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Abstract. Voellmy—Salm friction model is one of the most extensively used theories for assessing the frictional terms of the
equations that describe the motion of non-Newtonian flows such as snow avalanches. Based on the Coulomb- and turbulent-
type friction, this model has been implemented in numerical tools for computation of snow avalanche dynamics based on the
Shallow Water Equations (SWE). The range of the Voellmy parameters has been discussed widely, focusing mainly on the
required values for achieving good results for the description of the moment and position of the avalanche when it stops.
However, effects of parameters on the SWE terms, and their physical interpretation have not been investigated sufficiently.
This work focuses on analysing the effects of the Voellmy—Salm parameters and cohesion on the avalanche characteristics
and evolution of the new SWE-based numerical model Iber. In the numerical scheme, an upwind discretization was used for
the solid friction and cohesion terms, while a centred one was used for the turbulent friction. Results show that the Voellmy-—
Salm model dominates the avalanche dynamics and the cohesion model allows the representation of long tails, whereas the

friction and cohesion parameters may vary within a wide range.

1 Introduction

The growing concerns about natural hazards, in particular snow avalanches, have led to the development of ad hoc numerical
models as support tools for their analysis (Funk and Margreth, 1999; Gruber and Bartelt, 2007; Jamieson et al., 2008;
Keylock and Barbolini, 2011; Maggioni et al., 2019). Gauer et al. (2008) indicate that avalanche, from the viewpoint of their
dynamics, have been traditionally classified into dense flow avalanches and powder snow avalanches, and that often dry-
snow avalanches are not purely any of the previous types, as they consist of a powder cloud, but also a dense core below
(mixed-motion avalanches). Up to date, most numerical simulation tools available for practitioners provide results of runout
distance, flow heights, flow velocities and impact pressure for dense flow snow avalanches, or for the dense core of mixed

ones.
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Snow avalanches are commonly modelled by solving mass and momentum conservation equations, which are also used for
the simulation of water flows (Shallow Water Equations, SWE, or Saint Venant equations). The SWE usually use the
Manning formula for representing the frictional terms for water flows; however, for snow, other specific models are applied.
The Voellmy-Salm friction model (Salm, 1993; Voellmy, 1955) is a popular model used to define the friction terms for
granular flows (Hussin et al., 2012; Pirulli and Sorbino, 2008; Schraml et al., 2015), also used for snow avalanches modelling
(Ancey et al., 2004; Bartelt et al., 1999; Christen et al., 2010; Keylock and Barbolini, 2011; Oller et al., 2010). This friction
model integrates the total flow resistance as the addition of two parameters, namely turbulent friction resistance and solid
phase, which are associated with flow velocity and dry-Coulomb friction, respectively. The range of these parameters has
been the object of many analysis and discussion (Ancey et al., 2004; Bartelt et al., 1999; Fischer et al., 2015; Gauer, 2014;
Gruber and Bartelt, 2007; Hussin et al., 2012; Hutter et al., 1995; Keylock and Barbolini, 2011), some of which focus on the
achievement of a good representation of the moment and position when the avalanche stops. As a result, different guidelines
and handbooks have been published (Bartelt et al., 2017; Brugnot, 2000; Christen et al., 2001; Maggioni and Gruber, 2003;
Salm et al., 1990), helping avalanche modellers to select the appropriate values of these parameters.

However, the effects of the friction model on the individual terms of the equations are commonly ignored. Thus, very
different values of the model parameters, nonphysically based, could achieve the same results on the simulation of a snow
avalanche. Additionally, using parameter values within the recommended ranges may cause difficulties in representing the
avalanche stopping. For such cases, Bartelt et al. (2017) proposed a stopping criterion based on momentum, i.e., the
avalanche stops when its momentum is lower than a user-defined fraction of its maximum momentum. Nevertheless, this
criterion is nonphysically based, because it depends on the avalanche’s characteristics at a very different location and time.
Additionally, Bartelt et al. (2015) proposed the inclusion of an additional friction term related to snow cohesion, a real
physical snow property, which has an effect of retention and can stop the avalanche irrespective of the maximum momentum
reached during the avalanche propagation.

Herein, the friction—cohesion model (VVoellmy—Salm plus cohesion), was analysed as part of the SWE terms of shear stress
along with its effect on mass and momentum equations. The relevance of each term was tested by comparing the numerical
results with well-documented laboratory experiments and with a real case study. Simulations were performed using the
numerical tool Iber (Bladé et al., 2014a), which is a two-dimensional (2D) hydraulic model; Iber has been recently enhanced
to simulate snow avalanches (Torralba et al., 2017). To that end, a specific numerical treatment of the friction—cohesion
model was implemented to adapt it to the particularities of the numerical scheme used by Iber (the Godunov method together
with the Roe Approximate Riemann Solver). The discussions on these numerical implementations, together with some other
considerations like the usage of nonhydrostatic pressure or nonisotropic properties, indicate that there is still a strong need

for research on the description and modelling of the whole avalanche process (triggering, release, motion, detention, etc.).
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2 Materials and methods
2.1. 2D numerical modelling of non-Newtonian shallow flows

Most existing avalanche simulation models are based on the solution of mass and momentum conservation equations, which
are similar to the equations for free surface water flows and differ only in the terms describing friction (rheological model).
These equations, when applied to water, are named 2D Saint Venant equations, or 2D depth-averaged SWE (2D-SWE).
They are derived from Navier—Stokes equations through a time average to filtrate the turbulent fluctuations (Reynolds
equations, RANS) and a depth average to convert the 3D equations into 2D (Tan, 1992; Toro, 2009).

2D-SWE are a hyperbolic nonlinear differential system of three equations in partial derivatives, which, when expressed in
compact vectorial notation, result in the following:

5
—U+VF=H 1
s U+ (1)

where U is the temporal variation of the conservative variables, F is the flow tensor, and H is the source term. Momentum
equations contain the gradients of the pressure and inertia terms (through the flow tensor F), the bottom slope and friction
terms (through the source term H).

Using 2D-SWE-based numerical models to simulate non-Newtonian flows, such as snow avalanches, requires two additional
hypotheses: a monophasic fluid, wherein the fluid is formed by a unique phase where all component are perfectly mixed, and
shear stress grouping, wherein the shear stress can be considered as the sum of five different components (Julien and Leén,
2000) as follows:

T=Tg+ T, + 7T, +Tpme + 7, (2)
where 7, is the dispersive term, t, is the turbulent term, 7,, is the viscous term, t,,. is the Mohr—Coulomb terms, and z, is
the cohesive term.

In general, this shear stress description can be used for the numerical modelling of non-Newtonian flows using the appropriate
rheological model (Scheidl et al., 2013). Thus, if for water flow the shear terms due to friction are expressed by means of the
friction slope, which is part of the source term H, then the rheological model for non-Newtonian fluids, which is expressed
by the S, term, can also be considered as a friction slope caused by the aforementioned components of the total shear stress.
In addition, non-Newtonian flows may have nonisotropic properties and nonhydrostatic pressure distribution, and new
material may be entrained into the flow mass along its path. Nonhydrostatic pressure distribution can be accounted for
through the coefficient K,,, which affects the pressure terms in the flow tensor F. Entrainment (E), or incorporation of new
material, can be added in the mass conservation component of the source term H. Thus, Eqg. (1), when applied to non-

Newtonian flows, particularly to snow flows, can be written as follows:
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where h is the flow depth, v, and v, are the two velocity components, g is the gravitational acceleration, S, , and S, ,, are
the two bottom slope components, and S, , and S, ,, are the two components of the rheological model. For water flows, the
K, factor is equal to 1 (hydrostatic pressure), and E is the a variation rate of the fluid column at a specific point, for example,
a source or a sink (Bladé et al., 2019b), or during rainfall/infiltration processes in hydrological modelling (Cea and Bladg,
2015).

In particular, the friction terms S,, can be split into two terms [Eq. (4)]: S, for the flow resistance forces [Eq. (5)]; and S/},
for the cohesion forces [Eq. (6)]. The Voellmy—Salm friction model, which is widely used for granular flows such as snow
avalanches, integrates the total flow resistance as the sum of a solid phase (x) and a turbulent resistance (¢). The cohesion
forces, added by Bartelt et al. (2015), can be defined as an additional flow resistance that depends on the cohesion (C) and

normal stress. All terms are expressed as a friction slope as follows:

Srn = Sin + Sin (4)
2

h = “te (5)

=L ca )(1 —%> 6

where p is the flow density, ¢ is the turbulent friction coefficient, u is the Coulomb friction coefficient, and C is the cohesion

parameter.

2.2. Numerical model

The previous equations have been implemented in Iber (Bladé et al., 2014a), a 2D numerical tool for simulating shallow
flows in rivers and estuaries (www.iberaula.com). Initially developed for hydrodynamic and sediment transport simulations
(Bladé et al., 2014b, 2019a), Iber has been continuously enhanced including different modules, such as hydrological
processes (Cea and Bladé, 2015), water quality (Cea et al., 2016), large-wood transport (Ruiz-Villanueva et al., 2014),
physical habitat suitability (Sanz-Ramos et al., 2019a), and, recently, non-Newtonian flows such as wood-laden flows (Ruiz-
Villanueva et al., 2019) and snow avalanches (Sanz-Ramos et al., 2020; Torralba et al., 2017).

Iber solves the described 2D-SWE through a conservative finite volumes scheme and on unstructured meshes of triangles
and quadrilaterals. It uses a first-order Godunov-type upwind scheme for convective fluxes and the geometric slope source

term, in particular the Roe scheme (Roe, 1986), and a centred scheme for the turbulent diffusion friction source term (Bladé
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et al., 2014a). Therefore, the scheme achieves balancing of the bottom slope source term with the flow tensor, thereby
avoiding spurious oscillations of the free surface and retaining quiescent water even when working with complex irregular
geometries (Bermldez et al., 1998).

