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Abstract: Developments in mountain areas prone to natural hazards produce undesired impacts
and damages. Thus, disaster assessment is mandatory to understand the physics of dangerous
events and to make decisions to prevent hazardous situations. This work focusses on the practical
implementation of methods and tools to assess a snow avalanche that affected a road at the Coll de
Pal in 2018 (SE Pyrenees). This is a quite common situation in mountain roads and the assessment
has to focus specially in the avalanche–road interaction, on the return periods considered and on
the dynamics of the phenomena. This assessment presents the field recognition, snow and weather
characterization and numerical modelling of the avalanche. Field campaigns revealed evidences
of the avalanche triggering, runout trajectory and general behavior. An unstable situation of the
snowpack due to a relatively large snowfall fallen some days before over a previous snowpack
with weak layers, caused the avalanche triggering when an additional load was added by a strong
wind-drift episode. A medium size (<2500 m3) soft slab avalanche, corresponding to a return period
of 15–20 years, occurred and crossed the road of the Coll de Pal pass. The event was reproduced
numerically by means of the 2D-SWE based numerical tool Iber aiming to analyze the avalanche
behavior. Results of the simulation corresponded with the observations (runout trajectory and snow
deposit); thus, relevant information about the avalanche dynamics could be obtained. Identified
differences probably come from the terrain elevation data, which represent “snow free” topography
and do not consider the snowpack on the terrain.

Keywords: hazard assessment; snow avalanche evidence; weather conditions; numerical modelling

1. Introduction

The majority of the recorded natural disasters worldwide (90%) during the period
1995–2015 were weather-related [1]. According to the Emergency Events Database, EM-
DAT [2], snowfall and snow avalanches are considered natural hazard belonging to hydro-
meteorological events. Snow avalanches have caused, and cause, important damages,
especially in mountain areas; thus, hazard assessment and prevention to reduce the associ-
ated risk become mandatory [3–14].

Snow avalanche recording started at the end of the 19th century in the Swiss (1888)
and French Alps (1899) [11], and later in other regions worldwide, such as the southern
side of the Pyrenees [15]. Since that, several national and regional databases and guidelines
for practitioners have been developed. This recording consists of collecting evidence of
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the avalanches that occurred from the starting zone to the deposit, besides other relevant
information of the runout zone. These tasks are often difficult due to accessibility and
adverse weather conditions during and after the event, which can hide these evidences.
When possible, the avalanche is mapped, measured and characterized [4].

From the viewpoint of their dynamics, snow avalanches have been traditionally
classified as dense-type or powder-type [16]. However, dry-snow avalanches are often not
purely any of the previous types, as they consist of a powder cloud but with a dense core
below (mixed-motion avalanches). This fact makes an additional difficulty on assessing its
hazard because they behave differently and, thus, different approaches must be required.

In general, hazard assessment of a particular avalanche path requires several steps.
First, the characterization of inherent terrain factors (e.g., slope, elevation, orientation,
roughness, and morphology of the path, etc.). Then, instability and the avalanche triggering
factors must be considered and evaluated considering the snowpack properties and weather
condition evolution. To do this, winter surveying and snow avalanche mapping and
characterization are essential works. They provide the probability of occurrence of the
event and basic data that allow improving the tools used for avalanche hazard mapping
and forecasting in mountainous areas, such as numerical modelling. Additionally, a survey
is advisable in summer time, when there is over, to map avalanche effects on trees or
infrastructures if any.

Avalanche events recording and characterizing, together with other information
sources (historical and witness information, dendrogeomorphology analysis, statistical
treatment of snow and weather data), allow hazard mapping. Additionally, it provides rel-
evant information to feed and calibrate numerical models, which allow not only diagnose
past events but also prognose hypothetic or future ones [12,13,17–22].

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 [13,14,19,23,24].
Depending on the avalanche type and the kind of spatial discretization used, different
numerical approaches are more appropriate than others. Currently there is a wide range of
numerical tools: from the simplest one-dimensional model (1D) firstly developed in [25,26];
to complex three-dimensional (3D) smooth particle hydrodynamics-based models [27,28]
recently applied to snow avalanches [29].

