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Abstract

Information on snowpack stability, i.e., on the propensity for failure initiation and crack propagation in a weak layer,

is essential for forecasting snow avalanches. To complement field observations, snow cover modelling provides infor-

mation otherwise unavailable on the present and future state of the snow cover, and can be used to evaluate snowpack

stability. The main goal of this paper is to summarize the broad spectrum of models to assess snowpack stability from

simulated snow profiles. The basic mechanical concepts behind these stability models include: the maximum stress

criterion which characterizes the failure initiation propensity and the critical crack length to evaluate the crack prop-

agation propensity. However, many subtle differences between models, mainly due to additional expert rules or the

effective implementation of the concepts, can be confusing. We try to disentangle this diversity in this summary. We

discuss the differences and also present an overview of the mechanical parameterizations of snow material properties

such as strength or stiffness as they are a key ingredient for stability modelling. In addition, we apply the stability

models to typical and simplified snow profiles in order to illustrate the influence of the underlying assumptions and the

model sensitivity to the mechanical input. As we point out scientific challenges and model limitations, the examples

we discussed can provide guidance on the interpretation of similar model results. Moreover, we draw some guiding

lines for future research concerning snowpack stability assessment based on snow cover modelling.
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1. Introduction1

Avalanches are a significant issue in mountain areas by threatening outdoor recreationists and infrastructure (Wil-2

helm et al., 2000; Stethem et al., 2003). Assessing avalanche hazard is therefore important in these areas and, to this3

end, several countries rely on operational forecasting services (LaChapelle, 1977; Morin et al., 2019).4

Avalanche hazard forecasting requires information about the current state of the snowpack, which is the result of5

the meteorological history, and its future evolution under meteorological conditions (LaChapelle, 1977). To fulfill6

these requirements, two main sources of information have been generally used. On one hand, observation networks7

have been developed with the goal of regularly reporting meteorological conditions and vertical profiles of snow8

properties including estimations of grain shape and size, density, humidity or temperature (Pahaut and Giraud, 1995;9

Fierz et al., 2009). On the other hand, numerical snow cover models (Morin et al., 2019), such as Crocus (Brun10

et al., 1989; Vionnet et al., 2012), Snowpack (Bartelt and Lehning, 2002; Lehning et al., 2002b,a) or Sntherm (Jordan,11

1991), can describe the evolution of physical properties of the snowpack with time. Both approaches aim at providing12

detailed snowpack stratigraphy, including vertical profiles of physical and mechanical properties, which is the basis13

for snowpack stability analysis, but they differ in spatial and temporal resolution.14

Slab avalanches, whether they release naturally or are artificially triggered, result from a sequence of processes15

occurring in the snowpack (e.g. Schweizer, 2017). First a failure initiates in a weak layer, this can happen progressively16

and lead to natural release or rapidly when caused by an external trigger (e.g. a skier). The initial failure can grow17

into a crack which will start self-propagating if the crack reaches a critical size. If not arrested by the tensile failure18

of the slab, the crack then propagates dynamically (Bergfeld et al., 2021b). Finally, an avalanche releases if the19

basal friction within the damaged weak layer is insufficient to prevent sliding of the slab on its substratum. The first20

processes, namely failure initiation and onset of crack propagation, describe the snowpack stability at the point scale,21

which is paired with spatial information for avalanche forecasting (Statham et al., 2018). We here focus on snowpack22

stability at the point scale. Low snowpack stability means the snow layering is prone for failure initiation and crack23

propagation.24

Point stability can be observed in the field with stability tests, such as the compression test (van Herwijnen and25

Jamieson, 2007), the extended column test (Simenhois and Birkeland, 2009), the rutschblock (Föhn, 1987a) or the26

propagation saw test (Gauthier and Jamieson, 2008). Besides, observed snowpack profiles can be interpreted in terms27

of stability by applying expert rules (Jamieson and Schweizer, 2005; Coléou and Morin, 2018). A complementary28

approach is to use models computing instability indicators that describe the processes leading to avalanche release,29

which would facilitate interpretation of snow cover model output for avalanche hazard assessment and numerical30

avalanche forecasting (Morin et al., 2019).31
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Since the pioneering work of Roch (1966a), several mechanical models were developed to assess snowpack stabil-32

ity from either simulated or measured vertical profiles of snow properties. Schweizer (1999) or Schweizer et al. (2003)33

reviewed the processes involved in avalanche formation. Podolskiy et al. (2013) compiled the different methods used34

to model a simplified slab structure with the finite element method. However, to the best of our knowledge, there is no35

recent review of the models used to assess snowpack stability from snow profiles even if this field has evolved quickly36

in the past decade.37

The aim of this paper is to provide an overview of existing methods to compute stability indicators from detailed38

snow stratigraphy based on a mechanical analysis. More precisely, we focus here on mechanical models which provide39

point stability information from modeled snow cover data. Technically speaking, it means that snow layer properties40

from the snow cover model are used as input of a mechanical model which provides indicators of stability. We only41

consider snow cover models which aim at representing the whole layering of a snowpack, such as SNOWPACK or42

Crocus, and mechanical models with demonstrated applicability to this kind of snow cover models.43

We provide a snapshot of currently applied mechanical models in Section 2. These models generally rely on the44

information on the mechanical properties of the snow layers. Commonly used parameterizations of the mechanical45

properties are thus detailed in Section 3. Then the main stability models are applied to different typical situations to46

point out their strengths and limitations in the light of the underlying assumptions (Section 4). Finally, we conclude47

and discuss some guiding lines for future research.48

2. Stability models49

Stability tests mimic the processes involved in avalanche release and have long been used as snow stability infor-50

mation at the point scale (e.g. Föhn, 1987b). Extending from those concepts, mechanical models have been developed51

and have improved our understanding of the processes contributing to snow instability (Figure 1a). In particular, frac-52

ture mechanics helped formalizing the distinction between failure initiation and crack propagation. In this section, we53

review different models that have been used to characterize snow stability at the point scale.54

Snow stability models can be separated into two groups: purely mechanical models and expert models. The55

first group consists of models that rely on material properties and a mechanical theory. For instance, some failure56

initiation models derive from the maximum stress criterion, which assumes that a material fails when the stress in a57

material element exceeds its strength. The second group comprises the so-called expert models. These models have58

a mechanical basis, but also include empirical thresholds and adjustments which do not derive from a mechanical59

theory but expert knowledge. For example, the maximum stress criterion can be adjusted by considering differences60

between the properties of adjacent layers (e.g. Schweizer et al., 2006).61
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Stability models of each group are listed in Tables 1 and 2 according to the main mechanical criterion they rely on.62

In particular, we present the input variables specifically required to run the model (in addition to basic layer properties63

such as thickness, density and slope angle). The main goal is to refer to the original study which describes the model64

and its theoretical basis. Besides, we direct the reader to applications of the model to snow cover simulations. Model65

evaluations are also cited when available and the model computation complexity is roughly estimated. We try to66

briefly summarize the important computation steps in equations where possible. The notations used are summed up67

in Section 6.68

2.1. Purely mechanical models69

The purely mechanical models are listed in Table 1 with references to theoretical work on each model. They are70

presented according to the main processes they represent: failure initiation or crack propagation. We focus in this71

section on the concepts of presented models. Practical implementations details are discussed further in Section 3.72

