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ABSTRACT

In high mountain areas, the disposition for debris flows is increasing, as rapid glacier retreat and permafrost degradation is favouring higher
availability of loose sediments. The probability of occurrence and magnitude is increasing, too, as triggering events such as heavy thun-
derstorms, long-lasting rainfalls, intense snowmelt or rain-on-snow events are likely to occur more often and intensely in future decades.
Hazard assessment is thus crucial, as records of past events on which local magnitude-frequency relationships and debris flow scenarios
can be based on are often scarce or inexistent. In this study, we present a multi-methods approach including precipitation-runoff modelling,
field surveys and empirical approaches for hazard scenario building and runout modelling in pro- and periglacial catchments. Numerical
modelling is carried out using RAMMS, which was calibrated to the studied catchment (Le Dar, western Swiss Alps) based on data from an

event recorded in summer 2005.

INTRODUCTION

Ongoing climate and environmental changes as well as human activities strongly influence the occurrence, magnitude and consequences
of debris flows (Keiler et al., 2010; Stoffel et al., 2014). Debris flows are fast-flowing mass movements behaving like a fluid and consisting
of a mixture of water and fine to coarse-grained sediments (Iverson et al., 1997). They represent one of the most important types of natural
hazards in the Alps (Rickenmann, 1997), due to their potential to transport important masses of destructive coarse debris at high velocity and
over long runout distances. In the initiation area, the triggering of debris flows requires steep slope gradients (Rickenmann, 1997; Jakob and

Hungr, 2005), unconsolidated fine- and coarse-grained sediments, a certain amount of water, and sparse or absent vegetation (Costa, 1984).

Especially in (cold) high mountain areas, several challenges exist related to debris flow hazard and risk assessment. At high altitudes above
the tree line, we find steep and unvegetated sediment sources, especially in pro- and periglacial areas, which are very susceptible to trigger-
ing debris flows (Zimmermann and Haeberli, 1992). Proglacial areas (or glacier forefields) designate the area between the Little Ice Age (LIA)
termino-lateral moraines and contemporary glacier extents (Heckmann and Morche, 2019). The term periglacial refers to zones dominated

by processes related to seasonal frost and/or permafrost (French, 2017).

Due to climate change, both pro- and periglacial environments are subject to rapid and irreversible changes (e.g., Beniston et al., 2018).
Indeed, mountain glaciers have shown particularly strong mass loss and shrinkage over the last decades (e.g., Hugonnet et al., 2021), and
continued global warming will most likely cause the disappearance of a vast majority of alpine glaciers till the end of the 21st century
(Zekollari et al., 2019). In consequence, proglacial areas are continuously enlarging (Carrivick et al., 2018), meaning that the amount of
loose material (glacigenic sediments or loose material of other origin) susceptible to remobilisation and transport by gravitational or fluvial
processes such as debris flows is steadily increasing over time (e.g., Carrivick and Heckmann, 2017). We know that climate change limits
ground surface freezing and causes both permafrost warming and active layer thickening in periglacial areas (e.g., PERMOS, 2022). As a re-
sult, increasing slope instabilities and thus increasing sediment release through rock fall (e.g., Gruber et al., 2004; Ravanel et al., 1997), rock
faces destabilization (e.g., Walter et al., 2020; Hendrickx et al., 2022) and rock glaciers acceleration and destabilization (e.g., Kummert et al.,
2018, 2021) have been observed and documented over the past twenty years, and are likely to continue occurring over the next decades.
The disposition (susceptibility of occurrence, cf. Zimmermann et al., 1997) and potential magnitude (volume per event, cf. Jakob and Friele,
2010) of pro-/periglacial debris flows (hereinafter abbreviated as PPDFs) is thus expected to increase in areas with slopes potentially steep
enough for debris flow initiation (e.g., Stoffel and Graf, 2015). In this context, building PPDF scenarios that consider the above-mentioned

changes to high mountain areas is essential for future hazard and risk management strategies (Hirschberg et al., 2021).

