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Storm snow often avalanches before crystals metamorphose into faceted or rounded shapes, which typically oc-
curs within a few days. We call such crystals nonpersistent, to distinguish them from snow crystals that persist
within the snowpack for weeks or even months. Nonpersistent crystals can form weak layers or interfaces that
are common sources of failure for avalanches. The anticrack fracture model emphasizes collapse and predicts
that triggering is almost independent of slope angle, but this prediction has only been tested on persistent
weak layers. In this study, dozens of stability tests show that both nonpersistent and persistent crystals collapse
during failure, and that slope angle does not affect triggering (although slope angle determineswhether collapse
leads to an avalanche). Our findings suggest that avalanches in storm snow and persistent weak layers share the
same failure mechanism described by the anticrack model, with collapse providing the fracture energy. Manual
hardness measurements and near-infrared measurements of grain size sometimes showed thin weak layers of
softer and larger crystals in storm snow, but often showed failures at interfaces marked by softer layers above
and harder layers below. We suggest collapse often occurs in crystals at the bottom of the slab. Planar crystals
such as sectored plates were often found in failure layers, suggesting they are especially prone to collapse.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Storm snow crystals

Crystals in storm snow typicallymetamorphose into rounded or fac-
eted shapes within three days, so we call them nonpersistent, whereas
persistent crystals maintain their form even deep within the snowpack
and can remain unstable for weeks or months. Avalanches that fail on
persistent crystals cause more fatalities than those that fail on nonper-
sistent crystals (Jamieson and Johnston, 1992) because they are more
difficult to predict and involve deeper and harder slabs. Yet, avalanches
that fail on nonpersistent crystals are also common, have killed at least
25 people in the U.S. since 1998–1999, and are responsible for the ma-
jority of deaths in some U.S. states (Fig. 1).

In half of all U.S. avalanche fatalities, failure crystals are not
known. Because avalanches on nonpersistent crystals occur during
storms and are therefore difficult to document, we suggest that they
are more often classified as “unknown failure crystal” than those on
persistent crystals. The two paragraphs below describe large ava-
lanche events that probably failed in storm snow rather than an
older, deeper layer. Crown face profiles were not examined in either
case because of extreme avalanche danger.

On 31 Mar 1982, a massive natural avalanche released after control
work at AlpineMeadows ski area in California. The avalanche destroyed
l rights reserved.
two buildings and killed seven people in the parking lot and base area.
At the time of the accident, the storm had deposited 2.2 m of snow on
a well bonded melt-freeze crust. Strong Sierra Nevada winds up to
192 km/h increased snow on the slope, so crown heights ranged from
2 to 3 m (Penniman, 1986). Although a definitive failure crystal cannot
be ascribed, the slab in the fatal avalanche probably involved only storm
snow and failed on nonpersistent crystals.

February 1999 was the deadliest month for avalanche fatalities in
recent history for the European Alps. Avalanches killed 59 people, 15
in the French Alps where eye-witnesses said that most avalanches in-
volved storm snow only. Sensitivity tests show that observed ava-
lanche hazard and run outs could be simulated without a pre-
existing weak snowpack, suggesting the fatal avalanches failed on
nonpersistent crystals (Rousselout et al., 2010; Villecrose, 2001).

Avalanches that fail on persistent crystals have been the topic of
many studies, while little is known about avalanches that fail on non-
persistent crystals.

1.2. Applying the anticrack model to fracture of nonpersistent crystals

The anticrack snow fracture model (Heierli et al., 2008) empha-
sizes collapse and predicts that triggering fracture is almost indepen-
dent of slope angle, but verification has been solely with failures on
persistent crystals, so the model's applicability to nonpersistent crys-
tals is unclear. In our field experience, crystals in storm snow are
smaller, their failures often do not propagate as far, and they tend
to cause smaller avalanches than persistent crystals. Because simple
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Fig. 1. U.S. avalanche fatalities by state and failure crystal from 1998 to 2011 (American
Avalanche Association, 2011).
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shear models cannot explain the reality of remotely triggered ava-
lanches in storm snow, a fundamental question arises: Does the antic-
rack model apply to avalanches within storm snow?

2. Literature review

A significant portion of snow avalanche research since the late
1970s focuses on applying fracture mechanics to snow avalanches.
The following sections present an overview of two types of models,
simple shear models and the anticrack model.

