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On recent advances in applied snow and avalanche research
1. Introduction

This Special Issue compiles 11 papers that very well represent the
breadth of the subject from the physical properties of snow to avalanche
forecasting, the flow of avalanches and how they are best prevented.
All papers were presented at the 2012 International Snow Science
Workshop (ISSW) that was held in Anchorage, Alaska, USA on 16–21
September 2012. This biannual meeting gathered almost 750 snow
avalanche practitioners and scientists from 15 countries around the
world. The meeting has become the premier snow and avalanche con-
ference for applied snow and avalanche research; it wants to promote
knowledge transfer from scientists to practitioners and administrative
authorities — and vice versa. The meeting's theme is “A Merging of
Theory and Practice.”
2. Snow and snow cover properties

Improved avalanche forecasting requires – among other things – a
sound understanding of the physical processes in the mountain snow
cover.Whereasmanyprocesses have beenwell understood in a qualita-
tive sense, it is only with new quantitative methods employed during
cold laboratory studies that these processes become amenable to
modelling (Löwe et al., 2013). In addition, the new methods can also
provide completely new insights into the magnitude of processes such
as the mass turnover due to recrystallization during snow metamor-
phism under strong temperature gradient (Pinzer et al., 2012).

Staron et al. (2014-in this issue)made a series of laboratory experi-
ments to examine the evolution of snow microstructure under non-
equilibrium thermal conditions. Due to either a strong temperature
gradient or fixed heat input, chains of depth hoar crystals developed.
Examination of the entropy production rates showed that the micro-
structural changes resulted from the snow or the surroundings moving
toward a stationary state under given non-equilibrium constraints im-
posed by the boundary conditions. The laboratory experiments suggest
that the rate of metamorphism, responsible for reorganizing the micro-
structure and increasing the effective thermal conductivity, is driven by
the mass flux at the bonds between the grains.

As chains of depth hoar crystals develop, the snow becomes largely
anisotropic with prominent effects on many physical properties such as
thermal conductivity but also strength (Reiweger and Schweizer,
2013). Calculating a so-called contact tensor, a specific fabric tensor de-
rived from the orientation of grain to grain contact, Walters and Adams
(2014-in this issue) described the degree of anisotropy for a layer of ra-
diation recrystallized snow. Mechanical testing of such a layer in com-
pression indicated that the layer became stiffer perpendicular to the
snowsurface,whereas shear testing suggested adecrease in themodulus
parallel to the snow surface when compared to the isotropic material.
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Whereas the two above mentioned studies focused on weak layer
formation and properties in the lab, Horton et al. (2014-in this issue)
used weather-based models to predict the formation of surface hoar
and investigated how buried layers changed over time. As previously
shown, variations in weather and terrain make the spatial distribution
of these layers highly variable (Feick et al., 2007). Horton et al. (2014-
in this issue) calculated the mass of vapour deposition from weather
station data aswell as forecasted data from a numerical weather predic-
tion model and found a linear relationship between modelled vapour
mass flux and observed surface hoar crystal size — suggesting that
NWPdata could be used for predicting surface hoar formation in remote
regions. This would be very useful for avalanche forecasting in data
sparse areas since layers of buried surface are often observed to be fail-
ure layers in slab avalanches and often persist in the snowpack for sev-
eral weeks. In regard to temporal changes in layers of buried surface
hoar, Horton et al. (2014-in this issue) reported a steady increase of
shear strengthwith time, but little change in crack propagation propen-
sity, as assessedwith the propagation saw test (PST) for up to sixweeks.

