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Abstract

The mechanical properties of the snow pack were measured at 10 stations
in northwest Alaska. Spanning 325 km, the stratigraphy at these stations

revealed a ubiquitous hard wind slab overlying multiple layers of depth
hoar. At each station five closely spaced (0.2 m) resistance profiles were
recorded using a micropenetrometer. Using a micro-mechanical theory, we
have converted the high-frequency residual saw-tooth response of the
micropenetrometer into grain size, pore size, and bond strength as a
function of depth. A comparison of the resistance strength of slab layers
within and between stations indicates that local variations were as large as
regional variations. This variability is attributed to wind eddies and
drifting snow producing mini-dunes with stoss (hard) and lee (soft) slopes.
Measurements taken from a subarctic snow pack intersecting a thick melt
crust showed a similarly high local variance. We conclude that high local

variance is likely in most types of snow packs. The implications of these
findings with respect to avalanches are that a) large ranges in layer
strength and properties are to be expected over short distances, particularly
in mountain settings, and b) it may be possible to measure the full local
range of properties across relatively short (10-m) transects.
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Introduction
When a weak layer of snow fails, it can trigger an avalanche. As a consequence, there

has been considerable research into the characteristics of weak layers (Gubler, 1977;
McClung and Schaerer, 1993; Davis and others, 1996; 1998; Fierz, 1998; Colbeck and

Jamieson, 2001), and speculation about how extensive they must be to function as
triggers (Smith and Sommerfeld, 1985; Gubler and Bader, 1989; Conway and
Abrahamson, 1984). Rutschblock, stuffblock, and other stability tests (Föhn, 1987;
Jamieson and Johnston, 1993; Birkeland and others, 1996) tacitly assume that a layer
which is weak over an area of just a few square meters will also be weak over an area
large enough to trigger an avalanche. This assumption has been difficult to validate in
part because we have lacked the tools for measuring the mechanical properties of layers
both quickly and quantitatively.

Recently, micropenetrometers have come into use (c.f., Pielmeier, 1998, 2003).
These portable devices can measure the penetration resistance of multiple layers in a just

a few minutes. Unlike slide hammer penetrometers (e.g., Rammesonde), they are have
high resolution (<0.1 mm) and are sensitive to small changes in snow texture. When used
repeatedly over an area, they can delineate the spatial variability of the mechanical
properties of a layer (Kronholm and others, in press; McCollister and others., in press).
To date, spatial studies of this nature have been done in mountain areas because that is
where avalanches occur, but perhaps there are better locations for understanding the
fundamental nature of snow variability.  It is well known that mountain topography, with
its interaction with wind and storm tracks, produces large lateral gradients in snow layers
(Seligman, 1936; Mellor, 1965; Kind, 1981; McClung and Schaerer, 1993).  These
extreme variations can mask general trends and make it difficult to identify the sources
controlling the spatial variability, which is what we really would like to know.  An

alternate approach is to look at the mechanical variability in flat locations where
topography is not the prime source of snow heterogeneity.  That was the approach used in
the study reported here, where we have compared the local (≈1 m) and the regional (≈100
km) variability of the mechanical properties of snow layers in northern Alaska. Benson
and Sturm (1993) and Li and Sturm (2003) have reported on the general nature of this
snow cover.

Location and Methods
In March and April, 2002, we conducted a 1000-km over-snow traverse between

Nome and Barrow, Alaska. The main purpose of the traverse was to determine the depth
and characteristics of the snow cover across the region to assess the impact of the snow

on climate and soil thermal regime. At 83 stations along the traverse route, extensive
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measurements of the snow distribution and properties were made. These included a series
of measurements of mechanical properties using a micropenetrometer. 

Here we focus on measurements made at 10 adjacent stations spanning 325 km in the
middle of the traverse route (Fig. 1). At these stations, the stratigraphy (as revealed in

detailed snow pits) indicated a ubiquitous hard wind slab overlying multiple layers of
depth hoar, some of which had originally been deposited by the wind.  The slab and depth
hoar layers could be cross-correlated with confidence across the entire 325 km, despite
some regional gradations in layer properties.  At each of the 10 stations, five closely
spaced resistance profiles spanning 0.8 m were recorded using the Snow MicroPen
(hereafter the “SMP”) mounted on a special sled (Fig. 2). The sled was also the packing
case for the instrument, protecting it during travel.  The SMP, its theory of operation, and
application in field studies has been described by Johnson and Schneebeli (1998; 1999),
Schneebeli and Johnson (1998), Schneebeli and others (1999), and Kronholm and others
(in press).

