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ARTICLE INFO ABSTRACT
Editor: Ouyang Wei Snow avalanches are gravitational processes characterised by the rapid movement of a snow mass, threatening inhab-
itants and damaging infrastructure in mountain areas. Such phenomena are complex events, and for this reason, differ-
Keywords: ent numerical models have been developed to reproduce their dynamics over a given topography. In this study, we
Snow af’alamhe. focus on the two-dimensional numerical simulation tools RAMMS::AVALANCHE and FLO-2D, aiming to compare
Dynamic modelling . . . L. .
Back analysis their perforn?ance 1-n predicting the dep051t19n area of snow avalanches.. We als'o a1m't0 as.sess th(? e.rnployment. of
Hazard mapping the FLO-2D simulation model, normally used in water flood or mud/debris flow simulations, in predicting the motion
of snow avalanches. For this purpose, two well-documented avalanche events that occurred in the Province of Bolzano
(IT) were analyzed (Knollgraben, Pichler Erschbaum avalanches). The deposition area of each case study was simu-
lated with both models through back-analysis processes. The simulation results were evaluated primarily by compar-
ing the simulated deposition area with the observed one through statistical indices. Subsequently, the maximum flow
depth, velocity and deposition depth were also compared between the simulation results. The results showed that
RAMMS::AVALANCHE generally reproduced the observed deposits better compared to FLO-2D simulation. FLO-2D
provided suitable results for wet and dry snow avalanches after a meticulous calibration of the rheological parameters,
since they are not those typically considered in avalanche rheology studies. The results showed that FLO-2D can be
used to study the propagation of snow avalanches and could also be adopted by practitioners to define hazard areas,
expanding its field of application.
1. Introduction above all, to the local inhabitants and visitors (McClung and Schaerer,
2006). During the 30 years 1991-2020, the average number of deaths
Snow avalanches are typical natural hazards of mountain areas that con- caused by snow avalanches in the alpine region (including the French Pyr-
stitute serious threats to infrastructure (buildings, roads, and bridges) and, enees and Italian Apennines) was 95 per year, while there were 111 victims

during the winter season of 2021 (Valt and Cianfarra, 2021). To deal with
* Corresponding author. snow avalanche hazards, effective risk management is of great importance
E-mail address: marco.martini.9@phd.unipd.it (M. Martini). to increase the safety of residents and infrastructure. Snow avalanches are
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extremely complex gravity-driven phenomena characterised by the rapid
movement of a snow mass with a volume >100 m? along a slope for a dis-
tance of at least 50 m (Rudolf-Miklau et al., 2015). Their motion involves
aspects of fluid, particle and soil mechanics (Harbitz et al., 1998). Thus,
the physical processes responsible for the formation of these phenomena,
as well as their flowing mechanisms, have been studied since the late
19th century (Ancey, 2008; Harbitz et al., 1998; Rudolf-Miklau et al.,
2015; Salm, 2004; Schweizer et al., 2003). The complexity of snow ava-
lanches once in motion can be approximated with simplified models
based on physical and mathematical physics (Rudolf-Miklau et al., 2015).
Despite that, a full physically based description of snow avalanche dynam-
ics does not yet exist due to the large variability of the snow material and
the limited understanding of the flowing dynamics (Ancey, 2008; Naaim
et al., 2013; Rudolf-Miklau et al., 2015).

Eckert and Giacona (2023) distinguish snow avalanche risk into short-
term and long-term risks. The former mainly involves recreational activities
(such as skiing) and is systematically managed through weather and snow
condition forecasts. The second concerns the threat to infrastructures and
human lives in settlements in risk zones. In this paper, we focus on the con-
cept of risk referring to long-term risk. Effective risk mitigation requires
cautious land-use planning, through the definition of hazard maps that rep-
resent the base for risk analysis and successively for the implementation of
a defence structure. The practices and policies of snow avalanche risk man-
agement vary among countries (and sometimes from region to region).
However, some common aspects are hazard, vulnerabilities and risk assess-
ment and mapping, land-use planning, design of mitigation measures, risk
management and resilience estimation (Eckert and Giacona, 2023). Fre-
quently, the guidelines regulating and defining snow avalanche hazard
mapping require the use of numerical modelling/simulation tools (e.g.
Civil Protection Agency of the autonomous province of Bolzano-Bozen -
Provincial Functional Centre, 2017). Dynamic numerical models are em-
ployed to predict the possible areas affected by snow avalanche events
and then derive hazard maps through the combination of different scenar-
ios. Therefore, numerical models play a crucial role in land-use planning,
and for this purpose, they should reliably represent the characteristics of fu-
ture snow avalanches.

The need to improve the reliability of snow avalanche predictions in
terms of run-out distance, flow velocities, impact pressures and the spread
of deposits on natural three-dimensional terrain led to the development
of several snow avalanche models characterised by different approaches.
Harbitz et al. (1998) provided a complete review of snow avalanche
models, which were then analyzed and expanded by other authors
(e.g., Ancey, 2008; Barbolini et al., 2000; Jamieson et al., 2008; Rudolf-
Miklau et al., 2015; Salm, 2004). Avalanche models can be divided into
two types: (1) empirical procedures based on statistical-topographical
models (Eckert et al., 2008; Eckert et al., 2007; Lied and Bakkehoi, 1981;
McClung, 2001; Meunier and Ancey, 2004); (2) physical-dynamic models
based on a fluid-mechanic approach with different degrees of complexity
(Salm, 1993; Salm et al., 1990; Savage and Hutter, 1991; Savage and
Hutter, 1989; Voellmy, 1955). Statistical-topographical models are often
site-specific methods that, through regressions or distribution parameters
derived from a dataset of observed events, can be used to calculate the prob-
able run-out distance of future snow avalanches (Jamieson et al., 2008).
Widely adopted statistical models are the so-called Alpha-Beta models
(Lied and Bakkehoi, 1981). Physical-dynamic models are based on physical
laws, such as mass and momentum conservations, to estimate the run-out
distance and velocity of the centre of mass or the front of the avalanche
over a simplified representation of the topography. Ancey (2008) divided
physical-dynamic models into simple models, such as the widespread
Voellmy - Salm — Gubler (VSG) model (Salm, 1993; Salm et al., 1990;
Voellmy, 1955), and intermediate models, which use depth-averaged
mass and momentum equations, such as, for example, the model proposed
by Savage and Hutter (1989, 1991). Generally, physical-dynamic models
are developed specifically to reproduce the behaviour of one type of ava-
lanche flow (i.e., dense or powder flow). Most models are developed for
dense flow avalanches, whereas only a few can simulate powder flow
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avalanches or both (Sampl and Zwinger, 2004). Voellmy (1955) described
dense flow avalanche motions mathematically by treating the sliding mass
as a continuum fluid subject to a velocity-squared-dependent turbulent fric-
tion term (£), similar to the Chezy resistance for turbulent water flow in
open channels, and a basal Coulomb-like dry friction term (p). Subsequent
works (see, e.g., Perla et al., 1980; Salm, 1966; Savage and Hutter, 1989,
1991) further developed the Voellmy model, realising mathematically sim-
ilar one-dimensional mass-centre models (Barbolini et al., 2000; Salm,
2004). The most widely adopted modified form of the Voellmy model is
the Voellmy-Salm-Gubler model (Gubler, 1994; Salm, 1993; Salm et al.,
1990), and requires few computational resources, representing avalanche
motion as sliding blocks. Two-dimensional models are the most used in haz-
ard mapping by practitioners, providing distribution of the flow depth and
the associated mean flow velocity. In fact, these can be used, coupled with
the flow material density (based on snow density values reported in the lit-
erature and/or derived from direct field or laboratory experiences), to esti-
mate impact pressures along the path. Over the years, more complex and
advanced physical-based models have been developed, with the aim of im-
proving their reliability. Recently, more advanced snow avalanche routing
models have been developed considering different physical processes asso-
ciated with the granular characteristics of avalanches (Buser and Bartelt,
2009; Naaim et al., 2003) and snow entrainment and deposition phenom-
ena (Christen et al., 2010b; Naaim et al., 2003; Sovilla et al., 2008;
Sovilla et al., 2006). The rheology laws of these models are affected by un-
certainties related to the values of the flow parameters associated with the
flow resistance (Jamieson et al., 2008). The rheological parameters of sim-
ulation models can be obtained through back-calculation of well-
documented events (Barbolini et al., 2000; Christen et al., 2010a; Gruber
and Margreth, 2001; Jamieson et al., 2008; Maggioni et al., 2012; Sanz-
Ramos et al., 2021). Thanks to the increase in computer performance,
physical-based models have been implemented in simulation tools capable
of predicting the propagation of a flow over a defined topography (by
means of Digital Elevation Models — DEMs) starting from a release area.
Examples of such simulation tools are the two-dimensional models
RAMMS::AVALANCHE (Christen et al., 2010b), SamosAT (Sampl and
Zwinger, 2004), r.avaflow (Mergili et al., 2017) and DAN-3D (Aaron
et al., 2016). More recently, machine learning techniques applied to big
data collections have been used to evaluate the susceptibility of occurrence
(Blagovechshenskiy et al., 2023; Choubin et al., 2019; Liu et al., 2023), as-
sess mass wasting susceptibility (Choubin et al., 2020), or runout distance
(Toft et al., 2023) over large spatial extents.

