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• Climate change alters the hydro-
meteorological trigger patterns for
debris-flow initiation in the Austrian Alps.

• Changes are regionally different.
• Trend to occur earlier in the year.
• Snow-melt related triggers may become
more frequent.
A B S T R A C T
A R T I C L E I N F O
Editor: Ouyang Wei
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Debris-flow activity is strongly controlled by hydro-meteorological trigger conditions, which are expected to change in
a future climate. In this study we connect a regional hydro-meteorological susceptibility model for debris flows with
climate projections until 2100 to assess changes of the frequency of critical trigger conditions for different trigger
types (long-lasting rainfall, short-duration storm, snow-melt, rain-on-snow) in six regions in the Austrian Alps. We
find limited annual changes of the number of days critical for debris-flow initiation when averaged over all regions,
but distinct changes when separating between hydro-meteorological trigger types and study region. Changes become
more evident at themonthly/seasonal scale, with a general trend of critical debris-flow trigger conditions earlier in the
year. The outcomes of this study serve as a basis for the development of adaption strategies for future riskmanagement.
1. Introduction

Debris flows are rapidly flowing mixtures of unsorted sediment and
water in headwater channels of mountain landscapes, which regularly
pose a threat to settlements and infrastructure in densely populated areas
(Dowling and Santi, 2014). These landslides of the flow type (Hungr et al.,
Vienna, Austria.
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2001) are initiated by a critical combination of abundant sediment, steep
inclination, and water (Rickenmann, 2016). The latter is mostly provided
by rainfall, leading to slope failure- or runoff-generated debris flows (e.g.
McGuire et al., 2017; Berti et al., 2020). The triggering rainfall can range
from convective storms to stratiform precipitation (e.g. Borga et al., 2014;
Prenner et al., 2019). Sometimes, intensive snow-melt or rain-on-snow
events play a significant role in debris-flow initiation (e.g. Decaulne et al.,
2005;Mostbauer et al., 2018). Since thework of Caine (1980), several stud-
ies focused on the identification of critical rainfall characteristics for the
ebruary 2023
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initiation of shallow landslides and debris flows (e.g. Guzzetti et al., 2008;
Berti et al., 2012; Marra et al., 2017), but it has been shown that including
the hydrological history of a system can improve predictions (e.g. Wilson
and Wieczorek, 1995; Prenner et al., 2018; Uwihirwe et al., 2020).

In the context of climate change, the questions arise how changing
temperature and precipitation patterns together with the associated
changes in hydrological regimes (Hanus et al., 2021) affect the frequency
and/or magnitude of debris flows (Jomelli et al., 2007, 2009; Stoffel and
Huggel, 2012) and consequently whether there is the societal need for
adaption (Fuchs et al., 2017). For some alpine catchments there is evidence
for increased debris-flow activity during the past decades (e.g. Dietrich and
Krautblatter, 2017), for other sites there is no evidence for an increase (e.g.
Stoffel et al., 2005). Despite of an increasing trend ofmeteorological indices
of critical trigger conditions, a recent database-study found no clear trend of
damage-inducing torrential flooding (including debris flows) in the
Austrian Alps (Schloegl et al., 2021). The authors attribute this to a com-
pensating and aggregated effects of the increasing number of technical mit-
igation measures.

