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Abstract

Rock slope failure (RSF) from permafrost-affected rockwall is an emerging threat for human lives and infrastructure which
raises a need for RSF hazards assessment in the alpine environment. This study proposes the first mapping approach of RSF
release and propagation areas in the French Alps.

By analysing a unique RSF database (1389 recent events in the Mont Blanc massif), we determine 3 levels of RSF
Susceptibility Indexes (RSI) to map the potential release areas. We highlight a strong link between RSF and permafrost: 99%
of RSFs occurred from rockwalls with Mean Annual Rock Surface Temperature (MARST) < 3°C and 35% with MARST from
-2 to 0°C.

The release area maps (34 km?2 to 284 kmz2 depending on the RSI) are used as input in a simple propagation model (RockavELA),
using a dimensionless area-based energy line principle to map propagation areas (i.e. reach susceptibility) of potential RSFs.
Three propagation limits are proposed, fitting the propagation characteristics of another RSF database containing 3497 events
observed throughout the European Alps with heterogeneous propagation substrates, and merged with 48 additional events from
the French Alps high mountains. RockavELA reproduced runout extent of 20 high mountain RSFs with < 50% of frontal and
lateral error. Output maps show little sensitivity to the propagation limits (< 25% difference between the high and low
propagation limits).

This work is a preliminary step to identify potential hazardous hot spots in the French Alps, and proposes a novel approach

that could be implemented in other mountain ranges.

Keywords: rock slope failure, permafrost hazard, GIS, regional mapping, runout modelling
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1 Introduction

High mountain environments are increasingly impacted by the effects of climate change (IPCC 2019). The temperature has
already risen by 2°C in the European Alps between the end of the 19™ and the beginning of the 21% century with an acceleration
of the warming since the 1980s (Auer et al. 2007; Einhorn et al. 2015). The main impacts of the rising air temperature on the
Alpine cryosphere are glacial retreat (Zemp et al. 2006), permafrost degradation (Biskaborn et al. 2019; Haberkorn et al. 2021),
thinning and shorter duration of the snowpack (e.g., Verfaillie et al. 2018), and elevation of the rain-snow limit (e.g., Bohm
et al. 2010).

The loss of glacier area and volume since the end of the Little Ice Age (LIA) is significant and has been clearly accelerating
since the 1980s (Zemp et al. 2006; Huss 2012; Zekollari et al. 2019). Permafrost degradation is also an important marker of
cryosphere changes in recent decades and the temperature time series in boreholes have shown a global degradation of
permafrost, notably in ice-poor ground such as rockwalls and bedrock (Etzelmuller et al. 2020; Haberkorn et al. 2021).

These ongoing processes lead to Rock Slopes Failures (RSFs; Fischer et al. 2006; Gruber and Haeberli 2007; Huggel et al.
2010; Hartmeyer et al. 2020; Deline et al. 2021), defined in this study as detachment of a rock mass, whatever its volume.
Investigations in the Europeans Alps have shown an increase in RSFs occurring as rockfalls, often defined as rock mass
detachment > 100 m® (Ravanel and Deline 2011; Fischer et al. 2012; Temme 2015; Paranunzio et al. 2019), especially during
summer heatwaves (Ravanel et al. 2010, 2017; Legay et al. 2021). Larger events can reach several millions of m?, sometimes
mixed with ice, and are often defined as rock avalanches or rock/ice avalanches (Evans et al. 1989; Huggel et al. 2005; Jibson
et al. 2006; Shugar et al. 2021). These major events sometimes generate cascading processes (Haeberli et al. 2016a) resulting

in massive destruction down valley and many casualties ( e.g., Byers et al. 2018; Walter et al. 2020; Zheng et al. 2021).

Beyond the geological (lithology, fractures) and topographical conditions (slope, aspect, altitude) playing a role in the
occurrence of RSF (Ballantyne 2002), permafrost degradation — which occurs through thickening of the active layer (i.e. the
subsurface layer freezing and thawing throughout the year) and permafrost warming toward 0°C (Gruber and Haeberli 2007)
- is thought to play a key-role through the mechanical alteration of the intact rock mass and ice-filled fractures (Krautblatter et
al. 2013; Mamot et al. 2018, 2021). Many observed events have thus been already attributed to permafrost degradation (Deline
etal. 2013; Ravanel et al. 2013; Knoflach et al. 2021; Etzelmdiller et al. 2022). Some studies also point out the possible role of
water infiltration and water flow that could locally accelerate cleft ice erosion and favour high hydrostatic pressure at ice-
sealed fractures (Fischer et al. 2010; Hasler et al. 2011a; Magnin and Josnin 2021).

RSF could be a threat for human lives and infrastructure (Haeberli et al. 2016b) that are located on unstable permafrost-affected
slopes (Ravanel et al. 2013; Duvillard et al. 2015, 2019) or in their propagation zone. ldentifying spatial susceptibility of RSF
occurrence and propagation is thus becoming a key challenge in hazard and risk assessment.

Previous research proposes regional release and runout zonation for different gravitational hazards such as landslides (e.g.
Mergili et al. 2019), debris flows (e.g., Mergili et al. 2017), rockfalls (e.g., Michoud et al. 2012), rock avalanches (e.g.
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Scheidegger 1973), large rock/ice avalanches (e.g. Noetzli et al. 2006), Glacial Lakes Outburst Floods (GLOF; e.g. Huggel et
al. 2003; Furian et al. 2021) and multi hazards assessment (e.g. Gruber and Mergili 2013). Some approaches consider only the
source area (e.g. Loye et al. 2009), whereas others consider also the runout areas (e.g. Horton et al. 2013; Mergili et al. 2019).
These regional approaches require minimal input data and parameters to estimate deposit areas (e.g. Noetzli et al. 2006; Horton
et al. 2013), notably topographical factors and the length of the propagation area (Heim 1932; Lied 1977; Hsl 1975; Evans
and Hungr 1993). In contrast, physics-based models require more input such as volume, friction parameters, initial condition,
rock density, but allow in depth analysis at a local scale (Mergili et al. 2014).