Particularly for dense snow avalanches, two-dimensional (2D) models are suitable
solutions in most cases. They discretize more accurately the spatial domain with a mesh of
elements (instead of cross-sections in the 1D approach), which represents the topography in
a 3D space. Thus, the 2D approach improves not only the representation of the avalanche
dynamics but also its final position [30,31] and, thanks to the current computational
techniques, with a reasonable computation effort.

This work is a contribution dealing with the practical implementation and validation
of methods commonly used in snow avalanche characterization and hazard assessment,
through the reconstruction of the snow avalanche at the Coll de Pal (SE Pyrenees) that
occurred on 10th February 2018 and that affected a road. To do this, field campaigns were
carried out a few days after the event. However, the event was mapped only partially
due to difficulties to access and evidence concealment caused by adverse meteorological
conditions the days after. For this reason, hazard mapping was completed by summer
fieldwork and using numerical modelling techniques. A numerical model was forced with
the results of the fieldwork allowing to evaluate the avalanche dynamics behavior. Small
differences were found between the simulation and the observations, both being different
from the expected deposition area based on the existing snow avalanche database.

2. Materials and Methods
2.1. Coll de Pall Snow Avalanche

Coll de Pal is a mountain pass (2106 m.a.s.l.) located at the southeast part of the
Pyrenees range (Figure 1a). The road BV-4024 that crosses the pass is usually exposed to
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snow avalanches during the winter season. This road accesses to the ski resort of the Coll
de Pal and it is also the southern access of the La Molina ski resort.
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Figure 1. General location (red point) of the Coll de Pal pass (background image source: ESRI)
(a). Representation of the potential release, runout and deposition area RIT051 (magenta polygon)
where avalanches generally occur (as it was stored in the BDAC [32–34]), and recorded runout and
deposition area of the event (blue stripped polygon) (background image source: Institut Cartogràfic i
Geològic de Catalunya (CC by 4.0)) (b).

On 10th February 2018, an avalanche occurred at the area known as Rocs de la Bòfia,
between 1900 and 2200 m.a.s.l. The avalanche flowed from a triggering area placed above
the road and then stopped several meters below the road. Fortunately, the avalanche did
not cause damages because the road was previously closed by the road manager, Diputació
de Barcelona (DIBA), based on the local forecast that this institution carries out.

2.2. Event Characterization

Two days after the event, a field survey was carried out by the road avalanche fore-
casting service to map and characterize the event. In spring-summer 2019, another field
survey was performed to compile other information not identified in winter and to look
for avalanche evidence on trees. Results of both campaigns are presented in the follow-
ing sections.

2.2.1. Avalanche Path

The area where the avalanche occurred belongs to the so-called RIT051 avalanche path
(Figure 1b, magenta polygon), which is included in the Avalanche Database of Catalonia,
BDAC [32–34], that was originally mapped at 1:25,000 scale. It is a slope oriented towards
the south. Potential triggering zones are located between 2075 and 2200 m.a.s.l. with a
mean slope of 37◦. Land use is characterized by regular rocky slope limited by rocky ridges,
with sparse small pines and herbaceous vegetation.

The avalanche path narrows due to the Rocs of la Bòfia gully and widens again on a
scree slope with a mean slope angle of 34◦ until the road at 1970 m.a.s.l. At this place, the
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hill side suddenly becomes almost flat for 8 to 12 m (road) and it is the place where small
avalanches usually stop. Avalanches that have enough energy to cross the road reach again
the natural grassy slope with forest composed of pines of a mature age. The mean angle
of this area is 18◦, decreasing to 12◦ below 1900 m.a.s.l., at the end of the slope. Before
the February 2018 event, avalanches crossed the road twice since the decade of 1980 but
detailed information about these events is not available.

2.2.2. Snow and Meteorological Conditions

The event took place after a wind episode preceded by a snowfall in a context of
relatively low temperatures. Preceding the snowfall, the snowpack was very thin and
non-continuous at the elevations where the avalanche occurred. It had a maximum depth
of around 0.5 m and was composed of a base layer with faceted grains and a hard crust
of some centimeters on top, not fully developed at the elevation of the starting zone of
the avalanche (around 2200 m.a.s.l.). Daily air temperatures were below zero, reaching
minimum values around −15 ◦C.