2.1.1. Failure initiation models73

The natural strength-stress ratio S n, often called natural stability index, is a mechanical criterion comparing the74

shear strength τc of the weak layer to the shear stress τ due to the weight of the overlying snowpack: S n = τc/τ. This75

concept was introduced by Roch (1966a) and further evaluated by Föhn (1987a).76

A model also taking into account the skier-induced stress ∆τ in addition to the snow load was developed by Föhn77

(1987a): S a = τc/(τ + ∆τ). This ratio is referred to as the skier stability index. For consistency, we call it the skier78

strength-stress ratio. The additional stress due to a skier is generally calculated based on the analytical solution for79

load distribution in an elastic half space (Boussinesq, 1885), with some simplifications and empirical adjustments80

based on grain shape or bond characteristics (e.g. Lehning et al., 2004; Giraud et al., 2002). Finite element models81

can also capture the full distribution of the skier induced stress in a layered snowpack (e.g. Habermann et al., 2008;82

Gaume and Reuter, 2017). In both cases, the calculation of ∆τ assumes that snow is an elastic material and, for83

instance, plastic skier penetration on top of the snowpack cannot be accounted for.84

In artificial triggering, an external load is required to fail the weak layer which may subsequently lead to an85

avalanche. Combining external load and the associated material property (strength) through dimensional analysis,86

Reuter et al. (2015) introduced a failure initiation criterion directly relating the skier-induced stress ∆τ to the shear87

strength of the weak layer τc : S r = τc/∆τ, omitting the stress due to the load of the slab. Here, we call it the external88

strength-stress ratio.89

The damage process preceding natural avalanche release can be slow with the progressive failure of individual90

bonds in the weak layer. If the rate of bond cracking overcomes the rate of bond healing through sintering, a failure91
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can initiate in the weak layer (Capelli et al., 2018). To quantify this damage process potentially leading to failure,92

Lehning et al. (2004) introduced the so-called deformation rate stability index S d, here called the deformation rate93

ratio. This index is based on the theoretical work of Nadreau and Michel (1986) and compares the stress at the bond94

scale σb to the bond strength σbc (both computed in the model SNOWPACK): S d = σb/σbc .95

Natural, skier, external and deformation rate ratios (S n, S a, S r and S d, respectively) describe failure initiation. The96

ratio S d also includes the stage prior to formation of initial crack: the progressive damage of bonds into a macroscopic97

crack. All are oriented as stability indices, that is to say low values are associated to poor stability whereas high values98

are associated to stable conditions.99

2.1.2. Crack propagation models100

Failure initiation is required to release an avalanche but it is not sufficient (van Herwijnen and Jamieson, 2007).101

Only if the initial crack reaches a critical size, it may become self-propagating. Models describing the conditions at102

onset of crack propagation employ the concept of the critical crack length (e.g. Anderson, 2017).103

Although propagating cracks were observed in the field and concepts suggested (e.g. McClung, 1979), it was104

only after specific field tests were introduced such as propagation saw test (PST) (Gauthier and Jamieson, 2006)105

and analyzed (Sigrist and Schweizer, 2007) that crack propagation models were developed for the onset of crack106

propagation. The onset of crack propagation corresponds to the state where the specific fracture energy of the weak107

layer equals the energy release rate of the material around. In other words, it refers to the equilibrium between108

the fracture energy required to extend the crack in the weak layer and the strain energy released in the material109

surrounding the weak layer that deforms during this process. The models presented here assume that energy release110

is due to elastic bending and change in potential energy of the slab. The first estimations of critical crack length111

assumed a homogeneous slab to compute the strain energy release (Sigrist et al., 2006; Heierli et al., 2008; Schweizer112

et al., 2011). Accounting for slab layering (Reuter et al., 2015) and enhancing the formulation of strain energy with113

finite element simulations (van Herwijnen et al., 2016), these authors derived the critical crack length from measured114

penetration profiles and showed that it is related to the length directly measured in propagation saw tests (Reuter115

and Schweizer, 2018). When we calculate the critical crack length, denoted ac, we use the equations described by116

Schweizer et al. (2011).117

An alternative approach considering shear induced stresses at the crack tip and their influence on the weak layer118

has been developed by Gaume et al. (2017). Based on discrete element simulations, they related the critical crack119

length to the slab and weak layer properties with an analytical formula (see eq. 9 in Gaume et al., 2017). Note that120

this formula depends on the thickness of the specific weak layer used in this study and could somehow be related to121

the collapse height of the weak layer. More recently, this equation was adjusted with correction factors to fit field122
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measurements to snowpack simulations and fill the gap between the layer thickness corresponding to the snow cover123

model vertical resolution and the one required by Gaume’s parameterization (Richter et al., 2019).124

Once a crack starts to propagate, a vertical tensile fracture through the slab may still arrest the crack in the weak125

layer. In order to quantify the capacity of the slab to support crack propagation in the weak layer, the slab tensile126

criterion T compares the tensile strength of the slab layers to the tensile stress due to slab bending at the onset of crack127

propagation, i.e. when the critical crack length is reached (Reuter and Schweizer, 2018). It represents the portion of128

the slab where the tensile stress exceeds the tensile strength, at the onset of crack propagation.129

In the conceptual representation of avalanche formation (Figure 1b) the indices ac, ag and T refer to the process of130

crack propagation. Low values of the critical crack length ac or ag indicate high crack propagation propensity. Low131

values of the slab tensile criterion T indicate sufficient support of the slab for crack propagation. Indices describing132

the dynamic phase of crack propagation haven’t been suggested, yet, as the associated theory and measurements are133

still under development (Bergfeld et al., 2021b).134

The required input to calculate the described snow instability indices varies. Whereas the natural strength-stress135

ratio just requires weak layer strength, slope angle, slab thickness and average slab density, computation of the critical136

crack length or the slab tensile criterion can require more input variables and can be computationally more expensive.137

Moreover, the obtained indices also depend on the mechanical material properties computed at the layer scale. Hence,138

in section 3, we briefly discuss different parameterizations that are commonly used with the described snow stability139

indices.140

2.2. Expert models141

A list of mechanical models including expert knowledge is given in Table 2. The expert models are all somehow142

based on a shear strength-stress ratio representing failure initiation complemented with expert rules related to other143

contributing factors of avalanche formation such as propagation propensity and to the temporal evolution of the snow144

cover (Figure 1b).145

The Structural Stability Index (SSI) is based on the skier ratio S a, but also considers snow structural properties146

of the weak layer and its adjacent layers to refine the estimate of snow instability and to help identify weak layers.147

The skier ratio is adjusted by hardness and grain size differences between the weak layer and the adjacent layers148

(Schweizer et al., 2006). Typically, marked vertical differences of structural properties are related to lower stability.149