A common assumption in the assessment of landslide and debris-flow
activity is that a future climate with increased temperatures can hold
more water in the atmosphere, which in turn can result in more intense
rainfall events (Allen and Ingram, 2002; Trenberth et al., 2003) that may
trigger such mass movements (IPCC, 2014; Gariano and Guzzetti, 2016).
For all CO2 – emission scenarios, climatemodels project an increase of tem-
perature and changes in seasonal precipitation patterns in the European
Alps, with a general trend of rainfall decreases in summer, especially in
the southern regions, and increases in winter (Gobiet et al., 2014;
Broennimann et al., 2018). In low- to mid-elevation areas, increased tem-
peratures will lead to a decrease of the snow-precipitation ratio in winter
(Berghuijs et al., 2014). There is indication that exceptional weather situa-
tions like the unusual warm and wet January 2018, with repeated rain-on-
snow events causing landslides and debris flows, may become more fre-
quent in the European Alps by the end of the twenty-first century (Stoffel
and Corona, 2018). While Turkington et al. (2016) expect a limited annual
change of debris-flow activity for two regions in France and Italy, Jomelli
et al. (2009) conclude that the number of hillslope debris flows at the Mas-
sif des Ecrins (French Alps)might decrease after 2070 due to a projected de-
crease of rainfall events as well as the decrease of potential sediment-source
areas by about 20%,which is associatedwith reduced sediment production
in high altitudes and an increase in the elevation of the tree line in a milder
climate. For Switzerland, Stoffel et al. (2014) expect a shift of the debris-
flow activity from summer to the “shoulder” seasons (i.e. away from
summer to spring and fall). Decreasing precipitation frequency in future
summers will facilitate sediment accumulation in the channels, thereby en-
hancing debris-flow probability later in the season. For the well-monitored
Illgraben catchment in the Swiss Alps, projected changes of precipitation
and air temperature may lead to a reduction of sediment production by
physical weathering and hence debris-flow occurrence by >20 % by the
end of the century (Hirschberg et al., 2020). An assessment of the impact
of climate change on debris-flow activity in the Austrian Alps has so far
only been analyzed and quantified by a life-cycle case study on the effect
of mitigation measures compared to changes of debris-flow magnitude-
frequency relationship due to climate change (Ballesteros-Cánovas et al.,
2016).

In this study, we make use of a previously developed probabilistic sus-
ceptibility model (Prenner et al., 2018) that differentiates between hydro-
meteorological trigger types to quantify the impact of climate change on
debris-flow trigger conditions in six contrasting regions in the Austrian
Alps. Specifically, we use the output of a process-based rainfall-runoff
model that has been calibrated over 40+ years to identify hydro-
meteorological pattern associated with past debris-flow occurrence in re-
spective sub-catchments and assess changes of frequency and seasonality
of such pattern under a projected future climate. Climate change projec-
tions are based on EURO-CORDEX simulations (Jacob et al., 2014), which
have been post-processed by a novel two-step approach combining a
trend-preserving bias adjustment (Switanek et al., 2017) and a spatial
2

stochastic downscaling to the station scale.We combine these novelmodels
for the first time to address specific research questions at the intersection
between climate change modeling and hydro-geologic impact assessment:

• Will debris-flow triggering hydro-meteorological conditions across the
Austrian Alps become more frequent in a future climate?

• Are there seasonal and regional differences in how trigger conditions
change?

• What are possible consequences for future debris-flow activity in the
Austrian Alps?

2. Study regions and data availability

The assessment of climate-change impacts on the hydro-meteorological
susceptibility for debris-flow initiation was carried out for six contrasting
river catchments, in which debris flows have regularly occurred in the
past. The study regions range from high-elevation valleys north and south
of the main Alpine divide, to lower elevations on the eastern edge of the
Austrian Alps (Fig. 1). The several hundreds of torrential catchments within
the six study regions span from heavily forested watersheds larger 10 km2

to steep, mostly unvegetated catchments smaller than 1 km2 with a high
fraction of exposed bedrock. Hence, debris-flow initiation in respective
catchments is associated with sediment-limited as well as sediment-
unlimited conditions. Damaging earthquakes with an intensity >8° of the
European Macroscopic Scale occur with a return period of only 120 years
(source: www.zamg.ac.at) and are considered of minor relevance for
debris-flow occurrence in the study regions.

Climatic conditions in the study regions are dominated by an oceanic
climate in the west, a Mediterranean climate in the south and a continental
climate in the east (Brunetti et al., 2009). These influences are reflected in
the distribution of precipitation with highest annual rainfall sums in the
western-most region Montafon with 1548 mm yr−1 and the smallest in
the eastern-most region Feistritztal with 910 mm yr−1. Long-term average
runoff coefficients decrease from west to east as well. While ~80 % of the
precipitation is released as stream flow in the Montafon, Pitztal and
Defereggental, the lowest runoff coefficient, which does not exceed 40 %
characterizes the easternmost Feistriztal. The reason for this decreasing
trend is the decline of bare rock and sparsely vegetated areas in high-
alpine regions at expense of forests and grasslands that enhance the reten-
tion capacities in the lower-alpine regions. The highest number of days
with observed debris-flow activity were documented in the region
Montafon (43 days between 1953 and 2013), and the smallest number in
the region Feistritztal (3 days between 1975 and 2013). A detailed over-
view of catchment characteristics, data availability and modeling periods
is given in Table 1.

