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Figure 1: Map of the study area.
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be used to identify parameters important to the evolu-
tion of buried crusts. This will facilitate the second goal,
which is modeling of such crusts including features such
as laminations and disaggregation (localized in-situ frac-
turing of bonds, sometimes but not always associated with
faceting). Throughout the winter of 2007-2008 University
of Calgary researchers at Blue River and Rogers Pass,
British Columbia undertook such observations and began
modeling a layer that formed on 5 December 2007. In this
paper we report on results thus far as well as plans for the
coming winter seasons.

2 CRUST FORMATION

On 4 December 2007 a mass of warm moist air from
over the Pacific Ocean (often referred to as a "Pineap-
ple Express") crossed into British Columbia. In central
portions of the province the frontal passage was marked
by a low level inversion while southern portions of the
province experienced an elevated freezing level. Precip-
itation amounts and types varied; however most regions
experienced either rain, freezing rain or wet snow. By late
on the 5" a ridge began building off the coast of BC. This
brought cold temperatures and clear skies to most of the
province and allowed the crust to form, often with a thick-
ness of 10 cm or more. In the Columbia Mountains this
crust remained an identifiable feature until at least the be-
ginning of April 2008.

Although the date of formation varied throughout the
study area, this layer is referred to in this paper as the 5
December crust. Temperature and hourly liquid precipita-
tion from Mt Fidelity in Glacier National Park are shown
in Figure 2. A period of warm air and moderate precipi-
tation occurred throughout the latter part of 4 December,
followed by cooler temperatures and more precipitation
throughout the 5*. Wind speeds in this sheltered plot
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were generally light throughout the period of formation,
averaging 0.5 m/s from the SE during the 4" and veer-
ing to the SW then W with increasing windspeed as the
cold air moved in. It is important to note that these winds
were likely not representative of conditions at all locations
discussed in this paper. A high degree of variability was
often observed between several Parks Canada weather
stations located throughout Glacier National Park.

3 METHODS

The 5 December crust was tracked at a number of loca-
tions within the two broad study areas shown in Figure 1.
From 2 January until 29 March the crust was studied by
means of shear strength tests, stability tests, buried ther-
mistors and photographs.

At Mt Fidelity, two pairs of thermistors, each spanning
10 cm, were inserted on 14 January above and below the
crust to monitor the bulk temperature gradient across the
layer. The location chosen was at an elevation of 1865
m, with slope of 35°and ENE aspect. Initially the crust at
this location was at a depth of 140 cm and had an ice lens
at the lower boundary. This site was re-visited approxi-
mately once every seven days until the end of February.
During each site visit the pit was dug back by a minimum
of 1 m and a set of manual observations was recorded in-
cluding temperature, crystal type and extent, density and
hand hardness. An overburden sample was taken using a
coring tube with inside cross-sectional area of 28.3 cm?.
This was used to calculate an approximate load at the
top of the crust. The presence or absence of an ice lens
as well as degree and spatial extent of faceting above,
within or below the crust was noted. Photographs of thin
sections of crust were attempted though in many cases
were not possible due to heavy disaggregation within the
layer. In this paper, disaggregation refers to the localized
weakening and breaking of bonds within the crust before
extraction of samples. It was often, but not always, ob-
served in the presence of faceted crystals.

A minimum of 12 valid shear tests were conducted on
each visit using a 250 cm? shear frame. Snow was re-
moved parallel to the upper boundary of the crust until
just enough remained to place the frame, allowing for a 5
mm space above the crust itself. A 30N pull gauge was
used to pull the sample to failure in a smooth motion last-
ing less than 1 s and the maximum force was recorded
along with fracture character. Any failures judged to have
been non-planar were rejected. A correction was applied
based on the size of the shear frame, after Sommerfeld
(1980).