Immediately adjacent to where the SMP profiles were measured, detailed
measurements of stratigraphy, density, and grain size were made in a 1-m wide snow pit.
These were augmented by assignment of standard hand hardness values (fist-finger-
pencil-knife; Colbeck and others (1992)) for each layer. Indentation hardness was also
measured using a spring device that was pushed into the side of a snow layer until failure.
This spring-loaded device had various size plates that screwed onto the end of the spring
shaft, giving it a large range of resistances (1 to 10,000 N). To round out the
measurements, snow depth was measured at a 0.5-m spacing along a 100-m line radiating
from the pit, with data from five ancillary snow pits along this line to indicate the spatial
variability of the stratigraphy and snow hardness.

SMP Data Analysis
Each SMP profile consisted of a set of resistance force values (F) vs. depth (z) with z

adjusted so that z = 0 indicated the top of the snow. The cold, dry weather in which the
SMP was used resulted in a static build-up on a capacitor in the device. This
superimposed a linear ramp on the force signal. It has been removed by fitting a line to
the signal using a least-squares regression technique, then subtracting the linear fit from
the signal. In cases where the snow was very hard (resistance values in excess of 10N), a
high frequency, low amplitude chatter was present that has been removed using a
binomial smoothing filter.
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The filtered and de-ramped force vs. depth (F(z)) values (Fig 3a) were then
decomposed into a local (smoothed) force (FT(z); Fig. 3a) and a residual about this
smoothed force (Fd(z); Fig. 3b). This was done by fitting a smoothing spline to the F(z)

data while visually inspecting the results to ensure that the spline captured the local trend
(over distances of about 1 mm), but not the saw-tooth variations about that trend.

Subtracting FT(z)  from F(z) produced a saw-toothed residual record where each rupture
of a structural element (i.e., the breaking of a grain bond) was represented by a rapid drop
in force (Fig. 3b). Using a peak-picking routine, we then produced from the residual
record a discrete set of peak and valley points (black diamonds, Fig. 3b) that could be
interpreted as a continuous record of structure element rupturing as the SMP pushed
through the snow. In a typical record spanning 40 cm of snow depth, about 150,000
points in the raw data with resistance force values varying between 0 and 16N would
delineate about 8,000 ruptures. Individual ruptures would drop the resistance about 0.05
to 0.1N each time as a bond/grain structure failed. Dividing 16N by 0.1N, it can be seen
that on the order of 160 structural elements were providing the back resistance to the
moving SMP at any giving time.

By making the assumption that two structural elements never ruptured
simultaneously, the estimate of the number of structural elements engaged with the SMP
at any given time could be computed. This estimate is a measure of the grain and bond
density per unit volume of snow. Discussions of the statistics and physics of grain bond
formation can be found in Hobbs and Mason (1964), Hobbs and Radke (1967),  Keeler
(1969), and Gubler (1982). It was also necessary to assume that the resistance from each
structural element increased linearly from zero to a maximum at rupture. At the moment
that the ith  rupture occurred in the snow, N-structural elements would have been in
contact and resisting the downward motion of the SMP. Some of these grains would just
have come into contact and would be providing relatively little back resistance, while

others like the ith grain would have been in contact for some time, have been deflected to,
or close to, their maximum displacement, and would therefore be providing nearly the
maximum back resistance.

Expanding on the theoretical development of Johnson and Schneebeli (1999), we can
write the total resistance force against the SMP as the sum of the resistances of each
structural element in contact with the SMP:
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where the FR  indicates the mean local structural element rupture force, DRH is the

deflection distance to rupture of a structural element (assumed locally to be constant), and
∆dk  indicates the distance the SMP travels from the ith rupture before the kth rupture

occurs (k=1, 2, 3 . .  to N).   Each term in brackets on the right-hand-side of Equation [1]
represents the fraction of its total rupture strength contributed by the kth element. These
terms decrease from 1 to 0 moving from left to right.

Computationally, we initially do not know N or DRN, so we do not know how many
terms to include in Equation [1]. However, we can assume a large value of DRN, make a
rough estimate of N, then re-compute Equation [1] using this reduced number of terms.

