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ABSTRACT. The frequency of avalanches at a given location is the primary variable
for calculating the risk as input to zoning applications and decisions about avalanche-
control options. In this paper, we present an in-depth study of avalanche frequency using
an extensive data base of avalanche-occurrence records from Rogers’ Pass, British Colum-
bia (43 avalanche paths; 24 years of records). This study, the first of its kind for high-fre-
quency avalanche paths, yields the result that the frequency of avalanches may he
described by a Poisson distribution. Study of the relationship between terrain variables
and precipitation estimates shows that avalanche frequency is significantly correlated
with path roughness, 30 year maximum water equivalent, east-west location from Ro-
gers’ Pass summit, wind exposure and run-out zone elevation and inclination. With the
length of avalanche-occurrence records and quality of the data, we believe our study is
the most comprehensive in existence about avalanche frequency and its relation to ter-

rain variables.

INTRODUCTION

The magnitude and frequency of avalanches must be
known, estimated or guessed at when land-use planning de-
cisions are made concerning risk mapping or plans for facil-
ities in avalanche-prone terrain. Magnitude is important to
determine the destructive potential or vulnerability (e.g.
McClung and Schaerer, 1981, 1993) and the frequency deter-
mines the excedence probability of event occurrence at a
location. Frequency is a very important component of risk:
it can vary over about four orders of magnitude, from sev-
cral per year to one every several hundred vears. There-
fore, the risk can vary over about four orders of magnitude
from [requency variations alone. Risk increases in direct
proportion to the frequency.

In order to specify properly the frequency component of
risk in a probabilistic sense, we must know the frequency
distribution of events. In this paper, we present data from
an extensive data set for 43 avalanche paths at Rogers’
Pass, British Columbia, with 24 years of records for paths
which show frequency in the range 3-21 events per year.
From the data, we suggest that the Poisson distribution is
the suitable probability mass function to describe ava-
lanche frequency at Rogers’ Pass. Given a Poisson distribu-
tion to describe the frequency, it is then possible to estimate
the encounter probability or frequency component of risk
for a given avalanche path.

In addition to avalanche-frequency data, our study in-
cludes terrain variables and estimates of 30 year maximum
water-equivalent precipitation (starting-zone estimate) for
the paths in question. Given these supporting data, we per-
form a multivariate correlation analysis to determine which
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ariables are statistically significant in predicting frequency
(the response variable). The analysis shows that path rough-
ness, 30 year maximum water equivalent, location (east or
west of Rogers’ Pass summit), wind exposure and run-out
zone elevation and inclination are all significant in a muli-
variate sense. Inclination and elevation of the starting zone
also have important single-variable correlations. Further
details of this work have been summarized in Smith (1995).

RISK CONCEPTS

Risk for natural hazards may be thought of in terms of con-
sequences, chance of occurrence and exposure in time and
space. In this paper, we define risk at a given location in a
probabilistic sense in terms of the product of three para-
meters; P, is the probability of event occurrence (fre-
quency), F, is the exposure probability (the fraction of
time or space an object is exposed to the hazardous events)
and P is the vulnerability (the fraction of damage expected
for an event of a given size). The parameter P, depends on
the fragility of the threatened object, whether a person,
structure or vehicle, as well as the magnitude of the event.
All three parameters (P, P., P) range between 0 and 1
and are treated as if they are probabilities.

We define the specific risk, ., as the risk at a given loca-
tion for events of a given magnitude (and event frequency) as:

Fe=RxFxP,. (1)

From our definitions in Equation (1), P, depends explicitly
on event magnitude, whereas B, is defined as the probabil-
ity of occurrence of all events that reach or exceed a given
location (of given magnitude). For avalanches, P. may also
depend on event magnitude at a location since larger events
may have greater spatial extent in the run-ont zone. The B,
contains the event frequency and it is defined as the exce-
dance probability, or /T, where T is the return period of
events of given magnitude. The probability of occurrence is
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usually calculated from a probability density function or
probability mass function derived from assumptions and
data about the event frequency. The total risk, [, is defined
as the sum (or integral) of the specific risk over all event
magnitudes in question.

Ifit is assumed that P. is approximately independent of
magnitude, for example at the centre line of an avalanche
path, then the total risk at a location is

P =(P)F. (2)

where (P,) is the expected value of the vulnerability. The
parameter (P,) is calculated as the weighted sum of the vul-
nerability, over all frequencies, calculated from the magni-
tude—frequency distribution of events at the location.