The most promising method to quantitatively assess weak layer as
well as slab properties (Reuter et al., 2013) – and eventually snow insta-
bility (Schweizer et al., 2013) – is the snowmicro-penetrometer (SMP)
(Schneebeli and Johnson, 1998). Deriving snowproperties from the SMP
signal requires a sound understanding of how the SMP tip interacts with
the ice–air matrix. LeBaron et al. (2014-in this issue) performed labora-
tory experimentswith a split-axis probe simulator tomeasure the defor-
mation of snow around the SMP tip. The probe was driven along a
Plexiglas window which formed one side of the box containing the
snow sample. The strain was derived from video images using a particle
image velocimetry (PIV) algorithm. Results suggest that a substantial
deformation zone exists around the tip during penetration. However,
it cannot be excluded that some of the deformation is due to the special
experimental set-up. It is not clear whether and if so how present
algorithms to derive snow properties from the SMP signal (Löwe and
van Herwijnen, 2012;Marshall and Johnson, 2009) should be improved.
3. Avalanche formation and forecasting

Particle tracking velocimetry (PTV) has largely improved our under-
standing of how snow fails during snow stability tests (e.g. van
Herwijnen and Jamieson, 2005; van Herwijnen et al., 2010). In snow
stability tests a snow column is successively loaded until it fails. The
aims are to identify potential weak layers, to assess their strength (the
load required to fracture them), and to evaluate whether an initial
crack will propagate (Schweizer and Jamieson, 2010b). van Herwijnen
and Birkeland (2014-in this issue) have studied what happens to the
snow slab and the underlying weak layer during an extended column
test (ECT) (Simenhois and Birkeland, 2006). They found that the load
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application by tapping on the column mainly compresses the slab and
does not progressively damage the weak layer. Propagation speeds
measured in ETCs were on the order of 20 to 30ms−1.

Avalanche forecasting can be defined as predicting snowpack insta-
bility in space and time relative to a given triggering level (McClung,
2000). Particularly difficult to forecast are so-called deep slab ava-
lanches that release due to failure of a persistent weak layer — often
many weeks after burial (Jamieson et al., 2001). Conlan et al. (2014-in
this issue) characterised 41 persistent deep slab avalanches in western
Canada. Results indicate that these avalanches fail on weak layers that
are old, relatively strong and rather hard to trigger. The reasons why
they fail remains unknown and forecasting does not seem possible.
Though Conlan et al. (2014-in this issue) argue that many releases
were associated with warming trends, it remains questionable whether
warming actually was the trigger as the effect of snow temperature
changes on slab instability have been reported to be subtle and weak
at depth (Reuter and Schweizer, 2012; Schweizer and Jamieson,
2010a). Deep slab avalanches may belong to the class of avalanches
that even in hindsight do not always have an identifiable “trigger”.

On the other hand, storm snow avalanches are by far better predict-
able than persistent deep slab avalanches. Hendrikx et al. (2014-in this
issue) analysedmeteorological variables using classification trees to de-
termine and forecast significant avalanche activity on the Seward High-
way in coastal Alaska. Precipitation, wind and temperature were the
important variables to differentiate between avalanche and non-
avalanche days in this type of maritime avalanche climate. Two cross-
validated classification treeswere trained and developed.When applied
to seasons outside of their training data set (including 28 seasons), the
probability of detection was substantially lower — despite the fact that
cross-validation is believed to provide conservative estimates of predic-
tive power (Breiman et al., 1998). For one season the trees were not
only tested in “hindcast” but also in real-time 24-h forecast mode —

without any significant reduction in model performance.

4. Avalanche dynamics and mitigation

So far snow properties have not been explicitly considered for calcu-
lating the flow behaviour of avalanches. Data from various avalanche
test sites have exemplified that avalanches with similar initial mass
and topography can exhibit quite different flow behaviour. Steinkogler
et al. (2014-in this issue) reconstructed the snow conditions for five
large avalanches from the Vallée de la Sionne using the 3-D surface pro-
cess model ALPINE3D and the snow cover model SNOWPACK (Lehning
et al., 2006). They showed that the total mass, mainly controlled by en-
trainment, defined the run-out distance but did not correlate with
front velocity. Flow behaviour depended on snow temperature with a
threshold of about −2 °C; above this value significant changes in flow
dynamics, for example front velocity, were observed. Newmodel devel-
opments are presently under way that take snow properties into
account (Bartelt et al., 2012).