Two snowfall days, 5th February and 6th February, accumulated 0.6 m and 0.3 m
of snow, respectively. The air temperature was similar than the days before but there
was a southeast wind with gusts reaching 70 km/h. When it stopped snowing, a small
avalanche deposit was observed on the road, at the place where the larger avalanche
analyzed occurred. After that, there were three calm, sunny days and weak wind from
the north, and maximum and minimum daily temperatures around −8 ◦C and −15 ◦C,
respectively. This fact favored the snow transformation to non-cohesive grains, particularly
on the snowpack surface.

On 8th February, a snow profile was completed on the potential triggering zone of
the avalanche path RIT051, at 2200 m.a.s.l., in a slope facing SW (see Appendix A). The
profile shows a typical unstable structure with a 0.3 m thick slab at the top and faceted
non-cohesive layers below with a significant temperature gradient (0.26 ◦C/cm). Stability
tests provided positive results in the faceted layers (applying the Extended Column Test,
ECT [35], the failure traveled across the entire column on the tap 14).

During 9th and 10th February, another wind episode from the north took place with
gusts that reached 100 km/h. The large amount of new snow fallen during February 5th
and 6th, which remained dry and non-cohesive due to the low temperatures, had drifted
by the wind to the south. The triggering zone of the avalanche, facing south, was probably
overloaded with a new amount of snow. As it is well known, the most common trigger
for natural dry slab avalanches is addition of weight [36]. In this case, the addition of
load by the snowfall and the snowdrift most likely broke the equilibrium of the snowpack
with a precarious stability, shown two days before by the stability tests, and caused the
avalanche release.

2.2.3. Avalanche Characteristics and Behavior

The avalanche forecasting team was able to inspect the avalanche two days after the
event. Evidence of the avalanche was not entirely visible since the wind kept blowing some
hours after the avalanche occurrence and covered partially with snow part of the crown
and the deposit. At the release area, the right flank of the slab was still visible below the
scattered pines (Figure 2).

On the slope just below the release area, the hard-crusted layer previous to the snowfall
was exposed. Part of the avalanche was deposited on the road (Figure 3), spreading over
an around 10 m long and 45 m wide area. The deposit surface was smooth with several
ridges parallel to the flow direction like levees, probably modified by the wind.

Below the road, the deposit covered 120 m downslope. Here, the depth of the deposit
decreased from the top of the slope to the bottom, but, in general, it was not more than
0.5 m. The surface of the deposited snow was rough, with lumps and small fragments
of pine branches (centimetric to decimetric, Figure 4) and some entire branches that were
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transported from the upper part of the deposit. No branch fragments were found outside
the deposit. Damages on trees below the road were mainly produced by the dense flow.

Inspection revealed that the avalanche was potentially triggered at an elevation of
around 2145 m.a.s.l., and stopped several meters below the road, at 1930 m.a.s.l. Only
the runout and deposit areas were mapped (Figure 1b, blue polygon) because of the
difficulties with accessing the release area. Some snow depth proofs were performed on
the road revealing a mean depth of 1.5 m and a maximum of 2.5 m at the west side. The
affected length was estimated in 370 m with vertical drop of 215 m. The avalanche volume
was not larger than 2500 m3. According to the European Avalanche Warning Services
classification [37], this is an avalanche size 2+ (medium plus).
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The avalanche of 10 February 2018 can be considered as a soft slab avalanche [38],
sliding as a dense flow due to: the meteorological conditions before and during the
event, the properties and structure of the snowpack, the release of a slab, the quite clear
delimitation of the avalanche deposit, the existence of a layer of small branch fragments
covering homogeneously the deposit below the road but not outside the deposit, and the
thickness and structure of the deposit over the road. Even though the snow entrainment had
to occur in this avalanche event because of the cold, light snow, it does not seem meaningful
because the track zone is quite short, steep and narrow. These characteristics do not favor
large or significant entrainment and, consequently, it has not been considered hereinafter.