The encounter probability is the probability of encoun-
tering an event at least once at a location, given the resi-
dence time or spatial extent of exposure and the event-
return period. Tt depends on estimates of P, and P,, and is
defined from the excedence probability and the exposure in
time or space. It is possible to develop an analytical expres-
sion for the encounter probability if the frequency distribu-
tion of events is known. Below, we show that the [requency
of events at Rogers’ Pass may be assumed to follow a Poisson
distribution. As an example of the encounter probability,
consider a residence time L at a location with an excedence
probability /T from a Poisson distribution. The Poisson dis-
tribution may be represented as P(n, A)where n is the num-
ber of events in time period L and A is the Poisson
parameter (L/T). The encounter probability, E, is the sum
of all terms in the Poisson distribution for n > 1 and is
therefore (LaChapelle, 1996):

B=1—e"", (3)

The encounter probability may be regarded as the risk of
encounter and it is equal to the total risk for the special case
when P, is one for all events which reach or exceed the loca-
tion.

DESCRIPTION OF ROGERS’ PASS AND DATA

The data set used for this analysis comes from Rogers’ Pass,
British Columbia, Canada, within Glacier National Park.
The Canadian Parks Service maintains avalanche control
on most of the 134 avalanche paths which affect highway
and rail traffic over a linear highway distance of 43 km.
Avalanches have been a problem in this region since the
railroad, built to traverse the Selkirk Ranges, was com-
pleted in 1885; two tunnels have since been built under Ro-
gers’ Pass to bypass the most severely affected areas and to

ease the grade of the railway. After completion of the
Trans-Canada Highway through Rogers’ Pass in 1962,
further avalanche-control measures were added (Schleiss,
1989), including avalanche defences and artillery.

At Rogers Pass, heavy snowfall and steep terrain are
combined, making it an area of high avalanche frequency.
The valley on the eastern side of the pass is relatively U-
shaped with up to 1650 m of relief; the western side 1s more
V-shaped with relief up to 1800 m.

The Selkirk Ranges occupy the interior wet belt of Brit-
ish Columbia, receiving the second greatest recorded level
of precipitation in Canada. Warm, southwesterly storm
tracks produce a deep snowpack with potential for large de-
structive avalanches. There are, however, periods of cold,
stable air which can dominate Rogers’ Pass for long peri-
ods. Schleiss (1989) categorized three climatological sub-
zones: the west side, the summit region and the east side.
The west side is distinguished by relatively heavier snow-
fall and milder temperatures, while the east side has lighter
snowfall and colder temperatures. The summit area is
deemed to be transitional between the east and west. or
our analysis, we have simplified the climatic zones to two:
east and west of the summit,

Although the railroad dates back to 1885, accurate records
of avalanche activity did not begin until 1909. Analysis of
avalanche activity was not undertaken until 1953 when con-
sideration was given to Rogers’ Pass for the location of the
Trans-Canada Highway. During the winter of 1966, the
National Research Council (NRC) began records of ava-
lanche occurrence. Some records date back to 1959, although
these are the exception. Some paths ceased to be monitored
after 1984, with most ending in 1989. The aim in monitoring
avalanches was to record all “major” occurrences, particu-
larly those that ran out into the valley. In the late 1970s the
five-part Canadian size-classification scheme (McClung
and Schaerer, 1981; see Table 1), based on destructive poten-
tial, was incorporated into the observations. In general, only
avalanches greater than size 2 were recorded. The data set
can be considered accurate and it provides the best descrip-
tion of avalanche activity known to us.

For analysis, we split the Rogers’ Pass data into two sec-
tions. The first set contains 14 paths with continuous high-
quality records from 1967 to 1989. The second set contains
99 paths but in this case there are some missing data. In
our analysis, we ignored the missing data before the analy-
sis was performed. In general, for the period 1966-89 less
than 20% of data were missing for all 43 paths.

