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Introduction

The spatial variability of an alpine snowpack strong-
lv influences and maybe even controls avalanche forma-
tion through links to processes such as fracture initiation
and fracture propagation. Despite its obvious importance,
spatial variability has been included in neither large-scale
avalanche-forecasting models nor in smaller scale models
for avalanche release.

Operational avalanche-forecasting models, such as
the French Safran-Crocus-Mépra chain described by
Durand et al. [7], generally assume that spatial homo-
geneity exists in larger regions. In the case of the Safran-
Crocus-Mépra chain, these regions are mountain massifs
of about 500 km2. All the models for dry-snow slab-ava-
lanche release reviewed by Schweizer [17] assume that
deficit zones with low shear strength in the critical weak
layer exist, although these deficit zones have not been
unambiguously proven by field data. Conversely, the
models reviewed do not include spatial variability in the
properties of the critical weak layer and in the overlying
siab although ficld studies by Conway and Abrahamson
4, 5], Fuhn [9], Jamieson and Birkeland {1, 11] have
shown that such variability exists.

[t is assumed that spatial variability exists on differ-
ent scales, depending on the processes that act on the
snow cover. On the micro-scale (0.1 mm — 1 c¢cm) the
conditions during the snow deposition and the snow meta-
morphism processes arc the dominant causes of spatial
variability. On the meso-scaie (1 cm — 10 m) small topo-
graphic features and wind effects are dominant, and on the
macro-scale (10 m — 10 km) the dominant factors are
large-scale topography and metcorological parameters. On
larger scales, which we here call regional (> 10 km), cli-
mate factors are the dominant causes of spatial variability
in the snowpack.

Studies by Conway and Abrahamson [4, 5], Fohn
[9], Chernouss [3], Jamieson [11] and Birkeland [1], have
focused on the spatial variability of snow stability and
mechanical properties, but no final conclusions on the
length of spatial correlation have been reached. This lack
of consensus is due to (i) different interpretations of the
measurements, (i) different stability tests and measure-
ment methods used, (iii) the problematic preparation of
. snow samples and the resulting uncertainty of the resuits,

and (iv) different sampling scales. In order to overcome
these problems, measurements with the following charac-
teristics are needed: (a) sampling intervals spanning the
micro, meso, macro and regional scale, (b) simple, con-
sistent and operator independent measuring methods, and
(¢) consistent interpretation of results at all scales.

This paper presents preliminary results from field
measurements of the spatial variability of snowpack stabil-
ity as well as some general observations about the stufi-
block stability test gained over the winter 2000/2001.

Methods

Fieldwork during the winter 2000/2001 was mainly
carried out in a 2 km x 2 km area north-west of Davos,
Switzerland. Despite the relatively easy access from ski-
lifts, the area is not as heavily used by backcountry skiers
as most other places near Davos. The area provided many
undisturbed slopes with a wide choice of slope angles and
stope aspects. On each field day a slope or a level area was
selected for the measurements.

Nearly all measurements were within a distance of
500 m from an automated weather station. The station
records snow and air temperature, snow depth, radiation,
humidity as well as wind speed and wind direction. On each
field day one manually observed full snow profile [10], 12 to
15 stuffblock tests [2] and 120 to 140 penetrometer meas-
urements [15] were made. On days when the measure-
ments took place on a slope, one rutschblock test was
made as a part of the fuli snow profile. The measurements
were placed in a grid as indicated in Fig. 1. Two grid types
were used. Measurements made in Janvary and February
spanned 18 m (grid type 1) while the measurements made
in March spanned 36 m (grid type 2). The measured slopes
were normally 30 to 100 m in width and length. As an
example, the grid from 16 March 2001 is shown in Fig, 2.

In both grid types, the distance between two stuff-
block tests was 6 m, while the distance between two pen-
etrometer tests was at most 2 m. At each location of a stuff-
block test there was also a penetrometer measurement. The
density of the penetrometer measurements was increased in
the middle of each grid, where the minimum spacing
between two penctrometer measurements was 0.5 m. The
number of stuffblock tests and penetrometer measurements
was the maximum a field team with 3—4 persons could

- 180 -


SchweizJ
Kronholm, K., J. Schweizer, M. Schneebeli and C. Pielmeier. 2004. Spatial variability of snowpack stability on small slopes studied with the

SchweizJ

SchweizJ
Data of Glaciologcial Studies,

SchweizJ
97

SchweizJ
stuffblock test.

SchweizJ
, 180-188.