3. Methodology

3.1. Experimental design

In this study we feed a semi-distributed implementation of a process-
based, conceptual hydrological model with 28 bias-adjusted and down-
scaled climate change projections on a daily basis until 2100 (Switanek
et al., 2022) (Fig. 2). The hydrological model was previously calibrated
and exhaustively tested for the six study regions in the Austrian Alps over
a period of 40+ years (Prenner et al., 2018, 2019). The model output
time series of hydro-meteorological variables of the historical reference pe-
riod (1971–2000) as well as for the near future (2021–2050) and the far fu-
ture (2071–2100; cf. Hanus et al., 2021) of the same temporal-spatial
resolution are subsequently fed into a regional susceptibility model for de-
brisflows (Prenner et al., 2018) that differentiates between themeteorolog-
ical trigger types “long lasting rainfall” (LLR), “short-duration storm” (SDS),
“snowmelt” (SM) and “rain-on-snow” (RS). By accounting for uncertainties
that arise from the various climate projections and the hydrological model
implementation we subsequently assess the change of frequency of days
susceptible to debris flows in the six study regions and analyze regional

http://www.zamg.ac.at


Fig. 1. Overview on the six study regions (west to east): Montafon, Pitztal, Defereggental, Gailtal, Paltental, Feistritztal including elevation, glacial zones, debris-flow
occurrence, weather stations (precipitation and temperature), discharge gauge, drainage system and precipitation zones (=area of influence for each rain station).
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Table 1
Overview of catchment characteristics, available data as well as modeling period, calibration period and validation period for each study region.

Montafon Pitztal Defereggen-tal Gailtal Paltental Feistritztal

Area [km2] 510 133 222 586 368 115
Precipitation stations [#] 6 3 2 4 2 3
Elevation range (mean elevation) [m a.s.l.] 631–3312 (1877) 1093–3527 (2238) 1095–3398 (2171) 596–2780 (1477) 634–2446 (1316) 451–1593 (918)
Annual mean precipitation [mm] 1548 1151 1300 1410 1337 910
Annual mean runoff coefficient [−] 0.79 0.78 0.79 0.67 0.63 0.38
Fraction bare rock/Sparsely vegetated (Glacier share) [%] 31 (2) 51 (3) 39 (0.2) 7 (0) 2 (0) 0 (0)
Fraction grassland [%] 39 26 30 33 48 24
Fraction forest [%] 26 22 28 57 46 71
Fraction riparian zone [%] 4 1 3 3 4 5
Study period with available measurement data 1953–2013 1967–2013 1945–2016 1950–2013 1961–2013 1957–2013
Calibration period 1976–2011 1986–2010 1982–1986 1976–2005 1976–1999 1995–2011
Validation period 2012–2013 2011–2012 1987 2006–2007 2000–2001 2012–2013
Debris-flow event days [#] 43 13 10 10 12 3

R. Kaitna et al. Science of the Total Environment 872 (2023) 162227
and seasonal changes of the different trigger types. For the reader's conve-
nience, we here summarize the background of climate projections as well
as the hydrological model and the trigger model.

3.2. Climate projections

Projected station data were derived from regional climate simulations
from the EURO-CORDEX initiative (Jacob et al., 2014, 2020). These
EURO-CORDEX simulations dynamically downscale global climate projec-
tions for Europe from the Coupled Model Intercomparison Project Phase
5 (CMIP5, Taylor et al., 2012). Regional climate models (RCM) are used
to downscale climate projections from the original global climate models
(GCM) resolution to a common grid size resolution of 12.5 km for the
European continent (Jacob et al., 2014). Recent research has identified se-
vere artefacts when attempting to use bias adjustment as a simple statistical
downscaling (Maraun, 2013; Maraun et al., 2017). We therefore apply a
novel approach that separates the adjustment from the downscaling: The
regional EURO-CORDEX projections were first bias adjusted against
gridded reference observations and then further downscaled to the weather
monitoring stations by a spatial stochastic downscaling model using daily
Fig. 2. Flowchart of the study design separately applied to a
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observational measurement data from the respective stations (Switanek
et al., 2022). The bias adjustment is conducted with SDM (Switanek
et al., 2017). The stochastic downscaling approach is based on a trans-
formed truncated Gaussian model and models the marginal distribution
as well as the spatial correlation, of all of the nearby weather stations, sep-
arately for each study region. This ensured that the projected data for a
weather station on an arbitrary day is consistent to that of the other stations
in the same region. The model performs excellent for a range of diagnostics
representing marginal, temporal and spatial aspects for moderate and ex-
treme precipitation. Methodological details about the stochastic downscal-
ingmethod aswell as a comprehensive evaluation can be found in Switanek
et al. (2022). That study demonstrated good performance at simulating
mean and intense precipitation, dry- and wet-day probabilities, spatial
correlations and spatial dependence of extreme rainfall for the catchments
addressed in the study at hand.