The data from Rogers’ Pass are characterized by very
high frequency of avalanching. The only other study of ava-

Table 1. Canadian snow-avalanche size-classification system ( McClung and Schaerer, 1981)

Size Description Dipical mass Typical path length Tpical impact pressure

t m kPa

1 Relatively harmless to people <10 10 1

2 Could bury, injure or kill a person 10° 100 10

3 Could bury a car, destroy a small building or break a few trees 10° 1000 100

4 Could destroy a railway car, large truck, several buildings or a 10 2000 500

forest with an area up to 4 ha i
5 Largest snow avalanches known; could destroy a village or a 10” 3000 1000

forest of 40 ha
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lanche frequency that we know of is by Fohn (1975). He de-
monstrated that the frequency ol avalanche events on a sin-
gle unforested avalanche path followed a Poisson
distribution. Féhn had access to historical data from 1550
to 1970. In comparison to Rogers’ Pass avalanche paths,
Fohn's study path may be classed as low frequency (return
period 20-30 years); the data were averaged over 30 year
periods, giving a total of 14 data points. A x? test at 0.01
significance showed that a Poisson probability mass func-
tion fitted the data. Fohn’s was the first study to determine
the type of distribution associated with event frequency on a
single low-frequency path. In contrast, our study is based on
event frequency for 43 high-frequency avalanche paths.

FREQUENCY ANALYSIS — GOODNESS OF FIT

In order to determine how well the frequency data relate to a
probability mass function or probability density function, it is
appropriate to apply statistical tests of goodness-of-fit. For our
study, we used the x? goodness-of-fit test, by defining groups
or bins of equal intervals with a minimum expected fre-
quency of 2 (Roscoe and Bryars, 1971; see also IVAgostino
and Stephens (1987) for a further discussion) for the 0.05 sig-
nificance level. The Appendix provides further discussion on
the choice of x? test.

The frequency of avalanches may be thought of as a ser-
ies of discrete, rare, independent events. These conditions
match those for a Poisson experiment and so make the Pois-
son distribution a likely candidate to describe avalanche fre-
quency. The condition of independence may be violated
sometimes, because the probability of avalanching may be
related to the occurrence of earlier avalanches. An example
of the violation of the independence assumption is the re-
charge rate of snow in the starting zone following major
avalanches. Generally, however, we feel that in a high-fre-
quency area like Rogers’ Pass avalanches occur shortly after
the deposition of new snow from a storm and the indepen-
dence assumption is reasonable.

It should be noted that as avalanche frequency hecomes
larger the discrete nature of the data becomes less impor-
tant and the data can be assumed to be continuous, Given
that a normal distribution can approximate the Poisson dis-
tribution when the Poisson parameter () is greater than 9
(e.g. frequency greater than nine events per vear), testing
for goodness-of-fit using a normal distribution is appropri-
ate. Use of the normal distribution implies that both upper
and lower values, three standard deviations from the mean,
are positive (i.e. it is not possible to have negative event fre-
quencies).

Figure 1 shows a Poisson distribution fitted to one path
from Rogers’ Pass. This path shows a satisfactory fit. Figure
2 is an example of a path where the Poisson fit failed the x?
test at the 0.05 significance level. These examples are dis-
cussed in the overall results below.

Results of the x? tests, for both the complete and incom-
plete data sets, show that both the Poisson and normal dis-
tributions provide a satisfactory fit for most of the 43
avalanche paths. However, in several cases both the Pois-

son and normal fail the test. Table 2 provides a summary of

x* test results. From Table 2, it is notable that the normal
distribution provides a better fit than the Poisson distribu-
tion at g > 14, although at lower values of g both perform
equally well.
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Fig. 1. Avalanche frequency for Cougar Corner 2 (light)
Jitted to a Poisson distribution (black ). This path has a fre-
quency of 10.1 events per year. Results of X lest were: degrees
of freedom 7, X* stalistic 2.55 and significance level 0.923,
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Fig. 2. Avalanche frequency for McDonald Gully 3 fitted to a
Poisson and normal distribution. This path has a frequency of
14.3 events per year. Results of X test:

Normal FPoisson
Degrees of freedom 9 10
x? statistic 12.0 16.8
Stgnificance level 0.213 0.079

This picture is further complicated by the use of artillery
which can artificially increase the frequency of avalanche
events. Of the 43 paths, seven have received artillery control
since the highway was completed, with a further five having
received control more recently. Of the former seven, five have
mean frequencies greater than nine avalanches per year, with
four of these greater than 14. Since only ten paths have means
greater than 14 avalanches per year, this is an important