The MEPRA index called “natural hazard” Rnat combines the natural strength-stress ratio S n with empirical rules150

to an index describing the danger related to natural avalanche release on a 6-level scale. Expert rules concern the151

amount of new snow and snow wetness, which represent the two main drivers of natural avalanche activity. Moreover,152

6
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the hazard level is adjusted according to the temporal evolution of the snow cover to account for the short time153

persistence of natural instabilities (Giraud et al., 2002; Lafaysse et al., 2020).154

The MEPRA index called “accidental hazard” Racc blends the skier strength-stress ratio S a with complex rules into155

an index describing the danger related to artificial triggering on a 4-level scale. These rules include the identification156

of a cohesive slab, sitting on a weak layer with typically composed of depth hoar, faceted crystals and precipitation157

particles and characterized by low values of S a. The hazard associated with this weak layer is then estimated with158

additional expert rules (Giraud et al., 2002; Lafaysse et al., 2020).159

7
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Table 1: Summary of purely mechanical models, sorted by theoretical stability models. The first column presents the

model and the original publications. The second column guides the reader to the references with the practical imple-

mentations and also lists the required input parameters (bullet points in italics) in addition to slope angle, the density

and the thickness of the layers. The last column guides the reader to the evaluation of each model, when existing.

Computational costs and implementation complexity is low except for the models including FEM simulations. The

notations used are summarized in Section 6.

Model Implementation and input parameters Evaluation

Natural strength-stress

ratio: S n = τc/τ

Roch (1966a),

Föhn (1987b)

MEPRA (Giraud and Navarre, 1995; Lafaysse et al., 2020)

• Shear strength τc computed by snow cover model mainly

from density and grain shape, with sophisticated adjust-

ments based on sphericity, dendricity, grain size, liquid

water content and history (Giraud and Navarre, 1995).

e.g. Nishimura et al.

(2005)

SNOWPACK natural stability index or Sn38 (Lehning et al.,

2004)

• Shear strength τc computed by snow cover model from

density and grain shape (Richter et al., 2019, Figure 2,

therein).

The shear stress τ is the shear component of the stress derived

from the weight of the overlaying layers.

8
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Model Implementation and input parameters Evaluation

Skier strength-stress ra-

tio:

S a = τc/(τ + ∆τ)

Roch (1966a),

Föhn (1987b)

MEPRA (Giraud and Navarre, 1995; Lafaysse et al., 2020):

• Shear strength τc computed by snow cover model mainly

from density and grain shape, with additional adjustments

for MEPRA (Giraud and Navarre, 1995)

• Skier induced stress ∆τ computed with an analytic func-

tion adapted to the grain shape of slab layers to represent

the reduction of stress by hard layers (bridging effect) (Gi-

raud and Navarre, 1995)

-

SNOWPACK skier stability index or Sk38 (Lehning et al.,

2004):

• Shear strength τc computed by the SNOWPACK snow

cover model with parameterizations of Jamieson and

Johnston (2001)

• Skier induced stress ∆τ: pre-defined function, taking into

account ski penetration according to Jamieson and John-

ston (1998)

Some refinements to take into account normal stress and bond

size dispersion have also been proposed by Lehning et al. (2004).

Schweizer et al. (2006);

Nishimura et al. (2005)

External strength-stress

ratio: S r = τc/∆τ

Reuter et al. (2015)

SNOWPACK Failure initiation criterion (Reuter et al., 2022)

• Shear strength τc from snow cover model (Richter et al.,

2019)

• Skier induced stress ∆τ: use of FEM for computing addi-

tional shear stress

Reuter and Schweizer

(2018)

Reuter and Bellaire

(2018)

9
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Model Implementation and input parameters Evaluation

Deformation rate ratio:

S d = σb/σbc

Nadreau and Michel

(1986)

SNOWPACK Deformation rate ratio (Lehning et al., 2004) :

• Critical stress in bonds σbc given by the model (Lehning

et al., 2002b)

• Stress in bonds σb derived from output of the snow cover

model as: σb = −p tan(abs(ε̇b))
√

1−p
p−σ0ice

with pressure in

bonds p computed as (Nadreau and Michel, 1986) with

modelled temperature

-

Critical crack length ac

Sigrist et al. (2006)

Heierli et al. (2008)

Critical crack length based on beam theory where ac is the solu-

tion of a polynomial equation (Schweizer et al., 2011, see eq. 4).

van Herwijnen et al. (2016) further developed this approach with

FEM to account for size effects. Adapted by Reuter and Bellaire

(2018) to be used after the SNOWPACK model.

• Weak layer fracture energy w f estimated from modelled

shear strength (Reuter and Bellaire, 2018; Gaume et al.,

2014).

• Slab equivalent modulus Eeq determined by an FEM

model (Reuter et al., 2015) where each layer is assumed

to be elastic with a modulus computed with an exponen-

tial law on density (Scapozza, 2004)

Reuter and Bellaire

(2018)

10
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Model Implementation and input parameters Evaluation

Alternative critical

crack length: ag =√
E′DDwl

Gwl

−τ+
√
τ2+2σ(τc−τ)
σ

Gaume et al. (2017)

Applied by Schweizer et al. (2016b) and Richter et al. (2019).

Simplified by (Richter et al., 2019)

• Slab equivalent modulus Eeq determined by FEM mod-

elling (Schweizer et al., 2016b) on elastic modulus de-

termined with an exponential low on density (Scapozza,

2004)

• Shear modulus of the weak layer Gwl set at a constant

value, 0.5 MPa in Schweizer et al. (2016b)

Richter et al. (2019)

Schweizer et al. (2016b)

Slab tensile criterion: T

Reuter and Schweizer

(2018)

SNOWPACK Tensile criterion (Reuter and Schweizer, 2018,

see eq. 1), with implementation by Reuter and Bellaire (2018)

• Tensile strength σc estimated with (Jamieson and John-

ston, 1990)

• Tensile stress based on FEM computation to determine

tension at onset of crack propagation

Reuter and Bellaire

(2018)

11
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Table 2: Summary of expert stability models

Model Implementation Evaluation

MEPRA indices:

Racc

Rnat

Giraud et al. (2002)

MEPRA hazard indices (Vionnet et al., 2012), based on criteria

S and S a with :

• shear strength,

• penetration resistance,

• grain shape,

• temperature

• liquid water

all output of the snow cover model for each layer (Vionnet et al.,

2012; Lafaysse et al., 2020)

-

SSI stability index

Schweizer et al. (2006)

SNOWPACK based on Sk38 (Schweizer et al., 2006). Uses

thresholds on variations between adjacent layers of:

• Hardness

• Grain size

all output of the snow cover model for each layer (Bartelt and

Lehning, 2002; Lehning et al., 2002b)

Schweizer et al. (2006)

3. Mechanical parameters160

Detailed snow cover models such as Crocus or SNOWPACK simulate snow layer properties such as thickness,161

density, temperature, liquid water content and various grain shape proxies (e.g. Vionnet et al., 2012; Bartelt and162