K. Kronholm, J. Schweizer et al.

Grid type 1 a Grid type 2 b
1 12 o[@ o
B o o @ 000
o o o o gl:gig
: oo g 20
7 8 9 10 oBlo
B o o EBooococold o o [d ) oo
0000000
QO 000000 Vo CO0OO0CGQ0
o o o gg?ﬂ?ﬁ?gg o o o Blo oMo oflo $EHE o Blo oo 0@
o 0 o oogé‘ggoo c g o 0000 00QQooc 00 0DQOO0OC
3 0o0OCDOVO 6 Rutschblock © o 0
B o o4@ooocomso o [@ rofile  o[@o
Rutschblock oo o1
rofile © o ¢, o000
2:}1 ofglo o 2
o o o o 000 a3
1 2 ocoo
B o o [O o@ozm
<+ 18m > « 36m >

Fig. 1. The two types of grids used in the study. Small and large circles indicate penetrometer measurements, while squares
indicate locations of stuffblock tests. The location of the manual profile and the rutschblock test is shown. (aj Grid

type 1, (b) Grid type 2

Puc. 1. fea TMna ceToK H3MEpeHUH, HCNONb30BaHHLIX B pabote: 1, 2 — TouKK M3MepeHWH C NOMOLWBIO NeHeTpoMeTpa, 3 — Mec-
Ta nposegenyn cTathhBnoK-TecToR, MoKazaHel TakKe MeCTa WYPQOBAHHIH CHEXKHOMG NOKPOBA H NpoBEAEHHA pyTUBROK

tectoe. Cetb nepeero (a) 4 sToporo (b) Tvna

reach in a day. The cross-shaped grid was preferred over a
square grid due to its longer maximum span.

The different types of measurements were combined
in order to compliment the traditional snowpack analysis
with stratification data from the penetrometer measure-
ments and the stability rating from the stuffblock and
rutschblock tests.

With one exception, each grid was finished in one
day, typically within 5—7 hours, On a few occasions it was
observed that the upper few centimeters of snow changed
hardness during the day, typically from hard in the morn-
ing to softer around midday, and back to hard when the
incoming radiation decreased in the late afternoon, No
diurnal changes in snow-properties were noticed in snow
more than 5 cm below the surface.

The stuffblock stability test. The stuffblock tesi pro-
vides an index for snow stability [2]. It is similar io the
compression test [12, 13} and believed to be as good as
the rutschblock test described by Fohn [8] for locating
weak layers which have potential for failure when loaded
[2]. The stuffblock test is, however, faster than the
rutschblock test.

The stuffblock tests were carried out as described by
Birkeland and Johnson [2]. A nylon sack filled with 4.5 kg
hard-packed snow was dropped on a shovel resting on top
of an isolated vertically standing snow-column with an
upper surface of 30 cm x 30 cm. The drop-heights used
were from 0 m to 100 cm with 1} cm increments. If the
snow depth was sufficient, the isolated columns were
around 100 cm in height, as suggested by Jamieson [12]

Fig. 2. The.grid from 16 March 2001. Slope angles ranged from 20° in the lower part of the grid to 44 in the upper part. The
upper arm of the grid is still not measured. Holes can be seen where the stuffblock test was carried out

Puc. 2. Cerb mamepenuis, nposegernbix 16 mapra 2002 r. Yron cknoHa namersercs oT 20° B HHKHER yacTH ao 44° B sepxneti.

B BepxHeM OTBETBASHHH CETH NIMEPEHHA elWe He NPOBoAMAMCE. B MecTax nposefeHnn cracthdBAOK-TeCTOB BUOHM OT-

BEPCTHA B CHEXHOM NOKpoOBe
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for the compression test. When a failure occurred, notes
were taken as described below, and the snow above the
failure removed. This procedure was continued until a
drop-height of 100 cm was reached or the isolated col-
umn failed at the bottom. Stuffblock tests were carried
out both on slopes and on level plots. Birkeland and
Johnson [2] recommend a minimum slope angle of 25°
for the stuffblock test, but for the compression test,
Canadian Avalanche Association [13] states that it might
be used on level snow,

It is recognized that rutschblock failures with clean
shears indicate a lower stability than failures with only
partial and/or non-clean shears, provided the same
rutschblock score [20]. For the compression test, failures
with clean shears are better related to snow stability than

failures with non-clean shears [12]. During the field work
we observed that the stuftblock test also produces differ-
ent types of failures. Therefore we assume that for the
stuffblock test, failures with clean shears are good indica-
tors of instability.

For each recorded stufiblock failure, the following
was recorded:

Failure depth. The vertical distance from the snow-
surface to the failure-plane.

Drop height. The distance from the bottom of the
stuff-sack to the shovel, in (.1 m increments.