2.1. Simple shear models

Early work (McClung, 1979, 1981) applied shear models from soils
(Palmer and Rice, 1973) to snow. For natural avalanches in the simple
shear model, a weak layer at thickness D from the surface is overlaid by
a stronger slab. This weak layer is assumed to have flaws of size r,
which are unstable if r exceeds the critical flaw size rc. According to
McClung (1979):

rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2D

wf E

τ−τrð Þ2

s
ð1Þ

The expression τ−τr is the shear stress τ at the weak layer re-
duced by residual crack-face friction τr. Shear stress τ=ρgD sin θ
and τr=min[τ,μ(ρgD cos θ)]. Fracture energy is wf, ρ is slab density,
E is the elastic modulus, θ is slope angle, and μ is the coefficient of fric-
tion. As long as rb rc, self-sustaining crack propagation will not occur.
In natural avalanches, there are two ways r can become critical: a de-
crease in rc caused by increased loading from precipitation or an in-
crease in r caused by metamorphism. Once r becomes critical:

1. The flaw will spontaneously and rapidly grow in slope parallel
(mode II) and anti-parallel (mode III) directions.

2. Propagating longitudinal waves build tension at the crack tip as
the length of propagation l≫D.

3. At l=(20 to 40)D, tensile stresses approach mode I fracture tough-
ness of the slab. Tensile stress increases toward the bottom of the
slab from a lack of friction between the slab and the failed weak
layer (McClung, 2009; McClung and Schweizer, 2006). A crown
fracture forms, with the crack hypothesized to travel from the
bed to the snow surface (McClung, 2005).
4. Flank and then stauchwall failure follow the crown fracture, after a
large enough area has been cut out by steps 1–3.

In this and other shear models for snow (Bažant et al., 2003; Chiaia
et al., 2008; Louchet et al., 2002), there is a negative relationship be-
tween θ and rc; rc increases with decreasing slope angle to the point
where shear cracks cannot propagate. In Eq. (1), rc is undefined for
τ−τr=0, i.e. whenever the slope angle is less than the friction angle.
According to Heierli et al. (2008), shear models cannot explain remote
triggering (Johnson, 2001) or Propagation Saw Tests on persistent crys-
tals that show rc is invariant or increases slightly with slope angle
(Gauthier and Jamieson, 2008). Likewise, Extended Column Tests on
persistent crystals show that scores are invariant or increase slightly
with slope angle (Heierli et al., 2011). Further, high speed video mea-
surements show that slope normal collapse preceding slope parallel ac-
celeration is the rule rather than the exception in slab avalanches (van
Herwijnen and Jamieson, 2005; van Herwijnen et al., 2010).

2.2. Mixed-mode anticrack model

Fracture models that account for volumetric collapse of snow have
been developed to address shear model deficiencies (Heierli, 2008;
Heierli et al., 2008; Johnson, 2001). Pre-eminent is the anticrack
model (Heierli et al., 2008). An anticrack is the opposite of a tensile
(mode I) crack. Like all fracture mechanical models for snow, the
anticrack model assumes sub-critical flaws of radius r in a weak
layer, overlaid by a slab of thickness D. Flaws can become critical
from three mechanisms: an artificial trigger, increasing load from
precipitation, or a loss of strength caused by metamorphism. Howev-
er, in the anticrack model, rc is almost independent of slope angle
under two conditions: i) θb60° and ii) D decreases with cos θ. Assum-
ing a similar slab and substrate, an expression for rc for natural ava-
lanches is (Heierli et al., 2008):

rc∝
wf E

π ρgDð Þ2 ð2Þ

Once r becomes critical, cracks in the weak layer will spread as a
mixed-mode (anticrackmode andmode II) collapsewave,where bend-
ing and collapse of the slab provide fracture energy. In homogenous flat
snowpacks at high latitudes, collapse waves — called “firn quakes”
(Johnson et al., 2004) — have been observed to travel for kilometers.

In seasonal snowwith high spatial variability, the collapse wave can
be arrested by a variety of mechanisms. After collapse and propagation,
according to Heierli et al. (2008), the amount of friction between the
collapsed failure layer and the slab determines whether the slab will
slide downhill or whether it collapses and does not slide, in which
case it makes a distinctive sound, the onomatopoetic “whumpf.”

3. Methods and datasets

3.1. Snow pits, Propagation Saw Tests, and Extended Column Tests

During the accumulation season of 2010–2011, we dug snow pits
and performed stability tests at two locations: Mammoth Mountain,
CA and Kakauan, AK (Table 1). Standard snow pit measurements for
each layer included depth, hand hardness, crystal form/size, and den-
sity. A general snow temperature was sometimes measured, but de-
tailed layer temperatures were usually not. Temperature of the
storm snow was often nearly the same as the air temperature. Other
measurements included air temperature, aspect, and weather condi-
tions. For hand hardness (Fierz et al., 2009), plus (+) corresponds
to 0.5, and minus (−) to −0.2. For interface failures, failure layer re-
fers to the layer immediately above the interface since, in all cases,
that layer was softer than the layer below the interface.



