieson
and Schweizer, 2000). An increase in bonding over time between the surface hoar layer
and the layer below has been proposed as a mechanism accompanying strength increase
of the weak layer (Davis et al., 1996; Jamieson and Schweizer, 2000).

Although bonds between surface hoar and adjacent layers have been postulated
to be of primary importance to the strength of buried surface hoar layers, there are no
quantitative physical or mechanical models of bonding between surface hoar and adja-

cent layers in the snowpack.
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2.2.6 Changes in structure of buried surface hoar crystals

Just subsequent to burial, observations of disaggregated crystals from surface
hoar layers in the Columbia Mountains show a minimum size from 2-20 mm (average 4
mm) and a maximum size from 3-30 mm (average 10 mm) (Jamieson and Schweizer,
2000). As time passes following burial, whole surface hoar crystals show little size de-
crease, even over periods as long as two or more months (Jamieson and Johnston, 1997),
although such a size decrease has been reported by field workers who observe disaggre-
gated, often broken crystals (Jamieson and Schweizer, 2000). During this time, the
strength of the buried surface hoar layer may increase dramatically, such that, “change
in size of disaggregated crystals is probably a poor indicator of strength (of the weak
layer),” (Davis et al., 1996).

The initial size of the constituent crystals of a given surface hoar layer may be
important to the strength of the layer. As suggested by Jamieson and Johnston (1997),
“(a layer of) large surface hoar tends to have lower initial strength and be slower to sta-
bilise than (a layer of) smaller crystals.” In one study, most avalanches involving a bur-
ied surface hoar layer had a fairly large mean crystal size of 7 mm (Breyfogle, 1986),
which corroborates this idea, although smaller surface hoar cannot be ruled out as a fail-
ure layer.

Surface hoar crystals often initially have striations and sharp edges, but follow-
ing burial said crystals “often lose sharp edges and become rounded,” (Colbeck, 1991),
and small grains will cluster and bond to the crystals (Geldsetzer et al., 1997), both of
which are observable by field workers (Jamieson and Schweizer, 2000). These processes

of rounding and clustering appear to be associated with strengthening of the surface hoar
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layer (Geldsetzer et al., 1997), which may in turn be associated with increased bonding
at the bases of the surface hoar crystals (Jamieson and Johnston, 1997). This effect has
not been measured nor quantified, but observed temperature gradients across buried sur-
face hoar layers in the Columbia Mountains fall in the range which is indicative of such
rounding (equilibrium) metamorphism and sintering of snow grains (Jamieson and

Schweizer, 2000).

2.2.7 Changes in structure of buried surface hoar layers

Jamieson and Schweizer (2000) used microphotography of surface hoar layers
in-situ to make observations on the regular arrangement of the constituent surface hoar
grains. Chalmers and Jamieson (in press) used the same technique and found that sur-
face hoar layers do not necessarily have a regular arrangement of grains, concluding that

changes in layer strength are not consistently indicated by changes in structure that are

observable with this technique.

2.2.8 Inclination of buried surface hoar layers

Buried surface hoar crystals are often observed to be inclined past slope normal
(e.g. Davis et al., 1998). Jamieson and Schweizer (2000) calculated that this inclination
of the crystals over time indicated a strain rate in the buried surface hoar layer which is
4 to 12 times greater than that of “settled” snow layer on a slope. This strain concentra-
tion in the relatively thin buried weak layer could contribute to slab avalanche failure.
This supports the idea that thin persistent weak layers and interfaces are most important

to slab avalanche failure (e.g. F6hn, 1992). This inclination of crystals is difficult to ob-



serve in the field, however, and is of limited use in describing a surface hoar layer.

2.2.9 Density of surface hoar deposits

The number of surface hoar crystals deposited over a given area will vary con-
siderably due to prevailing meteorological conditions at the time they are formed
(Breyfogle, 1986; Schweizer et al; 1996). Geldsetzer and others (1997) suggested that
higher deposit densities can result in greater strength of buried surface hoar layers,
probably due to the larger number of bonds per unit area at the base. No field methods
exist to measure deposit density, nor is there a physical model to explain the number of
bonds per unit area.

Colbeck (1991) noted that, “buried surface hoar layers are usually uniform over
distances hundreds of times the thickness of the snow cover.” However, it is important
to realise that surface hoar deposition can be so variable as to leave isolated pockets of
surface hoar over large avalanche start zones (Breyfogle, 1986). Furthermore, the tex-
ture of a buried surface hoar layer may also exhibit considerable spatial variability. This
can make the existence and extent of a buried surface hoar layer difficult to predict

based on point observations of the snowpack in avalanche start zones.

2.2.10 Thinning of buried surface hoar layers

Soon after burial, a layer of surface hoar has a thickness approximately equal to
the measured size of the larger crystals in the layer (Jamieson and Schweizer, 2000), and
will become about 20-44% thinner in the first ten to twenty days subsequent to burial

(Chalmers and Jamieson, in press; Davis et al., 1996). The initial rapid thinning of the
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layer is accompanied by a marked increase in the strength of the layer (Geldsetzer et al.,
1997). Over the two months after burial, a surface hoar layer can decrease in thickness
40 to 70% (Jamieson and Schweizer, 2000), which is accompanied by a gradual
strengthening of the layer. The decrease in thickness of a buried surface hoar layer is
measurable in the field (Jamieson and Schweizer, 2000), and is associated with increas-
ing shear strength and stability (e.g. Chalmers and Jamieson, in press).

It has been postulated that thinning of the layer, and not some form of crystal
metamorphism within the layer, is responsible for the often (qualitatively) observed den-
sification of buried surface hoar layers (Davis et al., 1996). It should be noted that the
density of surface hoar layers is not practically measured in the field, but plane sections
of two surface hoar layers, obtained 7 and 10 days after burial show a density of about
160 kg m~ (Davis et al., 1996).

Jamieson and Schweizer (2000) proposed that the thinning of buried surface hoar
layers is due to the surface hoar crystals being pushed into the layers above and below
as the weight of the overlying slab increases. This is augmented by concurrent rear-
rangement and metamorphosis of the grains in the surrounding layers. This process
should be especially dominant at the base of the surface hoar crystals; the narrower base
of the wedge forms is driven into the layer below, resulting in a broader part of the crys-
tal contacting the interface with the layer below. This broader contact forms greater
bond area, and thus the shear strength of the weak layer should increase (Davis et al.,
1996; Jamieson and Johnston, 1997; Geldsetzer et al., 1997). Surface hoar on top of a
harder surface, such as a crust, will not penetrate as easily and therefore will be slower

to gain strength (Jamieson and Schweizer, 2000). If left for a sufficient length of time,
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the surface hoar crystals will penetrate to the point that the two adjacent layers make
contact and form bonds, whereupon the surface hoar layer will have ceased to exist in
the snowpack (Jamieson and Schweizer, 2000).

It can thus be seen that the mechanics of thinning buried surface hoar have been
qualitatively theorised, but not quantitatively modelled. However, empirical field meas-
urements of layer thinning are associated with increased strength of buried surface hoar

layers.

2.2.11 Rate of strength change of buried surface hoar layers

The shear strength of a buried surface hoar layer will most often increase be-
tween 0 and 200 Pa d' (Jamieson and Johnston, 1999), with rates of 25 to 55 Pad™ be-
ing typical over the course of monitoring periods of 50 to 100 days (Jamieson and

Schweizer, 2000).

2.2.12 Observing texture of buried surface hoar layers

Some studies (e.g. Shapiro et al., 1997) emphasised the importance of the rela-
tionship between the texture (size, number, and type of bonds) and strength of a buried
snowpack layer. Jamieson and Schweizer (2000) stated that, *...without a field method
to objectively characterise the buried surface hoar layers at the time of measurement (of
the layer’s shear strength), it is impossible to relate the observed shear strength changes
to changes in texture (of the layer).”

To characterise the texture of a layer, the bonds must be left intact; observation

or preservation of disaggregated crystals involves breaking the bonds, so neither method
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is suitable. Plane and serial section analysis of a preserved layering enables observation
of texture (Perla, 1982; Davis et al., 1996), yet neither is possible in the field and too
time consuming to be suitable for operational avalanche forecasting (Jamieson and
Schweizer, 2000). Jamieson and Schweizer (2000) saw some promise in in-situ photog-
raphy of a buried surface hoar layer to characterise its texture, although Chalmers and
Jamieson (in press) found that this was not of use for two surface hoar layers studied
over time.

The literature therefore indicates that a physically based texture characterisation

of buried surface hoar layers is not possible with present field observational techniques.

2.2.13 Snowpack factors associated with strength change of buried surface hoar

Jamieson and Johnston (1999) ranked a number of measured and calculated
snowpack (predictor) variables against the average rate of change of shear strength of a
surface hoar layer (response variable). They regarded this as, “a first step towards devel-
oping a model for predicting strength changes based on measurements that are easier to
make than repeatedly measuring the shear strength of the layers with the shear
frame,” (Jamieson and Johnston, 1999). The data set for their study included over 300
measured strength changes of buried surface hoar in the Columbia Mountains. It was
found that the average rate of change of shear strength over intervals of 3-8 days was
not normally distributed, so Kendall tau rank correlations were used.

Jamieson and Johnston (1999) listed the top ten predictors of the rate of change
of shear strength of a buried surface hoar layer. Additionally, they included possible as-

sociations with physical processes and other snowpack variables. These predictors are
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listed below, in order of decreasing significance:

Snowpack depth (HS). Larger values of strength increase were associated with a
deeper snowpack, which in turn was associated with greater slab thickness (H) and more
load (see below), and weakly associated with smaller magnitudes of temperature gradi-
ent across the weak layer.

Maximum crystal size of the surface hoar (Emax). Layers with larger crystals
were slower to gain strength (Section 2.9).

Slab depth overlying the weak layer (H). A thicker slab was associated with
more load overlying the weak layer, which caused more contacts and bonds (via layer
thinning, Section 2.12), in turn causing strength to increase. It was also plausible that a
thicker slab caused a lower temperature gradient (TG) across the weak layer and there-
fore more rounding/bonding.

Weak layer temperature gradient divided by weak layer temperature (TG/Twl).
Larger values of (TG/Twl) were associated with slower rates of strength change, be-
cause of a shallow snowpack (HS), thinner slabs (H), and higher magnitudes of tempera-
ture gradient (TG).

Temperature of the surface hoar weak layer (Twl). Colder surface hoar layers
were associated with lower rates of strength increase, because layers were colder in
shallower snowpacks (HS) where temperature gradients (TG) were larger and less con-
ducive to rounding of crystals and strengthening of the layers.

Minimum crystal size of the surface hoar layer (Emin). Layers with larger crys-
tals were slower to gain strength (Section 2.9), compared to layers of smaller crystals.

Load on the weak layer (o). Increase load probably pushed crystals into adjacent
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layers, which caused increased bonding and strength (Section 2.12).

Range of crystal size of the surface hoar (Emax-Emin). A larger range of crystal
sizes was correlated with larger maximum crystal size, which were slower to gain
strength (Section 2.9).

Strength at the start of an interval (Z,). Strong layers gained strength faster.
Strong layers were associated with heavy loads (Load and H) in deep snowpacks (HS).

Air temperature (Ta). Faster strength increases took place at higher elevations,
where temperatures (Ta) were colder, snowpacks deeper (HS), slabs thicker (H), and
loads greater.

Jamieson and Johnston (1999) also noted a weak positive correlation of rate of
strength change with temperature gradient across the surface hoar layer, consistent with
the idea of increased bonding and strength with lower magnitudes of the temperature
gradient. There was no correlation between the rate of strength change and the thickness
of the surface hoar layer, although the association between the rate of strength change
and the rate of change of the thickness of the surface hoar layer was not examined.
There was also no correlation between the rate of strength change and the average tem-
perature gradient of the snowpack.

Jamieson and Johnston (1999) suggested that the strong correlation of snow
depth, slab thickness, and maximum crystal size with the rate of strength change imply
that, “microstructure (of the surface hoar layer) and bond-stress may be important to un-
derstanding and modelling strength changes of buried surface hoar layers.” To date, no
studies of surface hoar microstructure and bond-stress have been made.

The work of Jamieson and Johnston (1999) indicates that that an empirical
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model to predict the shear strength of buried surface hoar layers from observable snow-
pack factors may be more readily found than a model based on physical strengthening

mechanisms.

2.2.14 Physically-based snowpack models and surface hoar weak layer evolution

At present, there exist two complex, physically-based models which simulate the
evolution of the mountain snowpack, including the microstructure of layers, based on
meteorological inputs. These are called Snowpack and Crocus. Neither Snowpack nor
Crocus includes surface hoar as a grain type (Fierz and Gauer, 1998; Meteo France,
1996). Attempts have been made to input layers of buried surface hoar in these models
as layers of large faceted crystals, with inconclusive results on their ability to simulate

the evolution of such layers (e.g. Fierz and Gauer, 1998).