The projections were run from 1970 to 2100. The bias adjustment and
the stochastic model were calibrated to observations over the period from
1971 to 2000.

To represent different possible evolutions of future greenhouse gas
concentrations, we have considered two representative concentration
ll six study regions (inspired by Hirschberg et al., 2021).
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pathways (RCPs) (Van Vuuren et al., 2011). These RCPs approximately pre-
scribe the radiative forcing resulting from additional greenhouse gases such
as CO2. For this study we use the scenario RCP4.5, representing mitigation
efforts beyond current policies which assumes an additional forcing of
4.5 W m−2 by the end of the century, and, as a rather unlikely worst-case
scenario, RCP8.5, with an additional forcing of 8.5 W.m−2 (Hausfather
and Peters, 2020).

Each RCP scenario consists of an ensemble of 14 different combinations
of GCMs and RCMs from the EURO-CORDEX initiative (Jacob et al., 2014;
Jacob et al., 2020). The different models differ mainly in the resolution of
the driving GCMs and the implementation of sub-grid processes, and are
intended to sample our epistemic uncertainty about future regional climate
change (Doblas-Reyes et al., 2021). The GCM/RCM combinations used in
our study are displayed in Table 2.

Each of the 14 climate models of the ensemble was run for both RCPs,
resulting in 28 projected time series for each rain and temperature station
from 1970 to 2100 available for hydrological modeling. To assess changes,
we define three periods. The historical period from 1971 to 2000 serves as
reference period. Our current and immediate future period (2021 to 2050)
we term “near future”. The period 2071 to 2100 we term “far future”.

3.3. Hydrological model

The process-based hydrological model operates on a precipitation zone-
scale,which allows estimates ofwater storage andflux in different compart-
ments of the hydrological systems of the study regions and ensures the
processing of precipitation information on the highest available spatial
level. We use a Thiessen polygon decomposition based on the location of
the available rain gauges (Fig. 1). The same applies for temperature data.
Hydrological heterogeneity is considered by different hydrological
response units (HRU) as suggested byGao et al. (2014).We differentiate be-
tween bare rock/sparsely vegetated areas, forest, grassland and riparian
zones. The elevation range of each HRU was discretized into elevation
bands of 100 m to account for elevation gradients in precipitation and tem-
perature based on the approaches of Sevruk (1997) and Rolland (2003), re-
spectively. Glaciers in two out of six regions were assumed to occur in bare
rock domains only and were simplistically modelled with unlimited water
supply for their areal fraction in an elevation zone.

For the setup of the hydrological model a digital elevationmodel (DEM)
with a grid size of 10 by 10m (vogis.cnv.at), a Height Above Nearest Drain-
age map (Rennó et al., 2008) based on the DEM, the CORINE land-cover
dataset from 1990 (https://www.eea.europa.eu), and a glacier distribution
map (Patzelt, 2015) were used.

The model, run at a daily time step, was forced with precipitation and
temperature data available from the Austrian Central Institute forMeteorol-
ogy and Geodynamics (ZAMG) and calibrated to stream flow observations
provided by the Hydrographic Service Austria (HD) and the hydropower
companies Illwerke and TIWAG. For model calibration we applied the
“DREAM” algorithm (Vrugt, 2016) to obtain posterior parameter distribu-
tions. DREAM was run for 20,000 generations for each study region using
computational resources of the Vienna Scientific Cluster (VSC). Calibration
periods ranged between 4 and 35 years and validation periods between one
and two years, respectively (Table 1). Post-calibration model evaluation
Table 2
RCM-GCM model combinations used for providing the time series for hydrological
modeling.