Table 1
Snow pit measurements for Propagation Saw Tests and Extended Column Tests.

Date Location Slope angle
θ, °

Slab thickness
D, cm

Failure layer
hand hardness

Failure layer
crystal size, mm

Failure layer
crystal form

Layer above
hand hardness

Layer below
hand hardness

21 Nov 2010 CA NA NA NA NA + NA NA
6 Dec 2010 CA 45 42 3.0 1.0–1.5 ⁎ 1.5 3.0
20 Dec 2010 CA 40 40 1.0 NA + 1.0 1.8
20 Jan 2011 AK 14–38 16–24 1.0 NA + 2.5 2.0
16 Feb 2011 CA 34 34 1.0 0.5–1.0 3.5 3.0
16 Feb 2011 AK 8–43 20–29 1.5 2.0 + 2.8 2.0
19 Mar 2011 CA 25–45 26–30 0.8 1.0–2.0 ⁎ 1.0 2.0
20 Mar 2011 CA 45 33 1.0 1.0 ⁎ 1.0 2.0

Notes: Location — AK is Kakauan, AK, CA is Mammoth Mountain, CA, crystal form and hand hardness are from the International Classification for Seasonal Snow on the Ground
(Fierz et al., 2009), slab thickness D is measured slope normal, NA is not applicable/not measured.

Fig. 2. Propagation Saw Test with particle tracking markers inserted to measure move-
ment, Mammoth Mountain, 16 Feb 2011 (Table 1).

22 E.H. Bair et al. / Cold Regions Science and Technology 79-80 (2012) 20–28
Propagation Saw Tests (PST) followed procedures and recording
standards in Gauthier and Jamieson (2008), except that column
ends were slope normal, rather than vertical. Slope normal column
ends give rc values that are equivalent to those in Heierli et al.
(2008) without needing additional corrections. Columns were 1.0–
1.2 m long in the upslope direction. Only fractures that reached the
end of the PST column are analyzed in this study.

Extended Column Tests (ECT) followed procedures and recording
standards in Simenhois and Birkeland (2009). Like the PSTs, only frac-
tures that traveled completely across the column are analyzed in this
study. We choose to only include PSTs and ECTs with fractures that
reached the end of the column because these are associated with ava-
lanches and other signs of instability (Schweizer and Jamieson, 2010),
such as “whumpfing.” It is usually easy to trigger cracks that do not
propagate in storm snow, since it is among the weakest of all types
(Roch, 1966). Whether a fracture propagates across the block is the
key factor in determining whether or not slab avalanches are likely.

3.2. Applying shear and anticrack models to measured critical cut lengths

Critical cut length rc values were computed using a shear model and
the anticrack model to compare with measured rc values. These rc values
apply to natural avalanches, since there is no external load, only the
weight of the slab. Since the slabs were unsupported behind the saw
blade, residual friction τr is zero and application of the shear model
comes directly from Eq. (1). Use of a thick (5 mm) snow saw and analysis
of slope normal displacement of the slab prior to fracture ensured that
there was no crack-face contact, which would bias measured rc.

Fracture mechanical parameters are mean values from two PSTs the
next day with similar new snow, wf=0.08 J m−2 and E=0.22MPa,
measured using a new technique based on bending of the slab prior to
propagation (van Herwijnen and Heierli, 2010). To find rc using the
anticrack model, Eq. (4.13) from Heierli (2008) is maximized:

V r; Eð Þ ¼ wf r−
πγr2

4E
τ2 þ σ2
h i

− r3

6ED
λττ rð Þτ2 þ λστ rð Þστ þ λσσ rð Þσ2
h i

ð3Þ
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5
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The elastic constant is η, assumed here to be 1 for a Poisson solid
(Poisson number 0.25), a reasonable approximation for storm snow.
The mismatch parameter is γ, also assumed to be 1, given similar
snow above and below the fracture path. A constant value (0.35 m)
of slab height H, measured vertically, was multiplied by cos θ for D.

3.3. Particle tracking

3.3.1. Propagation Saw Tests
For two PSTs (6 Dec 2010 and 16 Feb 2011 at Mammoth Mountain

in Table 1), black markers, 35 mm in diameter, were inserted into the
column so that its movement could be analyzed (Fig. 2). These were
the only tests suitable for measuring collapse amplitude a, since the
slab collapsed but stopped sliding downhill. For tests where the slab
collapses and continues to slide downhill, bed surface erosion super-
poses the collapse amplitude (van Herwijnen and Jamieson, 2005).

The video camera used was a Canon G10 shooting 640×480
frames at 30 Hz. The focal length of the lens is 28–140 mm at
35 mm film equivalent. Videos were shot at around 50 mm focal
length to minimize barrel distortion but also provide a wide enough
field of view to capture the entire column.

