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Summary
Wet-snow avalanches are a natural hazard affecting infrastructure and communication
lines in seasonally snow-covered mountainous regions. As the entire snowpack may fail,
their volume is often large and they can be very destructive. Presently, the formation
of wet-snow avalanches is poorly understood and consequently predicting periods with
wet-snow avalanche activity remains difficult.
The objective of this PhD thesis was to improve our understanding of wet-snow
avalanche formation. Since water is a prerequisite and strongly affects snow stratigraphy and stability, we focused on (a) modelling water production and (b) infiltration, and
(c) monitoring water movement with upward-looking ground-penetrating radar (upGPR).
In addition, we performed concurrent observations of snow stratigraphy and wet-snow
avalanche activity.
The energy balance at the snow surface was analyzed to establish which terms contribute
most to the production of water shortly before and during periods of wet-snow avalanche
activity. The largest term contributing to the energy input was generally the net shortwave
radiation, although on some days the sensible heat flux dominated. Latent heat and net
longwave radiation were always energy sinks. For wet-snow avalanches, low negative
longwave radiation values are essential as these will not counterbalance the energy input
due to solar radiation and sensible heat flux. In a next step we compared the predictive
power of wet-snow avalanche forecasting models based on the energy balance to models
based on commonly measured meteorological parameters. Univariate and multivariate
statistics were used to build the prediction models. Predictive skills for both types of
models were comparable - probably since the models using meteorological parameters
mainly included terms closely related to the radiation balance. Best prediction results
were obtained, if information on the energy input (i.e. net shortwave radiation, air temperature) was combined with the internal state of energy (i.e. snow temperatures). The
combination indicates whether the energy input is still used for warming the snowpack or
already for melting snow.
The analysis of the energy balance revealed that as soon as the snow cover was
isothermal and with the first presence of water wet-snow avalanche probability will increase. Hence, small variations in water content may already cause instability. Due to
this fact, it is important to know how water moves through the snow. Consequently we
v
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compared modelled snow stratigraphy and water flow using two different water transport
codes implemented in the 1–D snow cover model SNOWPACK to observed values. Results showed that snow stratigraphy in combination with the advance of the wetting front
have to be considered in order to obtain good forecasting results. Since water movement,
especially on slopes is a very complex phenomenon, the water transport codes that are
presently implemented within SNOWPACK cannot depict the full complexity of flowing water within the snowpack which is responsible for wet-snow avalanche formation.
Both approaches have benefits, but compared to observations substantial deviations were
found. In addition, a simple hydro-mechanical model was developed which linked water
flow to wet-snow stability. Results suggest that if the snowpack is in a sub-critical state
prior to wetting, i.e. a weak layer is present, a small increase in liquid water content may
cause instability. Ponding of water due to hydraulic or capillary barriers is also of critical
importance since the increased liquid water content will locally decrease the strength of
snow. Since the snow-soil interface is a prominent barrier and carries the largest load, this
transition often represents a prominent weakness. This is in line with the observations
made in the course of this thesis that most wet-snow avalanches released on the ground.
Model results suggest that in order to correctly forecast periods of wet-snow
avalanche activity, it is important to precisely know the water content and its evolution
over time. Exact measurements of water in snow are difficult since most methods are destructive. To avoid these limitations, we utilized an upward-looking ground-penetrating
radar which recorded the evolution of the snowpack over the entire season. The radar
allowed tracking changes in snow stratigraphy due to infiltrating water. We successfully
monitored the advance of a uniform wetting front. With a second measurement for snow
height, it was also possible to determine the amount of water within the snowpack. Radar
technology provides a non-destructive method for measuring changes within the snowpack and has great potential for future analysis.
Though we have shed light on many aspects of wet-snow instability, we have not
tackled the problem of how wet snow fails. Combining our findings with controlled laboratory experiments as well as field measurements (e.g. upGPR) may help to further improve our understanding of wet-snow mechanics and thus stability. Exploiting energy
balance modelling has great potential for improving wet-snow avalanche forecasting.
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Zusammenfassung
Nassschneelawinen sind Naturgefahren, die in schneebedeckten Gebirgsregionen Infrastruktur und Verkehrsverbindungen gefährden können. Da bei Nassschneelawinen meist
die komplette Schneedecke an der Grenzschicht zum Boden versagt, können diese sehr
gross und zerstörerisch werden. Gegenwärtig sind die Entstehungsprozesse von Nassschneelawinen weitgehend unbekannt. Folglich ist die Vorhersage von Perioden mit hoher
Nassschneelawinenaktivität schwierig.
Die vorliegende Doktorarbeit soll dazu beitragen, die Entstehungsprozesse von
Nassschneelawinen genauer zu verstehen. Flüssiges Wasser, das in die Schneedecke eindringt, verändert die Stratigraphie und dadurch Stabilität der Schneedecke. Deshalb modellierten wir die Prozesse, die für die Wasserproduktion verantwortlich sind. Der Wasserfluss in der Schneedecke wurde ebenfalls simuliert und mit einem aufwärtsschauendem
Bodenradar (upGPR) gemessen. Zusätzlich wurde die Schneedecke mit traditionellen
Schneeprofilaufnahmen charakterisiert und die Nassschneelawinenaktivität in der Umgebung verfolgt.
Um herauszufinden, welche Teile der Energiebilanz am meisten für die Wasserproduktion verantwortlich sind, analysierten wir für Tage vor erhöhter Nassschneelawinenaktivität die Energiebilanz an der Schneeoberfläche. Der höchste Anteil des Energieeintrages in die Schneedecke geht auf die Netto kurzwellige Einstrahlung zurück. An einigen Tagen wird diese aber durch den sensiblen Wärmestrom übertroffen. Latente Wärme
und Netto langwellige Strahlung stellen immer Energieverluste dar. Allerdings scheint
es wichtig zu sein, wie gross diese Senke ist. Geringe Energieverluste bilden nur einen
kleinen Gegenpol zum Energieeintrag und führen somit zu einer erhöhten Wahrscheinlichkeit von Nassschneelawinen. Darauf aufbauenden wollten wir wissen, ob Vorhersagemodelle, die mit Energiebilanzwerten erstellt wurden, für eine bessere Vorhersagequalität
sorgen konnten, als Modelle, die gewöhnliche meteorologische Messgrössen zur Verfügung hatten. Unvariate und multivariate statistische Methoden wurden benutzt um die
Modelle zu trainieren. Die Vorhersagequalität für beide Arten von Modellen war ähnlich, da das Modell, welches meteorologische Daten benutzen durfte, meist auf Terme der
Strahlungsbilanz zurückgriff. Die beste Vorhersage wurden gemacht, wenn Informationen über den Energieeintrag (d.h. Netto kurzwellige Strahlung, Lufttemperatur) und Informationen über den Wärmehaushalt der Schneedecke (d.h. Schneetemperaturen) komvii
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biniert wurden. Dadurch konnte man feststellen, ob der überschüssige Energieeintrag
noch zum Wärmen der Schneedecke verbraucht wurde, oder ob schon Wasser produziert
werden konnte.
Die Ergebnisse aus der Analyse der Energiebilanz zeigten, dass mit dem ersten
grösseren Wassereintrag die Wahrscheinlichkeit für Nassschneelawinenabgänge steigt.
Nur kleine Veränderungen im Wassergehalt der Schneedecke scheinen eine grosse
Auswirkung auf die Stabilität der Schneedecke zu haben. Es ist deshalb wichtig zu
wissen, wie das Wasser durch die Schneedecke fliesst. Wir nutzen zwei verschiedene
Wassertransportmodelle, die im 1–D Schneedeckenmodell SNOWPACK implementiert
sind, um diese mit gemessenen Werten zu vergleichen. Ergebnisse zeigen klar, dass
eine gute Abbildung der Schneestratigraphie und des Voranschreitens der Nässe in der
Schneedecke wichtig sind, um gute Vorhersagewerte zu bekommen. Wassertransport vor allem am Hang - ist sehr komplex. Dies erschwert es, die natürlichen Prozesse des
Wassertransports in der Schneedecke mit dem Model genau nachzubilden. Beide Wassertransportcodes haben Vor- und Nachteile, aber zeigen doch grössere Abweichungen, wenn
man sie mit Feldmessungen vergleicht. Zusätzlich konnten wir ein einfaches hydromechanischen Modell erstellen, dass den Wasserfluss (1–D) mit nasser Schneedeckenstabilität verband. Simulationsergebnisse zeigen, dass wenn die Schneedecke schon in
einem vorkritischen Stadium ist, d.h. eine trockene Schwachschicht ist vorhanden, schon
geringe Mengen an zusätzlichem Wasser genügen, um die komplette Schneedecke zu
destabilisieren. Stauhorizonte auf sog. kapillaren Barrieren, oder weniger durchlässigen
Schichten konzentrieren den Wassergehalt und schwächen dort den Schnee. Der Boden
stellt dabei oft die prominentest Stauschicht dar. Da an diesem Punkt die grösste Überlast
herrscht, ist dies die offensichtlichste Schwachstelle. Beobachtungen von Lawinenabgängen bestätigen diese Annahme.
Obwohl wir einige Fragen zur Entstehung von Nassschneelawinen klären konnten,
verstehen wir die genauen Versagensprozesse noch nicht richtig. Auf unseren Ergebnissen
aufbauend, können kontrollierte Labor- und Feldversuche helfen, dieses Problem anzugehen, und somit unser Wissen über Nassschneelawinen zu vergrössern. Die Ergebnisse aus
der Energiebilanzmodellierung haben grosses Potenzial für praktische Umsetzungen und
können dadurch die Vorhersage von Nassschneelawinen verbessern.

viii

Contents
Acknowledgements

iii

Summary

v

Zusammenfassung

vii

Contents

ix

1

Introduction
1.1 Water flow in snow . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Wet-snow avalanche formation . . . . . . . . . . . . . . . . . . . . . . .
1.3 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1
2
7
8

2

Present state of research
2.1 Measuring water content in snow
2.2 Modelling water flow in snow .
2.3 Wet-snow mechanics . . . . . .
2.4 Wet-snow avalanche prediction .

3

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

Analysis of the snow-atmosphere energy balance during wet-snow
ties and implications for avalanche prediction
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Avalanche occurrence . . . . . . . . . . . . . . . . . .
3.2.2 Meteorological data . . . . . . . . . . . . . . . . . . .
3.2.3 Simulations with SNOWPACK . . . . . . . . . . . . .
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Calculation of energy balance and liquid water . . . . .
3.3.2 Statistical analyses . . . . . . . . . . . . . . . . . . . .
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.1 Univariate analysis . . . . . . . . . . . . . . . . . . . .
3.4.2 Multivariate analysis . . . . . . . . . . . . . . . . . . .
ix

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

9
9
16
18
22

instabili.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

25
29
30
30
30
31
32
32
34
35
35
38

CONTENTS

3.5
3.6
4

5

6

7

3.4.3 Predictive skills of air temperature and energy balance . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Upward-looking ground-penetrating radar for measuring wet-snow properties
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.3 Dielectric permittivity . . . . . . . . . . . . . . . . . . . . . . .
4.2.4 Modelling of wetting front . . . . . . . . . . . . . . . . . . . . .
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Wet-snow instabilities: comparison of measured and modelled liquid water
content and snow stratigraphy
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.4.1 Wet-snow avalanche situation . . . . . . . . . . . . . . . . . . .
5.4.2 Advance of wetting front and liquid water content . . . . . . . . .
5.4.3 Distribution of liquid water content and interaction with meltfreeze crusts . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.4.4 Grain size and detection of capillary barriers . . . . . . . . . . .
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A 1–D hydro-mechanical model to estimate wet-snow instability
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Modelling of water movement through snow . . . . .
6.2.2 Estimating wet-snow strength . . . . . . . . . . . . .
6.2.3 Boundary and snowpack conditions . . . . . . . . . .
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conclusions and future research perspectives
x

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

41
41
47

49
53
54
54
55
57
60
61
67
69

71
75
76
78
80
80
80
82
85
85
87
91
93
93
95
96
97
100
103
105

CONTENTS

7.1
7.2
7.3
7.4

Energy balance and its implications for wet-snow avalanche prediction . .
The role of modelling liquid water for predicting the formation of wetsnow avalanches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Using upward-looking ground-penetrating radar to measure wet-snow
properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Outlook and future research perspectives . . . . . . . . . . . . . . . . . .

107
108
110
111

Literature

113

List of Figures

129

List of Tables

133

List of Symbols

137

List of Abbreviations

141

Curriculum Vitae

143

xi

Chapter 1
Introduction
From a backcountry skier’s perspective there are two perfect snow conditions: powder
and firn. The latter one is the result of a crusty or icy snow surface which softens in the
course of the day due to melting. The key point to get the fantastic firn conditions is the
exact timing as this perfect soft layer lasts only for a short period. Descending too early
means an extra hard massage for your legs while grinding down with your skis over icy
slopes. Skiing too late puts you into trouble as danger of wet-snow avalanches will rise.
Hence the phenomenon firn is a very transient one and perfect conditions are difficult
to foresee. Similarities are given when dealing with the problem of forecasting wetsnow avalanches. Wet-snow avalanches are notoriously difficult to forecast and especially
the onset of avalanching poses challenges to forecasters (Techel and Pielmeier, 2009).
The poor predictability follows from the assumption that the critical state of instability
is achieved under only very specific conditions so that timing and small differences in
forcing become crucial. If we blend the skier’s perspective with the one of a researcher
one question arises: What is the main driver for changing a pleasurable skiing conditions
into such a dangerous natural hazard or in other words what are the main processes for
wet-snow avalanche formation?
Towards spring - in snow covered mountainous regions with a transitional snow climate - cycles of wet-snow avalanches may occur when liquid water (θw ) is added to
the dry snowpack. Wet-snow avalanches primarily endanger communication lines and
infrastructure (Fig. 1.1); they mostly release spontaneously and often cannot be triggered artificially - in contrast to dry-snow avalanches. Although dry-snow avalanches
cause most avalanche fatalities nowadays - mainly among winter recreationists (e.g. Harvey and Zweifel, 2008), wet-snow avalanches may occasionally cause severe damage.
Analysing a 10-years record of avalanche victims in the Swiss Alps, Schweizer and
Lütschg (2001) demonstrated that about 50% of the fatalities caused by naturally released
snow avalanches were due to wet-snow avalanches (slab and loose snow avalanche).
If, however, considering human-triggered avalanches only, fatalities due to wet-snow
avalanches drop to 1%. Hence, spontaneously releasing wet-snow avalanches were as fa1
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tal as naturally releasing dry-snow avalanches for the analysed period, they are, however,
hardly triggered by recreationists itself. Wet-snow avalanches are more common in mountain ranges with a predominately maritime snow climate. There, wet-slab avalanches are
often reported to be triggered by rain (McClung and Schaerer, 2006; Conway and Raymond, 1993), and occasionally occur due to glide on e.g. impermeable rock beds (Clarke
and McClung, 1999). As snow stratigraphy varies among snow climates, triggering conditions vary as well and observations and experiences made in maritime climates cannot
easily be applied in predominately transitional snow climates which prevail in the European Alps. Our understanding of the triggering conditions for wet-snow avalanches is
still limited, for example, wet-snow avalanches are not even covered in a recent review on
avalanche formation (Schweizer et al., 2003a). This is partly due to (i) simply a lack of
observations, and (ii) the fact that wet-snow instability is a highly transient and spatially
variable phenomenon related to the water transport in snow.
In this Chapter we will describe the present understanding of water flow in snow, the
implications for wet-snow avalanche formation and the objectives of this study. Chapter
2 gives a detailed overview over the state of the art for measuring water content in snow,
modelling water flow, wet-snow mechanics and predicting wet-snow avalanche activity.
The research results are presented and discussed in the Chapters 3 until 6 which were also
published or submitted in peer-reviewed journals. The last Chapter will summarize the
findings and present future directions in the field of wet-snow avalanche formation.

1.1

Water flow in snow

Wet-snow avalanches imply by definition the existence of water in the snowpack. This
requires that the snow temperature in at least some layers of the snowpack in the starting
zone has to be equal to 0 ◦ C (Armstrong, 1976). The way water moves through the snowpack is thought to play a vital role in changing the mechanical properties of the snowpack
(e.g. Kattelmann, 1985) and thus wet-snow stability. Since snow is a porous medium,
movement of liquid water through snow is similar to that through granular materials but
is complicated by freeze-thaw effects, metamorphism of the ice matrix, and snow layering
(i.e. textural changes) (Jordan et al., 2008). Research on water flow through porous media
can be directly applied to snow covers. Assuming a steady infiltration (e.g. rain fall) and a
homogeneous snowpack, the downward water velocity vl is given by Darcy’s Law where
kl
vl =
ηw




∂ψ
+ ρw g ,
∂z

(1.1)

with kl the intrinsic or saturated permeability, ηw the dynamic viscosity of water, the capillary pressure ψ in direction z, the density of water ρw and the gravitational acceleration
g. Given the high porosity, water moves through snow rapidly with typical speeds of
2
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Figure 1.1: (a) Release zone of a wet-snow avalanche above the Flüelapass road. The avalanche
covered the road (b) which was closed during the spontaneous release (Photo by J. Rocco).

1-20 cm h−1 (Jordan et al., 2008). Even higher speeds of 0.1-1 cm s−1 were reported by
Waldner et al. (2004). Water flow through wet snow which is isothermal at 0 ◦ C is in
most cases unsaturated (Marsh, 1991). In order to calculate water movement in a porous
medium, knowledge on hydraulic properties as well as distribution of the pore space are
important. This information may be expressed by the so-called water retention curves
which relate the capillary pressure of a porous medium to its the water content (Fig. 1.2a).
The resulting function is highly non-linear and difficult to obtain. The ratio between capillary and gravitational forces is generally large - larger than in soils. Water suction in snow
typically ranges from 0.1 to 1.5 kPa (Colbeck, 1974, 1975; Wankiewicz, 1979; Yamaguchi
et al., 2010) - several orders less than in fine-grained soils. Water content can theoretically
fill the entire pore volume, however, under natural conditions, the volume of freely draining water is usually less than 10% (Colbeck, 1978b). Colbeck (1974) has categorized the
saturation regimes in wet snow as either pendular or funicular, i.e., low or high saturation,
respectively. At low water content, (pendular regime) the pathways of water within the
snow matrix are disconnected and capillary forces are dominant (Fig. 1.2b). When water
3
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Figure 1.2: (a) Modelled water retention curves for different grain diameters d. The model is
based on parameters of van Genuchten (1980) and Yamaguchi et al. (2010) who found the vanGenuchten parameters to depend on grain size. Grey dashed line shows the threshold for the
pendular to funicular transition proposed by Armstrong (1976). Sketch of (b) pendular and (c)
funicular regime (adopted after Armstrong (1976)).

content increases due to ponding, pathways of water will start to connect and gravitational
forces are the driver for water movement. Now the liquid phase exists in continuous paths
(funicular regime) and air bubbles are trapped between ice grains (Fig. 1.2c). Armstrong
(1976) refers to 14% of pore volume as threshold between the two saturation regimes.
Others, Denoth (e.g. 1980), report that there might be a transitional zone between the two
regimes and that the threshold is governed by the snow type. The fragility of snow and its
changing character when wet, complicate determining the water retention curves. The few
published curves (Colbeck, 1974, 1975; Wankiewicz, 1979; Yamaguchi et al., 2010) are
similar to those for coarse sand and might be well reproduced with constitutive relationships used among the soil physics community (Brooks and Corey, 1964; van Genuchten,
1980). Water retention curves in snow exhibit a hysteresis with suction being lower for the
drying phase than during wetting. During drying, water pathways again disconnect which
results in isolated inclusions of liquid water. These cannot be reduced below a certain
limit unless the water is refrozen or evaporates. The remaining water is called irreducible
liquid water content θr . Drainage column experiments revealed that values of θr may vary
between 0.024 (Yamaguchi et al., 2010) and 0.08 (Coléou et al., 1999); expressed as irreducible saturation Sr , Jordan et al. (1999) suggested an average value of 0.04, but stated
that values as low as 0.01 may be appropriate when modelling infiltrating water. Introducing this characteristic, water flow parameters can be scaled to an effective water content
4
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Table 1.1: Definition of effective liquid water content θ∗ and effective saturation S ∗

Equation

Description
θw = liquid water content

θ∗ =

(θw −θr )
(θs −θr )

θs = saturated liquid water content
θr = residual liquid water content

S∗ =

(S−Sr )
(1−Sr )

S = saturation
Sr = irreducible saturation

θ∗ or effective saturation S ∗ (Tab. 1.1, Fig. 1.2a). Under the simplified assumption of
a steady infiltration into a homogeneous, non-changing snowpack, the advance of liquid
water resembles a downward travelling wave with fixed shape. Under this assumption,
the transition between wetted and dry snow region is abrupt and the advance of the wetting front is uniform (e.g. Jordan, 1983a; Illangasekare et al., 1990). Especially under
ripe snowpack conditions on a flat field, uniform wetting does a reasonable job in predicting the timing of basal outflow (Davis et al., 2001). Dye-tracer experiments (e.g. upper
part in Fig. 1.3a) underline this view (Schneebeli, 1995). Fig. 1.3a demonstrates, however,
that the flow field is complicated by several other processes like horizontal divergence and
preferential flow paths. Stratigraphical inhomogeneities in permeability and capillary tension will impede and laterally divert the flow. The lateral heterogeneity of flow has been
demonstrated with dye experiments in the field and the laboratory (Paulcke, 1938; Hughes
and Seligman, 1939; Gerdel, 1954; Marsh and Woo, 1984a; Schneebeli, 1995; Waldner
et al., 2004). Development of vertical fingers or channels concentrates flow producing an
unstable wetting front which might be well ahead of the uniform wetting front (Marsh
and Woo, 1984a). Various field studies analysed characteristical size and width distribution of preferential flow fingers using high-frequency FMCW radar (Albert et al., 1999),
dye-tracer experiments and photography (Marsh and Woo, 1984a; Schneebeli, 1995) or a
thick-section cutter (McGurk and Kattelmann, 1995). Finger width varied from 1.8-5 cm
in diameter and Albert et al. (1999) estimated an areal density of 3 fingers m−2 . Modelling of finger flow in very cold snow suggests that ice-layer growth in subfreezing snow
can decelerate and laterally divert the advance of the unstable front. Differences between
the unstable wetting front and the stable background wetting is not as dominant as for
warm snow (Marsh and Woo, 1984b). For warm snow and thus for a typical transitional
snowpack, the finger front might be well ahead of the stable wetting front complicating
the prediction of both front movements (Jordan et al., 2008). This effect is believed to be
very dominant at the beginning of the melt season or for mid-winter rain-on-snow events.
With the introduction of liquid water to snow, changes in grain shape and size accelerate
(Brun, 1989), resulting in rounding of the grains and grain growth i.e. grain coarsening
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(Raymond and Tusima, 1979; Colbeck, 1982). These processes have a significant effect
on the hydraulic permeability of snow and therefore water flow through snow (Marsh,
1991).
On the one hand, water flow through a ripe (or melting) snowpack is relatively well
understood (e.g. Marsh, 1991) which is important for hydrological applications. On the
other hand water flow at the beginning of the melt season or during rain-on-snow events
is very complex blurring clear relations between wet-snow mechanics and liquid water.
Typically these first wetting events mark the beginning of periods when an exact wetsnow avalanche prediction is most needed. Due to the complexity, however, implications
for wet-snow instability and the forecasting of wet-snow avalanches are still unexplored.
Avalanche warning services have problems in determining the onset and peak of wet-snow
avalanche cycles (Techel and Pielmeier, 2009) and tend to produce avalanche warnings
with high potential for false-alarms.

Figure 1.3: (a) Brilliant-blue dye-tracer experiments by Schneebeli (1995). Picture showes
opened snow pit wall after the application of the dye; uniform wetting, preferential flow and
horizontally ponding can clearly be seen (foto by M. Schneebeli). (b) Dye-tracer experiments in
the late 1930ies. Vertical preferential flow and horizontally diverted flow were already observed
in the early period of systematic snowpack research (Paulcke, 1938).
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1.2

Wet-snow avalanche formation

Our knowledge is presently insufficient for predicting wet-snow avalanches since the interaction between liquid water, grain growth, sintering, compaction and loss of strength
is extremely complex. Schneebeli (2004) has pointed out the importance of water flow in
the snowpack, and in particular the relevance of capillary barriers for the mechanism of
wet-snow slab avalanche release. He suggested four reasons for the poor predictability of
wet-snow avalanches: (i) timing is extremely short, (ii) small differences in the forcing
(infiltration rate) or in stratigraphy may be important, (iii) for radiation caused wet-snow
avalanches slope and aspect are important, and (iv) mechanical properties of wet snow are
poorly known.

Figure 1.4: Conceptual model of wet-snow avalanche formation: contributing factors and
avalanche types shown (not a flow chart).

Fig. 1.4 shows a conceptual approach of the understanding of wet-snow avalanche formation and summarizes the processes believed to be relevant for triggering mechanisms.
Accordingly there are two prerequisites for wet-snow avalanche formation: (i) The presence of liquid water within the snowpack and (ii) parts of the snowpack are isothermal
(0 ◦ C). The water production at the snow surface is determined by the energy balance
and/or the delivered amount of water through rain. Based on experience, observations
and the analysis of Baggi and Schweizer (2009) three possible triggering mechanisms
were suggested: (i) loss of strength due to water infiltration and storage at capillary barrier, (ii) overloading of a partially wet (and weakened) snowpack due to precipitation,
and (iii) gradual weakening of (basal) snowpack due to warming (of the snow) to 0 ◦ C
7
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and eventual failure of basal layers. Obviously, combinations of these three mechanisms
may exist. Thus, it is not clearly understood how the response to added water influences
wet-snow instability. Obviously, for a given water supply, texture and stratigraphy control
the rate of infiltration, the pattern of infiltration and the concentration of water at a given
location - which then ultimately will affect the mechanical strength (Peitzsch, 2008).