The model uses different numerical approaches for the spatial discretization with the finite volume method (Tan, 1992; Toro,
2009). Briefly, centred schemes use a linear interpolation without considering the flow direction, whereas upwind schemes
are based on the characteristics theory for hyperbolic systems (LeVeque, 2002; Vazquez-Cenddn, 1999) and consider the
fact that flow perturbations are propagated along the characteristic lines in space—time. Thus, upwind schemes consider the
flow velocity and propagation direction. Schematically, the average values of the flow variables (depth and velocity) are
stored at the geometric centre of the finite volume, but they are updated with the flows (mass flow or discharge and
momentum flow) through the finite volume edges, which are computed with a noncentred stencil and the source terms.
Therefore, noncentred discretization for the slope source terms (S,) should be used. In other words, the slope is discretized
by a series of “steps” (Az) between horizontal surfaces (finite volumes) instead of a continuous sloping surface.

Stopping of an avalanche on a sloping terrain is due to the equilibrium between friction terms and gravity forces at that time.
Thus, when implementing the friction—cohesion model into the numerical scheme, a proper balance between the Coulomb
stresses (u) and the cohesion stresses (C) must be ensured, which explain why these two frictions terms are treated separately

from the turbulent stresses (¢) in the numerical scheme.
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Figure 1. Sketch of the numerical treatment of Coulomb (u) friction stresses, which can conceptually be indicated as a “friction
step”. The upper part of the figure illustrates how the geometric step (Az) (upper left) is counterbalanced by the “friction step”
(Az (4 ¢y) (upper middle), and thus the velocity is kept null (upper right). The lower part shows how the friction step (lower middle)
opposes the gravity forces, and thus the calculated velocity (lower figure right) is less than the velocity in the case of no friction
(lower figure left).
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Coulomb solid friction and cohesion (C) terms are discretized by an upwind numerical scheme, similar to the scheme used
for the bottom slope. Conceptually, this could be interpreted as the addition of an elevation difference to the mentioned
geometric bottom “step” across finite volume edges, which can be indicated as a “friction step” (Az(,,()) against flow
motion (Figure 1).

Turbulent friction is treated through a centred scheme following the same methodology as for water flow, with the difference
being that, for water, the friction slope is calculated using the Manning equation, whereas, the turbulent part of the VVoellmy—
Salm model equation is employed herein. A detailed description of the numerical schemes implemented in Iber for water
flow can be found in the research by Bladé and Gémez-Valentin (2006), and the treatment of the source term is described in
detail in Brufau et al. (2002) and Bladé et al. (2012).

2.3. Model analysis and description of the case studies

To validate the numerical model, the formulation used for the shear stress terms of the Voellmy-Salm and cohesion models
was first analysed. This analysis focuses on understanding the behaviour of avalanches by varying the involved variables (u,
&, C, h, v and p) within the common ranges described in the literature, and exploiting their contribution to the total shear
stress (t = 1, + 7 + 7¢). The second part of the validation includes the simulation of two well-documented experimental
case studies. The first experiment is a laboratory flume with granular material (glass beads) (Hutter et al., 1995), whereas the
second one is a “natural” channel with snow flow (Lang and Dent, 1980). These tests aimed to calibrate the parameters of
the friction—cohesion model in the numerical modelling to match the results with the experiments. Finally, a recorded snow
avalanche that took place in the Pyrenees in 2018 was simulated in order to test the numerical model in real conditions.
Different parameter combinations of the friction—cohesion model were analysed to identify the numerical model response to

the parameter variations in terms of runout distance and cumulated snow.

2.3.1. Case 1 (Hutter, Exp. 117)

Hutter et al. (1995) performed laboratory experiments to study the flow motion of granular flows, such as landslides, rockfalls
and ice, and dense flow snow avalanches, under controlled conditions. The experiments consisted of a chute of two straight
channels 0.1 m wide with different slopes joined by a circular transition zone. On the upper part, the granular material was
stored and then released with almost instantaneous gate opening.

The experiment (Exp. 117) consisted of a 1.4 m long channel, inclined by 60°, and 1.7 m long horizontal part connected by a
0.258 m long curved part. From the storage area, 4 kg of glass beads (1,730 kg m?) was released and then analysed with
high-speed photography to determine the position of the avalanche.

The chute was discretized using distorted rectangles elements (0.01 m in perpendicular direction and 0.1 m in the direction
parallel to the flow), because the flow is mainly 1D. A wet-dry limit of 0.003 m, which is equal to the material size, was

used. The simulation time was 2 s with intervals of 0.05s, while the initial conditions included the material initially
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positioned in the storage area and dry conditions in the rest. Only the friction terms u and & were analyzed. No cohesion was

considered owing to the material’s nature.

2.3.2. Case 2 (Lang and Dent, 1980)

Lang and Dent (1980) built up a seminatural facility to obtain and compare data with the results of a computer model. This
facility was constructed near a ski resort and consisted of a semicircular inclined (30°) channel lined with a plastic sheet aiming
to achieve maximum flow velocities up to 18 ms™. A 2.4 m wide horizontal deceleration area existed immediately after the
inclined part. The position of the leading-edge was filmed and transformed into a function of time.

Herein, Experiments 1 and 3 (Lang and Dent, 1980), denoted as Exp. 1 and Exp. 3 respectively, associated with terminal
velocities of 12 and 18 m s, respectively, were analysed. The setup of the numerical model consisted only of the flat part of
the chute and was discretized by 1D elements of 0.01 m. An initial snow volume of 3.36 m® was introduced in the model
with the terminal velocity as an initial condition. Since no data were available, the flow density was assumed to be 300 kg m"
3, The simulation duration was 3 s with a time step of 0.1 s and the wet-dry limit was 0.01 m. The influence of the three

parameters, namely p, &, and C, was studied.

2.3.3. Case 3 (Coll de Pal, 2018)

Coll de Pal is a mountain pass (2,070 m.a.s.l.) located in the central part of the Catalan pre-Pyrenees range, northeast Spain
(Figure 2a). A road (BV-4024) that crosses the pass, is exposed to snow avalanches during the winter season.

On February 10, 2018, a slab avalanche event occurred at the area known as Rocs de la Bofia between the 17" and 18™ km
of the road. The avalanche flowed from an unknown triggering area and stopped several meters below the road. Two days
after the event, the runout area and snow depths on the road were recorded (Figure 2b, coloured in blue).

The study area is within the zone called RIT051 according to Avalanche Database of Catalonia (BDAC) and contains the
potential triggering and runout area of the avalanche (Figure 2b). The release area of this event was estimated by means of i)
a field recognition, mostly tacking into account roughness and damage evidence on vegetation; ii) a terrain slope analysis
considering that slopes below 28 ° and above 45° were not adequate to generate an avalanche (stable condition) and to keep
enough snow thickness to trigger an avalanche, respectively; and iii) a slope side orientation analysis considering the
preferential snowdrift accumulation area due to wind action previous to the event. The result of this analysis is displayed in
yellow in Figure 2b.

The study area was discretized in the numerical model through an unstructured mesh of triangles with a side length of 2 m.
An initial condition of 0.80 m of snow was imposed on the selected release area (Figure 2b, coloured in yellow). The flow
density was assumed to be 300 kg m* (no data were available), and a wet—dry limit of 0.01 m was chosen. Different
combinations of the friction—cohesion model parameters were tested for a simulation of 180 s. Results of the runout distance
from the lower part of the release area to the furthest position were compared. In addition, the snow depth at the end of the

event and the maximum velocity achieved during the flow motion were analysed.

7
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Figure 2. Coll de Pal case study: (a) General location (red point) of the case study Coll de Pal (background image source: ESRI).
(b) Representation of the RIT051 zone (purple), the selected release area (yellow) and the recorded runout area of the event (blue)
(background image source: Institut Cartografic i Geologic de Catalunya).

The parameters of the Voellmy model (u, £) and cohesion (C) were analysed individually, focusing on their significance

from the viewpoint of shear stress. This review was performed for a constant value of density of 300 kg m3, which can be

associated with relatively dense snow in natural state. Density is involved in all terms as a proportionality factor; however, if

the friction terms are expressed as a friction slope, as in Eq. (5) and Eqg. (6), the density does not appear explicitly, except for

the cohesion in which it acts as a reduction factor (p~1). The friction slope is proportional to the shear stress through a factor

of pgh; thus, for shear stresses density is relevant.
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3.1.1. Coulomb friction stress (z,,)

Coulomb friction stress (z,) is linearly dependent on the flow depth (h) and the dry-Coulomb friction coefficient (u) [Eq.
(5)]. Thus, if it is calculated by varying these values, a cone-shaped surface will be generated (Figure 3a), where 7, values

are plotted with intervals of 1,000 Pa when h varies from 0 to 2.5 m and u from 0 to 1, resulting in 7, values lower than
7,500 Pa (for a density of 300 kg m™).