Table 2. Frequency table of X test passes and fails ( at 0.05
significance ) using the equal-interval method, by avalanche-
path frequency, for normal and Poisson distributions

Avalanche frequency

0-5 5-8 9-14 >4

Poisson Pass 1 14 10 7

Fail 0 3 2 3

Normal Pass 4 14 11 10

Fail 0 3 ] 0

No. of points 4 17 12 10
167
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effect upon overall path frequency. Not all the paths follow
this general trend (e.g. Fig. 2 is an example of a poor fit to a
Poisson distribution). The plot in Figure 2 shows a lack of data
points in the central area of the distribution, with several
notable outliers in the tails of the distribution. Although the
average frequency for McDonald Gully 3 (Fig. 2) is 14.3
events per year, the variability effect with some years having
no avalanches and some with 28 avalanches causes a fitted
Poisson curve to fail the test. The Poisson curve underesti-
mates at the peak and in the tails. The normal, although un-
derestimating around the distribution peak, provides a better
estimate in the tails, These differences partially cancel out in
the x? test itself, enabling the normal curve to fit the data
better than the Poisson distribution.

The example in Figure 2 demonstrates the problems en-
countered with small data sample sizes and the influence
outliers can have. In our opinion, the Poisson distribution
gives a satisfactory fit to the avalanche data and is the most
appropriate distribution, since the frequency of avalanches
may be thought of as a series of discrete, rare, independent
events matching the conditions for a Poisson experiment.
For high values of frequency (p >14), practitioners may
wish to use the normal, as it is able to model the variability
in the paths we have analysed. This variability may be
partly attributed to the use of artillery, in combination with
the effects of outliers. A greater sample size would allow a
more definite answer to this question.

If the Poisson distribution is chosen as the most appro-
priate distribution, it is possible to use g (mean frequency
for each data set) for cach path to characterize the path fre-
quency. Variations in j from path to path may be attributed
to differences in terrain parameters and climate. However,
the importance of each of these differences in determining
frequency is unknown. Below, we present an analysis of ter-
rain features for the paths from Rogers’ Pass to define which
parameters significantly influence avalanche frequency.

RELATION BETWEEN FREQUENCY AND
TERRAIN PARAMETERS

Previous work (Schaerer, 1977) carried out on data from
Rogers’ Pass has provided a selection of potentially impor-
tant terrain parameters that have been used in this work.
Schaerer (1977) analyzed avalanche frequency (using 9
years of data) on 36 of the 43 avalanche paths analyzed
here, collecting data for 16 terrain and climate variables.
He then attempted to correlate the avalanche frequencies
with the terrain parameters.

A limiting factor in Schaerer’s (1977) work was the small
data record: only 9 years of avalanche events. Given the
small size of the data set used to calculate the mean frequen-
cies, the effect of outliers on the results could well be signifi-
cant. In the present study, we were able to use 24 years of
records on the 43 paths originally contained in the
National Research Council of Canada data set. These pro-
duced a mean frequency of 10 avalanches per year with a
standard deviation of 4.5 per year. The minimum was 3 ava-
lanches per year and the maximum 2] avalanches per year.

Schaerer (1977) noted that there is a variation in climate
depending on location at Rogers’ Pass. Snowfall on the east
side of the summit is about 80% of that at an equal elevation
on the west side. However, he suggested that paths on the
east side have higher starting zones and so may receive
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snowlall comparable to those on the west side. In our work,
we have introduced a location parameter and several eleva-
tion parameters to study these climatic effects. Figure 3
shows the location of paths east-west of Rogers’ Pass sum-
mit with respect to avalanche frequency. Table 3 shows the
terrain parameters and descriptive statistics used in the fol-
lowing regression analysis. Several variables require further
explanation:

(1) 30 year maximum water equivalent; this variable is
hased on snow-depth measurements taken at several sta-
tions near Rogers' Pass. Figure 4 shows the 30 year max-
imum water equivalent plotted against avalanche
frequency for all 43 paths. Over a period of 15-20 years,
maximum snow-depth and density measurements were
taken once a year at six stations increasing in elevation
on both the east and west sides of the summit. These
data were then converted to water equivalent. The
snow-depth measurements were graphed against eleva-
tion, giving a clear relationship. The 30 year maximum
water equivalent was calculated from the cube-root nor-
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Fig. 3. Location of avalanche paths at Rogers’ Pass with
respect to avalanche frequency. Location is caleulated as dis-
tance ( km ) east—west of the Rogers’ Pass summit ( designated
as 0)), where the centre of the path dissects the Trans-Canada
Highway. Negative location is west of Rogers® Pass and posi-
tive is east.