A number of stability tests including the deep tap
test, rutschblock test and compression test were per-
formed as outlined in the Canadian Avalanche Associa-
tion’s Observational Guidelines and Reporting Standards
(CAA, 2007). A number of extended column tests (ECT,
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Figure 2: Temperature and liquid precipitation during 5 December 2007 crust formation.

Simenhois and Birkeland, 2007) and propagation saw
tests (PST, Gauthier and Jamieson, 2008) were also per-
formed. The PST provided the most complete record of
all snowpack tests as it is easy to perform on deep lay-
ers. Snowpack tests and profiles were also performed at
a number of field sites throughout Glacier National Park
and near Blue River, BC in the Columbia Mountains.

4 RESULTS

Owing to small sample sizes and autocorrelation among
certain data sets, many of the results reported below are
qualitative rather than quantitative. A time series of tem-
peratures above and below the crust, used as a proxy
for water vapor gradient, is shown in Figure 3. The av-
erage and maximum bulk temperature gradients are well
below that required for kinetic growth. A simplified calcu-
lation assuming saturated conditions over ice shows that
the maximum vapor gradient would be 1.8 hPa/m, which
is also below the threshold for kinetic metamophism. Be-
cause the crust thickness varied somewhat the thermistor
temperatures do not always correspond exactly to the top
and bottom of the layer. Based on manual observations
at the same site the error in the bulk temperature gradient
is likely negligible.

Jamieson (2006) notes that crust thickness and struc-
ture may be a function of elevation, slope and aspect.
A correlation of 0.53 (n=13, p<0.05) between aspect
and thickness was found in the subset of slopes >29°.
Data in this subset came from 5 different locations whose
snowpack characteristics (specifically snow depth) varied
widely; this should act to mitigate the effects of autocor-
relation. Analysis of the subset of data from the eleva-
tion range 1800m — 1900m (not shown) revealed a rela-
tionship between aspect and crust thickness, with greater
thicknesses on East and Southeast aspects. In south-
facing slopes at elevations between 1600 m — 2200 m the
crust increased with elevation. No strong relationships be-
tween crust thickness and slope angle were found in any
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Figure 3: Time series of temperature above and below 5
December crust.

of the data subsets. The possible skewing of results by
the high proportion of measurements at Mt. Fidelity (15
of 30) was addressed by testing all other records sepa-
rately; No significant change was recorded in strength of
the relationships.

A total of 5 days of shear frame data were analyzed,
comprising 59 valid tests. The distribution of shear
strength (o) is shown in Figure 5. Three of the five days
have little spread in results while the remaining two show
a relatively large degree of variability. It should be noted
that all pulls on 14 February were of marginal quality; typi-
cally the majority of pulls on other days yielded clean (pla-
nar) shears. Shear strength variance is plotted against
load and crust age (number of days since freezing) in Fig-
ure 4.

Load (pgh [Pa]) was found by dividing the average sam-
ple weight by the cross-sectional area of the core tube.
Average shear strength from each day is plotted against
snow load and crust age in Figure 6. Both relationships
are moderately strong and positive but statistical signifi-
cance cannot be judged because all data come from one
location and are autocorrelated. The strong relationship
between shear strength and load was reported previously
by many authors (e.g. Jamieson et al., 2001). The bulk
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Figure 4: Time series of load and variance of shear
strength.
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Figure 5: Box whisker plot of all valid shear pulls.

temperature gradient (not shown) had a moderately pos-
itive relationship with average shear strength while crust
temperature did not. The possibility of a relationship be-
tween lagged temperature gradients and shear strength
was also examined using thermistor data; the strongest
relationships all occurred at a lag of 0 days. The aver-
age strengthening rate Ao/At is plotted against average
loading rate Apgh/At and rate of change of the bulk tem-
perature gradient in Figure 7.