Since snow avalanche simulation tools are used to prevent victims and
damage to human activities, it is important to evaluate their overall perfor-
mance and limits (Barbolini et al., 2000). At the moment, however, the
number of widely used tools specifically developed for two-dimensional
snow avalanche dynamic simulations is still limited. The availability of a
flexible simulation tool that could reproduce phenomena for which it was
not specifically developed can be of great help to practitioners to enlarge
the options for simulating snow avalanches. FLO-2D (O'Brien et al., 1993)
is one of the most widely used two—dimensional flow simulation tools de-
veloped to simulate flood and debris/mud flow. Although FLO-2D was de-
veloped for flood and debris/mud flow simulation, some examples of its use
to simulate snow avalanches and risk mapping are reported in the literature
(Barbolini and Savi, 2014; Moro, 2009). These studies are limited and are
not sufficient to correctly assess their reliability in predicting snow ava-
lanche motion. Since the rheological parameters in FLO-2D refer to those
for debris flow, the need for adapted values in the case of model application
to snow avalanches becomes a bottleneck for model extension, also consid-
ering the scarcity in the literature of such implementation and comparison
between FLO-2D and other models. Therefore, evaluating the employment
of FLO-2D in snow avalanche simulations, and comparing the performance
of the model with a model specifically designed for this purpose could be of
interest to practitioners as a practical support for hazard mapping
(Barbolini and Savi, 2014). Moreover, the model comparison could be a
valuable indication to better assess the model performance and to widen
the hazard scenarios accounting for different modelling hypotheses.
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There are only few recent studies in the literature where two-dimensional
simulation tools are compared. Schmidtner et al. (2018) compared
RAMMS::AVALANCHE and SamosAT by simulating three documented
snow avalanches. Their results show that RAMMS::AVALANCHE simulated
slightly higher maximum velocities (above 25 m/s) and longer runout than
SamosAT in all the case studies, while the latter simulates larger lateral ex-
tension. Zugliani and Rosatti (2021) used RAMMS::AVALANCHE to vali-
date their newly developed two-dimensional model TRENT2D™,

The objective of this study is to test the performance of the two-
dimensional model FLO-2D in simulating snow avalanche dynamics and
compare its results with the two-dimensional avalanche dynamic simula-
tion tool RAMMS::AVALANCHE (Christen et al., 2010b). Since RAMMS::
AVALANCHE is one of the most widely used two-dimensional snow ava-
lanche simulation tools and has been successfully applied in the Alps
(Christen et al., 2010a; Dreier et al., 2016), Carpathians (Kosova et al.,
2022), Pyrenees (Riba Porras et al., 2018), Himalayas (Bartelt et al.,
2016; Singh et al., 2020), and in the Andes (Janeras et al., 2013), it repre-
sents a good reference to evaluate the performances of FLO-2D. Further-
more, considering the uncertainties in the estimation of snow avalanche
flow velocity (Fischer et al., 2014; Gauer, 2014), this investigation could
help in the drawing up of composite hazard maps resulting from merged
numerical modelling. To achieve this goal, we back-calculated two well-
documented dense snow avalanches observed in the autonomous province
of Bolzano-Bozen (South Tyrol, Italy), with the aim of highlighting the ben-
efits and drawbacks of each model and the similarities and differences be-
tween them. After a presentation of the case studies, the main features of
the two models are outlined focusing on the respective rheological laws,
which regulate energy dissipation in motion. Then, result comparison - in
terms of model performance of the back-analysis conducted - brings to
the final discussion. The latter, learning from the response obtained from
an accurate model calibration, aims to address the use and interpretation
of the two models and the results obtained.
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2. Study areas and snow avalanche events

The snow avalanche events studied in this work took place in the auton-
omous province of Bolzano-Bozen (South Tyrol) in the eastern Italian Alps
(Fig. 1). This region extends over approximately 7400 km? with a typical
mountain morphology. The elevation ranges from 3905 m a.s.l. of the Ort-
ler in the western part of the region, to about 200 m a.s.l. at the valley bot-
toms located in the southern part. Generally, the south-eastern part of the
area is characterised by the lower elevations (usually below 3000 m a.s.l.)
and belongs to the Dolomites. These are sedimentary rock formations
with rolling morphology interrupted by sharp cliffs. The formations located
in the remaining part of the region have higher elevations with steeper
valley sides and are composed of metamorphic and igneous rocks. South
Tyrol has a relatively dry climate, with annual precipitation ranging from
500 mm to 1500 mm. Stable snow cover during winter months
(>150 days/year) has been observed in the last decades only above eleva-
tions of 1200 m a.s.l. or higher (Adler et al., 2015; Pistocchi and
Notarnicola, 2013). The first event, the Knollgraben avalanche, occurred
on 10/03/2014 in the basin of the Rio Lappago-Knollbach, in the Valle
dei Molini-Miihlwalder Tal. The second event, the Pichler Erschbaum ava-
lanche, occurred on 02/02/2019 in the basin of Rio di Monterosso-
Rotenbergbach, in the Pennes-Penser Valley. The events were documented
by the Avalanche Cadastre of the Civil Protection Agency of the autono-
mous province of Bolzano-Bozen during post-event surveys. Both events
were spontaneously triggered slab avalanches, however, they differed in
their rheological characteristics. In this way, we can test the ability of
FLO-2D and RAMMS::AVALANCHE to simulate different types of flow.