By iterating through this process until we have reproduced FT(z) using a minimum value
of DRN and N, we are able to solve for N and DRN.   We can then compute the
characteristic structural length, L:

L
r z

Ni
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6 2

3
∆

[2]

where rp is the radius of the SMP tip, ∆z is distance from the SMP tip to the last (most

distant) structural element engaged by the SMP, and N is the number of elements in the
cylindrical volume defined by rp and ∆z. We set the cylindrical volume equal to the

volume of a collection of spheres of radius Li/2.

Results
SMP results from two stations are shown in Figures 4a and 4b.  At Station SA1T, the

slab at the top of the snow pack had a relatively constant thickness (160 mm), resistance

strength (4N), and internal stratigraphy across the 0.8 m spanned by the measurements.
At Station SA6T, 89 km farther east, the slab was more variable in both strength and
thickness, with a peak resistance force that ranged from 3 to 16N in less than a meter.
The underlying depth hoar was also more variable at the latter station, in some locations
exhibiting resistance forces as high as 2N, while at others having less than 0.5N for the
same layer.  As a consequence of these differences, cross-correlation of layers between
adjacent profiles was easier at SA1T than at SA6T.

Using Equations [1] and [2] we have computed values of:
Number of structural elements engaged with the SMP:  N

Rupture force of the ith structural element: FRi

Characteristic length of the ith structural elements: Li
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for each rupture (i) (or alternately, for each SMP record as a function of depth (z)) at
SA1T and SA6T. The forces required to rupture bonds were two to three times higher at
SA6T than SA1T (Figs. 5a and 5b), accounting for the higher overall strength of the top
slab.  At any one time, slightly more grains were involved with the SMP, and the
microstructural length was commensurately larger at SA6T. These differences suggest

that the slabs at the two locations originated in a similar fashion (wind transport), that
they had similar grain sizes due to wind pulverization, but that the bonds at SA6T were
thicker and stronger, probably because the sintering processes were more intense at this
station.  In contrast, the underlying depth hoar had slightly stronger bonds at SA1T than
SA6T, with fewer structural elements engaged at any one time with the SMP. The depth
hoar structural elements were also 50% smaller.  Snow pit measurements from the two
sites (Table 2) are reasonably consistent with these differences indicated by the SMP.

All 50 SMP profiles from the 10 stations listed in Table 1 are shown in Figure 6. In
order to emphasize the shape and pattern of the profiles, we have shifted each profile so
that the snow surface is at 500 mm. This has had the effect of aligning all of the surface

wind slabs. We have purposely not shown the local groupings (groups of 5 profiles per
station) to further emphasize the pattern. Four types of patterns emerge:

Type 1: thick slabs of uniform strength,

Type 2: thick slabs of varying strength with depth,

Type 3: thin, hard slabs,

Type 4: absent slabs.

In some cases (i.e., second panel down), Type 2 slabs are present both locally (O≈1 m)

and regionally (O≈10 to 100 km), with the boundary between the two scales hard to

determine. In fact, slab thickness and internal stratigraphy are surprisingly persistent

between these stations which are more than 10 km apart.  In other cases Type 1 slabs
make up one local group, but Type 3 make up the adjacent group, making it easy to
distinguish between the two. While this suggests that the local mechanical variability is
more similar than the regional variability, we note that embedded in each of these local
groups is at least one profile of a distinctly different type. These produce local transitions
that are as abrupt as any of the regional transitions. Finally, we note that where Type 3
patterns were present, Type 4 patterns were also common.

The foregoing measurements were all made in dry snow where wind-drifting was the
primary agent producing mechanical heterogeneity.  A set of measurements spanning about
10 meters width taken in the subarctic snow cover near Fairbanks that had been subjected to

a thaw suggests a similar spatial scale of the local heterogeneity. Figure 7 shows a contour
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map of resistance strength across the 10-m profile.  The melt crust varied from 0 to 30 mm in
thickness, and its resistance strength varied from near 0 (where the crust was absent) to 70N.