However, values of u lower than 0.1 or greater than 0.6 might be unrealistic (Platzer et al., 2007a, 2007b). Therefore, the
shear stress due to the Coulomb friction is not supposed to exceed 4,500 Pa for snow in the natural state, when density is

near 300 kg m3. For other density values, this limit can increase to 11,000 Pa, e.g., for slush snow, which can reach a
density of up to 750 kg m (Jaedicke et al., 2008; Platzer et al., 2007a).
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Figure 3. Shear stress contribution due to Voellmy-Salm model: (a) Coulomb friction (z,,, in Pa) as a function of the flow depth (k)
and the Coulomb friction coefficient (g); (b) Turbulent friction (z¢, in Pa) as a function of the flow velocity (v) and the turbulent
friction coefficient (£); (c) A zoomed-in view of the blue region of (b), where in z; is limited to 8,000 Pa.
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3.1.2. Turbulent friction stress (z¢)

As mentioned before, the turbulent friction stress (z;) depends on the square of the velocity (v) and is inversely proportional
to the turbulent friction coefficient (£) [Eq. (5)]. This term was evaluated in this study by varying both & and v. Figure 3b
shows the variation range of 7, when v =040 ms™ and ¢ =50-4,050 ms? Figure 3c illustrates an enlargement for 7,
values less than 8,000 Pa.

Low velocities (< 10 ms*) and moderate values of & (> 900 m s) resulted in a limited contribution of the frictional terms
(< 300 Pa). For this range of velocity and very low & values (> 450 m s), the shear stress was lower than 1,700 Pa. Stress
values above 10,000 Pa require & < 450 m s and velocities greater than 13 m s™.

The effect of density on 7; was proven to be similar to that on z,,. Consequently, different snow density values would lead to
different shear stress behaviours. For example, slush snow would result in double shear stress values for the same values of v
and ¢.

3.1.3. Cohesion friction stress (t)

The cohesion contribution to the shear stress (t.) depends on u and on the cohesion parameter C. Equation (6) can be split

pgh
into two terms: C(1 — u) and (1 — e‘T>. The first is linearly dependent on C, and on u in through the term (1 — u), a

reduction term. According to Platzer et al. (2007a, 2007b), since u is between 0.1 and 0.6, the reduction term (1 — w) is
between 0.4 and 0.9. The second term depends on the depth (h), density (p) and cohesion (C).

Shear stress was evaluated for a range of C between 50 and 2,050 Pa, as suggested by Bartelt et al. (2015), whereas h ranged
from 0 to 5 m and p from 0 to 0.5. Figure 4 shows 7, for C = 250 Pa (Figure 4a) and C = 2,000 Pa (Figure 4b). An accretion
of T, with h can be observed, more accentuated for lower values of k; and a linear diminution of the shear stress, regardless
of the flow depth, while u increases.

Figure 4c exhibits the performance of the aforementioned second term. This term is 0 when h tends to 0 or C tends to oo, and
it is 1 for high values of h or for C tending to 0. The effect of this term is quite limited on 7. Mid-low 7. values (0-0.75) are
obtained for flow depths lower than 0.9 m with a flow density of 300 kg m=. Thus, 7. is an important parameter only for low

values of h, affecting the spreading areas (lateral and tail).

10
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Figure 4. Shear stress contribution due to cohesion: (a) Cohesion friction (z¢, in Pa) for € = 250 Pa as a function of the flow depth
(h) and the Coulomb friction coefficient (u); (b) Cohesion friction (z¢, in Pa) for € = 2,000 Pa as a function of the flow depth (k)

pgh
and the Coulomb friction coefficient (u); (c) Representation of the term (1 - e_T) as a function of the flow depth (h) and the

cohesion (C).
3.2. Case 1 (Hutter, Exp. 117)

This case, presented by Hutter et al. (1995), was used to study the effect of the parameters p and & on the dynamics of
granular flows. The cohesion effects were not considered because of the material’s properties. Numerical results were
compared with the observations in terms of the rear (r) and front (f) position of the avalanche. In the following paragraphs
and figures, uX_ €Y notation is used to refer to simulation with values X and Y for u and &, respectively. The parameter u
varies from 0.19 to 0.49 and & varies from 500 to 2,000 ms2. The upper limits were chosen according to Bartelt et al.
(1999). The results were also compared with the simulations presented in the same study.

Figure 5 illustrates the results of Exp. 117 for 1 = 0.49 and different values of £. Good fitting at the first time steps (t < 0.3 s)
is observed, but there is an overestimation during the displacement of the material and less spread of the avalanche. Using
the parameters proposed by Bartelt et al. (1999), a good adjustment is observed for the end position of the avalanche front,
but the rear position of the avalanche is overestimated (approximately 0.45 m). In contrast, a good adjustment of the rear

position of the avalanche is achieved with & = 1,000 m s, but then the front position is underestimated (around 0.35 m).
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Figure 5. Comparison between the measured positions (r: rear; f: front) by Hutter et al. (1995) and the computed results using
different combinations of p and & during Exp. 117. The lines represent the results of the computed simulation by Bartelt et al.
(1999).

Different & values (0.19, 0.29, and 0.29 m s2) were also tested. In general, the same patterns can be observed (Figure 6).
After t = 0.3 s, the velocity increases, resulting in a larger rear and front positions and further expansion of the avalanche.
Small differences can be identified on the simulated rear part of the avalanche, whereas the runout of the front part decreased

when p and & increased.
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Figure 6. Best numerical results of the rear and front positions of the avalanche compared to the measured data (experiment
no. 117 performed by Hutter et al., 1995). The black lines represent the results of the computed simulation by Bartelt et al. (1999).

The two numerical models (Bartelt et al., 1999, and Iber) exhibited different behaviours. In terms of terminal velocity, Iber
generally achieves values up to 0.5 m s higher, indicating larger inertial forces, thereby reducing the avalanche spread. The
discrepancies in the numerical results can be attributed to (i) the type of the numerical model used (Bartelt et al., 1999, used

a 2D model in the vertical); (ii) the different numerical scheme (Bartelt et al., 1999, used a curvilinear formulation and a
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270 finite differences scheme); and (iii) the use of a constant velocity as the initial condition (the avalanche release was
simulated with Iber, no-initial velocity was applied).

3.3. Case 2 (Lang and Dent, 1980)

Experiments 1 and 3 of Lang and Dent (1980) were used to analyse the flow behaviour on the snow avalanche propagation,
from the terminal velocity (the snow enters the decelerating zone) to the stop point. Several combinations of the parameters
275 1 (0.1-0.3), &€ (5,500-10,000 ms?) and C (490-1,060 Pa) were tested.

20 =
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g8 °
EIS : i &
g & G e o o
¢ @@
20 A 3 s’ >
S
= . 1 % g & ]
5 7 E e} ODent&Lang (Exp.1) ODent&Lang (Exp.3)
g é e} & Simulated (Exp.1) m Simulated (Exp.3)
0m
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Time [s]
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035 3000.00
030 2500.00
0.25
- 1500.00
010 1000.00
0.05 500.00
t=2.1s 0.00 0.00

(b) (c)
Figure 7. Results of the simulation of the experiments performed by Lang and Dent (1980): (a) Leading-edge position of all
simulation (mean values) versus time (black) compared with Exp. 1 and Exp. 3 (white); Evolution of the flow depth (b) and inertial
forces (c) for the Exp. 1 (values above 4,000 Pa are coloured in deep red; view of the first 12.3 m of the channel).

020

Figure 7a shows the average value for all the simulations (black) of the leading-edge position versus time in comparison with
280 the reported data (white) for Exp. 1 and Exp. 3. In general, an overestimation of the avalanche front at starting times is
observed, but the final position at the end of each experiment (1.8 s for Exp. 1 and 2.4 s for Exp. 3) is well captured for all
simulations. More significant differences can be identified for Exp. 1 than for Exp. 3. A possible explanation is the spreading
of the leading-edge position (in the experiments, the snow flows as a block) and the initial condition in the numerical model
that was according to Lang and Dent (1980) (analysed in deep in the Discussion section). In addition, the simulations of

285 Exp. 1 require 0.3 s more for the avalanche to stop, resulting in a run-over approximately 0.25 m larger. The analysis of the
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inertial forces can also help understand the evolution of the avalanche shape. In Figure 7b, it can be seen that the simulated
avalanche stops at the rear part, but the inertial terms keep pushing the central and front-parts of the avalanche (Figure 7c).
This model configuration, with a constant velocity as initial boundary condition, leads to higher inertial terms on the rear
avalanche part in initial time steps, but then the inertia trespasses from the rear to the front part, and in concordance
decreases whereas the depth increases.

A good adjustment can be obtained for a wide combination of values of the three analysed parameters. Different
combinations were used for both experiments, showing the possibilities provided by these parameters for model calibration.
In comparison with the previous test cases, high & values (up to 10,000 ms?) are required to achieve good results. These
values are two or three times greater than those more commonly found in the bibliography, but in line with the values
obtained by Fischer et al. (2015).

Figure 8a and Figure 8b depict the surface generated by the combination of y, & and C that better approximates the observed
results of the final leading-edge position. Based on these results, a linear dependency for cohesion (R? = 0.97) was obtained
for Exp. 1 (Figure 8a), in which the cohesion is proportional to the turbulent friction coefficient and the Coulomb coefficient,
as shown in Eq. (7). Furthermore, in case of Exp. 3 (Figure 8b), cohesion is log-dependent on the Voellmy parameters, as
shown in Eq. (8), with R? greater than 0.99.

03 2500 6500 3500 :
" 9500 8500 &
Q
£ [ms??) > & [ms?)
0600-650 0650-700 700-750 0450-500 ©500-550 £1550-600 0600-650
0750-800 01800-850 850-900
0900-950 0950-1000 O 1000-1050 1630-700 ©1700-750 O 750-800 O800-850

(2) (h)
Figure 8. Representation of the best fit surfaces generated by the combination of g, § and, C that better approximates the observed
results of the final leading-edge position: (a) Exp. 1; (b) Exp. 3.