Avalanche front velocity is a common measure to estimate ava-
lanche intensity, a key element in hazard mapping or planning of miti-
gation measures. Gauer (2014-in this issue) presents a series of
avalanche front velocity measurements from a variety of dry-mixed av-
alanches (i.e. they were partially fluidized and accompanied by a power
cloud). Themaximum velocities scaled with the square root of the total
drop height. Gauer (2014-in this issue) states that many commonly
used numerical avalanche models would underestimate flow velocity,
and suggests the proposed scaling behaviour to have implications for
the choice of the empirical parameters in avalanche models that have
a velocity dependent friction term. Furthermore, he recommends that
velocity measurements should be combined with observations of run-
out distances to validate numerical models for dry-mixed avalanches.

Fischer et al. (2014-in this issue) suggest a framework for improving
the calibration procedure for numerical avalanchemodels. They present
a new probabilistic method to objectively evaluate the velocity results
of a numerical model with Doppler radar measurements from two
European snow avalanche test sites (Ryggfonn and Vallée de la Sionne).
A large number of avalanche simulations were performed and the ac-
cordance between simulations andmeasurementswas evaluated. As in-
dicated by Gauer (2014-in this issue) there was a tendency of velocity
underestimation for the cases investigated. Furthermore, for the pre-
sented simulation approach, the release depth and certain friction coef-
ficients proved to be the crucial parameters to obtain optimal
correspondence of simulated and measured velocities.

Presently, the most common methods to retard (and eventually
stop) a large avalanche in motion are breaking mounds and catching
dams. Gleirscher and Fischer (2014-in this issue) suggest an alternative
approach for retarding small avalanches using flexible wire rope nets.
The same approach has been employed for debris flow mitigation
(Wendeler et al., 2006).Margreth and Roth (2008) showed that rockfall
nets were able to stop small avalanches, but that they were damaged.
Gleirscher and Fischer (2014-in this issue) installed a prototype of a
flexible net structure above a ski run andmeasured impact forces. Addi-
tional lab experimentswith differentmesh sizes indicated a velocity de-
pendence of the effectiveness at a certain ratio of mesh to particle size.
With limited field data and comparability between scaled lab experi-
ments and field measurements it is not clear yet whether the proposed
net barrier is suitable for retarding avalanches in motion.

5. Concluding remarks

The papers compiled in this Special Issue reflect many of the impor-
tant developments in applied snow and avalanche research over the last
years. Substantial progress has been made in quantifying snow proper-
ties and processes due to sophisticated instrumental setups and
advanced analysis methods, in applying numerical modelling for ava-
lanche forecasting, in particular in data sparse areas, and in developing
improved models of avalanche flow mainly thanks to the field data
from full-scale avalanche test sites collected over the last 10years.

Acknowledgements

Iwould like to thank the referees for their constructive reviews and the
authors for their co-operation in the review process. Special thanks tomy
Guest Editor colleagues Peter Gauer, Jordy Hendrikx, Bruce Jamieson,
Hans-Peter Marshall, Mohamed Naaim, and Alec van Herwijnen.

References

Bartelt, P., Vera, C., Steinkogler, W., Feistl, T., Buser, O., 2012. The role of thermal temper-
ature in avalanche flow. International Snow Science Workshop ISSW 2012, Anchor-
age AK, U.S.A., 16–21 September 2012, pp. 32–37.

Breiman, L., Friedman, J.H., Olshen, R.A., Stone, C.J., 1998. Classification and Regression
Trees. CRC Press, Boca Raton, U.S.A.(368 pp.).

Conlan, M.J.W., Tracz, D.R., Jamieson, B., 2014. Measurements and weather observations
at persistent deep slab avalanches. Cold Reg. Sci. Technol. 97, 104–112 (in this issue).

Feick, S., Kronholm, K., Schweizer, J., 2007. Field observations on spatial variability of
surface hoar at the basin scale. J. Geophys. Res. 112 (F2). http://dx.doi.org/10.1029/
2006JF000587 F02002.