2.1. The avalanche event “Knollgraben”

The avalanche occurred on 10 March 2014, during the afternoon
(between 12 p.m. and 6 p.m.), at the Knollgraben site. This slope is located

Fig. 1. Aerial overview of the autonomous province of Bolzano/Bozen and locations of snow avalanche sites (yellow: “Knollgraben” snow avalanche site; blue: “Pichler

Erschbaum” snow avalanche site).
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within the Rio Lappago-Knollbachn catchment near the town of Selva dei
Molini-Miihlwald. The Rio Lappago-Knollbach catchment ranges from
2479 m a.s.l. of the mountain ridge to 1323 m a.s.l. at the confluence
with the Rio Selva dei Molini-Miihlwalderbach. The catchment extends
from north-east towards south-west and the mean slope is 36°. The alluvial
fan of the catchment is located between an altitude of 1475 m a.s.l. and the
confluence with the Rio Selva dei Molini-Miihlwalderbach and has a mean
slope of 16.5°. The basin is formed by two small catchments that merge
in one channel at 1670 m a.s.. The Knollgraben avalanche site is
characterised by the presence of a mixed forest of Norway spruce (Picea
abies) and silver fir (Abies alba), with European larch (Larix decidua) in
the upslope part. The forest cover surrounds the channel of the Rio
Lappago-Knollbach. However, the trees do not cover the channel banks
and the area affected by the avalanche. The vegetation in the release area
is sparse, and the soil is covered by a grassland or meadow with rocky out-
crops without forest cover. In the depositional area, the channel is
surrounded by grassland or meadows, and the channel banks are covered
by trees. The geology of the area is characterised by the presence of calc
schists with ophiolites. On the three days preceding, as well as on the day
of the event, the weather was warm (the mean maximum temperature for
the four days was 8.3 °C at an elevation of 1470 m a.s.l.), and no precipita-
tion was recorded in the study area. The position and dimensions of the re-
lease area were reconstructed using photographic material collected during
the post-event survey on 11 March 2014. Detachment of the snow masses
was considered spontaneous. The release area was identified thanks to
post—event photographs of the slope on the hydrographic left side of the
Rio Lappago-Knollbach at an altitude between 2418 m a.s.l. and
2132 m a.s.l. The detached snowpack covered a surface of 44,000 m>.
The mean slope of the release area was 36°. The mean snowpack height
in the release area recorded on the day of the event was 200 cm, and the
snow was described as “wet”. The detached snow mass had a depth of
150 cm, and the estimated detached volume was about 66,000 m>. The av-
alanche was characterised as a dense flow. The snow avalanche flowed
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along the channel of the Rio Lappago-Knollbach and stopped inside the
talweg of the channel of the Rio Selva dei Molini-Miihlwalderbach
(Fig. 2). During the post-event survey, a maximum depth of 8 m and max-
imum width of 70 m of the deposit were measured.

2.2. The avalanche event “Pichler Erschbaum”

The snow avalanche occurred early in the morning on February 2019,
around 5.30 am at the Pichler Erschbaum site. This slope is part of the
Rio di Monterosso-Rotenbergbach catchment, a small basin near the village
of Rio Bianco-Weifenbach. The catchment ranges from 2277 m a.s.l. of the
ridgeline to 1325 m a.s.l. at the confluence with the Talvera-Talfer River,
extending from north towards south with a mean slope of 39°. The alluvial
fan of the catchment is located between an altitude of 1525 m a.s.l. and the
confluence with Talvera-Talfer River, and has a mean slope of 14.5°. At an
elevation of 1366 m a.s.l., the Rio di Monterosso—Rotenbergbach flows
under the national road SS 508. The Pichler Erschbaum avalanche site is
characterised by the presence of a mixed forest of Norway spruce (Picea
abies) and silver fir (Abies alba). The forest cover surrounds the channel of
the Rio di Monterosso-Rotenbergbach. However, the trees do not cover
the channel banks and the area affected by the avalanche. The vegetation
in the upstream part of the headwater of the Rio di Monterosso-
Rotenbergbach catchment is sparse, and the soil is covered by a grassland
or meadow with rocky outcrops without forest cover, while in the down-
stream part, there are clusters of Norway spruce. However, these clusters
do not cover the areas identified as probable release areas. In the deposi-
tional area, the channel is surrounded by pastures or meadows. The geology
of the area is characterised by the presence of orthogneiss. Due to weather
conditions at the time of the post-event survey (4 February 2019), it was not
possible to accurately estimate the boundaries and position of the release
area, nor the depth of the snowpack and of the release. However, due to
data from previous events that occurred at the Pichler Erschbaum ava-
lanche site and by studying the site topography (slope, exposition,

Fig. 2. Deposition of the “Knollgraben” snow avalanche event on 10 March 2014 (Selva dei Molini-Miihlwald, Autonomous Province of Bolzano — Bozen, Italy). Credits: Civil

Protection Agency of the Autonomous Province of Bolzano — Bozen.
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curvature) and the presence of vegetation, it was possible to define the lo-
cation of the release areas. The first area (“Area 1”) is located at an altitude
between 2206 m a.s.l. and 1940 m a.s.1. and covers a surface of 22,338 m?;
the second area (“Area 2”) has an extent of 16,949 m? and is located at an
altitude between 2059 m a.s.l. and 1908 m a.s.l. The mean slopes of the re-
lease areas are 49° and 45° respectively. To define the depth of the snow-
pack, we used data available from the nearest meteorological station,
located 7.5 km away (east-north direction) from the study area, at an alti-
tude of 2127.5 m a.s.l. Data recorded by this station are also considered re-
liable for the Pichler Erschbaum avalanche site, since it is located in the
same valley and at a similar altitude. At the time of the event (between 5
and 6 a.m.), the snow depth was 116 cm. On the two days before the
event, the study area was affected by snowfall and the fresh snow accumu-
lated during the last precipitation was equal to 53 cm. The snow was dry
and the avalanche was characterised by a dense flow. The snow avalanche
flowed down the gully of the Rio di Monterosso—Rotenbergbach until it
reached the alluvial fan. The snow avalanche moved over it also spread out-
side the channel. Halfway up the alluvial fan, the snow mass divided into
two branches. Most of the mass continued along the main flow direction,
crossed the state road SS 508, and flowed downslope until it reached the
Talvera-Talver River where it stopped (Fig. 3). Only a limited part of the
snow mass continued to flow inside the channel of the Rio di Monterosso-
Rotenbergbach and then stopped near the SS 508 road. The geospatial
data collected after the event report an estimated maximum depth and max-
imum width of the main deposit of 5 m, and 73 m respectively.

3. Materials and methods

To compare the performance of the simulation tools RAMMS::AVA-
LANCHE and FLO-2D in the back-calculation of observed snow avalanche
events, we performed numerous simulations of the previously described
events. The results obtained from the two simulation tools are first evalu-
ated with (1) data collected by the Civil Protection Agency of the
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Autonomous Province of Bolzano-Bozen (Italy) during post-event surveys,
(2) data reported in the scientific literature, and (3) by means of two statis-
tical indexes. Then the simulation results of RAMMS::AVALANCHE and
FLO-2D are compared to assess similarities and differences. In the follow-
ing sections, a brief description of the two simulation tools is presented,
followed by an overview of the geospatial data employed in the simula-
tions. Thereafter, the input parameters of the two simulation tools are re-
ported for the two avalanche events. Finally, the evaluation and
validation criteria for the simulation results are explained.