Prior to sawing, careful measurments of slab widthw, length l, and
thickness D were taken at multiple places to ensure consistent pro-
portions. If one side of the slab was wider or the walls were not per-
pendicular to the ground, it was carefully shaved down with a shovel.
Inclination of the column was measured at several locations on the
snow surface with a Brooks Range inclinometer and/or a Suunto incli-
nometer. Based on measurments with both instruments, the slope
angle accuracy is estimated to be ±1°.

3.3.2. Analysis
Videos were imported into MATLAB for analysis. Custom functions

were written utilizing open-source particle tracking software
(Crocker and Grier, 1996). The method presented here closely follows
procedures in van Herwijnen and Jamieson (2005) and van
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Herwijnen et al. (2010). In the tests, distortion from perspective was
negligible, so it was not corrected.

Videos were inverted (black markers become white) and contrast
was increased. A 2-d bandpass filter was applied to smooth noise. The
bandpass filter was followed by two successive functions to locate
and refine estimates of particle center coordinates. Once the center
coordinates were estimated for markers in each frame, they could
be tracked using a tracking function. Ultimately, a list of marker cen-
troid pixel positions, called trajectories, was produced over the
frames of analysis. A nine-frame averaging filter was applied to the
trajectories in order to further reduce noise from artifacts such as
pixel clipping (van Herwijnen and Jamieson, 2005; van Herwijnen
et al., 2010).

3.3.3. Displacement measurements
From the list of trajectories, it was simple to compute slope paral-

lel ux(t) and slope normal uy(t) displacements in the slope rotated co-
ordinate system:

ux tð Þ ¼ x tð Þ−x 0ð Þ; uy tð Þ ¼ y tð Þ−y 0ð Þ ð7Þ

where x(t) and y(t) are slope parallel and slope normal positions at
time t in sec.

The initial positions x(0) and y(0) were determined by averaging
marker positions 50 frames prior to sawing, thereby eliminating
noise caused by changes in illumination or thermal fluctuations of
the CCD (van Herwijnen et al., 2010). A mean standard deviation of
marker movement prior to sawing was computed and used as an
error estimate of position. In addition, for a small error in measure-
ment angle, coordinate rotation leads to uncertainty in displacement
from slope angle:

δuy ¼ δyþ δθux ð8Þ

where δuy is the total uncertainty in slope normal displacement, δy is
the contribution from uncertainty in position, δθux is the contribution
from uncertainty in slope angle, and δθ=±0.017 rad is the uncer-
tainty in slope angle. To track slope normal displacement of the entire
slab, an average of uy(t) was used. Collapse amplitude a is the asymp-
totic value of uy(t) after the slab stops moving.

3.4. Crown profiles

Twenty crown profiles, taken over nine seasons, of avalanches at
Mammoth Mountain that failed in storm snow were analyzed. De-
tailed crown profiles conducted by three different experienced ob-
servers were generally completed within 24 h of the avalanche. As
with most crown face profiles, they are skewed towards larger and
more impressive avalanches (Perla, 1977; Stethem and Perla, 1980).
As with interface failures from the stability tests, failure layer refers
to the layer immediately above the fracture, since it was also the
softer layer in all cases.

3.5. Near-infrared imaging

3.5.1. Preparation of snow pit wall
Methods for near-infrared imaging are based on techniques pre-

sented by Matzl (2006) and Matzl and Schneebeli (2006). First, we
planed the pit wall to be as smooth as possible using a very flat shovel
blade. It is critically important that the pit wall be smooth; otherwise
differences in refectance caused by small ridges will appear in the
final nIR image. Since most tests took place in heavy snow or high
winds, we shielded the pit wall from falling and blowing snow with
an umbrella. The umbrella also diffused light on the few days with di-
rect sunlight.
Since there is less sunlight available at near-infrared wavelengths,
exposure times are longer and a tripod must be used to prevent cam-
era movement. Images were taken at a distance of 1 to 2 m from the
column. For each sample, the camera was carefully positioned to be
parallel with the column and at the same slope angle (Fig. 2).

3.5.2. Image of snow pit wall
The first nIR image was of the snow pit wall framed by Spectralon

targets with 50% and 99% reflectance. The camera's CMOS detector is
sensitive to wavelengths from 330–1200 nm, but a filter limits the
sensitivity to 850–1200 nm. A second nIR image was of a flat white
foam placed in front of the snow. The white background is used to
correct for the “hotspot” or vignetting effect that seems to be present
in most nIR images (Tape et al., 2010). Since most camera lenses are
optimized for the visible spectrum, they have coatings on the internal
lens elements that are not efficient in near-infrared wavelengths.
These coatings cause nIR light to be reflected rather than refracted
and can cause a series of internal reflections that amplify light at
the center of the sensor and cause a hot spot. Lenses exist with coat-
ings and focus optimized for use at nIR wavelengths, but they are con-
siderably more expensive than most visible light camera lenses.