RCM

ALADIN CCLM HIRHAM5 RACMO RCA WRF Sum

GCM CNRM-CM5 x x x 3
EC-EARTH x x x x 4
HadGEM2-ES x x x 3
IPSL-CM5A-MR x x 2
MPI-ESM-LR x x 2
Sum 1 4 1 2 5 1 14

5

using various performance metrics demonstrated the model's ability to si-
multaneously reproduce multiple hydrological signatures. Detailed perfor-
mance metrics are given in the Supplement 1 and Prenner et al., 2019.
These results suggest that themodel is a robust and plausible representation
of the underlying processes.

To consider uncertainties of the hydrologic model, 25 different sets of
the parameter's posterior distributionswere sampled. The hydrological sim-
ulation was run with eachmodel parameter set for each of the 28 projected
precipitation and temperature station series. Hence, a total of 700 (=25 ∗
28) projected future catchment state time series for each precipitation
zone of all regions were available for the assessment of changes and uncer-
tainties of trigger conditions. A validation of the hydrological model based
on the modelled past climate carried out for the period 1981–2010 by
Hanus et al. (2021) showed that seasonality of runoff and timing of extreme
events are generally well captured, while the magnitude of high flows are
somewhat underrepresented, mainly due to an insufficient representation
of localized, high-intensity rainfall events as input data. Since the regional
susceptibility model for debris flows (Section 3.4) relies on a combination
of hydro-meteorological criteria, we assume that these short-comings
have a minor effect on the performance of the model. In this study we iso-
late the effect of climate change and neglect land use changes or other an-
thropogenic factors like engineering mitigation measures against debris-
flows. The hydrological simulation of projected climate data ranges from
1970 to 2100.

To test the statistical significance of identified changes, the Wilcoxon
Rank Sum test (Wilcoxon, 1945) was applied to compare the value distribu-
tions of either future period (2021–2050 or 2071–2100) with the historical
reference period (1971–2000). This test was carried out for each precipita-
tion zone of a region which comprises 700 time-series of projected hydro-
climatological catchment states. A significant change of the hydrological
regime was assumed, when at least 50 % of the realized Wilcoxon tests
for a region were significant at a 5 % significance level. In our definition,
a significant positive or negative change occurred when at least 80 % of
the significant samples showed deviations in the corresponding direction.
Otherwise, when the significant samples did not show a distinct direction
(below 80% threshold) the uncertainty was assumed to be too large to out-
line a clear trend. This procedure was repeated for each of the two emission
scenarios.

3.4. Trigger model

Debris flows can be triggered by different weather conditions, including
steady rain in the course of low-pressure systems, convective precipitation,
or even snow melt (e.g. Decaulne et al., 2005; Guzzetti et al., 2008;
Mostbauer et al., 2018). There is evidence that the magnitude of a critical
trigger event (i.e. rainfall) is not independent of the antecedent hydrologi-
cal conditions (e.g. Bogaard and Greco, 2018; Maraun et al., 2022).
Prenner et al. (2018) showed that different weather conditions leading to
the initiation of debris flows are reflected in the signatures of daily time-
series of measured and modelled hydro-meteorological parameters. For
example, a long-lasting rainfall event (LLR) is typically associated with de-
creasing temperatures and increasing soil moisture on the days preceding a
debris-flow event in the region. On the other hand, a convective “short-du-
ration storm” (SDS) occurs when the landscape heats up, which is reflected
in a decrease of soil moisture and an increase of temperature span during a
day. Debris-flow events associated with snow melt (SM) occur on consecu-
tive days of high soil moisture and intensive snowmelt. Prenner et al.
(2018) developed a probabilistic forecastingmodel based on a combination
of measured and modelled hydro-meteorological parameters that includes
the hydrological causes related to the trigger and showed that the model
outperforms rainfall-only approaches. On a regional scale, the advantage
of such an approach is that data for calibration and validation is available
over long time periods (40+ years) and the definition of a critical rainfall
threshold is avoided, including all the limitations associated with that
(e.g. Bogaard and Greco, 2018; Hirschberg et al., 2021). For the current
study we apply a slightly modified set of trigger criteria as presented by

http://vogis.cnv.at
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Table 3
Criteria and inequality equations for each trigger which have to be fulfilled that a catchment state counts as trigger condition. Please see the annotations for details about the
criteria definition. (LB = Lower Bound, UB = Upper Bound).