3.1. The simulation tool FLO-2D

FLO-2D (O'Brien et al., 1993) is a finite volume conservation flood
routing model, developed by “FLO-2D Software, Inc.”. The tool simulates
the propagation of flows on a given topography, defined by means of Digi-
tal Elevation Models (DEMs). The flood propagation is controlled by the re-
sistance of the flow to the motion on a series of tiles of the grid (overland
flows) or along stream segments (channel routing). Two—dimensional
flood routing is achieved through finite-difference integration of the mo-
tion equation and the conservation of fluid volume both for a liquid flood
or a hyper-concentrated sediment flow. The motion equation implemented
in FLO-2D includes the continuity equation and the momentum equation
(full dynamic wave equation) (Egs. (1) and (2)):

oh ohV .

oh \%4 av 1 aV
g, 9r 2 av 2
8 =So ox g ox g ot @

where h is the flow depth, g is the gravitational accelleration and V is the
depth-averaged velocity in one of the eight possible directions x and i is
the excess rainfall intensity (could be non-zero on the flow surface). Sy is

Fig. 3. Deposition of the “Pichler Erschbaum” snow avalanche event of February 2019 (Sarentino-Sarnthein, Autonomous Province of Bolzano- Bozen, Italy). Credits: Civil

Protection Agency of the Autonomous Province of Bolzano-Bozen.
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the friction slope component and is based on Manning's equation. Other
terms include the slope of the bed (S,), the terms of pressure gradient,
and the convective and local acceleration. The equation represents the
one-dimensional depth-average channel flow. Although FLO-2D is a multi-
directional flow model, its motion equations are used by defining the aver-
age flow velocity across a grid element boundary in one direction at the
time among the eight possible directions.

FLO-2D (MUDFLOW module) can also route hyper-concentrated flows
such as mudflows and debris flows as fluids continuum. Viscous fluid mo-
tion is predicted as a function of the sediment concentration (C,). To
achieve sediment continuity, the tool employs a quadratic rheologic
model to predict viscous and yield stresses. As a response to C, changes
for a given grid element, FLO-2D simulates dilution effects, mudflow cessa-
tion and deposit remobilization. The shear stress relationship used in FLO-
2D is depth-integrated and rewritten as a dimensionless slope. The total
friction slope (Sp) is composed of the sum of the yield slope, viscous slope
and turbulent dispersive slope (Eq. (3)):

T KnV  ng V?

S, =
Ty 8y,

3

where y,, is the specific weight of the sediment mixture, V is the depth-
averaged flow velocity, K is the resistance parameter for laminar flow, n
is the flow resistance of the turbulent-dispersive shear stress components
(combined into an equivalent Manning's n-value for the flow), 7, is the
yield stress and 7 is the viscosity of the fluid. FLO-2D adopts a quadratic
equation solution to the friction slope equation to apply it to the momentum
equation. The viscous and turbulent-dispersive slope terms are written as
depth-averaged velocity (V). Inflows and outflows are defined as flood
hydrographs. It is possible to assign an input hydrograph to more than
one element of the grid. In mud and debris flow simulations, a volumetric
sediment concentration (C,) or sediment volume must be defined for each
water discharge.

3.2. The simulation tool RAMMS::AVALANCHE

RAMMS::AVALANCHE (Rapid Mass Movement Simulation)
(Christen et al., 2010b) is a two—dimensional numerical simulation
model developed by the WLS Institute for Snow and Avalanche Research
SLF (Zurich, Switzerland) to calculate the motion of snow masses from
the initiation area to the runout zone in three-dimensional terrain.
The model uses depth-averaged equations to predict the flow heights
and slope-parallel velocities of flows containing fast moving particles
of snow surrounded by an interstitial fluid (air). The friction law is
based on the Voellmy-Salm-Gubler (VSG) friction model, where the
friction resistance is divided into: (1) a velocity-squared dependent tur-
bulent friction term (&), similar to Chezy resistance for turbulent water
flow in open channels, and (2) a Basal Coulomb-like dry friction term
(p) dependent on the internal shear angle of the snow material. In
RAMMS::AVALANCHE the frictional parameters can be set as uniform
or spatially variable within the computational domain. Alternatively,
the tool automatically calculates friction values according to the topog-
raphy (i.e. angle and curvature), altitude, and depending on the return
period and magnitude of the avalanche (referred to as the “automatic
method” in this work). In RAMMS::AVALANCHE the VSG model has
been modified to consider the cohesion of the snow, expressed as yield
stress (Np), and the centrifugal forces derived from the terrain curva-
ture, implemented inside the normal force term (N). The equation of
the friction model used by RAMMS::AVALANCHE is:

2
S=uN+P 4 (1= p)Noe ™ 4)

§

The input data for the simulations are defined by the practitioner and
they are: (1) a Digital Elevation Model (DEM) as a representation of
the topography; (2) the location and height of the released snowpack;
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(3) the rheological parameters density (p), cohesion (yield stress - NO)
and friction parameters (p and &).

3.3. Topographic and snow avalanche information

The back-calculation process required three different types of data:
(1) the characterization of the initial conditions, (2) the representation of
the basal topography (DEM) and (3) the post—event description of ava-
lanche path and characteristics of the release and deposition areas. The ini-
tial condition data are the snowpack height, cumulated fresh snow, snow
type (i.e., wet, dry, or loose snow) and the land use (to adequate the
frictional parameters). These data are provided by the Snow Avalanche
Cadastre of the Civil Protection Agency of the Autonomous Province of
Bolzano-Bozen (Italy). The topography of the site is defined by means of
Digital Terrain Models (DTM), freely available from the Geocatalog of the
Autonomous Province of Bolzano-Bozen (Italy). DTMs have a spatial reso-
lution of 2.5 m and were realised in 2006 from LiDAR data. Regarding the
release areas, the information needed to set up the back analysis of the
events are: the flowing mechanism of the snow avalanche (flowing ava-
lanche or airborne avalanche), typology of release (slab or loose snow ava-
lanche, surface-layer or full-depth avalanche), the snow depth of the
released mass (full snowpack height in the case of full-depth avalanche),
position, elevation, dimensions, and a georeferenced representation of the
release area. Regarding the deposition area, the required post-event data
are: the position, elevation, dimensions, and a georeferenced representa-
tion of the deposition area. To better evaluate the results of the back calcu-
lation, a georeferenced representation of the snow avalanche path is also
needed. All these data are also provided by the Snow Avalanche Cadastre
of the autonomous province of Bolzano-Bozen. Therefore, we compared
the release and deposition areas of the observed and simulated avalanches
and the results of the two simulation tools. Due to the lack of specific field
data on snow density, we considered reference values suggested in the liter-
ature (Dent and Lang, 1982; McClung and Schaerer, 2006). Snow density
(p) was set equal to 300 kg m ™~ (setting y,, = 3000 N m~? in FLO-2D)
for both case studies. For the Pichler Erschbaum snow avalanche, the
depth of the detached snow was unknown. Therefore, we first considered
a depth equal to the snow depth accumulated during the last precipitation
(53 cm accumulated in the last two days before the event). However, using
this value, it was not possible to correctly simulate the observed deposit.
Hence, we consider a depth value equal to 100 cm.