The determination of cohesion for Exp. 1 and Exp. 3 resulted in Equations (7) and (8), with a good adjustment even for
values that were out of the already reported range. However, the validity of these expressions is limited to u < 0.7 for Eq. (7)
and for u = & = 0 for Eq. (8).

C=a-¢+p

a = —0.025 - u + 0.0265 %
B =—1,506.4 - u + 980.66
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C=y-n(&)+6
y = —255.32-u+ 289 (8)

§=—216 - In(u) + 1,109.3

3.4. Case 3 (Coll de Pal, 2018)

The snow avalanche of February 10, 2018, which occurred in Coll de Pal, was simulated with different combinations of the
friction—cohesion model parameters i, &, and C. Using a uniform estimation of each parameter throughout the model,
27 scenarios were simulated (Table 1).

The recorded runout area was approximately 500 m in length and had a maximum width of 60 m few meters below the road.
The maximum snow depth, located on the road at the west side of the avalanche, was of 2.4 m and gradually decreased to
1.3 m on the east side. Along the avalanche path, there is a gully where the maximum velocity was probably reached, as the
maximum slopes were observed and there the flow had to narrow in order to pass through.

Table 1. Combinations of the friction—cohesion model parameters u, § and, € performed in the Coll de Pal case study.

Combinations A B c
pull &[ms?  C[Pa]

1 0.2 250 0

2 0.4 1,000 100

3 0.6 2,000 500

Sensitivity analysis results are listed in Table 2. Increments in u or C, or a reduction in & result in larger friction stresses,
shorter runout distances, higher avalanche depths, and a reduction of the maximum velocity. Parameter u significantly
affects the runout distance and snow depth accumulated on the road, but a lower effect is observed on the maximum velocity.
In contrast, an increment in the value of & results in lower friction and higher inertia, leading to larger avalanche travel
distances. The parameter ¢ also affects the avalanche dynamics, as inertia terms push the avalanche in the flow direction
irrespective of the ground slope direction. Cohesion also play an important role in the snow avalanche tail definition as it
affects the stopping moment of the avalanche, when its thickness diminishes.

The first scenario, A1B1C2 (Figure 9a), adjusts well the avalanche direction owing to the low values of &, but overestimates
the accumulated snow on the road. Below the road, the snow avalanche flow continues and separates into three branches. A
long tail is then observed because of cohesion (100 Pa). Scenario A1B3C3 (Figure 9b) shows a good performance in terms
of runout distance. However, the stopping area is shifted to the east (approximately 15 m), denoting the effect of the
increased inertia due to the higher &, which prevents the change of the flow direction after the gully. For scenario A2B2C1
(Figure 9c), no final tail can be observed above the road there is no cohesion (C =0 Pa). However, despite being no

cohesion, some snow still remains in the release area, because in some sectors the slope is lower than u (0.4). Finally,
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330 scenario A2B3C2 (Figure 9d) is in very good agreement with the observations, in terms of both the runout distance and the
snow depth on the road. Nevertheless, the simulated flow direction is again shifted because the inertia of the avalanche after
leaving the gully area is maintained because of the high & values.

Table 2. Results of the simulated scenarios of the Coll de Pal case study. The scenarios highlighted in grey were analysed in detail.
Each scenario is referred as AaBbCc where a, b and c are 1, 2 and 3, respectively (see Table 1).

Scenario  Runout distance [m] ~ Max. Road depth [m] ~ Max. velocity [m s!] Observations
AlB1C1 >475 2.3 18.1 Continues flowing
AlB1C2 373 2.8 17.7

AlB1C3 266 34 16.4 Stops on the road
AlB2C1 >475 14 27.8 Continues flowing
AlB2C2 >475 1.8 27.3 Continues flowing
AlB2C3 337 2.7 21.7

Al1B3C1 >475 0.8 35.0 Continues flowing
Al1B3C2 >475 14 34.6 Continues flowing
Al1B3C3 390 2.1 37.7

A2B1C1 266 4.5 16.0 Stops at the road
A2B1C2 266 4.4 15.7 Stops at the road
A2B1C3 266 3.7 14.4 Stops at the road
A2B2C1 370 3.3 243

A2B2C2 330 35 24.1

A2B2C3 266 4.0 26.4 Stops at the road
A2B3C1 430 2.2 32.1

A2B3C2 385 2.6 32.4

A2B3C3 285 34 334

A3B1C1 263 4.5 15.0 Stops at the road
A3B1C2 263 4.1 14.2 Stops at the road
A3B1C3 258 2.2 135 Stops before the road
A3B2C1 263 4.7 20.5 Stops at the road
A3B2C2 263 4.2 20.7 Stops at the road
A3B2C3 258 2.7 21.6 Stops before the road
A3B3C1 266 4.5 315 Stops at the road
A3B3C2 266 4.2 321 Stops at the road
A3B3C3 258 2.7 29.0 Stops before the road

16



335

340

345

350

https://doi.org/10.5194/nhess-2019-423 Natural Hazards ¢
Preprint. Discussion started: 26 March 2020 and Earth System 3 EG U
(© Author(s) 2020. CC BY 4.0 License. Sciences é

Discussions
By

In summary, the best results are obtained when u varies from 0.2 to 0.4, £ is between 250 and 2,000 m s, and C is less than
500 Pa.

Depth (m)
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Figure 9. Snow depth at the end of the simulation (180 s) for best fit scenarios: (a) A1B1C2; (b) A1B3C3; (c) A2B2C1; (d) A2B3C2.
Dark line represents the region RIT051 (BDAC) and transparent-white region is the observed runout (background image source:
Institut Cartografic i Geologic de Catalunya).

Assuming a 100-year return period, the recommendations for parameter estimation by Bartelt et al. (2017) lead to a value of
0.34 for u, 1,250 ms? for &, and 100 Pa for C. Figure 10a shows the slope vectors of the terrain and how their main
directions are in concordance with the recorded avalanche.

The results of the simulation with the recommended parameters are in agreement with the observed data (Figure 10b). The
transition zone is within the observed perimeter, only small differences (< 5 m) are observed in the downstream half of this
zone. The maximum velocities (approximately 25 m s, Figure 10c) are reached in the gully area, a few meters downstream
of the release area. The road also has a significant effect. Snow accumulates on the inner side, where a maximum depth of
2.5 m (west part) is achieved. Moreover, although the deposition shifts 15 m to the east, in accordance with the high value of
the turbulent friction coefficient, the runout distance is well captured.

The identified differences can be attributed to the assumptions on the release area (shape, extension, and depth) and the use
of summer topography, which can retain snow in some areas, and would probably be smoother in winter topography.
Additionally, as previously observed, the avalanche would better follow the slope direction for lower values of the turbulent

friction parameter (¢ = 250 m s?).
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Figure 10. (a) Representation of the main directions of the terrain slope on the study area. The grey region is the model domain,
the purple region is the RIT051 area (BDAC), the yellow region is the release area, and the blue polygon is the observed avalanche
perimeter. Results of the simulations for g =0.34, £ = 1,250 ms? and € = 100 Pa (scan the QR code to see the video): (b) Snow
depth at the end of the simulation; (c) Map of maximum velocity achieved during the avalanche. In (b) and (c) the dark line
represents the RITO051 region and the transparent-white region is the observed runout (background image source: Institut
Cartografic i Geologic de Catalunya).

4. Discussion
4.1. Simulation of snow avalanche dynamics using 2D-SWE-based models

In the numerical modelling of avalanches with 2D-SWE-based models, flow is simulated as a continuum. Individual motion
of particles that might happen in nature (Figure 11a) cannot be simulated with the applied methodology. However, as shown
in Figure 11b (video), most dense-snow avalanches behave as continuum and 2D-SWE can be used herein to describe the
avalanche dynamics. The intrinsic hypothesis in 2D-SWE can produce uncertainties in the extension and internal movements
of particles, but this happens for all numerical models, which are a simplification of the reality.

In the numerical modelling of flows it is necessary to establish a wet—dry limit depth, which is a threshold to consider
whether there is flow in a mesh element or not. This is a relevant parameter for water flow, especially in flat areas (Cea et al.,
2007; Ramos-Fuertes et al., 2013; Sanz-Ramos et al., 2019b) and for hydrological modelling (Cea and Bladé, 2015; Sanz-
Ramos et al., 2018Db), but it also applies to non-Newtonian-fluid flows such as snow avalanches. Very large wet—dry limits,
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greater than a few centimetres, can significantly alter the flow propagation, especially that of the flow front (Bladé et al.,
2014a; Cea and Bladé, 2015). The wet—dry limit must be properly defined considering, in general, the geometric dimension
of the problem, the mesh size, the expected flow depth and, in particular, the fluid properties. In addition, selecting the
appropriate numerical scheme to deal with wet-dry fronts, especially the drying method, is fundamental for preserving the
mass conservation. A detailed analysis of the drying methods implemented into lber can be found in previous studies
(BermuUdez et al., 1998; LeVeque, 2002; Roe, 1986; Vazquez-Cendon, 1999). However, no references on wet-dry limit
treatment could be found for dense-snow avalanche models based on the 2D-SWE. For this type of flow, the particle size of
the snow aggregates is generally larger than a few centimetres; thus, wet—dry limit values of 1-5cm are sufficient to
properly define the dynamics and the extension of the avalanche. However, the use of lower wet—dry limits should not be
discarded.

(a) (b)

Figure 11. Different avalanche types which are desegregated by particles: (a) Wet slide avalanche (Zimmerman-Wall and Burr,
2014); (b) Video (scan QR) of a gully avalanche registered between Zermatt and Tasch (GEOPRAEVENT, 2018).