Table 3. Predictor variables and deseriptive statistics of data
used in the regression analysis. See lext for definition of cate-
gorical variables denoted by ( ")

Terrain variable Mean Standard Range
deviation
Path slope (7) 338 2.6 12
Track slope | 2 383 3.6 15
Start-zone slope (7) 38.2 5.0 25
Run-out zone slope (7) 212 57 30
Vertical drop (m) 922 251 965
Path length (m) 1676 443 1965
Starting-zone elevation (m) 2041 248 990
Run-out zone elevation (m) 1114 109 440
Aspect (1-16)" 6.0 4.9 12
Area of catchment (ha) 185 15.8 65.6
Wind expasure” 3l 1.0 4
Location (km) -0.8 59 207
30 year maximum water 14 0.3 1.2
equivalent (m)
Rnughness' (m) 0.25 0.06 0.30
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Fig. 4. 30 year maximum water equivalent plotted against
avalanche frequency. Maximum snowo-depth measurements
at six different elevations on the east and west sides of
Rogers’ Pass are highly correlated with elevation. This rela-
tionship is used to calculate the maximum water equivalent
Jor the centre of the catchment for each path and then, using a
cube-root normal distribution, the 30 year maximum is calcu-
lated.

mal distribution (recommended by the Climare Section,
Atmospheric Environment Service, Canada, to stabilize
the variance) for the centre of each of the avalanche-path
catchments to give an estimate appropriate for a given
catchment elevation.

(2) Wind exposure; a qualitative index of the magnitude of

snowdrifting that can be expected in the avalanche-

starting zone. Schaerer (1977) defined the following cate-

gories:

L. Starting zone completely sheltered from wind by sur-
rounding dense forest.

2. Starting zone sheltered by an open forest or facing the
dircction of the prevailing wind.

3. Starting zone an open slope with rolls and other irre-
gularities where local drifts can [orm.

4. Starting zone on the lee side of a sharp ridge.

3. Starting zone on the lee side of a wide, rounded ridge
or open area where large amounts of snow can bhe
moved by wind.

In some cases, intermediate groups may be observed.
Figure 5 shows wind exposure plotted against avalanche
frequency.

&

Roughness; expressed as the approximate water equiva-
lent of snow required to cover rocks, shrubs and ledges in
starting zones before avalanches will run. Figure 6 shows
roughness plotted against avalanche frequency.

(4) Aspect; measured in 16 ordinal units. Figure 7 shows a
plot of aspect with avalanche [requency; due to the clus-
tering of northerly and southerly aspects, the data were
ranked as either 1 (north) or 2 (south).

Location; straight-line distances in kilometres, cast -west
from the Rogers’ Pass summit, to where each path dis-
sects the highway (see Fig. 3),

The descriptive statistics for the avalanche paths in Ro-
gers’ Pass may be compared to the low-frequency avalanche
path data of McClung and Mears (1991). The avalanche
paths are very steep, with an arc tangent (related to mean
path slope) of 33.8° (this can be directly compared to the o
angle used by McClung and Mears (1991)). There is also a
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Fig. 5. Wind exposure plotted against avalanche frequency,
where the wind exposure is a qualitative index of the magni-
tude of snowdrifting that can be expected in the avalanche-

starting zone.
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Fig. 6. Roughness as a finction of avalanche frequency, where
roughness is the water equivalent of snow required to cover
rocks, shrubs and ledges before avalanches will run. A nega-
lie correlation is displayed heve: as the roughness in the start-
ing zone increases, so the frequency decreases.
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Fig. 7. Aspect of avalanche paths, using 16 ordinal units. Note
the high clustering of values around south and north. For the
regression analysis, each path was assigned a categorical value
of either northerly or southerly.

high mean vertical drop (950 m). Variation in run-out zone
elevation, in comparison to starting-zone elevation, has a
low range and standard deviation, a result of the relatively
small increase in elevation of the highway as it traverses the
pass. As previously noted, starting-zone elevations are dif-
ferent on the east and west sides of the pass, accounting for
variations in this variable. The aspect of avalanche paths at
Rogers’ Pass is predominantly northerly or southerly, a re-
sult of the east-west alignment of the pass.

