DYNAMIC HAZARD ASSESSMENT METHOD OF MASS MOVEMENTS IN
CONSTANTLY CHANGING ALPINE ENVIRONMENTS
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ABSTRACT

Alpine environments are subject to major changes due to climate change. Thus, frequent assessment of possible release areas is imperative.
Yet, the number of potential assessment perimeters are abundant. With the "Inventory of Potential Instabilities" (IPIS) the Canton of Bern
developed a method for rock avalanches, debris flows, large spontaneous landslides as well as ice avalanches, using a simple approach to
map potential instabilities and to determine the risk potential. First, the degree of maturity is determined as a measure of the probability that
an event will occur in near future, based on InSAR data and expert assessment. Subsequently, the reach of a presumable event is determined
as a measure of the probability of hitting a damage potential. As a result, need for action get more manageable thanks to prioritisation.
IPIS aims to identify sites that could pose an unacceptable risk early on and furthermore allows easy updating when new data or findings

become available.

INTRODUCTION

Climate change repeatedly leads to large mass movements from formerly glaciated areas or areas with degrading permafrost in the Bernese
Oberland (Switzerland). These hazardous processes can endanger settlements and important infrastructure such as traffic routes or electricity
and gas lines. Significant changes in the mountains can cause hazardous situations to increase within a short time period and new hazard
sources can emerge even within a few months or years. The classic hazard map as the central instrument for risk management follows
a static approach. For the consideration of natural hazards in spatial planning robust and consistent bases are required in the interest of
planning security over decades. This is in strong contrast to the now rapidly changing hazardous situations in the mountains. To take the
forementioned circumstances adequatly into account, a new dynamic instrument supplements the existing hazard maps in the canton of
Bern. It identifies potential hazard areas and determines the risk potential for settlements and important infrastructure facilities based on a
simplified assessment. Thus, the "Inventory of Potential Instabilities" (IPIS for short) aims to identify sites that could pose an unacceptable
risk to areas of institutional responsibility early on. The method addresses rock avalanches, debris flows and large spontaneous landslides

as well as ice avalanches.

METHOD

All assessments are carried out according to predefined criteria and a standardised procedure. This ensures reproducibility and simplifies
subsequent reassessments, which is necessary to ensure that the assessment of dynamic hazards is always up-to-date. In this article, the
method is presented in an abbreviated form. For more details on the method, we refer to the technical reports of the Office for Forests and

Natural Hazards of the Canton of Bern (Abteilung Naturgefahren 2023).

IPIS is based on the approach by Hermanns et al. (2012) for rock instabilities in Norway. Yet, it strongly deviates in some points from the
Norwegian method as the initial assessment in IPIS is carried out exclusively without a field inspection and furthermore, other types of

processes are assessed in addition to rock avalanches.
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Simplified risk assessment procedure for each potential instability.
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As mentioned, the initial assessment is carried out without field inspection, as the number of assessment perimeters is too abundant to eval-
uate all sites in-situ. In addition, only potential instabilities with a volume of more than a several 10,000 m3 are evaluated in order to reduce
the workload. If the presented method does not allow for a specific detachment area an inadmissible risk to be ruled out, an additional
in-depth hazard and risk assessment is carried out using conventional methods, including an evaluation in the field. However, such in-depth

assessment is not within the scope of IPIS.

The following sections describe the procedure for assessing potential instabilities (see also Fig. 1). The main source of information for
identifying possible instabilities are satellite-based InSAR data from Radarsat-2 (C-band) and Palsar-2 (L-band) satellites. The delineation
of the potential instabilities is done manually and is called assessment perimeter (see example in Fig. 2). Since satellite data are limited in
capturing movements in all directions, further data is included to identify the assessment perimeters (see Fig. 1). In particular, this includes
information from known events, comparisons of elevation models as well as orthophotos at different points in time, survey and monitoring

data, block glacier inventory, etc.
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Figure 2 Example of the spatial distribution of the displacement rate from the interferometric point analysis of Radarsat-2 data in the Gallouwisteck area, Innertkirchen (left image), the

assessment perimeter derived from it (image in the middle) and the scenario area (red line in the image on the right).

