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ABSTRACT

For the design and optimization of integrated protection concepts for torrent processes such as debris flows, a better understanding of the
initiation conditions is necessary. In this contribution we provide a detailed analysis of triggering meteorological conditions leading to debris
flows in Austria between 2012 and 2023. We demonstrate that triggering rainfall thresholds differ between geological units and between
situations, where substantial pre-wetting was detected. The results of our study shall provide a basis for a differentiated view of triggering

rainfall in the Austrian Alps.

INTRODUCTION

Knowledge of the critical conditions such as antecedent moisture condition, intense rainfall, long duration, and seasonal effects that are
capable of triggering torrential events such as shallow landslides or debris flows is crucial for the optimization of integrated protection con-
cepts and hazard zone maps for torrent control in Austria. This understanding is typically gained through back analysis of meteorological
conditions leading to such events (e.g. Guzzetti et al., 2007). Besides critical rainfall input, also geological and geomorphological conditions
as well as land use are an important factor for triggering torrent events (Tiranti et al., 2008).

Often precipitation stations do not detect small-scale heavy rainfall events, some studies like Prenner et al. 2018 analysed triggering char-
acteristics based on daily station data of precipitation. Therefore, the analysis of weather radar data has been used to determine the usually
very local intensities that caused those catastrophic debris flows (e.g. Marra et al., 2014). Moser et. al. (2016) demonstrate the advantage of
using weather radar data, which allows deriving threshold values for precipitation to be calculated for every locally occurring intense rain-
fall that cannot be adequately resolved by the current weather station network. It is crucial to not only examine the immediate time period
of the mass movement in question but also to assess the event's history in its catchment area. The varying pre-wetting situations cause the
catchments to behave differently, resulting in higher susceptibility for catchments with a high degree of pre-wetting.

In this contribution we provide a detailed analysis of rainfall conditions leading to debris flow events in three selected geological zones of
Austria between 2012 and 2023. The examples provided in the following demonstrate that significant differences may occur in the results,
when the dataset is divided into events with and without pre-wetting in the initial stage. Additionally, we account for different dispositions
for generating debris flows based on their geological makeup. The investigations were conducted using data from other geological zones,

which were based on events that took place in Austria from 2016 to 2023.

METHOD

This work utilised an empirically-based model to calculate precipitation threshold values. The model is based on the investigation of debris
flow events and includes the precipitation amounts per time unit that have triggered a debris flow. The lowest precipitation amounts are
regarded as critical threshold values.The calculation is based on the relationship of Caine (1980), which determines the threshold value
from precipitation duration in hours (D) and intensity in mm/h (1) (lmm/h]= ax D[h]®). In this study we used measured precipitation data
from weather stations and weather radar data. The rainfall intensity—duration (ID) relationships for each debris flow event were separated
based on their geological unit in Austria (greywacke zone, limestone zone and the eastern alpine crystalline zone (Orthogneiss, Paragneiss,

Schist)) and further divided into pre-wetted and non-pre-wetted categories to consider the catchment's hydrological history and disposition.

DATA SOURCES

WEATHER RADAR DATA

We use data from the Integrated Nowcasting through Comprehensive Analysis (INCA) system (Haiden et al., 2011) operated by GeoSphere
Austria (former ZAMG). INCA provides a range of meteorological parameters with high spatial and temporal resolution, explicitly taking
regional and local topographic effects into account.The precipitation analysis of the INCA System comprises a combination of interpolated
weather station data (with elevation effects taken into account) and weather radar data. The combined use of radar and rain gauges provides
the benefit of each of these instruments’ respective strengths: the exactness of a point measurement on the ground (rain gauge) and the
acquisition of a precipitation system’s spatial structure with the aid of weather radar. On the other hand, the methodology is not without
weaknesses or possible shortfalls: unrepresentative locations and/or low spatial density of weather stations and rain gauges on the one
hand, as well as the uncertainty of indirect precipitation measurement via weather radar on the other hand. The available data raster has a

spatial resolution of 1 x 1 km and a temporal resolution of 15 minutes (Moser et. al., 2016).
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GEOLOGICAL CONDITIONS AND LOCATION OF THE CATCHMENTS