Initially, a Pearson-product moment-correlation matrix
was compiled for the 14 variables against avalanche fre-
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quency (F). Given the number of avalanche paths in the
study, the results indicated that the following variables
were significantly correlated with avalanche frequency:

r value (correlation coefficient )

Run-out zone elevation (RE) 047
Roughness (R) —0.57
30 year maximum water

equivalent (MW E) 0.54
Wind exposure (W) 045
Location (L) 048
Run-out zone slope (RS) 0.33

Other variables which showed high correlations with ava-
lanche frequency, but were not significant, were starting-
zone slope and elevation. A multiple stepwise regression
was then performed on the above eight variables, giving a
model of the form:

F =14.02 — 33.03R 4+ 1.39W + 0.03L

with an 72 of 0.57 and a standard error (SE) of 2.93.

In order to remove human-induced effects on avalanche
frequency, only avalanche paths that had not received
explosive control (25 paths) were included. A Pearson-
product moment-correlation matrix, compiled for the 14
variables against avalanche frequency for the 25 avalanche
paths, indicated that the following variables were signifi-
cantly correlated with avalanche frequency

r value ( correlation coefficient)

Path slope (PS) 0.40
Run-out zone slope 0.36
Vertical drop (VD) 0.37
Path length (PL) 039
Start-zone elevation (SE) 0.64
Run-out zone elevation (RE) 0.52
Roughness (R?) 0.61
Maximum water equivalent (MW E) 0.83
Wind exposure (W) 0.58
Location (L) 0.44

A stepwise regression on the remaining 25 avalanche paths
gave a best regression of the form:

F=—-7.63—-001PL+ 0.01SE—189R + 7T.23MWE

with an 7% of 0.84 and an SE of 1.68.

As maximum water equivalent is not readily measur-
able, a stepwise regression performed excluding this vari-
able gave a model of the form:

F=-315+056PS —0.01VD+0.025E — 23.5R

with an 72 of 076 and an SE of 2.02.

A plot of the predicted against the observed data showed
one significant outlier. Excluding this outlier, a model of the
following form was obtained:

F=-332+002PS —0.02VD+ 0.02SE - 21.0R

with an 72 of 0.85 and an SE of 1.59.

Both the full data set and the data set censored with
respect to explosive control were partitioned with respect
to avalanche-path location east or west of the Rogers’ Pass
summit. Generally, variables significantly correlated with
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avalanche frequency were roughness, maximum water
equivalent and wind exposure for both the east and west
sides. However, the censored data sets had strong correla-
tions with maximum water equivalent (1‘2 =0.82). Interest-
ingly, the data sets for the west side had a correlation with
starting-zone slope.

Inspection of the regression equations indicates the im-
portance of climate to avalanche frequency. The supply of
snow is entered into this study as wind exposure and maxi-
mum water equivalent. Both run-out zone elevation and
location are related to snow supply and can be considered
as normalizing variables. Run-out zone slope, aspect and
roughness are the only terrain variables affecting ava-
lanche frequency but, even for these, aspect and roughness
are related to snow supply: avalanches are not highly likely
until roughness features are covered and aspect may be re-
lated to lee and windward faces with respect to prevailing
storm directions.

The effect of explosive control on the data is significant.
Once avalanche paths that had received explosive control
were excluded from the data set, the final regression equa-
tion was able to model accurately the mean number of ava-
lanches per year. Significantly correlated variables, in
addition to those in the complete data set, were path slope,
vertical drop, path length and start-zone elevation. This
perhaps suggests that the frequency of naturally occurring
avalanches is more strongly related to terrain than for
paths where explosive control is used. For these latter
paths, climate, particularly snow supply, is the major influ-
ence on avalanche frequency. Excluding maximum water
equivalent from the regression equation produced a good
model fit to the data. This was further improved by remov-
ing one significant outlier. This result will possibly allow the
specification of terrain and climate variables in order to es-
timate avalanche {requency within the region. This infor-
mation could then be used for land management and risk-
mapping applications. This model requires the inclusion of
maximum water equivalent; however, as noted earlier, this
is not casily measurable and so has been excluded from the
final model for practical purposes.