A total of 57 propagation saw tests were performed on
the crust, 48 of which resulted in a propagation to the
end of the isolated column; 8 had propagations that ar-
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Figure 6: Time series of average shear strength and load
from Fidelity Study Slope.
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Figure 7: Average strengthening rate plotted against aver-
age loading rate and change in bulk temperature gradient.
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Figure 8: Mt. Fidelity study slope PST: % cut plotted
against crust age and temperature.

rested before reaching the end of the column and one,
on 27 February, propagated a short distance before the
slab fractured vertically. Results were not categorized by
location of the saw cut (top, middle or bottom of crust)
since generally the cut was made wherever the snow ap-
peared weakest. All results were examined as a whole as
well as by sub-region and specific slope. The PST test
dictates that the length of the isolated column is either 1
m or the depth of the weak layer in question; because of
this the percent of column cut was used to evaluate all re-
sults, and only those tests that produced a failure to end
were included. The Blue River PSTs had a correlation of
0.74 (n=26, p<0.01) between % cut and load. A series
of 5 tests from the Fidelity Study Slope had moderate to
strong relationships between % cut and load, tempera-
ture gradient, crust age and weak layer temperature. The
latter two are plotted in Figure 8. As with shear strength
results, these relationships cannot be assessed for statis-
tical significance due to autocorrelation.

Compression tests (CT) and extended column tests
(ECT) were discontinued as the crust became deeply
buried. Of 24 compression tests performed at Rogers
Pass over a period of 28 days, 8 resulted in failures.
No definitive relationships were found when examining
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the entire dataset; however several relationships emerged
when examining subsets. Failures East of the pass, com-
prising 6 tests from 3 locations, had a moderately strong
positive relationship between crust age and taps to fail-
ure. A subset of 8 tests from 5 different locations had
a Spearman rank coefficient of 0.73 (p<0.05) between
crust age and location of failure as it progressed from the
top to the interior of the crust, with one failure on the bot-
tom midway through the winter. Insufficient data exist for
a similar analysis on PST results; however, there were
a number of occasions when propagations jumped either
into or out of the crust. Results from the extended column
test and deep tap test produced no useful relationships,
for the most part due to a paucity of failures.

Qualitative visual observations may be useful in ex-
plaining trends observed in data. In addition to shear and
stability tests, written notes were kept, tracking crust prop-
erties including disaggregation, interior faceting, pres-
ence of ice lens and spatial continuity of features. Figure
9 shows an area of disaggregation on 31 January. Rela-
tively discontinuous pockets of faceting and disaggrega-
tion were observed as early as mid-January. The crust
at Kicking Horse, where the snowpack was only 1 — 2
m deep, quickly decomposed and became difficult to dis-
cern. Some of these observations are tabulated in Table
1. Sufficient areas of weakness developed to allow prop-
agating failures within the crust in compression tests and
PSTs. Figure 10 shows an ice lens within a 10 cm thick
crust. Lenses were observed at a number of locations
and were not usually spatially continuous beyond several
metres.

5 DISCUSSION

The temperature gradient over 10 cm was below that re-
quired for faceting in all of our observations and the as-
sumption in these analyses is that all observed changes
occurred under similar gradients. Theory does, however,
suggest that high temperature gradients are possible over
very small distances at the boundary of an impermeable,
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Figure 10: Ice lens visible within 5 December crust.

or semi-impermeable layer. The observational methods
used in this study did not allow for the resolution of such
gradients. The caveat of small sample size also applies
to all results discussed here.

The lack of a strong relationship between crust thick-
ness and aspect makes sense given the light winds
recorded at Mt. Fidelity: No aspect would have been
preferentially exposed to more intense precipitation. The
very weak relationship with slope is somewhat surpris-
ing; if freezing rain was responsible for the crust, steeper
slopes should have thinner layers; however, this was not
observed. A number of other factors may mitigate the ef-
fect of slope including permeability of the existing snow
layer, type and spatial variability of precipitation. South
aspects, taken as group, had a moderate relationship be-
tween elevation and crust thickness, possibly indicative
of heavier precipitation at higher elevations or of an up-
per inversion. Thickness and crust age were compared
for the fixed study site on the Fidelity study slopes. The
weak correlation at that location hints that spatial variabil-
ity may be more important than temporal variability for this
particular layer.