2.3 Stability indices

As discussed in Chapter 1, the stability - susceptibility to slab avalanching - of
buried weak layers in the snowpack may be assessed by direct indicators such as obser-
vations of other slab avalanches or snowpack stability (Class 1 factors), by less direct
indicators such as snowpack factors (Class 2 factors), or weather observations (Class 3
factors).

Stability ratios or indices based on shear frame measurements are such Class 1
factors. Schleiss and Schleiss (1970) introduced a snow “stability factor” or Stability
Ratio, SF (Canadian Avalanche Association, 1995), which is the shear strength of a

weak layer divided by the load (weight per unit area above the weak layer). This has
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been used since c. 1960 at the Mount Fidelity study plot to extrapolate snowpack stabil-
ity for natural avalanches in the Rogers Pass highway corridor, but not for skier-
triggered avalanche activity.

Roch (1966) introduced a stability index S, the ratio of shear strength to shear
stress on the weak layer, and Fhn (1987) produced a stability index incorporating skier
loading, S'. Both Roch (1966) and Féhn (1987) made their shear strength measurements
on or near avalanche slopes. These indices were corrected for the effects of normal load
and shear frame size. F6hn and Camponovo (1996) showed that the shear strength of
weak layers strongly correlated with the skier stability index.

To apply the stability index S to slopes of differing angles over a geographical
region (up to 30 km), Jamieson and Johnston (1993) obtained S;s, based on a typical in-
clination of 35 degrees for avalanche start zones. They found a band of transitional sta-
bility (1.6-1.8) between stable and unstable snowpack conditions. Jamieson and Johns-
ton (1993) found that SF and S35 were effective regional predictors of unstable and mar-
ginal natural avalanche stability on 75-87% of days, but this study did not include ex-
trapolated regional stability for skier-triggered avalanches.

Jamieson and Johnston (1994) refined the skier triggering stability index S’, as
Sk, to include the effects of ski penetration. In order to use this index for slopes within
15 km, it was applied to a slope angle of 35 degrees as Sk;s. Jamieson (1995, pp. 148-
156), applying a slope angle of 38 degrees, excluded normal load effects for persistent
weak layers and presented daily Sksg values for nine buried surface hoar layers in the
Columbia mountains. Most layers in that study showed a slowing of skier-triggered slab

avalanche activity when Sk;s exceeded approximately 0.5 and a cessation of observed
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skier-triggered slab avalanche activity when Sk;g was 1-1.5. Sk was further refined in
Jamieson and Johnston (1998) for tests done on or adjacent to avalanche slopes. How-
ever, to date, only Chalmers and Jamieson (in press) have attempted to apply study plot
measurements, including stability indices, to extrapolate the regional-scale stability of a
buried weak layer in regards to skier-triggered avalanche activity. They found that an
Sk;s value of 1-1.5 indicated a transition between unstable and stable regional skier sta-
bility of buried surface hoar layers.

The stability index Sk assumes that a buried weak layer of surface hoar fails in
shear and not in compression. Although a mixed mode of failure cannot be ruled out,
buried surface hoar layers are generally thin (< 10 mm thickness), and shear failure is

assumed (Jamieson and Schweizer, 2000).

2.4 Extrapolated study plot measurements for avalanche forecasting

Féhn and Camponovo (1996) found that the stability of weak layers in the snow-
pack was proportional to the strength of the layer. Several studies have measured
strength changes of buried surface hoar layers, with stability trends of the layers and as-
sociated avalanche activity (Jamieson and Johnston, 1994; Jamieson, 1995, pp. 125-138,
149-156; Schweizer et al., 1998). These studies considered a study area of approxi-
mately 10-15 km around the snow study plot. Chalmers and Jamieson (in press) related
study plot measurements of buried surface hoar layers to the skier-triggered avalanche
activity on these layers in a surrounding region (up to about 100 km away). Some stud-
ies have addressed observable changes in buried surface hoar layer properties (Davis et

al., 1996; Jamieson and Schweizer, 2000; Chalmers and Jamieson, in press). Chalmers
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and Jamieson (in press) found that shear strength, layer thickness, and load on the weak
layer, all had measurable values that were associated with the regional stability of buried
surface hoar layers. Specifically, a shear strength of approximately 1 kPa, a load of ap-
proximately 1 kPa, and a thinning of initial layer thickness by 20-44%, all appear to be
important indicators of the skier stability of a buried surface hoar layer. Chalmers and
Jamieson (in press) also concluded that observable changes in layer texture, from pho-
tography of buried surface hoar layers, cannot readily be applied to regional stability

forecasting.

2.5 Summary

The literature on surface hoar shows that the trends in the strength of a buried
surface hoar layer are related to observable characteristics of the layer and the surround-
ing snowpack. Physical mechanisms such as layer texture are perceived as important to
the strength of buried surface hoar layers, but have yet to be extensively documented or
quantitatively explained. Modelling the strength of buried surface hoar layers based on
observable snowpack characteristics appears to be more promising than a physically-
based model.

It appears that stability indices and study plot measurements may both be ex-
trapolated to forecast regional skier-triggered avalanche activity where the snowpack in

the study plot is similar to that in surrounding starting zones.
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3. METHODS

3.1 Study areas and co-operating organisations

Data for this study were collected at study sites in the Columbia Mountains
(Figure 3.1, Table 3.1) of western Canada from the years 1992-2001. Study sites were
located in areas used by Mike Wiegele Helicopter Skiing (1993-2000) and Canadian
Mountain Holidays Bobbie Burns (1992-1998), and in Glacier National Park (1999-
2001). Additional skier-triggered avalanche observation data were collected from Cana-
dian Mountain Holidays Adamants, Gothics, Monashees, and Revelstoke (1999-2001).

The Columbia Mountains have a transitional snow climate, between maritime
and continental conditions (see McClung and Schaerer, 1993, pp. 17-18), although mari-
time conditions have been observed to be the more influential in the region (e.g.

Schweizer et al., 1998).

Table 3.1: Study sites.

Organisation Study site Elevation (m)| Aspect | Slope (°)
Canadian Mountain Elk 2300 NE Sto24
Holidays Middle Moose 2100 NW 8 to 21
Bobbie Burns North Moose 1900 NW 20 to 34
North Moose Log Cut 1950 NW 27to 34
Pygmy Run 2000 E 24 to 31
Vermont 1600 N Oto6
Vermont Airbox 1600 N 0
Parks Canada Cheops 1600 ENE 4 to 28
Glacier Nat. Park Fidelity 1890 NtoE 15 to 30
Mike Wiegele Tower 1890 E 34 t0 39
Helicopter Skiing | Mt. St. Anne Airbox 1900 E 0
Mt. St. Anne Cutblock 1600 E 23 to 32
Mt. St. Anne Landing 1390 S 0
Mt. St. Anne Plot 1900 E 0
Norberts Cutblock 1700 E 12 to 26
Sam's Plot 1770 N 10
Sam's Run 1910 SE 23 to 28
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Figure 3.1: Study areas in the Columbia Mountains: 1) Mike Wiegele Helicopter Ski-
ing, 2) Canadian Mountain Holidays Adamants, Gothics, Monashees, and Revelstoke, 3)
Glacier National Park, 4) Canadian Mountain Holidays Bobbie Burns. Mt. St. Anne and
Mt. Fidelity study plots shown. Other study sites located within areas 1,3,4 (Table 3.1).
Skier-triggered avalanche activity data for Mt. Fidelity region gathered from areas 2 and
3. Skier-triggered avalanche activity data for Mt. St. Anne region gathered from area 1.
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3.2 Sites for snowpack observations
3.2.1 Study plots and slopes

The changes in snowpack properties, including buried surface hoar layers, meas-
ured for this project were observed at fixed study locations. These locations were se-
lected, in consultation with the appropriate co-operating organisation, to be: generally
safe from the threat of avalanches, relatively sheltered from wind effects, uniform in ter-
rain and snowpack, and representative of the snowpack in the surrounding avalanche
starting zones. Flat study sites are referred to as study plots; sloping sites are referred to
as study slopes. Study sites were visited on a fixed schedule, ideally with no more than

eight days between visits.

3.2.2 Study sites with automated meteorological stations

Two study sites for this project were located adjacent to automated meteorologi-
cal stations: Mt. Fidelity in the Selkirk range and Mt. St. Anne in the Cariboo range,
both in the Columbia Mountains of western Canada. The automatic weather data in-
cludes the daily snowfall at each site, which may be used to calculate the daily load in-
crements on a buried surface hoar layer. Furthermore, both sites are located in or adja-
cent to areas for which skier-triggered avalanche activity in the surrounding region was
reported.

The Mt. Fidelity study site (Figure 3.1) is located at 1905 m a.s.l., 900 m above
the Trans-Canada Highway in Rogers Pass, British Columbia, near the west end of Gla-

cier National Park.
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Mt. Fidelity is used by Glacier National Park’s Avalanche Control Section for avalanche

forecasting, and automated measurements from this site were provided by this group.
The Fidelity study slopes varied between approximately 15 and 30 degrees inclination,
on a predominantly east-facing ridge, and were the sites of weak layer strength change
measurements collected by University of Calgary researchers over the winters 1998-
1999, 1999-2000, 2000-2001. Skier-triggered avalanche activity for this region was re-
corded by University of Calgary staff in Glacier National Park, and by four neighbour-
ing helicopter skiing operations located within approximately 100 km of the study site
(Figure 3.1).

The Mt. St. Anne study station is located at 1900 m a.s.l., northwest of the town
of Blue River, British Columbia. The study site is operated by Mike Wiegele Helicopter
Skiing, and University of Calgary research technicians made measurements over the

winters 1993-2001 at this site.

3.2.3 Airbox study sites

Several study sites for this project are called “Airbox™ sites (Table 3.1). Snow-
pack data were recorded above boxes placed on the ground during the summer and sub-
sequently buried in the snowpack (Airboxes). These boxes created an artificially thin
area of the snowpack (depth < 1 m) for a separate study (Jamieson and Johnston, 1999).
Shear strength data from these sites were not found to differ significantly from nearby

study sites, thus allowing the snowpack data from these sites to be used in this study.
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3.3 Equipment
3.3.1 Manual snow study equipment

A collapsible snow shovel is used to dig snow pits and, together with a snow
saw, to perform the compression test (Canadian Avalanche Association, 1995).

A collapsible avalanche probe, typically around 3 m in length, is used to measure
height of snowpack and ascertain uniformity of snow cover in a study site.

A snow crystal screen with grids of 1, 2, and 3mm on a side and a mm ruled
edge is used in conjunction with a hand lens (loupe) to identify and measure the average
size of disaggregated snow crystals (Figure 3.2).

A folding ruler is used to locate layers, measure height of snowpack and thick-
ness of layers, and place thermometers in the snow profile (Figures 3.2 and 1.7).

A digital thermometer (accurate to 0.2°C) is used to measure a snow temperature
profile every 0.1 m from the snow surface. Additional temperature measurements were
often taken in the middle of the surface hoar layer and at 0.05 m above and below this
location.

Two different stainless steel shear frames, 100 and 250 cm? in size, were used
for the strength measurements of surface hoar layers (Figure 1.8). They are slightly ta-
pered from the front (where a string is attached for use of a force gauge) to the back, to
reduce friction between the snow and the sides of the frame. The frames are sharpened
at the bottom to enable placement in the snow above the weak layer with less force, and

thereby reduce the chances of disturbing the weak layer.
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Figure 3.2: A folding ruler in use in the snow pit wall, with an observer using a crystal
screen and magnifier to examine snow crystals. ASARC photo.

Figure 3.3: A ring flash and macro lens being used for snow pit wall
microphotography. ASARC photo.
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Three different force gauges, with capacities of 3, 10, and 30 kg are used in con-
junction with a shear frame to measure the shear strength of a surface hoar layer (Figure
1.8). The gauge used depends on the expected strength of the layer to be tested. Between
10% and 100% of the gauges’ capacity, they are rated to be accurate to within 1% of the
capacity. A switch on the gauge selects recording of current force or maximum force.

A force gauge and core sampling tube and bag are used in one method of meas-
uring the slab weight per unit area. A density sampling tube and digital scale are used in
another.

A camera with a macro lens and ring flash is used to take pictures of disaggre-
gated (separated from the buried surface hoar layers) and in-situ (snow pit wall) snow

crystals (Figure 3.3).

3.3.2 Automated meteorological equipment
Automated precipitation gauges were locate adjacent to the Mt. St. Anne and Mt.
Fidelity study sites. These record precipitation as equivalent mm of water and are used

to record new loading on a buried surface hoar layer each day for the preceding 24 hour

period.

3.4 Measurement procedures
3.4.1 Snowpack properties

On each measurement day, the buried surface hoar layer(s) were identified in a
snow pit wall with a profile of snowpack layers, compression test, rutschblock test, or

shovel test (Canadian Avalanche Association, 1995).
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A snow profile was observed (Figure 1.7), including properties of the surface hoar lay-

ers (maximum and minimum grain size, layer thickness, temperature, temperature gradi-
ent, shear strength) and of the overlying slab (load, slab thickness), and the height of the
snowpack.