Failure tvpe. A primary and a secondary failure type
as well as Broken (B) could be assigned to the types if nec-
essary. The failures were divided into the following groups,
along the lines of Jamieson [12]: Clean, smooth and pla-
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Fig. 3. All stuffblock failures for each grid are shown from the side. The vertical scale is the snow depth in cm. Each vertical line
represent one stuffblock test. The number above each vertical line refer to the stuffblock number and the corresponding
stuffblock location in Figure 2. Failures defined as primary failures are shown with tildes {~), all other failures are shown
with a horizontal dash {-). The drop height in cm for each primary failure is printed near the failure. The initial penetration
of the ramsonde is shown with a dashed line. {a) Grid from 31 January 2001, (b) grid from 2 February 2001 and (c) grid

from 16 February 2001

Puc. 3. PaspyteHns B CI0AX, NOAYYEHHbIE C NOMOWbIO CTathhONOK-TECTOB, [NA BCEX CETOK W3MEpeHUH yKasaHel cBoky. Kaxaasn
BepTHUKanbHaA NMHWA NPEACTABAAET OAHH CTahdONOK-TECT U ee HOMEP COOTBETCTBYET HOMEDY MeCTa NPOBEAEHUA HCMbi-
TaHus Ha puc. 1 1 2: 1 — paspylieHns, onpeaesieHHbie KaK NepauuHble, 2 — BCE NPOMHe pa3spylweHus, 3 — nepaoHauans-
HOE NPOHHUKHOBEHHE neHeTpoMeTpa. Boicota, ¢ koTopoi chpacbiBanca rpys, AN KOKAOTO NEPBHYHOTO PA3PYWEHUA yKa-
aaHa psaoM ¢ HuM (B cM). CeTku Hamepenni, nposoavsuiMxcs 31 sHeaps (a), 2 despans (b} n 16 cespans (c) 2001 .
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nar shear (C); Partially clean shear (PC) was assigned
when the fatlure was primarily clean, but irregularities,

such as a small broken corner was present; Collapse of a

snow-tayer (COL); Large irr¢gularities in the failure plane
(LIR) if any present irregularitics were more than 10 mm

deep; Small irregularities in the failure plane (SIR) if any
present irregularities were less than 10 mm deep; Stepped
between two clean shears (STP).

Comment. Any special observations regarding the
failure were described here. Further, the amount of com-
pression below the shovel and the distance from the shov-
el to the failure plane were recorded but not used in this
paper.

Rutschblock test. When the measurements took
place on a slope, a rutschblock test completed the manu-
ally observed full snow profile. The rutschblock stability
test is described by Fohn [8] and Jamieson [11]). One of
the stuffblock tests was always close to the rutschblock
test and snow profile.

Penetrometer profiles. The penetrometer used was a
SnowMicroPen manufactured by Swiss Federal Institute
of Snow and Avalanche Research. The SnowMicroPen is
described by Pielmeier [14] and Schneebeli et al. [15]. It
consists of a rod which is pushed through the snow cover
with a constant speed, which in all our measurements was
20 mm s-!. At the tip of the rod is a force-sensor that
measures the resistance of the snow on the tip of the sen-
sor. The sampling frequency was 50 kHz, resulting in a
measurement every 0.004 mm in our measurements. After
a profile was measured, the compressed data was trans-
ferred to a ficld-notebook.

Manually observed full snow profile. For each grid a
manually observed full snow profile including ram resist-
ance and temperature was carried out. For each layer
crystal shape, crystal size, hand hardness index, liquid
water content and density, was recorded [10].

Primary failure. With a few exceptions each stuff-
block test failed more than once. The resulting three
dimensional data-set is not easily investigated with stan-
dard spatial statistics although a qualitative visual inter-
pretation is possible (Fig. 3). For the preliminary analysis
presented here, we therefore focus on the primary failure
for each stuffblock test. We have defined the primary fail-
ure as the first failure below 10 cm and below the initial
penetration of the ramsonde. We suggest that this failure
is the most critical for skier triggered avalanches, since
slabs less than 10 ¢m thick are not critical for skiers and
shears in depths above the ski penetration are not normal-
ly triggered by skiers.

The variogram. The variogram is a tool for investigat-
ing the autocorrelation of spatial data (e.g. [6]). For a given
set of measured values in space, the semi-variance
(moment of inertia) is calculated for all possible lag-dis-
tances between the measurement points. The variogram
displays the semi-variance as a function of the lag-distance.
The lowér the semi-variance, the higher correlation exists
between the values at the point pairs. Values from adjacent
observations, i.c. short lag distances, are in many geophysi-
cal applications better correlated that more distant points.