In general, methodological approaches aiming to assess debris flow hazards are based on, or validated against, data from past events (e.g.,
Jakob et al., 2013). Records from past debris flows (e.g., event cadastres and practitioners’ reports) or historical event data as for instance de-
rived by dendrochronological methods are often used to build a torrent-specific magnitude-frequency (M-F) relation describing debris flow
occurrence on alluvial fans (e.g., Zimmermann et al., 1997). We typically classify past events by their magnitude and then assign a return
period. Hazard mapping and mitigation measures are based on both the intensity and probability of occurrence of the events, which are

directly derived from the M-F relationship (Raetzo et al., 2002). For pro- and periglacial catchments, however, the use of M-F relationships
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for debris flow scenario building and hazard assessment is typically almost impossible, as records of past events are in many cases inexist-
ent or incomplete (e.g., Frey et al., 2016). Furthermore, the few existing PPDF hazard assessment approaches mostly focus on debris flows
triggered by GLOFs (e.g., Schneider et al., 2014), even if PPDFs are also often triggered by heavy precipitation events or/in combination

with intense snowmelt (e.g., Rickenmann and Zimmermann, 1993).

Therefore, in a recently published study (Fischer et al., 2023), we propose a multi-methods approach to systematically elaborate scenarios
for PPDFs and thus to assess debris flow hazard potential in catchments with scarce records of past events. We apply the proposed approach

to the case study of the Dar torrential catchment located in the western Swiss Alps.

METHODS

Scenarios represent possible future events and sequences of events, for each of which a number of complex interactions between different
meteorological and geomorphological conditions prior to the event, different triggering mechanisms and the geomorphological processes
themselves may occur. Assigned to defined magnitudes and/or return periods, they serve as an important base for hazard assessment. In
Switzerland, scenarios for three return periods (four if we consider the extreme event as welD) are used in the context of hazard mapping
(Loat and Petrascheck, 1997). Our approach to build scenarios for potential PPDFs (Fig. 1) includes the site-specific (i) assessment and
definition of possible meteorological and hydrological triggering events, (ii) estimation of sediment volumes (bed load potential and vol-
umes) that could be mobilised in the course of an event, and (iii) definition of total event volumes (water-debris mixtures) as well as event
sequences (number of surges and associated hydrographs, flow behaviour etc.). The resulting debris flow scenarios then serve as input for
numerical debris flow modelling of future potential PPDFs (here with RAMMS, cf. Bartelt et al., 2017) to assess flow paths, flow heights,

velocities, transported and deposited sediment volumes and runout distances in the studied catchment.

Triggering events for PPDFs can either be precipitation dependent (thunderstorms, long-lasting rainfalls or rain-on-snow (ROS) events) or
precipitation independent (snowmelt, glacier lake outburst flood (GLOF), glacial water pocket outburst flood (WPOF)) (e.g., Guzzetti et al.,
2008). For the investigated catchment, one should assess potential triggering processes and estimate a range of plausible intensities for each
triggering mechanism. As this has been lacking so far, our approach especially proposes systematic scenario building for PPDFs triggered by
precipitation dependent events. To define a plausible range of precipitation scenarios that could potentially trigger future PPDFs, we need
information on quantity, duration and probability of occurrence of extreme rainfalls for the debris flow initiation zone. Here, we used data
on hourly and daily sums of extreme point rainfall with varying return periods provided by the Hydrological Atlas of Switzerland (HADES)
to define different precipitation scenarios for both thunderstorms and long-lasting rainfalls. The data used represents precipitation levels for
rare (return period of 2 to 200 years) heavy precipitation events in today’s climate. The values of hourly precipitation sums (mm) were line-
arly interpolated to five minutes intervals, so that maximum rainfall intensities are reached after 30 minutes and linearly decrease again after
that. For the long-lasting rainfall scenarios, the daily values of extreme point rainfall were linearly interpolated to hourly intervals, so that
constant intensities prevail during 24 hours. Because the duration of precipitation events is more important than intensity in these scenarios,
we felt it was justified to assume constant hourly precipitation intensities, even though this is a simplification of reality. Rain-on-snow (ROS)
events are relevant for the triggering of debris flows in high mountain areas, as the combination of snowmelt, saturated underground and
rainfall can lead to extraordinarily high runoff in torrent catchments (e.g., Rossler et al., 2014). We expect ROS events that could potentially
trigger debris flows in the PPDF initiation zones of the Dar to happen in late spring or early summer (May-July). If no measured runoff data
are available for a catchment, clear water discharge associated with the previously defined precipitation dependent triggering scenarios can
be estimated based on empirical relations or precipitation-runoff models. For the present study, version 2.0 of ZEMOKOST (Kohl, 2010), was

used to calculate clear water discharges for all thunderstorm, long-lasting rainfall and ROS scenarios.

