A CONCEPT FOR ANTICIPATING FUTURE ALPINE HAZARDS AND
RISKS RELATED TO EXTREME PRECIPITATION EVENTS IN THE
GARMISCH-PARTENKIRCHEN REGION
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ABSTRACT

In recent years, the Alpine region has been affected by unprecedented weather extremes such as heavy rainfall, storms, and heatwaves with
severe impacts on the environment, humans, and the economy. While there is recent scientific evidence of climate change contributing to
an increasing intensity and frequency of such events, knowledge of future event frequencies and magnitudes, as well as their impacts and
risks are still insufficient. We propose a concept to quantitatively evaluate changes in critical precipitation events and consecutive torrential
processes in a changing climate. We calculate the change in risk for the study area of Garmisch-Partenkirchen and contrast the results with

other drivers of future risk in the region.

INTRODUCTION

Torrential processes are among the most severe natural hazards across the Alpine space. Large amounts of loose debris are mobilized during
intensive thunderstorms triggering debris-laden flows, and long-lasting rainfall in persistent weather systems can lead to river flooding. With
climate change, recent studies anticipated enhanced debris flow activity due to an increase in rainstorm activity in the last decades (e.g.
Dietrich and Krautblatter, 2017).

Although torrential processes are often triggered in remote, inhabited upstream regions, they impact densely populated valley floors. Many
affected communities have constructed protection measures and created action plans, but the impacts of climate change on future hazard
processes and potential damages pose new challenges for risk managers and policy makers. Alpine communities have also been subject
to other developments besides climate change, e.g. tourism development and settlement growth, which are likely to influence risk in the
future (ESPON, 2018).

In this work, we present the conceptual approach on how we quantitatively assess meteorological triggers and torrential processes of past
events in order to estimate future probabilities of critical rainfall events, changing frequencies and magnitudes of torrential processes as well
as future risks by the example of the alpine community of Garmisch-Partenkirchen.

This work is part of the X-RISK-CC project, funded by the Interreg Alpine Space Program 2021-27.

STUDY AREA

The region of Garmisch-Partenkirchen is exposed to multiple alpine hazards such as rock slope failures, landslides, river floods, debris flows,
hyperconcentrated flows, and flash floods (Figure 1). Recurrent extreme precipitation events in the last decades caused multiple natural
hazard events, e.g. in 1999, 2005, 2013, 2018, 2020, and 2021, affecting the touristic Partnachklamm & Hollentalklamm with respectively
200,000 and 70,000 visitors per year as well as the town of Garmisch-Partenkirchen with approx. 30,000 inhabitants. Garmisch-Partenkirchen
has significant damage potential in terms of direct damages to buildings, businesses, and infrastructure. The Partnachklamm and Hollen-
talklamm are most significant in terms of potential impact on human lives and touristic impact due to the subsequent closure for repairing
Klamm infrastructure.

The upstream areas, including the Hammersbach catchment (10 km2) and Partnach catchment (130 km2, with Ferchenbach and Kankerbach
subbasins), are located in one of the wettest regions of Bavaria with total annual precipitation values of 1,350 mm in Garmisch-Partenkirchen
and more than 2,000 mm at the Zugspitze summit (G6tz & Schrott, 2010). The Garmisch-Partenkirchen weather station records the highest
annual precipitation in the summer months due to orographic lifting at the main chain of the Alps combined with the occurrence of frequent
thunderstorms. The clear link of hazardous torrential processes to intense summer precipitation makes the region especially susceptible to

changing rainfall intensities in the foreseeable future in a changing climate.
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Figure 1: The region of Garmisch-Partenkirchen is a hotspot for various types of natural hazards.

METEOROLOGICAL TRIGGERS AND ALPINE HAZARDS

The knowledge of event-triggering precipitation intensities is not only essential for understanding past torrential processes, but also for esti-
mating future trends under climate change. We systematically collect quantitative information on 14 torrential events over the past 30 years
in the study area with known event dates and link them to their meteorological trigger. Past landslide and rock slope failure events are not
considered here, because too little information is available regarding meteorological thresholds and displacement rates.

We use hourly precipitation data from nearby weather stations (see Figure 1) provided by the German Weather Service and the KLIMAGRAD
project (Technical University of Munich) and from 1x1 km RADOLAN precipitation grids derived from radar and station data provided by the
German Weather Service. For locally confided storm cells, however, the data might not fully capture the precipitation maxima. Each rainfall
event is then characterised by the hourly intensity, duration (time interval), cumulated intensity, and maximum hourly intensity. Depending
on the type of torrential process, we define cumulated intensities per time interval or maximum hourly intensities as the generic meteoro-

logical threshold of the respective event.