As previously indicated, when using the 2D-SWE to simulate non-Newtonian flow, like snow avalanches, the characteristics
of the fluid are mainly considered through the source term H of Eq. (4), which represents the rheological model. However,
the numerical treatment of this term depends on the numerical method (finite differences, finite elements, finite volumes,
etc.) and the numerical scheme (centred, upwind). This treatment must ensure the balance between the source term (H) and
the flow tensor (F) (Bladé and Gomez-Valentin, 2006). In the currently developed numerical model, based on Iber, which
uses the Roe scheme, a centred scheme is used for the turbulent stress terms and a decentred scheme is used for solid friction
and cohesion.

4.2. On nonhydrostatic anisotropic pressure distribution

For water, the 2D-SWE usually assume a hydrostatic and isotropic pressure distribution (Chaudhry, 2008). This means a
linear variation in the vertical direction with the specific weight of the flow and the same in all horizontal directions.

However, for non-Newtonian flows and steep slopes, this premise cannot be realistic (Ruiz-Villanueva et al., 2019). In
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particular, for snow avalanches, especially during the avalanche release, the assumption of anisotropic pressure distribution
can improve the definition of the avalanche dynamics.

Several reported studies have considered anisotropic pressure distribution (Bartelt et al., 1999; Hungr, 1995; Hungr and
McDougall, 2009; Ruiz-Villanueva et al., 2019). This correction is commonly made through a factor (K, ) that multiplies the
pressure terms in the momentum equations. Indeed, using a K, value equal to 1 when simulating avalanches (with the
Voellmy-Salm and cohesion model) leads to surface shapes similar to those of water flows. In order to illustrate this, a
dummy flat channel with a width of 5 m, a length 20 m, and an initial volume of 50 m® was simulated for water and snow
flows. In it, a dam-break like flow was simulated, instantaneously releasing the fluid from an area with an initial depth of
2 m at one end of the channel. Figure 12a shows the free surface evolution for water and snow flows with time increments of
0.5 s. For snow flow, only turbulent friction (¢ = 1,600 ms?) was implemented, with two different K, values (1 and 0.5).
The flow behaviour is almost identical for water (blue lines) and snow with K, = 1 (green dashed lines). For K;, = 0.5 (brown
dotted lines), the flow is slower, but the free surface acquires similar shapes as for K, = 1. The pivoting point of the free
surface is the same for all simulations, maintaining the length and depth positions in approximately 5 m and 0.9 m,
respectively. The inertia terms, shown in Figure 12b, are also very similar for water and for snow with K, =1, and are
approximately twice those for K,, = 0.5, highlighting the effect of K, on flow propagation. Indeed, when K, tends to 0, the

avalanche moves but keeps its initial form. In terms of inertia, lower K, values indicate a lower momentum and lower

velocity.
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Figure 12. Effect of the K, factor on the flow behaviour of water (blue lines) and snow with K, =1 (green dashed lines) and
K, = 0.5 (brown dotted lines). (a) Free surface and (b) inertia evolution at the first 2 s, with intervals of 0.5 s in a dummy case
study that represents a dam break.
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Figure 13. Effect of the K, factor on the flow for experiment 9 of Bartelt et al. (2015). Observed and simulated results of the shear
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stress (), flow depth (b) and velocity (c) by Bartelt et al. (2015) and Iber with K, =1 (1) and K;, = 0.1 (2).

21



420

425

430

435

440

445

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

It is well known that, in nature, during the first time steps of most slab avalanches, snow moves like a block. However, in the
simulations of avalanches this flow pattern usually is not properly reproduced. Most numerical tools reproduce a fast
fluidization in the initial steps, which can be quite different to what happens in nature. To solve this, many researchers
consider an artificial initial condition: a snow mass with a constant velocity located at a short distance downstream of the
release area (Ancey et al., 2004; Bartelt et al., 1999, 2015; Dent and Lang, 1980; Lang and Dent, 1980). Nevertheless, with a
K, close to 0 at the initial steps, it is possible to represent the solid-like behaviour of the avalanche near the triggering area
and thus there is no need to alter the initial conditions.

In order to highlight that, the flow behaviour of Experiment 9 presented by Bartelt et al. (2015) under different assumptions
was analysed. The experiment consists in a 2.5 m wide straight chute with three different slopes. The results were analysed
in terms of shear stress for K, values of 1 and 0.1. Figure 13a displays the evolution of the measured shear stress (black
squared line) and that simulated by Bartelt et al. (2015) (dot-line) compared to the Voellmy—Salm total shear stress (red line)
simulated with Iber. The Coulomb (u) and turbulent (¢) contributions are also represented. Different tests were also
performed considering different & values of 250, 500, and 1,000 m s. In these cases, only the depth (Figure 13b) and the
velocity (Figure 13c) evolution are plotted, which exhibit differences in the arrival time of the avalanche, as a consequence
of the velocity reduction. The results of the shear stress better match the observations for K,, = 0.1 compared to K,, =1
(Figure 13a). When K,, = 0.1, the snow arrives at the measuring point with a block-like shape, with higher depths and lower
spreading (Figure 13b2) and sharper velocity profiles, better adjusted to the velocity trend of the observed data (Figure
13c2). Both numerical models considerably differ regarding the velocity field, but the velocity obtained with Iber follows a
more similar trend to the observations, even with no initial condition impositions (simulation with Iber of the complete
experiment). The general underestimation in terms of flow depth and shear stress can be attributed to uncertainties in the
initial conditions: in the reference the starting volume is not stated clearly, but from its references the value of 13 m® was
inferred; however, for a good fit in terms of shear stress, an initial volume of 17.6 m® was required.

This analysis indicates the importance of considering a nonhydrostatic pressure distribution on the mechanics of snow
avalanches. However, more accurate observations and research are needed to better understand this complex phenomenon

and provide recommendations for its modelling.

4.3. On Voellmy-Salm and cohesion models

It has already been seen that the values u, &, and C can vary within a wide range. In most cases, these parameters are
considered to be constant in time and usually also uniform in space. Nevertheless, Bartelt et al. (2015) suggested that u and &
may vary within the volume of the avalanche and over time as well. Variations of these coefficients, especially &, which has
a wider range, could also be associated with the variations of snow characteristics, such as the density and internal moisture.

However, it is not easy to define this link between the snow properties and the turbulent friction stresses.
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For water flow, the friction stresses are usually calculated using the Manning formula and, thus, depend on the value of the
Manning coefficient (). The Manning formula has also been used for the estimation of friction stresses for flows other than
that of water (Hungr, 1995; Ruiz-Villanueva et al., 2019). Ruiz-Villanueva et al. (2019) suggested a relationship between &
and n as follows:
1/

=7 ©)
For example, as stated by Bartelt et al. (2017) for a tiny avalanche with a flow depth of 1 m and a return period of 30 years,
£ =1,750 ms? is equivalent to a Manning coefficient of 0.024 s m™3, which, according to Barnes (1987), corresponds to a
bottom surface formed by cobbles and gravel. In the same way, according to Arcement and Schneider (1989), a n value of
0.1 sm™3 that can be associated with a forested area, would correspond to a turbulent friction of 100 m s, also for a snow
depth of 1 m. However, this last value is outside the range of values proposed by Bartelt et al. (2017), and the range
commonly found in the literature. From this analogy with the Manning coefficient, it is possible to relate the turbulent
friction coefficient (&) with a land-use cover. For example, when & <400 ms?, which corresponds to “forested area”
according to Bartelt et al. (2017), n would reach up to 0.05s m™? for h =3 m, but lower values of h would reduce n.
Instead, if € is between 400 and 1,000 ms?, as suggested by Rudolf-miklau et al. (2015), n would range between 0.02 and
0.06 s m™3, Furthermore, a & value greater than 1,000 m s, which is widely used for modelling snow avalanches (Christen
et al., 2010; Dreier et al., 2014; Fischer et al., 2009; Gruber and Bartelt, 2007; Schaub et al., 2016), would correspond to n
values lower than 0.04 s m™® that would decrease asymptotically to 0.02 s m™%,
In hydraulics and hydrology the Manning coefficient is widely used and has been extensively studied and the association of a
roughness coefficient with land use or land cover is well defined. Thus, assessing the turbulent coefficient (¢) from the
Manning coefficient (n) might also be interesting, because ¢ could be defined as a first approximation from on-earth or
remote sensing data of land use (e.g. CORINE land cover). Additionally, many authors have defined values for n according
to land and flow characteristics (Bladé et al., 2019; Cea and Bladé, 2015; Ruiz-Villanueva et al., 2019; Sanz-Ramos et al.,
2018b, 2018a), especially for vegetated areas (Ebrahmimi et al., 2008; Green, 2005; O’Hare et al., 2010). Considering this
extensive knowledge, the relationship between n and ¢ can be interesting for the estimation of this last parameter in the case
of full-depth avalanches, where the flow interacts directly with the terrain surface. For avalanches running over a snow layer,
there are a large number of experiments on flumes with artificial bottom roughness, both theoretical (Bouchet et al., 2003,
2004; Dent and Lang, 1982; Hutter et al., 1995; Lang and Dent, 1980) and with real snow (Bartelt et al., 2015; Jaedicke et
al., 2008; Lang and Dent, 1983; Platzer et al., 2007a; Rastello and Bouchet, 2007; Rognon et al., 2008), aiming to analyse
the snow—snow contact. This contact may vary during an experiment and between experiments, because of a restructuration
of the bottom, where the snow particles are flattened and cause the regularization of the bottom. More research is required on
the snow-snow contact friction surface in order to propose values of & for this type of land use, considering the snow

characteristics (density, age, internal moisture, etc.).