The Eastern Alps of Austria exhibit a predominant West-East trend in geological conditions. In the North, limestone covers form nappes
overlying the flysch, and in the South, the crystalline zones. The Central Alps comprise of schist and gneiss, whereas the Southern Alps
consist of overturned folds of various sedimentary and metamorphic rocks. The folded mountains of the Alps, heavily altered by glaciers and
inter- and post-glacial rivers, have experienced significant denudation of moraines and weathered bedrock during the Post-glacial period.
This has resulted in an increase in deposition in the main valleys and alluvial cones. Intense precipitation can quickly mobilize significant
volumes of these loose materials, resulting in catastrophic events. Loose moraines, consisting of boulders and cobbles that have been partly
rounded by glacial action, as well as finer-grained sediment including silt and clay, are the primary cause of devastating debris flow disasters
in Alpine rivers. In addition to moraines, significant quantities of weathered debris are deposited as a talus mantle along the solid ranges
in the Greywacke zone (from Greywacke, the name of a Paleozoic sandstone). Geologically, this zone is located between the Northern
Limestone Alps towards the north, of which it forms the geological base, and the Central Eastern Alps in the south. The bedrock consists of
phyllite and the Paleozoic slate of the Greywacke zone, which are mostly extensively shattered and as a consequence prone to mechanical
and chemical weathering. These rocks, especially the clay layers, produce a laminar, creeping scree material that covers the slopes in a sub-
stantial mantle of weathering debris of various thicknesses up to the ridges. This unconsolidated rock already becomes unstable at minimal

levels of water uptake, which, upon further wetting produces large mass movements.
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Figure 1 Geological map with catchment areas

RESULTS — RELATIONSHIP BETWEEN DURATION AND INTENSITY

When comparing the duration of the event with the intensity per hour, a clear pattern emerges, indicating lower intensity levels for events
with high pre-wetting situations. The geographical zones in which catchment areas are located are a crucial factor. Debris flows in the
Greywacke zone are triggered by considerably lower precipitation intensities compared to the Central Alps, where much more resilient

material necessitates higher precipitation intensities.
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Figure 2 Rainfall intensity-duration of 16 debris flow events occurred 2012 — 2023 in different geological zones in Austria; Solid lines show debris flow events triggered by small-scale heavy

precipitation, while dashed lines show debris flow events after pronounced pre-wetting conditions

RESULTS - CRITICAL RAINFALL CONDITIONS

The precipitation intensities, recorded at 15-minute intervals via INCA-Weatherradar analysis, were categorized by event type and represent-
ed in a precipitation intensity-duration diagram for debris flow events.

The following two event types were defined:

e Debris flow events triggered by small-scale intensive heavy precipitation

e  Debris flow events after a high pre-wetting situation (dashed lines in fig. 3))

The minimum precipitation values that caused a debris flow were chosen to derive functions of rainfall intensity and duration thresholds for

each event type within the Greywacke-zone and Central Alps.
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Figure 3 Functions of rainfall intensity and duration thresholds for each event type (without and with high pre-wetting situation) within the Greywacke-zone and Central Alps, Solid lines show

debris flow events triggered by small-scale heavy precipitation (without pre-wetting situation), while dashed lines show debris flow events after pronounced high pre-wetting conditions
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DISCUSSION

For debris flows, aside from precipitation intensity, the fundamental disposition holds great significance as it is affected by the morphological
history of their origin, the current dynamics of the catchment area, as well as the geological and hydrological conditions. Geology and hydro-
logical conditions were utilized for this analysis. The benefit of the technique presented herein employing weather radar information is that
it enables the computation of precipitation threshold values for highly localized and intense rainfall occurrences that cannot be adequately
resolved using the present weather station network. However, it is crucial to not only evaluate the immediate period of the specific mass
movement under investigation but also assess the catchment area's pre-history. Divergent levels of pre-wetting within catchments lead to
varied behavior and a greater propensity for catchments with high pre-wetting degrees (Moser et al., 2016). It is essential to divide datasets
into events both with and without pre-wetting to effectively analyze the results, as the examples provided demonstrate significant differenc-
es. Due to variations in geology, different catchment areas can have varying inclinations towards producing debris flows. To enhance the
determination of intensity-duration thresholds, we analyzed events located in the Eastern Alps with and without pre-wetting, as well as the
greywacke and limestone zone. A distinct pattern emerged, as debris flows in the Greywacke zone were triggered by substantially lower
precipitation intensities compared to the Central Alps. This is due to the latter's more resilient material, which requires higher precipitation
intensities, whether with or without pre-wetting.

Further research is required to establish the fundamental factors that predispose debris flows, including the dynamics of the catchment area,
rock characteristics (such as rheology and grain sizes), and the morphological history of their origin. Accurately recording these factors is

essential for achieving significant improvement.
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