The shear strength of each layer is the average obtained from a set of approxi-
mately 12 shear frame tests (Figure 1.8). The snow overlying the buried surface hoar
layer was removed, leaving 40-45 mm of undisturbed snow above the weak layer. A
shear frame was carefully inserted into the snow such that the frame bottom was 2-5 mm
above the weak layer (Perla and Beck, 1983). A thin blade was passed around the shear
frame to ensure surrounding snow was not bonding to the shear frame, cutting to but not
through the weak layer. A force gauge was hooked to a cord attached to the shear frame
and pulled smoothly and rapidly (< 1 s to failure). This results in a brittle, planar failure
of the weak layer just below the bottom of the frame, with non-planar fractures identi-
fied by a descriptor (see Geldsetzer et al., 1999). Details of the shear frame test can be
found in Jamieson and Johnston (2001). Shear strength is the maximum reading on the
force gauge divided by the area of the frame, and adjusted for size effects (Sommerfeld,
1980; F6hn, 1987).

The maximum and minimum extent of the characteristic surface hoar crystals in
a buried layer were observed. This was done according to industry guidelines (Canadian
Avalanche Association, 1995), manually separating the crystals from the snowpack and
observing them with a low magnification (8X) hand lens on a crystal screen with 1, 2, 3,

and 10 mm grids.
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The thickness of a buried surface hoar layer was measured by placing a millime-
tre scale against the vertical snow pit wall and recording the layer thickness to the near-
est millimetre in approximately three locations on the snow pit wall. The results were
averaged by the observer to obtain the thickness of the weak layer.

The load due to the snow slab overlying a buried surface hoar layer (o) was
measured in two ways. The first method involves taking a. vertical core sample of the
slab by inserting a tube vertically through the snowpack layers above the surface hoar
layer. Several such cores were often taken to reduce measurement error. In this first
method,

6 = mg/Area (1)
where m is the average mass of the core samples, g is the acceleration due to gravity,
and Area is the cross-sectional area of the sample tube (28 cm?). The second method is
to calculate the load from the thickness and measured densities of the snowpack layers
above the buried surface hoar layer,

o =g(pih; + p2ha+...), 2)
where p; and h; are the density and thickness of the iy, layer. For layers which were too
thin (less than 40 mm) to measure with the small (100 cm®) density sampling tube, the
density was estimated from hand hardness and grain type as described by Geldsetzer and
Jamieson (2000). These two methods of load measurement are used to minimise the
sampling error from each method (Jamieson and Johnston, 1999), and values from both
methods were averaged to obtain the load.

Manual measurements of snowpack temperatures and temperature gradient

across the buried surface hoar layers were taken on each observation day with digital
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display thermometers with a resolution of 0.2°C. The temperature gradient across a bur-
ied surface hoar layer was calculated from the temperatures 50 mm above and below the
suspected failure plane. Weak layer temperatures and temperature gradients were moni-
tored continuously with thermisters for a number of the weak layers in this study, and
showed excellent correspondence with manual measurements.

The height of the snowpack was measured in one of two ways. If the snow pro-
file was excavated to ground level, the height of snowpack was measured with the fold-
ing ruler on the pit wall. If the snow profile was not excavated to ground level, a col-
lapsible snow probe with graduated (cm) markings was inserted into the snowpack until

it touched ground, and the height of snowpack was recorded from the probe scale.

3.4.2 Photographic techniques

Approximately every 8 to 14 days, buried surface hoar layers were photographed
by two different methods: in-situ as they are found naturally in the snowpack, and as
crystals disaggregated from each layer (e.g. Davis et al., 1996; Jamieson and Schweizer,
2000). The in-situ photos were made by inserting a black screen approximately 10-20
mm behind the weak layer, parallel to the pit wall to provide background contrast. Dis-
turbed or fractured crystals in front of the screen were carefully removed, leaving only
surface hoar crystals in their natural buried state to be photographed with a macro lens
and ring flash (Figure 3.3). Some crystals were then carefully disaggregated from the pit
wall, without breaking them into smaller pieces, and placed on a 10 mm grid to be pho-
tographed with a macro lens and ring flash. A ring flash was used to enable hand-held

photos to be taken without a tripod.
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3.5 Avalanche activity

Observed avalanche activity was recorded according to industry guidelines
(Canadian Avalanche Association, 1995), including the type of release (slab or loose
snow), size based on destructive potential (size range 1 to 4, including half-sizes), type
of trigger (natural, explosive, skier, cornice fall, etc.), liquid water content (dry, moist,

wet), aspect, elevation, location, and date and time of occurrence.
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4. PREDICTING SHEAR STRENGTH OF BURIED SURFACE HOAR LAYERS
4.1 Introduction
4.1.1 Goals of a shear strength prediction model

The objective of this chapter was to develop a model that could be used opera-
tionally to predict the shear strength of buried surface hoar layers in the Columbia
Mountains. Ideally, an observer may perform standard snowpack and weather observa-
tions (Canadian Avalanche Association, 1995) in a study plot in the Columbia Moun-
tains, and then use the model to forecast the strength change until the next snowpack ob-
servation day. The predicted strength, if accurate, may then be assimilated with other
forecasting variables and methods to aid the forecaster in making decisions.

Three different techniques were used to develop three models to predict the
shear strength of buried surface hoar layers in the Columbia Mountains. These are de-
noted the Shear Strength—Power Law, -Interval, and —Lagged Load models. The devel-
opment of each model is discussed in Sections 4.2, 4.3, and 4.4, respectively. Model ac-

curacy and testing is discussed in Section 4.5, and the results of this chapter are summa-

rised in Section 4.6.

4.1.2 Snowpack and shear strength measurement variables
In order to develop the most accurate yet practical models, a large number of
variables based on easily measured snowpack properties were considered (Table 4.1).
Shear strength of the buried surface hoar X is referred to as the response
(dependent) variable, while the other snowpack variables are referred to as predictor

(independent) variables.
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Depending on the modelling technique, different variables can be used. Once a
model based on a number of these variables has shown promise for predicting the shear
strength of buried surface hoar layers in the Columbia Mountains, the physical interpre-
tation may be addressed. A new model can then be constructed, using only variables that
are easily measured by an avalanche forecaster or technician and/or have conceptually
straightforward physical meaning. It is proposed that this second model iteration will be
more preferable for operational use, provided that it provides accuracy similar to the

original model. This concept of model refinement will be applied in this chapter.

Table 4.1: Snowpack variables and units.

Variable Description (units)
z Shear strength of weak layer (kPa)
c Vertical load (force per unit area) due to snow overlying weak layer
(kPa)
H Thickness of snow slab overlying weak layer, measured vertically (cm)
HS Total height of snowpack (cm)
Thick Thickness of weak layer (cm)
Twl Temperature of weak layer (°C)
TG Magnitude of temperature gradient across weak layer (°C m™)
Emin Minimum grain size in weak layer (mm)
Emax Maximum grain size in weak layer (mm)
(Emax-Emin) Difference between max. and min. grain size in weak layer (mm)
(TG/Twl) Average temperature gradient across weak layer divided by average
weak layer temperature (m™')

4.1.3 Shear strength of buried surface hoar layers in the Columbia Mountains

The data set of buried surface hoar layers in this study includes 514 strength
measurements on 92 time series of buried surface hoar in the Columbia Mountains, from
the years 1992 to 2001 (Table 4.2). Each time series is a sequence of measurements of a
particular layer at a particular study site over time (10-100 days). Most layers in this
study involved sector plate forms of surface hoar (Section 2.2.1). The author was in-

volved in data collection for time series during the winters 1999-2000 and 2000-2001.
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The time series of strength measurements of a buried surface hoar layer is shown
in Figure 4.1. As is typical of buried layers of surface hoar in the Columbia Mountains,
this layer showed rapid strength gain during the first 20 to 30 days after burial. Most
skier-triggered slab avalanches on these layers typically occur over this same time pe-
riod (e.g. Chalmers and Jamieson, in press). Subsequent strength gain was much more
gradual.

The object of this study is the prediction of strength changes of buried surface
hoar layers, with the intent of aiding the forecasting of skier-triggered slab avalanches.
Thus, the analysis will focus on the first 30 days following the burial of a surface hoar
layer.

Decreases in shear strength of a surface hoar layer may be measured
(Figure 4.1). Variations in shear strength may arise due to natural variability of the layer
in the study site. In the Columbia Mountains, surface hoar layers are often too deep in
the snowpack for strength decreases to be due to external (meteorological) forcing.
Shear strength decreases are often observed later in the winter months as snowpack tem-
peratures warm to around —1°C, but are not associated with increased avalanche activity

on the surface hoar layer.
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Figure 4.1: Shear strength of the surface hoar layer buried 20-January-2001 in the
Mt. St. Anne study plot.




Table 4.2: Time series of strength of surface hoar layers 1992-2001.

Burial date Location N Burial date Location N
05-Dec-92 Tower Study Slope 2 17-Feb-96 | Mt. St. Anne Study Plot | 6
15-Nov-93 | Mt. St. Anne Study Plot | 5 17-Jan-97 Vermont Study Plot 15
04-Dec-93 | Mt. St. Anne Study Plot | 7 17-Jan-97 Vermont Airbox 15
18-Dec-93 Sam's Study Plot 5 17-Jan-97 Pygmy Run 8
29-Dec-93 | Mt. St. Anne Study Plot | 7 17-Jan-97 North Moose Log Cut | 13
29-Dec-93 Sam's Study Plot 5 17-Jan-97 | Mt. St. Anne Study Plot | 13
21-Jan-94 | Mt. St. Anne Study Plot | 2 17-Jan-97 Mt. St. Anne Airbox 10
05-Feb-94 Sam's Run 2 17-Jan-97 Elk Study Plot 4
05-Feb-94 Sam's Study Plot 2 17-Jan-97 Elk Study Slope 4
05-Feb-94 | Mt. St. Anne Study Plot | 7 10-Feb-97 Norberts Cutblock 2
05-Feb-94 Tower Study Slope 2 10-Feb-97 | Mt. St. Anne Study Plot | 9
15-Dec-94 Vermont Study Plot 9 10-Feb-97 Mt. St. Anne Airbox 8
15-Dec-94 Elk Study Plot 6 10-Feb-97 Mt. St. Anne Cutblock | 7
07-Jan-95 Vermont Study Plot 8 11-Feb-97 Vermont Study Plot 8
07-Jan-95 | Mt. St. Anne Study Plot | 9 11-Feb-97 Vermont Airbox 8
07-Jan-95 Mt. St. Anne Airbox 8 11-Feb-97 Pygmy Run 7
07-Jan-95 Mt. St. Anne Landing 2 11-Feb-97 North Moose Log Cut 8
14-Feb-95 | Mt, St. Anne Study Plot | S 01-Mar-97 North Moose Log Cut 2
28-Dec-95 | Mt. St. Anne Study Plot | 10 01-Mar-97 Pygmy Run 2
28-Dec-95 Mt. St. Anne Airbox 4 01-Mar-97 Vermont Airbox 2
28-Dec-95 | Mt St. Anne Cutblock | 8 01-Mar-97 Vermont Study Plot 2
01-Jan-96 Mt. St. Anne Airbox 3 08-Dec-97 | Mt. St. Anne Cutblock | 6
01-Jan-96 | Mt. St. Anne Study Plot | 4 08-Dec-97 | M. St. Anne Study Plot | 7
04-Feb-96 | Mt. St. Anne Study Plot { 3 26-Dec-97 | Middle Moose Study Plot| 14
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Table 4.2 (continued) : Time series of strength of surface hoar layers 1992-2001.