1.3

Research objectives

Based on Fig. 1.4, it becomes evident that covering the entire complexity of the formation
of wet-snow avalanches is a demanding task which is beyond the scope of a single thesis.
Therefore the topics mentioned by Schneebeli (2004) and Baggi and Schweizer (2009)
form the basis of the research objectives. The focus is on how the liquid water is produced
(ii and iii after Schneebeli (2004)), establishing a method to measure the liquid water
content contact-free and fast, the modelling liquid water flow and its interaction with
snow mechanical properties for complex (e.g. SNOWPACK) and simplified snow cover
models. In more detail the objectives are:
1. Compute the energy balance for different aspects and slopes and compare the energy input values to observed wet-snow avalanche activity.
2. Analyse the predictive performance of energy balance values and its terms in order
to assess the main energy source during days with high wet-snow avalanche activity.
3. Compare predictive performance of energy balance and its terms to operationally
available meteorological parameters such as e.g. air temperature to improve the
forecast of days with high wet-snow avalanche probability.
4. Assess the possibility of using radar technology to track the advance of a uniform
(stable) wetting front and determine the amount of liquid water within the snowpack
in order to reveal critical conditions for wet-snow instabilities.
5. Compare liquid water content and stratigraphy modelled within the 1–D snow cover
model SNOWPACK (Lehning et al., 2002a,b; Lehning and Fierz, 2008) to observed
values and implications for the formation of wet-snow avalanches.
6. Combine different modelling approaches for liquid water movement to wet-snow
mechanics with special regard to preconditions favouring the formation of wetsnow avalanches.
Objectives 1-3 are discussed in Chapter 3. In Chapter 4, I present the possibilities, advantages and disadvantages of upward-looking radar technology for measuring wet-snow
properties (objective 4). Chapter 5 and 6 treat objectives 5 to 6, respectively.
8

Chapter 2
Present state of research
The following Chapter gives an overview on the present state of research in the field of wet
snow. The overview will focus on present knowledge of measuring (Sec. 2.1) and modelling (Sec. 2.2) water flow in snow and the resulting changes on mechanics (Sec. 2.3). In
addition I will present the achievements made in predicting wet-snow avalanche activity
with various prognostic variables (Sec. 2.4).

2.1

Measuring water content in snow

Reliable observations and measurements of liquid water content θw in snow are difficult
to obtain. The amount of water within a natural snowpack is often very low compared to
the fraction of ice and air. It hardly exceeds a value of θw,v = 10%, if freely draining (Colbeck, 1978b). As mentioned in section 1.1 water content can be quite heterogeneously
distributed. In addition, small changes tend to have a large influence on the mechanical
properties of the snowpack (section 2.3). Therefore accurate measurements are a prerequisite for wet-snow research. Liquid water content (θw ) is mostly estimated under field
conditions using a wetness index (Tab. 2.1).
Fierz and Föhn (1995) and Martinec (1991) compared θw,v values estimated by experienced observers with those taken with a dielectric device (Denoth et al., 1984; Denoth,
1994) and found weak or no correlation between the two approaches. The discrepancy
was especially large for high ratings, i.e. wet, very wet and slush. Reasons for that might
be that thin wet layers are hard to detect and classify, and that observers generally tended
to express the increase in θw,v even though low values may still have sufficed. Objective
measurement methods overcome these disadvantages and are indispensable for wet-snow
research. Colbeck (1978a) gave a first overview of several objective methods to determine liquid water content (θw ) and porosity (φ) in snow and classified the methods into
destructive and non-destructive methods. For both classes there are several approaches
which are mainly based on either calculating changes in mass and/or temperature of a
9
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Table 2.1: Qualitative estimate of volumetric liquid water content (θw,v ) according to Fierz et al.
(2009).
Term

Wetness index

Code

Range of θw,v

Description

Dry

1

D

0

Usually snow temperature (Ts ) below 0 ◦ C;
disaggregated snow grains have little tendency to adhere to each other when pressed
together.

Moist

2

M

<3

Ts = 0 ◦ C. Water is not visible at 10× magnification. Snow has distinct tendency to
stick together (= irreducible water content).

Wet

3

W

3-8

Ts = 0 ◦ C. Water can be recognised at
10× magnification by its meniscus between
the grains; water cannot be pressed out by
squeezing the snow (=pendular regime)

Very wet

4

V

8-15

Ts = 0 ◦ C. Water can be pressed out by moderately squeezing the snow in the hands (funicular regime).

Soaked/slush

5

S

>15

Ts = 0 ◦ C. Snow is soaked with water and
contains a volume fraction of air from 20 to
40% by volume (funicular regime).

snow sample, or measuring the relative dielectric permittivity r of the porous medium
snow. These methods include hot (melting), cold (freezing) and alcohol calorimetry, the
dilution method (all destructive), as well as permittivity measurements using different
electromagnetic methods (partly destructive, partly contact-free). The most important
findings within this field are summarized in Table 2.2. Boyne and Fisk (1987, 1990) compared the three most common methods against the alcohol calorimetry and found that all
methods produce errors below 2% by mass at the 95% confidence interval.
Hot (melting) calorimetry uses the mass and temperature of the snow sample and
the mass and temperature of added hot water. The ratio of water weight to the total mass
of the wet snow sample can thus be calculated according to
θw,m




cw (M1 − M2 )(T1 − T2 )
= 1−
− T2
Lli
M4 − M3

(2.1)

where θw,m is the liquid water content by mass, M1 and M3 represent the mass of
30-40 ◦ C hot water and the vessel in which it is poured; M2 is the mass of the empty
vessel and M4 is the mass of the vessel, the hot water and the added snow sample. T1
represents the temperature within the vessel when the snow sample is added to the vessel
and T2 is a stable temperature value after a certain time. cw is the specific heat of water
(4.2×103 J kg−1 K−1 ) and Lli is the latent heat of fusion of ice (3.34×105 J kg−1 ). The
method is widely used in Japan and different styles of vessels were developed over
the last years (Akitaya, 1985; Kawashima et al., 1998). Colbeck (1978a) concluded in
his error analysis that very accurate measurements have to be conducted to obtain an
acceptable range of error; later Kawashima et al. (1998) specified their measurement
error of θw,v with 2%.
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Cold (freezing) calorimetry is based on the concept that heat gained by a closed
system must be equal to its loss. The calorimeter and a chosen freezing agent gain heat,
the wet snow sample and thus the liquid water loses heat. In contrast to the melting
calorimetry, only the small amount of water has to be frozen and not the complete sample
has to be melted which makes the method more sensitive to variations in θw . The percent
of water mass θw,m is obtained by
θw,m =

[(W2 − W1 ) + E] (T2 − T1 ) cf ci (T3 − T2 )
−
.
Lli (W3 − W2 )
Lli

(2.2)

Where W1 represents the tare weight of the calorimeter, W2 the weight of calorimeter and
the freezing agent, W3 the weight of calorimeter, freezing agent and snow, T1 the initial
temperature of freezing agent, T2 the final temperature of freezing agent mixed with snow,
T3 the initial snow temperature (all in ◦ C), Lli the latent heat of fusion, cf the specific
heat of freezing agent and ci the specific heat of ice (Jones et al., 1983). The method is
destructive, fairly easy to apply, but needs careful sampling and is time consuming. The
error is dependent on how accurate temperature and mass can be measured. In most error
analysis an uncertainty of ±1-2% by mass is obtained (i.e. 0.5-1% for θw,v ) (Jones et al.,
1983; Denoth, 1982)
The dilution method uses a stock solution of known mass and a known impurity
concentration which is mixed with a known mass of wet snow including the not known
mass of liquid water. The solution and the snow are mixed in a small insulated vessel.
Melt and refreezing is avoided as the solution is at 0 ◦ C. The impurity concentration has
to be chosen in such a way that the freezing point is hardly affected, but its concentration
is larger than the one of the liquid water. The final mixture has a defined impurity from
which the mass of water can be calculated (Boyne and Fisk, 1987).
Permittivity measurements are based on the principle of measuring the response
characteristics (travel time, reflection, attenuation) of an electromagnetic signal through
a medium, in our case snow. When wet, snow is a three phase medium consisting
of air, ice and water. Since the difference in permittivity for ice (i = 3.18) and water
(w = 88 at 0◦ C) for frequencies below 1.2 GHz is relatively large, changes of the effective
permittivity eff = θa a + θi i + θw w of the porous medium snow can directly be attributed
to changes in the amount of θw (e.g. Frolov and Macheret, 1999). In the past several
different sensor designs have been tested and applied to investigate wet snow. In general,
we can classify sensors which have to be inserted into the snow or be operated in an open
snow pit, and contact-free devices which scan the snowpack either from above or below.
Denoth et al. (1984) compared 6 different sensor setups including several capacitive
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plate-like sensors (Denoth, 1994), the Finnish snow fork (resonator) (Sihvola and Tiuri,
1986; Sihvola and Kong, 1988) and a Swiss-made coaxial resonator (Mätzler, 1996).
The sensors were placed on the snow surface or inserted in an open snow pit wall and
showed good results compared to a calibrated reference device and the freezing calorimetry method. Values of θw strongly depended on the area (coaxial resonator) or the volume
(snow fork and Denoth-meter) which was affected by the electromagnetic field. The extent of the electromagnetic field was determined by the size and design of the various
sensors.
Time-domaine reflectometry (TDR) with various designs for wave guides (e.g. Lundberg, 1996; Stein et al., 1997; Schneebeli et al., 1998; Stähli et al., 2004) was tested in
snow with variable success. Large, cable-like sensors (Stähli et al., 2004; Waldner et al.,
2001) were sloped or placed horizontally within the snowpack. Analysis showed that the
cables tended to disturb the snowpack and depicted only the qualitative trends of θw over
the winter season. Potholes prevented a good coupling of the cable with the surrounding
snow cover. In addition, if the cable was sloped through the entire snowpack, running
water resulting from snow melt influenced the measurement. Smaller looped (Waldner
et al., 2001; Schneebeli et al., 1998) or opened fork-like sensors (Lundberg, 1996; Stein
et al., 1997) showed better potential in recording θw , but again ponding of water or preferentially drained water due to the inserted sensors limited quantitative results (Schneebeli
et al., 1998) or overestimated expected values (Waldner et al., 2001).
In order to overcome the limitations caused by ponding of water on inserted sensors
or damaged sensors due to creep and glide of the snowpack, radar technology was tested
in snow sience since the early 1980s. Gubler and Hiller (1984), Schmidt et al. (1984)
and Gubler and Weilenmann (1986) conducted various measurements with FMCW radar
systems from above and beneath the snowpack. They used different X-Band FMCW
system (8-12.4 GHz) to record transects of snow stratigraphy on open fields and under
different vegetation canopies; with an upward-looking system they monitored the snowpack and percolating water continuously (Gubler and Weilenmann, 1986). Due to their
chosen frequencies, they assumed to follow a stable wetting front, but were not able to
give a quantitative value for θw , as it was not possible to penetrate the partly wet snowpack. Boyne and George (1987) quantified θw using C-Band frequencies under laboratory
and field conditions (from above) and compared it to θw values obtained with the dilution
method (Davis et al., 1985). For laboratory samples and homogeneous snow stratigraphy,
results were within a low range of error (± 2.5% at the 95% level of confidence). Under
natural conditions, however, values of θw measured with the radar were two to ten times
larger than the ones found with the dilution method.
Bradford and Harper (2006) and Bradford et al. (2009) derived the complex dielectric permittivity from GPR signals and found good agreement with snow fork measurements (Sihvola and Tiuri, 1986) for snow liquid water content in the pendular regime
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(θw,v ≤ 3%). The method presented by Bradford et al. (2009) is based on measuring the
frequency dependence of GPR signal attenuation which provides a direct estimate of the
complex dielectric permittivity of snow which in turn is directly related to the complex
permittivity of water and thus θw in snow. Another method combines measurements of θw
and radar wave amplitude, and thereby snow water equivalent (SWE) is estimated from
radar wave attenuation and the two-way travel time (TWT) (Granlund et al., 2009). Both
methods rely on common midpoint (CMP) surveys which were conducted from above the
snowpack. Bradford et al. (2009) showed that their method is sensitive to lateral heterogeneities such as, for example, numerous small melt-freeze crusts or a thin layer of slush.
Such an array of layers will impact the spectral properties of the recorded radar signal
which will lead to incorrect values for θw .
Table 2.2: Selection of studies measuring liquid water content (θw ) in snow with a summary of
major results.
Study

Approach

Results

Colbeck (1978a)

Theoretical considerations

- Determined theoretically snow physical properties to calculate θw and φ.
- Summary of possible methods for measuring θw and φ.
- Discussion of possible destructive and non-destructive
measurement methods and devices

Jones et al. (1983)

Cold (freezing) calorimetry

- Full description of theory and measurement techniques to
obtain θw with freezing calorimetry.
- Assessment of practicability under field conditions with
various observers.
- Low variability in measurement results if observers recorded carefully.

Akitaya (1985); Kawashima et al. (1998)

Hot (melting) calorimetry

- Full description of theory and measurement techniques to
obtain θw with melting calorimetry.
- Careful measurement skills are a prerequisite.
- Obtained values were lower than the measurements made
with Denoth capacity-probe (Denoth, 1994).
- Estimated error of ±2% by mass.

Davis et al. (1985)

Dilution method

- Technique was developed in the laboratory to be a reference standard for calibrating permittivity sensors.
- Method was best suited for large sample sizes as this reduces the effect of small errors.
- It is possible to get 1.5% absolute accuracy in the liquid
water mass fraction.
- For small amounts of liquid water (0-2%), the method is
therefore not reliable.

Continued on next page
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Table continued
Study

Approach

Results

Fisk (1986)

Alcohol calorimetry

- Snow sample was dissolved in methanol to produce a temperature depression.
- Depression of temperature was linearly related to θw .
- Single observer can produce 4-5 measurements per hour
with an absolute error of 1% for θw .

Sihvola and Tiuri (1986)

Permittivity measurements
with fork resonator

- Fork resonator which determines the real (0 ) and the
imaginary part (00 ) of wet snow.
- 00 is calculated through frequency attenuation.
- In case of low liquid water content the measurement error
was within ± 0.5%
- With very wet snow there can be difficulties due to the
broadening of the resonance curve.

Boyne and Fisk (1987)

Comparison of dilution
method to signal of
FMCW radar

- FMCW radar frequency bands of 2-5 GHz and 5-8 GHz
were used under laboratory and field conditions.
- The accuracy of the intercomparison was ±2.5% at the
95% level of confidence for homogeneous snow.
- The microwave system consistently registered a higher
θw,v than the dilution method for stratified snow covers.
- Different support volumes, heterogeneity of water percolation and ponding of water on melt-freeze crusts were believed to account for the discrepancy.

Denoth et al. (1984); Denoth (1994)

Testing of various sensors
at different frequencies for
measuring θw

- Comparative study of various different resonator and capacitive devices for measuring θw under field conditions.
- First demonstration of small hand held-like devices for
measuring θw in the field.
- When corrected for their measured support volume, all
sensors gave reasonable results.
- Nevertheless accurate ρs,wet measurements have to be
taken in order to calculate θw,v .

Gubler and Hiller (1984);
Gubler and Weilenmann
(1986)

Tracking of wetting front
advance with upwardlooking FMCW radar

- Operated an upward-looking radar system which continuously recorded the evolution of the snowpack at one point.
- Followed the advance of a wetting front assuming that
complete signal attenuation represents the front.
- No quantification of θw .
- Comparison of the wetting front with lysimeter data gave
reasonable results.

Continued on next page
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Table continued
Study
Sturm
(1993)

and

Holmgren

Approach

Results

Measurement of water infiltration with an array of
thermistors and heat flux
plates

- Testing of heat flux plates and snow temperature sensors
to detect water flow following rain-on-snow events.
- The percolation of water through snow is shown to be detectable with heat flux transducers and thermistor chains.
- All signals were coincident with rain-on-snow events,
though not all rain-on-snow events (there were a total of
27) were associated with distinctive heat flux signals.
- Observed delays between the start of rain and the arrival
of water at the base of the snow ranged between 2-40 h.

Conway
(1994)

and

Benedict

Measurement of water infiltration with an array of
thermistors

- The progress of wetting is tracked in real time by monitoring changes in the position of the isothermal state.
- Infiltration was very heterogeneous and depended on snow
stratigraphy.
- The release of latent heat dominates heat transfer and has
the potential to warm the snowpack rapidly.

Lundberg (1996)

Permittivity measurements
with time-domain reflectometry and comparison to
dilution method

- Laboratory study on TDR signal and comparison to the
dilution method.
- Accuracy of θw,v within 1-2%, no separate ρs retrieval
necessary.
- No observations within the range of θw,v = 5-10%.
- Difficulties in comparing both measurement methods.

Stein et al. (1997)

Schneebeli et al. (1998);
Waldner et al. (2001)

Permittivity measurements
with time-domain reflectometry

- Different custom made wave guides for measuring θw and
ρs under field conditions.

Permittivity measurements
with time-domain reflectometry

- Custom made wave guide for measuring θw and ρs under
field and laboratory conditions.

- Calculation of θw,v with an absolute error of 0.8%.

- Precise determination of ρs under dry conditions was possible.
- Qualitative determination of θw ; no quantitative measurement possible due to calibration issues.
- θw,v showed almost saturation of the snowpack which is
very rare under natural conditions and hints to sensor induced measurement errors.

Stähli et al. (2004); Waldner et al. (2001)

Permittivity measurements
with time-domain reflectometry

- Custom made flat ribbon cable for measuring θw and ρs
under field conditions.
- Sensor reproduced qualitative trend of θw over the entire
winter season.
- Cable sloping through snowpack largely influenced the
measurements due to large potholes and weak coupling
with the snowpack. In addtion, melt and rain water was
running on the sloped cable into the snowpack.

Continued on next page
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Table continued
Study

Approach

Results

Bradford et al. (2009);
Granlund et al. (2009)

Common midpoint radar
surveys

- Combination of θw and radar wave amplitude.
- Snow water equivalent was estimated from radar wave attenuation and the two-way travel time (TWT).
- Synthetic radar profiles revealed that a complex stratigraphy with several melt-freeze crusts will complicate the
determination of θw .
- At low water contents (i.e. ≤3%) radar analysis was in
good agreement with values obtained with the snow fork
(Sihvola and Tiuri, 1986).

End of Table

Several methods have been used to measure liquid water content θw . All methods need
to produce low errors, since small changes in θw may cause large changes in wet-snow
stability. Many approaches are destructive and have to be performed at an open snow
pit wall. Water draining before the measurement, or increased melting at the open pit
wall might influence measurement results. A second measurement at exactly the same
location is not possible and thus following the fast changing evolution of wet snow not
feasible. Measurements based on relative permittivity are fast and easy to perform, but
rely on accurate snow density ρs measurements (Denoth, 1994) or an accurate correlation
of θw to signal attenuation (Sihvola and Tiuri, 1986). Measurements based on calorimetry
(e.g. Boyne and Fisk, 1990) need an accurate measurement technique and allow to take
only 4-5 measurements per hour. Radar technology seems very promising to determine θw
and offers the possibility to record the evolution of the snowpack contact-free. Results for
determing θw were only on a qualitative basis (Gubler and Weilenmann, 1986) or included
θw,v in the pendular regime (Bradford et al., 2009).

2.2

Modelling water flow in snow

Over the last 35 years various models representing water flux either in sub-zero, isothermal and wet snow have been developed. Assuming a homogeneous snowpack, Colbeck
(1972) established a first theory and model on water percolation in snow. In his pioneering work he discussed a water flow model based on findings of Brooks and Corey (1964)
and adapted their model to snow. The model included only gravity flow and neglected
capillary pressure. The advance of percolating water was modelled as the advance of a
shock wave. The downward wave front velocity can easily be approximated by using the
amount of influx which itself can be calculated from the energy balance equation, and
considering the time to warm the snow to the melting point and satisfy the immobile sat16
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uration deficits (Colbeck, 1976; Jordan, 1991; Albert and Krajeski, 1998). Comparison
to basal lysimeter outflow data gave good results for ripe snowpacks. In the following
years the theory was expanded to two dimensions for layered snowpacks (Colbeck, 1974,
1978b, 1979), applied to dry snow (Colbeck, 1976; Marsh and Woo, 1984b) and tested
with various field observations (e.g. Dunne et al., 1976; Jordan, 1983b). In natural, layered snow covers, however, the shock wave model underpredicts the arrival of the melt
wave and overestimates its maximum (Colbeck, 1978b). These problems arise mainly because a homogeneous snow stratigraphy as well as homogeneous water flux is assumed.
Different values of permeability for different layers and the existence of flow channels
will disperse the rising limb and decrease the peak value of the flux wave. To overcome
these shortcomings Colbeck (1979) and Marsh (1985) introduced a multiple-flow path
model. While Colbeck (1979) allowed varying flux velocities for differently sized, independent paths, Marsh and Woo (1984b) and Marsh (1985) attributed different percentages
of the total flow to 10 flow paths with different sizes. The fraction of total flow was based
on their observation with multiple compartment lysimeter data. With this assumption the
rising limb and recession after the maximum flow value are well described, the peak value
was somewhat underestimated. Illangasekare et al. (1990) and Tseng et al. (1994) presented a 2–D simulation of water flow in snow. They implemented a flow model based
on Richards’ equation and solved the internal energy (warming and freezing) transfer in
two dimensions for a horizontal snow cover. They included different more impermeable
ice layers and demonstrated that water is slowed down on these layers and horizontally
diverted to zones with high permeability values. Recently, Daanen and Nieber (2009)
updated the parametrised heat flow approach of Illangasekare et al. (1990) and derived a
coupled 1–D heat flow and water transport model for snow.
Because capillary forces in snow tend to be small i.e. ≤ 1.5 Pa (Wankiewicz, 1979;
Colbeck, 1974, 1975), neglecting the capillary pressure term is admissible, but will not
depict processes like capillary barriers which are thought to play a major role in the formation of preferential flow paths (Jordan et al., 2008). Therefore Wankiewicz (1979)
established a qualitative model (FINA) considering the role of capillary pressure. Some
years later Jordan (1983b) included the capillary pressure term to model one dimensional
water flow in snow, but stated that considering this more complex approach did not outperform results based on the gravitational solution only. Jordan (1983b) compared his
model results only to measurements performed under ripe snow conditions in which capillary effects tend to fade due to a more uniform snow stratigraphy. Especially for ripe
snowpack conditions a simple even-wetting front theory gives reasonable results for predicting the timing of the basal outflow (Tuteja and Cunnane, 1997; Davis et al., 2001).
Waldner et al. (2004) reported the relative proportion of gravitational to capillary forces
(the so-called Bond number) as Bo ≈ 0.05. This value corresponds to the upper limit of
applicability of the Richards’ equation.
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In addition to these water flux specific models, more complete snow process models
have been developed by, for example, Lehning et al. (2002a,b), Jordan (1991) and Brun
et al. (1992). All models solve the water flow in only one dimension neglecting flow
fingers. In the 1–D snow cover model SNOWPACK it is possible to choose between
a simple tipping-bucket approach based on snow density ρs and a fixed threshold for the
residual water content θr and a more complex approach for solving the Richards’ equation
(Hirashima et al., 2010).
In summary, it can be shown that even though a variety of models of water flux
through snow have been developed, none is able to predict the occurrence of flow fingers.
Only a few include the effect of flow fingers and horizontally diverted water. The way
water takes often from the melting snow surface to basal layers is far from purely vertical.
Depending on snow stratigraphy, capillary barriers or ice crusts can direct water parallel
to the slope angle before it infiltrates vertically to the base of the snowpack (e.g. Gubler
and Weilenmann, 1986). Almost none of the models considers this effect. Considerable
work is still required on these processes in order to accurately predict water and heat flow
in snow.

2.3

Wet-snow mechanics

The mechanical properties of wet snow are poorly known, mainly due to the extreme experimental difficulties (Bhutiyani, 1996). Advances in the field of wet-snow mechanics
are summarized in Table 2.3. Whereas it is generally assumed that mechanical strength
decreases with increasing liquid water content (e.g. Kattelmann, 1987), the few experimental studies that have been performed do not provide unambiguous evidence for this
assumption or seem sometimes hardly replicable.
At low θw,v (≤ 3%) air exists in continuous paths throughout the pore space (i.e. in
the pendular regime), the capillary pressure is expected to be relatively high and the ice
crystals cluster together to form well bonded units. The three-phase system of bonded
crystals and water at the crystal menisci has some strength or might even increase its
strength. With increasing water content, i.e. in the funicular regime (θw,v > 8%) the
grain boundaries are unstable and melt out easily (Colbeck, 1987). Accordingly, it is
expected that snow in the funicular regime has low strength. In fact, Bhutiyani (1996)
observed no significant change in shear strength of wet snow with θw,v ≤ 6% , but a drastic
decrease by about a factor of 2 for snow with higher water content. Similar measurements
results have been reported by Brun and Rey (1987) who attributed the lack of decrease
of shear strength below a volumetric water content of about 6% to the importance of
the capillary pressure. They performed no measurements at θw,v higher than about 6%.
Correspondingly, Kattelmann (1987) found increased wet-snow avalanche activity if the
volumetric water content exceeded 7%. In contrast, Yamanoi and Endo (2002) observed
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a continuous decrease of shear strength with increasing liquid water content (up to 8%)
and suggested the following relation for wet-snow shear strength:
σc,w = Aρ2.91
exp−0.235θw,v
s

(2.3)

with A an experimentally determined constant depending on the snow type, ρs the snow
density and θw,v the volumetric liquid water content.
Results from recent field experiments by Techel et al. (2011) where initially dry snow
layers were artificially wetted suggest that snow hardness as measured with a snow micropenetrometer (SMP) (Schneebeli and Johnson, 1998) decreases already at lower water
content (θw,v ≤ 3%), i.e. before the pendular/funicular transition - which is in agreement
with the laboratory tests of Yamanoi and Endo (2002) and thus Eq. 2.3. Observation
by Trautman et al. (2006) suggest that the loss of wet snow strength σc,w is positively
correlated with a decrease of penetration resistance at the micro-structural scale measured
with the SMP. In addition, Trautman et al. (2006) performed shear frame measurements
at the snow surface and compared them to wet-loose snow avalanche activity. They could
show a decrease of shear strength during the day for four different measurement days. In
the late afternoon (16:00 h), shear strength slightly increased again. In some cases drops
were quite remarkable and the snow layers at the snow surface lost half of their strength
within the course of 30 minutes underlining the second assumption of Schneebeli (2004).
Although the trend was reproduced in all four measurement campaigns, only on the last
field day, the loss of shear strength was accompanied by considerable wet snow avalanche
activity. Shear strength was lowest for that day, suggesting that the mean strength of near
surface snow of a slope has to drop below 250 Pa (Trautman et al., 2006). Measurements
of θw,v were not taken.
Conway and Raymond (1993) analysed avalanche activity during and after rain-onsnow events. They discuss the mechanical response according to a chronological sequence: Immediate avalanching, delayed avalanching and return to stability. Their observations show that in most cases wet-snow avalanches occur immediately after the onset
of the rain event, if snowpack stability is already close to critical. In addition to the mechanical changes caused by interaction of the snow with infiltrating water, it is assumed
that perturbations at the snow surface may change the stress distribution. Altering the
properties of the slab (e.g. densification (Marshall et al., 1999), increased creep) may
cause a response of deeper laying still dry weak layers (Conway and Raymond, 1993;
Brown, 2008). Delayed events are less frequent, but are observed to often affect basal
weaknesses. For this case, water draining preferentially and diverted horizontally is the
dominant driver promoting instability. As soon as a drainage system has established for
the full depth of the snowpack, additional water will pass directly through the snow and
will hardly affect or alter the stability. Further densification tends to stabilize the snowpack. All these factors contribute to a return to stability (Conway and Raymond, 1993).
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Commonly used snow stability tests such as the Rutschblock test (Föhn, 1987), the
compression test (Jamieson, 1999) and the extended column test (Simenhois and Birkeland, 2009) have been developed for dry-snow conditions and their application in wet
snow have traditionally been discouraged. Recently, different field stability tests were
applied under wet-snow conditions (Brown, 2008; Techel and Pielmeier, 2010). Preliminary results suggest that the snowpack tests gave again ambiguous scores. Brown (2008)
and Techel and Pielmeier (2010) conclude both that the various tests tend to have low
test scores or indicate low compressive or shear strength for periods of high wet-snow
instability. On the other hand, high scores were also reported during critical conditions
(Techel and Pielmeier, 2010).
Table 2.3: Selected studies of wet-snow mechanical behaviour including their methods and a
summary of the most important results.
Study

Approach

Results

Brun and Rey (1987)

Shear frame measurements; determination of
θw,v

- Measured θw,v and shear strength (σc,w ) in the field.