Discussion
We attribute the large local variance in the mechanical strength of the layers to the

wind. Local wind eddies and gusts, interacting with surface roughness (keep in mind
sample locations were flat), produced undulating layers comprising ripple marks, small
dunes, and barchans (c.f. Douami, 1967) that varied on a scale length that ranged from
less than a meter to about 100 meters. Hard and soft areas corresponding to stoss and lee
slopes were present. For layers associated with melting and water percolation, the scale
of variance of the mechanical properties was equally small. In this study, only depth hoar
layers were somewhat uniform locally, and even for these, the regional variation in
strength was not much greater than local variation. Our data largely agree with previous
studies that looked at the scaling of mechanical properties (Conway and Abrahamson,
1984; Birkeland and others, 1995; Takeuchi and others, 1998; Pielmeier, 1998, 2003;
Kronholm and others, in press). The data suggest that even in the absence of significant

topography, a high degree of natural local variance in mechanical strength is likely.  The
findings of this study complement a recent study by Sturm and Benson (in press) which
examined the continuity of snow layers in both seasonal and perennial snow covers. They
found that variance, or heterogeneity in properties, increased up to order of 100-m, then
barely increased any more as the lateral scale was increased to several hundred
kilometers.

For wind slabs in particular, we found that large local variances in strength could be
expected if the slab was thin (Fig. 6). When this was  the case, the “normal” pinching and
swelling of the layer resulted in locations where the layer was entirely absent, and a
commensurately large lateral variation in mechanical strength. Conversely, where a storm

deposited a heavy load of snow in the form of a wind slab, the lateral continuity, even in
some of the finer features of the strength, persisted over more than 10 km. From these
results, we speculate that maximum local variation in mechanical properties will be found
on thinner rather than thicker layers. Unfortunately from the standpoint of avalanche
prediction, weak layers tend to be thin, not thick.

Conclusions
Using micropenetrometer data collected on a traverse in NW Alaska, as well as

ancillary data collected near Fairbanks, we have investigated the scale at which layer
mechanical properties vary. In addition to the bulk snow layer properties revealed by

resistance to penetration and standard snow pit measures (like density), we have used a
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micro-mechanical theory to extract grain-scale data from the micropenetrometer
measurements.  In this theory, the high-frequency residual saw-tooth response of the
micro-pen is converted into grain size, pore size, and bond strength as a function of
depth. The theory is still preliminary, but appears to produce reasonable and interpretable
grain-scale values that are similar to those determined in a more traditional manner.

The results show that layer mechanical properties vary over small distances (less than
a meter), particularly when the layers in question are thin. Conversely, for thick wind
slabs that are the result of significant storm deposition, the lateral continuity of the layer
strength over as much as 10 km, is remarkably good. This raises some troubling issues
for the use of the micropen in avalanche studies. Even larger variations than the ones
detailed here are likely to be found in mountain locations where avalanches are prevalent,
produced by the interaction of weather and steep slopes. These will tend to mask the
underlying causes of the variability and make causal analysis difficult. While seemingly
indirect, perhaps the best way toward a comprehensive understanding of layer mechanical
variability is to conduct experiments in locations where this variability is limited, and the

number of the controls over the spatial variability accordingly reduced. One way to do
this is to avoid complex and steep topography and conduct studies where it is flat.

The implications of the findings of this study with respect to avalanches are a) that
very large ranges in layer strength and properties are to be expected over short distances,
particularly in mountain settings, but b) it may be possible to measure the full local range
of properties across relatively short (10-m) transects, thereby generating statistical sets of
for snow strength relatively easily and in locations that have lower avalanche risk.  The
challenge now is to figure ways to use these type of data to constrain forecasts that
include snow strength or other mechanical attributes of the snow.
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List of Figures

Figure 1:  Northwest Alaska showing the SnowSTAR 2002 traverse route.
The stars indicate the locations of stations where mechanical
properties were measured using the Snow MicroPen.  The total

length of the traverse line was 1000-km.

Figure 2:  The Snow MicroPen mounted on a 5-position sled.  The computer used to
operate the SMP was housed in the heated sled (background). It was pulled by a
snowmobile (left rear). When not in use, the SMP was packed into the 5-position
sled surrounded by the packing material.

Figure 3: a) Resistance to penetration (N) as a function of depth in the snow, with an
inset showing a smoothed force curve fitted to the data using a cubic smoothing
spline. b: residual force (force-smoothed force) saw-tooth record (red) and peaks
and valleys (black diamonds) identified in this record using a peak-picking

routine.  The segment shown corresponds with the inset in Figure 3a.  The data
are from Station SA6T.

Figure 4: a) Five adjacent SMP profiles from Station SA1T. b) Five adjacent SMP
profiles from Station SA6T, 89 km from SA1T. Dotted lines show probable layer
correlations between adjacent SMP profiles.