Burial date Location N Burial date Location N
26-Dec-97 Vermont Study Plot 7 30-Dec-99 Cheops Study Plot 12
02-Feb-98 | Mt. St. Anne Study Plot | 3 30-Dec-99 Fidelity Study Slope 15
03-Feb-98 | Middle Moose Study Plot{ 7 30-Dec-99 | Mt. St. Anne Study Plot | 13
03-Feb-98 Pygmy Run 2 31-Jan-00 Cheops Study Plot 9
03-Feb-98 Vermont Study Plot 6 31-Jan-00 Fidelity Study Slope 10
13-Feb-98 | Mt. St. Anne Study Plot | 9 31-Jan-00 § Mt. St. Anne Study Plot | 12
13-Feb-98 Mt. St. Anne Airbox 11 31-Jan-00 Mt. St. Anne Airbox 10
17-Feb-98 |Middle Moose Study Plot| 3 05-Feb-00 Cheops Study Plot 7
17-Feb-98 Vermont Study Plot 2 21-Feb-00 Cheops Study Plot 6
25-Feb-98 | Mt. St. Anne Cutblock | 2 21-Feb-00 Fidelity Study Slope 6
25-Feb-98 | Mt. St. Anne Study Plot | 7 21-Feb-00 Mt. St. Anne Cutblock | 6
25-Feb-98 Mt. St. Anne Airbox 7 17-Nov-00 Fidelity Study Slope 3
25-Feb-98 | Mt. St. Anne Cutblock | 2 24-Nov-00 Fidelity Study Slope 6
28-Feb-98 |Middle Moose Study Plot| 3 07-Dec-00 | Mt. St. Anne Study Plot | 8
28-Feb-98 Vermont Airbox 3 13-Jan-01 Fidelity Study Slope 17
28-Feb-98 Vermont Study Plot 3 20-Jan-01 | Mt. St. Anne Study Plot | 14
03-Jan-99 Fidelity Study Slope 4 28-Jan-01 Fidelity Study Slope 15
03-Jan-99 Cheops Study Plot 4 23-Feb-01 | Mt. St. Anne Study Plot | 4
24-Jan-99 Cheops Study Plot 2 23-Feb-01 Fidelity Study Slope 8
24-Jan-99 Fidelity Study Slope 3
24-Jan-99 Cheops Study Plot 7
16-Feb-99 Fidelity Study Slope 8
16-Feb-99 Cheops Study Plot 10
12-Mar-99 Fidelity Study Slope 2

13 4



4.2 Shear strength — Power Law model
4.2.1 Introduction

Following burial by snowfall, a surface hoar layer in the Columbia Mountains
typically increases in strength rapidly for 20 to 30 days, then slows in rate of strength
gain (as in Figure 4.1). This appears to indicate power law relationship between shear
strength and time. In dimensionless parameters, this relationship may be expressed as:
LE =y, 4.1
where X is shear strength, X, is a constant representing shear strength on the first day af-
ter the layer is buried (day 1) — also called initial shear strength, ¢ is time (in days), ¢, is
1 (day 1), and 4 is the exponential shear strength growth constant of the particular sur-
face hoar layer.

The objective of the analysis in this section was to find values of ; and 4 for
surface hoar layers in the Columbia Mountains, and thus describe the shear strength of
these layers over time by Equation 4.1.

The data were examined for serial correlations with the Durbin-Watson test
(Mendenhall and Sincich, 1996, p. 430), with overall inconclusive results. Nonetheless,
there may be serial correlations present in some of the data, which would cause model
significance p-values to be overestimated. Using a similar dataset and analysis, Johnson
(2000, p. 55) noted that, “statistical analysis of the serial correlations is difficult because
of the small time series and irregular time intervals.” Henceforth, some overestimation

of significance p-values may be assumed.
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4.2.2 Dataset

In an effort to more closely model gains in shear strength over the period of time
in which surface hoar layers are commonly prone to skier triggering, the data set for this
analysis included only time series for which strength was measured at least 4 times
within the first 30 days after burial. These layers are listed in Table 4.3. Two layers were
used for model testing but not for model formulation. Listed in italics in Table 4.3, these
layers were selected for model testing because good records of skier-triggered ava-

lanches were available.

4.2.3 Parameter fitting for individual time series

A least-squares regression was performed on each time series in Table 4.3, in or-
der to fit the parameters X, and 4 from Equation 4.1. An important assumption for the
validity of least-squares regression analysis is a random scatter of the residuals (the dif-
ference between measured and predicted ¥ on a measurement day) of regression
(Mendenhall and Sincich, 1996, pp. 394-404), indicating constant variance of residuals
over the range of the response variable. This assumption was not validated by regression
on the untransformed Equation 4.1, which may be inferred from the residuals shown in
Figure 4.2 (selected at random from the time series of Table 4.3). A logarithmic trans-
formation of Equation 4.1 was used to stabilise the variance of residuals and provide a
linear regression:
In (/X)) = In [(#/2,)"]
or

In) = In(Z,) + 4 In(/t)) . (4.2)



46

Table 4.3: Surface hoar time series with 4 or more measurements during the first 30
days of burial. Fitted parameters X, and 4 as well as R? for fit to Equation 4.2 shown.
Series with significant fit (p < 0.05) in bold. Series in italics reserved for model testing.

Location Burialdate | R? = A
Mt. St. Anne Study Plot | 04-Dec-93 | 0.998 0.157 0.887
*Mt. St. Anne Study Plot | 29-Dec-93 | 0.991 0.148 0.812
Sam’s Study Plot 29-Dec-93 | 0.991 0.351 0.795
Mt. St. Anne Study Plot | 05-Feb-94 | 0.979 0.007 1.800
Elk Study Plot 15-Dec-94 | 0.735 0.012 1.455
Vermont Study Plot 07-Jan-95 | -0.185 0.713 -0.608
Mt. St. Anne Study Plot | 07-Jan-95 | 0.962 0.068 1.110
Mt. St. Anne Airbox 07-Jan-95 0.937 0.107 0.830
Mt. St. Anne Study Plot | 14-Feb-95 | 0.943 0.245 0.736
Mt. St. Anne Study Plot | 28-Dec-95 | 0.961 0.076 1.058
Mt. St. Anne Airbox 28-Dec-95 | 0912 0.104 0.914
Mt. St. Anne Study Plot | 01-Jan-96 | 0.955 0.196 0.878
Mt. St. Anne Study Plot 17-Feb-96 | 0.684 0.476 0.525
Vermont Study Plot 17-Jan-97 | 0.822 0.160 0.586
Vermont Airbox 17-Jan-97 0.770 0.135 0.637
Pygmy Run 17-Jan-97 | 0.836 0.423 0.414
North Moose Log Cut 17-Jan-97 0.682 0.028 1.178
*Mt. St. Anne Study Plot | 17-Jan-97 | 0.878 0.342 0.617
Mt. St. Anne Airbox 17-Jan-97 0.625 0.578 0.300
Elk Study Slope 17-Jan-97 0.672 0.098 0.870
Mt. St. Anne Study Plot | 10-Feb-97 | 0.934 0.031 1.409
Mt. St. Anne Airbox 10-Feb-97 | 0.861 0.071 0.967
Mt. St. Anne Cutblock 10-Feb-97 | 0.381 0.258 0.465
Vermont Study Plot 11-Feb-97 | 0.942 0.019 1.145
Vermont Airbox 11-Feb-97 | 0.819 0.008 1.380
Pygmy Run 11-Feb-97 | 0.633 0.059 0.958
North Moose Log Cut 11-Feb-97 0.340 0.070 0.659
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Table 4.3 (continued): Surface hoar time series with 4 or more measurements during
the first 30 days of burial. Fitted parameters X, and 4 as well as R* for fit to Equation
4.2 shown. Series with significant fit (p < 0.05) in bold. Series in italics reserved for

model testing.

Location Burial date R P A
Middle Moose Study Plot | 26-Dec-97 | 0.769 0.229 0.668
Vermont Study Plot 26-Dec-97 | 0.539 0.294 0.568
*Middle Moose Study Plot| 03-Feb-98 | 0.979 0.021 1.069
Mt. St. Anne Study Plot | 13-Feb-98 | 0.831 0.433 0.505
Mt. St. Anne Airbox 13-Feb-98 | 0.861 0.435 0.428
Mt. St. Anne Study Plot | 25-Feb-98 | 0.934 0.093 0.951
Mt. St. Anne Airbox 25-Feb-98 | 0.991 0.066 1.064
Fidelity Study Slope 03-Jan-99 0.921 0.262 0.923
Cheops Study Plot 03-Jan-99 | 0917 0.090 1.146
Cheops Study Plot 24-Jan-99 0.742 0.128 1.113
Fidelity Study Slope 16-Feb-99 | 0.922 0.024 1.504
Cheops Study Plot 16-Feb-99 | 0.957 0.077 1.116
*Fidelity Study Slope 30-Dec-99 | 0.950 0.022 1.535
Mzt St. Anne Study Plot | 30-Dec-99 | 0.907 0.092 0.969
Cheops Study Plot 31-Jan-00 0.510 0.361 0.469
Fidelity Study Slope 31-Jan-00 | 0.938 0.088 0.989
Mt. St. Anne Study Plot | 31-Jan-00 | 0.963 0.200 0.598
Mt. St. Anne Airbox 31-Jan-00 | 0.790 0.381 0.314
Cheops Study Plot 21-Feb-00 | 0.934 0.108 0918
Fidelity Study Slope 21-Feb-00 | 0.580 0.088 0919
Mt. St. Anne Cutblock | 21-Feb-00 | 0.976 0.077 1.065
Fidelity Study Slope 24-Nov-00 | 0.901 0.222 0.586
Fidelity Study Slope 13-Jan-01 | 0.766 0.046 0.886
Mt. St. Anne Study Plot | 20-Jan-01 | 0.914 0.033 1.226
*Fidelity Study Slope 28-Jan-01 | 0.906 0.216 0.652
Mt. St. Anne Study Plot | 23-Feb-01 | 0.977 0.053 1.140
Fidelity Study Slope 23-Feb-01 | 0.969 0.124 0.804
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Figure 4.2: Residuals of regression on untransformed Equation 4.1. Five series from
Table 4.3 (marked with *) selected at random.
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Figure 4.3: Residuals of regression on transformed Equation 4.2. Same series used as in
Figure 4.2.
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An analysis of the residuals of regression for Equation 4.2 (Figure 4.3) shows a more
random scatter about zero, and reduced dependence on the response variable.

The results of the fit of each layer to Equation 4.2 are listed in Table 4.3. Those
series whose fitted parameters X, and 4 were both significant at a 95% probability level
(p < 0.05) are shown in bold; these were used for further analysis (total 41 series). As
can be seen in Table 4.3, the R? values of regression are mostly = 0.9, indicating a good

fit of the model to the data (Mendenhall and Sincich, 1996, pp. 127-137).

4.2.4 Description of parameter values

The descriptive statistics for the fitted parameters X, and 4 are listed in Ta-
ble 4.4. For the Columbia Mountains, the mean value of £, is 0.137 kPa, which may be
interpreted as the mean shear strength of buried surface hoar layers on the first day of
burial. The mean value for A4 is 0.949, which indicates that, in the Columbia Mountains,
the shear strength of buried surface hoar layers generally increases almost linearly with
time for the first 30 days after burial. The distributions of X, and 4 are shown in Figures

4.4 and 4.5, respectively.

Table 4.4 : Descriptive statistics for X, and 4.

Variable| Valid N| Mean | Median Min. Max. |Std. dev.
poN 41 0.137 0.092 0.007 0435 0.125
A 41 0.948 0.951 0.314 1.8 0.328




26
24
22
20
18
16
14
12

—
SNHEARNW®O

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Upper Boundaries (x <= boundary)

Figure 4.4 : Distribution of £, values for time series from Table 4.3.
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Figure 4.5 : Distribution of 4 values from Table 4.3.
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4.2.5 Snowpack factors influencing model parameters

In order to determine which factors in the snowpack may influence the values of
2| and 4 in the Columbia Mountains, variables based on snowpack observations from
the surface hoar series were correlated with £, and 4, using Spearman rank correlations.
Spearman statistics were used to establish relationships amongst variables that may not
be normally distributed. Spearman rank R values of magnitude 1 indicate a perfect cor-
relation. The closer a value is in magnitude to 1 indicates a better correlation, O indicates
a weak correlation. Positive (+) values imply an increasing relationship between vari-
ables, negative (-) values a decreasing relationship (Statistica, 1999).

The form of the snowpack (predictor) variables (Table 4.1) used in the shear
strength-time model and their physical meanings are listed in Table 4.5. Some of these
variables were based directly on snowpack measurements, others were combinations of
these variables. Initial values are from the first day on which a particular layer was
measured, which is not necessarily the first day of burial. Series values are derived from
the interval between the first and last days of measurement (on or before day 30). Val-
ues of ¢}, or load overlying the weak layer on the first day of burial, were obtained by a

regression of load ¢ against time.

Table 4.5: General forms of snowpack variables for Shear Strength-Power Law model.

Form of variable Description
VAR, Value on first day of burial (from regression)
VAR, Value on first measurement day
VAR;eries ave Average value over measured series
AVARries Change in value over measured series
(AVAR/A)sesies Rate of change in value over measured series
(VAR UNITS d")
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The results of the Spearman rank correlations of X; and 4 with snowpack
variables are shown in Table 4.6, with significant values (p < 0.05) highlighted. The ini-
tial shear strength X, showed a significant positive correlation only with o, and Gseries avg-
The exponential growth constant 4 showed a significant negative correlation with o).

Because they both correlate with 6, the cross-correlation between X, and 4 was
examined. The Spearman R value of this correlation is -0.921 and is highly significant
(p < 0.01). Additionally, 6, and Gsrics avg are significantly cross-correlated, with a Spear-
man R value of 0.358. Because Gerics avg is a variable that requires knowledge of series
changes in advance, it is of little use for forecasting purposes, and is not used in the rest
of this section.

The results of this Spearman rank analysis showed important correlations of Z,
and A4 with the load on a buried surface hoar layer on the first day of burial ;. More ini-
tial load on a layer means that it tends to be stronger initially, but slower to subsequently
gain strength. Because load variables were the only significant correlations, the results
imply that load plays a very important role in the strength and strength change of buried
surface hoar layers.