Conway
(1993)

and

Raymond

Observation of avalanche
activity after rain-on-snow
events

- No clear relation between θw,v and σc,w .
- No measurements above θw,v of 6%.
- Comparison of timing of wet-snow avalanche activity to
the onset of rain-on-snow events.
- Measurements of meteorological parameters, snowpack
temperature and settlement rates.
- Theoretical consideration on how rain-on-snow events can
alter the mechanical stability of the snowpack.
- No direct measurements of θw .

Fierz and Föhn (1995)

Determination of θw,v
shortly after wet avalanche
occurred

- Measured θw,v and σc,w at crown of a recently released
wet-slab avalanche.
- Ice lamella acted as sliding surface.
- Above ice lamella θw,v exceede 6%, but measurements
across fracture crown were heterogeneous.

Bhutiyani (1996)

Shear frame measurements; determination of
θw,v

- Measured θw,v and σc,w in the field.
- No clear relation between θw,v and σc,w for θw,v ≤6%.
- Decrease of shear strength by a factor of 2 if θw,v > 6%.
- Formulation of shear strength vs. θw,v not replicable.

Yamanoi and Endo (2002)

Shear measurements with
apparatus; determination
of θw,v

- Measured θw,v and σc,w under laboratory conditions for
different snow types.
- Decrease of shear strength with increasing θw,v .
- Exponential formulation of wet shear strength depending
on dry snow density and θw,v .

Continued on next page
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Table continued
Study

Approach

Results

Trautman et al. (2006)

Hourly shear frame measurements

- Surficial shear frame measurements down to 30 min interval and comparison to wet-snow avalanche activity.
- Strong decrease in shear strength until late afternoon, with
increasing trend towards the evening.
- Shear strength pattern were measured during four field
days, but only one day produced high wet loose-snow
avalanche activity.

Brown (2008)

Various field tests
avalanche active days

on

- Well-used stability tests qualitatively reproduce days with
wide-spread avalanche activity.
- Compression tests (Jamieson, 1999) show low scores and
fail in basel layers consisting of faceted crystals and depth
hoar.
- Newer propagation tests such as PST (Sigrist and
Schweizer, 2007) or the ECT (Simenhois and Birkeland,
2009) tend to propagate better on avalanche active than on
days with low activity.
- No objective measurements of θw .

Techel and
(2009, 2010)

Pielmeier

Analysing snow profiles
and Rutschblock (RB)
tests

- Contrasted unstable to stable snowpack observations and
tests.
- Classification based on objective signs of instability.
- Unstable profiles during wet sno instabilities had moist or
wet, very soft layers consisting of coarse-grained facets or
depth hoar and a RB score ≤ 3.
- Both, a very soft and moist snowpack base consisting
of facets and depth hoar loaded with new snow and an
isothermal snowpack where a large proportion of the
snowpack is wet were considered as unstable.
- RB scores ≥ 4 do not indicate low probability of wet-snow
avalanche activity.

End of Table

In summary, wet-snow mechanics and the resulting snow stability are poorly understood.
It is hard to capture the phenomenon and good observations are rare. Measurement campaigns are complex due to the highly non-linear behaviour of the system. It is still not
clear how wet-snow fails. For dry-snow slab release the fracture process is relatively
well understood and described as a mixed-mode anticrack, i.e. a fracture in both shear
and compression (Heierli et al., 2008). It is not clear, whether the same concepts can be
applied to wet-snow avalanche formation. Observation suggest that there might often be
a combination of shear and compressive failure in basal layers. To increase our knowledge modelling has to be coupled with controlled field tests and laboratory measurements
similar to Reiweger and Schweizer (2010).
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2.4

Wet-snow avalanche prediction

Given the poor understanding of the formation mechanism and the lack of indicative measurements, statistical rather than physical modelling has been used to predict wet-snow
instability in the past (Tab. 2.4). While for large new snow avalanches the 3-day sum of
precipitation is the strongest forecasting parameter (Schweizer et al., 2009) and closely
related to avalanche danger (Schweizer et al., 2003a), air temperature is often used as
a critical parameter for predicting wet-snow avalanche activity (McClung and Schaerer,
2006). It is included in statistical prediction tools which were designed for a defined
climatic region (Romig et al., 2005; Zischg et al., 2005). Results are often reasonable,
however, there are many examples which show that air temperature is in many cases not a
good predictor and causes a high number of false alarms (Mitterer and Schweizer, 2012a),
or accounts better for non-avalanche days (Romig et al., 2005) deteriorating the overall
predictive accuracy. Armstrong (1976), Zischg et al. (2005), Baggi and Schweizer (2009)
and Peitzsch et al. (2012) show nevertheless, that air temperature appears to be clearly
related to days with wet-snow instability. Kattelmann (1985) suggests that in terms of
forecasting wet-snow avalanches, an assessment of where water might concentrate within
the snowpack might be of much greater practical value than attempting to define the specific water content of any given strata. Based on the complexity of modelling the movement of water (Section 2.2), and the todays limitations in measuring θw (Section 2.1), the
suggestion by Kattelmann (1985) seems not feasible for the scale - namely the regional
scale - many avalanche forecasts are done.
Table 2.4: Selected studies for forecasting wet-snow avalanche activity based on meteorological,
terrain and snowpack information.
Study

Approach

Results

Armstrong (1976)

Descriptive observations

- High correlation of mean daily air temperature and wetsnow avalanche activity

Reardon et al. (2005)

Interpretation of observations for setup of possible
conceptual model

- The conceptual model is based on observations and practical knowledge
- Conditions leading to wet-slab avalanches are classified
into a water factory a slab, and the funny business, where
the slab is differently defined than for a dry-snow slab.
- At the water factory (first tens of centimetre of the snowpack) water production occurs, the slab might cause preferential flow channels and route water to the funny business which represents a dry weak layer or soft, weak basal
layers within the snowpack.

Continued on next page
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Table continued
Study

Approach

Results

Romig et al. (2005)

Univariate statistics and
binominal logistic regression on meteorological
and snowpack data

- Avalanche activity was subdivided into days with old snow
situation and new snow events
- Day of year, predicted maximum, minimum and mean air
temperature, and the two day change in snow height (decrease) where the best variables in splitting event from
non-event days for the class old snow situation; all parameters were used for building a prediction model.
- For the class new snow situation predicted minimum and
overnight air temperature range, as well as different sums
of new snow depth were the best splitting variables.
- A combination of minimum predicted air temperature and
the difference in snow height over two days gave the best
predicivte results for the binominal logistic regression.
- The old snow model predicts non-event days with high
probability (95%), but misses 66% of the avalanche days.
Results for the new snow model are similar.

Zischg et al. (2005)

Rule based expert system
combined with fuzzy logic
theory on meteorological,
terrain and snowpack data

- Modelling of release probability for wet-snow slab
avalanche days were compared to a risk exposure assessment, recorded avalanche activity and road closure.
- Disposition of release was mainly based on minimum and
mean air temperature, snow temperature, estimated penetration of liquid water into the snowpack, elevation where
snowpack was completely affected by water, and hill slope
position.
- The application of the rule based approach generated plausible results and hits all days (N = 6) which had road closures or avalanche events in hindsight.
- Results are, however, not unambiguous as either days were
classified with high release probability although no hazard was recorded or an unclear membership probability
caused uncertainties for a forecast.
- Avalanche occurrence cannot be predicted with this
model/approach

Trautman (2007, 2008)

Descriptive statistics using
air temperature and rain
data for avalanche days

- Wet-snow avalanche days have a higher median for the
daily mean and minimum air temperature and are skewed
more towards higher temperatures than non-avalanche
days.
- Differences are not statistically significant; 83% of all
avalanche days have a mean temperature above 0 ◦ C, but
many non-avalanche days with similar air temperature
range inhibit the possibility for prediction.
- Suggestion of using entire energy balance with focus on
the radiation term to obtain a valuable forecast.

Continued on next page
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Table continued
Study
Baggi
(2009)

and

Schweizer

Approach

Results

Univariate/multivariate
statistics on meteorological and snowpack
data

- Air temperature (min, mean, max, 1-day and 3-day positive), days since isothermal (0 ◦ C) state was reached, a
capillary barrier index, snow temperature at 50 cm and to
the occurrence of rain were significantly different for event
and non-event days.
- A classification tree with the 3-day positive air temperature, days since isothermal state was reached and the capillary barrier index explained best wet-snow slab avalanche
days and non-avalanche days (71% of accuracy for 10-fold
cross validation).
- Considering stratigraphy is important for predicting wetsnow avalanche activity.
- Suggestions of three main triggering mechanisms
(cf. section 1.2).

Peitzsch et al. (2012)

Univariate/multivariate
statistics on meteorological data

- Data set included wet-slab avalanches and glide-snow
avalanches.
- 46 variables mainly including metrics of air temperature,
snow water equivalent, snow height changes and radiation
were different for event days and non-event days.
- Daily maximum and mean air temperature and decrease in
snow height were the best splitting nodes used in a classification tree to determine avalanche and non-avalanche
days.

End of Table

Much research in the past focused on relating air temperature to wet-snow avalanche
activity. Results were often promising, but limited due to a high proportion of either false
alarms or false-stable prediction. These problems limited the use of air temperature for
wet-snow forecasting programs. Trautman (2008) suggested that computing the energy
balance with special attention to the net shortwave radiation could increase the possibility
to forecast days with wet-snow avalanche activity. No research focused on finding the
terms of the energy balance dominating the meltwater production shortly before or during
wet-snow instability.
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Chapter 3
Analysis of the snow-atmosphere energy
balance during wet-snow instabilities
and implications for avalanche
prediction
The following Chapter is published in The Cryosphere (TC)
Mitterer, C. and J. Schweizer, 2013: Analysis of the snow-atmosphere energy balance during wet-snow instabilities and implications for avalanche prediction. The
Cryosphere, 7, 205-216, doi:10.5194/tc-7-205-2013.
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3 Analysis of the snow-atmosphere energy balance during wet-snow instabilities and implications
for avalanche prediction

Abstract: Wet-snow avalanches are notoriously difficult to predict; their formation mechanism is poorly understood since in situ measurements representing the thermal and mechanical evolution are difficult to perform. Instead, air temperature is commonly used as
a predictor variable for days with high wet-snow avalanche danger – often with limited
success. As melt water is a major driver of wet-snow instability and snow melt depends on
the energy input into the snow cover, we computed the energy balance for predicting periods with high wet-snow avalanche activity. The energy balance was partly measured and
partly modelled for virtual slopes at different elevations for the aspects south and north
using the 1-D snow cover model SNOWPACK. We used measured meteorological variables and computed energy balance and its components to compare wet-snow avalanche
days to non-avalanche days for four consecutive winter seasons in the surroundings of
Davos, Switzerland. Air temperature, the net shortwave radiation and the energy input
integrated over 3 or 5 days showed best results in discriminating event from non-event
days. Multivariate statistics, however, revealed that for better predicting avalanche days,
information on the cold content of the snowpack is necessary. Wet-snow avalanche activity was closely related to periods when large parts of the snowpack reached an isothermal
state (0 ◦ C) and energy input exceeded a maximum value of 200 kJm−2 in one day, or
the 3-day sum of positive energy input was larger than 1.2 MJm−2 . Prediction accuracy
with measured meteorological variables was as good as with computed energy balance
parameters, but simulated energy balance variables accounted better for different aspects,
slopes and elevations than meteorological data.
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3.1

Introduction

Wet-snow avalanches are particularly difficult to forecast, but often threaten communication lines in snow-covered mountain areas. Once the snowpack becomes wet the release
probability obviously increases, but determining the peak and end of a period of high
wet-snow avalanche activity is particularly difficult (Techel and Pielmeier, 2009).
Processes leading to wet-snow avalanches are complex and the conditions of the
snowpack may change from stable to unstable in the range of hours (Trautman, 2008).
The presence of liquid water within the snowpack in the starting zone is a prerequisite
and several field campaigns (Brun and Rey, 1987; Bhutiyani, 1996) and experiments under laboratory conditions (Zwimpfer et al., 2011; Yamanoi and Endo, 2002) found decreasing shear strength with increasing liquid water content. However, quantifying the
amount of liquid water within the snowpack is a difficult task as even experienced observers tend to overestimate the amount of liquid water (Fierz and Föhn, 1995; Techel
et al., 2011). Only objective measurement devices relating the relative permittivity of the
3-phase medium wet snow to an amount of water provide reliable results. Most devices
though are for research purposes only and until today the operational use is hindered by
practical and financial constraints. In addition, no established procedure exists to assess
wet-snow instability. In-situ stability tests commonly used to assess dry-snow instability showed ambiguous results when performed in moist or wet snow covers (Techel and
Pielmeier, 2010).
Given the poor understanding of the formation mechanism and the lack of indicative
measurements statistical rather than physical modelling has been used to predict wet-snow
instability. While for large new snow avalanches the 3-day sum of precipitation is the
strongest forecasting parameter (Schweizer et al., 2009) and closely related to avalanche
danger (Schweizer et al., 2003a), air temperature is often used as a critical parameter
for predicting wet-snow avalanche activity (McClung and Schaerer, 2006). It is included
in statistical prediction tools that were designed for a specific area (e.g. Romig et al.,
2005). However, there are many examples which show that air temperature is in many
cases not a good predictor and causes a high number of false alarms (Kattelmann, 1985).
Nevertheless, it appears to be a variable clearly related to wet-snow instability (Baggi and
Schweizer, 2009; Peitzsch et al., 2012).
To clarify the meteorological boundary conditions favouring the triggering of
wet-snow avalanches we analysed four winter seasons (from 2007-2008 to 2010-2011)
with different distinct wet-snow avalanche events in the surroundings of Davos, Switzerland. As suggested by Trautman (2008) we computed the entire energy balance for the
snowpack with special attention to the main sources for snow melt, namely the incoming
longwave and shortwave radiation and the sensible heat flux (Ohmura, 2001). We used
univariate and multivariate statistics to evaluate whether these three sources were relevant
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shortly before and during the instabilities. In addition, we analysed meteorological
parameters of nearby stations and evaluated whether the energy balance and its terms
performed better than widely used meteorological parameters such as air temperature.

3.2
3.2.1

Data
Avalanche occurrence

Avalanche occurrence data were recorded for the winters 2007–2008 to 2010–2011 for
the surroundings of Davos, Switzerland. Data consisted of avalanche size (Canadian
avalanche size class, (McClung and Schaerer, 2006)) and included only events which
were classified as wet-snow avalanches. The classification into wet or dry is based on
observation, mainly on visual clues. No measurements on the amount of liquid water
within the starting zones were available but most observers are well trained to discriminate between wet and dry-snow avalanches. We included both, wet-loose avalanches
and wet-slab avalanches in our avalanche days. Considering all avalanche cycles, about
as many loose-snow avalanches as slab avalanches were reported (104 vs. 77). With regard to the location of the failure surface, 42% released within the snowpack and 58% of
the avalanches at the snow–soil interface. We calculated a daily avalanche activity index
(AAI) using a weighted sum of recorded avalanches per day with weights of 0.01, 0.1,
1 and 10 for size classes 1 to 4, respectively (Schweizer et al., 2003b). In order to exclude days with either many small avalanches or with a single large event, only days with
an AAI >2 were considered as wet-snow avalanche days for the statistical analyses (see
below). In addition, we calculated the median elevation of the release zones. Due to the
recording system used in Switzerland it was not possible to clearly relate avalanches and
their size to a given aspect. Therefore we introduced an aspect index, which is the ratio of
the frequency and size of avalanches recorded in southern aspects to the one recorded in
northern aspects. If the ratio was >1 we assumed that the avalanche cycle took place in
southern aspects and vice versa for <1. Following this approach we obtained 66 wet-snow
avalanche days and 663 non-avalanche days for the four winters. The major avalanche cycles with date, aspect index and elevation of release zones are given in Table 3.1.

3.2.2

Meteorological data

Meteorological data were obtained from three automatic weather stations: Weissfluhjoch
(WFJ, 2540 m a.s.l.), Stillberg (STB, 2150 m) and Dorfberg (DFB, 2140 m). After the
first winter season 2007–2008 data from STB were replaced by data from the new Dorfberg weather station which is located in the vicinity of a well-known wet-snow avalanche
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Table 3.1: Major wet-snow avalanche cycles (i.e. AAI > 30) in the surroundings of Davos,
Switzerland, for the winters 2007–2008 to 2010–2011. Aspect index was calculated by relating the number and size of avalanches released on slopes of northern to those on southern aspects.
Only for the cycle on 23 April 2008 no clear aspect could be assigned. Days with low activity are
not included in the Table.

Winter

Date

Aspect
index

2007–2008

2008–2009

2009–2010

2010–2011

Avalanche

Median elevation

activity index

of starting zones

(per day)

(m a.s.l.)

35

2400

164

2250

19 Apr

South

23 Apr

South/North

18 Mar

South

32

2075

1 Apr

South

85

2200

2 Apr

South

45

2200

3 Apr

South

58

2200

6 Apr

South

31

2200

21 Mar

South

115

2200

22 Mar

South

60

2200

23 Mar

South

31

2200

1 Apr

South

32

2400

2 Apr

North

47

2400

8 Apr

North

55

2300

starting zone. The three stations are located at two distinct elevations: STB and DFB are
slightly above the tree-line, near the lower limit of where most wet-slab avalanches are
initiated, and WFJ is located higher than most starting zones of all wet-snow avalanche
cycles. For the statistical analyses, radiation (all four components), snow depth, relative
humidity and air temperature were used as explanatory variables. In addition to mean,
maximum and minimum values we derived differences and sums over 1, 3 and 5 days;
wind was not considered.

3.2.3

Simulations with SNOWPACK

In order to obtain energy balance data for slopes of various elevations and aspects we
used the 1-D snow cover model SNOWPACK (Lehning et al., 2002a,b; Lehning and
Fierz, 2008). Slope angle was fixed to 35◦ which represents the median slope angle of
all recorded wet-snow avalanche releases. Input data for the model were meteorological
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values taken from the weather station Weissfluhjoch (WFJ) only; we had to extrapolate
or adapt air temperature, snow surface temperature and incoming shortwave radiation for
different elevations and aspects. Air temperature was extrapolated using a constant lapse
rate of 0.65 ◦ C/100 m. Outgoing longwave radiation and consequently snow surface temperature was modelled in SNOWPACK using Neumann boundary conditions (Lehning
et al., 2002b). We adapted the input of the shortwave radiation according to the lapse rate
suggested by Marty (2001) which is a lapse rate based on measurements at different elevations. We did simulations only for slopes of the two main aspects, i.e. 0◦ N and 180◦ S.
The change in incoming solar radiation on these aspects was taken into account. In brief,
we used air temperature, incoming shortwave, incoming longwave, reflected shortwave
radiation, wind direction, wind speed, and snow depth to run the model. Components
of the radiation balance and air temperature including relative humidity were measured
under ventilated conditions. Simulations were performed for 2000, 2200 and 2500 m
a.s.l.. For slope simulations, snow depth was modelled with a precipitation mass input
and albedo was determined as a function of grain type, grain size and presence of liquid
water at the snow surface. Again daily means, maximum, minimum and 1, 3 and 5 day
sums were derived from the energy balance terms.

3.3
3.3.1

Methods
Calculation of energy balance and liquid water

The energy balance was calculated using SNOWPACK. Within the model the energy balance can be calculated in two different ways. The first mode calculates the net change
rate dH/dt of the snowpack’s internal energy per unit area as the sum of all energy fluxes
at the surface:
−

dH
= S ↓ + S ↑ + L↓ + L↑ + HS + HL + HP + G
dt

(3.1)

where S ↓ and S ↑ are the downward and reflected components of shortwave radiation,
respectively, L↓ and L↑ are the downward and upward components of longwave radiation,
respectively, HS and HL are the turbulent fluxes of sensible and latent heat through the
atmosphere, HP is the flux of energy carried as sensible or latent heat by both precipitation
and blowing snow, G is the ground heat flux (King et al., 2008). For our analyses S ↓ , S ↑ ,
L↓ and L↑ were measured, HS , HL and HP modelled, and G fixed to a constant value. The
sensible heat HS (Eq. 3.2) and the latent heat flux HL (Eq. 3.4) were calculated assuming
a neutral atmospheric surface layer and using Monin-Obukhov similarity theory resulting
in:
HS (0) = −Cρa cp (T (z) − T (0)),
(3.2)
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where T (z) is the air temperature at height z, T (0) the snow surface temperature, ρa
the density of air and cp the heat capacity; the kinematic transfer coefficient C is given
according to:
−ku∗
(3.3)
C=
z ,
0.74 ln
z0
where k is the von Karman constant, u∗ is the friction velocity of the wind and z the
height of the wind measurement. The latent heat is defined as
HL = −C


0.622Lvi  w
es (T (z))RH − eis (T (0)) ,
Ra T (z)

(3.4)

where Ra is the gas constant for dry air, Lvi are the latent heat values for vaporization and
w/i
sublimation, respectively, es is the saturation vapour pressure over water or ice, and RH
the relative humidity. Assuming neutral stability conditions is valid during periods with
moderate to high wind speeds which is often the case under complex terrain conditions
(Lehning et al., 2002b). Stössel et al. (2010) showed that outgoing longwave radiation is
better accounted for within SNOWPACK when forcing neutral conditions.
The second mode for the energy balance in SNOWPACK involves calculating the
internal change of energy based on either warming and melting, or cooling and freezing;
it is given by:
dH
−
= Lli (RF − RM ) −
dt

Z
0

HS




d
(ρs (z)ci Ts (z)) dz,
dt

(3.5)

where RF and RM are the freezing and melting rate, respectively, Lli the latent heat of
fusion of ice, and ci the specific heat capacity of ice; ρs is the snow density and Ts is
the snow temperature, both at height z (King et al., 2008). The second mode also allows
for calculating the cold content of the snowpack, which is the integral over the snowpack
depth HS, i.e. the second term of the RHS in Eq. 3.5. The cold content describes how
much energy is needed to warm the snow to 0 ◦ C. In this way it was possible to model
whether the input energy resulting from the energy flux at the surface is used for warming
or already for melting snow. A snowpack, where at every height z the cold content equals
0 kJ m−2 , is equivalent to an isothermal snowpack. We calculated the proportion of the
snowpack reaching this state and refer to it as proportion zero cold content.
SNOWPACK contains parameterisations of water percolation, retention and refreezing processes and calculates the liquid water content for single layers. There are two
possibilities to calculate the liquid water content for every layer within the modelled
snow cover (Hirashima et al., 2010). Since water transport, especially on slopes is a very
complex phenomenon, the water transport codes that are presently implemented within
SNOWPACK cannot depict the full complexity of flowing water within the snowpack
which is responsible for wet-snow avalanche formation. Both approaches have benefits,
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but compared to observations substantial deviations were found (Mitterer et al., 2011b).
Therefore, we did not use liquid water values calculated for single layers with one of the
two schemes in the statistical analyses. Instead we used the total amount of liquid water
within the snowpack. This value is directly linked to the energy balance and the cold
content of snow and gives an estimate of how much water was present during the days
with wet-snow avalanche activity.