Shear strength and its variance in this study are related
to load and crust age. The upward trend of variability in
time may be due to the discontinuous pockets of disag-
gregation and faceting that were observed. These in turn
may have been caused by percolation channels within the
crust. The relationship of shear strength with the man-
ual temperature gradient is moderately strong; this may
suggest importance of large gradients over smaller dis-
tances, or simply that it is a less important parameter for
prediction of shear strength. Likewise the lack of a rela-
tionship with time-lagged bulk temperature gradient may
be attributable to either the physical scale of measure-
ment or to the fact that significant evolution in strength oc-
curs over periods of less than 24 hours. The importance
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Table 1: Summary of structural observations on 5 December crust.

Location Date Observations
Fidelity Study Slope 13 Jan Ice layer at bottom of CR
Fidelity Study Slope 27 Jan Variable hardness P to K
Fidelity Study Slope 14 Feb FC sz. 1.5 within: variable hardness 1F
Fidelity Poetry Slope 28 Jan Ice lens at bottom of CR
Fidelity Poetry Slope 12 Feb No ice lens, FC 1-1.5 at top of CR
Fidelity Poetry Slope 29 March Decomposing CR & FC sz. 1-1.5
Kicking Horse Mountain Resort 11 Jan Decomposing
Kicking Horse Mountain Resort 15 Feb Possible remnants of CR

of load to shear strength is reflected in the relationships
of load with average shear strength and average loading
rate with average strengthening rate.

An attempt to find patterns in the different snowfall
regimes on the East and West side of Rogers Pass did
not yield any stronger results; however, the considera-
tion of the subset of tests from the Fidelity Study Slope
revealed strong relationships with several parameters in-
cluding crust age and load. The existence of these re-
lationships may be due to the fact that tests were per-
formed close together on one small slope, negating some
effects of spatial variability. Higher load, older crust and
warmer layer temperature all relate positively to increased
propagation potential (propagation to the end of the col-
umn with a lower % cut) while an increasing temperature
gradient is related, though not as strongly, to decreased
potential. The weaker relationships with temperature and
gradient indicate that load and slab thickness are more
important to propagation potential; in the absence of other
influences one would expect a cooler, stiffer slab to act as
a stress concentrator, increasing propagation potential. It
is important to note that the range of temperature gradi-
ents and crust temperature were small; 3°C/m to 5°C/m
and -2.7°C to -4.7°C respectively.

Similar to PST results, CT tests did not show any no-
table trends when taken as a group; however the exam-
ination of subsets led to potentially useful conclusions.
Most promising is the correlation between age and loca-
tion of failure, which shifted from the top of the crust to
the interior of the crust as it aged. This result fits well with
qualitative observations of increasing disaggregation and
faceting within the crust as it aged. Unfortunately, these
tests extend over only one month, with the first occurring
almost a month after crust formation. Nevertheless the
relationship is worth re-examining as datasets become
more extensive.

The observations tabulated in Table 1 fit well with
snowpack tests as they indicate an increasing complexity
and weakening of crust structure. The shallower snow-
pack at Kicking Horse allowed the crust to facet much
more quickly than at Rogers Pass. By late February
it had become difficult to discern from surrounding lay-
ers. Ice lenses were observed at many locations through-
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out Rogers Pass; in some cases up to 3 were present
throughout the crust layer. Areas of faceting and disag-
gregation were not generally continuous and existed on
the scale of 10-20 cm throughout the winter. Jamieson
(2006) proposes a process whereby a laminated crust
may develop over time under relatively low temperature
gradients due to preferential deposition of water vapour in
smaller-grained snow. Obvious laminations were not ob-
served in this study, but the presence of an ice lens at
many locations suggests the possibility that such a pro-
cess may have been responsible for locally high tempera-
ture gradients as percolating water froze, leading to some
of the faceting that was observed within the crust.