Since X, and 4 correlated with initial load o), these parameters were expressed
as a function of initial load on a buried surface hoar layer, via simple least-squares re-

gression. The results of this regression are shown in Tables 4.7 and 4.8.

Table 4.7: Regression of £, with a;. Table 4.8: Regression of 4 with 6,.

Adjusted R*=.172| Coeff. | St. Err. | | Adjusted R*=.058 | Coeff. | St. Err.
p<.007 B of B p<.085 B of B

Intercept 0.0787 { 0.0309 Intercept 1.03797 | 0.08557

]! 0.501 0.174 o) -0.8539 | 0.48154
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Table 4.7 shows that the regression of I, against o, is significant at the 95%
level (p < 0.007). Table 4.8 shows that the regression of 4 against o, is not significant
at the 95% level (p < 0.085). Thus, only X, may be expressed as a function of o, from
the calculated B parameters of Table 4.7:

Z,*=0.0787 kPa + 0.501 * o, 4.3)

4.2.6 Results

With the completion of the analysis of £, and 4, Equation 4.1 may now be ex-
pressed as a model for the shear strength of buried surface hoar layers in the Columbia
mountains:
TF=3 % (V) (4.4)
where X* is the forecast shear strength on day t, £,* = 0.0787 kPa+ 0.501¢,
(Equation 4.3), and 4 = 4,,; = 0.948 (from Table 4.4). The load on the first day of burial
G; may be estimated from automated precipitation gauge or manual measurements near
the study site.

The Shear Strength-Power Law model clearly shows the importance of load
overlying a layer of buried surface hoar to the shear strength of the layer. This idea is
developed further in the Shear Strength—Lagged Load model of Section 4.4. The fit of

the Shear Strength-Power Law model to the data will be examined in Section 4.5.
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4.3 Shear Strength — Interval model
4.3.1 Introduction

The objective of the Shear Strength - Interval model is to develop an empirical
formula to predict the current strength of a buried surface hoar layer, and forecast the
forthcoming change in strength. This model is based on a set on snowpack observations
taken on any given day within the first 30 days that the layer is buried in the snowpack.
The model may be broken into two components: estimating shear strength of the buried
surface hoar layer on the day when the snowpack observations are made, then estimat-
ing the strength change between the measurement day and an arbitrarily selected day up
to eight days in the future. In an operational situation, the next day would be the day on
which a new set of snowpack observations is made (and the model is re-initialised).

This model may be portrayed mathematically as a combination of two empirical
functions:
I =Z* + (Aty) (AX/An);* 4.5)

where Z* and (AZ/At);* are functions of snowpack observations on day i, or abbrevi-

ated as:
I* = X;*(snowpack observations ;) (4.6)
(AZ/At);* = (AZ/At);*(snowpack observations ;) . 4.7

In Equations 4.5, 4.6 and 4.7, ;* is the estimated shear strength on day i (kPa), (At;) is
the time interval between day i and day j (t - t;)), where 1 <j < (i + 8), (AZ/At);* is the
model estimated rate of change in shear strength (kPa d') between day i and day j, and

Z;* is the forecast shear strength on day j.




57

4.3.2 Dataset

The dataset for this model consisted of 84 time series of measurements of buried
surface hoar layers (Table 4.9). In an effort to better model the strength changes of these
layers over realistic intervals between operational study plot measurements, intervals
larger than 8 days were rejected. Furthermore, in order to model strength changes over
the time frame in which buried surface hoar layers are prone to cause skier-triggered
slab avalanches, only measurements within the first 30 days of burial were included.
This created a dataset of 361 strength measurements, or 278 measurement intervals.

For purposes of model! testing and application, two time series were removed
from the dataset prior to developing the model. These are the same layers removed in

Section 4.2 and are highlighted in Table 4.9.

4.3.3 Distribution of measured data

Descriptive statistics on the measured shear strength data X; (shear strength at the
start of a measurement interval) and (AZ/At); (rate of change in shear strength over a
measurement interval) are shown in Table 4.10. The distributions of (AZ/At);; and Z; are

plotted in Figures 4.6 and 4.7, respectively.

Table 4.10: Descriptive statistics for Z; and (AZ/At)j;.

Variable/Valid N| Mean | Median Min. Max. | Std.Dev.
pR 278 1.05 0.93 0.05 4.79 0.70
(AZ/At);| 278 |6.70E-02| 6.68E-02 | -3.19E-01 | 4.26E-01 | 8.89E-02




Table 4.9: Surface hoar layers used in Shear Strength-Interval model. Highlighted layers excluded from model construction .

Location

Burial date

Mt. St. Anne Study Plot
Mt. St. Anne Study Plot
Sam's Study Plot
Mt. St. Anne Study Plot
Sam's Study Plot
Sam's Study Plot
Mt. St. Anne Study Plot
Sam's Run
Sam's Study Plot
Mt. St. Anne Study Plot
Tower Study Slope
Vermont Study Plot
Elk Study Plot
Vermont Study Plot
Mt. St. Anne Study Plot
Mt. St. Anne Airbox
Mt. St. Anne Landing
Mt. St. Anne Study Plot
Mt. St. Anne Study Plot
Mt. St. Anne Study Plot
Mt. St. Anne Airbox
Mt. St. Anne Airbox
Mt. St. Anne Study Plot
Mt. St. Anne Study Plot

15-Nov-93
04-Dec-93
18-Dec-93
29-Dec-93
29-Dec-93
29-Dec-93
21-Jan-94
05-Feb-94
05-Feb-94
05-Feb-94
05-Feb-94
15-Dec-94
15-Dec-94
07-Jan-95
07-Jan-95
07-Jan-95
07-Jan-95
14-Feb-95
14-Feb-95
28-Dec-95
28-Dec-95
01-Jan-96
01-Jan-96

04-Feb-96

N WRNWWWEROENNYNN-NWUVWNERNODNONNDN &N & WZ

Location Burial date] N

Mt. St. Anne Study Plot | 17-Feb-96 | 4
Vermont Study Plot | 17-Jan-97 | 8
Vermont Airbox 17-Jan-97 | 8
Pygmy Run 17-Jan-97 | §
North Moose Log Cut | 17-Jan-97 | 5
Mt. St. Anne Study Plot | 17-Jan-97 | 7
MSA RP Airbox 17-Jan-97 | 5
Elk Study Plot 17-Jan-97 | 3

Elk Study Slope 17-Jan-97 | 4
Mt. St. Anne Study Plot | 10-Feb-97 | 6
Mt. St. Anne Airbox | 10-Feb-97| 6
Mt. St. Anne Cutblock | 10-Feb-97 | 5
Vermont Study Plot | 11-Feb-97 | 7
Vermont Airbox 11-Feb-97 | 7
Pygmy Run 11-Feb-97 | 6
North Moose Log Cut | 11-Feb-97 | 7
North Moose Log Cut | 01-Mar-97| 2
Pygmy Run 01-Mar-97| 2

8¢




Table 4.9 (continued): Surface hoar layers used in Shear Strength-Interval model.
Highlighted layers excluded from model construction .

Location Burial date| N Location Burial date] N
Vermont Airbox 01-Mar-97| 2 Fidelity Study Slope |12-Mar-99| 2
Vermont Study Plot | 01-Mar-97| 2 Cheops Study Plot 30-Dec-99| 3
Middle Moose Study Plot| 26-Dec-97 | 5 Fidelity Study Slope | 30-Dec-99| 5
Vermont Study Plot | 26-Dec-97| 6 M. St. Anne Study Plot | 30-Dec-99 | §
Middle Moose Study Plot| 03-Feb-98 | 2 Cheops Study Plot 31-Jan-00 | §
Pygmy Run 03-Feb-98 | 2 Fidelity Study Slope | 31-Jan-00 | 6
Mt. St. Anne Study Plot | 13-Feb-98 | 6 Mt. St. Anne Study Plot { 31-Jan-00 | 8
Mt. St. Anne Airbox | 13-Feb-98 | 7 Mt. St. Anne Airbox | 31-Jan-00 | 8
Middle Moose Study Plot| 17-Feb-98 | 3 Cheops Study Plot 05-Feb-00 | 3
Vermont Study Plot | 17-Feb-98 | 2 Cheops Study Plot 21-Feb-00 | 5
Mt. St. Anne Cutblock | 25-Feb-98 | 2 Fidelity Study Slope | 21-Feb-00 | 4
Mt. St. Anne Study Plot | 25-Feb-98 | 5 Mt. St. Anne Cutblock | 21-Feb-00 | 6
Mt, St. Anne Airbox | 25-Feb-98 | § Fidelity Study Slope | 17-Nov-00| 3
Mt. St. Anne Cutblock | 25-Feb-98 { 2 Fidelity Study Slope |24-Nov-00| 5
Middle Moose Study Plot| 28-Feb-98 | 3 Fidelity Study Slope 13-Jan-01 6
Vermont Airbox 28-Feb-98 | 3 Mt. St. Anne Study Plot | 20-Jan-01 | 7
Vermont Study Plot | 28-Feb-98 [ 3 Fidelity Study Slope | 28-Jan-01 | 8
Fidelity Study Slope | 03-Jan-99 | 3 Mt. St. Anne Study Plot | 23-Feb-01 { 4
Cheops Study Plot 03-Jan-99 | 4 Fidelity Study Slope | 23-Feb-01 | 7
Fidelity Study Slope | 24-Jan-99 | 2
Cheops Study Plot 24-Jan-99 | 4
Fidelity Study Slope | 16-Feb-99 | 6
Cheops Study Plot 16-Feb-99 | 7

6S
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Figure 4.6 : Distribution of (AZ/At);;.
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4.3.4 Snowpack variables

The form of the snowpack variables used in the development of the Shear

Strength — Interval model are shown in Table 4.11.

Table 4.11: General forms of snowpack variables for Shear Strength-Interval model.

Form of variable Description
VAR, Value at start of measurement
VAR a5 Average value over measured interval
AVAR;; Change in value over measured interval
(AVAR/Av); Rate of change in value over measured interval (VAR UNITS d')

In the interests of optimising model construction, predictor variables that do not
have a significant correlation with the response variables (AZ/At); and Z; were
eliminated from the list of input variables. This was done with Spearman rank
correlations, as shown in Table 4.12. Significant correlations (p < 0.05) are highlighted;
the corresponding variables are used in subsequent analysis.

Closely following the example of Jamieson and Johnston (1999), the possible
associations between the significant independent predictor variables and the response
variables of the shear strength — interval model and physical snowpack processes may
be addressed (see Chapter 2). This largely based on the sign of the coefficients of each
predictor variable (Table 4.12); a “+” sign indicates an increasing relationship, a “-” sign
indicates a decreasing relationship.

Age of the weak layer (t). Older layers are stronger but slower to gain strength,
as illustrated in Figure 4.1.

Load on the weak layer (6). More load is associated with surface hoar layers that
are stronger and gain strength faster. This is probably due to increased thinning of the

weak layer, which implies more bonding and greater strength (see Chapter 2).
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Table 4.12 (continued): Spearman rank correlations between response and predictor variables in Shear strength—Interval model.

Correlation Spearman Correlation  |Spearman
with (AL/AY); R p-level with Z; R p-level
TGavgij -2.58E-01| <0.001 ATG;; 2.56E-02 | 0.671
ATG; 1.63E-01 | 0.007 (ATG/At), 2.69E-02 | 0.655
(ATG/At), 1.66E-01 | 0.005 Emin; -2.72E-01 | <0.001
Emin; 595E-03 | 0.922 Emin,,g -2.85E-01 | <0.001
Eminy,, ; -3.57E-02| 0.558 AEmin;; -3.94E-03 | 0.948
AEmin;; -3.23E-02{ 0.595 (AEmin/At); | -4.02E-03 | 0.947
(AEmin/At); -2.50E-02| 0.681 Emax; -3.88E-01 | <0.001
Emax; -8.59E-03 [ 0.896 Emax,y, -3.81E-01| <0,001
Emax,,, ; -8.46E-02( 0.219 AEmax; 1.93E-02 | 0.780
AEmax;; 6.23E-02 | 0.366 (AEmax/At); 3.05E-02 | 0.658
(AEmax/At); 6.72E-02 | 0.329 (Emax-Emin); |-3.86E-01| <0.001
(Emax-Emin), |-3.68E-02 0.575 (Emax-Emin),,, ; |-4.25E-01| <0.001
(Emax-Emin)gyg;; {-8.89E-02( 0.196 A(Emax-Emin); | 1.84E-02 | 0.789
A(Emax-Emin); | 6.82E-02 | 0.322 (A(Emax-Emin)/At);| 2.82E-02 | 0.682
(A(Emax-Emin)/At); | 6.49E-02 | 0.346 (TG/Twl), 1.45E-01 | 0.016
(TG/Twl), 2.71E-01 | <0.001 (TG/Twl),.; | 2.02E-01 | 0.001
(TG/Twl)ayg i 2.39E-01 | <0.001

€9
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Thickness of slab overlying the weak layer (H). Thicker slabs are associated with
greater strength and faster rates of strength gain. Also associated with more load (o)
overlying the weak layer, and lower magnitudes of temperature gradients (TG) across
the weak layer, which may be due to rounding metamorphism and increased bonding
and strength gain (Colbeck, 1987).