3.3.2

Statistical analyses

The non-parametric Mann-Whitney U -test (Spiegel and Stephens, 1999) was used to contrast meteorological or energy flux variables from avalanche and non-avalanche days.
Observed differences were judged to be statistically significant where the level of significance was p < 0.05, i.e. the null hypothesis that the two groups are from the same
population was rejected. In order to obtain a balanced data set of avalanche and nonavalanche days, we randomly selected the same number of non-avalanche days considering the frequency of wet-snow avalanche days per month for the period December–May.
Non–avalanche days were selected 10 times and for every run a p-value was computed.
We averaged the p-values and only if the U -test indicated a statistically significant difference, variables were passed to a classification tree analysis (Breiman et al., 1998) and
its newer derivative the RandomForest classification (Breiman, 2001). Classification trees
were obtained by optimising the misclassification costs and the complexity (size) of a tree.
Tree size was determined through cross-validation (10-fold). To minimize the effect of
randomly selecting non-avalanche days we performed the tree analysis 20 times and selected the tree combination, which showed up in most of the cases (in our case about 2/3).
RandomForest (RF) is a newer derivative of the classification tree analysis. We used
the package RandomForest (Version 4.6-2) incorporated in the R-project. The code is
based on the work of Breiman (2001). It uses bootstrap samples to construct multiple
trees. Each tree is grown with a randomized subset of predictors that allows the trees
to grow to their maximum size without pruning. Finally the results of all trees are
aggregated by averaging the trees. Out-of-bag samples are used to calculate an unbiased
error rate and variable importance, without the need for a training data set or cross
validation. Variable importance is based on how much worse the prediction would
be if the data for that predictor were permuted randomly. The stronger the decrease
in prediction accuracy, the more important is the variable (Breiman, 2001). As this
importance measure is calculated for each node, a more local importance is given. For
our data set we produced 500 trees and restricted the randomized subset of predictors to
√
a minimum of 7, but a maximum of N , where N is the number of predictors passed
from the results of the U -test. To assess the performance of the multivariate analysis
(classification tree and RandomForest) we used the true skill statistic (HK), the false
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Table 3.2: Contingency table (total cases: N = a + b + c + d).

Observed

Model

Non-avalanche day

Avalanche day

Non-avalanche day

a: correct non-event

b: missed event

Avalanche day

c: false alarm

d: correct event

alarm ratio (FAR), the probabilities of detection of events (POD), and non-events (PON).
With definitions used in contingency tables (Tab. 3.2) the measures are defined as follows
(Wilks, 1995; Doswell et al., 1990):

d
b+d
a
Probability of non-events: PON =
a+c
c
False alarm ratio FAR =
c+d
d
c
True skill statistic HK =
−
b+d a+c
Probability of detection: POD =

(3.6)
(3.7)
(3.8)
(3.9)

The true skill statistic, also called the Hanssen and Kuipers discriminant, is a measure of
the forecast success and accounts for the correct discrimination of events and non-events.
Of course, false-stable prediction can have more serious consequences than false alarms,
but too many false alarms will not provide meaningful insight into the meteorological
boundary conditions prevailing during wet-snow instabilities as we cannot define patterns
which are common for unstable wet-snow situations.

3.4

Results

We first report on the univariate analysis of the data including the meteorological parameters (Tab. 3.3) and those obtained by calculating the energy balance (Tab. 3.4, Fig. 3.1).
Then we present the results obtained with the multivariate approaches, i.e. classification
trees (Figs. 3.2 and 3.4) and RandomForest (Fig. 3.3) and compare the predictive power of
the models created with either meteorological measurements or energy balance variables
(Fig. 3.6).

3.4.1

Univariate analysis

For the meteorological variables minimum, mean, maximum, and the positive sum of air
temperature over 3 days, the distributions were statistically different with p < 0.01 for the
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Table 3.3: Comparison of avalanche (AvD) to non-avalanche days (nAvD) for meteorological data
measured at the weather stations Weissfluhjoch (2540 m a.s.l.) and Dorfberg (2140 m a.s.l.). Median values are shown; Dorfberg values for the season 2007–2008 are substituted with values from
Stillberg (2150 m a.s.l.). For each variable, distributions from avalanche days and non-avalanche
days were contrasted (U -test), and the level of significance (p-value) is given. Only variables with
p < 0.05 are shown.
Variable

Weissfluhjoch (WFJ)
p-value

Median

◦

TAmean ( C)
◦

TAmin ( C)
◦

TAmax ( C)
◦

Dorfberg (DFB)

AvD

nAvD

−0.4

−4.1

−2.3

p-value

Median
AvD

nAvD

<0.01

3.7

2.6

<0.01

−6.7

<0.01

0.5

−6.3

<0.01

2.1

−1.5

<0.01

5.1

−0.7

<0.01

1.2

−0.1

0.01

1.2

0.1

0.42

◦

65

4

<0.01

357

12

<0.01

◦

97.3

15.7

0.01

520

54

0.01

−6

0

0.03

−1.5

0

0.36

−4.2

−6.5

0.01

0

−4.2

0.04

−10.5

−13.2

0.04

−2.2

−11.6

<0.01

0

−1.6

<0.01

0

0

0.19

69

78

0.09

72

69

0.03

−77

−71

0.02

−72

−70

0.26

110

69

0.04

501

241

0.26

3907

3354

0.7

17847

12582

0.49

227

204

0.02

215

173

0.2

∆TA3d ( C)
Σ3d TA positive ( C)
Σ5d TA positive ( C)
∆HS3d (cm)
◦

TSSmean ( C)
◦

TSSmin ( C)
TSSmax (◦ C)
RHmean (%)
Min radiation balance (Wm−2 )
Max radiation balance (Wm−2 )
−2

Σ5d positive radiation balance (Wm )
−2

Mean incoming shortwave (Wm )
−2

Mean outgoing longwave (Wm )

301

291

0.02

315

297

0.03

−2

277

266

0.03

305

268

<0.01

−2

312

304

<0.01

NA

NA

–

Min outgoing longwave (Wm )
Max outgoing longwave (Wm )

two classes of wet-snow avalanche day/non-avalanche day (Tab. 3.3). Therefore, these
variables were significant indicators for a day with an AAI > 2. Furthermore, the distributions for the minimum snow surface temperature (TSS ) were significantly different
between the two classes for all stations. The mean and maximum of TSS , the difference
of air temperature in the last 24 h and the difference in snow height for 24 h or 3 days
discriminated between the groups only with the data of WFJ. Not surprisingly, days with
an AAI > 2 had always higher air and snow surface temperatures and a preceding period
(3 or 5 days) with higher air temperatures than non-avalanche days. Also significant differences between the two groups of days were found for some variables derived from the
radiation balance measured at the stations. Avalanche days received more energy input
through radiation than non-avalanche days, though not always significantly different; outgoing longwave radiation (L↑ ) showed always high values for avalanche days. In other
words, TSS was always higher on avalanche days than on non-avalanche days.
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The daily minimum of sensible heat (HS ), the mean net longwave, the minimum,
mean, maximum value of L↑ , all sums of L↑ and the 3-day sum of positive energy balance were the only variables for which the differences were judged significant for both
aspects (Tab. 3.4). All other variables appear only in one of the two aspect classes. For the
simulations on south-facing slopes all variables dealing with net and incoming shortwave
radiation (S ↓ ) discriminated well between avalanche and non-event days. Daily minimum
and maximum values of the energy balance performed well in distinguishing between
avalanche and non-avalanche days for southern slopes only. On wet-snow avalanche
days on south-facing slopes, the energy input into the snowpack was higher due to high
net shortwave radiation and higher net longwave radiation than on non-avalanche days.
Avalanche days on north-facing slopes were characterized by a high minimum value of
HS and long periods (3 days) of energy input. L↑ was always higher on avalanche days
than on non-avalanche days.

Figure 3.1: Contrasting avalanche days (AvD) to non-avalanche days (nAvD) for the daily maximum amount of liquid water within the snowpack for (a) a subset of non-avalanche days and (b)
all non-event days within the data set with data obtained from a simulation representing a southfacing slope. Boxes span the interquartile range, whiskers extend to 1.5 times the interquartile
range. Outliers are shown with open circles. Notches are defined by ±1.5 times the interquartile
range divided by the square root of N .

The maximum value for the total amount of liquid water within the snowpack discriminated well between avalanche and non-avalanche days, but only for southern aspects
(Fig. 3.1a). The difference becomes even more evident when including all available nonavalanche days (Fig. 3.1b). The interquartile ranges of the two distributions do not overlap
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Table 3.4: Comparison of avalanche (AvD) to non-avalanche days (nAvD) for variables derived
from the energy balance calculated for a 35◦ slope. For each variable, distributions from avalanche
days and non-avalanche days are contrasted (U -test), and the level of significance (p-value) is
given. Only variables with p < 0.05 are shown.
Median for 2500 m ,
South

Variable

−2

Min sensible heat (Wm )
Mean net longwave (Wm−2 )
Mean outgoing longwave (Wm−2 )

AvD

nAvD

−5

−20

−51

−35

p-value

Median for 2500 m ,
North

p-value

AvD

nAvD

<0.01

3

−2

0.04

0.02

−42

−31

0.02

302

293

<0.01

292

284

0.03

−2

277

267

0.03

270

261

0.04

−2

315

315

0.02

311

301

<0.01

Mean net shortwave (Wm )

72

52

0.01

19

17

0.35

Max net shortwave (Wm−2 )

283

208

0.01

60

58

0.47

294

253

0.04

123

127

0.72

16

2

0.01

2

1

0.12

−36

−79

<0.01

−16

−17

0.31

Max energy balance (kJm )

172

84

<0.01

20

17

0.22

Σ3d energy balance positive
(kJm−2 )

4356

1959

<0.01

671

493

<0.01

Σ5d energy balance positive
(kJm−2 )

6088

3840

0.14

1050

844

0.03

Proportion zero cold content
at 12:00 h (%)

91

85

0.04

91

78

0.02

9

<0.01

0

0

0.6

Min outgoing longwave (Wm )
Max outgoing longwave (Wm )
−2

−2

Mean incoming shortwave (Wm )
−2

Mean energy balance (kJm )
−2

Min energy balance (kJm )
−2

Max amount of total liquid water 23
within the snowpack (kgm−2 )

at all, however, a considerable number of outliers depict days whenever high amount of
liquid water was present, but no activity was recorded. For north-facing slopes the two
distributions were similar (Tab. 3.4).

3.4.2

Multivariate analysis

For the multivariate approaches we pre-selected the variables based on Tables 3.3 and 3.4
according to their physical meaningfulness and significance in the univariate approach.
Again, the same quantity of non-avalanche days (N = 66) was selected according to the
frequency of avalanche days (N = 66) for the months December to May. The classification tree with the meteorological parameters of WFJ used only terms of the radiation
balance to split into the two classes.
Air temperature was not chosen by the tree (Fig. 3.2). Avalanche days were detected
with almost 90% accuracy when following the nodes of the tree; non-event days were
identified with a probability of 80%. False-stable predictions were less frequent than
false alarms. The RandomForest (RF) model with the WFJ data included beside different
radiation terms, the 3-day sum of positive air temperature and the maximum air temper38
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ature into the top-five important variables (Fig. 3.3c). Predictive performance of the RF
statistical model was 10–20% worse than the one of the classification tree. POD and PON
decreased to 69%, concurrently FAR increased to 34%. In the tree compiled with the
DFB data set (not shown here), the sum of air temperature over 24 h and the values of
relative humidity were the dominant splitting parameters. The RF could not be applied
to the DFB data as the univariate analysis did not reveal enough variables (N < 7) that
discriminated between the two groups of days. The model performance of the DFB tree
was worse than the performance of the tree obtained with the WFJ data (Fig. 3.6). The
DFB tree found the events with good accuracy, but produced more false alarms and scored
low in detecting non-events. For a south-facing slope at 2500 m a.s.l., the energy balance

Figure 3.2: Classification tree to discriminate between avalanche (AAI > 2) and non-avalanche
days. Input data were all meteorological variables taken from WFJ if U -test was significant.
Forecast scores of the tree: probability of detection (POD) = 0.89; probability of non-events
(PON) = 0.8; true skill score (HK) = 0.69.

summed over 3 days split best followed by the mean net shortwave radiation using classification tree analysis (Fig. 3.4). The following nodes included the internal state of energy
of the snowpack (zero cold content) and the maximum outgoing longwave radiation. For
northern slopes (not shown here), again the sum of the energy balance over 3 days split
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Figure 3.3: The five most important variables for RandomForest models built with data obtained
from (a) simulated northern slopes (2500 m, 35◦ ), (b) simulated southern slopes (2500 m, 35◦ ),
and (c) meteorological parameters recorded at the station Weissfluhjoch to classify wet-snow
avalanche and non-avalanche days. Variable importance is based on how much worse the prediction would be if the data for that predictor were permuted randomly; the stronger the decrease
in accuracy, the higher is the variable importance.

best. The subsequent nodes included sensible heat and the mean of net longwave radiation. Results obtained with RandomForests are very similar to those from classification
trees, but variable importance differed. The most important variable was the value of zero
cold content at noon followed by the mean net shortwave radiation for southern aspects
and the mean outgoing longwave radiation for northern aspects. Only then the sum of the
positive energy balance values shows up for both aspects (Fig. 3.3a, b). Again the results
obtained with the tree outperform the predictive skills of RF. In none of the multivariate
approaches variables related to the total amount of liquid water were chosen.
In summary, for south-facing and north-facing slopes the energy balance over 3 days
was the variable that split best between avalanche and non-avalanche days. The follow40
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ing splitting rules included incoming shortwave radiation and state of the internal energy
for south-facing slopes and the sensible and net longwave radiation flux for north-facing
slopes. For all cases the predictive skills of the trees were better than the ones of the RF
analysis.

3.4.3

Predictive skills of air temperature and energy balance

So far results showed that the predictive skills of the two approaches with various input
data sets were rather good and mostly agreed. In a next step, however, we wanted to
know if air temperature or the energy balance is sufficient for wet-snow avalanche forecasting and which of both performs better. When omitting the radiation terms in the tree
presented in Fig. 3.2, the 5-day sum of positive air temperature remained as the only splitting parameter (Fig. 3.5a), but model performance deteriorated (Fig. 3.6): the tree missed
two thirds of all avalanche events, but hardly missed any non-event days. False alarms
(0.11) were fairly infrequent. When adding the snow surface temperature (Fig. 3.5b) the
predictive power improved (POD = 0.89, PON = 0.6, FAR = 0.3), but the prediction accuracy for the non-events went down and the false-alarm ratio increased. Nevertheless,
the number of false-stable predictions was in the same range as with the more complex
tree in Fig. 3.2. Using only information of the energy balance, the tree identified almost
all events, but missed many non-events which means that almost 2/3 of all non-avalanche
days were classified as avalanche days (Fig. 3.5c). Introducing the outgoing longwave
radiation (not shown here) increased the probability of non-events to 90%, but decreased
the probability to hit an avalanche day to 67% (Fig. 3.6).

3.5

Discussion

Compared to previous studies (e.g. Romig et al., 2005; Baggi and Schweizer, 2009;
Peitzsch et al., 2012) the same meteorological variables showed discriminating power
(e.g. air temperature), but also similar shortcomings in predictive skills. Our results suggest that no single variable representing the energy input is sufficient for forecasting wetsnow instability, unless combined with information on snow temperature and its evolution
over time. Wet-snow avalanche activity was closely related to periods when large parts of
the snowpack reached an isothermal state (0 ◦ C) and energy input exceeded a maximum
value of 200 kJm−2 in one day (Tab. 3.4; Figs. 3.5 and 3.7), or the 3-day sum of positive
energy input was larger than 1.2 MJm−2 (Figs. 3.4 and 3.7). This combined information
allows excluding days when the energy input is used for warming the snowpack and determining when surplus of energy is used to melt snow, which helps to narrow down
the onset of wet-snow avalanche activity. Some avalanche warning services, e.g. in New
Zealand (Conway, 2005) take this fact into account by relating the convergence of snow
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temperature at different heights towards 0 ◦ C to the start of a period with high probability
of wet-snow avalanche release. Using simply the daily energy balance allowed detecting
90% of the wet-snow avalanche days; therefore, energy balance is superior to air temperature in detecting events. However, the problem is that many false alarms resulted, which
is not satisfying and lowers the overall predictive skill. The true skill score (HK) of the

Figure 3.4: Classification tree to discriminate between avalanche (AAI > 2) and non-avalanche
days. Input data were all energy balance variables calculated for a 35◦ south-facing slope at
2500 m a.s.l. Forecast scores of the tree: probability of detection (POD) = 0.84; probability of
non-events (PON) = 0.83; true skill score (HK) = 0.72.

energy balance model was similar to the one of air temperature. Air temperature solely
was not suited for predicting the events, but detected non-events fairly well. Combining
air temperature with snow surface temperature improved predictive skills (Figs. 3.4 and
3.7). For practical applications, these two commonly measured parameters may be well
suited, but can only describe flat field conditions.
The total amount of liquid water was closely related to days with wet-snow avalanche
occurrence on south-facing slopes (Fig. 3.1), but was generally a poor predictor. Prevailing high amounts of water production and equally a high proportion of zero cold content
after the major avalanche cycle hamper the application of these variables for prediction
(Fig. 3.8). In fact, none of the multivariate approaches used the total amount of water as
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a variable in its splitting rules. In contrast, the cold content was chosen as splitting rule
in the multivariate approaches and seems to be more indicative for the onset of wet-snow
instabilities. Previous work (Baggi and Schweizer, 2009) supports this fact.

Figure 3.5: (a) Classification tree for WFJ using air temperature information, (b) classification
tree for air temperature and snow surface information and (c) for a virtual south-facing slope with
energy balance information only (for predictive skills see Fig. 3.6).

Whether significant melt will affect stability depends not only on the meteorological
forcing, but also on snowpack structure (Schneebeli, 2004; Baggi and Schweizer, 2009).
Snow stratigraphy at the beginning of the melt season might be quite responsive to the
addition of water, while more mature or ripe snowpack will not respond to the addition of
water. As soon as the snowpack is ripe, an efficient drainage system will be established
and water will no longer affect stability (Kattelmann, 1985). In situ measurements capturing the above described thermal and mechanical evolution are difficult to perform since
changes tend to occur fast, and only represent point observations. Likewise, presently
available simulated snow stratigraphy will not depict the complex feedback mechanisms
of infiltrating water. On the other hand, avalanche activity tended to be widespread and
occurred within a few days suggesting that the snow cover conditions were fairly uniform
throughout the area for a certain aspect and elevation. This suggests that forcing by meteorological conditions was overriding local differences in snow stratigraphy and knowing
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the location and amount of liquid water within the snowpack is not always relevant.

Figure 3.6: Classification accuracy of different tree and RandomForest (RF) models for contrasting wet-snow avalanche days to non-avalanche days. Size of the symbols indicates the true skill
score.

Since most cycles in the periods we analysed occurred on slopes of southern aspect, it
is not surprising that the net shortwave radiation provides most energy (Fig. 3.7). As single parameter it discriminated between event and non-event days for steep (=35◦ southern
aspects. Median values on avalanche days were about 80 Wm−2 , however, maximum values may be as high as 200 –400 Wm−2 within 60 min (Fig. 3.7). These maximum flux
values might prevail only for 2 –4 h per day, but cover around two thirds of the maximum
energy input of a single day (Tab. 3.4). In case the snowpack is already at 0 ◦ C, this high
energy input during a few hours will be directly transformed into ∼ 1.5 mm of water. On
the other hand, the net longwave radiation was in general the largest negative component,
i.e. energy loss (Fig. 3.7). Low negative net values hint to days with cloud cover or a melting snow surface. Cloud cover will attenuate the cooling effect at the snow surface, which
will lead to high values for L↑ . In fact, L↑ was in all statistical models a good splitter
(Tab. 3.4, Fig. 3.3).
The values of the turbulent heat fluxes (HS and HL ) were in general lower than half
the magnitude of the net irradiative fluxes, but especially HS may on some days early in
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spring exceed the magnitude of the irradiative terms and therefore needs to be considered
when calculating the energy input to the snowpack on a daily basis. It is, however, very
difficult to reliably calculate HS for complex terrain. The bulk method, which is used
within SNOWPACK to calculate the turbulent fluxes, provides at best an estimate. It has,
however, been shown that the method gives robust results for the location where the data
were recorded (Plüss and Mazzoni, 1994). In order to obtain good results for the locations where the input needs to be extrapolated, air temperature, snow surface temperature
and wind speed have to be representative. None of the three parameters can be verified
for the slope simulations. Comparing the air temperature measured at the station Weissfluhjoch (2540 ma.s.l.) to the one at the station Dorfberg suggests that the average lapse
rate may be somewhat higher than the standard lapse rate of 0.65 ◦ C/100 m. To assess the
underestimation we simulated HS based on the data of the station DFB which revealed
that the extrapolated value of HS for 2200 m was on average 16% lower. On some days,
however, HS calculated with DFB was 20 –30 Wm−2 higher than with the time-lapse approach. Furthermore, the bulk method generally underestimates the sensible heat flux
(Arck and Scherer, 2002). Nevertheless, we think that the difference between extrapolation and measurement is acceptable as we compare the meteorological conditions in a
given elevation band to the avalanche activity on a regional scale – and not point by point.
Our data included only one significant rain-on-snow event and the above-discussed results
on energy balance terms may be biased to situations where irradiation and air temperature
caused the melting.
Studying the melt of ice on glaciers is often based on temperature-index models
assuming an empirical relationship between air temperature and melt rates. Ohmura
(2001) has pointed out that air temperature is a reliable proxy for calculating the melt
and that considering the full energy balance does not substantially improve the results.
This approach is debatable, but seems to work for glaciological studies (e.g. Braithwaite,
1995). One might therefore conclude that the same approach is applicable for predicting
wet-snow avalanches as melt water is closely related to snowpack instability. However,
temperature-index models have spatial and temporal deficiencies and rely heavily on the
degree-day factor (DDF). The DDF may change with time due to changing albedo and
with terrain properties (aspect, slope angle). de Quervain (1979) presented a 28 years long
series of DDF values calculated for the Weissfluhjoch test-site (flat) and concluded that
a mean value of 4 can be applied for the entire melt period. The DDF values, however,
scatter considerably and range from 2.7 to 6.1 depending on whether the melt process
was dominated by radiation or air temperature. Radiation induced melting was underrepresented by the DDF. Furthermore, our wet-snow avalanches occurred in spring on
steep terrain, so that terrain conditions would have to be considered (e.g. Hock, 2003).
Whereas temperature-index models provide reasonable results for melt rates when integrated over long time periods, the accuracy decreases with increasing temporal resolution,
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which is a major disadvantage for wet-snow avalanche forecasting. Considering that the
5-day sum of positive air temperature missed most avalanche days (Fig. 3.5a), indicates

Figure 3.7: Distribution of (a) mean incoming longwave radiation, (b) mean outgoing longwave
radiation, (c) mean net shortwave radiation, (d) max net shortwave radiation, (e) mean sensible
flux, and (f) the resulting 3-day sum of positive energy balance values for avalanche days (AvD)
and non-avalanche days (nAvD) on south-facing (red) and north-facing (blue) slopes. Values were
calculated with SNOWPACK assuming an elevation of 2500 m and a slope angle of 35◦ .
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that temperature-index models are not suited for our purpose.

Figure 3.8: Daily maximum amount of liquid water within the snowpack for a south-facing 35◦
slope at 2200 m a.s.l. (red solid line) and 2500 m a.s.l. (blue solid line). Dashed lines show
proportion of snowpack with a zero cold content (red = 2200 m; blue = 2500 m). The grey boxes
indicate periods with wet-snow avalanche activity (AAI > 2) recorded for the surroundings of
Davos, Switzerland, blue boxes indicate major wet-snow avalanche cycles (AAI > 30, Tab. 3.1

Although our analyses are specific to the study area and so are some of the results,
such as threshold values, many of the findings can be generalised. For example, for the
prediction of the first large melt events, air temperature is not sufficient, but information
at least on the thermal state of the snow cover is needed. Calculating energy input and
cold content of the snowpack for a specific class of slopes and aspects will provide a good
estimate for the first major melt – and hence of potential instability.

