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ABSTRACT

Torrent processes (floods, bedload transport and debris flows) represent a severe natural hazard in Alpine regions. Knowledge about critical
rainfall conditions is necessary for predicting such processes and assessing possible changes in event frequency in the course of climate
change. The aim of this study is to identify triggering rainfall events for torrent processes in Austria and to estimate the change in their
probability of occurrence in a future climate. For this purpose, all documented torrent events during the period 2003 — 2022 were intersected
with catchment-averaged hourly precipitation data. For all process types, it is shown that both the probability of occurrence and the areas
affected by triggering precipitation events increase substantially in the future, with clear differences between different emission scenarios

(RCPs). The results of the project provide a basis for improved event forecasting in a changing climate.

INTRODUCTION

Debris flows, floods and bedload transport are meteorologically triggered, natural erosion processes in alpine torrent catchments. For pop-
ulated areas, such processes represent a considerable natural hazard with high damage potential. Therefore, dealing with alpine natural
hazards has a long tradition in the Austrian Alpine region and a wide range of protective measures is available (Bergmeister et al., 2008).
The triggers of these torrent processes are mainly intense local-scale convective precipitation events of short duration, and to a lesser extent
long-lasting stratiform precipitation events (Prenner et al., 2019). In some cases, snowmelt also plays an additional role. In the course of
climate change, spatial and temporal changes in temperatures and precipitation distribution are expected to occur in Austria (Chimani et
al., 2016). Apart from geomorphological predisposition (e.g., change in sediment availability), it is likely that the frequency of precipitation
events that may trigger torrent hazard processes will change. However, exact nature of these changes is difficult to estimate and has not yet
been assessed in detail. Therefore, this information, albeit scenario-dependent, would be an important contribution for the elaboration of
adaptation strategies.

In the last 20+ years, threshold value curves for landslide and debris-flow triggering rainfall have been derived in many regions of Europe
(Guzzetti et al., 2008). For Austria, such evaluations in the field of torrent hazards have only existed sporadically with event documentation
(e.g., Moser and Hohensinn, 1983), or systematically only on a daily basis (Braun and Kaitna, 2016). Thus, an estimation of changes in the
occurrence probabilities of event-triggering precipitation has not been possible so far.

The aim of this study is to quantify rainfall that triggered torrent processes in Austria and to assess the expected impact of climate change.
The specific objectives are (1) the quantification of the intensity-duration thresholds for torrent processes in Austria and (2) an estimation
of the change in frequency of event-triggering rainfall on a daily basis with special focus on long-lasting precipitation for different emission

scenarios.

METHODS

Triggering rainfall

The data basis for deriving systematic triggering rainfall events is the INCA dataset between 2003 and 2022. INCA stands for "Integrated
Nowecasting through Comprehensive Analysis" (Haiden et al., 2011) and provides gridded high-resolution (1x1 km) meteorological data by
combining station and radar data. An hourly time series of mean rainfall and temperature was derived for each watershed in which a torrent
event was registered between 2003 and 2022. Subsequently, the cumulative rainfall was plotted and the precipitation start and end were

manually determined for each of the torrent events. Since there was no information of the exact time of the initiation of the torrent event,
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the total rainfall was used for the further analyses. Precipitation pauses of 6 hours were defined as the threshold value for the beginning of

a new precipitation event.

Past and future probabilities

In order to be able to analyse the potential future evolution of triggering rainfall events in a changing climate, threshold values for different
daily sums were calculated from the empirically determined intensity-duration relationships. The reason for this is that the model data of the
Austrian climate scenarios (OKS15) have spatially the same resolution as the INCA data (1km x 1km), but are temporally available only on
a daily basis. The thresholds were calculated for one- to five-day precipitation totals. For each process type, the annual exceedance of each
limit was counted in the precipitation data of the OKS15 ensemble. Two sources of error were considered: first, each limit exceedance can
only be counted once, even if several occur on the same day (e.g., one, two, and three-day totals). Second, a precipitation event that exceeds
a limit is no longer considered for calculating additional totals, as it could otherwise be counted for multiple days. Finally, both annualities

and area fractions were calculated separately for the ensemble median of the three emission scenarios RCP 2.6, RCP4.5, and RCP8.5.

RESULTS AND DISCUSSION

The results of the intensity-duration relationships for the process type “fluvial sediment transport” and “debris flow” are shown in Figure 1. It
can be seen that a number of the events were triggered by precipitation with a duration of less than 24 hours. For all process types we see a
substantial variation in triggering rainfall, which we expect to be connected to antecedent moisture conditions and local geomorphological
boundary conditions. For the latter, factors such as slope inclination and orientation, subsoil geology, soil conditions, etc. are relevant for the
actual occurrence of a torrent disaster. However, it is also apparent that the boundary value curves of the different process types difter. Due
to the homogeneous data basis, it can be assumed that, in addition to sediment availability, precipitation also has a demonstrable influence

on the occurrence of process events in a torrent catchment.
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Figure 1: Intensity-duration relationship based on INCA 1-h data for the process types fluvial sediment transport (a) and debris flow (b).

With regards to climate-induced changes the results show that triggering rainfall events occur less frequently in the north and east of Austria
and in the Alpine valleys, and more frequently in the northern and southern reservoir regions of the Alps. These spatial patterns are to be
expected based on the precipitation distribution in Austria.

We showcase the analysis of climate-induced changes in triggering precipitation at the example of the process types "fluvial sediment trans-
port" and "debris flow". We find that both, the probability of occurrence and the area affected increase for all process types depending on
the assumed emission scenario (RCPs). Figure 2 exemplarily shows the change in annualities of event-triggering rainfall toward the end of
the 21st century for RCP4.5.

The reference period values here were calculated from model data rather than observational data. An analysis of the climate-induced chang-
es is only meaningful based on the comparison of model data with each other and not between model and observation data, since the bias
correction of the OKS15 data focuses on the whole range of precipitation in one percentile steps and might fail in the range of very heavy

precipitation events.
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Figure 2: Probability of occurrence of event-triggering precipitation, expressed in annualities, for (a) fluvial sediment transport and (b) debris flows in Austria. The maps show the annualities
of the threshold conditions for the reference period 1991-2020 and the period 2068-2097 for RCP4.5. Shown is the ensemble median. Points where no such precipitation events occur are

marked in gray. All annualities > 20 years are grouped into one class. The data for both periods come from the OKS15 ensemble. Data source: OKS15 (Chimani et al., 2016).

CONCLUSIONS

In this study, triggering rainfall conditions of documented torrent events between 2003 and 2022 were analysed. The derived intensity-dura-
tion threshold curves for the processes flood, fluvial sediment transport, and debris flow are available for the development of an operational
warning system. Climate change-induced changes of triggering precipitation events were determined on a daily basis. It was found that both
the probability of occurrence and the area affected increased for all process types depending on the assumed emission scenario (RCPs).

It is recommended that the triggering rainfall be examined for recurring patterns and their spatial distribution in order to achieve greater pre-
dictive accuracy through a more sophisticated analysis. However, uncertainties due to temporally and spatially changing geomorphological
disposition of torrent catchments (e.g. sediment availability, land use changes, etc.) have to be considered in any case.

Based on this study, as well as the expectation that in a warmer climate the intensity of future convective precipitation will increase (Giorgi
et al., 2010), an increase and seasonal shift (Kaitna et al., 2023) in torrent events can be expected. At the same time, increased provision of
sediment for relocation processes in high alpine areas (glacial and peri-glacial) is expected, thus highlighting the need to develop adaptation

strategies.
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