K. Kronholm, J. Schweizer et al.

Often, above a certain lag-distance the measured values are
no longer well correlated, and the semi-variance reaches a
constant maximum known as the sill. The lag distance at
which the sill is reached is called the range. The range is
interpreted as the largest distance for which spatial correla-
tion between observations can be found.

Results

In the following we focus on only the results from the
stuffblock tests from the 13 grids mentioned in Table 1.
First some general results from all the stuftblock tests will
be presented. Here the only spatial information included is
the slope angle at which the stuftblock tests were carried
out. Afterwards follows a presentation of the spatial conti-
nuity of the primary failures for three selected grids.

Non-spatially related results. Over the winter 162
stuftblock-tests resulting in 478 failures were carried out
in the thirteen grids presented in Table 1.

Effect of slope angle on the number of stuffblock fail-
ures. 49 stuftblock-tests with 173 failures were on level
snow. Slope-angles on the resulting 113 tests and 305 fail-
ures were distributed between 20° and 45°. It appears that
a larger fraction of failures were noted in the stuftblock-
tests carried out on level snow than on slopes. 36% of all
failures were from the 30% of the stuffblock-tests that
were done on level snow. A chi-squared test of the num-
ber of failures on slopes versus failures on level snow
yiclds p=0.17, indicating that the difference is not signifi-
cant but incidental.

Failure depth. The median of the failure depths
observed was 35 cimn, while the mean was 42 cm. For the
primary failures, a mean failure depth of 38 ¢cm and a
median of 31 cm was found. For investigated slab ava-
lanches in Switzerland, a median fracture depth of 45 cm
for reported human triggered slab avalanches was found
by Schweizer and Lbptschg [19]. A median of 30 ¢cm for
reported Canadian cases was found by Schweizer and
Jamieson [18]. The median depth of primary failures
found in our study is therefore in accordance with failure
depths from skier triggered slab avalanches. This suggests
that our definition of a primary failure is appropriate for
defining the most critical failure for a stuffblock test.

Failure type. Failures with clean shears compose
70% of all 478 failures in our study. None of the other
failure types constitute more than 10%. The same is the
case for the primary failures. This indicates that most
weak layers or interfaces found by the stuffblock test were
critical to snow stability. There is no significant difference
between clean and non-clean shears for all failures on
level snow and on slopes (chi-squared test, p=0.08) and
also no significant difference if only primary failures are
considered (p=10.33). .

Spatial continuity of primary failures. Analysis of the
spatial continuity of failure depth and drop height for pri-
mary failures was done for three selected grids. The grids
were selected because they were thought to represent dif-
ferent levels in continuity. The grid from 31 January 2001
was selected because the failure depths seemed to be at
very different levels as shown on Fig. 3 a. On 2 February
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Table 1

Summary of the variability measurements made during the winter 2000/2001

W’

Date Slope Slope Rutschblock score, General description
aspect angle description
18 Jan. 2001 ENE 20—29 6, only corner
19 Jan. 2001 ENE Level 6, only corner
29-30 Jan. 2001 ENE Level 6, only corner
*31 Jan. 2001 E 29—34 4, clean below skis Failure-layers not continuous
* 2 Feb. 2001 NW 30—36 5, clean below skis Spatially continuous layers
and drop heights
12 Feb. 2001 N 25—34 5, clean
13 Feb. 2001 N Level 5, clean
*16 Feb. 2001 E 33-39 4, clean Rather discontinuous below 10 cm.
Snow surface very inhomogeneous.
50 m beside grid from Jan. 31, 2001
19 Feb. 2001 NNW 28—36 4, ciean below skis 30 m beside grid from Feb. 12, 2001
21 Feb. 2001 SSW 30—35 6, clean
16 Mar. 2001 N 20—44 4, one corner not
released, otherwise clean
19 Mar. 2001 N Level 4, one corner not
released, otherwise clean
28 Mar. 2001 NE 26—41 5, clean below skis

Dates marked with a star (*) are the grids selected for analysis of spatial continuity.

2001, there seems to be two very continuous failure layers
in the upper 50 cm of the snowpack (see Fig. 3 b). The
grid measured this day was therefore thought to represent
a snowpack with continuous failure depth and drop
height. The third grid from 16 February 2001 had a seem-
ingly continuous failure layer in the upper 50 ¢m of the
snowpack, whereas the drop heights for the next layer
around 20 ¢m, where most of the primary failures are,
seemed rather variable (see Fig. 3 c¢). The three selected
grids do in no other way stand out from the remaining ten
measured grids.