3.4. FLO-2D simulations

Since there is no snow avalanche simulation module within FLO-2D, the
flow resistance equation (Eq. (3)) was adapted to a form close to the
Voellmy-Salm-Gubler (VGS) model by omitting the dynamic viscosity co-
efficient as proposed by Barbolini and Savi (2014) (Eq. (5)).

Ty ntdz V2

S; = - + T

)]

where V is the depth averaged velocity, y,, is the snow specific weight. 7,
(cohesive yield stress) and n (Manning's coefficient) are the friction param-
eters. By reducing the number of unknown coefficients, calibration of the
model should thus be easier. The rheological low (Eq. (3)) was adapted to
the simulation of a snow avalanche by setting the dynamic viscosity param-
eter (7) equal to 7 = O [Pa s]. The laminar flow resistance coefficient (K)
was set equal to K = 2000 for all case studies. This was the mean value
for the “spare vegetation class” proposed by Woolhiser (1975).

For each case study, multiple simulations were performed, testing dif-
ferent values of the rheological parameters by systematically and incremen-
tally adjusting them to reproduce the occurred event as well as possible. For
each event, the volume of the detached snow mass (Vol) was derived by
multiplying the average depth of the detached snowpack by the surface of
the release areas. The volumes of snow masses were then converted into in-
flow hydrographs represented by the water discharge (m® s™') and
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sediment concentration (C,) over time. To simulate the rapidity of the snow
release, we considered hydrographs divided into 6-time steps of 1 s each
and constant discharge values. Since the FLO-2D input hydrographs are as-
sociated with a single element of the grid, the previously calculated water
discharge was then divided by the number of cells designated as inflow
cells, and an inflow hydrograph assigned to each of them. With respect to
Cv, different values of the parameter were tested to define how it affects
the simulation results. Different values of cohesive yield stress (z,) were
tested. Depending on the type of snow involved in each event, several refer-
ence values of snow cohesion reported in the scientific literature were con-
sidered (Bartelt et al., 2015; Dent and Lang, 1982; Joshi et al., 2006).
Different values of Manning's n roughness coefficient (n—-value) were tested,
starting from the values proposed in (FLO-2D, 2019). All simulations were
performed with a simulation time of 12 min (0.20 h). Table 1 reports the
mass volume and the values or ranges of the rheological parameters consid-
ered in the FLO-2D simulations.

3.5. RAMMS::AVALANCHE simulations

For each case study, multiple simulations were performed, testing dif-
ferent values of the rheological parameters to reproduce the real event as
well as possible. The volumes (Vol) of the detached snow masses were auto-
matically computed by the tool from the release areas and the depth of the
detached snowpack. Regarding frictional parameters (i and &), we first per-
formed a simulation with the values automatically defined by the software
to test their reliability under different boundary conditions. For this pur-
pose, the most realistic return period of the event (Rp) and the size class
(Size) were defined as proposed by Christen et al. (2017) for each case
study. However, it was not possible to correctly simulate the Pichler
Erschbaum snow avalanche using the suggested values of the frictional pa-
rameters. Therefore, we tested different sets of p and & in accordance with
the topography of the run-out area. Different p and £ values were tested,
both for the gully section and the alluvial fan, by systematically and incre-
mentally adjusting them aiming to reproduce the occurred event as well as
possible. Furthermore, different values of snow cohesion (yield stress Ny)
were tested. Depending on the type of snow involved in each event, differ-
ent reference values reported in the scientific literature were considered
(Bartelt et al., 2015; Dent and Lang, 1982; Joshi et al., 2006). Simulations
were performed considering the effect of terrain curvature. All simulations
were implemented with a simulation time of 12 min (720 s). Table 2 reports
the mass volume and values of the rheological parameters considered in the
RAMMS::AVALANCHE simulations.

3.6. Validation

For each snow avalanche event, we compared the simulated flows com-
puted by means of the two models with the observed geospatial data. The
objective was to detect possible differences in the run-out distance (r), posi-
tion, shape, depth (hpax qep) and width (I qep) Of the observed and simu-
lated deposit. The simulated deposits, maximum velocity, maximum flow
height and maximum depth of the deposit computed by the two models
were then compared to each other in order to find differences and similar-
ities and evaluate the performance of each model. To statistically evaluate
these differences, we selected two indices: (1) TSS (True Skill Statistic)

Table 1
Snow mass volumes and rheological parameters tested in the FLO-2D simulations.
FLO-2D Case study
“Knollgraben” avalanche “Pichler Erschbaum” avalanche
Vol [m®] 65,508 39,287
Cv[-] 0.45-0.70 0.45-0.70
Ym [N m ™3] 3000 3000
7, [Pa] 500-3000 500-800
n-value [s m™/?] 0.50-0.30 0.20-0.45
1 [Pas] 0 0
K[-1 2000 2000
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and (2) D2PC (Distance To Perfect Classification). They are based on rela-
tions between true negative (TN), true positive (TP), false negative (FN)
and false positive (FP) (Mcbride and Ebert, 2000). We chose those indices
as they minimize the weight of TNs in the evaluation of simulations, since
the amount of TN is usually the majority and can deviate the index outcome
(Formetta et al., 2016). TSS is defined as the difference between the hit rate
and false alarm rate (Eq. (6)). The index measures the ability of the model
results to discern between non-snow avalanche and snow avalanche pixels.
A large number of TN correspond to an overwhelmed false alarm value. If
TN is large, the ratio between false positives and the sum of false positives
and true negatives (FPR, Eq. (7)) tends to zero, and TSS tends to the be-
tween true positive and the sum of true positive and true negative (TPR,
Eq. (8)) (Formetta et al., 2016).

(TP+TN) — (FP+FN)

TSS = = TPR — FP
S5 = P Ny TNy TR PR ©)
where
FP
FPR———
R FP+ TN @
and
P
TPR = 5 i ®

TSS (Eq. (9)) ranges between —1 and 1, where the best value is 1. A TSS
equal to 0 indicates an indiscriminate model, while a TSS equal to — 1 indi-
cates that the model results are no better than the results provided by a ran-
dom model. The problem with TSS is that the hit rate and false alarm rate
are treated equally, regardless of their possible consequences. D2PC mea-
sures the distance between the tested model point with the coordinates
(FPR, TPR) and an ideal perfect point (0,1) within the plane (Formetta
et al., 2016). This index ranges from 0 to 1, where 0 is the best match be-
tween simulation and observation.

D2PC = /(1 — TPR)? + FPR> )
To evaluate and discuss the simulation results also from a qualitative point
of view, we defined two sets of ordinal variables to classify the simulation
results based on the values of the statistical indexes. In particular, to define
how well the simulation approximates the shape and position of the ob-
served deposit, we segmented the D2PC range of value into four classes,
while, to define the behaviour of the model in discerning snow avalanche
and non-snow avalanche pixels, the range of values of TSS was segmented
into five classes. Both D2PC and TSS classes are reported in Table 3.