3.6

Conclusions

We compared 4 years of wet-snow avalanche occurrence in the surroundings of Davos,
Switzerland to meteorological data measured by three automated weather stations and to
simulated energy balance values. The energy balance was modelled for virtual slopes of
southern and northern aspects using the 1-D snow cover model SNOWPACK.
Univariate analyses revealed that the distributions of air temperature, its positive sum over
3 or 5 days, the snow surface temperature, the 3-day sum of positive energy balance, the
daily maximum amount of liquid water within the snowpack and the minimum value of
the sensible flux were statistically different for wet-snow avalanche and non-avalanche
days, suggesting that these variables have predictive power. Using only one explanatory
variable revealed low scores in predicting days with high wet-snow avalanche activity.
Too many false-alarms deteriorated the predictive power.
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3.6 Conclusions

Combining various variables in two different multivariate approaches provided satisfactory results. The model based on energy balance variables performed as well as the
model using meteorological parameters, but better predicted non-events. Modelling the
energy balance for virtual slopes allows simulating the energy input, cold content and total
amount of water for specific slopes and aspects. The resulting classification trees clearly
demonstrate the importance of the energy input and proportion of cold content for forecasting wet-snow avalanches. For both, south-facing and north-facing slopes, the energy
balance over 3 days was the variable that split best between avalanche and non-avalanche
days.
In the presented approach, we focused on external drivers for melt production and
did not consider the snowpack stratigraphy and its interaction with melt water. Despite
this severe shortcoming, the results are promising for predicting wet-snow avalanche
activity on a regional scale based on simulated variables using the snow cover model
SNOWPACK. In the future, an approach combining more sophisticated water flux models
and objective measurement devices, such as upward-looking radar systems, might help
to improve prediction accuracy.
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4 Upward-looking ground-penetrating radar for measuring wet-snow properties

Abstract: Snow stratigraphy information is among other sources the key data for assessing avalanche danger - not only for dry snow but also for wet-snow conditions. Until
now this information is obtained by traditional snow pit observations or more recently
by applying more quantitative methods such as the snow micro-penetrometer or dielectric devices. All these methods are destructive and only provide a snap shot in time of
snowpack evolution. We used an upward-looking ground-penetrating radar system (upGPR) to monitor snowpack evolution on a daily or, whenever necessary, hourly basis to
obtain information on wet-snow properties. We focused on determining the volumetric
liquid water content (θw,v ) by calculating the effective permittivity (eff ) of the wet snow
above the radar antennas, the advance of a wetting front and the wet-snow stratigraphy.
eff was obtained using the signal velocity and snow depth recorded with nearby ultrasonic gauges; θw was calculated with different mixing model approaches. Results were
compared to in-situ measured permittivity, modelled wetting front advance and modelled
and measured outflow at the bottom of the snowpack. The upGPR system clearly showed
the advance of a wetting front and the arrival time was similar to the one recorded with
a nearby lysimeter. Possible weak wet layers with high liquid water content (θw,v > 6%)
were detected within the radar signal by multiple reflections. However, determining the
exact amount of liquid water for each layer separately is still a task for future research.
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4.1

Introduction

Assessing avalanche danger relies among other sources on information about snowpack
layering and stability (e.g. McClung and Schaerer, 2006; Schweizer and Jamieson, 2003).
In dry-snow conditions snow stratigraphy determines snowpack stability. Stability is assessed in the field by conventional snow pit observations usually combined with e.g. a
structural instability index (Schweizer and Jamieson, 2007) or stability tests such as the
rutschblock test (Föhn, 1987). More recently, quantitative methods have been introduced
including the snow micro-penetrometer (Schneebeli and Johnson, 1998; Bellaire et al.,
2009) and near-infrared photography (Matzl and Schneebeli, 2006).
Despite advances, assessing wet-snow instabilities is still a difficult task and often prone to false alarms (Mitterer et al., 2009). Air temperature is usually used as a
proxy for predicting wet-snow avalanches (McClung and Schaerer, 2006), but often provides ambiguous results (Trautman, 2008). Nevertheless, air temperature is related to
wet-snow avalanche activity (Baggi and Schweizer, 2009). Furthermore, it seems clear
that the stratigraphy (Schneebeli, 1995), the isothermal state of the snowpack (Baggi and
Schweizer, 2009; Techel and Pielmeier, 2010) and the advance of a wetting front (Mitterer et al., 2011a) need to be considered for determining the size and timing of wet-snow
avalanches. However, most statistically derived rules of thumb are valid only locally
for a specific study region (Romig et al., 2005). A physical based approach is hindered
by the fact that the wet snowpack is a porous medium with transient properties. Properties change in a highly non-linear manner and thereby the snow structure changes in
a way that quantitative measurements become very complicated. Bhutiyani (1996) related a considerable loss in shear strength to volumetric liquid water content values θw,v
> 6%. Observations and quantitative measurements at the crown fracture shortly after the
release of a wet-snow avalanche showed that θw,v in the weak layer had reached values
above 6% and running water was observed at the weak interface (Fierz and Föhn, 1995).
Only few such quantitative observations exist. Mostly, θ is estimated using a wetness
index (Fierz et al., 2009). However, properly estimating θ is very challenging even for
experienced observers, and often these index-based values overestimate θ in comparison
to actual measurements (e.g. Fierz and Föhn, 1995; Techel and Pielmeier, 2011). Several quantitative methods have been developed to determine the liquid water content in
the field. These include cold (freezing) and hot (melting) calorimetry (Kawashima et al.,
1998), alcohol calorimetry and the dilution method (Boyne and Fisk, 1990) as well as
dielectric measurements (e.g. Denoth et al., 1984). All these methods are destructive and
provide only a short snap shot in time of wet snowpack evolution and thus stability.
Therefore, various studies focused on using radar technology to record snowpack
properties as electromagnetic waves enable non-destructive monitoring. Marshall and
Koh (2008) reviewed the state of knowledge regarding the use of frequency modulated
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continuous wave (FMCW) radar systems for snow investigations. Besides FMCW radar
technology, impulse radar systems such as e.g. commercial ground-penetrating radar systems (GPR) were applied to record snowpack properties as well. Roughly, for the past ten
years, impulse radar systems were used to determine the snow water equivalent (SWE)
(Lundberg et al., 2000; Lundberg and Thunehed, 2000; Marchand et al., 2001), to measure
snow depth and its lateral variability (Machguth et al., 2006; Harper and Bradford, 2003)
and to detect inhomogeneities, as e.g. buried avalanche victims (Instanes et al., 2004;
Modroo and Olhoeft, 2005; Heilig et al., 2008). Heilig et al. (2009) used an upwardlooking GPR system (upGPR) and evaluated its feasibility for monitoring snow stratigraphy. They concluded that their system utilizing GPR antennas with a frequency of
900 MHz was able to detect significant changes in snow density and to even penetrate a
moist snowpack. However, θw derived from the radar signal could not be validated as no
additional measurements of θw were performed. They estimated only the wetness index
(Fierz et al., 2009). The values of θw,v approximated by radar-data analysis differed by at
least 14% from the upper value of the range of liquid water content as indicated by Fierz
et al. (2009) for the corresponding wetness index.
Within the presented work, we followed the preliminary findings of Heilig et al.
(2009, 2010) in order to non-destructively monitor snowpack evolution. We installed a
fully remote-controlled upGPR system beneath the snowpack (level to the soil surface) at
Weissfluhjoch, Davos (Eastern Swiss Alps). We recorded snow parameters via upGPR on
a daily and whenever necessary on an hourly basis, in particular during the melt season.
The aim of the present study is to derive wet-snow properties, with special emphasis on
monitoring the development of wetting fronts and determining the θw,v of the snow above
the radar antennas.

4.2
4.2.1

Methods
Data acquisition

In fall 2009 we buried an upward-looking ground-penetrating radar system (upGPR) in
a wooden box at the Weissfluhjoch study site (2540 m a.s.l.) above Davos, Switzerland
(Fig. 4.1). The top of the box was levelled with the soil surface. We used a commercially
available GPR unit (RIS One GPR instrument, IDS, Pisa, Italy) with shielded 900 MHz
antennas. The setup, operational procedure and processing sequence were comparable
to the one presented by Heilig et al. (2010). The antennas were mounted on a hydraulic
hoist system. The hoist was connected to a pump with an electric motor to allow vertical
movement of the antennas. Utilizing remote-desktop software in combination with a
permanent Internet connection and power supply, the radar system and the hydraulic lift
were remotely controlled. One measurement set consisted of three single measurements.
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The highest uplift position of the antennas was about 1 cm below the top cover of the box,
which is 1.5 cm thick.
In addition to the radar measurements, various instruments at the study site provided
data on several other relevant parameters automatically. Those included θw measured with
a 45◦ sloped SnowPower ribbon cable (Stähli et al., 2004), a 5 m2 lysimeter for recording
water outflow at the bottom of the snowpack and three ultrasonic gauges recording snow
height at three different locations for the flat study site (Fig. 4.1). In addition, all required
input parameters to run the 1–D snow cover model SNOWPACK (Bartelt and Lehning,
2002; Lehning et al., 2002a,b) are measured at the study site. Snow pit observations within
a few meters (2-8 m ) from the radar site were collected according to (Fierz et al., 2009).
In spring, θw was measured using a plate-type capacity probe (Denoth et al., 1984) with
a vertical resolution of 5 cm. Snow density was determined layer-by-layer using a small
(100 cm3 ) cylinder and weighing it with an electronic scale. At least two measurements
per layer were averaged.

Figure 4.1: Overview of the study site at Weissfluhjoch, 2540 m a.s.l., Davos, Switzerland. Black
labels denote the position of the ultrasonic gauges, the upGPR system, the sloped ribbon cable and
the lysimeter. The solid black lines show area where snow profiles were taken. Contour lines are
in 1 m elevation increments.

4.2.2

Data processing

We applied a normalization function and the pre-processing filters as well as dewow and
bandpass filters to the raw signal in a comparable way as published in Heilig et al. (2010).
Differences in the processing steps resulted from the fact that the radar antennas were
installed beneath the level of the soil surface and not in a snow cave above the soil. The
surrounding coarse-grained and inhomogeneous soil influenced the signal and disturbing
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side reflections had to be removed. Therefore, we applied the linear gain not below a
two-way travel time (TWT) of 4 ns and had to perform the background removal up to the
position where the side reflections of the soil faded out (TWT 10 ns). The subsequent
processing steps were again similar as described in Heilig et al. (2010). Utilizing a static
correction removed the air gap between antennas and the top-cover of the box. Finally, as
the reflection from the snow bottom was always recognizable in the data, it was possible
to correct the start time of each profile to this media transition.

Figure 4.2: Radargrams and p-wiggle for (a) 24-25 April 2010 and (b) 28 April 2010. White
arrows indicate the snow surface, and yellow arrows show wetting front position. If only the
yellow arrow is shown, the wetting coincides with the snow surface. If only the white arrow is
shown, no clear wetting front could be determined.

In addition to conventional radargrams, we display the signal information in
compressed pulses as so-called p-wiggles (Fig. 4.2). This p-visualization was again
performed in accordance with the approach discussed by Heilig et al. (2010). The only
difference to their approach is that instead of employing only the first positive half cycle,
we utilized the first positive half cycle and the subsequent, first negative half cycle and
averaged both results for the display of the pulse compression. From these p-visualized
wiggles we used the signal peaks of the first break to determine the TWT of specific
reflections in the radargrams.
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4.2.3

Dielectric permittivity

The relative effective dielectric bulk permittivity r above certain TWT-positions was calculated from the radar data according to e.g. Daniels (2004) with

eff =

c
wv

2
(4.1)

where wv = z/t is the wave speed in the penetrated medium (snow), c is the speed of
light in vacuum, z is the height of specific layers or the whole snowpack and t is the travel
time. To determine the total snow depth z we used the mean value of the two nearest
ultrasonic snow depth gauges. For 24-25 April 2010, we assumed that below a TWT of
10 ns no changes occurred. The radar records support this assumption for these two days
as below this TWT no modification in the radar records can be recognized (Fig. 4.2). For
28 April 2010, the height of the whole snowpack was used, as the percolation of water
down to the bottom of the snowpack no longer can be excluded. We assume that also for
wet snow Eq. 4.1 is applicable, as wet snow can still be considered a low-loss medium. In
other words, the electrical conductivity values of wet snow are smaller than the product of
circular frequency and permittivity. This assumption is justified by the fact that the values
of θw were always far below 10% by volume for the snowpack conditions analysed in this
study and thereby the electrical conductivity of the whole snowpack is not influenced in
a way that one has to consider it as an intermediate or high-loss medium.
Calculating the volumetric water content θw,v is based on determining the relative effective bulk permittivity of a porous medium, in our case wet snow. The relative effective
bulk permittivity r of a mixed non-magnetic media (µr = 1) can be estimated either with
an empirical relation (e.g. Topp et al., 1980) or a three phase mixing model (e.g. Roth
et al., 1990; Perla, 1991):
1

eff = [θw,v βw + (1 − φ)βi + (φ − θw,v )βa ] β

(4.2)

where θw,v is the volume fraction of water, i,a,w are the dielectric properties for the
three constituents, here ice (i), air (a) and water (w), β is a factor considering the different layering of the investigated porous medium, and φ is the porosity of snow defined as

φ=1−

ρs
ρw


,

(4.3)

with ρs and ρi the density of snow and ice, respectively. Inserting the value for the eff obtained from the radar signals and the snow height values of the ultrasonic gauges, utilizing
Eq. 4.1 in Eq. 4.2 and solving for θw,v yields
θw,v =

βeff − (1 − φ)βi − φβa
βw βa
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Given that w is frequency and temperature dependent, we assumed that w = 87.9, i =
3.18 and a = 1. Roth et al. (1990) applied for β a value of -1 for a medium oriented
vertically, 1 for a horizontal stratigraphy and 0.5 for a randomly oriented material. Many
authors (e.g. Roth et al., 1990; Lundberg, 1996) found good agreement between calculated
and measured eff using the three phase mixing model and β = 0.5 for different porous
media. However, Wilhelms (2005) obtained also good results while using β = 1/3 for
wetted firn. In our study, we assumed β = 0.5 as, at the micro scale, wet snow can be
considered as a random medium with no clear orientation.
Various formulations describing the three phase mixing models were presented in the
past (e.g. Denoth and Wilhelmy, 1989; Denoth, 1994; Sihvola and Tiuri, 1986; Lundberg
and Thunehed, 2000). Denoth and Wilhelmy (1989); Denoth (1994) and Sihvola and Tiuri
(1986) divided the influence of snow density ρs and volume fraction of water θw,v on eff
of wet-snow according to
eff = 1 + c3 ρs + c4 ρ2s + c5 θw + c6 θw2

(4.5)

Based on Eq. 4.2 and 4.5 Lundberg and Thunehed (2000) determined the constants as
c3 = 1.7 × 10−3 , c4 = 7.224 × 10−7 , c5 = 15.06 and c6 = 56.7, calculated the average
permittivity of wet snow and compared their results to measured one-way travel times of
radar measurements obtained under laboratory conditions. When they changed c5 to 23.7,
they obtained a better fit for, but the resulting value of w = 96.6 indicates that using this
value the permittivity of water is overestimated.
Sihvola and Kong (1988) compared measurements to an empirical model using theoretically calculated relative dielectric permittivity values for wet snow and obtained the
eff with
eff = 1 + 1.7ρs + 0.7ρ2s + (0.1θw ρw + 0.8(θw ρw )2 )w
(4.6)
with the density of dry snow ρs,d = ρs -θw /ρw . We used Eqs. 4.2-4.6 and calculated different
values of θw assuming different theoretical values for r and an average snow density of
ρs = 340 kgm−3 . The results are shown in Figure 4.3. The theoretical relations for the
formulations of Denoth and Wilhelmy (1989) and Roth et al. (1990) with β = 0.5 are
almost identical. The values obtained with Eq. 4.6 follow a curve with a gentler slope than
those obtained with Eq. 4.2 and Eq. 4.5. Using the relation by Lundberg and Thunehed
(2000), eff = 1 corresponds to a θw of 0%, which is an inappropriate assumption as eff
= 1 is the permittivity of air. The value of eff ∼
=1.5 obtained with Eqs. 4.4, 4.5 and 4.6
agrees better with the permittivity of snow determined with a density of ρs = 340 kgm−3
and is in the range of seasonal dry-snow permittivity (Heilig et al., 2009). Therefore, we
used Eqs. 4.4, 4.5 and 4.6 for calculating θw using the value of eff obtained from the radar
signal.
The reliability of eff determined with the radar signal analysis depends on the accu-
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Figure 4.3: Calculation of liquid water content (θw,v ) for different theoretical values of relative
permittivity eff and density of snowρs = 340 kgm−3 for the formulations introduced by Roth et al.
(1990), Denoth and Wilhelmy (1989); Denoth (1994), Lundberg and Thunehed (2000) and Sihvola
and Kong (1988).

racy and variability of the snow height measured with the ultrasonic gauges. Egli et al.
(2009) estimated the variation of snow height measurements at the Weissfluhjoch study
site to be in the range of 5% of the snow height. Figure 4.4 shows the snow height obtained
from the three ultrasonic gauges, the radar and the snow profiles. We excluded gauge 1
for further analysis, because (i) it measured almost all the time values above the mean of
the three sensors, (ii) the sensor signal was very rough and contained many outliers, and
(iii) the sensor was the farthest away from the radar location (Fig. 4.1).
As long as the snow was dry, the snow height calculated from the radar data showed
good agreement with the mean value measured with the ultrasonic gauges (Fig. 4.4a).
The coefficient of variation (COV) for the three ultrasonic gauges was on average below
5%. After including the snow height obtained from the radar into the calculation of the
COV, the variation was still most of the time at about 5%, but increased as soon as parts
of the snowpack became wet. Under wet snow conditions, a constant mean wave speed
can no longer be assumed and thus a simple conversion of TWT to snow depth is not
applicable. To obtain a more reliable wave speed and thus calculate eff we used the mean
of gauge 2 and 3 with a range given by the values of gauge 2 and 3.
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4.2.4

Modelling of wetting front

We compared the wetting front observed with the radar with two different modelling
approaches using the snow cover model SNOWPACK. In addition, we used an analytical
solution presented by Colbeck (1972) to obtain flux velocities at different heights of the
snowpack.
The two different modelling approaches describe water flux within SNOWPACK using different water transport schemes. The mode I scheme uses a tipping-bucket threshold
to transfer water from one snow element above to the next element below. The threshold
is fixed to water input, θw,v and snow density of one element. The second approach (mode
II) uses the percolation theory of water in porous media proposed by van Genuchten
(1980) and Mualem (1976). For both approaches, we assumed that whenever an element
had a θw,v > 3%, water was draining downwards. The value of 3% was chosen as it is at
the lower end of the values where the transition from the pendular to the funicular water regime is assumed to occur (Denoth, 1980). Above 3% water starts to be present in
continuous patches, capillary forces will be reduced and gravity will determine the water
flux. Both approaches are described in more detail by Hirashima et al. (2010) and Mitterer
et al. (2011a).

Figure 4.4: Snow depth comparison of the ultrasonic gauges, the upGPR and depths in the snow
profiles. (a) Blue, red and light blue lines show snow depth measured with gauges 1, 2 and 3,
respectively. Black open diamonds indicate snow depth derived from radar measurements with a
mean wave speed (wv = 0.23 m ns−1 ); black line shows the average of the three ultrasonic gauges,
grey squares show snow depth measured in the performed snow pits; (b) coefficient of variation of
the three ultrasonic gauges (solid grey line) and of the three ultrasonic gauges including the radar
values (dashed black line).
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The calculation of water flux is based on the analytical solution for water percolation
in firn presented by Colbeck (1972). We determined the velocity of water flux at any
time step for each depth depending on snow density. The unknown input variables for
solving the formulation are the input flux, the speed of propagation of the wetting front,
and snow density. The input flux and speed of propagation were taken from the melting
data modelled with SNOWPACK (see below) and the lysimeter data. The corresponding
snow density was adopted from the snow pit measurements. The water flux at the surface
Ms was calculated from the energy balance:
Ms =

d
1 dH
(
− (ρSS ci T SS))
Lli dt
dt

(4.7)

where dH/dt is the energy exchange at the snow surface, Lli the latent heat of fusion
of ice (3.34 × 105 Jkg −1 ), ci the specific heat capacity of ice (2.1 × 103 Jkg −1 K −1 );
ρSS represents the density of the surface layer and T SS is the snow surface temperature.
For determination of the energy exchange, radiative fluxes were measured, whereas the
turbulent fluxes were simulated with the bulk method (e.g. Arck and Scherer, 2002).

4.3

Results

We will shortly describe the snowpack evolution from the last week of March 2010 until
the end of April 2010 and then report the results on the observed and modelled wetting
front advance and the liquid water content.
The snowpack at the study site remained dry until the last week of March. The first
wetting of the surface occurred around 21-23 March 2010. The snow pit profile obtained
on 24 March 2010 revealed a wetted crust with a thickness of 5 cm. The profile was
characterised by faceted crystals interrupted by several crusts. Until 16 April 2010 two
snowfall events with rather cold temperatures altered with warmer periods, during which
the surface was always wetted, but no penetration of percolating water to subsurface layers was observed or measured. Two dominant crusts developed and were consecutively
covered with 10-20 cm of new snow. From mid April enhanced warming and solar radiation produced melt water. The profile taken on 22 April already revealed melt water
percolation and several layers of refrozen water at capillary barriers down to a height of
138 cm (i.e. to a depth of 50 cm), though the θw measurements indicated that no liquid
water was present (Fig. 4.5) which was mainly due to the observation time (11:00 h). The
breaking through of melt water occurred between 24 April and 26 April 2010, as the
lysimeter indicated first considerable outflow volumes for this period.
Figure 4.2 displays the radargrams and p-wiggles (red line) of the reflected wave signal for the measurements performed on 24-25April and 28 April. White arrow smark the
snow surface; yellow arrows indicate the wetting front. During the morning measure61
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Figure 4.5: Hand hardness, melt-freeze crust distribution and volumetric liquid water content
(θw,v ) measured with an in-situ capacity plate for (a) 22 April 2010 and (b) 28 April 2010; (c) and
(d) show the simulated hand hardness, melt-freeze crusts and θw,v using SNOWPACK in mode II.

ments, the wetting was close to the snow surface (16 ns). At the last observation, the
wetting front had moved downwards to a TWT = 11 ns (corresponding to about 138 cm).
In the snow pit performed two days before, a 5 cm thick crust was observed at 138 cm,
which used to be the former surface at the first shallow wetting (21-23 March). Strong
primary reflections and related multiples corresponding to that snow height, suggest that
liquid water content was high above the crust. In-situ measurements, which were performed four days later, confirmed the ponding of water above the crust (Fig. 4.5b). On the
following day, the wetting front was still at the same position, but beginning from 12:30 h
a second wetting front started from the snow surface and reached the crust at 138 cm at
14:40 h (TWT = 11 ns). Again, the last radar measurement on that day indicated high
liquid water content above the crust,with the same pattern of multiple reflections. The
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radargrams of 28 April (Fig. 4.2b) showed no clear wetting front advance; the snow surface was still visible, but harder to detect in the signal than for the previous days. Still,
strong reflections were observed at 138 cm, but the multiple reflections were less pronounced. At 14:30 h the signal at about 5-6 ns showed a stronger peak in the p-wiggle
than before, therefore, we assume that water drained from now on down to an old crust,
which had developed in early winter. Full wetting of the snowpack probably occurred in
the next days.
Fig. 4.6a compares the modelled wetting fronts to the ones observed with the radar;
Fig. 4.6b shows the calculated melt water flux at the snow surface and the outflow recorded
and modelled (mode II) at the bottom of the snowpack. Lysimeter outflow indicated that
the wetting front arrived at the bottom of the snowpack in the afternoon of 24 April 2010;
peak discharge was observed on 25 April and then again on 29 April. Wet-snow avalanche
activity peaked on 25 April with several mixed and wet-snow avalanches reported in the
surroundings of the Weissfluhjoch. No profiles were performed at fracture lines. Observations, however, suggest that the avalanches fractured slightly above the ground or at the
snow-soil interface. The results of the modelled wetting advance are comparable to those
presented by Mitterer et al. (2011a) and showed again a large difference between the two
modes in arrival time at the bottom of the snowpack. The mode II water transport scheme
predicted the arrival time of percolating water four days after the first considerable amount
of water was recorded by the lysimeter and while the peak of wet-snow avalanche activity
happened. The modelled outflow (Fig. 4.6b) is also in delay by four days and somewhat
underestimates the fluxes with the exceptions of peak flux values at noon. Comparing the
radar recorded wetting to the modelled one in mode II reveals that the modelled advance
is slightly too fast at the beginning, which is probably due to the parametrisation on which
mode II is based (Yamaguchi et al., 2010). Ponding on the crust at 138 cm was captured,
but ponding time was somewhat underestimated (Figs. 4.5 and 4.6b). Secondary wetting
fronts were not modelled with either simulation approach. In mode I, the wetting front
penetrated the whole snowpack not before mid May.
Only the data of 24 April 2010 were suited for the analytical solution by Colbeck
(1972) (Fig. 4.6b). On the following days the peaks of the input flux at the surface were
too low compared to the outflow measured with the lysimeter. Also the time delay between the two peaks was very short suggesting that the flow was either very fast or horizontally diverted water was routed into the lysimeter (Fig. 4.6b). However, on 24 April
the area below the two curves was different as well. In other words, the lysimeter did not
record the same amount of water, which was produced at the surface. The calculated mean
flux velocity for 24 April was vl = 1.78±0.08×10-3 cm s−1 according to the formulations
of Colbeck (1972). Assuming a constant mean velocity, the water should arrive after 29
h at the bottom of the snowpack. Compared to Fig. 4.6b, this value appears to be very
high as the peak influx at the surface arrived at the bottom of the snowpack only 7 h later.
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Figure 4.6: (a) Modelled and measured wetting fronts for the study site Weissfluhjoch (2540 m
a.s.l); (b) melt water flux at the snow surface (red) modelled with SNOWPACK and meltwater
flux at the bottom of the snowpack (blue) recorded with a 5 m2 lysimeter and modelled with
SNOWPACK in mode II (light blue).

The discrepancy is due to the fact that for the calculation only data for one day were used.
We neglected the influx, modelled for the previous days and thus, underestimated the real
influx. Using the formulation of Colbeck (1972), however, revealed that the water flux
decreased towards the position within the snowpack where the melt-freeze crust caused
the ponding. This is in good agreementwith the results derived fromthe radar signals and
manual snow pit observations.
Table 4.1 shows r derived from the radar and the corresponding values of θw using
either Eqs. 4.4 and 4.5, or 4.6 for the days of 24-25 April and 28 April. The values
represent the average θw,v for the wet parts on 24-25 April and the entire snowpack for
28 April. These values can be compared to the measurements we made with the capacity
plate on 22 April and 28 April. The capacity plate measurements yielded values of θw,v
= 0.9% on 22 April and θw,v = 1.6% on 28 April, just considering the wet parts of the
snowpack (Fig. 4.5). If for 28 April we consider the entire snowpack, the value drops
to 0.9%, whereas the value derived from the radar measurements was at least about 3%.
When converted to mass of liquid water, 14 kgm−2 was obtained with the capacity probe,
whereas an average of 29-54 resulted from the radar data (Fig. 4.7). The large variation is
due to the different formulations for eff . In particular, utilizing the formulation of Sihvola
and Kong (1988) leads to the large values (Fig. 4.3). The SnowPower measurements
yielded very high values for the volumetric fraction of water and clearly overestimated
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Table 4.1: Relative effective bulk permittivity eff calculated from the radar signals and corresponding volumetric liquid water content θw,v using either the formulation of Roth et al. (1990)
(θR ), Denoth and Wilhelmy (1989); Denoth (1994) (θD ), and Sihvola and Kong (1988) (θS ). Also
shown are the mean (θmean ) of the three θw,v values including the standard deviation, and the SnowPower ribbon cable (Stähli et al., 2004) (θSP ). On 24-25 April 2010 θw,v is calculated for the top
50 cm of the snowpack (to a snow depth of 138 cm corresponding to a TWT = 10 ns); for 28 April
the data represent an average over the complete snow depth. Only θSP is always calculated for the
entire snowpack.