Depth of primary failure. The spatial distribution of
the failure depths are shown in Fig. 4 a-c and the vari-
ograms for the three grids are shown in Fig. 4 d. By looking
at the kriged surfaces in Fig. 4 a-c, it is clear that a large
part of the surface roughness is created by only one of the
twelve tests. On 31 January 2001 the failure at 86 cm is
clearly deeper than the rest. On 2 February 2001, it is the
69 cm deep failure and on 16 February 2001, it is the fail-
ure at 96 cm that are different from the rest of the failure
depths. Due to our definition of a primary failure depth,
and since we are interested in the variability of the shown
surfaces, we can not discard these outliers as might be done
in a normal statisticai analysis.

Because of the limited number of combinations for
the three highest lag distances, the semi-variance for these
distances should be taken as an indication only, and cer-
tainly not be used for creating a model of the variogram.

-Two of the variograms shown in Fig. 4 d are all rel-
atively flat ‘when the three highest lag distances are
ignored. None of these variograms display features which
can be interpreted as a sill. The third variogram, from 16
- February 2001, is not flat, but does also not display any

significant sill. It therefore scems as if there is no autocor-
relation for any of the selected grids for the possible lag
distances. This might indicate that the scale of the vari-
ability of the failure depths is either higher or lower than
the lag distances obtainable with the spacing of our stuff-
block tests. It might, however, also indicate that no spe-
cific scale of variability exists in our measurements. To
investigate if specific autocorrelation lengths exist, it will
therefore be necessary to space the stuftfblock tests further
apart and/or closer together. This would make the calcu-
lation of semi-variances for longer and shorter. lag dis-
tances possible. However, it might be that the range is
smaller than the size of the stuffblock columns. In that
case it might therefore be necessary to include additional
information from the penetrometer, where measurements
can be spaced closer.

Although no typical scales of variability exist on the
three variograms in Fig. 4 d, the level of the semi-variance
of each grid are different. The grid from 2 February 2001
shows the smallest semi-variance whereas the gnd from
16 February 2001 shows the highest semi-variances. The
semi-variance calculated for the depths of the primary
failures thus confirm our qualitative visual analysis of the
failure depths shown in Fig. 3.

Drop height at primary failure. The drop height
recorded for a stuffblock failure indicates how much ener-
gy is needed for that failure to occur. The spatial distribu-
tion of the drop heights associated with the primary fail-
ures are shown in Fig. 5 a-c. The variograms for the three
selected grids are shown in Fig. 5 d. Again the three last
points in the variograms should be used with caution due
to the limited number of combinations. The semi-vari-
ance for the drop height for the three grids does not show
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Failure depth surface, 31 Jan, 2001
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such a large difference between the grids as was the case
for the failure depths. Still, the grid measured on 16
February 2001 shows larger spatial variability in the drop
heights than the other two grids, which are both at similar
levels of semi-variance.

The grid recorded on 16 February 2001 was estimat-
ed to have the largest discontinuity in the drop heights.
The variograms confirm this qualitative visual impression
by placing this grid on a higher semi-variance level than
the two other selected grids. As for the fatlure depths, no
apparent scale of variability of the drop heights is appar-
ent. The result of this finding is the same as for the failure
depths, that either more stuffblock tests are needed at
shorter and/or longer lag distances, or no scale of vari-
ability exists.

Discussion

The spatial continuity of a weak layer or interface is
of large importance for fracture propagation in that layer.
But just knowing if a specific fracture plane is continuous
on a certain slope or not, only brings us a little closer to
our goal of predicting the snow stability on the slope.
Where a weak layer is present, we also need to know the
mean strength, the variation of the strength as well as the
spatial variability of the strength of the weak layer to pre-
dict the stability. To complicate things further, looking at
the weak layer properties alone is not enough. The prop-
erties of the overlying slab has to be taken into considera-
tion as well [16].

Despite the complex interactions in the snowpack,
we suggest that snow slope stability might be estimated
based on the continuity of the failure plane and, the aver-
age stability and the variability of the stability as shown in
Table 2.

By using the primary failures in the grids investigated
and the stability indicators shown in Table 2, it is possible
to come to some conclusions about the stability of the
slopes investigated. The variogram of primary failure depth
gives us an indication of the spatial continuity of the fail-
ure layer. The grid from 2 February 2001 ‘has a rather con-
tinuous weak iayer, whereas the grid from 16 February
2001 has a rather discontinuous weak layer. The continu-
ity of the 31 January 2001 primary weak layer is between
that of the two other grids. The drop height for the pri-

Fig. 4. (a), (b} and {c) Surface maps of the depth of the pri-
mary failure for the three selected grids. The location
of the stuffblock tests are shown with squares. Above
each square is the depth of the primary failure in cm.
The equidistance is 5 cm in all plots. (d) Variogram of
the depth of the primary failure for the three selected
grids. For each fag distance, the number of combina-
tions is shown at the bottom of the graph