4. Results
4.1. FLO-2D simulations results

Two snow avalanches were modelled using the FLO-2D numerical
model seeking the optimum condition of back-analysis. Table 4 reports
the values of the rheological parameters employed in the simulations that
better approximate the observed deposits of each case study and the pecu-
liarities of the resulting simulated flows. The simulation of the Knollgraben
snow avalanche well approximated the position and shape of the observed
deposit, as shown by a D2PC value of 0.359. The released mass settled in-
side the channel of the Rio Lappago-Knollbach, along the entire length of
the avalanche path. Nevertheless, most of the mass reached the observed
deposition zone. The head of the deposit matched the observed runout dis-
tance by reaching the channel of the Rio Selva dei Molini-Miihlwalderbach.
The maximum width of the simulated deposit (Iqx 4ep) Was measured at the
front of the deposit, and was equal to 88 m. The simulated deposit exceeded
the width of the observed deposit, with snow settling inside the channel of
the Rio Selva dei Molini-Miihlwalderbach, upstream of the confluence of
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Table 2
Snow mass volumes and rheological parameters tested in the RAMMS::AVA-
LANCHE simulations.

RAMMS::AVALANCHE Case study
“Knollgraben”  “Pichler Erschbaum” avalanche
avalanche
Vol [m?] 65,508 39,287
o [kg m~3] 300 300
Ny [Pa] 0-2000 0-300
Rp [years] 30 10
Size “Large” “Medium”
pl-1 Automatic method 0.170-0.290 0.20-0.39
Variable method - 0.250-0.350 (gully)
(manually defined) 0.150-0.280 (alluvial fan and
channel)
g[ms~?] Automatic method 1500-3500 1100-3250
Variable method - 1500-1800 (gully)
(manually defined) 2500-3500 (alluvial fan and
channel)

the two streams. The maximum height of the deposit (A dep, Fig. 4B) was
simulated within the channel, in correspondence to the alluvial fan. The
simulated flow remained confined within the Rio Lappago — Knollbach
(hmaxs Fig. 4A), near the release area. The score of the TSS index was
0.428. The simulated maximum flow velocity was quite constant inside
the gully and decreased when the mass reached the alluvial fan. The highest
maximum flow velocity (V.o = 10.91 m/s) was simulated inside the gully
(Fig. 4C).

The simulation of the Pichler Erschbaum snow avalanche well approxi-
mated the position of the observed deposit, as shown by a D2PC value equal
to 0.243. Most of the released mass reached the observed deposition area
and only a small amount settled inside the gully. As observed after the
event, most of the simulated mass settled over the alluvial fan of the Rio
di Monterosso—Rotenbergbach, with the front of the deposit reaching the
channel of the Talvera-Talfer River. FLO-2D correctly simulated the main
deposition of the simulated mass along the main flow direction and the sep-
aration of the flow into two branches at an altitude of around 1407 m a.s.l.
However, the simulated mass flowed over the national road SS 508, depos-
iting over the slope towards the channel of the Talvera-Talfer River. Fur-
thermore, the simulated flow ran over the national road SS 508 towards
south-west and deposited over it, widening the maximum width
(Inax dep = 141 m). As a consequence, less volume reached the area of the
observed front of the deposit than that observed after the event, resulting
in a deposit that covered less slope surfaces than the observed one. The
maximum height of the deposit (Amax dep, Fig. 4E) was simulated both at
the apex of the alluvial fan and over the national road SS 508. The maxi-
mum flow depth (h,,q, presented in Fig. 4D) was simulated inside the
gully, immediately down-slope of the release area “Area 1”. The score of

Table 3
Qualitative classifications of the statistical indices D2PC and TSS based on their
value.

Range of values  D2PC qualitative classification TSS qualitative

classification
1<x=<0 - The model behaves very
badly in the simulation
0<x =025 The simulation approximates very well ~The model behaves

the shape and position of the observed
deposit

badly in the simulation

0.25 < x < 0.50 The simulation approximates well the =~ The model behaves
shape and position of the observed sufficiently well in the
deposit simulation

The model behaves well
in the simulation

0.50 < x = 0.75 The simulation partially approximates
the shape and position of the observed
deposit

The simulation badly approximates the The model behaves very
shape and position of the observed well in the simulation
deposit

075 <x <

A
-

Science of the Total Environment 896 (2023) 165221

Table 4

FLO-2D simulations that better approximate the observed deposit of each case
study. For each simulation, the values of the rheological parameters and the features
such as run-out distance (r), maximum flow velocity (Vi,.,) and the flow depth
(Mmax), maximum height (hymex gep) and width (Lnax gep) Of the deposit and the score
of the statistical indexes Distance to Perfect Classification (D2PC) and True Skill
Statistics (TSS).

FLO-2D Case study
“Knollgraben” avalanche “Pichler Erschbaum” avalanche
Vol [m®] 65,508 39,287
G [-] 0.55 0.55
Ym [N m ™3] 3000 3000
7, [Pa] 2000 700
n - value [s m/?] 0.25 0.40
n [Pa s] 0 0
K[-] 2000 2000
Vinax [m/s] 10.90 12.13
Rmax dep [m] 5.10 3.20
Ry [m] 10.02 14.67
lnax.dep [m] 88.00 141
r [m] 2400 1480
D2PC [0 best value] 0.359 0.243
TSS [1 best value] 0.428 0.659

the TSS index was equal to 0.659. The maximum simulated flow velocity
was higher inside the gully, and it decreased when the mass reaches the al-
luvial fan. The highest maximum flow velocity (Vo = 12.13 m/s) was
simulated inside the gully, immediately down-slope of the release area
“Area 1” (Fig. 4F).

4.2. RAMMS::AVALANCHE simulations results

The investigated snow avalanche events were reproduced by use of the
RAMMS::AVALANCHE numerical model. Table 5 reports the values of the
rheological parameters employed in the simulations that better approxi-
mated the observed deposit of each case study and the peculiarities of the
resulting simulated flows.

The simulation of the Knollgraben snow avalanche very well approxi-
mated the position and shape of the observed deposit, as shown by a
D2PC value equal to 0.234. Most of the released mass reached the observed
deposition area and settled inside the channel of the Rio Lappago-
Knollbach. The front of the simulated deposit reached the channel of the
Rio Selva dei Molini-Miihlwalderbach and the runout distance was compa-
rable to the observed one. In contrast to the observed event, a small part of
the simulated flow crossed the Rio Lappago—Knollbach and deposited in the
alluvial fan, covering a surface of 1 ha. The absolute maximum width of the
simulated deposit (85 m) corresponded to the maximum width of the sec-
ondary deposit, while the maximum width relative to the main deposit
(Imax dep) Was measured at the front of the deposit, and was equal to 76 m.
Maximum flow depth (h,,qy, Fig. 5A) was simulated inside the gully, up-
stream of the alluvial fan. The maximum height of the deposit (Mmax dep>
Fig. 5B) was simulated within the channel on the alluvial fan. The model
performed well in discerning snow avalanche and non-snow avalanche
pixels, as shown by a TSS value equal to 0.671. The simulated maximum
flow velocity was quite constant inside the gully and decreased when the
mass reached the fan, as a consequence of slope reduction. The maximum
flow velocity (Ve = 37.47 m/s) was simulated within the gully (Fig. 5C).