Date

Time

eff

θR

θD

θS

θmean

θSP

24 Apr

10:00

1.77 ± 0

0.50

0.38

0.72

0.54 ± 0.17

4.7

11:00

1.77 ± 0

0.69

0.60

1.25

0.85 ± 0.35

4.8

12:00

1.84 ± 0

0.76

0.68

1.44

0.96 ± 0.41

4.8

17:30

2.15 ± 0.06

1.63

1.71

3.45

2.26 ± 1.03

4.9

07:00

1.97 ± 0.03

1.17

1.16

2.43

1.60 ± 0.73

5.3

12:30

1.99 ± 0

1.40

1.43

2.95

1.93 ± 0.90

5.0

13:45

2.13 ± 0.03

1.74

1.83

3.67

2.41 ± 1.09

4.9

14:40

2.09 ± 0.03

1.73

1.82

3.66

2.40 ± 1.09

5.1

15:40

2.29 ± 0.03

2.55

2.80

5.23

3.53 ± 1.48

5.2

07:00

2.15 ± 0

2.12

1.55

4.90

2.86 ± 1.80

5.0

09:30

2.16 ± 0

2.16

1.55

4.98

2.91 ± 1.80

5.4

10:00

2.19 ± 0

2.27

1.60

5.18

3.06 ± 1.80

5.0

10:50

2.17 ± 0.01

2.21

1.74

5.18

2.98 ± 1.80

5.0

13:50

2.24 ± 0.03

2.49

2.00

5.56

3.35 ± 1.90

5.5

14:30

2.31 ± 0.04

2.75

2.32

6.01

3.69 ± 2.0

5.4

14:50

2.31 ± 0.06

2.74

2.31

5.99

3.68 ± 2.0

5.2

15:45

2.39 ± 0.05

3.06

2.70

6.52

4.10 ± 2.10

5.3

18:00

2.18 ± 0.05

2.25

1.71

5.14

2.11 ± 1.80

5.3

25 Apr

28 Apr
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the real water content. As the sensor cable is sloped from a mast through the complete
snow cover, it is likely that melt water drains along the cable into the snowpack and
influences the measurements (Stähli et al., 2004).
In addition, the mass of water above the antennas was simulated with the snow cover
model SNOWPACK (Fig. 4.7). Results were in good agreement with the values of the
radar data analysis suggesting that the capacity probe rather underestimates the mass of
liquid water.

Figure 4.7: Amount of liquid water above the radar antennas (meanθw,m for complete snowpack)
derived from the radar signals (black square), calculated with the snow cover model SNOWPACK
(red open dot), and measured with the SnowPower (blue open dot) ribbon cable for three days
in April 2010. Black square shows the mean when using formulations of Eqs. 4.2, 4.5 and 4.6.
Whisker shows the minimum and maximum obtained with the different formulations.
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The upGPR system was capable of detecting layer boundaries with changing liquid water content, tracking the advance of a wetting front and determining the amount of water
for the entire snowpack and parts of it. However, differences in θw,v in a high vertical
resolution (∼2 cm) which are due to subtle changes in stratigraphy, can only be recorded
utilizing the dielectric capacity plate (Fig. 4.5a,b). The radar, however, can detect layers
with different liquid water contents when the water gradient among the layers is adequately pronounced and horizontally continuous; furthermore, the radar signal must not
be obscured by other sources of signal scattering. Otherwise important information about
a potential wet weak layer might be missed. While horizontal features like the ponding
of liquid water above an impermeable layer can be clearly recorded by the radar signals
(Fig. 4.2), capturing the size and horizontal distribution of vertical flow patterns (flow
fingers) is very likely not possible with stationary upGPRs. Nevertheless, flow fingers
can route significant amounts of water into deeper laying parts of the snowpack or to the
ground (Waldner et al., 2004). The arrival of considerable amounts of water was recorded
by the lysimeter two to three days before the radar indicated a percolation of water through
the whole snowpack above the antennas. The delay might be due to various reasons: (i)
variable flow patterns above the two devices - water flow may well be spatially variable
(Machado, 2000; Techel and Pielmeier, 2011); (ii) the water transport for these days was
mainly dominated by preferential flow paths; and (iii) the upGPR did not capture the
percolation above the antennas. The last explanation appears to be rather unlikely as the
amounts of water measured by the lysimeter lead to the assumption that percolation above
the antennas would alter the signal response from the snowpack remarkably.
This study shows that the radar system is capable of monitoring layers with a temporarily high θw , e.g. above a melt-freeze crust. In our case, the occurrence of strong multiple reflections hints towards an increase of liquid water content above a crust. Further
analyses are required to relate multiple reflections to the amount of θw . Signal attenuation,
changes in propagation velocity of the radar signal and the appearance and disappearance
of strong multiples are information, which may help to calculate θw,v for single layers or
vertical traces. The propagating radar signal follows a frequency-dependent absorption
and its relation to bulk θw,v was already reported in other GPR studies (Bradford et al.,
2009). This signature might be useful for detecting wet weak layers automatically. More
data have to be collected to be able to analyse these features. Changes within the signal
will be very small and therefore an increase in resolution (space and time) will be needed
for the approach suggested above.
The advances of the wetting front recorded with the upGPR are in good agreement
with the modelled flow with SNOWPACK in mode II. This suggests that the radar captures mostly matrix flow behaviour as the mode II water transport scheme is based on
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matrix flow theory only and does not include preferential flow. It is astonishing that only
matrix flow can produce such a fast downward routing and we believe that the true percolation behaviour is somewhere between the two modes. The discrepancy between the
lysimeter data and the modelled and recorded fluxes and advances, respectively, might
hint to periods with enhanced preferential flow activity. Water draining into the lysimeter recorded before the time expected based on the radar signals or the model originates
either from flow fingers or horizontally diverted water. The existence of preferential flow
and the fraction of water moving in flow fingers is, however, very difficult to estimate.
The amount of water recorded with the lysimeter exceeds the amounts transported in flow
fingers reported in previous studies. Albert et al. (1999) concluded that typically 3-4 flow
fingers m−2 might transport 0.4 mmh−1 and finger. Compared to our lysimeter recordings
these estimates are exceeded by a factor of 3. Of course, different stratigraphy with many
very porous snow layers might lead to higher fluxes, but also the discrepancy between the
available water as modelled and the amount recorded with the lysimeter shows that horizontally distorted water must have dripped into the lysimeter. Subdividing the lysimeter
might help to detect those irregular flow patterns.
The amount of water calculated with SNOWPACK in mode II agreed well with the
amount estimated from the upGPR signal showing that SNOWPACK simulated the total amount of water about right, but cannot for obvious reasons reproduce the complex
patterns of water flow in snow.
A device such as the impedance sensor SnowPower is able to describe the general
trend when the liquid water content is increasing, but overestimates the total values, which
is mainly due to the setup of the sensor. The sensor itself is sloped through the whole
snowpack. Melting snow or rain will run along the cable sensor and will influence the
measurement around the cable. Wind affects the position of the cable and produces potholes which again ease the infiltration of water but also disturb the coupling of the sensor
with the surrounding snow matrix.
The discrepancy between the radar and the capacity device used in the snow
profiles may be explained by the fact that the measurements with the capacity probe are
performed at an open pit wall. It is very likely that water will drain as soon as the pit is
excavated. The drainage can occur quite fast (Techel and Pielmeier, 2011) and values
measured with the plate sensor may thus be too low. In addition, the water flux is likely
to be highly variable at the scale of the snow pit (Techel and Pielmeier, 2011). Point
measurements with the capacity probe might also be related to issues such as support
volume and sampling design. The radar as a non-destructive measurement device has
clear advantages in this respect.
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We used an upward-looking ground-penetrating radar system (upGPR) to observe and
quantify wet-snow properties. The chosen frequency of 900 MHz allowed for penetration
of the complete snowpack of 1-2 m height, even though some layers had volumetric
liquid water contents of 6-8%. With two additional ultrasonic snow depth sensors we
determined the effective permittivity eff and calculated the liquid water content θw above
the radar antennas using different mixing formulas. The radar was capable of tracking the
advance of wetting fronts. Differences in arrival time of the wetting front at the bottom of
the snowpack between radar, lysimeter and simulation with SNOWPACK suggest that no
conclusions can be made on the type of water flow. It is not clear how much flow fingers
or capillary barriers affect the advance of percolating water especially in the early stage of
complete wetting. Nevertheless, we have shown that the radar system can monitor layers
with high θeff , e.g. above a melt-freeze crust. In our case increasing multiple reflections
hint towards an increase of θw above a crust. Further analyses with special regard on the
frequency content, absorption and propagation velocity within those multiple reflections
are needed to interpret such signal features caused by layers of high θeff . This signature
might be useful for detecting wet weak layers automatically. Comparison to modelled
melt water amounts using the 1–D snow cover model SNOWPACK revealed that the
amount of liquid water was similar suggesting that the melt water input calculated by
SNOWPACK is about right, but the water flux is not implemented correctly. A 1–D model
such as SNOWPACK might be too limited to adequately represent water flux behaviour
in snow. In the future, radar measurements will be performed on a regular basis, which
is essential for applying the system, for example, to continuously monitor the snowpack
evolution in an avalanche start zone. Challenges for continuous recording in a remote
area include energy issues. From an operational point of view, the system needs to be
further developed in terms of automatic signal processing and data interpretation.
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stratigraphy

Abstract: Wet-snow avalanches are difficult to forecast, as the change from stable to
unstable snow conditions occurs rapidly in a wet snowpack, often in response to water
production and movement. Snow stratigraphy plays a vital role in determining flux behaviour. Capillary barriers or melt-freeze crusts can impede and divert water horizontally
over large areas and thus may act as a failure layer for wet-snow avalanches. We present
a comparison of measured and modelled liquid water content, θw , and snow stratigraphy
during periods of wet-snow instabilities. Special attention is given to the reproducibility of capillary barriers, ponding of water on melt-freeze crusts and the timing of first
wetting and of water arrival at the bottom of the snowpack, because these factors are believed to play a major role in the formation of wet-snow avalanches. In situ measurements
were performed in the vicinity of automatic weather stations or close to recent wet-snow
avalanches in order to compare them with model results. The simulations are based on
two different water flux models incorporated within the 1–D snow-cover model SNOWPACK. The comparison of the two model runs with observed θw and stratigraphy revealed
that both water-transport models reproduced the ponding of water on melt-freeze crusts.
However, in both models melt-freeze crusts were transformed to normal melt forms earlier
than observed in nature, so still existing ponding was not captured by the models. Only
one of the models was able to reproduce capillary barriers in agreement with observations.
The time of the first wetting at the surface was well predicted, but the simulated arrival
time of the wetting front at the bottom of the snowpack differed between the simulations;
it was either too early or too late compared with the observation.
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The formation of wet-snow avalanches is poorly understood, as are the snowpack processes leading to wet-snow instability. The triggering conditions depend on the complex interaction of water percolation, topography and snowpack properties, making the
forecast of wet-snow avalanches notoriously difficult (Schneebeli, 2004). The poor predictability follows from the assumption that the critical state of instability is only achieved
under very special conditions so that timing and small differences in forcing become crucial; in other words, the sensitivity to small perturbations (triggers) is highly nonlinear.
Although wet-snow avalanches represent a significant hazard, few studies compared to
the formation of dry-snow avalanches have focused on wet-snow avalanches (Schweizer
and Jamieson, 2003).
Wet-snow avalanches often threaten communication lines, and as they cannot easily
be triggered by explosives it is essential to forecast times of high release probability relatively accurately so that closures will not be unnecessarily long. Air temperature is the
most common proxy for predicting wet-snow instability (McClung and Schaerer, 2006).
However, there are many examples showing that air temperature is not always a good
predictor (e.g. Kattelmann, 1985; Trautman, 2008) and produces too many false alarms
(Mitterer et al., 2009). Statistical models which use more sophisticated derivatives (e.g.
the integration of air temperature over a certain period) show an improved applicability
of this proxy (Baggi and Schweizer, 2009), but most statistical models are only suitable
for the climatic region for which they were developed (Romig et al., 2005; Baggi and
Schweizer, 2009). In addition, the most important component, the snowpack, is often
neglected or represented by data which are sparsely distributed in time and space. Waldner et al. (2004) clearly showed that snow stratigraphy plays a major role in determining the flux behaviour of water through snow. Water flow through the snowpack occurs
mostly under unsaturated conditions (Jordan et al., 2008). Following the terminology
used in soil physics (e.g. Hillel, 2004), water percolation can be classified into two flow
regimes: stable flow with a uniform wetting front and unstable flow with preferential flow
paths. While, under stable flow conditions, the wetting front advance can mostly be approximated by balancing the interior flow rate with the surface influx (Jordan, 1991), the
preferential flow pattern will conduct water much faster downwards, so a simple approximation using the surface influx will underestimate the amount and arrival time of water
at a certain depth. Therefore, the application of models based on the Buckingham-Darcy
equation is questionable (Waldner et al., 2004). The flow can be impeded and diverted
by hydraulic barriers (melt-freeze crusts) and/or capillary barriers. Investigations on capillary barriers under field (Peitzsch, 2008) and laboratory conditions (Wankiewicz, 1979)
revealed that fine over coarse layering tends to cause ponding. On inclined terrain, impeding layers can divert water laterally and direct it to the bottom of the hill before it
75

5.2 Data

penetrates deeper into the snowpack. For deep snowpacks, this can accelerate the arrival
time by hours or even days (Jordan et al., 2008).
Field oservations (Brun and Rey, 1987; Bhutiyani, 1996; Fierz and Föhn, 1995) indicate that snow strength decreases with increasing liquid water content θw . However, at
low water content (< 3% by volume) strength is similar to or even larger than dry-snow
strength at 0 ◦ C. Only if the water content reaches 7% by volume does strength start
to considerably decrease. Hence, the transition from the so-called pendular (θw,v < 0.03)
to the funicular regime (θw,v > 0.07) (Denoth, 1980) seems to play a major role for the
mechanical properties of wet snow. Forecasting of wet-snow avalanches based only on
meteorological parameters has proven unsuccessful. Therefore, it seems obvious that
snow stratigraphy and water flow through the snowpack need to be considered explicitly, for example by using snow-cover models such as SNOWPACK (Bartelt and Lehning,
2002; Lehning et al., 2002a,b). The aim of the present work is therefore to test whether
the numerical one-dimensional (1–D) snow-cover model SNOWPACK might be suited
to describe the features and processes relevant for wet-snow instability. These include
the arrival time of meltwater at the bottom of the snowpack, the ponding on melt-freeze
crusts, refreezing of meltwater and the formation of capillary barriers. All these factors
are believed to play a major role in the formation of wet-snow avalanches (Baggi and
Schweizer, 2009). We compare the results obtained with two different water-transport
models incorporated in SNOWPACK with measured θw,v and observed snow stratigraphy.

5.2

Data

The input data for all simulations were recorded at three automatic weather stations located above Davos, Switzerland: Weissfluhjoch (WFJ, 2540 m a.s.l. ), Dorfberg (DFB,
2140 m a.s.l. ) and Flüelahospiz (FLU, 2390 m a.s.l. ). All three stations are situated in a
flat or gently sloped, open field. DFB station was established next to a well-known wetsnow avalanche path slightly above tree line (Fig. 5.1). The other two stations represent
elevations well above tree line.
Recorded meteorological parameters differed slightly between the stations (Table 5.1), but always included air temperature (TA), relative humidity (RH), wind direction (DW), wind velocity (VW), reflected shortwave radiation (RSWR), snow depth (HS),
three different snow temperatures (TS1-3), bottom temperature (TS0) and snow surface
temperature (TSS). Figure 5.1 shows the locations of the weather stations and the outlines of the recorded wet-snow avalanches during the period April-May 2009. Wet-snow
avalanche activity was calculated according to Schweizer et al. (2003b) for all wet-snow
avalanches recorded by local observers of the Swiss avalanche warning service for the
surroundings of Davos. The index consists of a weighted sum of observed wet-snow
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Table 5.1: Meteorological parameters for the three stations Weissfluhjoch (WFJ), Dorfberg (DFB)
and Flüela Hospiz (FLU) which were used as input for the SNOWPACK simulations.

Weather stations
Meteorological parameter

Weissfluhjoch

Dorfberg

Flüela Hospiz

×

—

Air temperature, not ventilated (◦ C)

×
—

—

Incoming shortwave radiation (Wm−2 )

×

×

—

—

×

×

×

×

—

—

×

×

×

×

×

×

×

×

×

×

×

×

×

×

×

Air temperature, ventilated (◦ C)

Reflected shortwave radiation (Wm−2 )
Incoming longwave radiation (Wm−2 )
Wind direction (◦ )
Wind speed (ms−1 )
Snow surface temperature (◦ C)
Snow temperature (◦ C)
Snow height (m)

avalanches per day. We considered an avalanche as wet avalanche as soon as parts of the
snow that released were wet. It was not possible to distinguish between wet slab and wet
loose-snow avalanches.
A SNOWPACK simulation was performed for the complete winter season 2008/09
for all three stations using two different water-transport models (see below). We only
considered the months March-May for the analysis of the modelled θw since previously
the snowpack was still dry. The wetting front was determined from the depth of the liquid
water penetration. The model output was calculated every 3 hours.
At the well-equipped Weissfluhjoch study site, outflow data recorded by a 5 m2
lysimeter and biweekly manual snow profiles were available for comparison to simulation results. Continuous θw measurements were recorded with the SnowPower sensor, an
experimental flat ribbon cable setup (Stähli et al., 2004) which uses impedance analyses
to obtain the volumetric fractions of ice, air and water within the snowpack. The cable
was placed before the beginning of the winter in two different positions. One cable (10 m
long) was tightened in vertical position 10 cm above the ground; the other (5 m long)
slopes from a mast to the bottom of the snowpack and registers an average value of the
complete snowpack. Due to problems with running water on the sloped cable, only data
from the horizontal cable were used for the presented work. In addition, θw profiles were
performed using a plate-like capacitive sensor that measures the dielectric permittivity
(Denoth et al., 1984). The sensor has to be inserted into the pit wall. We took measurements every 5 cm. One value represents the mean of three consecutive measurements at
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the same height. Comparison of the capacitive sensor and the ribbon cable was made only
for 10 cm above ground.

Figure 5.1: Automatic weather stations and recorded wet-snow avalanches (outlines) in the surroundings of Davos, Switzerland. Gridlines are 5 km apart (Swiss coordinate system, CH1903).

At the Dorfberg site, again biweekly to weekly snow stratigraphy observations including detailed θw,v profiles were performed. No continuous recording of θw,v or outflow
was available for the Dorfberg site.
The Flüela Hospiz weather station is situated in a remote area, so only the automatically recorded meteorological parameters were available. A snow profile was performed
on 10 May 2009 at the crown of a wet-snow avalanche which had released on the day
before, ∼2 km southeast of the station. The profile includes θw measurements taken with
the capacitive sensor.

5.3

Methods

We performed simulations for the winter season 2008/09 using two different watertransport models incorporated into SNOWPACK for the three different stations. The first
water transport model (mode I) is the default model. It is based on the assumption that
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water transport in the vertical direction is only allowed if θw , exceeds a residual water
content, θr . Based on experimental observations (Kattelmann, 1986), a constant value of
θw,c = 0.08 is presently used in the model. Above this value, water will be routed directly
to the adjoining layer beneath at the rate θ̇f which is defined as (Bartelt and Lehning,
2002)
∂(θw,v − θr )
(5.1)
θ̇f =
∂t
where θw,v is the volumetric liquid water content, θr is the residual water content and t is
time.
The second water-transport model (mode II) has been newly incorporated into SNOWPACK by Hirashima et al. (2010). It considers capillary pressure and hydraulic conductivity and is based on the van Genuchten-Mualem model (Mualem, 1976; van Genuchten,
1980), a well-known water flux model used in soil physics. The model calculates the unsaturated hydraulic conductivity and is based on θw , suction and three parameters which
account for air entry pressure, pore-size distribution and tortuosity. Yamaguchi et al.
(2010) used gravity drainage column experiments with different-sized snow grains to obtain the water retention curve for different grain sizes. They showed a clear dependence
of the air entry pressure value and the pore-size distribution parameters on grain size, and
suggested using a tortuosity factor of 0.5. Based on their findings, Hirashima et al. (2010)
implemented a parametrization into SNOWPACK.
The arrival time of water at the bottom of the snowpack was calculated by assuming a front advance whenever θw,v exceeded 0.03 which corresponds approximately to
the transition from the pendular to the funicular regime (Denoth, 1980). The arrival
time at the bottom of the snowpack was compared with the outflow of the lysimeter at
the Weissfluhjoch site or to wet-snow avalanche activity in the surroundings. Comparison with avalanche activity was only done when avalanches were recorded as full-depth
avalanches.
We analysed the water content profiles obtained with the two water-transport models
in two ways. (1) To compare the distributions of θw,v , we used the non-parametric
Mann-Whitney U -test. A level of significance p = 0.05 was chosen to decide whether
the observed differences were statistically significant. The test was applied on the values
obtained at noon for each day since melting at the snow surface occurred. (2) Measured
θw,v profiles were compared to model results of both simulations for all three sites. Again
the non-parametric Mann-Whitney U -test was used to determine whether or not there
was a difference between the distributions.
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5.4
5.4.1

Results and Discussion
Wet-snow avalanche situation

We briefly present the weather and avalanche situation of spring 2009. Figure 5.2 shows
air temperature and snow depth at the Weissfluhjoch and Dorfberg test sites and the
wet-snow avalanche activity index for the region around Davos during March and April
2009. Especially in the first two weeks of April 2009 and in mid-May, many wet-snow
avalanches occurred. Most avalanches during the first cycle had start zones below 2200 m
a.s.l. , whereas the peak in mid-May included many avalanches with start zones reaching
3000 m a.s.l.. Warm and sunny conditions led to increased melt water production which
triggered these two avalanche cycles. Most avalanches released due to a collapse of the
basal layers caused by gradual weakening due to water infiltration. The snow-soil interface acted as a gliding bed (Mitterer et al., 2009). Observations in the Davos area showed
that the arrival time of the water at the interface seemed to be crucial and varied depending
on snow stratigraphy. A melt-freeze crust which had developed during a previous warm
period in March and was subsequently covered by snowfalls in late March, acted as an
impeding layer, but did not cause avalanches. Only later when water penetrated deeper
into the snowpack did many slopes avalanche. Most wet-snow avalanches in the Davos
area occurred around noon or in the early afternoon.

5.4.2

Advance of wetting front and liquid water content

The wetting front advance and thus the arrival of water at the bottom of the snowpack differed between the two water-transport models (Fig. 5.3a, b). For both sites, Weissfluhjoch
and Dorfberg, the water percolated more rapidly towards the bottom when using simulation mode II. Compared to continuous θw measurements at 10 cm above ground (Fig. 5.3d)
and outflow data recorded with the lysimeter (Fig. 5.3c), the mode II model estimated the
arrival of the water at the bottom 6 days too early (19 April 2009) for Weissfluhjoch. Two
peaks of high θw observed at 25 and 27 April indicate that during this period water arrived at the bottom of the snowpack. The lysimeter data underline this assumption, with
slightly more outflow during these days (>5 mm d−1 ). The records of outflow prior to this
period seem to be very sporadic and may have been caused by laterally diverted water,
since manual measurements of θw did show dry-snow conditions near the bottom of the
snowpack. Using the mode I model, the water arrived at the bottom only by mid-May.
Compared to the manual observations, this arrival time corresponded to the time when the
total snowpack was already fully wet.
The results were similar for the Dorfberg site. While the arrival of the water using the
model in mode II was in fair agreement with the onset of the highest avalanche activity
(Fig. 5.2a) and observed values, the mode I model showed a delay of 9 days. In the
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Figure 5.2: (a) Avalanche activity index for wet-snow avalanches during March and April 2009
in the surroundings of Davos. (b) Air temperature for Weissfluhjoch (grey) and Dorfberg (black).
(c) Snow depth for Weissfluhjoch (grey) and Dorfberg (black).

case of the Dorfberg site, most slopes were almost without continuous snow cover or the
snow depth was <30 cm when the entire snowpack was modelled as wet with the watertransport model in mode I. The stepped advance of the wetting is not caused by possible
ponding on melt-freeze crusts, but is rather due to the way water transport is implemented
in SNOWPACK, suppressing the routing of water for θr < 0.08 (8% by volume).
As only matrix flux behaviour is incorporated into the new water-transport model
(mode II), the fair agreement between model and observation is remarkable. Snow is
known to be a porous medium which favours the triggering of preferential flow patterns,
so that models based on stable unsaturated flow are considered as not really suited to
describe the water transport in snow (Waldner et al., 2004). For these two examples,
however, the results are promising in regard to wetting-front advance and thus also for
forecasting wet-snow avalanches that fail due to basal weakening.
The mode I water-transport model strongly underestimated the wetting-front advance.
Only when the snowpack became considerably wet did the water drain to the bottom. This
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is probably because with ongoing melt and water transport the snowpack tends to become
more homogeneous, i.e. snow stratigraphy will become more uniform than under drysnow conditions. In this case, even simple wetting-front theory does a reasonably good
job despite neglecting preferential flow effects (Davis and others, 2001). Since the first
wetting and weakening at the surface (Trautman, 2008; Techel and Pielmeier, 2009) and
possibly ponding at the snow-soil interface seem to play an important role in the formation
of wet-snow avalanches (Mitterer et al., 2009), the applicability of the default mode (mode
I) for predicting wet-snow avalanches is questionable.