A particularity of this event was the sudden slope change caused by the existence of
the road, but also the presence of road fences at the outer border of the road. When the
snow avalanche reached the road and the road fences, a large part stopped there. However,
the rest of the flowing avalanche crossed the road and partially generated a powder
cloud because of the impact on the road fences and the abrupt slope break, which forced
the avalanche to jump and compelled the snow to go into suspension. Cold conditions
(−11 ◦C) and light snow probably made this change of behavior possible. For this reason,
the deposit below the road was more irregular, with lumps and small pine branches broken
by the dense component and transported by the powder cloud. A video taken at the Port
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de la Bonaigua pass [39], in the Central Pyrenees, is an example of the explained behavior
change, which most likely occurred in the Coll de Pal in 2018.
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2.2.4. Estimation of the Return Period

The return period of the 2018 snow avalanche of the Coll de Pal has been estimated
through the evidence registered during the field campaigns and historical data.

According to Burkard and Salm [40], the so-called DH3dd parameter is the snow
depth susceptible to generate avalanches, and that is defined as the difference between
the mean snow depth of a given day and the mean snow depth of the three previous days.
To that end, the meteorological gauge station “Cadí Nord”, located 16.5 km to the west,
was considered as representative for the snow and weather characteristics of the Coll de
Pal area. This gauge station belongs to the Meteorological Survey of Catalonia, registering
data since 2003. The highest snow depth was selected for each one of the 16 winters (from
2003 to 2019). A Gumbel probabilistic distribution [41] was applied to associate the snow
depth that is susceptible to generate avalanches to a particular return period.

Considering that the DH3dd at the “Cadi Nord” gauge station was 0.84 m on 6th
February, the return period of the three-day snowfall was of 15–20 years. Contrasting this
information with the road maintenance service, despite the information is unclear, it seems
that a similar avalanche occurred before 2000. Thus, the return period for this avalanche
was estimated in 15–20 years.

2.3. Numerical Modelling

The numerical tool Iber [42] was used aiming to reproduce and to complete hazard
mapping of the event. Iber is a free surface hydraulic numerical model [43–48] recently
enhanced to simulate non-Newtonian flows, such as muds [49], wood-laden flows [50], but
also dense-snow avalanches [51,52].

Iber solves the two-dimensional depth-averaged Shallow Water Equations (2D-SWE)
through a conservative finite volume scheme [53] and on unstructured meshes of triangles
and/or quadrilaterals [44]. It uses a first-order Godunov-type upwind scheme for convec-
tive fluxes and the geometric slope source term, in particular the Roe scheme [54], and a
centered scheme for the turbulent diffusion friction source term [55]. Therefore, the scheme
achieves balancing of the bottom slope source term with the flow vector, thereby avoiding
spurious oscillations of the free surface and retaining quiescent water even when working
with complex irregular geometries [56].

2.3.1. Rheological Model

In the SWE for water flows the shear stress terms due to the bottom friction are
expressed by means of the friction slope, which are usually represented with the Manning
formula. However, for snow, other specific models are required. For such cases, Iber groups
the shear stresses (Srh) as the sum of two different rheological models working together or
separately: one due to frictional terms (S′rh) and the other due to cohesion (S′′rh).

On the one hand, the friction model proposed by Voellmy [57] is used to define the
friction terms, a common model used in snow avalanches modelling [24,31,58–60]. This
model integrates the total flow resistance as the addition of a solid phase and a turbulent
friction resistance, which are associated to the dry-Coulomb friction and the flow velocity,
respectively. This model, expressed as a friction slope, is:

S′rh = µ +
v2

ξh
(1)

where µ is the Coulomb friction coefficient, v is the flow velocity, ξ is the turbulent friction
coefficient, and h is flow depth.