The identification of release and propagation areas is a first step in risk assessment. It can lead to the development of early
warning systems to further prevent risks (Budimir et al. 2019; Pecoraro et al. 2019; Guzzetti et al. 2020). However, in the
context of climate change and evolving cryosphere, new areas may become at risk. It is therefore necessary to assess permafrost
distribution, build up an RSF inventory and analyse the conditions under which they occur. For this purpose, the Glacier and
Permafrost Hazards in Mountain (GAPHAZ) group proposes guidelines for hazard assessment, which are (i) to assess rockwall
stability and triggering conditions of RSFs, and (ii) to map potential hazards in mountain regions (GAPHAZ 2017; Allen et al.
2022). Such integrated approaches for permafrost hazard assessment require basic knowledge of permafrost and mass
movement distribution, but quantitative characterisation of the RSF release conditions and propagation are often missing.
Our study intends following the GAPHAZ principles to make a first step towards assessment of hazardous permafrost-affected
rockwalls in the French Alps. The aims of this study are thus to map (i) the release areas of potential RSFs in the current
context of permafrost degradation, and (ii) their possible propagation areas for the entire French Alps.

To do so, we use a large inventory (1389 events) of RSFs (volumes 100-80,000 m®) documented in the Mont-Blanc massif
between 2007 and 2019 and a predicted rockwall permafrost map. A statistical analysis of this database allows us to determine
areas most prone to failure according to their topographical and permafrost conditions and to determine 3 levels of Rock slope
failure Susceptibility Indexes (RSI). In the next step, RSI maps are used as input for a simple propagation model (RockavELA)
developed in order to map the propagation areas of potential events. The model uses a dimensionless area-based energy line
principle and is calibrated with an RSF database (3497 events; volumes of the largest single projectiles ranging from 100m?® to
292,000 m®) from the whole Alpine range (Interreg Alpine Space project “RockTheAlps” 2016-2019) and 48 other events
(volumes ranging from 0.02m? to 1000 m?®) inventoried in the French Alps at high elevation (> 2000 m a.s.l.).

This work provides a first overview of RSF susceptibility from permafrost-affected rockwalls, as well as areas potentially
impacted. We propose a first application of this method in the French Alps high mountains. It is a first step to support a risk
assessment strategy in the climate change context and could ultimately serve as a tool for decision-makers and stakeholders to

assess potential hot spots.
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2 Study area: The French Alps

The French Alps constitute the western part of the European Alps (Fig. 1). They extend from the Mont-Blanc Massif (MBM)
to the Mediterranean coast, and host 25 peaks above 4000 m a.s.l. The three highest massifs are Mont-Blanc, Ecrins and
Vanoise, culminating at the Mont Blanc (4808 m a.s.l.), Barre des Ecrins (4102 m a.s.l.) and Grande Casse (3855 m a.s.l.),
respectively. The climatic context of the French Alps is roughly divided by the 45 North parallel: the north-western part is
wetter because of the depressions coming from the Atlantic Ocean, while the Southern Alps are dryer due to the Mediterranean
influence (Bénévent 1926; Gottardi 2009).

581 glaciers covering a surface area of 275.4 km? were present in the French Alps during the period 2006-2009, the largest
one being the Mer de Glace (30.5 km?) in the MBM (Gardent et al. 2014). The mean front altitude of these glaciers is 2840 m
a.s.l., with the glacier des Bossons being the lowest (c. 1650 m in 2022) in the MBM. Glaciers lost 50% of their surface area
between 1850 and 2006-2009, of which c¢. 25% was between 1967-1971 and 2006-2009. Glacial retreat has been accelerating
for several decades and will continue to do so in the coming decades (Zekollari et al. 2019), leading to the formation of lakes
in recently deglaciated areas (Magnin et al. 2020; Cathala et al. 2021).

The lower altitudinal limit of cold continuous rockwall permafrost is c. 2800 £ 200 m and 3300 £ 300 m a.s.l. on the north and
south faces, respectively, and c. 2500 + 200 m and 3000 + 300 m for warm discontinuous permafrost (Magnin et al. 2015a).
In surficial deposits, this limit is in the 2300 — 2500 m range, depending on aspect and regional precipitation (Marcer et al.
2017). Mapping of rockwall permafrost has been carried out only for the MBM, by generalizing the “Rock model” from
Boeckli et al. (2012) with a 4-m resolution DEM. In this study, the rockwall predicted permafrost map has been extended to
the whole French Alps with the same approach (see Sect. 3.2).

The lower limit of permafrost tends to rise, and modelling suggests that it could disappear from south faces at least up to 4300
m a.s.l. while warm permafrost could extend at least up to 3850 m a.s.l in the north faces (Magnin et al. 2017). The number of
RSFs may therefore further increase in high mountain environments over the coming decades. Studies from the MBM have
indeed already shown this increase in conjunction with atmospheric warming and permafrost degradation (Ravanel and Deline
2011; Ravanel et al. 2017).

The French Alps have not yet been investigated at a regional scale to identify areas at risk due to RSFs under current and future
climate warming conditions. However, the MBM is very well investigated and constitutes a study area that provides an
opportunity to improve knowledge about the RSF triggering conditions (Ravanel et al. 2011, 2017; Legay et al. 2021).

In this study, we divide the French Alps in 4 zones to allow a more detailed analysis of each area according to their
characteristics (such as lithology, latitude, climate, glacier and permafrost extent; Fig.1). As our study focuses on periglacial

processes, we kept in our analysis only the areas above 1500m a.s.l.
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Fig.1 The French Alps and the 4 divisions used in this study. The area (> 1500m a.s.l), names of mountain ranges,
lithology and number of glaciers are given for each division (With a 25m resolution DEM from Institut National de
I'information Géographique et Forestiére (IGN))

3 Methods and data

Our approach comprises 3 steps. First, we analyse the RSF triggering conditions using the MBM RSF database (1389 events)
for which we retrieve slope conditions from a 25-m DEM at each event location and permafrost conditions retrieved from a
predicted Mean Annual Rock Surface Temperature (MARST) map (Sect. 3.1). Secondly, we map potential release areas
according to the conditions the most likely to trigger RSFs (Sect. 3.2.1). In a third step, we analyse RSF propagation
characteristics using 48 events that have recently occurred in high mountain areas (High Mountain database) and 3497 at lower

6
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altitudes (RockTheAlps database; Sect. 3.2.2). Since the High Mountain database and the RockTheAlps database display
similar propagation characteristics, they are merged in the Propagation database to fit propagation limits in a simple model
(RockavELA). The calibration and evaluation of the frontal and lateral extent of the modelled deposition area are carried out

using 20 events from the High Mountain database. These different steps are detailed in Fig.2.
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Fig.2 Presentation of the approach proposed in our study, with the data and method used for regional mapping of release and
propagation areas

3.1 Data
3.1.1 DEM and predicted permafrost distribution map

In this study, we use a 25-m resolution DEM provided by IGN (Institut national de I'information Géographique et Forestiere),
whose data were acquired mainly by radar technology between 2009 and 2011. While DEMs at higher resolution exist for
some areas, it is the only homogeneous DEM covering the entire French Alps so we chose it to ensure consistency between all
steps of this work.