5.4.3

Distribution of liquid water content and interaction with meltfreeze crusts

Comparing the distribution of θw,v over the entire snowpack, the difference between the
two water-transport models tended to be larger for the Weissfluhjoch than for the Dorfberg site (Fig. 5.4). The difference was statistically significant over the entire observation
period for Weissfluhjoch. This effect follows from the fact that the mode I model acts like

Figure 5.3: Wetting advance calculated with water-transport modes I and II, and snow depth
for (a) Weissfluhjoch and (b) Dorfberg. (c) Water discharge at Weissfluhjoch as recorded with a
lysimeter. (d) Continuous measurements of θw,v at Weissfluhjoch. Open squares indicate manual
measurements.
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Figure 5.4: Box plots of θw,v for the Weissfluhjoch site with (a) water-transport mode II and (b)
mode I, and for the Dorfberg site with (c) water-transport mode II and (d) mode I. Boxes show
interquartile range, whiskers extend to 1.5 times the interquartile range, and grey dots are outliers.
Asterisks indicate those days when θw,v distributions obtained with mode I and mode II model
runs were significantly different (U-test).

a tipping bucket and large parts of the lower snowpack remained dry, whereas the mode
II model already simulated liquid water. However, the discrepancy lasted until the end of
the observation period when both models simulated wet conditions. With both models the
θw,v levelled off to a value of 3-4% by volume as soon as the entire snowpack was wet.
This observation suggests that variations in grain-size difference that might cause different flow regimes were not large. Rather low variation in water content with frequently
extremely low values characterized the mode II simulations (Fig. 5.4a, c), whereas many
extremely high values were typical for mode I. For the Dorfberg site the results were
slightly different. With mode I there were more variations, whereas with mode II the θw
levelled off to a value of θw,v = 3%. On most days the liquid water distributions did not
differ significantly (U -test) between the two water-transport modes.
Figure 5.5 shows observed and modelled θw,v profiles from the beginning of the wet83
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Figure 5.5: Comparison of the two modelled θw,v profiles with measured data for four days at the
Weissfluhjoch test site: (a) 1 April 2009; (b) 14 April 2009; (c) 1 May 2009; and (d) 14 May 2009.
Grey boxes represent manually observed melt-freeze crusts.

ting at the snow surface until the snowpack was completely wet at the Weissfluhjoch
study site. The first wetting of the snow was well reproduced by SNOWPACK, suggesting that the energy exchange at the surface is well captured within the model (Fig. 5.5a).
On the first observation day (1 April 2009), the penetration of a considerable amount of
water modelled with mode I was in fair agreement with the observations. With mode II,
penetration depth was overestimated and values of water content were too large. On the
other three days, the model results did not agree well with the observations (Fig. 5.5b-d).
Ponding-detection results on hydraulic, less permeable layers such as melt-freeze crusts
were ambivalent. The mode II model reproduced ponding on a crust (on 1 May 2009 at
175 cm) or at the snow-soil interface (on 1 May 2009), but dominant crusts observed in
manual profiles (at 150, 100 or 50 cm; shaded area in Fig 5.5) were not reproduced with
either of the models. The main problem is that in both model runs, these crusts were not
simulated, though SNOWPACK can simulate refreezing of backed-up water. A possible
cause for missing a crust is that the energy for refreezing the water was not available,
since the modelled snow temperature was too high (i.e. close to 0 ◦ C). Another reason
may be that, for example, the crust at 100 cm (Fig. 5.4 c) originated from a capillary barrier caused by a layer of buried surface hoar. As SNOWPACK missed simulating the
formation of the surface hoar layer, the mode II model, which in principle can reproduce
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capillary barriers (Hirashima et al., 2010), could also not capture this feature. Furthermore, the model tended in both modes to transform melt-freeze crusts into melt forms too
early. Manual observations have shown that melt-freeze crusts can last for several weeks
despite wet conditions. The underestimation and/or lack of these hydraulic barriers is a
great disadvantage, because potential failure layers cannot be detected. In addition, meltfreeze crusts are suggested to be important for triggering preferential flow paths (Jordan
et al., 2008). It is essential to create a method that reproduces the build-up of internal ice
lenses or melt-freeze crusts to be able to capture ponding and in a further step the possible triggering of preferential flow. Preferential flow might be captured by introducing a
parametrization based on a statistical approach.

5.4.4

Grain size and detection of capillary barriers

Only for the Flüela Hospiz site a capillary barrier was observed in the field and successfully modelled with SNOWPACK. Measurements were collected on 10 May 2009 at the
crown of a wet-snow slab avalanche which had released spontaneously in the late afternoon of the previous day. A capillary barrier seemed to have acted as the failure layer.
Figure 5.6 compares measured and modelled θw and grain size. Using the mode II model,
the effect of capillary impedance was reproduced very well. The mode I model did not
capture this effect, as it is not implemented. The results show that it was possible to reproduce capillary barrier effects using the mode II model, which is encouraging and in
agreement with observations made in the field (Fig. 5.5). There are only a few cases (e.g.
Fierz and Föhn, 1995) in which a capillary barrier could be detected as a failure layer.
One reason might be that the currently available dielectric measurement devices are not
designed for this purpose. The spatial sample resolution integrates over a volume too large
to detect locally high amounts of liquid water which are expected above capillary barriers.
Small ice lamellae which develop when water ponded on capillary barriers refreezes show
that these wet layers tend to have a thickness of a few mm. In addition, measurements are
mostly destructive. Correct modelling might help to detect such mechanical features of
wet snow.

5.5

Conclusions

We performed simulations of θw using the 1–D numerical snow-cover model SNOWPACK. Within the numerical model we applied two different water-transport model
schemes and compared the results with observed data. We focused on the arrival of liquid water at the bottom of the snowpack, and possible ponding at hydraulic or capillary
barriers, since these factors should be directly related to wet-snow avalanche formation.
We used two different water-transport schemes implemented in SNOWPACK. There
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Figure 5.6: a) θw,v and (b) grain size for the Flüela Hospiz station on 10 May 2009. Mode II
represents results obtained with the new water- transport model; mode I represents the default
mode.

were significant differences between the two water-transport modes concerning the arrival
time and the distribution of θw in the snowpack (Figs. 5.2 and 5.3), mainly due to the
different approaches of implementing the water transport. Compared to local avalanche
activity at the Dorfberg site and measured data at the Weissfluhjoch site, the mode II
transport model estimated the arrival of water at the bottom a little too early or at about
the right time. Modelled values of θw were mostly in the range of the transition between
the pendular and the funicular regime. Both models reproduced ponding on crusts either
located at the snow surface or within the snowpack if they were previously formed at
the surface and subsequently buried. As refreezing of percolating water is not captured
well with either model, ponding on this type of crust could not be reproduced. We
suggest improving this process, as it also has a major impact on the possible triggering
of preferential flow. The mode II model proved to be able to reproduce the formation of
capillary barriers. As our database is limited, some of our results might be influenced by
the specific conditions we observed in the spring of 2009. However, many results such
as the difference in arrival time between the two water-transport modes are probably
generally valid. Nevertheless, more data for well-instrumented sites should be collected
to corroborate our results. Further research must also be done concerning preferential
flow patterns and the effect of θw for wet-snow instability.
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6 A 1–D hydro-mechanical model to estimate wet-snow instability

Abstract: Snow stratigraphy affects water movement and is thought to play a vital
role in determining wet stability. Infiltrating water changes wet-snow strength which
consequently has an influence on wet snow mechanics and the formation of wet-snow
avalanches. In order to explore the interplay between water movement and strength of
wet snow, we coupled a 1–D water infiltration model solving Richards’ equation with a
wet-snow shear strength formulation based on laboratory experiments. We assumed two
exemplary snow stratigraphies and applied 2 mmh−1 of rain for 8 h. One snow profile
included a melt-freeze crust, the second had a prominent weak layer. Simulation results
suggest that only special conditions will promote wet-snow instability. If a weak layer
is present and dry-snow stability is close to critical, instability is already produced with
a small increase in water content. In addition to their low strength, weak layers offer
perfect conditions for the formation of capillary barriers: grain sizes and differences in
grain size to adjacent layers are often large. Simulation runs produced always comparably high amounts of water at the transition to the weak layer due to this effect. Ponding
on melt-freeze crusts caused a critical situation only if the water content was very high
(i.e. ≥ 12%). Further, results suggest that at the snow-soil interface instability will occur
before the situation on the crust becomes critical. The model did not account for preferential flow. This important process will be implemented in a next step using different
statistical approaches (e.g. percolation theory). The presented approach is in line with
former observations, recordings and assumptions on the formation of wet-snow instability. Results might be used to deduce general valid rules in order to support wet-snow
avalanche forecasting programs.

89

6.1 Introduction

6.1

Introduction

The shear strength of alpine snow is an important parameter in snow stability evaluation.
Since shear deformation naturally occurs in a sloping snowpack and shear strength and
relating shear strength to other more readily available snow properties (e.g. snow density)
have received much interest in the past (e.g. Perla et al., 1982; Jamieson and Johnston,
2001). Contrary, the mechanical strength of wet snow is poorly known, mainly due to
the extreme experimental difficulties (Bhutiyani, 1996). Whereas it is generally assumed
that mechanical strength decreases with increasing liquid water content (e.g. Kattelmann,
1987), the few experimental studies that have been performed do not provide unambiguous evidence for this assumption or seem sometimes hardly replicable.
The strength of wet-snow is directly linked to the amount of liquid water (θw ) within
the snowpack (Yamanoi and Endo, 2002). Several observations have shown that with the
first infiltration of liquid water into the snowpack, the probability of wet-snow avalanche
activity increases (e.g. Conway and Raymond, 1993). The change of snowpack stability
due to percolating water is believed to be highly non-linear (Schneebeli, 2004). Wetsnow stability is affected by a number of processes which may in some cases favour the
formation of wet-snow avalanches, but also might lead to an increase in stability. Changes
in stability can occur within 30 min (Trautman et al., 2006), so that forecasting of periods
with high wet-snow avalanche activity is very difficult. In fact, the prediction of the exact
onset, peak and end of a wet-snow avalanche cycle poses difficulties to national warning
services and local authorities (Techel and Pielmeier, 2009).
Based on observations linked to meteorological parameters, Conway and Raymond
(1993) hypothesised that wet-snow instability will persist from the moment when water
infiltration starts and will last until an efficient drainage system is established. In addition, they suggest that the presence of a weak snow layer is a prerequisite for wet-slab
snow avalanches releasing within the snow cover. At low volumetric liquid water contents
(θw,v ≤ 3%) air exists in continuous paths throughout the pore space (i.e. in the pendular
regime), the capillary pressure is expected to be relatively high and the ice crystals cluster
together to form well bonded units. The three-phase system of bonded crystals and water
at the crystal menisci has some strength or might even gain strength. With increasing
water content, i.e. in the funicular regime (θw,v > 8%) the grain boundaries are unstable
and melt out easily (Colbeck, 1987). Accordingly, it is expected that snow in the funicular regime has low strength. In fact, Bhutiyani (1996) observed no significant change in
shear strength of wet snow with θw,v ≤ 6% , but a drastic decrease by about a factor of
2 for snow with higher water content. Similar measurements results have been reported
by Brun and Rey (1987) who attributed the lack of decrease of shear strength below a
volumetric water content of about 6% to the importance of the capillary pressure. They
performed no measurements at θw,v higher than about 6%. Correspondingly, Kattelmann
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(1987) found increased wet-snow avalanche activity if the volumetric water content exceeded 7%. Fierz and Föhn (1995) measured θw,v and the wet-snow shear strength (σc,w )
shortly after a wet-snow avalanche released. They determined an ice lamella as sliding
surface and found that θw,v exceeded 6%. However, values measured along the crown fracture varied. Yamanoi and Endo (2002) observed a continuous decrease of shear strength
with increasing liquid water content (up to 8%). Results from recent field experiments
by Techel et al. (2011) where initially dry snow layers were artificially wetted suggest
that snow hardness as measured with a snow micro-penetrometer (SMP) (Schneebeli and
Johnson, 1998) decreases already at lower water content values (θw,v ≤ 3%), i.e. before
the pendular/funicular transition - which is in agreement with the laboratory tests of Yamanoi and Endo (2002). Observations by Trautman et al. (2006) suggest that the loss
of wet shear strength (σc,w ) is positively correlated with a decrease of penetration resistance measured with the SMP. In addition, Trautman et al. (2006) performed shear frame
measurements at the snow surface and compared them to wet-loose snow avalanche activity. They showed a decrease of shear strength during the day for four different measurement days. In the late afternoon (16:00 h), shear strength slightly increased again.
In some cases drops were quite remarkable and the snow layers at the snow surface lost
half of their strength within the course of 30 minutes underlining the second assumption
of Schneebeli (2004). Following these assumptions and results, it becomes evident that
the knowledge on how water moves through the snow affects snow strength are important
factors to properly estimate wet-snow stability.
Modelling water flow in snow has received great attention in the last 35 years. Starting with the pioneering work of Colbeck (1972), water flow in snow was mainly described
as a one or two dimensional traveling wave of fixed shape (Colbeck, 1978b; Illangasekare
et al., 1990; Tseng et al., 1994). Since capillary forces tend to be small, i.e. ≤ 1.5 kPa
(Wankiewicz, 1979), Colbeck (1972, 1978b) neglected these forces and derived a solution
for a gravitational driven flow. In this way, the advance of the water front is described as
a shock wave with an abrupt transition between wetted and dry snow regions. Compared
to basal outflow, his model produced reasonable results (Colbeck, 1972), but somewhat
underestimated arrival time of the wetting advance at the bottom of the snowpack. Based
on these results Jordan (1983b) incorporated capillary forces within his model, but did
not find better agreement with field observations. Subsequent research (e.g. Jordan, 1991;
Davis et al., 2001) found that water percolation models assuming even-wetting front theory produce reasonable results when compared to basal outflow once the snowpack is
ripe, i.e. the entire snowpack is wet. However, many observations have shown that water
movement in snow is far from homogeneous (e.g. Schneebeli, 1995). Capillary forces
play an important role in the formation of capillary barriers and flow fingers and in the
wicking of ponded water. In this way, water can be diverted horizontally or will drain
preferentially. This can produce snow layers with high liquid water content in parts of
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the snowpack which are simulated as still being dry with gravitational driven models. In
addition, melt-freeze processes will affect and complicate the movement. 2–D models
exist (Illangasekare et al., 1990) and have been tested for slightly inclined snow covers
with different layering (Tseng et al., 1994).
To our knowledge, the models used to simulate water movement in snow have not
been coupled with wet-snow mechanics. In the following, we will use a 1–D water percolation model which solves Richards’ equation (Richards, 1931). Based on θw,v and σc,w
we will derive stability of two exemplary snow profiles after a rain-on-snow event by calculating wet-snow strength. This enabled us to test whether the presence of a weakness
under still dry conditions is a decisive requirement for wet-snow instabilities.

6.2
6.2.1

Methods
Modelling of water movement through snow

One of the most common assumptions to describe unsaturated, vertical water flux in
porous media is to apply Darcy’s law:
vl = K

∂Ψ
,
∂z

(6.1)

where vl is the flow velocity, Ψ is the hydraulic head, z is depth (positive downward) and
K = K(ψ) the hydraulic conductivity dependent on the capillary pressure ψ. Combining Darcy’s law for flux with the continuity equation for mass yields Richards’ equation
(Richards, 1931) which is given by


∂θw
∂
∂ψ
=
K(ψ)
− K(ψ) ,
∂t
∂z
∂z

(6.2)

with θw the snow liquid water content and t the time. For snow Darcy’s law has been
applied by many others (e.g. Marsh, 1991; Illangasekare et al., 1990; Daanen and Nieber,
2009) and therefore we adopt this assumption and solved water flow in snow as a one dimensional flow using Richards’ equation (Eq. 6.2). To solve this equation, it is necessary
to know the relationship of the two state-dependent variables ψ and K. The hydraulic
conductivity K was calculated as (Mualem, 1976; van Genuchten, 1980):
h
i2
1
K(ψ) = Ks S ∗0.5 1 − (1 − S ∗ m )m .
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Ks is the saturated hydraulic conductivity of snow, m a parameter which in snow depends
on grain size and S ∗ is the effective saturation defined as
S∗ =

(θw − θr )
,
(θs − θr )

(6.4)

with θw representing liquid water content, θr the residual liquid water content and θs the
saturated water content. To find ψ as a function of θw we used (van Genuchten, 1980):
 n1
1  ∗− 1
m
ψ=−
S
−1 ,
α

(6.5)

where α is a parameter again depending on grain size, and m = 1 − 1/n (van Genuchten,
1980). The saturated hydraulic conductivity (Ks ) was computed with an empirically derived relationship (Shimizu, 1970):
Ks = 0.077 exp−0.0078ρs d2 ,

(6.6)

where ρs is snow density, and d the grain diameter of snow. We obtained the parameters
α and n from the proposed empirical relations by Yamaguchi et al. (2010). Based on
drainage column experiments, they derived a relation for α and n depending on grain
diameter d (in the range 1-4 mm):
α = 7.3 × d + 1.9

(6.7)

n = (−3.3 × d) + 14.4.

(6.8)

and

During the infiltration process, wet-snow metamorphism will prevail. This process will
change the size of the grains rapidly which has impact on Eqs. 6.3-6.8. To account for
grain growth we introduced a function proposed by Brun (1989). He formulated a time
and θw,m dependent function for grain growth based on laboratory measurements. Grains
will grow rapidly with low values of θw,m reaching a plateau for θw,m >10% by mass.
For the sake of simplicity we neglected freezing and melting and assumed an isothermal
snowpack.
We used the moving mean slope (MMS) code proposed by Moldrup et al. (1989,
1993) to solve Eq. 6.2 numerically. The MMS approach uses local Gardner (1958) approximation of the hydraulic conductivity (K). We evaluated the internodal mean value
of K for the depth interval [zi , zi+1 ] with ∆z = 0.01 m. The approach is known to ensure
rapid and numerically stable calculations when introducing a stability criterion for time
step differences (Moldrup et al., 1989). We initialized the model with a θw profile which
was kept slightly above the residual liquid water content θr . According to Yamaguchi
et al. (2010) we assumed a value of 0.024 for θr . The computational steps were performed
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as follows:
1. Determine the initial and boundary conditions, the duration of the simulation and
the snow parameters (ρs and d) for every layer.
2. During any time step, the internodal value for K is calculated, then the flux, the
liquid water content and the matric potential are updated in this order.
3. Grain sizes are updated.
4. Water retention parameters are updated after every iteration using Eqs. 6.3 to 6.5.
5. Application of time step control and adjustment of next time step difference 4t.

6.2.2

Estimating wet-snow strength

We chose a classical limit equilibrium approach relating gravitational shear stress to shear
strength for every depth z. Hence the avalanche problem is reduced to the question of
balance between snow strength and stress. Accordingly, stability (ST) can be expressed
as
σc
(6.9)
ST =
σ
with σc representing the critical shear strength and σ the shear stress. Consequently, if ST
≡ 1 than the stability is critical. The stress at a given depth z is
σ(z) = ρs g(z) sin Θ cos Θ,

(6.10)

where g represents the gravitational acceleration (9.81 ms−2 ), Θ the slope angle and z the
depth below the surface for which σ is calculated.
Typically dry-snow shear strength is related to the more frequently measured snow
density ρs . The relation is non-linear (Fig. 6.1) and often fitted with a power-law formulation (Perla et al., 1982):
 x
ρs
σc,d = A
,
(6.11)
ρi
where ρi is the density of ice (917 kgm−3 ), A a constant ( kPa) and x a grain type dependent exponent. Since the density-shear strength relation is grain type dependent, Perla
et al. (1982), Jamieson (1995) and Jamieson and Johnston (2001) investigated σc for various grain types and fitted A and x to various power-law function. Jamieson and Johnston (2001) especially investigated the shear strength of dry weak layers and established
regressions for persistent and non-persistent grain types. Their formulation of σc,d for
persistent grain types uses Eq. 6.11 with the values 22 for the constant A and 2.2 for the
exponent. Persistent grain types (i.e. faceted crystals, depth hoar and surface hoar) often
make up weak layers, which are a prerequisite for the formation of dry-snow avalanches.
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Yamanoi and Endo (2002) presented a formulation for wet-snow shear strength (σc,w )
which is extended by a term accounting for liquid water content (θw,v ). Accordingly σc,w
can be given by
σc,w = f (σc,d ) exp−0.235θw,v .
(6.12)
In order to obtain a stability (ST) for wet-snow conditions for our modelled snowpack, we
calculated ST (Eq. 6.9) based on Eqs. 6.10 to 6.12. Since Yamanoi and Endo (2002) used
sieved snow samples which were highly compressed, σc,d values were high compared to
values measured in situ (Fig. 6.1). To better account for natural conditions and different
snow stratigraphy, we used Eq. 6.11 and the values for A and x reported in Perla et al.
(1982) (A = 2.3×105 Pa; x = 3.47). For the dry-snow shear strength of the weak layer the
relation by Jamieson and Johnston (2001) was used. The dry-shear strength was inserted
into Eq. 6.12 with θw,v obtained from the water flow model to obtain σc,w .

Figure 6.1: Dry snow strength-density relations based on Eq. 6.11 with values for the constant A
and x from Perla et al. (1982) (black line), Jamieson and Johnston (2001) (red line) and Yamanoi
and Endo (2002) (blue line). Crosses indicate wet-snow shear strength based on the dry-snow
formulation by Yamanoi and Endo (2002) for a liquid water content θw,v of 4%; open dots show
wet-snow shear strength for a θw,v of 8%.

6.2.3

Boundary and snowpack conditions

Two exemplary snow profiles were investigated (Fig. 6.2, Tab. 6.1). Both profiles consisted of three different snow layers. The first profile (P I) had a melt-freeze crust in the
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Table 6.1: Layer height perpendicular to the slope (h), grain diameter of snow layers (d), density
(ρs )adn dry-snow shear strength (σc,d ) of exemplary snow profiles. The weak layer shear strength
was calculated according to Jamieson and Johnston (2001). Values in brackets and all other shear
strength values were calculated according to Perla et al. (1982).

Snow stratigraphy h (cm)

d (mm) ρs (kgm−3 ) σc,d (kPa)

Profile P I
Slab

20

0.5

300

4.7

Melt-freeze crust

5

0.75

450

19.4

Basal layer

25

1

350

8.1

Slab

50

1

350

8.1

Weak layer

5

2

280

1.6 (3.7)

Basal layer

50

0.5

400

12.9

Profile P II

middle of the profile with a typical grain diameter of 0.75 mm and a density of 450 kgm−3 .
The layer above and below had slightly smaller and larger grains (0.5 mm and 1 mm)
with densities of 300 kgm−3 and 350 kgm−3 , respectively. The second profile (P II) had a
layer with small rounded grains (d=0.5 mm, ρs = 350 kgm−3 ), over a weak layer of large
faceted crystals (d=2 mm, ρs = 280 kgm−3 ) and a basal layer with strong consolidated
facets (d=1 mm, ρs = 400 kgm−3 ). In both cases we simulated a rain fall rate of 2 mmh−1
for a duration of 8 h. We assumed the temperature of the water to be 0 ◦ C. Total simulation
time tmax was limited to 48 h.

6.3

Results

During the rain fall, i.e. in the first 8 h of the simulation, water movement was characterised by an abrupt transition from dry to wet for profile P I (Fig. 6.3a). This is in good
agreement with previously established water flow models in snow (e.g. Illangasekare
et al., 1990; Daanen and Nieber, 2009). The wetting advance during the rain fall was
with 0.01-0.04 cm/min at the lower end of reported velocities by Jordan et al. (2008), and
much slower than the ones of Waldner et al. (2004). Water arrived at the melt-freeze
crust (30 cm) after rain stopped. It took 24 h to significantly increase θw,v values above
the crust (25 cm-30 cm). Slightly above the lower end of the melt-freeze crust, water was
held due to capillary barrier effects. With time, the sharp transition from wet to dry snow
became more dispersed, resulting in a gentle gradient of θw,v above and below the meltfreeze crust. Only directly above the crust water ponding became more dominant. This
was most pronounced after 48 h as evidenced by a steep gradient in θw,v . In addition , θw,v
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Figure 6.2: Characteristics of virtual snow profiles for two model runs; (a) P I represents a shallow
snowpack with a melt-freeze crust in the middle; (b) P II shows a hard slab overlaying a weak layer
of facets and a well consolidated base.

decreased at the snow surface and low amounts of θw,v reached the base of the snowpack.
Furthermore, θw,v values in the funicular regime (i.e. > 8%) were only observed for the
upper 20 cm of P I.
Shear strength close to the surface decreased immediately after water infiltrated and
produced unstable conditions until the rain fall ended (Fig. 6.3c). The remaining layers
were stable throughout the simulation period.
For profile P II water infiltrated only about 5 cm within the first 3 h of rain, but high
values for θw,v were observed close to the snow surface (Fig. 6.3b). This was almost
identical to the behavior of profile P I, since grain size and density were similar. Small
changes in θw,v occurred at the interface to the simulated weak layer due to differences
of grain size and density (capillary barrier). After 8 h of rain, θw,v was high for the upper
15 cm and a slight increase in θw,v was observed down to 35 cm. With time the shockwave like advance of the wetting decreased, but affected the transition to the weak layer
only after 24 h. After 48 h, θw,v was locally still much higher at the transition to the weak
layer with values between 0.03 and 0.04. Since the weak layer had large grains resulting
in large differences in grain size, capillary forces created a barrier at that interface.
The snow strength at the snow surface decreased with the onset of rain (Fig. 6.3d).
Instability at near surface layers prevailed until the end of the rain fall, but these became
stable again, which is - similar as for P I - a consequence of ongoing percolation and the
concurrently receding water content. For the first 24 h, the stability at the assumed weak
layer was close to critical. However, when the capillary barrier became more dominant,
the profile was unstable. θw,v increased by only 0.02, which clearly demonstrates that the
system is sensitive to small perturbations.
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Figure 6.3: Evolution of modelled water content for profile P I (a) and profile P II (b) after a
rain event of 2 mm/h lasting for 8 h. Wet stability is shown for selected periods of infiltration for
profile P I (c) and profile P II (d). Values left of vertical dashed line represent instable regime.
Grey horizontal dashed lines mark the position of the melt-freeze crust or the weak layer.

In profile P I, the water content above the melt-freeze crust was not high enough
to produce instability (Figs. 6.3c). In order to find θw,v values producing instability, we
successively added water evenly to the entire depth after the last simulation time step
(Fig. 6.4a). However, before the increased amount of water affected stability at the meltfreeze crust, the basal layers of the snowpack will fail which is mainly due to the high
value of shear strength for the crust.
If we did not assume a relatively low strength for the weak layer, but used the values
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for A and x proposed by Perla et al. (1982) for calculating σc,w in P II, the stability profile
showed only unstable values for the near-surface layers (Fig. 6.4b). The changes in stability at the transition to the weak layer or at the weak layer itself were small if assuming
a high shear strength value for the intermediate thin layer.

Figure 6.4: (a) Wet snow stability after two days of simulation for profile P I. The two blue lines
show the calculated stability with an increased water content θw,v . (b) Wet snow stability after
two days of simulation for profile P II if no weak layer is assumed and σc,d is calculated based on
(Perla et al., 1982).