On the other hand, the cohesion forces, a snow property that acts as an additional flow
resistance, are considered through the cohesion model proposed by Bartelt et al. [61]. This
model considers the effect of the cohesion as an additional shear stress linear dependent
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on C and µ that multiplies a negative exponential factor, which depends on the flow depth
(h), density (ρ) and cohesion (C):

S′′rh =
1

ρgh
C(1− µ)

(
1− e−

ρgh
C

)
(2)

2.3.2. Discretization and Conditions

The study area was defined as a 50 m wide offset of the RIT051 region defined in
Figure 1b (magenta polygon). The spatial domain was discretized throughout an unstruc-
tured calculation mesh of irregular triangles with a mean side length of 2 m. The model
had almost 60,000 elements, which is equivalent to 6,400 calculation points per ha. The
most recent digital terrain model (DTM) of 2 × 2 m cell-size [62] was used as topographical
data in the model (Figure 5). Certain smoothing is intrinsically applied when the calcula-
tion mesh is uploaded with topographical data. This effect may approach the smoothing
generated by the snowpack, even though it does not truly reproduce the real conditions.
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Figure 5. Three-dimensional view of the calculation mesh of the numerical model: (a) release area; (b) slope change due to
the road (background image source: Institut Cartogràfic i Geològic de Catalunya (CC by 4.0)).

The starting zone of the avalanche was determined taking into account the slope
map, the terrain roughness, and the evidence from the summer field survey: trees with
or without broken branches and resin excretion that indicate the avalanche impact. An
initial condition of 0.84 m of snow, which is equivalent to an initial volume of 2431 m3,
was imposed on the release area (Figure 6c, yellow polygon). A density of 300 kg/m3 was
assumed for the fluid density because no data were available.

2.3.3. Treatment of Wet-Dry Fronts

Interfaces between mesh elements that belong to the flow itself and adjacent dry ones
must be properly treated numerically. Iber uses a combination of the algorithms for the
wet-dry front presented by Brufau [63] and Cea [64]. To that end, an εd parameter defines
the fluid depth threshold below which a finite volume (mesh element) is considered to be
dry. Additionally, another criterion has been implemented to ensure mass conservation:
when the fluid depth (h) in an element is lower than the threshold (h < εd), the finite
volume is considered to be dry.

In this case, a depth threshold limit of 0.01 m was chosen. With this method and
criteria, it is possible to ensure zero mass conservation errors due to the discretization of
wet-dry fronts.
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the yellow region is the release area, and the blue polygon is the observed avalanche perimeter. In (a,b), the black line
represents the RIT051 region and, within it, the release area of the numerical model; the transparent-white region is the
observed runout (background image source: Institut Cartogràfic i Geològic de Catalunya (CC by 4.0)).

3. Results

The simulation was carried out assuming a 20-year return period. According to the
recommendations of Bartelt et al. [65], the involved parameters for the rheological model
were 0.34 for µ, 1250 m/s2 for ξ, and 100 Pa for C. Simulated results were compared to
the observations.

Figure 6a shows the avalanche extend at the end of the simulation. Results agreed
with the observed data (Figure 6a, white transparent polygon) with a maximum runout
distance and width of 370 m and 55 m, respectively. The road had a significant effect on
the avalanche trajectory and behavior due to the sudden change of slope and, to a lesser
extent, due to the slope orientation. Snow was accumulated on its inner side, where a
maximum simulated depth of 2.5 m was achieved on the western part. Despite the runout
distance was well captured, the deposition area shifted around 15 m to the east. The snow
depth on the deposition area was in general below 0.5 m, with a very few areas slightly
above 0.6 m. On the transition zone, from the gully to the road, the results were within the
observed perimeter (Figure 6c, blue polygon). Small differences (<5 m) were observed at
the downstream half of this zone.

The numerical model also provided results of the flow velocity. Maximum velocities
were obtained in the gully area, a few meters downstream of the release area, being
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estimated as approximately 25 m/s (Figure 6b). These velocities are within the range of
this kind of avalanches [66–68]. A significant velocity change was produced when the flow
passes over the road, from 20 to 12 m/s. This sudden slope variation (slope-flat-slope),
besides changes on the main slope (from 37◦ to 18◦), generated a loss of the avalanche
energy, decreasing the velocity rapidly (the avalanche was only able to break a few tree
branches under the road), and tending to stop without considering other additional criteria.