The permafrost distribution is modelled with the multiple linear regression “Rock model” calibrated by Boeckli et al. (2012)
with 53 MARST measurement points spread across the European Alps. This model explains the MARST with Potential
Incoming Solar Radiation (PISR) values and Mean Annual Air Temperature (MAAT) values at MARST measurement points.
Boeckli et al. (2012) further applied a temperature offset to the MARST to represent possible temperature at depth (Mean
Annual Rock Temperature, MART) calculated according to sun-exposure based on Hasler et al. (2011b). The MART is then

7



converted into an index depicting the favourability of rockwalls to permafrost occurrence using the standard deviation of the
rock model. This approach has been implemented in the Mont Blanc massif in only one previous study (Magnin et al. 2015a)
175 and evaluated against distributed Electrical Resistivity Tomography surveys (Magnin et al. 2015b).
In this study, we implement the “Rock model” on the 25-m DEM with the 1981-2010 MAAT to represent current permafrost
conditions. The MAAT is provided by Météo France using the SAFRAN model (Durand et al. 1993) that represents daily air
temperature according to 300-m elevation bands over the French Alps and upscaled to the 25-m DEM. Solar radiation is
calculated with ArcGIS (ESRI®) tools following Boeckli et al. (2012) approach. We use the predicted MARST values for
180 slopes > 30° here considered as “steep slopes” considering the rather coarse DEM resolution. Permafrost is typically expected
for MARST < 3°C (Hasler et al. 2011b) and we thus expect warm and highly discontinuous permafrost conditions where the
predicted MARST suggests temperatures between -2 and 3°C. An example of the final predicted MARST map for the MBM

is shown in Fig. 3.

MBM RSF database

o Rockfall used for statistical
analysis

o Rockfall outside of the raster
extent

- Extent of the DEM used to analyse
the MBM rockfall database

High Mountain database

Y% Rockfall used to analyse the
mobility

45°55'0"N

¥ Rockfall used for RockavELA
calibration or validation

Permafrost (MARST ; °C)

<-2

-2to-1
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1to 2
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BECENN

45°50°'0"N

6°500"E 7°00°E

Fig.3 The Mont-Blanc massif RSF database and High Mountain database, glacierized areas and predicted Mean Annual Rock Surface
185 Temperature (MARST) map used in this study. (With a 25-m resolution DEM from IGN)

3.1.2 RSF databases

MBM RSF database
In this study, we use the MBM RSF database, which contains 1389 RSFs recorded in the MBM by a network of observers over

a 15-year period (2007-2021; Fig. 3). The network comprises mountain practitioners who report information about RSFs they

8
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have observed via mails, apps or oral communication; these observations are then verified and supplemented during fieldwork
(Ravanel and Deline 2013). The volumes of these RSFs range from 100 m?® to 80,000 m®, with a mean volume of 1218 m® and
a median value of 400 m®. For each event, we know the geographical coordinates, which enables them to be projected in a
GIS.

Propagation database

First, we use the High Mountain database composed by 48 RSFs (> 100 m3) for which we know the exact location of the scar
and the front of the deposit identified with satellite images and verified during fieldwork (Supplementary materials Fig. S1).
Most of these events (43) are from the MBM RSF database (Fig. 3); the others (5) were recorded in the Vanoise, Ecrins and
Ubaye massifs between 2017 and 2020. When Sentinel-2 satellite images were available at the date of the RSF and usable (no
clouds), we used them to reconstruct the precise geometry of the deposit. This was the case for 20 events of the High Mountain
database.

Among these 48 events, 45 have travelled onto glaciers, sometimes covered by snow or rock debris; the others have propagated
onto bedrock (e.g., Vallon d’Etache; Supplementary materials Fig. S2). The RSF propagation distance is determined using the
Energy Line Angle (ELA), of which the calculation is detailed in Section 3.2.2. Among these 48 events, the smallest ELA is
16.8°, implying a relatively high mobility of the RSF (Vallonbrun; Supplementary materials Fig. S3). In contrast, the RSFs
with the lowest mobility have an ELA of 53.2° (Roche Méane; Supplementary materials Fig. S1).

These 48 events are combined with the RockTheAlps database of the Interreg Project (www.alpine-

space.eu/project/rockthealps/), which is the result of an RSF inventory covering the entire European Alps, in order to provide

consistent data to calibrate our propagation model (Sect. 3.2.2) and to complete our data with events propagating on other
substrates than glaciers and snow. In this database each RSF event is represented by the topographical profile from the release
point up to the tip of the deposit. Here, the known volume is that of the largest single boulder and ranges from 0.02 m® to 1000
m? for each event. This database is updated annually. In our study, we use 3497 RSF events with heterogeneous volumes that

propagated over all types of substratum and environment (forest, meadows, bedrock, etc.).

3.2 Mapping release and propagation areas at regional scale
3.2.1 Mapping potential release areas at a regional scale

Statistical analysis of RSF triggering conditions

The MBM RSF database is used to analyse the triggering conditions of RSFs according to the predicted MARST and the slope
values. The slope is extracted from the 25-m resolution DEM; altitude and aspect are not added to the analysis because they
are accounted for by the MARST values through the MAAT and PISR variables. Even if DEMs with better resolution exist
locally in the MBM, we choose to keep the IGN DEM at 25m resolution in order to remain consistent with the DEM used to

work on a regional scale. Thus, among the 1389 RSFs of the MBM RSF database, only the events on the French side of the
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massif are kept in the analysis because of low accuracy of the IGN DEM on the Italian side: 984 RSFs are used to determine
permafrost conditions, and 1024 for slope conditions — a difference explained by the fact that the SAFRAN meteo data used
for the predicted MARST map do not have exactly the same extent as the DEM on the French side of the border (Fig.3).