Puc. 4. KapTbl raybutbl nepBUYHOrO paspylweHyn ans Tpex oTo-
DpanHbIX CeTOK W3amepeHuH {(a, b, c). Pacnonoxenye
cTachhONROK-TECTOB NOKA3aHO KBagpaTaMH, Hal Kadk-
AbIM K3 KOTOPbIX YKa3sana raybuHa nepeuyHOro paspy-
weHun & cM. UHTepsan MeXay cocegHUMH UIONHHUAMMK
e 5 cMm. Bapuorpamma raybuHel nepeMyHOro paspyuie-
HUA ONA TpeX BbiIbpaHHbIX ceToK uaMepeHnn (d)
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Drop height surface, 31 Jan, 2001
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mary failure is a stability index, and can thus be used to
estimate the variability of the stability over the grid area
by looking at the variogram in Fig. 5 d. Here the grid
from 16 February 2001 has the largest variability, whereas
the variability in the other two grids is rather small.

For the average stability, the average drop height of
the primary failures might be used. These are given in
Table 3 for the three investigated grids. Birkeland and
Johnson [2] reported that drop heights less than 20 ¢m
were generally associated with an unstable snowpack.
Drop heights between 20 ¢cm and 50 ¢m were generally
associated with a moderately unstable snowpack. Their
interpretation was based on correlations between the stuft-
block and the rutschblock test. Based on the average drop
height, the average stability in the grid from 31 January
2001 might be considered relatively low. The average drop
height in the two other grids indicate that the average sta-
bility was moderate. Since in Table 2 only two average sta-
bility classes are suggested, and the stability of the two
grids measured in February is above low, we will here rate
the average stability of these two gnds as high. Table 3
shows the results of the slope stability evaluation based on
the suggestions in Table 2, as well as the rutschblock score
and failure type recorded for each of the grids.

The rutschblock score is generally accepted as a
good indicator of snow stability of the tested slope,
although one rutschblock is by far not enough to come to
a conclusion about the snow stability. A verified degree of
avalanche danger from a combination of the official ava-
lanche bulletin and observations in the field is needed for
further analysis and verification of the proposed stability
rating scheme. Moreover, it has to be kept in mind that a
rutschblock test covers only 3 m? whereas the proposed
rating scheme takes measurements from a larger area into
account. However, for the verifications presented here,
the rutschblock scores will be taken as the best available
estimation of slope stability.

In the three investigated grids the slope stability
estimated with the above mentioned procedure is not
consistent with the recorded rutschblock scores. There
might be more reasons for the lack of agreement. First of
all, the rutschblock test assesses the snow stability based

Fig. 5. (a), (b) and {c) Surface maps of the drop height associ-
ated with the primary failure for the three selected
grids. The location of the stuffblock tests are shown
with squares. Above each square is the drop height in
cm. The equidistance is 5 cm in all plots. (d) Variogram
of the drop height of the primary failure for the three
selected grids. For each lag distance, the number of
combinations is shown at the bottom of the graph

Puc. 5. KapTol BbICOTb NaieHHWA rpy3a, COOTBETCTBYIOWEH nep-
BUYHOMY PA3PYLUEHHIO, AN8 TpeX BbIOpPAHHBIX CeTOK 13-
mepeHHit (a, b, c). Nonoxenne Mect nposepeHUn
crathhbOnOK-TEeCTOB NOKA3AHO KBaAPaTAMK, HAL, KaXK-
AbIM M3 KOTOPBLIX YKa3aHa BbiCOTa NafeHUA rpy3a B CM.
UHTepsan Mexxay H3onnHuaMK cocTaeaneT 5 cM. Bapho-
rpaMMa BbICOTbl AAAEHHA MPY3a NpPU NEPBHYHOM Pa3py-
WieHKH Ons Tpex ebibpaHHbix ceTok uaMeperui (d). Ync-
N0 KOMOWHALMIM QAR KAXKQOTO PACCTOAHNA MEXAY NYHK-
TaMH H3MEPEHHH NOKA3AHO B HUXKHEH YaCTH PHCYHKA
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Table 2
Slope stability estimated from the continuity of the weak layer, the average stability
and variability of stability + indicates stable, — indicates unstable
Low average stability Spatial continuity of weak layer
Continuous Discontinuous
Stability index Large variability - + /=
Small variability e —
High average stability Spatial continuity of weak layer
Continuous Discontinuous
Stability index - Large variability +/— +
Small variability + ++
Tabie 3
Evaluation of slope stability for the three selected grids
Date Average drop Average Variability Continuity r Estimated Rutschblock score
height, cm stability of stability of weak laye slope stability and fracture type
31 Jan. 2001 17 Low Small Semi-continuous -/ 4, ctean below skis
2 Feb. 2001 26 High Small Continuous + 5, clean below skis
16 Feb. 2001 24 High Large Discontinuous + 4, clean