LLR SDS SM RS

Effective precipitation on the event daya

(LB ≤ x ≤ UB)
Effective precipitation on event dayb (LB ≤ x ≤ UB) Effective precipitation on event

day (x = 0)
Effective precipitation on event
day (1.0 ≤ x)

Normalized mean 3-day potential evapotranspiration1

(LB ≤ x ≤ UB)
Normalized mean 3-day potential evapotranspirationb

(LB ≤ x ≤ UB)
Snowmelt on event day (LB≤ x)d Snow line on event dayf (x ≤ UB)

3-day soil moisture change prior to event daya

(LB ≤ x ≤ UB)
3-day soil moisture change prior to event dayb

(LB ≤ x ≤ UB)
Soil moisture on event daye

(LB ≤ x)
Soil moisture on event daye (LB≤ x)

Soil moisture on event daya (LB ≤ x ≤ UB) Soil moisture on event dayb (LB ≤ x ≤ UB)
Snow melt on event dayc (x ≤ UB) Snow melt on event dayd (x ≤ UB)

a LB, UB represent the 5th and 95th percentile values derived from hydro-meteorological variables of the observed past on LLR triggered debris-flow event days.
b LB, UB represent the 5th and 95th percentile values derived from hydro-meteorological variables of the observed past on SDS triggered debris-flow event days.
c UB equals the 90th percentile of all snow melt values (above 0) of a precipitation zone.
d LB equals the 90th percentile of all snow melt values (above 0) of a precipitation zone.
e LB equals the 90th percentile of all soil moistures values of a precipitation zone.
f UB is equal to [MAX(e) − MIN(e)] / 2 + MIN (e) of a study region where e is the elevation of the snow line.
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Prenner et al. (2018) and separate between the trigger types long-lasting
rainfall (LLR), short-duration storm (SDS), snow melt (SM), and rain-on-
snow (RS) (Table 3).

The criteria for these trigger types were formulated according to the
inequality notation LB ≤ x ≤ UB, where x is the value of a hydro-
meteorological variable, LB the lower bound and UB the upper bound
threshold (Table 3). LB and UB thresholds were determined for each precip-
itation zone separately. We identify days characterized by LLR and SDS trig-
ger conditions based on the effective precipitation on the event day, the
normalizedmean 3-day potential evapotranspiration, the 3-day soilmoisture
gradient prior to the event day and the snow melt on the event day. LB and
UB correspond to the 5th and 95th percentile values of hydro-meteorological
variables on days in the past where at least one debris flow was observed
within the respective region according to respective trigger type. Due to lim-
ited historical events in the Feistritztal (only 3 debris flows), LB andUBwere
computed as m ± 0.5*|m|, where m is the group mean of the event-day
values of a hydro-meteorological variable. Though snow-melt and rain-on-
snow trigger conditions were associated with <20 % of the past debris-
flow events and hence hydro-meteorological footprints are less robust
(Prenner et al., 2019), these trigger types may be of increasing importance
for future winter and spring periods (Stoffel and Corona, 2018). A critical re-
flection about the selected criteria is provided in Section 5.1.

The trigger model was applied to each day of the 700 time-series repre-
senting future periods (either 2021–2050 or 2071–2100) as well as to each
day in the historical reference period (1971–2000). All days that fulfill the
criteria for a trigger (resulting in a “true” according to Boolean algebra)
were assumed as a positive trigger condition. These days were counted up

and normalized on an annual basis, both for the reference period (bNR)

and future periods (bNF), respectively. The mean annual change of trigger-
condition frequencyΔN for a future period with respect to the reference pe-
riod was then computed with

ΔN ¼
bNF þ 1bNR þ 1

 !
� 100 (1)

The increase of the numerator and denominator by the value 1 ensures
the avoidance of divisions by zero. This analysis was carried out on a yearly
as well as a monthly basis and for each emission scenario (RCP4.5 and
RCP8.5) separately. A comparison with the trigger model fed with the ob-
served modelled past is shown in Fig. S1 in Supplement 1.