The MBM RSF database allows the distribution of RSFs to be analysed according to their relative frequency, i.e. the ratio
between the number of RSFs per slope and per predicted MARST class and the rockwall surface area of each slope and of
each predicted MARST class. The results of the statistical distribution of RSFs allow the topographic (slope) and permafrost
(MARST) conditions the most likely to trigger RSFs to be determined.

Mapping the release areas

The analysis of the MBM RSF database is used to set up a multi-criteria GIS scheme to map potential release areas. We first
look at the topographical conditions where RSFs are triggered, especially the minimum slope angle required (Fig. 4). The
statistical analysis shows that 93.2% of the RSFs occurred on slopes > 30°. 68% of the RSFs are triggered at slope angles
between 40° and 60°, while the number of RSFs in relative frequency - i.e. normalised by the surface area of each slope class
- increases with the slope angle. However, 70 RSFs (6.8%) occurred on slopes < 30°, of which 56 are on crest lines or rockwall
bases smoothed by the DEM. The other 14 were triggered in recently deglaciated areas which are still considered as glaciated
by the DEM whose data were acquired between 2009 and 2011. Since these outliers result from DEM limitations, we chose to

ignore them in our statistical and mapping approach and to consider only the slopes > 30°.

40 m Relative frequency (%)
35 m Percentage of rockfall

304 o Area of rockwall (%) M
254

204 .

154

BRI 1
2 : il lgﬂ rjI |H | | I | |

Slope (°)
Fig.4 Percentage of RSF by slope class, and relative frequency according to rockwall area

We then calculate the relative frequency of RSFs per predicted MARST class, used to weight the rockwalls according to the
intensity of their morphodynamics. Finally, the slope and predicted MARST maps are combined to define a Rock slope failure
Susceptibility Index (RSI) which displays the permafrost conditions (MARST) that are the most likely to trigger RSFs. We
classify the RSls in three levels based on predicted MARST classes and their respective relative frequency of RSFs. These

RSI levels are implemented in a GIS to map different scenarios of potential release areas throughout the French Alps.

3.2.2 Mapping propagation areas at a regional scale

Statistical analysis of RSF propagation characteristics

10
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The propagation of each RSF of the High Mountain database and RockTheAlps database is characterised by the statistical
relation between the Energy Line Angle (ELA) and the Area Under the Profile (AUP). The ELA principle was first described
by Heim (1932), who showed that the total travel distance of a falling rock can be described by an imaginary energy line that
connects the RSF release zone with the stopping point of the fallen block. The AUP is an index used in hydromorphology
(Demoulin 1998) based on the normalization of the water stream longitudinal profile. It has been adapted to help characterise
the topographic profiles of RSF events (Colas et al. 2021; Menk et al., 2023). This adaptation consists in scaling the vertical
dimension of the profile according only to the total height difference (HO) and the horizontal dimension to the profile length
(Lo). In our study, it corresponds to the area under each dimensionless topographic profile (Fig. 5). It is calculated horizontally

at a point of altitude z; and related to the total height difference up to this point according to eq. (1).

. (xXi—xi_q1)
Z;B(Zj—l_zj)x(xj_ Jf]l)

(zi— 29)?

AUP; =

The calculation of the AUP allows different topographic profiles to be compared at the same scale, with their altitudes all

varying between 0 and 1 due to the dimensionless process used. This method has the advantage of preserving angles and slopes.

Fig.5 Method used to calculate ELA and AUP. The red line corresponds to the profile of the RSF (measured from the IGN DEM),

the blue line corresponds to the contours of the satellite image used to manually digitize the RSF profile

Mapping propagation areas at the regional scale

We implement the normalised area dependant energy line in a simple statistical model (RockavELA) to map the potential
propagation areas of RSFs at a regional scale. The program is written in C++ using the Qt framework under LGPLV3 license
for the entire graphical interface and using OpenMP directives for the parallelization of calculations. It currently runs only on
Windows (versions 7 and higher). The software can be download there: https://www.ecorisg.org/publications/software/70-
rockavela-install.
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The calibration of the model relies on statistical analysis of several propagation processes. Despite it is not based on a physical
approach, it can effectively simulate deposition areas. Within the model, numerous virtual trajectories are generated and their
simulation follows an iterative process. For each iteration, a value of direction change is first calculated and the virtual
trajectory iteration corresponds to an increase of a length defined by the parameter “Segment length” in a direction calculating
using the direction change. The direction of the virtual trajectory iteration is generally applied in the direction of the aspect
(slope orientation) of the underlying cell except for the first iteration where the direction change is random towards the left or
right side of the fall direction, which equals the slope orientation before the first direction change. It is worth noting that the
direction change is limited to a Maximum deviation angle. After each virtual trajectory iteration, the AUP of the profile
corresponding to the virtual trajectory is calculated. For this calculation, the profile is discretised with a resolution defined by
the parameter “Profile Step”. The virtual propagation stops when an ELA threshold according to AUP given by equation 3-4-
5 (depending on the propagation limits) is reached. One can note that the aspect for each cell in the DEM, required for the
simulation process, is calculated using the 4 neighbouring cells, following the approach of Zevenbergen, L.W. and Thorne,
C.R. (1987).

RockavELA uses the following parameters to model the propagation areas of the RSFs:

0] Number of simulations: number of virtual trajectories calculated by the model that allows to calculate the whole
spectrum of direction change values following the probabilistic approach presentation in Eq. 2.

(i) Segment length (m): planimetric distance between fall direction changes in an RSF trajectory.

(iii) Profile step (m): distance used to discretise the energy line in order to calculate the AUP of the trajectory. It is
the planimetric distance between two interpolation points on the trajectory profile.

(iv) Maximum deviation angle (°): the maximum angle of deviation of the virtual trajectory in the RSF trajectory after
completing the defined segment length. The angle of deviation is sampled between 0 and anglemax.

The angle of deviation is calculated following the eq. 2:
angle,,,, x rand?®> (2)
Where rand is a random number between [0 and 1]
Deviation from the fall direction is always in the direction of the aspect in the cell. The slope of the cell is not
considered in the calculation.