Lehning, 2002). However, the stability models presented in the previous section also require mechanical properties as163

presented in the second column of Table 1. The link between snow cover model properties and mechanical properties164

such as weak layer strength, or slab equivalent modulus thus rely on additional parameterizations, which are not165

specific to the considered snow cover model. A variety of parameterizations exists for the same mechanical parameter,166

12
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Strengh-stress ratios

Failure initiation

Onset
of the propagation

Dynamic
crack propagation

Tensile failure and sliding

Sn : natural strength-stress ratio

Sr : external

Sa : skier

Critical crack
length

Expert models

Sd:
deformation rate

Tensile strength-stress
ratio

Crack propagation

Damage
process (microscale)

Formation of
initial crack

a)

b)

Figure 1. (a) Processes involved in avalanche formation according to Schweizer et al. (2016a) and (b) classification of stability models according
to the processes they represent.

as for instance, for the skier-induced stress that represents the bridging effect in Crocus (Giraud et al., 2002) or the167

skier penetration in SNOWPACK (Lehning et al., 2004) (see Table 1). The choice of such parameterizations can have168

a significant impact on the results of the stability models. Without being exhaustive, we provide an overview of the169

diversity of the existing methods to obtain the properties required for computing stability indices (Figure 2).170

The input to the stability models includes properties simulated by snow cover models (e.g. thickness, density and171

grain shape), mechanical properties for a particular layer (e.g. layer shear strength, see Figure 2a) and mechanical172

properties depending on many layers of the stratigraphy (e.g. slab equivalent modulus, Figure 2b).173

3.1. Mechanical properties per layer174

The mechanical properties required per layer are material properties which do not depend on the surrounding175

layers. They include elastic and failure properties. They are mainly determined in field or lab measurements that are176

then used to fit more general parameterizations.177

The elastic modulus E describes the amount of reversible deformation for a given stress and has been measured178

with various techniques at different strain rates. Mellor (1974) reported values of modulus measured with different179

techniques and strain rates from 10−6 to 10−2 s−1. Camponovo and Schweizer (2001) used a rheological setup to180

derive elastic shear modulus while Gerling et al. (2017) used wave propagation to measure elastic modulus at high181

strain rates. Based on these measurements, different parameterizations emerged, mainly as functions of density. They182

include linear or power relations of density, temperature or strain rate (e.g. Smith, 1965), power laws of density (e.g.183

van Herwijnen et al., 2016; Gerling et al., 2017) and exponential laws of density (e.g. Scapozza, 2004). Another184

way of estimating snow elastic properties is from microtomography images and numerical modelling of the material185

behaviour from ice and air properties (e.g. Köchle and Schneebeli, 2014; Wautier et al., 2015; Srivastava et al., 2016).186

13
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Elastic properties also include the Poisson’s ratio ν which describes the deformation perpendicular to the loading187

direction. It is either usually chosen as a constant value in the typical range [0.25, 0.3] (Podolskiy et al., 2013) or188

determined from a density parameterization (Mellor, 1974; Sigrist et al., 2006).189

Strength is a measure of the maximum stress that a material can support before starting to fail. For avalanche190

formation, considering different loading directions is important: shear or compressive strength of the weak layer for191

failure initiation and tensile strength of the slab during crack propagation (Roch, 1966a; Bobillier et al., 2021; Reuter192

and Schweizer, 2018). Different measurement techniques such as the rotating vane, the shear or tension frame, have193

been used in the field or in the lab (Mellor, 1974). Based on these measurements, power laws on density, sometimes194

specific to some grain shapes, have been determined (Perla et al., 1982; Jamieson and Johnston, 1990, 2001; Chalmers195

and Jamieson, 2001). For shear strength, adjustments accounting for normal load have been developed by (Jamieson196

and Johnston, 1998) and (Zeidler and Jamieson, 2006). A combination of such parameterizations are currently used197

in snow cover models (Lehning et al., 2004; Giraud et al., 2002).198

Fracture energy corresponds to the energy per unit surface required to grow a crack. It is also related to the199

fracture toughness which describes the critical stress intensity at the crack tip (Griffith, 1921). The fracture energy was200

derived from experimental propagation tests with finite element modelling (Schweizer et al., 2011) or by measuring201

the deformation of the slab with particle tracking velocimetry (van Herwijnen et al., 2016). In addition, Reuter and202

Schweizer (2018) presented an empirical relation relating the snow micropenetrometer force to the fracture energy. In203

the lab, the fracture toughness was measured on notched beams composed of typical slab snow but not on weak layer204

snow (Schweizer et al., 2004; Kirchner et al., 2002).205

3.2. Non local properties206

The non-local properties are the skier induced stress ∆τ, the slab equivalent modulus Eeq and the shear stress207

τ. For their computation, mechanical properties of several layers are important. The skier-induced stress can be208

computed from an analytical solution (e.g Boussinesq, 1885) or estimated, for instance with a piecewise linear ap-209

proximation (e.g. McClung and Schweizer, 1999) or with finite elements (e.g. Jones et al., 2006). The slab equivalent210

modulus is the result of a homogenization of the mechanical behaviour of the slab, assuming that in the specific211

loading situation, the slab deforms as a homogeneous material with elastic modulus Eeq. An estimate of the slab212

equivalent modulus can be obtained by an analytic averaging method (Sigrist, 2006; Monti et al., 2016) or by finite213

element modelling (e.g. Reuter et al., 2015). Full representation of snow stratigraphy by finite elements is expected214

to provide more accurate estimates but at the cost of longer computation times compared to bulk average for instance215

that do not account for order of layers (e.g. Habermann et al., 2008; Monti et al., 2016). A simple approach is to216

use the average of properties over layers (taking into account thicknesses) (Sigrist et al., 2006). The benefit of more217
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complex computations has to be weighted in particular in the light of the uncertainties carried out by the choice of218

parameterization of mechanical parameters per layer. The shear stress is derived from the weight of the overlying219

snowpack, always computed as the sum of the product of thickness and density of the layers above the weak layer and220

acceleration due to gravity.221

3.3. Limitations of the parameterizations222

The presented parameterizations mainly rely on experimental work and provide straightforward methods to com-223

pute mechanical properties from snow cover simulations. However, snow is a very fragile material (Kirchner et al.,224

2002) which limits sampling and testing, and presents different microstructural patterns due to very active meta-225

morphism (Hagenmuller, 2014). Therefore, these parameterizations based on experimental work ineluctably have226

limitations.227

Most of the presented parameterizations only rely on density as the main (or unique) descriptor of the snow228

microstructure (e.g. Keeler and Weeks, 1968; Scapozza, 2004; Schweizer et al., 2011) which cannot fully describe its229

complexity (Shapiro et al., 1997). Moreover, the parameterizations often do not take into account temperature, liquid230

water content or the loading conditions such as the strain rate and the loading direction, which are critical for the231

material behaviour in some cases (Mellor, 1974; Denoth, 1980; Shapiro et al., 1997).232

Some properties are also difficult to measure or even some samples are difficult to carry to the lab, especially233

for weak snow (precipitation particles, depth hoar or surface hoar, for instance) (Reiweger and Schweizer, 2010;234