Figure 5: a) Microstructural parameters computed for Stations SA1T and SA6T, Push 1.
The heavy black lines are smoothed data (binomial filter, 200 passes); the colored
lines the actual data, which fluctuate widely. Panels are, from left to right, Force,
Rupture Force, Involved Grains, and Microstructural Length.

Figure 6:  Layer penetration force results from all 10 stations, plotted on the same scale,
but with the top of the snow set to 500 mm to emphasize the similarities in
pattern. See text for the definition of the 4 types of patterns.

Figure 7: Penetration resistance from the subarctic snow pack near Fairbanks, Alaska. There had
been a thaw and a melt crust had formed, along with some minor percolation columns. The
remainder of the snow pack was weak depth hoar.  The melt crust is delineated by the zone
in excess of 5N resistance force.
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Figure 1:  Northwest Alaska showing the SnowSTAR 2002
traverse route. The stars indicate the locations of stations where
mechanical properties were measured using the Snow MicroPen.
The total length of the traverse line was 1700-km.
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Figure 2:  The Snow MicroPen mounted on a 5-position sled.  The computer used to
operate the SMP was housed in the heated sled (background). It was pulled by a
snowmobile (left rear). When not in use, the SMP was packed into the 5-position sled
surrounded by the packing material.
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Figure 3: a) Resistance to penetration (N) as a function of depth in the snow, with an inset
showing a smoothed force curve fitted to the data using a cubic smoothing spline. b: residual
force (force-smoothed force) saw-tooth record (red) and peaks and valleys (black diamonds)
identified in this record using a peak-picking routine.  The segment shown corresponds with
the inset in Figure 3a.  The data are from Station SA6T.
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Figure 4: a) Five adjacent SMP profiles from Station SA1T. b) Five adjacent SMP
profiles from Station SA6T, 89 km from SA1T. Dotted lines show probable layer
correlations between adjacent SMP profiles.
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Figure 5: a) Microstructural parameters computed for Stations SA1T and SA6T, Push 1.
The heavy black lines are smoothed data (binomial filter, 200 passes); the colored lines
are the actual data, which fluctuate widely.  The panels are, from left to right, Force,
Rupture Force, Involved Grains, and Microstructural Length.
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Figure 6:  Layer penetration force results from all 10 stations, plotted on the same scale, but with

the top of the snow set to 500 mm to emphasize the similarities in pattern. See text for the definition
of the 4 types of patterns.
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Figure 7: Penetration resistance from the subarctic snow pack near Fairbanks, Alaska. There had

been a thaw in which a melt crust had formed, along with some minor percolation columns. The
remainder of the snow pack was weak depth hoar.  The melt crust is delineated by the zone of
contours in excess of 5N resistance force.
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Contours: Penetration resistance, N
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Table 1: Station locations

Station Latitude (dd.ddddd) Longitude (dd.ddddd) Distance (km) Ave. Depth (cm) Std. dev.  (cm)

BS2t 66.2477169 -160.829132 0 20.0 10.1

BS3t 66.3339041 -160.535311 16 22.9 6.7

SA1u 66.605056 -159.02046 80 49.9 10.1
SA1t 66.625231 -159.58046 90 40.9 8.8

SA2t 66.6603881 -159.186782 108 56.8 10.9
SA3t 66.7203196 -158.808696 126 39.5 12.8

SA4t 66.7665525 -158.384058 145 42.7 10.5
SA5t 66.8727169 -158.157971 160 36.8 10.6

SA6t 67.0148402 -157.918129 179 28.9 12.9

AI9 68.1261416 -156.184848 324 43.7 9.2

Table 2: Layer characteristics at Stations SA1T and SA6T

Thickness (cm) Density (g/cm3) Hand Hardness Indentor Force (N) Grain Size (mm)
SA1T, top slab 1 8 0.39 to 0.45 pencil 5000-9000 0.2 to 1.0
SA6T, top slab 1 0 0.40 to 0.52 pencil  to knife 7500 to 10500 0.6 to 1.3

SA1T, top hoar layer 3 0.31 3 fingers 550 to 600 1.0 to 2.0
SA6T, top hoar layer 7 0.24 3 fingers 160 to 400 1.5

SA1T, middle hoar layer 6 0.24 f i s t 7 5 1.5 to 2.0
SA6T, middle hoar layer 5 0.24 f i s t 120 3.0 to 4.0

SA1T, lower hoar layer 17.5 0.22 f i s t 8 0 2.0 to 8.5
SA6T, lower hoar layer 1 2 0.26 to 0.29 f i s t 400 4