23



480

485

490

495

500

505

510

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

On cohesion, the formulation proposed by Bartelt et al. (2015) [Eq. (6)] proved to be adequate to describe the effect of this
snow property in avalanche simulations, in terms of both stopping the avalanche and defining long tails. Tails are small snow
deposits composed by balls or clogs commonly stopped behind the avalanche front. However, using this formulation, the
influence of the cohesion term (z.) in the results of 2D-SWE-based models is limited. 7. is a function of cohesion (C),
Coulomb friction coefficient (i), snow density (p) and flow depth (k). Cohesion, a proportional factor, acquires values of
around 400 Pa up to 2,000 Pa (Bartelt et al., 2015; Dreier et al., 2014; Gaume et al., 2018; Platzer et al., 2007b). Gaume et
al. (2017) suggested a formula in which cohesion can be derived from the featuring energy of a slab-weak layer, following
the Mohr—Coulomb stability criteria. Furthermore, cohesion may vary before the avalanche release and after the avalanche is
stopped (Bartelt et al., 2015).

4.4. Implications for hazard assessments

The necessity of assessing natural hazards, such as snow avalanches, and of defining strategies to minimize the associated
risks has led to the development of ad hoc numerical models (Funk and Margreth, 1999; Gruber and Bartelt, 2007; Jamieson
et al., 2008; Keylock and Barbolini, 2011; Maggioni et al., 2019). In this line, several guides and technical documents on the
evaluation of the impact and the associated risks of snow avalanches have been published (CCA, 2016; Margreth, 2016;
Rudolf-Miklau et al., 2014), in which hazard assessments are based on the variables, mainly flow depth and velocity, that
result from numerical models. Thus, improving the techniques applied for the numerical modelling of avalanches will result
in more accurate hazard assessments.

In this line, the numerical treatment presented herein attempts to reproduce the dense-snow avalanche dynamics and
stopping without any nonphysically based assumption, thus avoiding the use of arbitrary parameters. Platzer et al. (2007b)
and more recently Bartelt et al. (2015) analysed the cohesion effects and proposed a formulation to considerate it in
numerical models. Gaume et al. (2019) investigated on modelling the snow release and flow in a coupled way, developing an
ad hoc numerical model for slab avalanches.

Moreover, in order to properly represent the snow avalanche dynamics, a good quality and high-resolution digital terrain
model (DTM) is mandatory. Maggioni et al. (2013) demonstrated the effect of the DTM on the results, especially when the
simulation was performed with the so called “summer topography” instead of “winter topography”. Indeed, the summer
topography, despite being widely used because it is the only one available, applies only to full-depth avalanches. In addition,
numerical methods and schemes are also important to achieve good results.

Even with such improvements, further experimental analyses focused on determining the snow characteristics during the
whole phases of snow avalanches, including entrainment (which also modifies both the avalanche flow and the slope
surface), are still needed in order to provide physical descriptors of the snow dynamics and useful information to properly
calibrate and feed the numerical models.
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5. Conclusions

Currently, a common technique for simulating non-Newtonian fluid dynamics, such as snow avalanches, is to solve the 2D
mass and momentum conservation equations using together with a rheological model to adapt the friction terms to the fluid
characteristics. The Voellmy—Salm model, which consists of Coulomb- and turbulent-type friction terms, is widely used for
this purpose. Additional cohesion models have been more recently developed to represent the effect of cohesion during the
triggering, release, propagation, and deposition steps of snow avalanches.

As friction is a relevant factor that is highly dependent on the avalanche dynamics, special care should be taken for its
consideration in the numerical model, in accordance to the model’s numerical scheme. In Iber, which is based on the finite
volume method and the Roe numerical scheme, an upwind scheme has been used for Coulomb-type friction and cohesion,
whereas for turbulent-type friction the numerical scheme uses a centred stencil. This ensures a correct balance between the
convective terms of the equations and the friction terms, avoiding spurious oscillations of the free surface without the need for
artificial viscosity or other stabilization techniques, even with complex geometries.

For physically-based model developers, the ideal model should be able to simulate the complete process of the physical
phenomenon. There have been already some attempts to simulate the triggering/release/development/stopping of avalanches
with a single tool, but the first steps of the avalanche motion, at which it has a block-like behaviour, are still challenging. Due to
the equations used most commonly (mass and momentum), which are derived from the general equations of fluid motion
(Navier—Stokes equations), the avalanche tends to have a fluid-like behaviour. Nevertheless, as it was proven herein, the
hypothesis of nonhydrostatic anisotropic pressure can improve this model behaviour, provided that the K,, parameter is well
estimated.

The analysis of the friction—cohesion models revealed that the Voellmy—Salm model dominates the avalanche dynamics,
whereas the cohesion model plays a relevant role in the definition of the avalanche tail. In agreement with other authors, it
was found that the range of possible values for the governing parameters (u, €, and C) is very wide. As these parameters can
be interpreted as calibration variables, it is possible to achieve good results when representing the avalanche dynamics with
parameter values very far from those suggested in already existing guidelines. Understanding the role of the different
parameters and terms of the equations in the avalanche evolution may favour model calibration, and it may contribute to
making reasonable decisions when using numerical models for prognoses without field data.

Further research is still required to provide more efficient and reliable tools for snow avalanche modelling using the 2D
approximation. Some important aspects that can still be improved are related to the numerical methods, the consideration of
nonhydrostatic anisotropic pressure distribution, the snow entrainment, the treatment of topographic data (winter
topography), and research leading to recommendations for parameter estimation, for example, from earth observations or
satellite data (e.g., land cover databases). Finally, it is worth noting that several research groups have already presented or

are developing new 3D modelling techniques (using both Lagrangian and Eulerian descriptions) with enhance model
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capacities compared to 2D tools. However, 2D tools still have a promising future owing to their simplicity and
computational performance.

References

Ancey, C., Gervasoni, C. and Meunier, M.: Computing extreme avalanches, Cold Reg. Sci. Technol., 39(2-3), 161-180,
doi:10.1016/j.coldregions.2004.04.004, 2004.

Arcement, G. J. and Schneider, V. R.: Guide for selecting Manning’s roughness coefficients for natural channels and flood
plains., 1989.

Barnes, H. H.: Roughness Characteristics of Natural Channels, Tech. Report, Geol. Surv. Water-Supply, United States Gov.
Print. Off. Washington, U.S.A, 219, doi:10.1016/0022-1694(69)90113-9, 1987.

Bartelt, P., Salm, B. and Gruber, U.: Calculating dense-snow avalanche runout using a Voellmy-fluid model with
active/passive longitudinal straining, J. Glaciol., 45(150), 242—254, doi:10.3189/s002214300000174x, 1999.

Bartelt, P., Valero, C. V., Feistl, T., Christen, M., Bihler, Y. and Buser, O.: Modelling cohesion in snow avalanche flow, J.
Glaciol., 61(229), 837-850, doi:10.3189/2015J0G14J126, 2015.

Bartelt, P., Blhler, Y., Christen, M., Deubelbeiss, Y., Salz, M., Schneider, M. and Schumacher, L.: RAMMS: Avalanche
User Manual, WSL Institute for Snow and Avalanche Research SLF. [online] Available from:
https://ramms.slf.ch/ramms/downloads/RAMMS_AVAL_Manual.pdf, 2017.

Bermudez, A., Dervieux, A., Desideri, J.-A. and Vazquez, M. E.: Upwind schemes for the two-dimensional shallow water
equations with variable depth using unstructured meshes, Comput. Methods Appl. Mech. Eng., 155(1-2), 49-72,
doi:10.1016/S0045-7825(97)85625-3, 1998.

Bladé, E. and Gomez-Valentin, M.: Modelacion del flujo en l[dmina libre sobre cauces naturales. Analisis integrado en una y
dos dimensiones, Centro Internacional de Métodos Numéricos en Ingenieria. Monografia CIMNE n° 97, Junio 2006., 2006.
Bladé, E., Gomez-Valentin, M., Sanchez-Juny, M. and Dolz, J.: Source term treatment of SWEs using the surface gradient
upwind method, J. Hydraul. Res., 50(4), 447-448, doi:10.1080/00221686.2012.707887, 2012.

Bladé, E., Cea, L., Corestein, G., Escolano, E., Puertas, J., Vazquez-Cendon, E., Dolz, J. and Coll, A.: Iber: herramienta de
simulacion numérica del flujo en rios, Rev. Int. Métodos Numéricos para Calculo y Disefio en Ing., 30(1), 1-10,
doi:10.1016/j.rimni.2012.07.004, 2014a.

Bladé, E., Cea, L. and Corestein, G.: Modelizacion numérica de inundaciones fluviales, Ing. del Agua, 18(1), 68,
d0i:10.4995/ia.2014.3144, 2014b.

Bladé, E., Sanchez-Juny, M., Arbat-Bofill, M. and Dolz, J.: Computational Modeling of Fine Sediment Relocation Within a
Dam Reservoir by Means of Artificial Flood Generation in a Reservoir Cascade, Water Resour. Res., 55(4), 3156-3170,
doi:10.1029/2018WR024434, 2019a.

Bladé, E., Sanz-Ramos, M., Dolz, J., Expdsito-Pérez, J. M. and Sanchez-Juny, M.: Modelling flood propagation in the

26



575

580

585

590

595

600

605

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

service galleries of a nuclear power plant, Nucl. Eng. Des., 352, 110180, doi:10.1016/j.nucengdes.2019.110180, 2019b.
Bouchet, A., Naaim, M., Ousset, F., Bellot, H. and Cauvard, D.: Experimental determination of constitutive equations for
dense and dry avalanches: Presentation of the set-up and first results, Surv. Geophys., 24(5-6), 525-541,
d0i:10.1023/B:GEOP.0000006080.91951.cd, 2003.