An important step in scenario building for PPDFs (Fig. 1) relates to the estimation of the bed load potential and volumes for the debris
flow initiation zone and the subsequent definition of bed load scenarios (here for small, medium, large and very large events). The bed
load potential of a debris flow is equal to the volume of loose material in a catchment that is potentially mobilized during the course of an
event. The bed load volume, on the other hand, is the volume of debris that actually passes any specific location in the torrent during a

debris flow event.
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Figure 1: Schematic workflow of the developed methodological approach for scenario building and numerical runout modelling of pro-/periglacial debris flows (PPDFs) in catchments with

scarce past event data.

As a final step in scenario building for PPDFs (Fig. 1), we define total event volumes (i.e. volumes of water-debris-mixture released during
an event) for the different bed load scenarios. The volumetric solids concentration of alpine debris flows typically varies between 30 and 60
% (Iverson et al., 1997). For simplicity, we divided the total event volumes into two thirds of debris and one third of water. Therefore, we
calculated total event volumes by multiplying bed load volumes for different scenarios by a factor of 1.5. Additionally, we formulate plausi-
ble debris flow scenarios, including the assignment of meteorological and hydrological triggering scenarios to the different event volumes.
After defining total event volumes and assigning them to meteorological and hydrological triggering events for each PPDF scenario (Tab. 1.),
the latter can be used as input for debris flow runout modelling. For that purpose, event sequences (sub-scenarios) including a number of
surges with associated volumes, hydrographs and flow behaviour need to be defined for each scenario.

A detailed description of the derivation of the various input variables and the methods used for PPDF scenario building can be found in
Fischer et al. (2023).
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In this study, we used the RAMMS::Debrisflow module (RAMMS-DF, Version 1.7) from the software package RAMMS (Rapid Mass Movement
Simulation) to simulate the runout of the debris flow scenarios defined for the Dar catchment. RAMMS-DF is a two-dimensional, physically
based numerical model developed by experts at the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) to calculate
three-dimensional and slope-parallel velocities and flow heights of debris flows from initiation to runout (Bartelt et al., 2017). It is based
on the implementation of the two-parameter Voellmy relation to describe the frictional behaviour of debris flows. This relation separates
the total basal friction into a velocity independent Coulomb term for dry friction () and a velocity dependent term for turbulent friction
(8. For as simulation with RAMMS-DF, the user defines the two main friction parameters p and & Both parameters should be calibrated for
individual torrents or catchments using — if available — information and data about well-documented past events (Deubelbeiss and Graf,
2013). For the Dar, we calibrated p and § using data from the reconstruction of the single major event recorded there in summer 2005. Before
modelling PPDF scenarios, we used mapped extents of debris flow deposits from the summer 2005 event (Schoeneich and Consuegra, 2008)
to calibrate RAMMS-DF to the Dar catchment to find the “best-fit” friction parameters. After the calibration of RAMMS-DF, we simulated all
derived PPDF scenarios, resulting in maximum intensities (flow heights and flow velocities) along the flow path, runout distances, deposits

and extents.

RESULTS AND DISCUSSION

For PPDF initiation zones of the Dar, total hourly precipitation sums vary according to the scenario size between 23 and 72 mm, with max-
imum intensities between 45 and 139 mm/h. The thunderstorm of June 24, 2005 with reported precipitation sums of >100 mm within two
hours and estimated intensities of 40 to 100 mm/h would be assigned to a medium to large event here. Following Zimmermann et al. (1997),
the critical mean rainfall intensity necessary to trigger debris flows by thunderstorms is 43 * 1-0.89 = 43 mm/h. This threshold is exceeded

for all thunderstorm scenarios except for the small scenario, for which precipitation intensities > 43 mm/h prevail only during 5 minutes.

Precipitation sums range from 93 mm/d for the small scenario to 214 mm/d for the very large scenario, with corresponding (mean) inten-
sities ranging from 3.9 (small scenario) to 8.9 mm/h (very large scenario). According to Zimmermann et al. (1997), the critical mean rainfall
intensity necessary to trigger debris flows by long-lasting rainfalls is 43 * 24-0.89 = 2.54 mm/h (corresponding to a daily sum of 61 mm).

This threshold is exceeded for all long-lasting rainfall scenarios here.

For rain dominated ROS scenarios, total snow cover runoff (over 24 h) varies between 100 and 229 mm according to the scenario size, thus
values comparable to the daily precipitation sums of the different long-lasting rainfall scenarios. Snowmelt dominated ROS scenarios pro-

duce significantly higher total snow cover runoff of between 234 and 534 mm (over 24 h) depending on the scenario size.