Walters and Adams, 2014). This limits the number of measurement points on such snow. The measurements used235

for fitting parameterizations do not cover all snow types. Numerical experiments based on tomographic images can236

help to characterize fragile snow types (e.g. Hagenmuller et al., 2014, 2015; Mede et al., 2018). Nevertheless, these237

tomography-based models are mainly limited to elastic properties and strength values and were simulated for a small238

number of samples.239

Models estimating the crack propagation propensity require the slab equivalent modulus to represent slab defor-240

mation. The crack propagation models rely on the idea that, at the onset of crack propagation, the energy for crack241

extension in the weak layer equals the change of gravitational potential energy and the strain energy corresponding to242

the deformation of the overlaying slab (e.g. van Herwijnen et al., 2016). Hence, the commonly made assumption is that243

the mechanical behavior of the slab can be approximated by linear stress-strain relations with an equivalent modulus244

(Reuter et al., 2019). This equivalent modulus must not be related to the elastic modulus of snow as their definitions245

from a material science point of view differ. Stability indicators may require equivalent modulus representing the246

whole deformation rather than the well-defined material property. This assumption on the snow deformation regime247
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Power laws of density based on tomography and �nite element analysis
[Köchle and Schneebeli, 2014; Wautier et al., 2015; Srivastava et al., 2016]

Rheological measurements on rounded particles and partly decomposed particles [Camponovo and Schweizer, 2001]

Exponential law on density based on measurements of initial deformation under static loading of rounded grains [Scapozza, 2004]

Measurements of dry-snow (strain rates ranging from 10−6 to 10−2 s−1) compiled and related to density [Mellor, 1974]

Linear or power law on density and in�uence of temperature based on measurements of deformation with wave propagation
[Smith, 1965; Gerling et al., 2017]

Typical values used for �nite element modelling (mainly in range 0.25-0.3) [Podolskiy et al., 2013]

Measurements compiled and related to density by [Mellor, 1974] based on quasi-static and wave propagation tests.
Explicit linear parameterization on density by [Sigrist and Schweizer, 2007]

Snow cover models. SNOWPACK: [Lehning et al., 2004] based on Jamieson and Johnston [1998] (microstructure-dependant,
normal load adjusted shear strength)with speci�c parametrizations for surface hoar [Chalmers and Jamieson, 2001].

Crocus: density-based parameterization with corrections depending on snow type, grain size, liquid water content and melt-freeze
cycles [Giraud et al., 2002]

Adjustment of shear strength accounting for the normal load with Mohr-Coulomb theory
[Roch, 1966; Jamieson and Johnston, 1998; Zeidler and Jamieson, 2006]

Power law on density for di�erent grain groups (e.g. persistent and non-persistent grain shapes) mainly based on shear frame tests
on alpine snow [Perla et al., 1982] or pre-identi�ed weak layers [Jamieson and Johnston, 2001]

Compilation of measurements based on various techniques (rotating vane, shear box, shear frame, etc.) on di�erent snow types
[Mellor, 1974] and exponential parameterization on density provided for rounded grains [Keeler and Weeks, 1968]

Power law on density �tted on 3-point bending tests mainly conducted on rounded grains [Sigrist et al., 2006]

Power law of density based on �eld measurements (slip-plate tensile test) for two grain shape groups [Jamieson and Johnston, 1990]:
38.3 (ρ/ρi)

2.65 for DH-FC and 79.7 (ρ/ρi)
2.79 for other grain shapes

Field measurements of tensile strength on notched samples for di�erent grain shapes and temperature [Roch, 1966]

Typical values for several grain shapes from �nite element modelling of PSTs [Schweizer et al., 2011]
or particle tracking of PSTs [van Herwijnen et al., 2016]

Power law on density and temperature based on notched cantilever-beam experiments on di�erent snow type
[e.g. Schweizer et al., 2004; McClung, 2005]

Analytical solution based on Boussinesq theory (uniform slab) [e.g. McClung and Schweizer, 1999]

Approximations of Boussinesq theory [e.g. Lafaysse et al., prep; Schweizer, 1997]

Approximation taking into account slab layering [Monti et al., 2016, e.g.]

FEM modelling of detailed stratigraphy [e.g. Jones et al., 2006; Habermann et al., 2008]

FEM computation on detailed stratigraphy and �t to theoretical expression
[e.g. Reuter et al., 2015; van Herwijnen et al., 2016]

Average of all layers [e.g. Sigrist, 2006]

Example of use in
implementations

ac [Reuter and Bellaire, 2018]
ag [Richter et al., 2019]

T [Reuter and Schweizer, 2018]

Sr [Reuter and Schweizer, 2018]

Sn, Sa

[Giraud et al., 2002]
[Lehning et al., 2004]

T [Reuter and Schweizer, 2018]

Sa [Giraud et al., 2002]
[Lehning et al., 2004]

Sr [Reuter and Schweizer, 2018]

ac [Reuter and Bellaire, 2018]

ag [Richter et al., 2019]

Figure 2. Map of the (a) mechanical properties per layer (red) or (b) non-local properties (orange). An overview of associated methods to determine
mechanical properties from snow cover model output is given in the second column (grey).The stability models presented in Table 1 can be used
with any of these mechanical parameterizations. However, the implementations cited in Table 1 used specific parameterizations, which are indicated
in the last column of this figure.

can also lead to inconsistency in weak layer fracture energies depending on the chosen measurement techniques as248

discussed in LeBaron and Miller (2016).249

4. Illustration250

We applied the models from Section 2 to simplified snow profiles. Comparing their results allows for a short251

sensitivity analysis to assess how the models may describe the process of avalanche release and to emphasize their252

underlying assumptions. The goal is neither to provide an exhaustive sensitivity analysis of the different models nor253

to evaluate the models but we guide the reader to dedicated literature.254
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Figure 3. (a) Simplified snowpack stratigraphy, including three parts (substratum, weak layer (WL), slab) and (b) four simplified snow profiles
from Habermann et al. (2008).

4.1. Methodology255

4.1.1. Selected models256

For illustration, we selected a subset of the stability models presented in Section 2. We chose models which require257

simple physical quantities (layer thicknesses, density or hardness...) and do not show expert models. In particular, S d258

is based on the grain bond size which is a variable specific to SNOWPACK and was therefore not considered. Overall,259

we considered three strength-stress ratios namely S n, S r, S a, two critical crack lengths ac and ag and the slab tensile260

criterion T . The onset of crack propagation used for the ratio T is here defined with the critical crack length ac.261

4.1.2. Selected snow profiles262

We applied the stability models to a set of snow profiles inspired by Habermann et al. (2008) for a slope angle of263

38◦. Figure 3 presents the basic geometry of these profiles, composed of a slab, a weak layer and a substratum. Each264

layer is described by its density, hardness and elastic modulus according to Habermann et al. (2008) (see Table 3).265

We also considered the temporal evolution of a snow profile after a snowfall. The substratum has the same266

properties as in Figure 3a. On top, a snow layer with a thickness of 5 cm with an initial density of 50 kg m−3 acts267

as a weak layer. Snow falls at a 10 cm h−1 rate for 10 hours creating layers with an initial density of 100 kg m−3.268