Bouchet, A., Naaim, M., Bellot, H. and Ousset, F.: Experimental study of dense snow avalanches: Velocity profiles in steady
and fully developed flows, Ann. Glaciol., 38, 30-35, 2004.

Brufau, P., Vazquez-Cenddn, M. E. and Garcia-Navarro, P.: A numerical model for the flooding and drying of irregular
domains, Int. J. Numer. Methods Fluids, 39(3), 247-275, doi:10.1002/fld.285, 2002.

Brugnot, G.: SAME Avalanche mapping, model validation and warning systems, Office for European Commision. Official
Publications of the European Communities, Luxemburg. [online] Available from:
http://europa.eu.int/comm/dg12/rtdinfo.html, 2000.

CCA: Technical Aspects of Snow Avalanche Risk Management—Resources and Guidelines for Avalanche Practitioners in
Canada, Revelstoke, BC, Canada: Canadian  Avalanche  Association.  [online]  Awvailable  from:
https://cdn.ymaws.com/www.avalancheassociation.ca/resource/resmgr/standards_docs/tasarm_english.pdf, 2016.

Cea, L. and Bladé, E.: A simple and efficient unstructured finite volume scheme for solving the shallow water equations in
overland flow applications, Water Resour. Res., 51(7), 5464-5486, doi:10.1002/2014WR016547, 2015.

Cea, L., Puertas, J. and Vazquez-Cendo6n, M.-E.: Depth averaged modelling of turbulent shallow water flow with wet-dry
fronts, Arch. Comput. Methods Eng., 14(3), 303—341, doi:10.1007/s11831-007-9009-3, 2007.

Cea, L., Bermudez, M., Puertas, J., Blade, E., Corestein, G., Escolano, E., Conde, A., Bockelmann-Evans, B. and Ahmadian,
R.: IberWQ: new simulation tool for 2D water quality modelling in rivers and shallow estuaries, J. Hydroinformatics, 18(5),
816-830, doi:10.2166/hydro.2016.235, 2016.

Chaudhry, M. H.: Open-channel flow: Second Edition, Springer Science+Business Media, LLC., 2008.

Christen, M., Bartelt, P., Gruber, U. and Issler, D.: AVAL-1D — numerical calculations of dense flow and powder snow
avalanches, Swiss Federal Institute for Snow and Avalanche Research, Davos, Switzerland. Technical report., 2001.
Christen, M., Kowalski, J. and Bartelt, P.. RAMMS: Numerical simulation of dense snow avalanches in three-dimensional
terrain, Cold Reg. Sci. Technol., 63(1-2), 1-14, doi:10.1016/j.coldregions.2010.04.005, 2010.

Dent, J. D. and Lang, T. E.: Modeling of Snow flow, J. Glaciol., 26(94), 131-140, doi:10.3189/S0022143000010674, 1980.
Dent, J. D. and Lang, T. E.: Experiments on mechanics of flowing snow, Cold Reg. Sci. Technol., 5(3), 253-258,
d0i:10.1016/0165-232X(82)90018-0, 1982.

Dreier, L., Blhler, Y., Steinkogler, W., Feistl, T., Christen, M. and Bartelt, P.: Modelling Small and Frequent Avalanches, in
International Snow Science Workshop 2014 Proceedings, p. 8, Banff, Canada. [online] Available from:
http://arc.lib.montana.edu/snow-science/item/2128, 2014.

Ebrahmimi, N. G., Fathi-Moghadam, M., Kashefipour, S. M., Saneie, M. and Ebrahimi, K.: Effects of flow and vegetation
states on river roughness coefficients, J. Appl. Sci., 8(11), 2118-2123, doi:10.3923/jas.2008.2118.2123, 2008.

27



610

615

620

625

630

635

640

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Fischer, J. T., Kowalski, J., Pudasaini, S. P. and Miller, S. A.: Dynamic avalanche modeling in natural terrain, ISSW 09 - Int.
Snow Sci. Work. Proc., 448-453, 2009.

Fischer, J. T., Kofler, A., Fellin, W., Granig, M. and Kleemayr, K.: Multivariate parameter optimization for computational
snow avalanche simulation, J. Glaciol., 61(229), 875-888, doi:10.3189/2015J0G14J168, 2015.

Funk, M. and Margreth, S.: Hazard mapping for ice and combined snow/ice avalanches - two case studies from the Swiss
and Italian Alps, Cold Reg. Sci. Technol., 30(September 1996), 159-173, 1999.

Gauer, P.: Comparison of avalanche front velocity measurements and implications for avalanche models, Cold Reg. Sci.
Technol., 97, 132-150, doi:10.1016/j.coldregions.2013.09.010, 2014.

Gauer, P., Issler, D., Lied, K., Kristensen, K. and Sandersen, F.: On snow avalanche flow regimes: Inferences from
observations and measurements, in International Snow Science Workshop 2008 Proceedings, pp. 717-723, ISSW -
International Snow Science Workshop, Whistler, Canada, 21-27 September., 2008.

Gaume, J., Van Herwijnen, A., Chambon, G., Wever, N. and Schweizer, J.: Snow fracture in relation to slab avalanche
release: Critical state for the onset of crack propagation, Cryosphere, 11(1), 217-228, doi:10.5194/tc-11-217-2017, 2017.
Gaume, J., Van Herwijnen, A., Chambon, G., Wever, N., Schweizer, J., Gast, T. F., Angeles, L., Herwijnen, A. Van and
Jiang, C.: Unified modeling of the release and flow of snow avalanches using the Material Point Method, in International
Snow Science Workshop Proceedings 2018, Innsbruck, Austria., 2018.

Gaume, J., van Herwijnen, A., Gast, T., Teran, J. and Jiang, C.: Investigating the release and flow of snow avalanches at the
slope-scale using a unified model based on the material point method, Cold Reg. Sci. Technol., 168(June), 102847,
doi:10.1016/j.coldregions.2019.102847, 2019.

GEOPRAEVENT: Large avalanche 4 January 2018 Zermatt, www.youtube.com [online] Awvailable from:
https://www.youtube.com/watch?v=w1rQvc5dGEK (Accessed 26 March 2020), 2018.

Green, J. C.: Modelling flow resistance in vegetated streams: Review and development of new theory, Hydrol. Process.,
19(6), 1245-1259, doi:10.1002/hyp.5564, 2005.

Gruber, U. and Bartelt, P.: Snow avalanche hazard modelling of large areas using shallow water numerical methods and GIS,
Environ. Model. Softw., 22(10), 1472-1481, doi:10.1016/j.envsoft.2007.01.001, 2007.

Hungr, O.: A model for the runout analysis of rapid flow slides, debris flows, and avalanches, Can. Geotech. J., 32(4), 610—
623, doi:10.1139/t95-063, 1995.

Hungr, O. and McDougall, S.: Two numerical models for landslide dynamic analysis, Comput. Geosci., 35(5), 978-992,
doi:10.1016/j.cage0.2007.12.003, 2009.

Hussin, H. Y., Quan Luna, B., Van Westen, C. J., Christen, M., Malet, J. P. and Van Asch, T. W. J.: Parameterization of a
numerical 2-D debris flow model with entrainment: A case study of the Faucon catchment, Southern French Alps, Nat.
Hazards Earth Syst. Sci., 12(10), 3075-3090, doi:10.5194/nhess-12-3075-2012, 2012.

Hutter, K., Koch, T., Pliess, C. and Savage, S. B.: The dynamics of avalanches of granular materials from initiation to
runout. Part 11. Experiments, Acta Mech., 109(1), 127-165, doi:10.1007/BF01176820, 1995.

28



645

650

655

660

665

670

675

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Jaedicke, C., Kern, M. A., Gauer, P., Baillifard, M. A. and Platzer, K.: Chute experiments on slushflow dynamics, Cold Reg.
Sci. Technol., 51(2-3), 156-167, doi:10.1016/j.coldregions.2007.03.011, 2008.

Jamieson, B., Margreth, S. and Jones, A.: Application and Limitations of Dynamic Models for Snow Avalanche Hazard
Mapping, in Proceedings of the International Snow Science Workshop, Whistler, BC, pp. 730—739. [online] Available from:
http://arc.lib.montana.edu/snow-science/item.php?id=121, 2008.

Julien, P. Y. and Ledn, C. A.: Mudfloods, mudflows and debrisflows, classification in rheology and structural design, in Int.
Workshop on the Debris Flow Disaster 27 November—1 December 1999, pp. 1-15., 2000.

Keylock, C. J. and Barbolini, M.: Snow avalanche impact pressure - vulnerability relations for use in risk assessment, Can.
Geotech. J., 38(2), 227-238, doi:10.1139/t00-100, 2011.

Lang, T. E. and Dent, J. D.: Scale modeling of snow-avalanche impact on structures, J. Glaciol., 26(94), 189-196, 1980.
Lang, T. E. and Dent, J. D.: Basal surface-layer properties in flowing snow., Ann. Glaciol., 4, 158-162, 1983.

LeVeque, R. L.: Finite Volume Methods for Hyperbolic Problems, Cambridge Texts Appl. Math., 31, 2002.

Maggioni, Barbero, Barpi, Borri-Brunetto, De Biagi, Freppaz, Frigo, Pallara and Chiaia: Snow Avalanche Impact
Measurements at the Seehore Test Site in Aosta Valley (NW Italian Alps), Geosciences, 9(11), 471,
doi:10.3390/geosciences9110471, 2019.