Debris flow triggering scenarios
Total event volume
0 n Rain dominated
Long-lasting rainfall ROS
Probability of
occurrence
) )
Scenario | Volume (m®%) _ E K] _ E K
= = @ = 5 [
T ] s > ] ° o =
sl el sl 8 |e[s]¢
“once in one or two
. generations”
DF gma 55000 X X X X X X X X (i return period of
30 to 50 years)
“once in a lifetime”
DF medium 120°000 X X X X X X X (i.e. return period of
100 years)
“historical event”
DFjarge 190'000 - - X X X (i.e. return period of
several hundred years)
DFery targe 450’000 - - - “extreme scenario”

Tab. 1: Assignment of precipitation dependent meteorological and hydrological scenarios to debris-flow scenarios in the PPDF initiation zones of the Dar. Crosses stand for scenario com-
binations assessed as potentially possible. In addition, a qualitative probability of occurrence for each debris-flow scenario is given. The latter is estimated based on the return periods
of triggering precipitation events, geomorphological understanding of the functioning of the PPDF initiation zones and — following Mizuyama et al. (1992) — classes of similar clear water

discharges calculated using the triggering precipitation scenarios.

We defined a set of plausible bed load scenarios by application of empirical methods and assessments from field surveys. For the final bed
load scenarios, we calculated 35’000 m3 for a small event, and 125’000 m3 for a large event. The average of these volumes, i.e. 80’000 m3,
was assigned to a medium-sized event. For the very large event, we set 300'000 m3. Resulting potential event volumes (rounded to 5’000

m3) range between 55°000 m3 (DFsmall) and 450’000 m3 (DFvery large) according to the scenario size (Tab. 1).
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The “best-fit” friction parameters range, depending on the different scenarios (volume, number of surges) for p between 0.09 — 0.12 [-]. For
the velocity dependent term for turbulent friction, we used a fixed value of § = 550 m/s2. Numerical simulations with RAMMS-DF for all our
scenarios and sub-scenarios for the Dar catchment show that only large to very large PPDFs, independent of the number of surges would

reach the village of Les Diablerets and potentially cause damage.

The presented multi-methods approach for debris-flow scenario building is specifically designed for small pro- and periglacial catchments
with scarce past event data. The detailed assessment of precipitation-related triggering events in combination with calculations of clear
water discharges per event allows the definition of realistic triggering scenarios and the assignment of estimated return periods to potential
debris-flow volumes. The latter result from both empirical approaches and detailed field investigations. Despite various shortcomings and
some uncertainties, the proposed approach allows the definition of sound debris-flow scenarios. It can easily be applied for other alpine
torrential catchments, though requiring sometimes some adjustment depending on data availability, catchment accessibility and available
time for debris-flow hazard assessment. To our knowledge, studies including this level of detail are rare, despite the obvious need for sound

scenario building for debris-flow hazards in pro-/periglacial catchments under climate change.

CONCLUSIONS

In high mountain areas, climate change, rapid glacier retreat and permafrost degradation is known to increase both the disposition, proba-
bility of occurrence and potential magnitude of pro- and periglacial debris flows. Because of their comparatively long runout distance and
potential destructive power, PPDFs can represent important threats to the downstream areas, infrastructure and settlements.

Here, we presented a multi-methods approach for debris flow hazard scenario building developed by Fischer et al. (2023). It does not rely
on comprehensive past events documentation and it is especially designed for PPDFs triggered by precipitation events. The developed
approach includes (i) the definition of precipitation dependent debris flow triggering scenarios and the calculation of associated runoff, (ii)
the estimation of bed load volumes potentially triggered per scenario, (iii) the assignation of total event volumes (water-debris-mixtures) to
each triggering scenario and (iv) the definition of debris-flow (sub-) scenarios for individual total event volumes. We applied the proposed
approach to the torrential catchment of the Dar close to Les Diablerets (western Swiss Alps), for which only one single major debris flow
event starting in pro- and periglacial environments has been recorded in summer 2005. We defined scenarios and assigned them to poten-
tial precipitation dependent triggering conditions. Return periods for each scenario base on the probability of occurrence of the triggering
meteorological events. In addition, we provide a qualitative probability of occurrence for each debris flow scenario. The latter we estimated
based on the return periods of the triggering precipitation events, the geomorphological understanding of the functioning of the PPDF ini-
tiation zones, and the classes of similar clear water discharges calculated from the triggering precipitation scenarios (Mizuyama et al., 1992).
With all this information, we performed numerical modelling of all PPDF scenarios using the RAMMS-DF model. Results show that it is
(highly) unlikely that PPDFs starting in the PPDF initiation zones of the Dar would reach the village of Les Diablerets and endanger infra-

structure and lives.
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