The snow settles under its own weight. Settlement is described with a viscous law dD
D = −σ

η
dt where σ is the normal269

load on each layer, D the layer thickness and η the viscosity. The viscosity η depends on density: η = η0
ρ
cη

ebηρ with270

η0 = 7.6 kg s−1 m−1, cη = 250 kg m−3 and bη = 0.023 m3 kg−1 as in (Vionnet et al., 2012).271

4.1.3. Mechanical properties272

To apply stability models other properties are required apart from thicknesses, density and elastic modulus. As273

shown in Section 3, numerous mechanical parameterizations exist. We selected the following ones, based on their274
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Table 3. Table of mechanical properties derived from hardness for each layer.
Layer hardness Density (kg m−3) Elastic modulus (MPa)
Weak layer (WL) 100 0.15
Soft (F) 120 0.3
Medium (4F) 180 1.5
Hard (1F) 270 7.5

simplicity and use in previous implementations:275

• The shear strength of the weak layer was set to 500 Pa as this value is in the range measured by Jamieson and276

Johnston (2001).277

• The tensile strength of the slab is derived from Jamieson and Johnston (1990).278

• The weak layer fracture energy was set to 0.2 J m−2, consistent with the range observed by Schweizer et al.279

(2011).280

• The skier induced stress ∆τ was computed according to McClung and Schweizer (1999).281

• The equivalent modulus of the slab was estimated by the mean elastic modulus of the slab layers (e.g. Sigrist,282

2006).283

To illustrate the role of the slab layering (Section 4.3), we also computed the skier induced stress ∆τ and the slab284

equivalent modulus Eeq with finite element simulations (Reuter and Schweizer, 2018). The slab equivalent modulus285

is computed by considering the deformation energy of the slab only and does not include the substrate. The strength-286

stress ratios S rF and S aF were simulated with finite element simulations. The critical crack length using finite element287

simulations for equivalent modulus is denoted acF .288

For temporal evolution, all mechanical parameterizations were set as in the previous paragraph except the elastic289

modulus, shear strength and weak layer fracture energy. The elastic modulus was computed as E = 1.8 · 105 · exp(ρ/ρ0)290

(Pa) (Scapozza, 2004) with ρ0 = 67 kg m−3 and shear strength as σc = 14.5 · ρ
ρice

1.73 (kPa) (Jamieson and Johnston,291

1990). Given the lack of parametrizations of the weak layer fracture energy, we derived plausible values to describe292

the temporal evolution. We estimated the weak layer fracture energy as α · τ2
c/E as this assumption has provided293

reasonable results in specific applications (see Birkeland et al. (2019, Equation 4) or Gaume et al. (2014, Equation294

B7)). The scaling coefficient α = 0.2 J m−2 was chosen so that w f is in the range observed by Schweizer et al. (2011).295

Hence, it can be regarded an order-of-magnitude best guess.296
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4.2. Homogeneous slab297

We conducted a sensitivity analysis on the simplified stratigraphy presented in Figure 3a to discuss the influence298

of mechanical parameters in each stability model. This stratigraphy is used as a reference and six parameters (slab299

thickness, slab equivalent modulus, weak layer shear strength, weak layer fracture energy, weak layer thickness and300

weak layer elastic modulus) were altered one after the other. By doing so, we did not account for possible correlation301

between the different parameters. For instance, we do not consider that, in the field, a thick slab is on average denser302

and stiffer than a thinner slab. However, this is on purpose to discuss the processes that are represented or not by the303

different models and the influence of mechanical parameters on their results. The sensitivity analysis is first presented304

for the shear strength-stress ratios mainly representing the failure initiation processes, then for the critical crack length305

representing the crack propagation propensity and eventually for the slab tensile criterion (representing potential slab306

fracture breaking off crack propagation).307

Shear strength-stress ratios are, as expected, affected by slab thickness and weak layer shear strength (Figure 4),308

in addition to the density of the slab (not shown). The shear strength-stress ratios S n (natural), S a (skier) and S r309

(external) are sensitive to the slab thickness. A thicker slab means a heavier slab and consequently, a higher stress is310

induced in the weak layer, so a lower value of S n is obtained. In contrast, the skier induced stress in the weak layer311

is reduced by a thicker slab and consequently leads to a higher value for S r. The skier ratio S a combines the two312

effects and hence presents a non-monotonic evolution with a maximum for a thickness of 0.5 m. The shear strength-313

stress ratios are proportional to the weak layer shear strength: they increase linearly with this parameter. The other314

parameters, weak layer thickness and weak layer stiffness, do not affect the shear strength-stress ratios. The natural315

ratio S n is by definition only sensitive to the load of the overlying slab (stress) and to the strength of the weak layer.316

In contrast, the skier induced stress can be affected by the layering of the elastic modulus as shown by Habermann317

et al. (2008). However, in this sensitivity analysis we used an analytical expression for skier induced stress which only318

depends on depth and slope angle (McClung and Schweizer, 1999) and thus cannot capture the effect of layering.319

The critical crack lengths, ac and ag, decrease with increasing slab thickness as this parameter affects slab bending320

and the subsequent stress concentration at the crack tip. The other way around, the critical crack length increases321

with slab equivalent modulus as stiff slabs deform less. Low values of weak layer strength ease failure initiation322

and facilitates crack propagation: a higher strength yields a larger critical crack length. Indeed, weak layer strength323

explicitly appears in the expression of ag. However, ac is not affected by weak layer shear strength as the mechanical324

parameter used in this stability model is the weak layer fracture energy. Indeed, ac increases with weak layer fracture325

energy.326

The weak layer thickness is also taken into account to compute ag. When using a snow cover model, this thickness327
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Figure 4. Sensitivity analysis of the stability models to their mechanical parameters on the simplified snow profile described on Figure 3a. Legend
names refer to models described in Table 1.

does not refer to the simulated layer thickness (vertical resolution of the model) but rather to a "useful thickness"328

(Richter et al., 2019), probably related to the zone where the strain accumulates (Walters and Adams, 2014). Moreover,329

the critical crack lengths decrease with the weak layer elastic modulus, as the modulus affects the stress concentration330

at the crack tip. It is an explicit parameter in the expression of ag and this effect is also indirectly captured by ac with331

the chosen parameterization of the weak layer fracture energy w f .332

The slab tensile criterion T describes the ratio between tensile stress and strength in the slab at the onset of crack333

propagation, when critical crack length is strictly positive. It is highly related to the value ac: the shorter the critical334

crack length, the smaller the unsupported part of the slab and the smaller the deformation. That means we obtain low335

values of tensile stress and low values of T .336

4.3. Layered slab337

We applied the different stability models to snow profiles with different slab layering (Figure 5). We first present338

the results for failure initiation, then for crack propagation.339

The natural ratio S n is only sensitive to the load of the slab. Values are the same for the profiles 1 and 2 and for340

the profiles 3 and 4 but the load is larger for the profiles 3 and 4 compared to the profiles 1 and 2. The external ratio341