Layer thickness (Thick). Thicker layers of buried surface hoar are associated
with lower strength and are slower to gain strength. This is possibly due to a larger
“umbrella effect” and therefore fewer bonds between surface hoar crystals and at the
base of the surface hoar layer (see Chapter 2).

Weak layer temperature (Twl). Warmer (sub-zero) temperatures are associated
with stronger layers of buried surface hoar. This is possibly due to increased rounding
metamorphism at warmer temperatures, manifested in buried surface hoar layers as in-
creased rounding and clustering of grains (see Chapter 2). In the Columbia Mountains,
colder surface hoar layers occur in shallower snowpacks (HS).

Magnitude of temperature gradient across the buried surface hoar layer (TG).
Larger magnitude temperature gradient is associated with lower strength and slower
rates of strength gain. This is possibly due to slower bonding associated with a high-TG
regime of metamorphism (Colbeck, 1987).

Snowpack depth (HS). Greater snowpack depth is associated with stronger sur-
face hoar layers and larger rates of strength gain. Deeper snowpacks are also associated
with larger loads (o), thicker slabs (H), and likely smaller magnitude temperature gradi-

ents (TG) across buried weak layers.
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Characteristic grain size of the surface hoar layer (Emin, Emax). Layers of larger
crystals are associated with lower shear strength and slower strength gain. Larger grains
are also associated with thicker layers (Thick) of buried surface hoar (see above).

Weak layer temperature gradient (TG) divided by weak layer temperature (Twl).
Higher values are associated with slower rates of strength gain, and also with thinner

snowpacks (HS), thinner slabs (H), and larger temperature gradients (TG).

4.3.5 Initial regression

In order to examine which measurable snowpack factors correlated with shear
strength, a stepwise, multiple least-squares regression was first performed on the re-
sponse variable (AZ/At);, rate of strength change over measurement interval, using the
predictor variables selected in Section 4.3.4. Strength at the start of the interval I; was
included in the list of predictor variables. Stepwise regression was deemed suitable for
this analysis because it has a tendency to choose important predictor variables from a
long list of input variables (Mendenhall and Sincich, 1996, p. 242). This assisted in fur-
ther paring down the list of variables to be used in the model.

The results of this regression on (AX/At); are shown in Table 4.13. Variables
were included in each step if their computed F-statistic was greater than 1. For details of
this technique, please see Statistica (1999). The variables selected by stepwise regres-

sion on (AZ/At)ij were HSa,,g if> i Cavg ij» ThiCkavg ijs TG;, (TG/TWl)u ti, and H;.




Adjusted R*=0.318 | Coefficient St. Err.
p<.00001 B of B
Intercept 1.13E-01 2.46E-02

HSavg ij 2.46E-04 7.08E-05
p2 -9.35E-02 1.39E-02
Gavg ij 1.24E-01 3.17E-02
Thickavg ij -6.90E-02 1.29E-02
TG; -4.77E-01 1.22E-02
(TG/Twl), -1.45 5.07E-01
t; -1.39E-03 9.69E-04

H; -5.14E-04 5.07E-04

Table 4.14 : Results of initial multiple stepwise least-squares regression on Z; .

Adjusted R*=0.739 | Coefficient | St. Err.
p<0.0001 B of B
Intercept 3.31E-01 1.37E-01

Gi 1.40E+00 1.54E-01
Thick, -3.67E-01 6.28E-02
ti 1.69E-02 4.87E-03

H; -8.62E-03 | 2.68E-03
HS.vg ij 9.96E-04 3.56E-04
Emin,; 2.54E-02 1.38E-02
Twl g i 2.93E-02 1.62E-02
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Table 4.13 : Results of initial multiple stepwise least-squares regression on (AX/At);.
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A stepwise regression was also performed on X;. This permitted the development
of an empirical formula for predicting X; as a function of snowpack variables. This
formula may be substituted for Z, in the formula yielded by the stepwise regression on
(AZ/Av);j (see Section 4.3.1). The results of this regression are shown in Table 4.14. The
variables selected by stepwise regression on X; were o;, Thick;, t;, Hi, HS,.;j, Emin;, and

Twl avg ij-

4.3.6 Refinement via outlier analysis

A residual of regression is the difference between measured and predicted values
of the dependent variable for the same values of predictor variables. The residuals of the
analyses of Section 4.3.5 are shown in Figure 4.8 for (AX/At); and in Figure 4.9 for X
These are shown as standard residuals; the x-axis values correspond to the number of
standard deviations from 0. Figures 4.8 and 4.9 show what appears to be, as a first ap-
proximation, a normal distribution of the residuals about 0. According to Mendenhall
and Sincich (1996, p. 414), it is common practice to consider residual values greater
than 3 standard deviations from 0 to be statistical outliers. Such outliers are often re-
moved from the model dataset in order to improve model fit, as was the case here. The

outliers from the regression analyses of Section 4.3.5 are shown in Table 4.15.

Table 4.15 : Outliers of initial regression on (AX/At);; and ;.

(AﬂAt)ij P
Date Location |Burial date Date Location |Burial date
06-Feb-99 | Cheops | 24-Jan-99 18-Feb-94 [ MSA RP| 05-Feb-94
09-Mar-99 | Cheops | 16-Feb-99 13-Feb-99 | Cheops | 24-Jan-99
15-Mar-99 | Cheops | 16-Feb-99 09-Mar-99 | Cheops | 09-Mar-99
14-Jan-00 | Cheops | 30-Dec-99




Figure 4.8 : Distribution of residuals of initial regression on (AZ/At);;.
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Figure 4.9 : Distribution of residuals of initial regression on Z;.

68



69

It is important to examine the data from these measurement days in order to understand
why the regression analysis provides a poor fit to these points.

The 18-Feb-94 data shows the surface hoar in the 05-Feb-94 weak layer
(Table 4.15) to be 30 mm in size; this is an unusually large size of surface hoar grains
disaggregated from a buried weak layer, which may account for the poor model fit. This
layer was also monitored at the Sam’s Run, Sam’s Plot, and Tower study sites. All of
these sites show unusually large surface hoar in this layer, which is the only layer in the
entire study for which surface hoar crystals of this size were observed. The 05-Feb-94
layer may thus be considered somewhat of a physical anomaly and is removed from the
dataset in subsequent analysis.

Five of the seven statistical outliers shown in Table 4.15 were from the Cheops
study site during the winter of 1998-1999. This indicates that there was some common
factor that made the regression fit poorly for these layers. The data from all surface hoar
layers monitored at the Cheops and Fidelity study sites over that winter indicate several
reasons to believe these layers constitute poor data for model construction. The maxi-
mum layer thickness measured in any of the Rogers Pass study sites that winter was
3.5 mm,; all of these layers were less than half of the mean layer thickness (7.0 mm) of
the entire dataset. The maximum grain size measured in these layers was 5 mm:; all of
these layers had grains considerably smaller than the average maximum grain size (7.5
mm) of the entire dataset. The surface hoar in these layers was often found to be mixed
with other grain types, which is rarely seen in the rest of the dataset. Field notes show
that these layers were difficult to locate in the snowpack because they were extremely

thin.
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Microphotographic records of these layers (example shown in Figure 4.10) show surface
hoar that was poorly developed, small, and often hard to distinguish from the stellar
crystals on which it formed. This becomes evident when the crystals from these layers
are compared to a more typical surface hoar layer (Figure 4.11). Based on this evidence,
all of the surface hoar layers from the winter 1998-1999 at the Cheops and Fidelity
study sites were removed from the dataset in an effort to improve the regression fit.

The final outlier, measured on 14-Jan-00 at the Cheops study site on the 30-Dec-
99 weak layer was removed from the dataset. No physical argument for the removal of

this entire layer may be found, so the other measurements on this layer were left intact.

4.3.7 Refinement via variable selection

As stated at the beginning of this chapter, in order for a model to be operation-
ally useful, the input variables must be easily measured by a forecaster or technician
and/or have conceptually straightforward physical meaning. Variables such as HS,. i,
Thickavg ij, Gavgij and Twl g ;; are thus of questionable usefulness, since they require ad-
vanced knowledge of snowpack characteristics several days in the future in order to cal-
culate their values. An alternative approach with useful variables is to perform a regres-
sion similar to that in Section 4.3.5, except using only snowpack variables that are meas-
urable at the start of the prediction interval, at time t;, as input variables. If the results are
comparable to those yielded by the first regression analysis, the second analysis is pref-

erable for operational use.
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Figure 4.10: Surface hoar crystals disaggregated from layer buried 23-January-1999
at the Cheops study site. 10 mm grid. ASARC photo.

1999 at the Fidelity study site. 10 mm grid. ASARC photo.
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To examine the merit of substituting snowpack variables measured at the start of
an interval for less operationally useful interval averages, the correlation between these
variables was measured with Spearman rank statistics. The results (Table 4.16) show
that the substitution of initial values for interval values of the variables was quite rea-
sonable, as the correlation tended to be very high (R = 0.9) for the set of over 200 data
points. Thus, variables at time t; were substituted for interval average variables from the

regression analysis of Section 4.3.5 in subsequent analysis.

Table 4.16 : Cross correlations between predictor variables, initial regression.

Cross Spearman
correlation R p-level
Oi & Cavgij 0.937 <0.001
HS; & HS,,; ; 0.976 <0.001
Thick; & ThiCkavg ij 0.948 <0.001
Twl; & Twlavg i 0.880 <0.001

4.3.8 Simplified regression

The regression analysis from Section 4.3.5 was performed again, using the data-
set modified in Section 4.3.6, and only predictor variables measured at time t; as dis-
cussed in Section 4.3.7. The results of this regression are shown in Tables 4.17 and

4.18 for (AZ/At);; and (%), respectively.

4.3.9 Comparison of initial and simplified regression analysis
The regression analyses of Sections 4.3.5 and 4.3.8 are compared, based on the
output in Tables 4.13 and 4.17 for (AZ/At);; and Tables 4.14 and 4.18 for ;. Mendenhall

and Sincich (1996, p.199) recommend the (F test) p-values as a test of overall model

adequacy.




Table 4.17 : Results of simplified muitiple stepwise regression on (AZ/At);; .

Adjusted R*= 0.317 [Coefficient| St. Err.
p<.00001 B of B
Intercept 0.119 | 2.2E-02

t; -0.000547 | 8.7E-04

o -0.124 | 1.6E-02

o; 0.107 | 3.1E-02

H; 0.000131 | 4.8E-04
HS; 0.000176 | 6.7E-05
Thick; -0.0473 | 1.1E-02
TG; -0.378 | 1.1E-01
(TG/Twl); -0.827 | 4.5E-01

Table 4.18 : Results of simplified multiple stepwise regression on Z; .

Adjusted R*=0.742 [Coefficient St. Err.
p<0.0001 B of B
Intercept 0.336 9.8E-02

G 0.0139 | 3.7E-03
o; 1.18 | 1.2E-01
H; -0.00625 | 2.2E-03
HS; 0.000804 | 2.9E-04
Thick; -0.287 | 4.8E-02
Twl; 0.0187 | 1.1E-02
Emin; 0.0204 | 1.0E-02
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A significance level of 99% or better (p value < 0.01) indicates that the model is
useful for predicting the response variable. The output results of regression indicate that
both the initial and simplified regression results for both response variables Z; and
(AZ/Av); are significant.

In ranking the initial and simplified regression results, the Adjusted R? (adj. RY)
value is of interest, since it accounts for both the number of data points and the number
of fitted parameters. Like R?, the closer the value of this coefficient is to 1, the better the
model fits the data (Mendenhall and Sincich, 1996, pp. 191-193). For the regressions on
(AX/At);;, Tables 4.13 and 4.17 show that the initial regression had a slightly better fit
(initial adj. R? = 0.318, simplified adj. R = 0.317). For the regressions on Z;, Tables
4.14 and 4.18 show that the simplified regression had a slightly better fit (initial
adj. R? =0.739, simplified adj. R* = 0.742). Considering the model objectives previ-
ously discussed, the simplified regression is clearly the preferable choice. These regres-

sion results are used in all subsequent analysis in this section.

4.3.10 Residual analysis

Before constructing a model from the results of the simplified regression of Sec-
tion 4.3.8, the residuals of regression were analysed to determine the validity of this
technique for modelling the strength of buried surface hoar layers. According to
Mendenhall and Sincich (1996, pp. 115, 175), the two assumptions to be tested are con-

stant variance and normal distribution of residuals.
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The assumption of constant variance was tested by examining a plot of residual
values for random scatter about zero. These plots, shown in Figures 4.12 for (AZ/At);
and 4.13 for Z;, show random scatter of the residuals and indicate that the assumption of
constant variance was satisfied.