3.5.3. Analysis
The technique for post-processing nIR images is primarlily from

Matzl (2006) and Matzl and Schneebeli (2006) with contributions
from other nIR snow studies (Schneebeli, 2008; Tape et al., 2010).
First, the two images were retrieved from the camera and brought
into an application capable of processing RAW images, in this case
Adobe Photoshop CS5. The tone curve was set to linear, so that the
input/output values had a 1:1 correspondence. Standard sharpening
and noise reduction were not applied. The green channel, which is
most sensitive to the range of the filter, was then extracted and
saved as a 16-bit grayscale image, although in practice the red and
blue channels could have been used too.

Both TIFFs were imported into MATLAB. A corrected image C was
created by normalizing the image of the targets T by the flat field
image F and then multiplying by the mean of the entire flat field
image �F (Tape et al., 2010):

Cij ¼
�FTij

Fij
ð9Þ

where i and j are indices to each pixel. Once the corrected image was
calculated, a linear regression between pixel intensity (digital num-
ber) and reflectance was made using the locations of the 50% and
99% reflectance Spectralon targets. The corrected image C was trans-
formed into an image of reflectance R using the coefficients from
the linear regression:

Rij ¼ b1 þ b2Cij ð10Þ

An empirical relationship between reflectance and specific surface
area, SSA (SSA=surface area/volume), was used to transform R into
SSA (Matzl and Schneebeli, 2006).

SSAij ¼ A exp Rij=B
� �

ð11Þ

where A=0.02 mm−1 and B=12.22. Finally, an effective spherical
diameter d is:

d ¼ 6=SSA ð12Þ

For precise estimate of grain size, the nIR image should be cor-
rected for lens distortion and perspective. For examining potential
fracture locations in nonpersistent crystals, however, the relative dif-
ferences in d are more important than precise values, so the images



a

24 E.H. Bair et al. / Cold Regions Science and Technology 79-80 (2012) 20–28
were not corrected for distortion. In most images, distortion from
perspective was assumed small, as was barrel distortion.

4. Terminology

We use storm snow to refer to snow that falls during a continuous
period of precipitation, which can last multiple days. We use new
snow to refer to snow that fell with the last 24 h (Fierz et al., 2009).

The term layer is often used loosely, so we provide a precise defi-
nition. We use layer to refer to a volume of snowwith the same prop-
erties, given the method of measurement. For traditional snow pit
measurements, those properties are: hand hardness, crystal form
and size, and density. For snow pits where nIR images were taken,
in addition to the properties above, we add that a layer must have
similar values and variability in reflectance.

We use two basic locations to describe where failure occurs, at a
weak layer or at an interface. Weak layers, also called sandwich layers
(Hutchinson and Suo, 1991), are often thin (a few cm) layers charac-
terized by weak intra- and/or interlayer bonds. Weak layers are usu-
ally softer than layers above and below.

In many cases, failures occur between two layers without a dis-
cernible weak layer. These are called interface failures. Interface fail-
ures arise from weak interfacial bonds between two layers. In this
case, Schweizer and Jamieson (2003) define the failure layer as the
softer of the layers above or below the interface. For the stability
tests and crown profiles, the softer layer was always above the
interface.

5. Results

Probabilities in the results are based on the Kruskal-Wallis (1952)
test, which assumes that populations have the same, not necessarily
normal, distribution and that all observations are independent. The
null hypothesis is that the two groups come from the same popula-
tion. We use a threshold p value for significance at p≤0.05, below
which the null hypothesis is rejected and the two groups are signifi-
cantly different.

5.1. Slope angle independence for Propagation Saw Tests

To test the effect of slope angle on failures of nonpersistent crys-
tals, nine PSTs were performed on 19 Mar 2011 on uniform slopes
with θ from 25° to 45°. The error of the inclinometers is estimated
to be±1° and the error of rc is estimated to be ±5 mm. Columns
were 0.26–0.30 m thick, with no trend in thickness vs. slope angle,
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Fig. 3. Critical cut length rc vs. slope angle θ, from Propagation Saw Tests. Fracture me-
chanical parameters used are: wf=0.08 J m−2, E=0.22 MPa, ρ=86 kg m−3,
H=0.35 m, D=H cos θ, and γ=η=1.
the columns were each 1.20×0.30 m, and the saw used is 5 mm
thick. The assumption is that these small scale tests with isolated col-
umns approximate the slab avalanche process. In reality, values for rc
are probably larger because avalanche slabs are supported on all four
sides.