Fischer, J.-T., Fromm, R., Gauer, P., Sovilla, B., 2014. Evaluation of probabilistic snow
avalanche simulation ensembles with Doppler radar observations. Cold Reg. Sci.
Technol. 97, 151–158 (in this issue).

Gauer, P., 2014. Comparison of avalanche front velocity measurements and implications
for avalanche models. Cold Reg. Sci. Technol. 97, 132–150 (in this issue).

Gleirscher, E., Fischer, J.-T., 2014. Retarding avalanches inmotion with net structures. Cold
Reg. Sci. Technol. 97, 159–169 (in this issue).

Hendrikx, J., Murphy, M., Onslow, T., 2014. Classification trees as a tool for operational
avalanche forecasting on the Seward Highway, Alaska. Cold Reg. Sci. Technol. 97,
113–120 (in this issue).

Horton, S., Bellaire, S., Jamieson, B., 2014. Modelling the formation of surface hoar layers
and tracking post-burial changes for avalanche forecasting. Cold Reg. Sci. Technol.
97, 81–89 (in this issue).

Jamieson, J.B., Geldsetzer, T., Stethem, C., 2001. Forecasting for deep slab avalanches. Cold
Reg. Sci. Technol. 33 (2–3), 275–290.

LeBaron, A., Miller, D.A., van Herwijnen, A., 2014. Measurements of the deformation zone
around a split-axis snow micropenetrometer tip. Cold Reg. Sci. Technol. 97, 90–96
(in this issue).

http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0090
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0090
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0090
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0005
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0005
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0095
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0095
http://dx.doi.org/10.1029/2006JF000587
http://dx.doi.org/10.1029/2006JF000587
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0100
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0100
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0100
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0105
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0105
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0110
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0110
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0115
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0115
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0115
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0120
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0120
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0120
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0015
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0015
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0125
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0125
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0125


59Editorial
Lehning, M., Völksch, I., Gustafsson, D., Nguyen, T.A., Stähli, M., Zappa, M., 2006.
ALPINE3D: a detailed model of mountain surface processes and its application to
snow hydrology. Hydrol. Process. 20 (10), 2111–2128.

Löwe, H., van Herwijnen, A., 2012. A Poisson shot noise model for micro-penetration of
snow. Cold Reg. Sci. Technol. 70, 62–70.

Löwe, H., Riche, F., Schneebeli, M., 2013. A general treatment of snow microstructure
exemplifiedby an improved relation for thermal conductivity. Cryosphere 7, 1473–1480.

Margreth, S., Roth, A., 2008. Interaction of flexible rockfall barriers with avalanches and
snow pressure. Cold Reg. Sci. Technol. 51 (2–3), 168–177.

Marshall, H.-P., Johnson, J.B., 2009. Accurate inversion of high-resolution snow penetrom-
eter signals for microstructural and micromechanical properties. J. Geophys. Res. 114
(F4) F04016.

McClung, D.M., 2000. Predictions in avalanche forecasting. Ann. Glaciol. 31, 377–381.
Pinzer, B.R., Schneebeli, M., Kaempfer, T.U., 2012. Vapor flux and recrystallization during

dry snow metamorphism under a steady temperature gradient as observed by
time-lapse micro-tomography. Cryosphere 6, 1141–1155.

Reiweger, I., Schweizer, J., 2013.Weak layer fracture: facets and depth hoar. Cryosphere 7,
1447–1453.

Reuter, B., Schweizer, J., 2012. The effect of surface warming on slab stiffness and the frac-
ture behavior of snow. Cold Reg. Sci. Technol. 83–84, 30–36.

Reuter, B., Proksch, M., Loewe, H., van Herwijnen, A., Schweizer, J., 2013. On how to mea-
sure snow mechanical properties relevant to slab avalanche release. In: Naaim-
Bouvet, F., Durand, Y., Lambert, R. (Eds.), Proceedings ISSW 2013. International
Snow Science Workshop, Grenoble, France, 7–11 October 2013. ANENA, IRSTEA,
Météo-France, Grenoble, France, pp. 7–11.