To quantify the magnitude of the torrential events, we differentiate between river floods, debris flows, hyperconcentrated flows and flash

floods, and compile information on water levels and discharge measurements at the gauge “Partenkirchen-Partnach” for river floods and

flash floods, and flow volume estimates for debris flows and hyperconcentrated flows. Due to a lack of systematic event documentation,

information has to be extracted from different sources, such as event reports of the Bavarian Environmental Agency and local Water Author-

ities, the Waterscience service Bavaria and several publications (e.g. Morche et al., 2007, Stammberger et al., 2023).

After analysing meteorological triggers and hazard magnitudes of past events in Garmisch-Partenkirchen, in a next step, we want to

1. estimate future changes in the occurrence probability of critical precipitation events (reaching/exceeding past trigger thresholds) under
different emission scenarios, which will be mainly conducted by project partners of X-Risk-CC, and

2. (anticipate future changes in the frequency and magnitude of torrential processes. To enable a more robust analysis, we will foster the
results gained from 14 torrential events in the study area by transferring the knowledge gained from published studies in the Northern

Calcareous Alps (e.g. Lake Plansee).

CHANGES IN RISK

The risk arising from torrential hazards can be assessed using a scenario-based approach (Spackova et al., 2014). To that end, we define
multiple scenarios of different magnitudes and calculate the expected damages associated with each scenario. The analysis focuses on the
risk arising from various types of flows (i.e., flash floods, hyperconcentrated flows, debris flows) in the Partnachklamm as well as river floods
in the city of Garmisch-Partenkirchen. We do not consider damages from torrential processes that occur upstream of the Partnachklamm
as the risk in terms of expected direct damages is negligible. The physical damages to buildings and infrastructure are quantified for each
scenario by intersecting the resulting hazard intensity e.g., flow depth, with the elements at risk. For each exposed element, we assume a

vulnerability function that translates the hazard intensity into a degree of damage or monetary loss. In an approximation of risk to human
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lives, we treat any person exposed to the flow inside the Partnachklamm as a potential fatality.

The frequency of scenarios of different magnitudes is approximated via the frequency of meteorological thresholds related to different tor-
rential events. The overall risk is calculated as the area underneath the exceedance probability curve that is approximated via the expected
damages given each hazard scenario of a certain return period. Because the true frequency of each scenario is likely higher than the fre-
quency of the observed meteorological trigger, the overall risk associated with each scenario is likely underestimated. This method provides
a baseline assessment of current risk that will be used to assess the influence of climate change in the region. Using the updated frequency
for each scenario under future meteorological conditions, we can calculate the resulting risk change.

While the primary objective is to assess the influence of climate change, it is also possible to investigate other developments e.g., future
changes in touristic use of the Partnachklamm, spatial planning, or the effects of new risk management measures such as protection struc-
tures or early warning systems. This is achieved by updating the respective risk factor, e.g., hazard, exposure, or vulnerability, in accordance
with the impact of these developments. We plan to investigate the effect of selected future changes and contrast them with the effects of

climate change to assess the main drivers or future risk in the region.

LIMITATIONS AND OUTLOOK

The magnitude of a torrential process resulting from a specific meteorological event depends on additional influencing factors such as the
availability of debris and driftwood and the occurrence of log-jams. These can lead to increased flow velocities, sudden increases in water
levels, and higher forces on elements exposed to the hazard, thereby leading to significantly higher damages. While these effects are dif-
ficult to assess due to a lack of systematically recorded events, they should be investigated further. The relatively low number of recorded
events and the lack of systematic event documentation also poses a challenge to assessing the frequency of torrential processes in the area

of Garmisch-Partenkirchen.

Another aspect to consider in future investigations is the cascading effect of upstream rockfall and landslide events. These can eventually
alter the predisposition of both Partnachklamm and the town of Garmisch-Partenkirchen to more severe or more frequent flow events.

The quantitative risk analysis performed here reflects the major effects in terms of quantifiable tangible (i.e., physical damages) and intan-
gible (i.e., loss of lives) damages. There are, however, additional components that are neglected, such as business interruption, indirect

damages, and other intangible aspects, e.g., environmental effects or the inconvenience of post-flood recovery (Meyer et al., 2013).
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