A simple shear model and the anticrack model are compared to
the measured rc values (Fig. 3), which do not depend on slope
angle. For the slope angles measured, the anticrack model predicts
rc values of 0.06–0.07 m, while the shear model predicts rc values
that are an order of magnitude larger, 0.54–0.79 m. While the antic-
rack model predicts relatively constant rc values, the shear model
predicts decreasing rc with increasing θ. Relatively constant rc values
with increasing θ are consistent with field measurements and anticrack
model predictions of failures on persistent crystals (Gauthier and
Jamieson, 2008; Heierli et al., 2008).
5.2. Slope angle independence for Extended Column Tests

ECTs conducted on two sampling dates in Kakauan, AK show sim-
ilar trends as the PSTs. The number of ECT taps until propagation is
constant or slightly increases with slope angle (Fig. 4). These results
are consistent with previous work showing ECT scores vary little
with slope angle for failures on persistent crystals (Heierli et al.,
2011). As with the PSTs, there is no trend in slope angle vs. slab thick-
ness for either sampling date.
b

Fig. 4. Extended Column Tests from: (a) 20 Jan 2011 and (b) 16 Feb 2011. The vertical
axis is the score when a fracture first crosses the column.
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Fig. 7. Failure layer crystals: (a) crown profiles from avalanches on Mammoth Moun-
tain; (b) stability tests from Mammoth Mountain during the 2010–2011 season. Verti-
cal axis is the count (frequency) of times each crystal form was found. Crystal forms
are: plates ( ), columns (▭), wind packed rounded grains ( ), partly decomposed
precipitation particles (/), graupel ( ), needles ( ), stellars (⁎), large rounded parti-
cles ( ), faceted rounded particles ( ), rounded polycrystals ( ), melt-freeze crust
( ), ice layer ( ), rain crust (=), unspecified precipitation particles (+), small
rounded particles ( ), and clustered rounded grains ( ).

Fig. 5. Plots of slope normal displacement uy for two slabs that collapsed, but did not
continue to slide downhill. One slab failed on nonpersistent crystals (blue lines, 6
Dec 2010 in Table 1), the other on persistent crystals (gray lines, 16 Feb 2011, CA, in
Table 1). Displacements are computed from average movement of all markers above
the fracture.
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5.3. Slope normal displacement

Collapse amplitude was measured for two failures, one on nonper-
sistent crystals and the other onpersistent crystals (Fig. 5). Collapse am-
plitude for the failure on nonpersistent crystals is 1.08±0.03 mm, vs.
2.03±0.19 mm for the failure on persistent crystals.

5.4. Hand hardness from crown profiles

There is no significant hardness difference between the layer
above (LA) and the failure layer (FL, Fig. 6). Hardness of the layer
below (LB) is significantly greater. The median hand hardness for
the failure layer is 2.5 vs. 3.8 for the layer below (pb0.01).

5.5. Nonpersistent crystals at failures

5.5.1. Crown profiles
At failure layers, plates ( ) are the most common (47%) crystals

found (Fig. 7). Also common are columns (▭, 26%), wind packed crys-
tals ( , 26%), partly decomposed precipitation particles (/, 21%), and
graupel ( , 21%). Other crystals comprise less than 20% of the total.
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Fig. 6. Hand hardness for layer above (LA), failure layer (FL), and layer below (LB) for
avalanches that failed on nonpersistent crystals. Line at center is the median, boxes are
25th and 75th percentiles, and whiskers are minima and maxima.
5.5.2. Stability tests
Dendrites (⁎) are in failures layers in half the stability tests (Fig. 7).

Unspecified new snow particles (+) are also abundant (47%) because
falling and blowing snow often made detailed crystal identification
impossible. Decomposing precipitation particles (/) are also relatively
abundant (36%). Other crystal types are present 15% or less of the
tests.

5.6. Hand hardness and density from stability tests

Like the crown profiles, stability tests show layers below the failure
layer (LB) are significantly harder (pb0.01), but also denser (p=0.04)
than failure layers and layers above. The median hand hardness and
density is 1.5 (fist +) and 120 kg m−3 vs. 2.7 (4 finger +) and
150 kg m−3 for layers below (Fig. 8). Layers above the failure layer
are not significantly harder (p=0.57) or denser (p=0.74) than failure
layers.