(v) Propagation limit: allows average or extreme stopping distances to be chosen. This parameter is controlled by a
logistic regression to obtain a 10™ occurrence probability of an ELA value in each AUP class calculated from the
Propagation database (Section 4.2.1). This is therefore observed data that is representative of the reality of the
dispersion of phenomena in similar topographical conditions. The statistical analysis is carried out with an
interval of 0.01 AUP. Within each interval, only those with a minimum population of 30 events are retained, and

this population is used to perform the logistic regression. The equation of the logistic regression for each
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propagation limit is given in eq. (3-4-5). These propagation limit are chosen following the MEZAP
recommendation about rock hazards (Colas et al. 2022):
e High propagation limit (log10°):
ELA = —15.63 X In(AUP) + 18.872 (3)
with AUP [0; 0.07]; ELA = 60.44
e Medium propagation limit (log10):
ELA = —16 X In(AUP) + 19.647 (4)
with AUP [0; 0.07]; ELA = 62.20
e Low propagation limit (log10-?):
ELA = —16.83 X In(AUP) + 21.158 (5)
with AUP [0; 0.07]; ELA =65.91

The output of the model is a raster map providing an output called “reach susceptibility” for each cell. The reach susceptibility
is calculated as ratio between the number of virtual trajectories that travel through the cell divided by the number of releases
from a given release area performed during the modelling. Thereby, all RSFs trajectories from one given release area are
modelled using probabilistic approaches combined with algorithms that detect all downslope neighbours from a given cell in
a DEM. The reach susceptibility serves as a useful indicator for identifying preferred runout path. It should be used only to

determine the concentration of virtual trajectories, and not be interpreted in quantitative aspects.

Calibration of RockavELA settings and output evaluation

The calibration and evaluation of RockavELA are carried out using the 20 RSF events in the High Mountain database for which
the satellite images allow a detailed geometrical reconstruction of the propagation areas. 11 of these events are randomly
selected for the calibration of RockavELA and the 9 others are used for its evaluation. Then we run RockavELA for each of
these events, with the assumption that the observed propagation areas are associated with medium propagation limits. From
these events, the difference in frontal and lateral error between the modelled and the real propagation area is calculated. We
suppressed the cells with reach susceptibility values < 1 % from the modelled propagation area since the zones with reach
susceptibility < 1% globally corresponded to individual virtual trajectories which had to be suppressed to provide an
homogeneous deposition zone. The frontal error is measured by calculating the length difference between the real deposit and
the modelled one. This distance is then normalised to provide a percentage error of the modelled deposit compared with the
length of the actual deposit (Fig. 6A). The parameters are calibrated to obtain the best travel distance (i) by adjusting the profile
step parameter from 1 to 2 with a step of 0.1, and (ii) by testing the effect of the segment length between 5, 10 and 25 m with
a medium propagation limit. Each run is performed with 100 iterations. Once the best fit is obtained, we calibrate the lateral
spread by setting the maximum deviation angle and segment length while maintaining the same profile step value. The lateral

error is calculated as the difference between the modelled propagation surface area and the actual propagation surface area by
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cutting the propagation raster at the front of the shortest deposit (modelled or actual) in order to exclude the frontal error which
is already set (Fig. 6B). Only the runs with the best fitting are retained for the regional mapping.

The evaluation of the model is carried out with the low and high propagation limits, which are used for the regional mapping,
and the medium scenario. The same error calculation approach used for the model calibration (Fig. 6) is applied for the model

evaluation.
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Fig.6 a: Method for measuring frontal error, where mL is the modelled deposit length; rL is the length of the actual deposit with an
event used for the validation. b: Method for measuring lateral error, where mA is the modelled deposit area and rA the actual
deposit area. (Aerial image source: Esri, Maxar, Earthstar Geographics and the GIS user Community; 2021)

4 Results

This section presents the results of the analysis of RSF triggering conditions and the maps of potential release areas (Sect. 4.1).
We then present the propagation characteristics analysis of the events of our databases, the calibration of RockavELA, and the
resulting propagation area maps (Sect. 4.2).

4.1 Release area mapping

4.1.1 Analysis of RSF triggering conditions according to MARST

The analysis of the RSF distribution according to the predicted MARST is shown in Figure 7. 95% of the RSFs occur in
rockwalls with predicted MARST between -4°C to 4°C and more than half of the RSFs (66%) occur between -2 and +2°C.

The relative frequency shows a peak of occurrence in rock faces with predicted MARST between -2 and 0°C, with 325 RSFs
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355 (35%) triggered in the 8% of rockwall surface area corresponding to this temperature class. More generally, most RSFs occur
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between -8°C and +6°C, with only 1.4% of them in predicted MARST ranging between +4 to +6 °C.
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Fig.7 Percentage of RSFs by predicted MARST class, and relative frequency according to rockwall area for each predicted MARST

class

4.1.2 RSI levels definition and release areas scenarios

Three RSI levels are determined to propose different release area scenarios according to the relative frequency of RFSs for the

various predicted MARST classes (Fig. 7 and 8) as follows:

RSI 1: The first scenario is a conservative one and preserves a maximum of rockwalls in which > 98% of the RSFs
are triggered. It concerns all rockwalls whose predicted MARST ranges between -8°C and +4°C.

RSI 2: The second scenario is a medium one in which > 80% of the RSFs are triggered and whose predicted MARST
ranges from -4 °C to +2°C.

RSI 3: The third scenario corresponds to the rockwalls with the highest relative frequency and groups the rockwalls
whose predicted MARST ranges from -2°C to +0°C.
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Fig.8 Definition of the RSI according to the relative RSF frequency by predicted MARST classes, and an example in the Aiguille
Verte and Drus sector (MBM)

4.1.3 Release area maps

The release area maps show that 284 km? of the French Alps could be considered as sectors in which RSFs may be triggered
under a conservative scenario (RSI 1), 112 km? with the medium scenario, and 34 km?2 with the scenario considering only the
most active rockwalls (RSI 3). The detailed results for each zone of the French Alps as displayed in Figure 1 are given in Table

1.