To asses the normality of residuals, the distribution was plotted in Figures 4.14
for (AZ/At); and 4.15 for Z;, along with the expected normal distribution and the results
of the Kolmogorov-Smornov (K-S) and Lilliefors tests of normality. The K-S tests if a
sample fits a given normal distribution, whereas the Lilliefors test allows for the fitting
of parameters (Statsoft, 1994, p. 1379). Although the Lilliefors test may be considered
preferable for this study, both tests, as well as the bell shape of the residuals, will be
considered in evaluating the normality of the residuals. From Figures 4.14 and 4.15, it
can be seen that the hypothesis of normality was not rejected for the K-S test and was
rejected for the Lillefors test at the 95% significance level. Visually, the fit to the normal
distribution seems quite reasonable for both. According to Mathsoft (1997, pp. 41-43)
the results of regression are robust enough for such a distribution of residuals.

Since the two key assumptions for multiple least squares regression analysis
were satisfied, it was concluded that the technique of least squares multiple regression

was a valid one for this model.
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Figure 4.14 : Distribution of residuals of simplified regression on (AZ/At);. Results of
tests for normality shown.
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Figure 4.15 : Distribution of residuals of simplified regression on Z;. Results of tests
for normality shown.
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4.3.11 Model formula
From Section 4.3.1, the proposed model for predicting the shear strength of bur-

ied surface hoar layers over short time intervals was:

L* =I* + (At (AZ/AY)* 4.5)
where X;* = X;*(snowpack observations ;) 4.6)
and (AZ/Av)* = (AZ/At);*(snowpack observations ;) . 4.7

With the selection of regression results made in the previous section, deriving
empirical formulae for (AZ/At);* and X;* was a simple matter. These formulae are linear
functions of the variables of regression and their standardised coefficients of regression,
B (Mendenhall and Sincich, 1996, p. 353), which are shown in Tables 4.17 and 4.18.
Thus, the formulae are:

T* =0.336 kPa + (0.0139 kPa d™' - )+ (1.18 - 5;) — (0.00625 kPa cm™ - H;)

+(0.000804 kPa cm™ - HS;) — (0.287 kPa cm™ - Thick;) + (0.0187 kPa °C™' - Twl)

+(0.0204 kPa mm™' - Emin;). 4.8)
(AZ/At);* = 0.119 kPa — (0.000547 kPa d™ - t;) - (0.124 - ;) + (0.107 - &)

+(0.000131 kPacm™ - H;) + (0.000176 kPa cm™ - HS;)

—(0.0473 kPa cm™ - Thick;) - (0.378 kPam °C"' - TG))

- [0.827 kPa m™ - (TG/Twl;)]. (4.9)
Finally, predicting the strength of a buried surface hoar layer on day j after a layer is

buried, is possible from a set of snowpack observations at time i days (1 <) <i+8).



79
4.4 Shear Strength — Lagged Load model
4.4.1 Introduction

The results of Sections 4.2 and 4.3 show that the load overlying a buried surface
hoar layer plays an important role in the shear strength of the layer; shear strength was
correlated with load variables in both the Power Law and Interval models (Tables 4.6
and 4.12). Johnson (2000) found that load was the most important factor influencing the
shear strength of persistent weak layers of faceted crystals. Jamieson and others (2000),
in a case study of slab avalanche activity on a persistent weak layer of faceted crystals,
found that the loading of 3 or more days before an avalanche cycle was correlated with
slab avalanche activity. Such results indicate that a closer examination of the relation-
ship between load and shear strength for persistent weak layers is warranted.

An examination of the effects of load may also be argued on a physical basis. It
is proposed that, for a buried surface hoar layer, two different physical regimes of layer
strengthening are in effect. During periods of snowfall and for a few days after, in-
creased load overlying a buried surface hoar layer causes the layer to thin (compress)
and strengthen (see Chapter 2). Later in this load response period, these mechanisms are
not as significant, and a surface hoar layer is expected to be slower to gain strength. The
surface hoar layer will be more subject to temperature-gradient driven metamorphism at
such times, which has not been shown to be associated with rapid strength gain of sur-
face hoar layers in the Columbia Mountains (see Chapter 2). As an example of this
mixed-regime behaviour, the shear strength and daily load on a buried surface hoar layer
is shown in Figure 4.16. It can be seen that the example layer is indeed slower to gain

shear strength over periods in which there is little or no snowfall.
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Figure 4.16 : Shear strength and daily load on the layer of surface hoar buried
20-January-2001 at the Mt. St. Anne Study Plot .

In this section, a model is developed that relates daily load on a surface hoar
layer (the new precipitation over the previous 24 hours, recorded by an automated pre-
cipitation gauge adjacent to the study site) to the shear strength of the layer. The goals of
this model were to determine the delayed or lagged effect of load on shear strength, and
then to use the model to predict the shear strength of a buried surface hoar layer, based

on daily load only.

4.4.2 Dataset

The model of this section requires daily precipitation (load) readings. The instru-
mentation required to collect this data was available only at the Mt. St. Anne and Mt.
Fidelity study sites, so only buried surface hoar layers at these locations were used for
this analysis. Time series removed from the dataset of Section 4.3.6 for physical reasons

were also excluded from this section.
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Table 4.19: Surface hoar series for the Lagged Load model .

Location Date of burial Location Date of burial
Mt. St. Anne (MSA) | 15-Nov-93 Fidelity Study Slope | 30-Dec-99

Study Plot
MSA Study Plot 04-Dec-93 MSA Study Plot 30-Dec-99
MSA Study Plot 29-Dec-93 Fidelity Study Slope 31-Jan-00
MSA Study Plot 21-Jan-94 MSA Study Plot 31-Jan-00
MSA Study Plot 07-Jan-95 Fidelity Study Slope 21-Feb-00
MSA Study Plot 14-Feb-95 Fidelity Study Slope | 24-Nov-00
MSA Study Plot 28-Dec-95 Fidelity Study Slope 13-Jan-01
MSA Study Plot 17-Feb-96 MSA Study Plot 20-Jan-01
MSA Study Plot 17-Jan-97 Fidelity Study Slope 28-Jan-01
MSA Study Plot 10-Feb-97 Fidelity Study Slope 23-Feb-01
MSA Study Plot 13-Feb-98 MSA Study Plot 23-Feb-01
MSA Study Plot 25-Feb-98

The layers used in this section are listed in Table 4.19. Layers not included in formulat-

ing the model for purposes of model testing (as in Sections 4.2 and 4.3) are highlighted.

4.4.3 Formulation and construction

The Shear Strength — Lagged Load model was developed to establish a simple
linear relationship between the shear strength on a given day and the load on each of the
previous days. The model is of the form
Z* =2k +Ci0i +Ca0i2 + €303 + ... +CkOixk 4.10)
Where k is the number of “lagged”™ days included in the model, 6;,,...6; are the new (24
hour) loads measured on each of the 1 to k previous days, X;* is the predicted shear
strength on day i, and X, is the measured shear strength on k days previous. The coeffi-
cients c;...c; are fitted via a numerical technique that seeks values of c;...c, such that

the sum of squares of errors between measured and predicted shear strength on snow-

pack observation days is minimised.
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This technique uses Generalized Reduced Gradient nonlinear optimisation code, which
has been used in other circumstances to fit models to data (for more information, see
Frontsys, 2001).

In order to determine the effective time delay of load on a buried surface hoar
layer, the model was fitted for values of k = 1, 2, 3,...,8. The values of the coefficients
c....¢k indicate the relative importance of lag effect of load on each of the k days exam-
ined. The same number of observations are used for each value of k, such that the total
sum of squares of residuals is a measure of which model in this section has the best fit to
the data. The models created are thus of the form Z* =%, +c0.;, Z* =Z; + ¢c10.. +
C20i.3 , etc.

Once the important lag terms have been determined, the model is used to predict

the shear strength of buried surface hoar layers.

4.4.4 Determining lag effects

The coefficients determined by the Shear Strength-Lagged Load model construc-
tion for lag terms of 1 to 8 days are shown in Table 4.20. The sum of the squares of the
residuals for the 61 days on which predicted strength and measured strength were avail-
able is also shown.

The six-term model has the lowest sum of squares of errors, which is a direct in-
dicator of the fit of the model to the observed shear strength data. This implies that load
on a buried surface hoar layer on each of the previous six days are important predictors

of layer’s shear strength.




Table 4.20 : Results of fitting Lagged Load model.

No. of lag | Fitted coefficients Sum of squares of
terms residuals
1 cl 0.0138 18.79
2 cl 0.0153 18.82

c2 0.0126
3 cl 0.0099 19.18
c2 0.0104
c3 0.0202
4 cl 0.0135 19.14
c2 0.0070
c3 0.0135
c4 0.0201
5 cl 0.0029 20.59
c2 0.0153
c3 0.0124
c4 0.0154
c5 0.0203
6 cl 0.0203 17.49
c2 0.0000
c3 0.0158
c4 0.0003
(] 0.0206
cb 0.0232
7 cl 0.0118 17.80
c2 0.0126
c3 0.0119
c4 0.0000
c5 0.0166
c6 0.0134
c7 0.0322
8 cl 0.0193 18.98
c2 0.0117
c3 0.0257
c4 0.0073
(] 0.0056
c6 0.0128
c7 0.0222
c8 0.0115
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The fitted coefficients of the eight lag models showed considerable fluctuations
in value, depending on the number of terms in the model. Thus, the load on a particular
previous day did not stand out as most important to the shear strength of a buried sur-
face hoar layer. Furthermore, the coefficients of load two and four days previous in the
six-term model were near zero in value, yet the coefficients of one and six days previous
were close in magnitude, which shows no clear dominant lag effect.

The results of the lagged load model show that the load on several previous days
has an influence on the change in shear strength of a buried surface hoar layer, but do

not allow the influence of various lag terms to be determined.

4.4.5 Model formula
The six-term lagged load model provided the best fit to the data used to construct
it, and is given by:

I*=36+0.02030;, +0.01580;;+ 0.0003190;4+ 0.0206 6.5+ 0.0232 6, “4.11)



85
4.5 Model testing
4.5.1 Introduction

In this section, the models developed in Sections 4.2, 4.3 and 4.4 of this chapter
are tested for their fit to the data used to construct the models. The predictive capabili-
ties of these models are also tested for several buried surface hoar time series that were
not used to build the models. From these results, the model best suited for predicting
changes in the shear strength of buried surface hoar layer is selected.

As previously discussed, the goal of this study is to develop a model to predict
the shear strength of buried surface hoar layers that is suitable for operational avalanche
forecasting. In order to fulfil this goal, the model must be based on simple weather and
snowpack observations and must not require shear frame measurements. The Shear
Strength - Power Law model of Section 4.2 predicts the shear strength over the first 30
days, based on load on the layer on the first day of burial. This model may be initialised
with load obtained from automated precipitation gauge data adjacent to the study site.
The Shear Strength — Interval model developed in Section 4.3 predicts the shear strength
at the start of a time interval and the change in shear strength over the interval based on
simple snowpack observations, and is thus suitable for operational use. The Shear
Strength - Lagged Load model developed in Section 4.4 predicts the change in shear
strength of buried surface hoar layers based on initial shear strength and measured daily
load on the layer. In order for this model to be operationally useful, it must use a pre-
dicted initial shear strength and not a measured one. Bearing this in mind, the estimate
of initial shear strength developed in Section 4.3 is used to initialise the Lagged Load

model in the following sections.
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4.5.2 Fit to model-building dataset

In order to test which model best fits the model-building dataset, the models
were compared over a common set of data points. This required both a complete set of
snowpack observations and a set of daily load values from adjacent weather stations.
Both of these criteria were fulfilled for surface hoar time series at the Mt. St. Anne and
Mt. Fidelity study sites from the winter 1995-1996 onwards (subset of Table 4.2). This
amounted to 81 observation days. In order to test the predictive power of the models, the
predicted shear strength values at the end of each measurement interval were then com-
puted and compared to the measured shear strengths (Figures 4.17, 4.18, 4.19). The sum
of the squares of residuals and the adjusted R? statistic (Section 4.3.9) for each model
over these data points was calculated.

The results of the tests of model fit are shown in Table 4.21. Figure 4.20 shows
some example time series, selected at random. The adjusted R? statistic gives the frac-
tion of variability in the data that is explained by each model (Mendenhall and Sincich,
1996, pp. 191-193). The Power Law model explains 50% of the variability in the data,
the Interval model 72%, and the Lagged Load model 41%. The Interval model has the
lowest value of the sum of squares of residuals and the lowest adjusted R? value (Table

4.21), and therefore provides the best fit to the model-building dataset.

Table 4.21 : Results of testing fit of model to model-building data.