5.7. Near-infrared images

In some cases (Fig. 9b and c), thin weak layers with larger effective
diameters than adjacent strata fractured in stability tests. Note that
Fig. 9b actually has two weak layers at different depths. The deeper
weak layer failed more easily than the upper weak layer. In other
cases (Fig. 9a and d), there are no clear weak layers; fracture occurs
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Fig. 8. (a) Hardness and (b) density for layer above, failure layer, and layer below in
snow pits with stability tests. Right is the same, but for density.
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at the bottom of the slab above slightly smaller (a) or slightly larger
(d) grains. In both profiles without weak layers, grain sizes above
are about the same as grain sizes at the failure.

For two of the three cases shown in Fig. 9 and Table 1 where hand
hardness was recorded, (c: 20 Dec 2010, and d: 20 Mar 2011), failure
layers show the same hardness trends as crown profiles. The layer
above is the same hardness as the failure layer, while the layer
below is harder. In one case (b: 6 Dec 2010), the layer above is actu-
ally softer than the failure layer, while the layer below is the same
hardness.

6. Discussion

6.1. Slope angle independence for ECTs and PSTs on nonpersistent crystals

Using two different stability tests, Sections 5.1 and 5.2 show that
slope angle had little effect on triggering fracture in nonpersistent
crystals. Like previous work with failures on persistent crystals
(Gauthier and Jamieson, 2008), rc in Propagation Saw Tests shows lit-
tle sensitivity to slope angle, in contrast to the decreasing rc with
slope angle predicted by the simple shear model.

Because the PST has been criticized for causing excess tension on
the slab and artificially high collapse (McClung, 2011), an additional
stability test of slope angle independence for triggering was neces-
sary. The ECT also measures ease of triggering, but does not use an ar-
tificial gap as the loading technique. Instead, the ECT uses dynamic
compressive stress, which more closely simulates how skiers or
snowboarders trigger avalanches. These results, which also show lit-
tle slope angle dependence for triggering on nonpersistent crystals,
agree with previous studies that show similar trends with ECTs on
persistent crystals (Heierli et al., 2011).
In contrast, Reiweger and Schweizer (2010) show decreasing
stress at failure with increasing slope angle for a weak layer of surface
hoar. They attribute these effects to the anisotropy of surface hoar
crystals. Since they are randomly orientated, this finding is not appli-
cable to nonpersistent crystals. Further, given their small sample size
(125 mm in length), Reiweger and Schweizer are careful to say that
their findings only apply to failure initiation, not crack propagation.
Conversely, our study is concerned only with stability tests that
cause propagation.

Previous studies show that collapse occurs on persistent crystals
during various stability tests, including ski cutting, compression
tests, and rutschblocks tests (van Herwijnen and Jamieson, 2005).
Likewise, we show that collapse, required by the anticrack model, oc-
curred on nonpersistent crystals in all measurements, regardless of
the stability test used. Since both persistent and nonpersistent crys-
tals showed little sensitivity to slope angle for triggering, our results
suggest they share the same failure mechanism, driven by collapse.

6.2. Slope normal displacement

Although more measurements of collapse amplitude a are needed,
these preliminary results show that nonpersistent crystals collapsed
during failure, just as persistent crystals have been shown to. The
measured values (~1 and 2 mm) are within the range of published
values (1–40 mm) for failures on persistent crystals (Johnson, 2001;
van Herwijnen and Jamieson, 2005; van Herwijnen et al., 2010). In
previous studies, there is a positive relationship between crystal size
in the failure layer and collapse amplitude. For instance, the largest
(40 mm) reported collapse occurred on very large (30–40 mm) sur-
face hoar crystals (van Herwijnen et al., 2010), while the smallest
(1 mm) occurred on much smaller (3–7 mm) surface hoar crystals
(Johnson, 2001). Crystals in the failure layer of the 6 Dec 2010 PST
were manually classified as 0.5–1.0 mm stellars and partly decom-
posed particles (⁎/). Crystals in the failure layer of the 16 Feb 2011
PST were manually classified as 0.5–1.0 mm facets and wind-broken
particles ( ). It is not possible to draw broad conclusions from
two measurements of collapse amplitude, but our results show that
greater collapse occurred on persistent crystals than on nonpersistent
crystals of the same diameter. The small collapse amplitudes explain
why nonpersistent crystals have been associated with planar frac-
tures. For instance, failures on nonpersistent crystals were 2–3×
more likely to have “planar” fracture character, rather than “collapse”
character in compression tests (van Herwijnen and Jamieson, 2007).
A heavier slab for the 16 Feb 2011 PST (D=25 vs. 34 cm with equal
density) could also be responsible for the greater collapse amplitude.
The most important finding is that collapse amplitude for this test on
nonpersistent crystals was small, but not negligible.