4. Discussion

The consideration of the cohesion effect in the simulation generates, besides an addi-
tional flow resistance, a long avalanche tail. This fact is clearly observed at the release area,
where small amounts of snow were not mobilized, but also in the 150 m just above the
road (Figure 6a). Additionally, the consideration of a very low wet-dry threshold (0.01 m)
enhances not only the front propagation but also the definition of the rear and the front
part of the avalanche.

The identified differences between the simulations and the observations can be at-
tributed to the assumptions about the release area (shape, extension, and depth), but also
about the topography used. The terrain elevation data used correspond to the “snow free”
topography; this may differ in some areas from the one existed during the event and, thus,
it could modify the avalanche bulk dynamics.

As observed during the field campaigns (see Section 2.2), the snow avalanche of
the Coll de Pal was not a “full-depth avalanche”, reaching and traveling just above the
ground. The terrain elevation data, although slightly smoothed (see Section 2.3.2), did not
consider the slope surface modification produced by the snowpack accumulation when the
avalanche occurred; this fact could condition the flow propagation because the topography
can be smoother or sharper depending on the previous meteorological and snow conditions.
In this sense, Figure 6c shows the slope main directions of the terrain (vectors), which are in
concordance with the RIT051 area (magenta polygon) based on the “snow free” topography,
and the avalanche extension observed after the event (light blue polygon) does not seem to
perfectly fit with these slope directions.

Maggioni et al. [69] correlated the effect of the DTM on the results of the numerical
models, especially when simulations are performed with the so called “snow free” to-
pography instead of “not snow free” topography. Indeed, the “snow free” topography,
despite being widely used because it is usually the only one available, applies only to
full-depth avalanches.

5. Conclusions

This work presents the recognition and reproduction of the snow avalanche of the Coll
de Pal 2018. Field campaigns allowed to determine the causes and the type of avalanche,
while numerical modelling made it possible to analyze and reproduce the avalanche dy-
namics.

Meteorological evidence before the event revealed that the fallen snow on the starting
zone of the avalanche path, which was still non-cohesive and had a precarious stability,
was overloaded with a new amount of snow. This fact probably was the cause of the
avalanche release.

The medium avalanche size (size 2+) that occurred on 10th February 2018 in the
avalanche path RIT051 was a soft slab avalanche, sliding as a dense flow around 370 m
and crossing a road, which probably modified the avalanche dynamics.

The avalanche path, deposition area and amount of retained snow on the road and on
the deposition area obtained by the numerical model were adjusted to the observations.
The numerical model achieved stable and consistent solutions and, furthermore, the flow
stopped without considering additional criteria.

The identified differences between the observed evidence and the avalanche simu-
lation were probably due to the terrain elevation data used in the numerical model that
corresponded to the available topography, which did not consider the snowpack. Me-
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teorology data collected before the event demonstrated that the topography could have
been considerably modified. This fact is put in relevance because the simulated avalanche
shifted to the east, in accordance to the observations, but in contrast to the path of the
available avalanche database (RIT051). This fact highlights the necessity of updating the
snow avalanche database with all the known events, which indirectly reflect the existence
of a local snow-modified topography.

In summary, field campaign recognition is crucial to understand not only the whole
physical process of the avalanche, including the causes of its triggering, but also to provide
essential information to feed numerical models. In this case, it allowed evaluating the
probability of occurrence of the event and made evident that adverse weather conditions
before the event motivated the triggering of a slab avalanche. These data make it possible
to reproduce numerically the event with enough confidence to analyze the bulk dynamics
and also to assess its hazard.
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Appendix A

This section depicts snow and meteorological data collected days before the event.
Figure A1 shows the snow profile carried out 2 days before the avalanche at 2200 m.a.s.l.,
at the place where the avalanche was triggered.
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Figure A2 depicts snow and meteorological conditions of the “Tosa d’Alt” gauge
station that belongs to the Catalan Meteorological Service (SMC).
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Figure A2. Snow and meteorological data of the “Tosa d’Alp” gauge station. Data registered from 26th January to 12th
February: maximum (continuous line) and minimum (dashed line) air temperature (a); maximum wind speed and direction
(b); cumulated of new snow (black bars) and evolution of the snowpack depth (continuous line) (c).
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