RSI1 RSI 2 RSI 3
Area (km?) Rockwall (%) | Area(km?) Rockwall (%) | Area(km?) Rockwall (%)
Zone l 24.6 8.3 20.6 6.9 9.6 3.2
Zone 2 136.1 9.8 55.0 4.0 14.5 1.0
Zone 3 80.7 6.0 294 2.2 9 0.7
Zone 4 42.2 2.5 7.3 0.4 0.4 0.0
French Alps 283.6 6 111.8 24 33.5 0.7

Table 1. Surface area covered by the three RSI levels for each zone of the French Alps. The percentage of rockwall corresponds to
the surface affected by the RSI in rockwalls above 1500 m.a.s.l. As the RSIs do not extend below 1500 m a.s.l, the percentages in
this table only consider the rockwalls > 1500 m a.s.l to be representative of the periglacial environments studied here

The proportion of RSI 3 is more important in zone 1 (northernmost ranges) compared with the other zones. In contrast, zone
4 (southernmost range) is marginally affected by potential release areas, even under RSI 1, which can be explained by a less

extensive distribution of permafrost in the Southern Alps.
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An example of the RSI in the MBM is shown in Figure 9, the other zones are given in Supplementary materials Fig. S4-7.
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Fig.9 Example of the three levels of RSI in zone 1 (MBM and Aiguilles Rouges massif) with a focus on the Aiguille Verte and Drus
area

4.2 Propagation area analysis and mapping
4.2.1 RSFs propagation characteristics analysis

The comparison between the propagation characteristics of the 48 events in the High Mountain database with those in the
RockTheAlps database shows that they all follow the same distribution, regardless of their volume, their lithology, or the
substrate on which they travel (Fig. 10). The analysis of the Propagation databases do not show a link between ELA and
volumes, at least for the range of volumes represented in our database. We therefore decided to merge these two databases to
form the Propagation database, from which we propose three propagation limit according to the logistic regressions proposed
in Sect. 3.2.2. The analysis of the Propagation databases do not show a link between ELA and volumes, at least for the range

of volumes represented in our database (Supplementary materials Fig. S8)
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Fig.10 ELA vs. AUP for the RocktheAlps database and the High Mountain database events. The three propagation limit correspond
to the logistic regressions chosen in RockavELA (described in section 3.2.2)

4.2.2 Calibration results of RockavELA

Frontal error

In order to calibrate the runout distance, we adjust the segment length and profile step settings with the medium propagation
limit proposed in RockavELA. The most successful results are obtained with a profile step of 1.1 m regardless of the segment
length chosen (25, 10, or 5 m). In each case, 50% of the modelled RSFs have a frontal error between -25 and 25%, and a
median value very close to 0% (Fig. 11). The details of the frontal error for each run of the calibration are given in

Supplementary materials Fig. S9.
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Fig.11 Percentage of frontal error with the best settings selected to calibrate the runout distances in RockavELA (1.1 m profile step;
medium propagation limit)

Lateral error

The lowest lateral errors are obtained with a segment length of 5 m and a maximum deviation angle of 10°. With these
parameters, almost 50% of the RSFs have a lateral error between -11 and 52%, and a median close to 15% (Fig. 12). This
setting provides the smallest lateral error. However, the width of the modelled deposit is sometimes overestimated and three
of the collapses have an error exceeding 50%. The details of the results according to the segment length and the maximum

deviation angle chosen to analyse the results are given in Supplementary materials Fig. S10.
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Fig.12 Percentage of lateral error with the best setting retained to calibrate lateral spreading in RockavELA (segment length 5 m,
profile step 1.1 m, maximum deviation angle 10° and medium risk acceptance)

Considering the results obtained in the calculations of frontal and lateral errors of RockavELA, we choose to retain the

following settings for the mapping at regional scale:
- First we use a 5 m segment length with a maximum deviation angle about 10° to control the lateral spreading.
- Then we use a 1.1 m profile step to adjust the runout distance.

4.2.3 RockavELA output across the French Alps

This section shows the results of RockavELA simulation in the French Alps with, as release areas, the sectors corresponding

to RSI 2. Considering all the sectors with a reach susceptibility > 1%, 586 km? of terrain could be reached by RSFs with a high
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420 propagation limit and 472 km2 with a low propagation limit. For the entire French Alps, the difference of surface area between
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the low and high propagation limits represents 24% with a reach susceptibility > 1%. The detailed spatial analysis of the results

for each zone is given in Table 2.

Zone 1 Zone 2 Zone 3 Zone 4 French Alps
Area (km?) with a reach susceptibility > 1%
High Propagation limit 110 232 213 31 586
Low Propagation limit 90 183 174 24 472
H ()
Difference (%) of area between low 99 26 53 57 24

and high propagation scenario

Table 2 Areas (in km?) that can be reached by RSF in the entire French Alps and in each zone; and the difference (in %) of area

between high and low propagation limit

Figure 13 shows an example of the RockavELA output with RSI 2 as release areas and a low propagation limit in the MBM.

The propagation maps of all the simulations are given in Supplementary materials Fig. S11-18.
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Fig.13 Sectors that could be reached by potential RSFs in the MBM according to RockavELA output with a low-propagation limit,
and a focus on the Aiguille VVerte and Drus sector
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4.2.4 Evaluation of the propagation area maps

The model evaluation shows consistent frontal and lateral errors between the actual and modelled deposits. Indeed, it can be
observed on Figure 14-A that the frontal error remains between -25 and +25% for 50% of the RSFs with high and medium
propagation limit. With the low propagation limit, the frontal error ranges between -38% and 0% for half of the sample.

Concerning the evaluation of the lateral error, we can see on Figure 14-B that the results are consistent. Indeed, the difference

between the modelled lateral spread and that of the real deposits stays between -25 and +25% for almost 50% of the sample.
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Fig.14 a: Percentage of frontal errors with the best settings used for the evaluation of RockavELA. b: Percentage of lateral errors
with the best settings used for the evaluation of RockavELA.

5 Discussion
5.1 Release area mapping: interpretation and limits of the approach

The mapping of the release areas proposed here provides a first overview of the susceptibility to RSF triggering according to
the permafrost conditions in the French Alps. The robustness of the approach used in this study relies on a unique database
which gives the first overview of the permafrost-affected rockwalls the most prone to RSF triggering. It is worth noting that
the analysis highlights the strong link between permafrost and RSFs. Indeed, permafrost is expected at MARST reaching up
to 3°C according to Hasler et al (2011b), and 98.6% of RSFs have occurred from rockwalls with predicted MARST < 3°C.
But it is also interesting to note that the most active rockwalls are those with warm (close to 0°C) permafrost, confirming other
databases analyses (e.g., Knoflach et al. 2021) and laboratory tests. The latter show that frozen rock may become particularly
unstable when ice-filled fractures warm towards the melting point (e.g., Davies et al. 2001; Mamot et al. 2018). Other studies
have also shown that expected cold permafrost conditions may become unstable due to water infiltration and accelerated cleft-
ice erosion (Hasler et al. 2011a), which can explain RSF events under MARST < -2°C.