4. Results

4.1. Change of climate conditions and hydrological catchment states

We here summarize changes of climatic conditions and hydrological
variables, representing the hydrological catchment state, relevant for the
6

assessment of days susceptible for debris-flow initiation. Fig. 3 exemplarily
shows changes and variations of relevant hydro-meteorological parameters
derived for the region Montafon for emission scenario RCP4.5. The out-
comes of RCP8.5 and all other regions are given in Supplement 2. A detailed
analysis of future changes of runoff in the respective regions is provided in
the recent study of Hanus et al. (2021).

4.1.1. Changes of future climate
The ensemble of the 28 climate change projections consistently predicts

a significant increase of mean air temperature in all regions and both emis-
sion scenarios for the near future as well as for the far future (Fig. 3 for the
Montafon region, Fig. S1 in Supplement 2 for all regions). For the near
future the average increase ranges between +1.4 °C and +1.7 °C for
RCP4.5 and RCP8.5, respectively. For the far future +2.5 °C and +4.3 °C
are projected. When averaging all RCP scenarios and periods over
the year, warming is projected to be highest in the catchments Pitztal
(+2.7 °C) and Defreggental (+2.6 °C) and lowest in the Paltental
(+2.3 °C). The most pronounced warming is expected for the summer
months, except for the Pitztal region where the highest rise is projected
for January.

Due to the variation across climate models, precipitation patterns are
not projected to statistically significantly change throughout the year in
the study regions (Fig. S3). Only for a few months in the far future we ex-
pect a change in a certain direction (e.g. increase of precipitation for the
Montafon region in June for emission scenario RCP4.5 (Fig. 3) and a de-
crease in August for RCP8.5). On average the climate model ensemble sug-
gests that annual precipitation increases between 4 % and 9 %. On a
seasonal basis we expect a slight increase during winter time (October to
March) in all regions, emission scenarios and both future periods. During
summermonths, especially inAugust,mean precipitation tends do decrease
in the far future for all regions.

The modelled potential evapotranspiration is strongly related to air
temperature and enrichedwith information about incoming solar radiation
(Hargreaves and Samani, 1982). Hence it peaks in summer and is lowest in
winter. Not surprisingly, potential evapotranspiration rates show, similar to
mean temperature, a significant increase for all regions (Fig. S4).

4.1.2. Changes of hydrological catchment states
Future soil moisture contents are expected to be significantly higher

from January to March and, for the regions Montafon (Fig. 3), Pitztal, and
Paltental, also in December (Fig. S8). This is caused by more precipitation
falling as rain instead of snow as well as an earlier snow melt. During sum-
mer projected hydrological catchment states suggest a significant decrease
of soil moisture during summer, especially in the regions south of the Alpine
main ridge (Defereggental andGailtal). In general, changes aremore distinct
(both, wetting and drying trends) in the far future than in the near future.

The actual evapotranspiration is expected to significantly increase in
the two most western regions (Montafon and Pitztal) during the whole



Fig. 3. Changes of climate conditions and hydrological catchment variables for the region Montafon for the emission scenario RCP4.5. Blue color represents the period
2021–2050 (near future) and red color the period 2071–2100 (far future). The markers “+”, “−”, and “~” indicate the significance of changes determined as explained
in Section 3.3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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year, while an increase is only found in the winter half-year in the other
four regions (Fig. S5). Here, the actual evapotranspiration does not achieve
its full potential during the summer months because of limited available
water in the soil. As a consequence, either no significant changes of mean
actual evapotranspiration are obtained (e.g. near future for Gailtal and
Paltental with RCP4.5) or no clear positive or negative trend can be de-
tected (e.g. Defereggental for both scenarios and for the far future in the
Gailtal region). However, a significant decrease of evapotranspiration (po-
tential and actual) in a specific month is not predicted in any constellation.

Total snow volumes are expected to significantly decrease in all regions,
for all future periods and all emission scenarios (Fig. S6). The expectations
concerning timing, rate and duration of snowmelt is more diverse (Fig. S7).
Except for the lowest region Feistritztal, snowmelt significantly increases in
January and – especially for the high alpine regions Montafon (Fig. 3),
Pitztal and Defreggental – in December, February and March. During mid
and end of spring (April, May) snow melt rates decrease compared to the
reference period. The major reason for this is the prediction of a higher
snow line in future climate that restricts snow and snow melt to higher
areas, which constitute only a small portion of the total precipitation
zone. This effect oppresses the generation of melt rates comparable to the
past.