Maggioni, M. and Gruber, U.: The influence of topographic parameters on avalanche release dimension and frequency, Cold
Reg. Sci. Technol., 37(3), 407419, doi:10.1016/S0165-232X(03)00080-6, 2003.

Maggioni, M., Bovet, E., Dreier, L., Buehler, Y., Godone, D., Bartelt, P., Freppaz, M., Chiaia, B. and Segor, V.: Influence of
summer and winter surface topography on numerical avalanche simulations, in International Snow Science Workshop, pp.
591-598, International Snow Science Workshop ISSW 2013At: Grenoble Chamonix-Mont-Blanc, France., 2013.

Margreth, S.: Ausscheiden von Schneegleiten und Schneedruck in Gefahrenkarten, WSL Berichte, 47. Birmensdorf, Eidg.
Forschungsanstalt fur Wald, Schnee und Landschaft WSL., 2016.

O’Hare, M. T., McGabhey, C., Bissett, N., Cailes, C., Henville, P. and Scarlett, P.: Variability in roughness measurements for
vegetated rivers near base flow, in England and Scotland, J. Hydrol., 385(1-4), 361-370, doi:10.1016/j.jhydrol.2010.02.036,
2010.

Oller, P., Janeras, M., de Buen, H., Arnd, G., Christen, M., Garcia, C. and Martinez, P.: Using AVAL-1D to simulate
avalanches in the eastern Pyrenees, Cold Reg. Sci. Technol., 64(2), 190-198, doi:10.1016/j.coldregions.2010.08.011, 2010.
Pirulli, M. and Sorbino, G.: Assessing potential debris flow runout: A comparison of two simulation models, Nat. Hazards
Earth Syst. Sci., 8(4), 961971, doi:10.5194/nhess-8-961-2008, 2008.

Platzer, K., Bartelt, P. and Jaedicke, C.: Basal shear and normal stresses of dry and wet snow avalanches after a slope
deviation, Cold Reg. Sci. Technol., 49(1), 11-25, doi:10.1016/j.coldregions.2007.04.003, 2007a.

Platzer, K., Bartelt, P. and Kern, M.: Measurements of dense snow avalanche basal shear to normal stress ratios (S/N),
Geophys. Res. Lett., 34(7), 1-5, doi:10.1029/2006GL028670, 2007b.

Ramos-Fuertes, A., Marti-Cardona, B., Bladé, E. and Dolz, J.: Envisat/ASAR Images for the Calibration of Wind Drag

29



680

685

690

695

700

705

710

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Action in the Dofiana Wetlands 2D Hydrodynamic Model, Remote Sens., 6(1), 379-406, doi:10.3390/rs6010379, 2013.
Rastello, M. and Bouchet, A.: Surface oscillations in channeled snow flows, Cold Reg. Sci. Technol., 49(2), 134-144,
d0i:10.1016/j.coldregions.2007.03.003, 2007.

Roe, P. L.: A basis for the upwind differencing of the two-dimensional unsteady Euler equations, in Numerical Methods for
Fluid Dynamics |1, edited by K. W. Morton and M. J. Baines, pp. 59-80., 1986.

Rognon, P. G., Chevair, F., Bellot, H., Ousset, F., Naaim, M. and Coussot, P.: Rheology of dense snow flows: Inferences
from steady state chute-flow experiments, J. Rheol. (N. Y. N. Y)., 52(3), 729-748, d0i:10.1122/1.2897609, 2008.
Rudolf-miklau, F., Sauermoser, S. and Mears, A. I.: The Technical Avalanche Protecion Handbook, Wilhelm Ernst & Sohn,
Verlag fur Architektur und technische Wissenschaften GmbH & Co. KG. Berlin, Germany., 2015.

Rudolf-Miklau, F., Sauermoser, S. and Mears, A. I.: The Technical Avalanche Protection Handbook, edited by F. Rudolf-
Miklau, S. Sauermoser, and A. I. Mears, Wilhelm Ernst & Sohn, Verlag fur Architektur und technische Wissenschaften
GmbH & Co. KG, Berlin, Germany., 2014.

Ruiz-Villanueva, V., Bladé, E., S&nchez-Juny, M., Marti-Cardona, B., Diez-Herrero, A. and Bodoque, J. M.: Two-
dimensional numerical modeling of wood transport, J. Hydroinformatics, 16(5), 1077, doi:10.2166/hydro.2014.026, 2014.
Ruiz-Villanueva, V., Mazzorana, B., Bladé, E., Biirkli, L., Iribarren-Anacona, P., Mao, L., Nakamura, F., Ravazzolo, D.,
Rickenmann, D., Sanz-Ramos, M., Stoffel, M. and Wohl, E.: Characterization of wood-laden flows in rivers, Earth Surf.
Process. Landforms, 44(9), 1694-1709, doi:10.1002/esp.4603, 2019a.

Ruiz-Villanueva, V., Mazzorana, B., Bladé, E., Birkli, L., Iribarren-Anacona, P., Mao, L., Nakamura, F., Ravazzolo, D.,
Rickenmann, D., Sanz-Ramos, M., Stoffel, M. and Wohl, E.: Characterization of wood-laden flows in rivers, Earth Surf.
Process. Landforms, 44(9), 1694-1709, doi:10.1002/esp.4603, 2019b.

Salm, B.: Flow, flow transition and runout distances of flowing avalanches, Ann. Glaciol., 18, 221-226,
d0i:10.1017/s0260305500011551, 1993.

Salm, B., Burkard, A. and Guhler, H.: Berechnung von Fliesslawinen: eine Anleitung fur Praktiker mit Beispielen,
Eidgendssische Institut fiir Schnee- und Lawinenforschung., 1990.

Sanz-Ramos, M., Bladé, E., Nifierola, D. and Palau-lbars, A.: Evaluacion numérico-experimental del comportamiento
histérico del coeficiente de rugosidad de los macrdfitos, Ing. del Agua, 22(3), 109-124, doi:10.4995/ia.2018.8880, 2018a.
Sanz-Ramos, M., Amengual, A., Bladé, E., Romero, R. and Roux, H.: Flood forecasting using a coupled hydrological and
hydraulic model (based on FVM) and high resolution meteorological model, edited by A. Paquier and N. Riviére, E3S Web
Conf., 40(06028), doi:10.1051/e3sconf/20184006028, 2018b.

Sanz-Ramos, M., Bladé Castellet, E., Palau Ibars, A., Vericat Querol, D. and Ramos-Fuertes, A.: IberHABITAT: evaluacién
de la Idoneidad del Habitat Fisico y del Habitat Potencial Util para peces. Aplicacion en el rio Eume, Ribagua, 6(2), 158—
167, doi:10.1080/23863781.2019.1664273, 2019a.

Sanz-Ramos, M., Téllez-Alvarez, J., Bladé, E. and Gomez-Valentin, M.: Simulating the hydrodynamics of sewer-grates

using a 2D-hydraulic model, in 5th International Conference SimHydro, p. 8, SimHydro, 20-22 November, Nice (France).,

30



715

720

725

730

https://doi.org/10.5194/nhess-2019-423
Preprint. Discussion started: 26 March 2020
(© Author(s) 2020. CC BY 4.0 License.

2019b.

Sanz-Ramos, M., Bladé, E., Torralba, A. and Oller, P.: Las ecuaciones de Saint Venant para la modelizacién de avalanchas
de nieve densa, Ing. del agua, 24(1), 65-79, d0i:10.4995/ia.2020.12302, 2020.

Schaub, Y., Huggel, C. and Cochachin, A.: Ice-avalanche scenario elaboration and uncertainty propagation in numerical
simulation of rock-/ice-avalanche-induced impact waves at Mount Hualcan and Lake 513, Peru, Landslides, 13(6), 1445-
1459, doi:10.1007/s10346-015-0658-2, 2016.

Scheidl, C., Rickenmann, D. and McArdell, B. W.: Runout Prediction of Debris Flows and Similar Mass Movements, in
Margottini C., Canuti P., Sassa K. (eds) Landslide Science and Practice, Springer, Berlin, Heidelberg., 2013.

Schraml, K., Thomschitz, B., Mcardell, B. W., Graf, C. and Kaitna, R.: Modeling debris-flow runout patterns on two alpine
fans with different dynamic simulation models, Nat. Hazards Earth Syst. Sci., 15(7), 1483-1492, doi:10.5194/nhess-15-
1483-2015, 2015.

Tan, W. Y.: Shallow Water Hydrodynamics, first Edit., Elsevier Science., 1992.

Toro, E. F.: Riemann Solvers and Numerical Methods for Fluid Dynamics, Springer, Berlin (Heidelberg)., 2009.

Torralba, A., Bladé, E. and Oller, P.: Implementacié d’un model bidimensional per a simulacié d’allaus de neu densa, in V
Jornades Tecniques de Neu i Allaus: Pyrenean Symposium on Snow and Avalanches, Ordino, Andorra. [online] Available
from: http://www.iberaula.es/Temas/DisplayTema?id_tema=708, 2017.

Vazquez-Cendon, M. E.: Improved treatment of source terms in upwind schemes for the shallow water equations in channels
with irregular geometry, J. Comput. Phys., 148, 497-526, 1999.

Voellmy, A.: Uber die Zerstorungskraft von Lawinen, Schweizerische Bauzeitung, 73, 15, doi:10.5169/seals-61891, 1955.
Zimmerman-Wall, S. and Burr, A.. Wet Slides, www.powder.com [online] Available from:

https://www.powder.com/stories/the-safe-zone/backcountry-essentials-wet-slides/ (Accessed 26 March 2020), 2014.

31