Model Sum of squares of residuals Adjusted R?
over test of fit data sample statistic
Power Law 35.0 0.50
Interval 5.33 0.72
Lagged Load 7.92 0.41
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Figure 4.17 : Observed vs. predicted shear strength, Power Law model. Line of 1:1
correspondence shown.
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Figure 4.18 : Observed vs. predicted shear strength, Interval model.
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Figure 4.19 : Observed vs. predicted shear strength, Lagged Load model.
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Figure 4.20: Testing model fit to model-building data. Examples shown selected at random,
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4.5.3 Test layers

Two time series of buried surface hoar, buried 10-February-1997 and 30-
December-1999 at the Mt. St. Anne Study Plot (Appendix), were withheld from the
datasets used to construct the models in Chapter 4. In this section, th models are applied
to the 11 data points of these layers in order to assess their predictive capabilities. The
sum of squares of residuals between model forecast and measured values are compared
in order to asses which model is the best for predicting the shear strength of buried sur-
face hoar layers in the Columbia Mountains. The results of comparison are shown in Ta-
ble 4.22 and Figure 4.21.

In applying the models to these test layers, the Interval model again shows the

best fit to the measured data.

Table 4.22 : Results of model forecasting for test layers.

Model Sum of squares of errors
over test layer data
Power Law 2.34
Interval 1.04
Lagged Load 4.09

4.5.4 Selecting the best model

Since the Interval model provides the best fit to both the data used in model con-
struction and to the measured shear strength of the test layers, it is concluded that this is
the best model to be used in further applications. In terms of ease of operational use,
both the Power Law and Lagged Load models are of less cost, as they require no and
one set of snowpack observations, respectively. However, it must be noted that weekly
study plot observations are part of many operational avalanche forecasting operations, in

which case the superior Interval model may be used at little additional cost.
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4.6 Summary

In this chapter, three models were developed to forecast the shear strength of
buried surface hoar layers. The data used to construct these models were for layers that
had been buried in the Columbia Mountains for less than 30 days, with constituent sur-
face hoar crystals between 5 and 30 mm in observed size, typically of sector plate form.

The Shear-Strength Power Law model forecasts the shear strength of buried sur-
face hoar layers, based on the load (vertical force per unit area) overlying the layer on
the first day in which it was buried in the snowpack.

The Shear-Strength Interval model forecasts the change in strength of a buried
surface hoar layer over a period of time up to 8 days following the day on which a set of
snowpack observations of the layer is taken. The required snowpack observations are all
part of standard industry guidelines (Canadian Avalanche Association, 1995), except for
measuring the thickness of the buried surface hoar layer to the nearest millimetre.

The Shear Strength-Lagged Load model forecasts the strength of a buried sur-
face hoar layer based on the daily additional load (precipitation) on the layer over 6 days
previous to the forecast day.

The three models were tested for their fit to the model-building dataset and for
their true predictive abilities on two buried surface hoar layers not included in the
model-building dataset. The Power Law model explains 50% of the variability in the
measured data, the Interval model 72%, and the Lagged Load model 41%. Additionally,
the Shear Strength-Interval model provides the most accurate forecast shear strength on

the test layers; it is the best of the three.
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For the two test series in Section 4.5.3, the Shear Strength-Interval model is used
to forecast shear strength at the end of an interval (9 data points) to within an average of

18% of the measured values, where
% error = magnitude of [(Zneasured-Zforecast)/Zmeasured) 1 00%. (4.12)
The accuracy of the model may be better established with further test series.

The next chapter examines the utility of the Shear Strength-Interval model for

operational avalanche forecasting.
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5. FORECASTING SKIER-TRIGGERED AVALANCHES

5.1 Introduction

A recent study by Chalmers and Jamieson (in press) showed that study plot
measurements of a buried surface hoar layer may potentially be used to extrapolate the
stability of the layer for skier-triggered slab avalanches in a large surrounding region (up
to 100 km in radius)(see Chapter 2). Shear strength of the layer is one such study plot
measurement, but a stability index Sk;gthat is the ratio of shear strength to shear stress
on the weak layer provides a better physical interpretation of stability.

Jamieson and Johnston (1998) showed that, for tests on a specific avalanche
slope, Sk3s < 1 indicated unstable conditions (skier-triggered avalanches expected),
Sksg > 1.5 indicated stable conditions (skier-triggered avalanches unlikely), while 1 <
Sk;g < 1.5 indicated transitional conditions between stable and unstable (skier-triggered
avalanches possible). In examining the usefulness of extrapolating Skjs to skier-
triggered avalanche activity in the surrounding region for several layers of buried sur-
face hoar, Chalmers and Jamieson (in press) found that these threshold values appeared
to be the same.

The objective of this chapter is twofold. First, the usefulness of an Sk;g extrapo-
lated from study plot measurements will be determined by relating daily values of Skis
to avalanche activity. Second, the potential for the model results of Chapter 4 to be used

to forecast regional skier-triggered avalanche activity will be examined.
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5.2 Dataset

The study plot observations of buried surface hoar layers from the Mt. St. Anne
and Mt. Fidelity study sites may be correlated with skier-triggered avalanche activity
data from helicopter skiing operations in the surrounding regions. Mt. St. Anne is cen-
trally located in a large helicopter skiing operation, approximately 5000 km? in area
(Figure 3.1). Mt. Fidelity is situated within approximately 100 km of four helicopter ski-
ing operations of similar snowpack conditions (Figure 3.1).

The twelve surface hoar time series used in this chapter are listed in Table 5.1.
All of these series have a record of skier-triggered avalanche activity. All but two of
these series were used to construct the Shear Strength-Interval model of Chapter 4; the
measured and predicted values of shear strength of six of these series are used to esti-
mate Sk;g, while the others have insufficient observational snowpack data and are used

to produce measured Sk;g only. The two series not used to construct the model are used

to test predicted Sk;s with avalanche activity.

Table 5.1: Surface hoar time series used in forecasting application.

Location Burial Skier-triggered Skis Used to build
date activity records or test model
Mt. St. Anne| 29-Dec-93 yes measured build
Mt. St. Anne 05-Feb-94 yes measured build
Mt. St. Anne 07-Jan-95 yes measured build
Mt. St. Anne| 28-Dec-95 yes measured build
Mt. St. Anne 10-Feb-97 yes measured, forecast test
Mt. Fidelity 30-Dec-99 yes measured, forecast build
Mt. St. Anne| 30-Dec-99 yes measured, forecast test
Mt. Fidelity 21-Feb-00 yes measured, forecast build
Mt. St. Anne 20-Jan-01 yes measured, forecast build
Mt. Fidelity 28-Jan-01 yes measured, forecast build
Mt. St. Anne 23-Feb-01 yes measured, forecast build
Mt. Fidelity 23-Feb-01 yes measured, forecast build
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5.3 Extrapolated skier stability index

The values of the skier stability index (measured and/or modelled) and skier-
triggered avalanche activity over the first 30 days of layer burial are plotted in Fig-
ure 5.1.

From these data, the number of days with and without skier-triggered avalanches
for these time series are tabulated for the days when Sk;;z indicated unstable (Sk;z< 1)

and stable (Skig> 1.5) conditions (Table 5.2).

Table 5.2: Form of contingency table for testing Sk;s.

Days with avalanches # Days without avalanches

k38 <1
k38 > 1.5

Four of these contingency tables were constructed: (1) model-building layers
with measured Skss, (2) model-building layers with modelled (forecast) Skis, (3) model-
testing layers with measured Sk;gs, and (4) and model-testing layers with modelled
(forecast) Skig. The Chi-square test of independence was performed on each of these ta-
bles (Stephens, 1998, pp. 253-256). Chi-square values with significant p-levels (p <0.1)
indicate that days with avalanche activity depend on the value of Skjs. The contingency
tables and the results of the Chi-square test are shown in Table 5.3.

Table 5.3a shows that measured Skjz was a highly significant predictor of re-
gional skier-triggered avalanche activity (p < 10™) (89% of avalanche days outside of
the transitional period occurred while Skig < 1). Table 5.3b shows that the model-fitted
Skiz is also a highly significant predictor of skier-triggered avalanche activity (p < 10™)
(93% of avalanche days outside of the transitional period occurred while Sksg < 1). This

implies that the fit of the model to the measured data is operationally useful.



29-December-1993 Mt. St. Anne Study Plot

——

o
W

Sk 55
o

o o
S W

(=)
}
1

o w
2
.
% .
w I

10 15 20 25 30

Age (days)

Avalanches

=1

07-January-1995 Mt. St. Anne Study Plot

Sk
OO==NIIW
OUMOUVOWLO

&S
<

Avalanches
o
o o

0 5 10 15 20 25 30
Age (days)

05-February-1994 Mt. St. Anne Study Plot

15 20 25 30

Age (days)
28-December-1995 Mt. St. Anne Study Plot
1.0
Fos
7]
0.0
12
£
9 6
o 0 N A NN
P
< 0 5 10 15 20 25 30

Age (days)
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For the surface hoar layers not used to formulate the model, Table 5.3c shows

that measured Skjs was not a significant predictor of regional skier-triggered avalanche
activity on these layers (p = 0.15), but Table 5.3d shows that the model forecast Sk;g
was such a predictor (p = 0.004). The results of Tables 5.3¢ and 5.3d are influenced by
the small number of data available for the Chi-square test; the test statistic adjusted for
small sample size (Statistica, 1999) showed that the results of Table 5.3d are of border-
line significance (p = 0.1). For the measured Sk;g on these two layers; 63% of avalanche
days outside of the transitional period were when Sk;;z < 1. For the forecast Sk;s, 88% of
avalanche days outside of the transitional period were when Skjs < 1. Also, approxi-
mately twice as many non-avalanche days occur when Skjg predicts stability (> 1.5),
compared to when it predicts instability (< 1). Even for these small datsets, Sk;z shows

predictive merit.

5.4 Extrapolated model skier stability index

The results of this chapter indicate that the skier stability index Sk;jz is a good
predictor of the regional skier-triggered avalanche activity on layers of buried surface
hoar in the Columbia mountains. Skier-triggered avalanches in the region are likely
when Sksg < 1 and highly unlikely when Skig >1.5. The shear strength-interval model fit
to the data implies that it may be used to accurately forecast Skjg and regional skier-
triggered avalanche activity up to 8 days in the future, based on study plot snowpack ob-
servations only. The results of testing the model on two layers of buried surface hoar
further show that it may be used as a forecasting tool, but more testing data are required

to improve the statistical argument.
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6. CONCLUSIONS

6.1 Conclusions

Surface hoar layers buried in the Columbia Mountains of western Canada pre-
sent a serious hazard to both recreational and professional backcountry users. During the
first 30 days in which these layers are buried in the snowpack, they show important in-
creases in shear strength and most skier-triggering of slab avalanches occurs.

The Shear Strength-Power Law model shows that the load overlying a layer of
buried surface hoar on the first day of burial plays an important role to the initial shear
strength of the layer.

The Shear Strength-Interval model establishes a number of variables as predic-
tors of the shear strength of a buried surface hoar layer. These include age of the layer,
load, slab thickness, height of snowpack, layer thickness, weak layer temperature, mini-
mum constituent grain size, and temperature gradient across the layer.

The Shear Strength-Lagged Load model examines the delayed effect of load on
the shear strength of a buried surface hoar layer. This model suggests that the load up to
six days previously influences the shear strength of a buried surface hoar layer.

Testing the fit of the models to the model-building dataset shows that the Shear
Strength-Interval model provides the best fit; the Power Law model explains 50% of the
variability in the data, the Interval model 72%, and the Lagged Load model 41%. Test-
ing the models on two test series shows that the Shear Strength-Interval model is the

most accurate, to within an average of 18% of measured shear strength.
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It is established that the skier stability index Skjg, based on measurements in a

centrally located study plot, is a good predictor of regional skier-triggered avalanche ac-
tivity on layers of buried surface hoar in the Columbia Mountains. The Shear Strength-
Interval model may be used to forecast Skss and regional skier-triggered avalanche ac-
tivity up to 8 days in advance, but more data are required to verify the robustness of this
model.

The Shear Strength-Interval model shows potential for operational use as an ava-
lanche forecasting tool in the Columbia Mountains. It was developed using data from
the first 30 days after burial and for layers of surface hoar with sector plate crystals be-
tween 5 and 30 mm in measured size. This model requires standard snowpack observa-
tion techniques, and additional measurements of surface hoar layer thickness to the near-
est millimetre. This model is limited to use as a forecasting tool only, as extrapolating
study plot stability indices over a large region will not indicate stability specific to ava-
lanche start zones where terrain or weather yield snowpack conditions atypical of the

forecast area.

6.2 Suggestions for further research

Time series snowpack and avalanche occurrence observations for more layers of
buried surface hoar in the Columbia Mountains are required to further established the
accuracy of the shear strength prediction model and to statistically establish its reliabil-

ity as an avalanche forecasting tool.
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In order to determine if the shear strength prediction model may be applied to

snowpack climates outside of the Columbia Mountains, time series observations of sur-
face hoar layers in other regions are required. Such data would also serve to better iso-
late the influence of specific snowpack properties on the shear strength of buried surface
hoar layers.

This study provides important connections between snowpack properties, buried
surface hoar layers, and skier-triggered avalanches on these layers, but these connec-
tions are empirical and statistical in nature only. Much more research is required in or-
der to examine the physical mechanisms that link micromechanical and textural proper-

ties of surface hoar layers to the shear strength of these layers.
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