CONCLUSIONS

In this study we have analyzed avalanche frequency and at-
tempted to account for their variations with respect to ter-
rain and climate. The x? test performed satisfactorily; we
recommend the use of the Poisson distribution for the calcu-
lation of the encounter probability for high-frequency ava-
lanche paths. When p > 14, a normal distribution may be
preferred by some, since it has two parameters and there-
fore more flexibility to fit the data, but the potential for a
better fit may be outweighed by the physical conditions
that avalanches are discrete events.

This choice of distribution has important implications
for future application. In the risk mapping of high-
frequency avalanche paths, it is now possible to use the
Poisson distribution for calculation of the encounter prob-
ability or excedence probability as input to risk or land-
management studies,

For the second half of our study, we concentrated on an
analysis of terrain and climate with respect to avalanche
frequency. For Schaerer’s (1977) study, based on a much
smaller data set, he found roughness, wind exposure, frac-
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ture-point incline (not used in this study) and incline of
track to be significantly correlated with frequency, suggest-
ing that climate variables (roughness and wind exposure),
along with terrain parameters (fracture-point incline and
track incline), are the most important variables affecting
frequency.

This study has presented roughness, maximum water
equivalent and location in the final regression model for
the full data set. Censoring the data, with respect to explo-
sive control, has presented path length, start-zone elevation,
roughness and maximum water equivalent in the final re-
gression model. Maximum water equivalent and roughness
are the most important variables, as their correlation coeffi-
cients are the highest. As hoth of these variables are linked
to snowfall supply, avalanche frequency appears to be
strongly related to climate. Run-out zone elevation, start-
zone elevation and location act as normalizing variables,
with path slope, run-out zone slope, path length and verti-
cal drop all important terrain parameters. These latter ter-
rain variables are all statistically significant; however, their
single-variable correlation coefficients are notably lower
than the normalizing or climate variables used in this
study and appear to have a secondary effect on path fre-
quency. We recommend the use of the final regression
model to predict avalanche frequency regionally. This can
then be used to specify the Poisson distribution in the calcu-
lation of the encounter probability for high-frequency paths.
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APPENDIX
y* TESTING PROCEDURE

In order to determine how well a particular probability
mass function or probability density function represents ob-
servational data, it is appropriate to apply statistical tests of
goodness-of-fit. For our study we used the x? goodness-of-fit
test. Due to the size of the compiled data set (24 years of data
tor 43 separate paths), a computer program was written to
per imm both equal-probability and equal-interval methods
of x2tests.

For the x? test, the data are split up into groups or hins.
The test can be performed by either choosing bins that are
the same size (equal interval) or choosing bins that have an
equal probability of observing a value within the range of
the bin. "Iests using bins of equal probability are considered
to be more robust; however, when dealing with integer data
(or using an integer distribution such as the Poisson) or
small sample data sets, bins of equal interval are more ap-
propriate (D’Agostino and Stephens, 1987). For each bin, it
is necessary to define a minimum expected frequency. Stan-
dard procedures recommend a minimum expected fre-
quency of' 5 as necessary to perform a robust x? test. This is
not always possible when using data with small sample sizes.
Furthermore, D’Agostino and Stephens (1987) considered a
minimum expected frequency of 5 too conservative. Three
main alternatives have been suggested:

(1) All expected frequencies at least 1 and 80% at least
5 (Cochran, 1954).

(2) Mean value of the expected frequencies at least 1 for
the equal-probability method and at least 2 for the
cqual-interval method (for the 5% test; Roscoe
and Bryars, 1971).

(3) At least three bins (M), at least ten observations (n)

and n*/M at least 10 (Koehler and Larntz, 1980).

D’Agostino and Stephens (1987) suggested that the

method of Roscoe and Bryars (1971) performs ro-

bustly and consequently this method has been
adopted in this study.

x? tests were performed employing the equal-interval
method, using minimum expected frequencies of 5 and 2,
and the equal-probability method, using minimum ex-
pected frequencies of 5, 3 and 1. Results demonstrated that
the tests were not robust when using the equal-probability
method, due to the small sample size. For the equal-interval
method, at a minimum expected frequency of 3, results indi-
cated that most paths failed the goodness-of-fit test. All final
results employ the equal-interval method with a minimum
expected frequency of 2.
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