Overall these results, though limited, show good agree-
ment between qualitative and quantitative observations.
Load and crust age are most consistently related to
strength at the top of the crust, stability and propaga-
tion propensity while other factors such as rate of loading,
temperature gradient and crust temperature only appear
to be related to specific crust parameters. The crust at all
locations trended toward stronger bonding at its top and
bottom interfaces while simultaneously experiencing dis-
aggregation and faceting in its interior.

6 THE SNOWPACK MODEL

The SNOWPACK model (Bartelt and Lehning, 2002;
Lehning et al., 2002a,b) is a single-column physically-
based model that models evolution of microstructural and
mechanical properties for a given snowpack. Snow is
treated as a 3-component heterogeneous mix of ice, wa-
ter and air. Sintering, faceting, settling and heat transfer
are all modeled. Numerous options exist for inputs; for
this application longwave and shortwave radiometers, air
temperature and wind speed were used to drive model
processes. Snow depth may be constrained with an ad-
ditional sensor; however, this was not available at Fidelity
so snow water equivalent was used instead. Initialization
was done using data from a manual profile. SNOWPACK
has been used by numerous groups around the world
(e.g. Greene, 2007; Hirashima et al., 2008; Lundy et al.,
2001) with reasonable success and is presently used in
as part of the Swiss avalanche hazard forecasting effort.
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SNOWPACK uses manual profiles to perform a statistical
evaluation of model results (Lehning et al., 2001) and also
includes a stability index calculation (Schweizer et al.,
2006). However, this was not used for the present study.

7 RESULTS

The SNOWPACK model was initialized from a Parks
Canada profile dug 11 November 2007 adjacent to the
Mt. Fidelity meteorological instruments. Unfortunately,
surface meteorological measurements were not adequate
for the model to reproduce the formation of the 5 Decem-
ber crust. There are a number of possible reasons for
this, the most likely being that precipitation was warmed
due to an upper level inversion. This represents a weak-
ness in the model configuration; however the reality is that
adequate information to overcome this hurdle is not avail-
able at most locations. A second run was initialized from
a profile dug 2 December and stopped on 4 December.
The resultant model profile was then slightly modified to
include wet snow and rain on the upper layers. SNOW-
PACK was restarted and the new crust layer was allowed
to freeze; the new run was allowed to proceed until 27
March 2008. A number of artificially-imposed crusts were
tested. No one attempt reproduced all of the characteris-
tics observed by Glacier National Park crews on 15 De-
cember.

Based on the analysis from Section 4 a number of out-
put parameters can be examined for accurate reproduc-
tion of observations. A total of three Parks Canada pro-
files were available at the Mt Fidelity location: 15 Decem-
ber, 18 January and 7 March. Although more profiles
would be desirable these dates are useful as they repre-
sent the short-term metamorphism of the crust, behaviour
during subsequent loading and structure after 3 months
of ageing. The statistical comparison module allows com-
parison of the entire modeled snowpack with observa-
tions; results for some important parameters are shown
in Table 2.