If it is unlikely that the entire perimeter is subject to a detachment event, it may be helpful to subdivide and to assess only a section of it.
Such sections, outlining areas out of which hazards are most likely to originate, are called scenario areas. A scenario area can cover the entire
assessment perimeter or only parts of it. An assessment perimeter must contain at least one, but can also contain several scenario areas. The

scenario areas are also mapped manually.

The potential volume of an instability is calculated by multiplying the extent of the scenario area by an estimated mean thickness. In the
later assessment of the risk potential, the volume is only important for determining the reach. For this purpose, volume categories are used,

thus a rough estimate of the volume is sufficient.

The reach is the probability that an event out of an assessment perimeter with a given volume reaches the first relevant damage potential,
i.e. a permanently inhabited building or road. Therefore, one or multiple possible trajectories are determined, following the terrain down-
slope mostly perpendicular to the isohypses until the damage potential is reached.

The height over length ratio (H/L-ratio) stands for the quotient of fall height (H) to horizontal runout distance (L) between the crest of the
detachment area and toe of the deposit of a mass movement. The conventional H/L-ratio approach leads to a deterministic statement: a
certain point in the terrain is either reached or not. If this approach is modified, probability-based statements are possible (Mitchell et al.
2018; Brideau et al. 2021). Starting with a basic dataset of events for which the release volume and the reach in terms of the H/L-ratio are
known, a statistical analysis is performed on the frequency of certain H/L-ratios for defined volume categories. Hihlen et al. (2023) describe
the procedure in detail. As the probabilistic H/L-ratio-method calculates the probability that an event originating from a scenario area will

reach a certain point along the assumed trajectory, the result is a probability between 0 and 1.

The degree of maturity of an instability is the probability that an event will occur within a few months to a few decades. For each of the
nine criteria, one to three sub-criteria are defined, which allow an assessment that is as objective as possible and thus reproducible. Each
criterion is assigned a value between 0 and 1. The degree of maturity of an instability results from the summed and weighted points of all
criteria, divided by the sum of the maximum possible weighted points. As with the reach, this results in a value between 0 and 1. Table 1

shows the criteria for all hazard types and their weighting.
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Criteria for Criteria for Criteria for

rock avalanche Weight landslides and debris flows Weight ice avalanche Weight
Back scarp 1 Structural connectivity 3 Back scarp 1
Lateral release surface 1 Functional connectivity 1 Lateral release surface 1
Morphological signs 2 Morphological signs 3 Change of crevasse pattern 2
Displacement rate 3 Displacement rate 2 Frontal support 2
Acceleration 2 Acceleration 2 Availability of water 2
Relictic rock avalanches 1 Slope of the instability 1 Slope of the glacier 3
Rise in rockfall activities 2 Rise in landslide activities 2 Bed of the glacier 1
Influence of permafrost 1 Influence of permafrost 1 Ice temperature change 1
Unfavourable glacier change 1 Unfavourable glacier change 1 Unfavourable glacier change 2

Table 1 Criteria and their weighting for different hazard types assessed with IPIS.

The result of the assessment is the risk potential, a dimensionless value composed of the product of the probability of reach and the degree
of maturity. Since both the degree of maturity and the reach lie in between 0 and 1, the risk potential also results in a value between 0 and
1. If an assessment perimeter contains several scenario areas, the scenario area with the greatest risk potential is the determining score of
this assessment perimeter. Assessment perimeters with a risk potential of at least 0.33 lead to an in-depth hazard and risk assessment. The

limit of 0.33 is set because it marks the transition from "unlikely" to "possible" (cf. e.g. Mastrandrea et al. 2010).

IPIS assesses as subsequent processes only abrupt events that can occur within a short time period (minutes to hours) after the initial pro-
cess. It is assumed that there is sufficient reaction time for adequate operational and/or technical measures in case of other subsequent

processes that occur with a significant time delay to the initial event.