The simulation of the Pichler Erschbaum snow avalanche well approxi-
mated the position of the observed deposit, as shown by a D2PC value equal
to 0.247. Most of the released mass reached the observed deposition area
and settled over the alluvial fan of the Rio di Monterosso—Rotenbergbach.
However, a large portion of the released snow mass accumulated at the
end of the gully, where the slope gradient decreased and the alluvial fan
began. The rest of the snow mass settled downwards from the fan apex
and the front of the deposit reached the channel of the Talvera-Talfer
River. As observed after the event, most of the mass of the simulated de-
posits elongated in the main flow direction. However, a small part of the
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Fig. 4. Results of the FLO-2D simulations that better approximated the observed depositions of Knollgraben (left) and Pichler Erschbaum avalanches (right). The maximum
flow depth (top), maximum deposition height (middle) and maximum flow velocity (bottom) of snow avalanches are represented together with their release areas and
observed deposits.
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Table 5

RAMMS::AVALANCHE simulations that better approximate the observed deposit of
each case study. For each simulation, the values of the rheological parameters and
the features such as runout distance (r), the maximum flow velocity (Vi.,) and
the flow depth (hyq,), maximum height (Aymqx dep) and width (Lax 4ep) Of the deposit
and the score of the statistical indexes Distance to Perfect Classification (D2PC) and
True Skill Statistics (TSS).

RAMMS::AVALANCHE

Case study

“Knollgraben” avalanche  “Pichler Erschbaum” avalanche

Vol [m?] 65,508 39,287
o [kg m~?] 300 300
Ny [Pa] 150 150
Rp [years] 30 /
Size “Large” /
pl-=1 Automatic Method Manually defined
0.215-0.340 0.320 (gully)
0.180 (alluvial fan and channel)
E[ms™?] Automatic Method Manually defined
1200-2250 1750 (gully)
3000 (alluvial fan and channel)
Vinax [m/s] 37.47 34.26
Pimas dep [m] 6.43 2.91
Rimax [m] 15.89 14.04
Imax dep [M] 76.00 73.00
r [m] 2400 1480
D2PC [0 best value] 0.234 0.247
TSS [1 best value] 0.671 0.651

simulated flow spread over the alluvial fan and deposited on its left-hand
side, covering a surface of 1.2 ha. This simulated deposit ran over a large
section of a private road that serves some houses located on the left-hand
side of the alluvial fan. The observed deposit only reached the most up-
stream switchback of the road. It resulted in a deposit that covered less sur-
face than the one observed. The absolute maximum width of the simulated
deposit (120 m) was measured in the upstream part of the alluvial fan,
while the maximum width relative to the main deposit (Iyax dep) Was mea-
sured over the state road SS 508 and was equal to 73 m. The maximum
height of the deposit (hmax dep, Fig. 5D) was simulated both at the apex of
the alluvial fan and over the state road SS 508. The maximum flow depth
(hmax> Fig. 5E) was simulated inside the gully, where the channel width
was the narrowest. The score of the TSS index was equal to 0.651. The sim-
ulated flow velocity was at its maximum inside the gully in the headwater
part (Ve = 34.26 m/s), to decrease when the mass reached the alluvial
fan (Fig. 5F).

5. Discussion

We tested the performances of the simulation tools FLO-2D and
RAMMS::AVALANCHE by back-calculating two well-documented snow av-
alanche events. For each case study, multiple simulations with both models
were performed to find the combination of rheological parameters that bet-
ter approximated the observed deposits. The results were then used to as-
sess the performance of the model.

After calibration of the rheological parameters considered by the two
models, the simulation results showed an overall good performance in
reproducing the observed event. The values of frictional parameters p
and £ (RAMMS::AVALANCHE) employed in the back-calculation of
the Knollgraben snow avalanche are those automatically determined by
the tool (Christen et al., 2017). These values resulted adequate during the
back-calculation process, simplifying the calibration of the model to the
definition of only one parameter (yield stress Ny). Adopting the frictional
values computed by RAMMS::AVALANCHE for the Pichler Erschbaum
snow avalanche, it was not possible to correctly reconstruct the observed
deposit. After the calibration process, the values p = 0.320 and § =
1750 m/s? for the gully area and p = 0.180 and £ = 3000 m/s> for the
fan area were those that could better approximate the observed deposit.
These values are in accordance with the range proposed by Christen et al.
(2017) for “medium” size avalanches with a high return period (100 and
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300 years). Regarding the simulations performed with FLO-2D, a more ac-
curate calibration process was required due to the lack of reference values
for the rheological parameters. Sediment concentration (C,) resulted as
being the parameter that most affected run-out distance. In all case studies,
the sediment concentration value that better approximated the observed
run-out distance was equal to 0.55. Therefore, it seems recommendable to
adopt this value in future applications of this model for the simulation of
snow avalanches. However, the use of FLO-2D on different events will
give a useful hint about the choice of rheological parameters. Although
the snow type was different in each case study, the RAMMS::AVALANCHE
simulations that better reproduced the observed deposits employed the
same snow cohesion value. (N, = 150 Pa). FLO-2D, instead, required dif-
ferent values of snow cohesion in each case study, with a higher yield stress
(z,) value for the event characterised by wet snow (2000 Pa) compared to
the dry snow event (700 Pa). Bartelt et al. (2015), Dent and Lang (1982)
and Joshi et al. (2006) present a wide heterogeneity of snow cohesion
values both for dry and especially for wet snow and it, therefore, results dif-
ficult to correctly assess these values. In our case, the snow cohesion values
adopted in both models were within the ranges proposed by these studies.
Furthermore, comparing the snow cohesion values used with both models
and for all other rheological parameters seemed to be pointless since the
frictional dissipation equations implemented in the two models were very
different.

By comparing the results of the simulations performed with both
models and the related statistical indices scores, it is possible to highlight
the differences between them and the relative advantages or drawbacks.
With both FLO-2D and RAMMS::AVALANCHE it was possible to approxi-
mate well the observed deposits of each event (Table 3). Based on the scores
of the statistical indexes D2PC and TSS, both models very well approxi-
mated the observed deposit of the Pichler Erschbaum snow avalanche, scor-
ing almost identical D2PC and TSS values. For the Knollgraben snow
avalanche case study, instead, RAMMS::AVALANCHE performed better
than FLO-2D in approximating the observed deposits, both in shape and po-
sition, as shown by the value of the two statistical indexes (Tables 4 and 5).
It is important to note that statistical indices alone may not accurately re-
flect the performance of the model and that a critical visual examination
should be included in the evaluation of the results. The deposits simulated
by the models for the Pichler Erschbaum case study, despite having identi-
cal D2PC and TSS scores, had very different shapes. FLO-2D (D2PC =
0.243; TSS = 0.653) simulated a flow very sensitive to the presence of
the national road SS 508. Therefore, the head of the simulated deposit di-
vided into different branches downwards of the state road. RAMMS::AVA-
LANCHE (D2PC = 0.247; TSS = 0.651), instead, simulated a more
compact deposit, better approximating the shape of the observed head of
the deposit. RAMMS::AVALANCHE simulated the snow deposition on the
left-hand side of the alluvial fan and at the apex of the alluvial fan that
was not observed after the event. For the Knollegaben snow avalanche,
FLO-2D (D2PC = 0.359; TSS = 0.428) simulated the deposition of mate-
rial along the entire path of the avalanche. As a consequence, because of
the reduced mass that reached the observed deposition area, the simulated
deposit filled only the lower part of the channel cross-section, while the ob-
served deposit reached almost the top of the channel banks. RAMMS::AVA-
LANCHE (D2PC = 0.234; TSS = 0.671) simulated less deposition inside
the gully and more mass reaching the observed deposition area, more filling
the cross-section of the channel. Despite that, the model simulated the over-
flow and consequent deposition of snow on the right-hand side of the allu-
vial fan. Assessing the performance of the models in simulating the
maximum deposit height (A dep) results are more complicated since the
position where the maximum deposit height was observed is not specified
in the post-event survey reports. However, it is possible to highlight that,
for the same case study, both models underestimated the observed hpax dep
(underestimation up to 4 m) and the values were different (up to 1 m). Fur-
thermore, both models simulated hy,q, 4¢p in different positions.