S r is only dependent on slab thickness since the skier stress distribution is computed with a very simple analytical342
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expression which neglects the potential impact of layering (McClung and Schweizer, 1999). The value of S r is thus343

the same for all presented profiles. In contrast, the external ratio S rF relies on finite element simulations and is able344

to account for the impact of snow layering, including the substratum (e.g. Habermann et al., 2008; Thumlert and345

Jamieson, 2014). The value of S r is slightly lower for a stiffer substratum (profile 1 compared to profile 2) and346

significantly lower for density increasing with depth in the slab (profile 3) in contrast to a slab density decreasing with347

depth (profile 4). In the latter case, note that the model for S r does not account for any potential skier penetration in the348

snowpack. Therefore, the effect of a hard layer at the surface might still be under-estimated by this model (Habermann349

et al., 2008). The skier ratios S a and S aF exhibit little variations, with the slab layering or with the elastic modulus of350

the substratum, with values ranging between 0.5 and 0.6 for the provided examples.351

The critical crack length ag is related to both slab equivalent modulus and load. Layering is not accounted for352

since the slab modulus is here simply computed as the average of all layers. The values of ag appear to be almost353

the same in all profiles. Indeed, the effects of additional load are here counterbalanced by the effects of an increased354

stiffness. In contrast, ac exhibits more variations with the different snow profiles. As expected, the values of the critical355

crack length do not depend on the substratum (profiles 1 and 2) as it is not represented in the models. Moreover, slab356

properties are averaged in the computation of ac and ag, and thus the models do not represent the layering of the357

snowpack (profiles 3 and 4). Yet, a finite element simulation accounts for the layering of the slab in the computation358

of acF . Noticeably, in profile 4, where density decreases with depth, the critical crack length ac is larger by a factor of359

2.8 compared to acF , which is in agreement with the findings of Gaume and Reuter (2017). In profile 3, the critical360

crack lengths ac and acF are very close, which shows that in this case averaging the elastic modulus to define the361

slab equivalent modulus may be sufficient. The values of ac and ag, i.e. the two different models of the crack length,362

are very different for profiles 3 and 4 (ac = 26 cm, ag = 5 cm). Sensitivity studies on a representative set of profiles363

help to assess how important it is to explicitly account for this layering, as done by e.g. Habermann et al. (2008) or364

Monti et al. (2016) for skier induced stress and Reuter and Schweizer (2018) for critical crack length. The slab tensile365

criterion T computed with FEM shows larger variations between the profiles. Being representative of the tensile stress366

in the slab, which often concentrates near the surface, T has a higher value for profile 3 with lower strength at surface367

than profile 4, but it is also higher than for a uniform slab (profiles 1 and 2, value of zero) as a higher elastic modulus368

for one layer will concentrate the stress. The value is also correlated to ac: higher values are linked to higher values369

of ac.370

4.4. Temporal evolution371

Finally, we applied the selected stability models to a typical new snow situation. The slab is initially composed372

of new snow falling on a non-persistent weak layer composed of very low density snow. The time-evolution of the373
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described in Table 1.
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snowpack is studied up to five days after the snowfall (Figure 6).374

The stress on the weak layer due to the new snow increases during the snowfall. When the snowfall ends, the stress375

remains constant, but other snowpack properties continue to evolve with time as snow settles: thickness decreases376

while density and strength increase, as measured by Roch (1966b). Consequently, the natural ratio S n decreases377

during snowfall and then increases with weak layer hardening. By contrast, S r and S a increase during snowfall due378

to the increasing distance between the additional load (applied at surface) and the weak layer. This distance is then379

slightly reduced due to the settlement leading to a reduction of the increase rate of the values of S a and S r. In a real380

situation, the skier may penetrate the snowpack and the effective skier load may be higher at beginning due to skier381

penetration, which is not represented here (Schweizer and Reuter, 2015; Monti et al., 2016; Thumlert and Jamieson,382

2014).383

Both models of the critical crack length show decreasing values during snowfall due to the increased stress on the384

weak layer. After the snowfall, the values of the critical crack length increase, representing a stabilization which is385

mainly a consequence of snow settling leading to the stiffening of the slab and the strengthening of the weak layer.386

The stabilization following snow storms, with modelled settling, is faster immediately after the snowfall than later387

when processes slow down, which is consistent with observations of Birkeland et al. (2019). The values of T remain388

very close to zero, which indicates that the tensile stresses due to a crack of length ac in the slab never exceed the389

tensile strength of the different layers. In other words, it means that tensile failure in the slab would be unlikely and390

crack would rather tend to keep propagating than be arrested.391

5. Concluding remarks392

We compiled different mechanical models which were developed to assess snowpack stability from simulated393

snow profiles. Two main mechanical concepts are behind the stability models: maximum stress criterion characterizes394

the failure initiation propensity and Griffith’s energy criterion based on weak layer fracture energy allows to evaluate395

crack propagation propensity. However, model implementations present many subtle differences and the results are396

not all directly comparable, as models often complement each other (Figure 1). Moreover, some empirical rules are397

often included or different implementations of the mechanical properties co-exist. The main goal of this review was to398

explain the differences in a synthesis including the references to the relevant literature (Tables 1 and 2) and illustrative399

examples. We highlight the sensitivity of the stability models to the mechanical input such as strength or stiffness and400

thus also present an overview of the available mechanical parameterizations (Figure 2).401

We provided an overview of the current state of research on snowpack stability assessment based on snow cover402

modelling, but also point out some scientific challenges and draw some guiding lines for future research.403
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Figure 6. Temporal evolution of the snow depth (a) and of the associated stability models (b) during and after a snowfall. The slab (dark green) is
composed of new snow with a moderate density (initial value of 100 kg m−3). The weak layer (blue) is composed of very light snow (initial density
of 50 kg m−3). The slab and the weak layer evolve with time due to snow settlement. The substratum (pink) is composed of hard snow and do not
evolve with time. Legend names refer to models described in Table 1.

It appears that all stability models share the same assumption that snow behaves as an elastic brittle material404

which can be represented with continuum and fracture mechanics. However, it has long been known that snow also405

exhibits visco-plastic behaviour (e.g. Narita, 1980). In practice, the assumption of brittle elasticity makes sense for406

many of the processes involved in avalanche formation but may still limit the scope of the presented models both for407

failure initiation and crack propagation. In particular, an elastic model cannot correctly represent skier penetration408

and thus may fail to correctly reproduce skier-induced stress. Empirical adjustments based on snow depth and density409

have been developed (e.g. Schweizer and Reuter, 2015; Reuter et al., 2015) but the associated theoretical framework410

remains to be evaluated. Besides, all crack propagation models presented above assume that the slab deforms in an411

elastic manner whereas energy may dissipate notably near the crack tip or in the slab itself. Even if the slab modulus412

may be adjusted to an effective value to reproduce the observed behavior, the chosen elastic framework can lead to413

discrepancies between the input parameters of the stability models and the measured values of material properties. For414

instance, the weak layer fracture energy ranges between 0.2 and 2.2 J m−2 when derived from propagation saw tests415