The score of 'n/a’ for temperature comparison on 15
December indicates that values were too poorly repro-
duced to assign a score. This is not surprising since
the crust was artificially imposed. Temperature is well-
modeled for January but the score becomes relatively
poor by March. This was shortly after a period of strong
warming. Density is generally well-modeled. The grain
type score, which is determined from a matrix of all pos-
sible grain types, (Lehning et al., 2001) slowly improves
as the influence of the artificially-imposed crust dimin-
ishes in the overall snowpack. The ratio of model snow
height/observed snow height is near unity indicating that
the algorithm for estimating new snow density from mea-
sured snow water equivalent functions well. This, coupled
with the good modeling of layer density, indicates that the
settling routine is also effective.
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Simple ratios of modeled/observed properties are given
in Table 3. Model performance when considering just the
crust is relatively poor. Specifically, density is closest to
observed values on 15 December, the same time when
this layer is presumably responsible for the poorest overall
score (Table 2). SNOWPACK modeled an increase from
380 kgm—3 on 15 December to 470 kgm—3 on 13 Jan-
uary. The observed densities on these two days were 320
kgm~—3 and 295 kgm~—3. The model temperature gradient
is higher than observed on the same day and remains
slightly higher than measured values throughout. The in-
creasing ratio of grain sizes was mainly due to disaggre-
gation and faceting leading to smaller observed, but not
modeled, grain size. The load is quite consistently well-
modeled. This is encouraging given the strong correlation
with shear strength identified in Section 4. From these lim-
ited results it appears that SNOWPACK does a good job in
modeling many aspects of snowpack structure; however
in this case it was not able to reproduce observations of
the crust. The 5 December crust had a complex, spatially
discontinuous structure; some of the factors leading to its
formation were likely due to 2-dimensional processes that
cannot be implemented in a 1-dimensional model. The ar-
tificial imposition of the crust almost certainly led to some
errors that propagated through the model results.

8 FUTURE WORK

The results from the first winter of work have suggested a
number of improvements and new observations that may
be useful for the future. A number of potentially important
physical parameters have been identified from observa-
tions taken during winter 2007-08. First, these must be
supplemented by more data as at present sample sizes
are very small. Although fixed sites were already se-
lected for thermistors and shear frames, this should be
expanded to include snowpack stability and propagation
tests. A large gap in data exists between the formation
of the 5 December crust and the first detailed observa-
tions. The time during and immediately after formation
is especially important to observe since the crust is likely
exposed to higher temperature gradients.

The poor modeling of crust evolution may be attributed
to a number of factors, but given SNOWPACK's good per-
formance when considering the snowpack as a whole,
there is likely a structural problem with model treatment of
the thick melt-freeze crust. Long term systematic obser-
vations of evolution at low temperature gradients are cur-
rently lacking and a set of experiments under controlled
conditions in a cold lab would help to remedy this. SNOW-
PACK is a physically-based model and it is important that
any changes have solid grounding in theory and are not
simply empirical formulations.

Finally, photography is very useful for a record of char-
acteristics that are not necessarily captured by quantita-
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Table 2: Model scores for reproduction of observed snow profile.

Date / Parameter | Temperature | Density | Grain Type | HS
15 Dec n/a 0.84 0.63 0.91
13 Jan 0.96 0.89 0.68 0.96
7 Mar 0.69 0.95 0.76 1.01

Table 3: Model reproduction of important parameters (ratio SNOWPACK/observed) for the 5 December crust at Mt.

Fidelity.
Date / Parameter | Temperature | AT/Az | density | grain size | pgh | lyr thick
15 Dec 1.51 5.69 1.18 1.00 0.88 0.77
13 Jan 1.66 1.27 1.59 1.52 0.99 1.36
7 Mar 2.00 2.47 1.52 2.05 1.21 1.31

tive testing. The photographic record of the 5 December
crust is severely lacking. More effort must be expended in
coming seasons to ensure a continuous series of useful
crust photographs.

9 SUMMARY

This paper has summarized observations of the 5 Decem-
ber crust performed by University of Calgary researchers
in the Columbia Mountains during the winter of 2007-08.
Notable observations include increased variability in crust
properties and interior faceting as the crust aged. The
temperature gradient averaged over 10 cm remained low,
indicating conditions favorable to rounding rather than
faceting. Although theoretical explanations exist for such
behaviour they have never been tested under controlled
circumstances. Analysis presented here has identified a
number of physical parameters that are potentially impor-
tant to this observed evolution in structure, stability and
shear strength. A number of suggestions are made for
improvements in methods as well as the inclusion of cold
lab experiments. As the quantity of observations grows
and more definitive conclusions may be drawn, the data
may be used to modify crust behaviour within the SNOW-
PACK model.
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