Taking into account the maximum flow velocities (V;,4,), RAMMS::
AVALANCHE simulated flows with V4, two- to three times higher than
FLO-2D. This remarkable difference is particularly evident immediately
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Fig. 5. Results of the RAMMS::AVALANCHE simulations that better approximated the observed depositions of the Knollgraben (left) and Pichler Erschbaum avalanches
(right). The maximum flow depth (top), maximum deposition height (middle) and maximum flow velocity (bottom) are represented together with their release areas and
observed deposits.
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downstream of the release areas and inside the gullies. The maximum flow
velocities simulated by the RAMMS::AVALANCHE for the dry snow ava-
lanche were consistent with the values proposed in the literature (Havens
et al., 2014; Kogelnig et al., 2011; Lacroix et al., 2012; Rudolf-Miklau
et al., 2015; KoSova et al., 2022; Vilajosana et al., 2007; Vriend et al.,
2013), while V,,,, of the wet snow avalanche results high compared to
the proposed range of values, resembling those for dry avalanches. The
Vinax Values simulated by FLO-2D for wet snow avalanches were quite
low, but within the ranges reported in the literature. However, the V4
simulated for the dry snow avalanche was too low and not comparable
with the values in the literature. The difference in maximum velocity simu-
lated by the two models was more pronounced within the channels up-
stream of the alluvial fans. In these areas, RAMMS::AVALANCHE
simulated velocities of 20 up to 30 m/s higher than FLO-2D for the
Knollgraben avalanche (max difference equals 36 m/s) and of 15 up to
25 m/s for the Pichler Erschbaum avalanche (max difference equals
31 m/s). The velocity difference decreased once the flow reached the allu-
vial fan, still remaining non-negligible (up to 15 m/s in both case studies).
In the case of the Pichler Erschbauml avalanche, the flow simulated by
RAMMS::AVALANCHE arrived at the deposition area with a greater veloc-
ity difference (up to 10 m/s) than in the Knollgraben avalanche, where the
avalanche front simulated by RAMMS::AVALANCHE arrived in the Selva
dei Molini-Miihlwalderbach stream even with lower velocity than in FLO-
2D (up to 2.5 m/s less). Although RAMMS::AVALANCHE generally better
approximated the shape and position of the observed deposits, it should
also be considered that due to the high flow momentum, phenomena of
channel overflow may be produced, especially where there are abrupt
changes in topography. In both study cases, the model simulated the depo-
sition of snow where it was not observed. This may not be a problem when
back—calculating observed events; however, it may result in an overestima-
tion of the area affected by snow avalanches and of flow velocities and pres-
sures during hazard and risk assessment procedures. The results were less
accurate in the approximation of the shapes of the observed deposits, and
the low maximum velocities simulated may not be adequate for the calcu-
lation of the impact pressures. The high uncertainty of the velocities simu-
lated by the models affects hazard mapping, providing results that can
overestimate or underestimate actual velocities. Considering low velocities
could lead to underestimation of dynamic hazard. In contrast, considering
high speed values could lead to exaggerating the size of protection mea-
sures. The joint use of results from two models could be an effective method
to better calibrate the design of protection works.

The results produced by FLO-2D are encouraging, also considering the
lack of implementation for snow avalanches and the absence of references
for the calibration of rheological parameters (Barbolini and Savi, 2014;
Moro, 2009). Future applications of FLO-2D for snow avalanche events
are necessary to improve the choice of the model friction parameters and,
consequently, contribute to their use in modelling snow avalanches and
risk and hazard assessment.

6. Conclusions

This study investigated the performances of the two-dimensional
numerical simulation models FLO-2D and RAMMS::AVALANCHES in
back-calculating snow avalanche deposition areas. Although FLO-2D was
developed to simulate floods (also associated with bed load transport)
and events of debris flow/flood, we attempted to evaluate its use for
snow avalanches. We performed the back-analysis of two well-
documented avalanches in the autonomous province of Bolzano-Bozen
(IT): a dry and a wet snow avalanche. The strength and limitations of
both models were evaluated by comparing the model results with the ob-
served deposition areas, adopting statistical indices (TSS and D2PC).

RAMMS::AVALANCHE generally well approximated the observed de-
posits, showing good TSS and D2PC values. The maximum flow velocities
simulated by RAMMS::AVALANCHE produced values in the order of
30-40 m/s for both types of snow. Although the simulated velocities for
the dry snow avalanche were consistent with the values proposed in the
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literature, the values for wet snow avalanches were too high. The high ve-
locities and the associated channel overflows simulated by RAMMS::AVA-
LANCHE provided in both case studies precautionary results from the
perspective of hazard mapping. FLO-2D results were less accurate in repro-
ducing the observed deposits, showing less suitable TSS and D2PC values
compared to the RAMMS::AVALANCHE simulations. The maximum flow
velocities simulated by the model were in some cases excessively low
(order of 10-12 m/s), especially for dry snow avalanches. Since the rheo-
logical parameters considered by FLO-2D are not those typical of a snow av-
alanche rheology, an effective calibration of these parameters was obtained
after a meticulous and accurate iterative process due to the lack of compa-
rable implementations (absence of references for the rheological parame-
ters). In particular, the results of the model were very sensitive to the
sediment concentration (C,) of the fluid and, to a lesser extent, to the
yield stress (7,,) and Manning coefficient (n) attributed to the slope of the av-
alanche site. In particular, the flow resistance equation of the model was
adapted to a form more similar to the VSG model by omitting the dynamic
viscosity coefficient. Further investigation on the employment of this coef-
ficient also for simulating snow avalanches could be carried out to better re-
fine this choice. Despite that, the results produced by FLO-2D are
encouraging. They proved to have good potential to reproduce the motion
of snow avalanches and they added reference values for practitioners,
which often demand a straightforward and low time-consuming implemen-
tation of the models.

For a robust and reliable use of FLO-2D for avalanche simulation and re-
lated hazard mapping, more studies based on back-analysis of snow ava-
lanche events are necessary to define adequate reference values of the
rheological parameters for different types of snow avalanches.

It is also worth concluding that the results of different simulation
models should be jointly considered so that a greater number of possible
modelling scenarios can be accounted for the production of snow avalanche
hazard and risk maps. In this way, a much more cautionary implementation
of mitigation structures could be achieved, being aware of the possible oc-
currence of snow avalanches with different features in the same catchment.
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