The definition of RSI levels according to the distribution of RSF by predicted MARST classes allows 3 more or less
conservative scenarios of release areas to be proposed. However, it is possible to adjust these levels to propose other scenarios

according to the use of the maps. Our approach that accounts for slope and permafrost conditions does not include other
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parameters which also affect rockwall stability such as the geological structure, lithology, local discontinuities (e.g., fault,
joints, foliation; Stead et al. 2015), and glacial history (McColl 2012; McColl and Draebing 2018) that also affect the thermal
properties and dynamics of the rock (Wegmann et al. 1998; Hasler et al. 2011a; Magnin and Josnin 2021) as well as their
mechanical behaviour (Etzelmiller et al. 2022). Moreover, as the MBM lithology is relatively homogeneous (granite and
gneiss), the MBM RSF database is not representative of the lithology of the other massifs of the French Alps, or their geological
and glacial evolution. Nevertheless, the 5 RSFs of the High Mountain database that are outside the MBM, are also located in
the release area maps (two are in an area with RSI = 1; two are in RSI = 2 and one in RSI= 3). The compilation and analysis
of larger databases in the high mountain environments could therefore improve the release area maps proposed in this study
by including structural and lithological effects in RSF triggering (Stead et al. 2015; Blondeau et al. 2021).

Another limitation of this work is relative to the DEM resolution which smooths the slopes, especially in the vicinity of crest
lines. These ridges are sometimes not considered by the release area mapping, which only considers slope angles > 30°.
However, this artefact does not influence the propagation areas modelled in the Section 4.2. Moreover, the DEM is built upon
data acquired during 2009-2011, but since then, glaciers have retreated and have sometimes exposed steep slopes and moraines
which do not appear in the release area maps of this study. Therefore, interpretation of the release area maps at the local scale
must consider this limitation.

Despite the limitations at local scale, our study based on a unique and large database is consistent at regional scale to provide
a first overview of the permafrost-affected rockwalls prone to destabilisation in the whole French Alps. The proposed method
for mapping release areas could serve as a baseline for future applications in this range or other permafrost-affected high
mountain ranges of the world. However, it remains essential to submit the release areas maps to expert approval for a better a

better interpretation at site scale.

5.2 Limitations and guidelines for the use of RockavELA

For this study, we specifically developed a new propagation model, RockavELA. Other models have been developed to map
regional zonation of rockfalls (Dorren 2003; Li et Lan 2015), but they are not specifically used for the high mountain
environments or for events with heterogeneous volumes such as those we are investigating in this study. Some approaches are
appropriate for events travelling onto glaciers (e.g., Noetzli et al. 2006; Sosio et al. 2012) but are developed for high magnitude
events such as large rock-ice avalanches. Other studies propose GIS approaches based on flow direction from DEM to model
propagation areas (D8 or D16 algorithm; Huggel et al. 2003), but this method tends to channel the flows or to spread them too
much, depending on the chosen algorithm. Other works use multiple hazards assessment (Gruber and Mergili 2013; Horton et
al. 2013) or multiple phase mass flow models for process chains (Mergili et al. 2017) but these models are often used at the
scale of the catchment or the region (e.g., Mergili et al. 2019), but rarely for larger scales such as the French Alps. These
complex models require a greater amount of input data (such as volumes, material density, rheology parameters, etc.) that are
not available or cannot be generalised to the scale of the French Alps. In our study, we developed RockavELA to map the

propagation areas of RSFs on a regional scale, a simple model that is easily run on the whole French Alps using the
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dimensionless area-based energy line principle, and requires as input data only a DEM and release areas. The real robustness
of our approach relies on the setting, the calibration and the evaluation of the model, which are performed with a unique RSF
database (Propagation database) that is highly representative of the propagation characteristics of RSFs. This is also one of
the first studies that proposes to quantify the frontal and lateral error propagation areas with the comparison of the model
outputs and the actual events from our databases.

However, one of the limitations of the method used to calibrate the model could be related to the small number of events in
the High Mountain database for which we have precise satellite images to study the morphology and geometry of the deposit.
But interestingly, these events, which mostly occurred in high mountains with specific substrate (mostly glacier and snow),
corroborate the propagation characteristics of the RockTheAlps database despite a wider range of volume and runout substrate.
The diversity of the 3497 events in the RockTheAlps database (in terms of volumes, substrates, altitudes, etc.), and its
enrichment with the 48 events from the High Mountain database mean that the proposed setting is reproducible in other
mountain ranges. If the Propagation database shows no effect of lithology and volume on the observed propagation lengths
(Supplementary materials Fig. S8), it must be kept in mind that above a certain volume, rock avalanches tend to propagate
much further, especially in glaciated environments (Noetzli et al. 2006). Therefore, RockavELA could also be re-calibrated and
re-evaluated using other databases (e.g., Knoflach et al. 2021) and other settings could thus be considered to run the propagation
model.

Despite the calibration and the setting based on the propagation characteristics of our databases, the remaining frontal error (<
+25% in most of the cases) and a lateral error (< £50%) in the evaluation of the results could be explained by the lack of
consideration for complex dispersion processes involving factors such as the type of substrate, the lithology of the falling rock
and its fragmentation at local scale (Lan et al. 2022). However, this locally observed range of error remains sufficient for a
preliminary assessment at a regional scale. Similarly to the release area maps, the limitations in the extents of the propagation

areas must be considered for interpretation of the maps at the local scale.

In addition to the parameters that directly control the stopping distance and the spread of the RSF trajectories in RockavELA,
the model is also sensitive to the DEM resolution. For example, as it smooths the slopes and underestimates the steepness,
some artefacts can be generated in the simulated runout areas when release areas are situated on a crest line, with RSF
trajectories following the crest line instead of running along the slopes (Supplementary materials Fig. S19). When testing the
simulations with a 0.2-m resolution DEM resampled at 5, 10 and 25 m, the artefacts disappear with the 5 m one but not with
the 10 and 25 m, meaning that the model is sensitive to the DEM resolution and not just its accuracy. However, runout pixels
affected by these artefacts are marginal with reach probabilities that are typically very low. Indeed, it disappears above a 5%
reach susceptibility with a 25 m DEM, a 2% reach susceptibility with a 10 m DEM and a 1% reach susceptibility witha 5 m
DEM (Supplementary materials Fig. S19). Therefore, we could recommend using a higher DEM resolution for implementing

RockavELA, which does not exist for the French Alps.
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Otherwise, beyond 100 iterations, we observe no significant influence on the runout distance or lateral spread of the modelled
propagation areas. We therefore choose to keep 100 iterations, which is a compromise between calculation time and robustness

of the results.