6.3. Hand hardness from crown profiles and stability tests

Crown profiles and stability tests show the same result. Nonper-
sistent crystals in failure layers were not significantly harder or softer
than slabs above, but had significantly harder layers below. Stability
tests also show significantly denser layers below. Densities were not
consistently recorded in crown profiles, so they are not included.
This result suggests that failure occurs at the interface between the
softer and harder snow. Likewise, Schweizer and Jamieson (2001)
found significantly harder layers below interface failures, which in-
volve predominately nonpersistent crystals, for Canadian avalanches
triggered by skiers. We conclude that the best way to locate a poten-
tial failure layer of nonpersistent crystals is to search for a harder
layer below a slab of new snow. Fracture will most likely occur just
above the harder layer.

Also important to note is that most failures occurred in the storm
snow, rather than at the storm snow/old snow interface. For instance,
65% (13/20) of the crown profiles failed in storm snow. Similarly,



Fig. 9. NIR images of PSTs with failure layers containing nonpersistent crystals. Overlaid on the false-color portion of each image is a graph of the mean effective diameter. The color
bar corresponds to the false-color region, which shows effective diameter of individual pixels. Stability test results and fracture planes indicated with black lines. Image dates are:
(a) 21 Nov 2010, (b) 6 Dec 2010, (c) 20 Dec 2010, (d) 20 Mar 2011.
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avalanche control records from Mammoth show 68% of avalanches
failed in storm snow. Storm snow may initially bond well to old
snow because most Sierra storms begin with low precipitation rates
that gradually increase. Low precipitation rates at the start of a
storm allow initial storm layers to strengthen via compaction. Con-
versely, high precipitation rates overwhelm strengthening from com-
paction by rapidly increasing stress. The result is stronger snow from
the beginning of the storm, when precipitation rates are low, than
snow that is deposited later in the storm, during high precipitation
rates. Changes such as decreasing temperature may also cause
weaker crystals to be deposited in the middle of the storm, rather
than at the beginning. A preponderance of failures within the storm
snow is contrary to the assumption in Conway and Wilbour (1999)
that failures occur at the storm/old snow interface.

6.4. Nonpersistent crystals at failures

The most common nonpersistent crystals found in failure layers in
the crown profiles were plates ( ). The most common nonpersistent
crystals found in failure layers in the stability tests were stellars (⁎).
Careful examination of the crown profiles shows that many of the
failure crystals were actually sectored plates, rather than simple hex-
agonal plates. Sectored plates can look very similar to stellars, and
both are dominated by plane (i.e. a-axis) growth (Magono and Lee,
1966). It is possible that some plates were misclassified in the field
as stellars and vice-versa. Either way, plane growth, rather than
columnar (c-axis) or mixed-axis growth is probably an important
characteristic of weak nonpersistent crystals. Plane growth crystals
may be especially prone to volumetric collapse since they can be
stacked in unstable configurations (Fig. 10), while columnar and
mixed-axis crystals pack more tightly.

6.5. Near-infrared images

From the nIR images (Fig. 9), we found thin weak layers, com-
posed of much larger crystals than adjacent layers, in two of the im-
ages (b and c). Yet, in the other two images (a and d), the failure
layer was indistinguishable from the layer above, but distinguishable
from the layer below. In these cases, failure occurs at the interface.
This supports evidence from Section 5.4 that shows most crown pro-
files examined were interface failures. Interface failures are common.
For instance, Schweizer and Jamieson (2001) report that 82 of 186
(44%) skier-triggered avalanches in Switzerland and Canada were in-
terface failures.

7. Conclusion

Our results are consistent with predictions of the anticrack model
and not consistent with predictions of the simple shear model. Using
Propagation Saw Tests and Extended Column Tests, we show that
triggering fracture in layers with nonpersistent crystals did not de-
pend on slope angle. This result matches tests on persistent crystals
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Fig. 10. Collapse wave of amplitude a traveling left to right through a layer of sectored
plates.
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from other studies, suggesting that collapse provides fracture energy
in failure layers composed of persistent and nonpersistent crystals.
One practical implication of this finding is that stability tests can be
conducted in gentler and safer terrain, rather than on steep and po-
tentially dangerous slopes.

Although more measurements are needed, we also report the first
collapse amplitude for a failure on nonpersistent crystals, about
1 mm. This collapse amplitude quantitatively shows that nonpersis-
tent crystals collapsed during fracture, just like persistent crystals.
A-axis crystals were the most common crystals found in failure layers,
suggesting they are especially prone to collapse. This result suggests
that it is possible to identify potential failure crystals by monitoring
hydrometeors throughout a storm.

Evidence from crown profiles and nIR images shows that failures
often occurred at interfaces, without weak layers. These interfaces
were usually within the storm snow and were marked by a softer
layer above and a harder layer below, suggesting that collapse oc-
curred in crystals at the bottom of the slab.
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