Schneebeli, M., Johnson, J.B., 1998. A constant-speed penetrometer for high-resolution
snow stratigraphy. Ann. Glaciol. 26, 107–111.

Schweizer, J., Jamieson, J.B., 2010a. Snowpack tests for assessing snow–slope instability.
Ann. Glaciol. 51 (54), 187–194.

Schweizer, J., Jamieson, B., 2010b. On surface warming and snow instability. Interna-
tional Snow Science Workshop ISSW, Lake Tahoe CA, U.S.A., 17–22 October 2010,
pp. 619–622.
Schweizer, J., Reuter, B., Bellaire, S., 2013. Relating weak layer and slab properties to snow
slope stability (abstract). Davos Atmosphere and Cryosphere Assembly DACA-13,
Davos, Switzerland, 8–12 July 2012, p. 286.

Simenhois, R., Birkeland, K.W., 2006. The extended column test: a field test for fracture
initiation and propagation. In: Gleason, J.A. (Ed.), Proceedings ISSW 2006. Interna-
tional Snow Science Workshop, Telluride CO, U.S.A., 1–6 October 2006, pp. 79–85.

Staron, P.J., Adams, E.E., Miller, D.A., 2014. Nonequilibrium thermodynamics of kinetic
metamorphism in snow. Cold Reg. Sci. Technol. 97, 60–71 (in this issue).

Steinkogler, W., Sovilla, B., Lehning, M., 2014. Influence of snow cover properties on ava-
lanche dynamics. Cold Reg. Sci. Technol. 97, 121–131 (in this issue).

van Herwijnen, A., Birkeland, K.W., 2014. Measurements of snow slab displacement in
Extended Column Tests and comparison with Propagation Saw Tests. Cold Reg. Sci.
Technol. 97, 97–103 (in this issue).

van Herwijnen, A., Jamieson, B., 2005. High-speed photography of fractures in weak
snowpack layers. Cold Reg. Sci. Technol. 43 (1–2), 71–82.

van Herwijnen, A., Schweizer, J., Heierli, J., 2010. Measurement of the deformation field
associated with fracture propagation in weak snowpack layers. J. Geophys. Res. 115.
http://dx.doi.org/10.1029/2009JF001515 (F03042).

Walters, D.J., Adams, E.E., 2014. Quantifying anisotropy from experimental testing of radi-
ation recrystallized snow layers. Cold Reg. Sci. Technol. 97, 72–80 (in this issue).

Wendeler, C., McArdell, B., Rickenmann, D., Volkwein, A., Roth, A., Denk, M., 2006. Field
testing and numerical modeling of flexible debris flow barriers. In: Ng, C.W.W.,
Zhang, L.M., Wang, Y.H. (Eds.), Physical Modelling in Geotechnics — Proceedings
of the Sixth International Conference on Physical Modelling in Geotechnics, 6th
ICPMG '06, Hong Kong, 4–6 August 2006. Taylor & Francis, London, pp. 1573–1578.

Jürg Schweizer
WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland

20 October 2013

http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0020
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0020
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0030
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0030
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0025
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0025
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf9000
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf9000
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0035
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0035
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0035
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0040
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0045
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0045
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0045
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0050
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0050
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0060
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0060
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0130
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0130
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0130
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0130
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0130
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0065
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0065
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0070
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0070
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0135
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0135
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0135
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0140
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0140
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0140
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0145
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0145
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0145
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0150
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0150
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0155
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0155
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0160
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0160
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0160
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0075
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0075
http://dx.doi.org/10.1029/2009JF001515
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0165
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0165
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0085
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0085
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0085
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0085
http://refhub.elsevier.com/S0165-232X(13)00156-0/rf0085

	On recent advances in applied snow and avalanche research
	1. Introduction
	2. Snow and snow cover properties
	3. Avalanche formation and forecasting
	4. Avalanche dynamics and mitigation
	5. Concluding remarks
	Acknowledgements
	References