For a more robust interpretation of the propagation maps, we should avoid interpreting reach susceptibility in quantitative
terms, and instead consider all the areas > 1% as a potentially reachable area. The reach susceptibility value only indicates the
concentration of preferred virtual trajectories. The choice of the reach susceptibility threshold depends on the expert knowledge
and could be adjusted according to the use of the maps. However, we have chosen to keep the reach susceptibility values from
1to 100% in this study, especially for the calibration and evaluation of the model, to measure the length and area of each RSF
deposit in order to consider the entire modelled trajectories.

Considering these different observations, the use of RockavELA in the risk analysis context should be submitted to expert

knowledge to avoid an over-simplified interpretation of the results.

5.3 Future applications

This work characterises and maps the potential release and propagation areas of RSFs on a regional scale in order to highlight
potential hot spots that could be reached by RSFs.

Comparing these maps with human concerns (e.g., infrastructure, mountaineering routes) could allow a preliminary assessment
of those at risk of RSF impact. This is an essential step in permafrost hazard assessment for evaluating and anticipating the
future risks, particularly in the current context of permafrost degradation (GAPHAZ 2017). Following this preliminary
identification, in-depth studies on a local scale could be carried out to get a better estimation of the trajectories but also mobility
parameters of potential RSFs with physics-based models (e.g., Bartelt et al. 2018) or with RSF monitoring to better assess the
dynamics of the considered source area. For example, the first results from this work point out some highly frequented areas,
such as the normal route to the Mont Blanc (Fig. 15), that is already known as a highly hazardous area (Mourey et al. 2022).
This example thus confirms the ability of our mapping approach to identify potential hot spots which could merit more in-
depth analysis at the local scale for better risk assessment and mitigation.

Another possible application of our study could be to implement it in other mountain ranges. Since the calibration of our model
is based on unique and consistent databases, and many other mountain ranges are experiencing an increase in RSF activity
from permafrost-affected rockwalls that prompts urgent identification of potential areas at risk (Allen et al. 2022), a preliminary
assessment could be conducted with such an approach.

This work could also be applied with consideration of future permafrost degradation and glacier retreat, implying an altitudinal
shift in the permafrost lower limit and exposure of steep, unstable deglaciated slopes by applying the expected air temperature

change to the predicted permafrost map (Penna et al. 2023).
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Figure 1 : Classic route to the Mont Blanc (4808 m a.s.l.) which crosses potential propagation areas modelled with RockavELA (RSI
2; low propagation limit).

6 Conclusions

This study proposes the first assessment in the French Alps of permafrost-affected rockwalls favourable to RSF triggering and
their potential propagation areas using unique and extensive RSF databases. Three RSF susceptibility indexes (RSI) are
proposed, based on the level of RSF activity according to predicted permafrost (Mean Annual Rock Surface Temperature;
MARST) conditions. These RSI are then used to map three release area scenarios, encompassing more or less active
permafrost-affected rockwalls. The resulting maps are used as input for a simple propagation model (RockavELA) developed
in order to map the propagation areas. Three propagation limit are proposed in this study, defined using propagation
characteristics of 3545 events (Propagation database), with 48 events occurring in high mountain environments (High
Mountain database) and 3497 events from lower areas (RockTheAlps database).

Analysis of the different RSF databases and release areas and propagation area mapping leads to the following conclusions:

- Analysis of 1389 RSFs inventoried in the MBM between 2007 and 2019 reveals that 95% of the RSFs occurred in
rockwalls with predicted MARST between -4°C to 4°C and 66% between -2 and +2°C. This finding highlights the
strong link between RSFs and permafrost, and notably with warm permafrost conditions.

- The 3 levels of RSI suggest that release areas could be as extensive as 284 km? (RSI 1; most conservative scenario)

but are restricted to 34 km2 when considering only the most active rockwalls (RSI 3).
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- The Propagation database analysis reveals that the 48 RSFs occurring in high mountains environments (High
Mountain database) and 3497 events from lower altitudes (RockTheAlps database) have the same propagation
characteristics, despite the heterogeneity of their volume or their travelling substrate.

- We propose three propagation limits allowing different levels of propagations stopping distance. This parameter is
controlled by logistic regressions to obtain a 10™ occurrence probability of an ELA value in each AUP class calculated
from the Propagation databases.

- When calibrating the modelled propagation areas against 11 observed RSFs, our best-fit solution results in frontal
error (runout distance) < £ 25% for half of the events and < + 50% for all the RSFs observed. Lateral error (lateral
spread of the deposit) hardly exceeds + 50% of the observed extent of the deposits. It would be of great interest to
work further on this calibration by expanding our databases with more events for which we have accurate information
on the propagation areas.

- Evaluation of the output maps by comparing the propagation areas with 9 observed RSFs shows that frontal and
lateral errors hardly exceed + 50% of the observed extent of the deposits whatever the chosen propagation limit.

- The propagation area maps suggest that under RSI 2, RSFs in the French Alps could reach 472 km2 with a low
propagation limit and 586 km? with a high propagation limit. The extent of potentially reachable areas has limited
sensitivity to the propagation limit. Indeed, the difference in surface areas that can be potentially impacted by RSFs
between the lower and the higher scenario is < 25 %.

- Sensitivity analysis to the DEM resolution shows that the propagation area maps are sensitive to the DEM resolution
and that artefacts can occur with rather coarse resolution, such as the one we use for our study. Higher resolutions are
thus recommended for a better assessment of propagation areas to avoid these artefacts that may affect the local

interpretation.

The release and propagation area maps could be a first step to highlight potentially hazardous areas and to identify potential
human assets (mountaineering routes, high mountain infrastructure, tourism areas) and factors of cascading hazards such
as lakes that could be impacted by RSFs. This approach must be considered as a preliminary step to identify hot spots
before conducting more in-depth analysis at the local scale. Results must therefore be subject to critical review and
confirmation by an expert, and such studies would benefit from comparison with other datasets to improve the definition
of potential release areas and propagation limit. Similar approaches could be conducted on other mountain ranges affected
by increasing RSF activity from permafrost-affected rockwalls, and regional assessment is an area of growing interest in

the context of permafrost degradation.
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