(van Herwijnen and Heierli, 2010; Schweizer et al., 2011; Bergfeld et al., 2021b) but is estimated around 0.05 J m−2
416

if derived from ice properties and 3D microstructure (LeBaron and Miller, 2016). This discrepancy is not a problem417

in itself but limits stability models to benefit from broader studies focusing on snow as a material.418

To represent the different processes of avalanche formation that contribute to point stability, several indices have to419
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be combined (Figure 1). At least indices for failure initiation and crack propagation have to be considered simultane-420

ously. Several studies proposed possible combination of stability indices, such as Reuter et al. (2015) who combined421

S r and ac or Reuter and Schweizer (2018) who added T . Gaume and Reuter (2017); Rosendahl and Weißgraeber422

(2019b) merged a failure stress condition and an energy condition for crack propagation. Besides, the presented sta-423

bility models focus on failure initiation and on the onset of crack propagation, which corresponds only to the central424

part of the series of mechanical processes leading to avalanche release (Figure 1). So far, less attention was paid to425

the progressive damaging of the weak layer which can lead to the creation of an initial crack. After Conway and426

Wilbour (1999) had presented a time derivative based on natural strength-stress ratio, their model has long not been427

used with snow cover models, but very recently implemented to assess natural release from snow cover modelling428

(Reuter et al., 2022). Recent studies have investigated the competition between bond breaking and the healing due to429

sintering (Capelli et al., 2018) and their translation into material visco-plasticity (e.g. Puzrin et al., 2019). Explicitly430

adding time dependent processes in the stability models can eventually help to pinpoint natural avalanche activity and431

improve existing models (Brown and Jamieson, 2008). At the very end of the series of processes, dynamic crack432

propagation has seen more research more recently (e.g. Gaume et al., 2018; Bergfeld et al., 2021b). Trottet et al.433

(2021) suggested that once the crack has reached a “super-critical” size (larger than the size at the onset of crack434

propagation), the involved failure mechanism or mode might switch and affect the size of the avalanche release area.435

However this idea was challenged by the results of Bergfeld et al. (2021a). Research on the processes involved in the436

dynamic phase of crack propagation that follows the onset is ongoing. At last, even for point stability assessment, a437

minimal spatial homogeneity is assumed (at least on several meters), especially for crack length modelling whereas438

terrain or wind effects induce spatial heterogeneity of the snowpack (Gaume, 2012) and highly influence propagation439

results (Gaume et al., 2013). Detailed snow cover models are mainly 1D models and do not represent meter-scale440

spatial variability.441

The most recent studies designed to understand the physics of avalanche formation mainly work with a simple442

two-layer stratigraphy composed of a homogeneous slab and a weak layer (e.g. Gaume et al., 2015; Bobillier et al.,443

2021; Rosendahl and Weißgraeber, 2019a). These models can thus not directly be applied to heterogeneous vertical444

snow profiles (see influence of layering in Figure 4). These models have either to be adapted to more complex snow445

profiles or an additional step is required to reduce the complex stratigraphy, for instance with the use of equivalent446

mechanical properties (Monti et al., 2016). Moreover, the substratum has been shown to influence snowpack stability.447

The mechanical properties of the substratum can modify the stress distribution especially in the weak layer just above448

(Habermann et al., 2008) and can also influence the crack propagation propensity since layering affects the stress449

distribution in the slab (e.g. Gaume and Reuter, 2017; Reuter and Schweizer, 2018). However, it appears from this450

25



L. Viallon-Galinier et al. / Cold Regions Science and Technology 00 (2022) 1–32 26

review that accounting for the substratum is not systematically taken into account in the stability models.451

For understanding the concepts involved in avalanche formation, simplified stratigraphy (for instance with ho-452

mogeneous slab) is of crucial help to separate between involved processes. However, for practical use in avalanche453

forecasting, the full stratigraphy is crucial as it can decide whether a weak layer fails for example. To get this strati-454

graphic information, both observed profiles or simulation (Schweizer et al., 2006) can be analyzed with expert rules to455

identify critical weak layers. Some stability indices have been developed specifically to identify weak layers prior to456

further stability analysis such as SSI (Schweizer et al., 2006). Other expert methods may also be used to identify weak457

layers such as the so-called lemons (Jamieson and Schweizer, 2005) or the tracking approach developed by Reuter458

et al. (2022).459

The assessment of the snowpack stability highly depends on the knowledge of the material properties of the layers.460

There is a large variety of mechanical parameterizations (Section 3) and their choice affects the stability indices461

(Figure 4). This large variety is due to the complexity of snow as a material. In particular, mechanical properties462

are highly sensitive to temperature, liquid water content (e.g. Mellor, 1974) or the microstructure (e.g. Hagenmuller463

et al., 2015; Jamieson and Johnston, 1990). Moreover, the snow types which are critical to assess snowpack stability,464

for instance weak layers or snow near the melting point, are also difficult to measure. Thus, despite the amount of465

measurements available, there is no best practice for computing mechanical parameters for snow cover models (e.g.466

Podolskiy et al., 2013; Reuter and Schweizer, 2018). This limitation might also be linked to the rough representation467

of microstructure by snow cover models (or in observation reports) which may be insufficient to represent the evolution468

of mechanical properties.469

If snow cover model output is used to run a stability model, also the meteorological forcing represents a source470

of uncertainty, which adds to the snow cover model uncertainty (e.g. Vernay et al., 2015; Lafaysse et al., 2017) and471

propagate to the finally computed stability indicators. Improving stability models needs to go with improvements472

of the snow cover models (e.g. Simson et al., 2021), including a better representation of snow microstructure or the473

explicit representation of the evolution of some mechanical properties (e.g. Hagenmuller et al., 2015). In any case, as474

they are computed from the output of snow cover models, stability indicators are sensitive to previous model param-475

eterizations. A way to overcome these limitations is to use statistical tools to identify critical situations rather than476

only considering physically based models. These models range from simple statistical adjustments of the threshold477

on stability indicators (e.g. Reuter and Schweizer, 2018) to more advanced statistical methods such as random forests478

(e.g. Sielenou et al., 2021; Evin et al., 2021; Mayer et al., 2021). Besides, these techniques are versatile: they can be479

straightforwardly adapted to different versions of meteorological and snow models.480
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6. Notations used481

Notations used are reported below:482

• σ is the slope-normal stress in a snow layer483

• τ is the slope-parallel (shear) stress in a snow layer484

• τc is the shear strength of a snow layer485

• σc is the tensile strength of a snow layer486

• σb is the stress in bonds487

• σbc is the strength in bonds488

• ∆τ is the skier-induced stress489

• D is the slab thickness490

• Dwl is the weak layer thickness491

• E denotes the elasitc modulus492

• Eeq denotes the equivalent modulus493

• ν denotes the Poisson ratio494

• E′ = E/(1 − ν2) denotes the plane stress elastic modulus495

• ρ denotes the density and ρi the density of ice496

• w f is the weak layer fracture energy497

• G is the shear modulus (G = E/2(1 + ν))498
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