on the strength of a single weak layer. This is not the case
in our analysis where we investigate the general variation
of snow stability with the primary failures. Assigning a
failure depth and a drop height to each weak layer at the
measured points in the snowpack, and then investigating
the mean strength, the variation and the spatial variability
of each weak layer, might give results more comparable to
the rutschblock score. Secondly, the stability estimation
procedure presented in Table 2 might be too simple for
the complex interactions between weak layer and slab
properties that take place in the snowpack.

The analysis of spatial variability of stability on
small slopes has only been carried out for three out of
thirteen measured grids. The same analysis for the
remaining ten grids is needed to get more knowledge
about the stability variation on the scales investigated.
Further, each weak layer in a grid should, if possible, be
followed through the snowpack by using additional infor-
mation from the penetrometer profiles measured.

Conclusions

The following are the main conclusions after one
winters field work, which resulted in measurements on
nine small slopes and four level sites in a 2 km x 2 km
area north-west of Davos, Switzerland. A total of 162
stuffblock tests were made. The number of persistent
weak layers was lower than normal. For three of the thir-
teen measured grids, variability analysis is presented.

In the stuffblock tests carried out, there was no sig-
nificant difference in (a) the number of failures and (b)
the failure type between tests on slopes and tests on level
sites was found. A variogram of primary failure depths in
a grid provides quantitative information that agrees with

visual analysis of the continuity of weak layers associated
with the primary failure. A variogram of the drop heights
of the primary failures in a grid provides quantitative
information that agrees with visual analysis of the conti-
nuity of the stability in the grid. No spatial correlation
length was found for the drop heights and the failure
depths of the primary failures in the grids investigated. A
draft stability rating scheme based on mean stability, sta-
bility variation and continuity of the weak layer did not
show consistent results when compared with the associat-
ed rutschblock scores.

REFERENCES

i. Birkeland K.W. Spatial and temporal variations in
snow stability and snowpack conditions throughout
the Bridger Mountains, Montana. PhD thesis,
Department of Geography, Arizona State
University, Tempe, AZ, 1997, 205 p.

2. Birkeland K.W., Johnson R.F. The stuffblock snow
stability test: comparability with the rutschblock,
usefilness in different snow climates, and repeata-
bility between observers. — Cold Reg. Sci.
Technol., v. 30, Ne 1-3, 1999, p.115-123.

3. Chernouss P.A. Statistical modeling of snow cover sta-
bility in mountain slopes. — Proc. of the 1994
Intern. Snow Science Workshop, Snowbird, Utah,
USA, 1995, p. 341-345.

4. Conway H., Abrahamson J. Snow stability index. —
Journ. of Glaciology, v. 30, Ne 106, 1984, p. 321-327.

5. Conway H., Abrahamson J. Snow-slope stability.A
probabilistic approach. — Journ. of Glaciology, v. 34,
Ne 117, 1998, p. 170-177.

- 187 -



Mamepuanet 2nsuuonozuneckux uccaedosanui, evtn. 97

6. Cressie N.A.C. Statistics for spatial data, revised edi-
tion. New York, USA, 1993, 900 p.

7. Durand Y., Giraud G., Brun E. et al. A computer-
based system simulating snowpack structures as a
tool for regional avalanche forecasting. — Journ. of
Glaciology, v. 45, Ne 151, 1999, p. 469-484.

8. Fohn P.M.B. The “rutschblock” as a practical tool
for slope stability evaluation. — Avalanche forma-
tion, movement and effects. IAHS Publ. Ne 162,
1987, p. 223-228.

9. Fohn P.M.B. Snow cover stability tests and the areal
variability of snow strength. — Proc. of the 1988
Intern. Snow Science Workshop, Whistler, British
Columbia, Canada, 1989, p. 262-273.

10. Handbuch fiir Beobachter. Internal report 637. Swiss
Federal Institute for Snow and Avalanche Research,
Davos, Switzerland, 1989.

11. Jamieson J.B. Avalanche prediction for persistent
snow slabs. PhD thesis, University of Calgary,
Alberta, Canada, 1995, 255 p.