Thus, only impact-generated flood waves are judged as abrupt subsequent processes. The run-up height of a possible impulse wave is
calculated using the method of Oppikofer et al. (2018) and compared with the freeboard of the water body affected. The maximum reach
of a flood wave generated is determined with a fixed H/L-ratio of 5%, starting at the runout of the lake. If the calculated run-up height is
higher than the freeboard, it is assumed that the impulse wave leads to downstream flooding with a probability of 1. Thus, the risk potential

of such an event is equal to the risk potential of the initial event.

RESULTS AND IMPLEMENTATION

170 assessment perimeters for rock avalanches, 95 for ice avalanches and 152 for spontaneous large landslides or debris flows were identi-

fied and their risk potential determined in the Bernese Oberland, i.e. an area of about 2’900 km2 (see Fig.3).
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Figure 3 Map of the Bernese Oberland, Switzerland (small map for orientation, bottom right) with all assessment perimeters. Perimeters without critical risk in green. The 43 which have

a critical risk potential, i.e. > 0.33, in red (size circles indicates relative risk).
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Astonishingly, more than half of the potentially critical sites were not previously known to decision makers. In accordance with the aim
of the method, 43 sites with severe hazard potential are identified. For those sites, an in-depth hazard assessment will be necessary, as the
risk potential threshold is exceeded (see Fig. 4). This procedure allows to downsize the number of 400 identified instabilities detected to a

manageable ~10%.
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Figure 4 Risk potential of 322 assessed rock and landslide instabilities in the Bernese Oberland resulting from their degree of maturity and their reach probability.

Nearly all of the assessment perimeters are located far from settlements and thus outside of the perimeter in which a detailed hazard map
exists in the canton of Bern. Yet, IPIS is a dynamic method that allows to systematically check and verify existing hazard data. If an in-depth
assessment reveals an unacceptable risk, existing hazard maps are adapted locally. Further protective measures, such as a monitoring system
together with an appertaining safety concept, are implemented.

All assessment perimeters are included in the emergency planning of the local safety authorities as detachment areas for exceptional events,
even if no action is required due to low risk potential. This step increases the awareness of such events among the authorities and enables

them to take the necessary measures in a timely and targeted manner in case of emerging events.

The time required for an initial assessment, including documentation, lies between 30 to 45 minutes per scenario area. The evaluation of an
assessment perimeter is reviewed as soon as new information becomes available. These can be, for example new displacement rates from
satellite borne InSAR data, new events or insights from in-situ observations. Particularly, glacial assessment perimeters can change fast and
these type of perimeters can even disappears after a certain time period, as ice in steeper parts of a glacier is likely to melt and disappear

over the years to come. A regular review ensures that the assessment always remains up-to-date.

DISCUSSION AND CONLUSION

The inventory of potential instabilities provides a method for an efficient and reliable initial sorting of possible release areas in alpine re-
gions. This allows to use limited resources in a targeted manner, at those sites with the greatest need for action. New or changing release
areas can be promptly incorporated into the integral risk management at an early stage, which allows the incorporation of the information
into revised hazard maps. The method presented can be applied not only to the Swiss Alps, but worldwide. Particularly in remote mountain

regions, this method can be efficient in identifying sites that need to be assessed in depth while keeping the costs relatively low.

The method has been applied to 417 perimeters so far. As expected, a large part of the potential instabilities — in the Bernese Oberland
nearly 90% — can be excluded from further investigations based on objective and well documented criteria. Therefore, IPIS is efficient, re-
producible and comprehensive, even for experts who have not performed the assessment themselves. The structured method of IPIS allows
to update an existing assessment quickly and with minimum effort, as soon as new data or findings become available. IPIS is designed to be
efficient in order to handle the sheer amount of detections. An even more efficient approach could be to first determine the reach, since the
maturity assessment is much more time-consuming. For those cases where the probability for the reach exceeds a certain level, the maturity
can then be determined in a subsequent step for those points only. Furthermore, the updating of IPIS based on newly available satellite data

(both from the optical range and from the radar spectrum) could be further automatised.
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