6.4

Discussion

Within the first hours of the model runs, only the upper 5-10 cm were affected and shear
strength dropped below 250 Pa (Fig. 6.3c, d). Trautman et al. (2006) measured shear
strength (σc ) of near-surface layers and related them to wet loose-snow avalanche activity.
A decrease of σc,w was observed on all of the four test days, but avalanche activity was
observed only if σc dropped below about 250 Pa. This threshold was reached in our model
runs directly after rain fall started and lasted until a few hours after rain fall stopped.
Even if we assume high values for the initial dry-snow shear strength (i.e. values of Perla
et al. (1982)), instabilities close to the surface will develop (Fig. 6.4b) and are a possible
explanation for the formation of wet loose-snow avalanches. Initial loading by these
loose-snow avalanches could cause deeper slab releases.
If we assume an initially high value (i.e. 3.7 kPa) of dry-snow shear strength for the
intermediate thin layer, model results suggest that even with 8 h of rain no critical condition can be achieved (Fig. 6.3d). Only if assuming shear strength values for faceted weak
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layers (Jamieson and Johnston, 2001), stability reacts very sensitive to small perturbations, i.e. small increases in liquid water content. Consequently the snowpack becomes
unstable and wet-slab avalanches might occur after several hours of water infiltration.
Conway and Raymond (1993) observed that wet-snow avalanches occurred only if snow
stability before rain was already close to critical. For this case, θw,v does not necessarily have to reach the often reported threshold value of > 7% (e.g. Fierz and Föhn, 1995;
Bhutiyani, 1996).
Measurements of penetration resistance demonstrated that the strength of wet snow
might decrease already at lower values of θw,v (Techel et al., 2011). Since Eq. 6.12 is
based on laboratory experiments and was extended using reasonable assumptions only,
we examined our model results using the measurements of Techel et al. (2011). In order to compare our model formulation to the in situ data, we combined the penetration
resistance measurements of Techel et al. (2011) with the penetration-shear strength relation presented by Trautman et al. (2006). Figure 6.5 compares modeled to measured data
and reveals that the model formulation is overestimating estimated shear strength based
on in situ data. The general trend is nevertheless well depicted with the model. When
introducing an offset of -0.15 to the proposed σc,w formulation, model and field data fit
better together. Introducing this offset is valid, since the calculation of σc,w is based on
regression values obtained for snow layers and grain types at well below -5 ◦ C. Therefore shear strength will decrease when snow temperatures approach 0 ◦ C (e.g. Schweizer
and Camponovo, 2002). Note that field data scatters considerably. When comparing the
shear strength model to rounded faceted grain types only (i.e. snow layer J in Fig. 6.5b),
the relation becomes more evident. Thus for the future, adjusting the model for different
grain types might improve the fit. However, more field data has to be collected in order to
verify the modelling approach.
In our model run, θw,v increased at the transition of the upper layer with small grains
to the weak layer with large grains. In fact, weak layers are often characterised by large
grains when compared to adjacent layers (Schweizer and Jamieson, 2003). Thus, differences in grain size at the transition to the weak layer favour the effects for a capillary
barrier: dry weak layers have a high potential to promote wet snow instability.
For the case study P I stability never dropped below the critical value of 1 except
near the surface. Only by artificially increasing θw,v an instability will develop at the
base of the snowpack (Fig. 6.4a). This suggests that in the absence of a dry weak layer
the next most prominent critical transition is the one snow to soil. The stress at the snowsoil transition will be largest and even for shallow snowpacks (P I) instability may develop
with increasing θw,v . Again this suggestion agrees well with former observations (Mitterer
et al., 2011a). Ponding on the crust has to exceed a θw,v of 12% to create instabilities in our
case. In nature these high amounts are hardly found, as within this magnitude gravitational
flow dominates (Colbeck, 1978b) and water will drain. In addition, melt-freeze crusts tend
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Figure 6.5: Estimated wet-snow shear strength (σc,w ) as a function of volumetric liquid water
content (θw,v ). (a) Open dots show data of four different snow layers recorded by Techel et al.
(2011) using a SnowMicro Pentetrometer (Schneebeli and Johnson, 1998) and transformed to σc,w
using the relation by Trautman et al. (2006). θw,v was taken with a Denoth capacity-probe (Denoth,
1994). Solid line represents Eq. 6.12 based on measured ρs and θw,v , dashed line is Eq. 6.12 with
an offset of -0.15. (b) Same as for (a), but only layer J is shown (for detailed layer description see
Techel et al. (2011)).

to have high shear strength.
The results clearly depend on the way water infiltration is expressed within the model.
Using Richards’ equation is debatable for snow (Waldner et al., 2004), but a first assessment on the dominating processes during infiltration into the snowpack can be achieved.
At the moment we account for capillarity as well as gravity of the water movement.
Wet-snow metamorphism and subsequent grain coarsening are implemented. Still, the
infiltration process is oversimplified. We do not include heat transport and phase change,
nor heterogeneities in flow behaviour (i.e. flow fingers). The effect of inhomogeneous
water flow is especially noticeable in mid-winter rain-on-snow events or during early season melting. These processes are thought to be important as large stratigraphical changes
over a short span of time may be important to assess stability. Changes will affect both
water flow and snow stratigraphy and thus also wet-snow stability. Recent attempts which
used the 1–D snow cover models SNOWPACK (Mitterer et al., 2011a) and SNTHERM
(Gustafsson et al., 2004) were not able to reproduce the development of ice lenses and
melt-freeze crusts. Conditions that produce such a snow stratigraphy are very complex
as the involved processes cover repeated infiltration events, grain coarsening due to wetsnow metamorphism, concentration of liquid water at certain locations caused by preferential flow paths or horizontally diverted water, and refreezing of percolating water.
Additional work is required to find conditions favouring the formation of this type of
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strong layering and fast textural changes within the snowpack.
The presented model is superior to models focusing on gravitational flow only (e.g.
the kinematic wave approach). Models using these assumptions (e.g. Colbeck, 1972;
Marsh and Woo, 1984b; Sellers, 2000) might be suitable for reproducing basal outflow
correctly (Davis et al., 2001), but will not depict ponding due to capillary barriers or
capillary rise which was shown to be important for the formation of wet-snow, but also
glide-snow avalanches (Mitterer and Schweizer, 2012b).
The model does not account for varying properties within the slab (i.e. layers overlaying the weak layer). It is generally accepted that for dry-snow instabilities a correct interaction of slab and weak layer properties will determine whether a crack is initiated and
eventually may propagate (e.g. van Herwijnen and Jamieson, 2007). Observations during
wet-snow avalanche cycles suggest that this interaction is also important for wet-snow
avalanche release (Conway and Raymond, 1993). Wet-snow avalanches were recorded
at instability depths to which water had not percolated. Conway and Raymond (1993)
hypothesised that infiltrating water changed the slab properties which activated deeper
laying instabilities.

6.5

Conclusions

Infiltrating water affects snow stability. The processes favoring wet instability are complex. Due to fast feedback mechanisms the dominating processes are not fully understood.
In order to shed some light onto conditions favouring critical wet-snow stability, a model
approach seems more promising than in situ measurement campaigns. Therefore we coupled a water flow model for snow with a mechanical stability expression. The water flow
model solves Richards’ equation and takes grain coarsening due to wet-snow metamorphism into account. Heat flow and thus freezing and melting within the snowpack were
neglected. Wet snow stability was formulated by comparing wet-snow strength (σc,w ) to
stress (σ). Infiltration was simulated by a rain-on-snow event (2 mmh−1 ) which lasted for
8 h. Using these model assumptions we performed two runs for two different snow profiles. One represented a shallow snowpack including a melt-freeze crust, the second had
a weak layer consisting of a layer of large faceted grains. Simulation results for the two
case studies show that special conditions have to prevail for causing wet-snow instability.
From both case studies we conclude that at least one of the following three requirements
have to be fulfilled to create a wet instability:
1. If the initially dry snowpack does not include a weak layer, the amount of water has
to be concentrated in order to develop instabilities. This might occur by ponding
on more impermeable layers such as melt-freeze crusts (P I) or at capillary barriers
(P II). Also the interface snow-soil might act as capillary barrier.
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2. If the initially dry snowpack includes a weak layer, only small changes in liquid water content will affect stability. Timing of increased instability is fully determined
by the shear strength of the weak layer and the way water will reach the critical
zone.
3. If the snowpack does not include a weak layer, the stability is lowest where the
stress is largest, i.e. at the snow-soil interface. Combined with backed up water this
interface then represents the primary weakness.
Combinations of these requirements may of course exist. In general these requirements
agree well with observations and earlier expressed assumptions (Baggi and Schweizer,
2009; Techel et al., 2011; Trautman et al., 2006; Conway and Raymond, 1993). Even
though highly simplified, the presented approach represents the first attempt to quantitatively capture the complex feedback mechanisms of a wet snowpack. In order to improve
the model, heat flow (Daanen and Nieber, 2009) and the possibility to depict preferential
flow have to be implemented (Colbeck, 1978b; Marsh, 1985). In addition, we want to test
the applicability of percolation theory to snow (Or, 2008). In this way the model may
better depict critical conditions for early season melting or rain-on-snow events. These
conditions represent periods when wet-snow avalanche forecasting is most difficult.
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Chapter 7
Conclusions and future research
perspectives
The aim of this study was to increase our knowledge on the snow and meteorological
conditions leading to wet-snow avalanches. Observations and measurements of weather,
snowpack and avalanche activity were combined with numerical modelling. Due to the
lack of process knowledge and the obvious complexity of the topic, this wide approach
was chosen in order to pave the way for a better understanding of the processes governing
the formation of wet-snow avalanches. In the following the main goals of the thesis will
be summarized and potential for future work is given.
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7.1

Energy balance and its implications for wet-snow
avalanche prediction

Meteorological boundary conditions favouring wet-snow avalanche activity were investigated by comparing modelled energy balance values for virtual slopes and meteorological
parameters to observed avalanche activity in the surroundings of Davos, Switzerland.
Energy balance was partly measured and partly modelled using the 1–D snow cover
model SNOWPACK (Lehning et al., 2002a,b; Lehning and Fierz, 2008). Meteorological
values were taken from stations at two different elevations: above most starting zones
at the Weissfluhjoch, 2540 m a.s.l. and at an elevation corresponding to most wet-snow
starting zones at the Dorfberg, 2140 m a.s.l. and the Stillberg, 2150 m a.s.l. . The aim was
to find the dominant driver for energy input, the produced amount of liquid water and the
thermal state of the snowpack shortly before and during days with wet-snow avalanche
activity. Further we tested whether these parameters can predict days with high wet-snow
avalanche release probability and outperform commonly measured meteorological
parameters for wet-snow avalanche forecasting.
• For south-facing slopes, incoming shortwave radiation provided the largest energy
input. For wet-snow avalanche events early in the spring season, the sensible heat
flux generally exceeded on some days the net shortwave radiation. Latent heat and
the net longwave fluxes were always energy sinks. Multivariate statistics revealed
that the magnitude of these energy sinks is important. Even though the net longwave
radiation represents always an energy loss, it seems important how negative the
value is. Low negative values hint to periods when the snow surface is at or close
to its melting point and additional energy is used for melting snow.
• Furthermore, the proportion of cold content of the snowpack was an important variable in splitting avalanche from non-avalanche days. This parameter provides information on whether the energy is used for warming or melting snow.
• Among the meteorological parameters, air temperature, snow surface temperature
and all components of the radiation balance were statistically significant predictor variables. Not surprisingly, avalanche days coincided with high air and snow
surface temperatures and large shortwave radiation input.
• Once the snowpack is close to isothermal, there is only a small delay between the
next large energy input producing water and the beginning of wet-snow avalanche
activity.
• Since the energy input is largely governed by the net shortwave radiation, it is important to take elevation, aspect and slope of potential release areas into account.
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Flat field measurements will underestimate this input and therefore considering terrain parameters is paramount to obtain an appropriate estimate of the energy input
which approves suggestion (iii) by Schneebeli (2004).
• The other dominant energy input parameter - the sensible heat flux - depends on
air temperature, snow surface temperature, wind speed and surface roughness. It
is, however, very difficult to assess all these parameters for large areas with varying
topography. In this case air temperature is still the best proxy for this term of the
energy balance.
• No variables representing liquid water content (θw ) or movement were considered,
as SNOWPACK simulates a 1–D snow cover and the implemented water transport
schemes are inaccurate (Chapter 5).
• For wet-snow avalanche cycles when irradiation and air temperature dominate melting, knowing the energy input and the cold content is essential to improve predictive
accuracy. Combined with forecasted radiation and air temperature values a model
for predicting the probability of wet-snow avalanche release can be developed. Such
a supporting tool may help avalanche warning services to narrow down periods with
high wet-snow avalanche activity.

7.2

The role of modelling liquid water for predicting the
formation of wet-snow avalanches

Determining the energy balance is useful for improving the possibility to correctly
forecast large wet-snow avalanche probability. The amount of liquid water is crucial
for wet-snow instability (e.g. Bhutiyani, 1996). In order to analyse the role of water for
wet-snow avalanche formation, we first compared field observations of θw,v , grain types
and grain sizes to modelled snow stratigraphy and modelled θw,v . The simulated values
were obtained using two different water transport schemes within SNOWPACK. The first
scheme (model I) used a simple tipping-bucket approach based on residual water content
(θr ). The second scheme (model II) was based on a method parametrising Richards’
equation (Hirashima et al., 2010).

• There were significant differences between the two water-transport schemes with
regard to the arrival time and the distribution of θw,v within the snowpack. Modelled
values of θw,v were mostly in the pendular and hardly reached the funicular regime.
• Both models reproduced ponding on melt-freeze crusts either located at the snow
surface or within the snowpack if the crusts were previously formed at the surface
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and subsequently buried by snow. As refreezing of percolating water is simulated,
but not reproduced well with either model, ponding on melt-freeze crusts forming
within the snowpack could not be reproduced. Improvements are required, since
the changes of internal layering have a major impact on the possible triggering of
preferential flow.
• Compared to local avalanche activity (mainly full-depth avalanches) the mode II
transport model estimated the arrival of water at the bottom of the snowpack a little
too early or at about the right time. It was somewhat surprising that a model solving
Richards’ equation is capable of reproducing the arrival time of liquid water in
snow. Snow is known to produce often flow instabilities such as preferential flows
(e.g. Albert et al., 1999; Marsh and Woo, 1984a) which will substantially alter the
advance of water.
• Nevertheless, many results, such as the difference in arrival time between the
two water-transport models, are probably generally valid. More data for wellinstrumented sites should be collected to corroborate our results.
Since θw directly affects the shear strength of snow (e.g. Yamanoi and Endo, 2002) and
thus wet-snow stability, we coupled an infiltration model solving Richards’ equation
for water flow (1–D) with a mechanical stability formulation. The stability formulation
relates wet snow shear strength (σc,wet ) to shear stress (σ). The model was applied to two
different snow profiles, representing a shallow snowpack with a melt-freeze crust in the
middle and a 1 m deep snowpack with a weak layer at 0.5 m. Dry-snow shear strength
was determined using an empirical model by Perla et al. (1982); for weak layer shear
strength, however, we referred to Jamieson (1995). Changes in shear strength with θw
were calculated based on laboratory results of Yamanoi and Endo (2002). We simulated
a time period of 48 h to investigate the influence of water infiltration on wet-snow stability.

• Both snow profiles became unstable during the first hours of water input (i.e. rain).
However, instability was restricted to the snow surface. Simulation results suggest that even if ponding on melt-freeze crusts located close to the snow surface
prevailed, no instability was promoted.
• For weak layers, however, only small perturbations, i.e. small increases in θw resulted in unstable conditions. Timing of increased instability is determined by the
low shear strength of the weak layer and the way water reaches the critical zone.
If the snowpack is not in a pre-critical state (i.e. there is no weak layer in the dry
snowpack), the amount of water has to be concentrated in order that an instability
develops. These aspects underline assumption (ii) by Schneebeli (2004).
109

7.3 Using upward-looking ground-penetrating radar to measure wet-snow properties

• The interface snow-soil may act as capillary barrier. In this case, the largest stress is
at the snow-soil interface. Combined with backed up water, this interface represents
a prominent weakness.
• Model results are in line with former assumptions (Baggi and Schweizer, 2009),
measurements (Trautman et al., 2006) and other model approaches. The results
clearly show that knowing snow stratigraphy, water movement and the complex
interaction with freeze-thaw processes within the snowpack is paramount to better
estimate wet-snow instabilities.

7.3

Using upward-looking ground-penetrating radar to
measure wet-snow properties

Modelling approaches and field observations revealed that it is important to accurately
know the amount of liquid water and its movement in-situ as small variations may
severely alter snowpack stability. Avalanche warning services have to rely on estimated
water content values, as objective measurement methods are costly and often not
straightforward. Relying on these estimates complicates the assessment of wet-snow
stability. Objective methods to determine θw are based on permittivity measurements
combined with snow density (ρs ) or on calculation of mass and temperature differences
during melting or freezing of a snow sample. Most methods are destructive, samples are
taken at an open snow pit wall or sensors have to be introduced into the snowpack. These
limitations will alter measurement results and may give a distorted picture of the water
distribution. In order to monitor the evolution of θw and to overcome the mentioned
limitations, we installed an upward-looking ground-penetrating radar system (upGPR).

• Percolating liquid water left clear signal signatures. Multiple reflections reveal layers with high values of θw .
• The advance of a uniform wetting front was clearly visible within the radar signal.
Comparison of arrival times based on signal signature with basal outflow recorded
by a lysimeter were in good agreement. Water which probably drained preferentially into the lysimeter was not detected within the radar signal.
• Combined with a second measurement method for recording snow height, it was
possible to determine θw,v for the wetted parts of the snowpack. It is not possible,
though, to detect preferential flow with the radar signal.
• The mass of water determined from the radar signal was in good agreement with
modelled mass balance. Large differences were found to other objective measure110
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ment methods such as the Denoth capacity plate (Denoth, 1994) and sloping TDR
cables (Stähli et al., 2004). Differences were probably due to deficiencies of the
sensor setups. While the radar had sometimes problems in detecting the correct
snow surface, the Denoth capacity plate had to be inserted into the snow while the
snow pit was open. Outflow of water along the pit wall might change the water
content. The sloping TDR cable was probably affected by liquid water running on
the cable and then into the snowpack.
• As soon as the upper layers of the snowpack were very wet, it was almost impossible
to detect the air-snow transition. Consequently, the uncertainties in determining θw,v
increased.
• The outcomes are promising and we believe that the use of upGPR systems can provide important information on specific and notoriously difficult to predict avalanche
paths.

7.4

Outlook and future research perspectives

During this study many of the challenges mentioned by Schneebeli (2004) were addressed. Based on our results, we identified the following directions for improving our
understanding of wet-snow avalanche formation:
Wet-snow mechanics
• Basic knowledge on mechanical interactions of water and snow are still missing.
Existing results give estimates of physical interactions, but are often restricted to
certain conditions, results are oversimplified due to measurement constraints or ambiguous.
• Wet snow failure is still not well understood. For dry-snow slab release the fracture
process is relatively well understood and described as a mixed-mode anticrack, i.e. a
fracture in both shear and compression (Heierli et al., 2008). It is not clear, whether
the same concept can be applied to wet-snow avalanche formation. Observations
suggest that there might often be a combination of shear and compressive failure
in basal layers. During the observed wet-snow avalanche cycles loss of strength in
the basal layers or at the snow-soil interface was dominant for wet-snow avalanche
formation. Additional loading was observed in only one case when rain-on-snow
turned into a heavy snow fall.
• It is uncertain whether a classical fracture may represent the failure behaviour of
wet snow. Recent preliminary laboratory tests (Zwimpfer et al., 2011) suggest that
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the failure process may include aspects from mechanical fracture and flow processes. Controlled field and laboratory experiments where θw and material parameters related to fracture behaviour are measured would be essential for increasing
our knowledge on this topic.
Modelling water flow and wet-snow instability
• Modelling water flow is well advanced in snow hydrology and provides good estimates of basal outflow for ripe snowpacks. Most approaches include even-wetting
theory only and provide solutions for 1–D or 2–D simulations of flat or slightly
inclined terrain. Finger flow, however, plays an important role at the beginning of
the melt season or during mid-winter rain-on-snow events. During these periods
knowledge of water flow in snow and its effects on wet-snow stability is thought to
be crucial for predicting times with high wet-snow avalanche activity.
• New models have to be established or existing snow cover models have to be updated. Improvements must include a 2–D representation of the layered snow cover
reproducing ponding on hydraulic and/or capillary barriers, triggering of preferential flow paths and horizontally diverted water due to slope angle. In addition the
changing state of internal energy (freeze/thaw) and changes of texture (wet-snow
metamorphism) have to be considered.
• New statistically based approaches like fibre-bundle models, cellular automata or
percolation theory might help to depict these complex processes and provide a more
simple way to tackle the problems. Modelled energy balance values (SNOWPACK,
ALPINE3D) could be used as input for these models.
• In order to generate good input parameters, quantitative snow profiles and snow
micro-structure deduced from in-situ near-infrared photography should be used as
input texture for the modelling approach. This will reveal how important differences
in snow stratigraphy are and how exact these differences have to be recorded in
order to obtain reasonable modelling results.
• Other objective methods to monitor the movement of water in snow (e.g. laser
induced particle tracking velocimetry) might be useful to provide a comparison for
modelling results.
Using radar for wet-snow investigations
• The potential of deducing important information on wet-snow properties from the
radar signal is still large and has to be further explored. Since radar technology
allows for deriving wet-snow properties without any disturbance it is promising.
Measurements can be performed at high frequency intervals and depict the evolution over time which is often not possible as most methods are destructive.
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• Until now only changes in propagation velocities were used to obtain θw . A second
method measuring the snow height is essential to quantify θw,v . In order to circumvent this problem, multiple antenna setups, which allow to conduct commonmidpoint (CMP) or wide-angle refraction and reflection (WARR) measurements
have to be tested. Coupling different receiving antennas with one sending antenna
permits computing the dielectric permittivity for single traceable and clearly definable parts of the radar signal. Hence the determination of θw for clearly identifiable
snow layers is possible.
• Laboratory tests with controlled environments and controlled field experiments with
radar antennas passing from above the snowpack might help to learn more about the
radar response signal during wet-snow conditions.
• Amplitude attenuation of reflections on wet horizons and changing frequency content were not analysed. Most progression is expected by analysing the frequency
content of radar signals and compare the loss of high-frequency components to the
increase of liquid water.
• Algorithms have to be developed to automatically deduce important properties for
better wet-snow avalanche prediction.
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Symbol

Description

Units

A

Parameter, calculation of σc,d

kPa

c

Speed of light

ms−1

ci

Specific heat of ice

J kg−1 K−1

cw

Specific heat of water

J kg−1 K−1

cp

Heat capacity

J K−1

C

Kinematic transfer coefficient

d

Grain size diameter

mm

DW

Wind direction

◦

g

Acceleration due to gravity

ms−2

ew/i
s

Saturation vapour pressure over water or ice

Pa

G

Ground heat flux

Wm−2

H

Internal energy of snowpack

J m−2

HL

Latent heat flux

Wm−2

HP

Energy carried by precipitation and blowing snow

Wm−2

HS

Sensible heat flux

Wm−2

HS

Snow height

m

kl

Intrinsic permeability

m2

K

Unsaturated hydraulic conductivity

ms−1

Ks

Saturated hydraulic conductivity

ms−1

Lli

Latent heat of fusion for ice

J kg−1

Lvi

Latent heat of evaporation for water

J kg−1

L↓

Downward component of longwave radiation

Wm−2

L↑

Upward component of longwave radiation

Wm−2

m

Parameter, water saturation (van Genuchten)

Ms

Water mass flux at the snow surface

n

Parameter, water saturation (van Genuchten)

Ra

Gas constant for dry air

J mol−1 K−1

RH

Relative humidity

%

kg s−1 m−2
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Table continued
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Description

Units

RF

Freezing rate

kgm−2 s−1

RM

Melting rate

kg

S

Liquid water saturation

Si

Irreducible liquid water saturation

S∗

Effective liquid water saturation

SWE

Snow water equivalent

kg m−2

S↓

Downward component of solar radiation

Wm−2

S↑

Reflected component of solar radiation

Wm−2

t

Time

s

T

Temperature

K/ ◦ C

TA

Air temperature

K/ ◦ C

TS

Snow temperature

K/ ◦ C

T SS

Snow surface temperature

K/ ◦ C

u∗

Friction velocity

ms−1

vl

Velocity of water flow

ms−1

VW

Wind speed

ms−1

wv

Velocity of electromagnetic wave in snow

ms−1

z

Vertical coordinate m

z0

Roughness length

m

α

Parameter, water saturation (van Genuchten)

m−1

β

Parameter, three-phase mixing model (Roth et al., 1990)

∆t

Time interval

s

∆z

Characteristic distance in z direction

m



Dielectric permittivity

F m−1

0

Real part of permittivity

F m−1

00

Imaginary part of permittivity

F m−1

eff

Effective relative permittivity

ηw

Dynamic viscosity of water

θa

Air content in snow

θi

Ice content in snow

θw

Water content in snow

θw,m

Water content by mass in snow

θw,v

Water content by volume in snow

θ∗

Effective water content in snow

κ

Von Kármán constant

µr

Relative magnetic permeability

−2 ms−1

Pa s
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Table continued
Symbol

Description

Units

ρa

Density of air

kgm−3

ρi

Density of ice

kgm−3

ρs

Density of snow

kgm−3

σ

Stress

Pa

σc

Shear strength

Pa

σc,d

Dry shear strength

Pa

σc,w

Wet shear strength

Pa

φ

Snow porosity

ψ

Capillary pressure

Ψ

Hydraulic head

m

Slope angle

◦

Θ

Pa
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Abbreviation

Description

AAI

Avalanche activity index

AvD

Avalanche day

CMP

Common mid-point survey (RADAR)

COV

Coefficient of variation

CT

Compression test

DFB

Dorfberg automatic weather station

ECT

Extendet column test

FAR

False alarm ratio

FLU

Flüela Hospiz automatic weather station

FMCW

Frequency-modulated continuous wave (RADAR)

GPR

Ground-penetrating RADAR

HK

True skill score

nAvD

non-avalanche day

POD

Probability of detection

PON

Probability of non-events

PST

Propagation-saw test

RB

Rutschblock test

RF

RandomForest statistics

SMP

Snow-micro penetrometer

ST

Stability

STB

Stillberg automatic weather station

TDR

Time-domaine reflectometry

TWT

Two-way-travel time of electromagnetic wave

WARR

Wide angle refraction and reflection survey (RADAR)

WFJ

Weissfluhjoch test site
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