2. Jamieson J.B. The compression test — after 25 years. —
The Avalanche Review, v. 18, Ne 1, 1999, p. 10-12.

13. Observation guidelines and recording standards for
weather, snowpack and avalanches. Canadian
Avalanche Association. P.O. Box 2739, Revelstoke,
BC, Canada, 1995, 98 p.

14. Pielmeier C. Analysis and discrimination of snow
structure and snow profiles using a high resolution
penetrometer. Diploma thesis, Ludwig-Maximilians-
Universitit, Miinchen, Germany, 1998, 123 p.

15. Schneebeli M., Pielmeier C., Johnson J.B. Measuring
snow microstructure and hardness using a high resolu-
tion penetrometer. Cold Region Science Technology,
v. 30, Ne 1-3, 1999, p. 101-114.

16. Schweizer J. The influence of the layered character of

snow cover on the triggering of slab avalanches. —

Annals of Glaciology, v. 18, 1993, p. 193-198.
17. Schweizer J. Review of dry snow slab avalanche
release. — Cold Region Scirnce Technology, v. 30,

Ne 1-3, 1999, p. 43-57.

18. Schweizer J., Jamieson J.B. Snow cover properties for
skier triggering of avalanches. — Cold Region Science
Technology, v. 33, Ne 23, 2001, p. 207-221.

19. Schweizer J., Lotschg M. Characteristics of human
triggered avalanches. — Cold Region Science
Technology, v. 33, Ne 2-3, 2001, p. 147-162.

20. Schweizer J., Wiesinger T. Snow profile interpretation
for stability evaluation. — Cold Region Science
Technology, v. 33, Ne 23, 2001, p. 179-188.

HCCIEAOBAHUE MPOCTPAHCTBEHHOH
U3MEHYHUBOCTU YCTOMYUBOCTHU CHEXHOTIO
IMMOKPOBA HA HEBOJBIIIUX CKIOHAX
C [IOMOHIBIQ CTA®®BIOK-TECTOB

IMpocTpancTBeHHas M3MCHUYMBOCTE YCTOHUYMBOCTH
CHEXXHOTO MOKpPOBa HAa CKAOHAX 0KAa3bIBACT CYLIECTBCH-
HOe BO3JeiicTBMe HA O0Opa3oBaHME JAaBHH — BO3MOXHO,
JaXe VIIPaBISIET 3THM IIPOHECCOM U IPOSBIACTCH B pas-
HBIX Maclmrabax B 3aBUCUMOCTH OT CUTYaUHMHU. TeM He
MEHEE A0 HACTOAIUETO BPEMEHH 3TY XAPAKTEPUCTUKY HeE
VUMTLIBAJIH [IPH NMPOrHO3aX JIABMH, & TAKXKE HE BKIIKOYa-
JIM B COOTBETCTBYIOMME MOAeIM. Macitad npocTpaHCT-
BCHHOH H3MEHYMBOCTH A0 CHX NIOpP OINpPEOCAHTE HE vIa-
BaJIOCh. MBI YCTAHOBWIH €€ 3HAYCHUS B AUAIIA30HE OT
1l M 10 1 KM H 00JICEe M ONPECACAWIH, YTO OHH 3ABHUCAT OT
TAKUX (PAKTOPOB KaK pACCTOAHHE OT MecTa cOopa obpas-
{IOB, THI MCOBITAHUNA HA YCTOHYHWBOCTHE U HHTEPIpETA-
11Ut Pe3YJIbTaTOB U3MEPEHMH. DLITH NMPOBEACHEI TOJE-
Bbl¢ U3MCPCHUS B OIHATNA30HE MANOH-CpPEeIHEH LIKAAbI
(0,5—-36 M) 3umoii 2000/01 r. B xayecTBe MHAUKATOpA
YCTOHYHBOCTH CHera MCHOJB30BaHbI cTaPpPOMOK-TECTDI,
a MEXAHUYECKHUE CBOUCTBA ONPECACICHBI ¢ MOMOIIBLIO TIE-
HETPOMETPa ¢ BHICOKOH CTENEHBIO pa3pellieHus. M3MeH-
YUBOCTH YCTOMYHBOCTH CHEXHOTO NOKPOBa M MEXaHHYE-
CKHe CBOHCTBA OYAYT OLEHEHBI ¢ MOMOIIBLIO TC¢OCTATHYC-
CKHMX METONOB, NMPH ITOM OyleT yuTeHa ToforpadHs no
TUC v MeTcoponorMyecKne yCJIOBUS 1O JAHHBIM OJIM-
xaiuel aproMaTu3MpoBaHHoi MeTeocTaHHuu. [IpenBa-
PHTCJIBHBIC PE3YAbTATRE OVAYT NPEACTARIICHDI.
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