4.2. Changes of debris-flow trigger conditions

4.2.1. Annual changes
Averaged over all study regions, all trigger types, we find that the rela-

tive changes of number of days with critical hydro-meteorological condi-
tions range mostly within the modelled uncertainties, both for the near
future and the far future (Fig. 4). When separating between trigger types,
the model predicts that snow-melt related debris-flow events (SM and RS)
will decrease in the far future for the RCP8.5 scenario, which is a conse-
quence of the strong increase of temperatures >4 °C and the associated
7

lower snowwater volumes. For the other trigger types, scenarios and future
periods, the number of days susceptible to debris flows show no significant
changes on an annual basis.

When separating between the study regions, we find regional differ-
ences, reflecting the climatic and hydrological heterogeneity of the Alpine
main ridge. The most distinct changes are predicted for the Paltental, a
low-alpine region in the central to eastern part of Austria, and the Pitztal,
a high-alpine valley in the western part. For the Paltental (Fig. 5a), the
annual number of days susceptible to debris flows are expected to decrease
by around −7 % (−4.3 d yr−1) for emission scenario RCP4.5 and by 4 to
14 % (−2.5 to −5.7 d yr−1) for RCP8.5. Responsible for these compara-
tively large changes are a decreasing number of days fulfilling the criteria
for SDS (−7 to −17 %) followed by LLR trigger conditions (−3 to
−18 %). The number of events triggered by SM and RS conditions are ex-
pected to remain unchanged. Almost no changes were computed for
Feistritztal, which is located even more east than Paltental. Here, debris-
flow events were mostly absent in the past as they will be in the projected
future (Fig. S9).

An opposite expectation we derive for the Pitztal region (Fig. 5b). Here,
weather conditions indicating LLR events show an increase in the far future,
both for RCP4.5 (+6.2 %) and RCP8.5 (+11.9%), corresponding to an an-
nual change of 1.5 d yr−1 in RCP4.5 and 2.7 d yr−1 in RCP8.5. Due to
shorter snow cover duration by the end of the century, snow-melt related
events are expected to decrease (−13.7 % or −2.3 d yr−1in RCP8.5).
The projected changes of debris-flow initiation by SDS, which is the trigger
type that was responsible for >50 % of the documented events in the past
(Prenner et al., 2019), show a strong variation, especially for the future.
For the Paltental and the Defereggental there is a tendency of reduction,
for both future periods and emission scenarios.

For the study regions south of the Alpine main ridge (Defereggental and
Gailtal), we find the most distinct changes for snow-related trigger condi-
tions, with decreasing signals especially for the far future in RCP8.5



Fig. 4. Annual change of trigger conditions (LLR, SDS, SM, RS as well as without trigger differentiation) frequency for the near and far future period and emission scenarios
RCP4.5 and RCP8.5. ΔN is the mean annual change of trigger-condition frequency for a future period with respect to the reference period.
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(Fig. 5c and d). Only for the Gailtal region, LLR conditions may slightly in-
crease by the end of the century. For themost western regionMontafon and
themost eastern region Feistritztal we do notfind substantial changes on an
annual basis (Figs. S9 and S10).

4.2.2. Seasonal changes of trigger conditions
Making use of the daily resolution of projections, we evaluate changes

of days susceptible to debris flows on a monthly basis. Though the relative
importance of trigger types varies throughout the year, results show a
strong seasonality of projected changes.

For long-lasting rainfall (LLR) conditions that triggered debris flows in
the past, we find a median increase of susceptibility especially for the
most western regions Montafon (Fig. 6a) and Pitztal (Fig. 6b) from March
to June, with maximum increases in April of up to 50 % for emission sce-
nario RCP8.5. It is important to note that this effectively corresponds to
an increase of 1–2 d yr−1 and infers the expectation that in a future climate
debris flows due to LLR events will occur earlier in the year. This pattern is
even more pronounced in the southern-most region Gailtal, with events as
early as February and March (Fig. 7a). For the months July, August and
September, LLR trigger conditions decrease across most regions (in the
region Paltental up to −40 % in August in the far future of RCP8.5,
corresponding to 2 d yr−1, Fig. S11). In late fall, the situation is more
diverse. While in the regions Pitztal and Gailtal future LLR conditions be-
come more frequent towards the end of the year, the other regions show
no signal.

Results of the current study suggest that the period with SDS trigger
conditions will be prolonged in the future. Although the highest convective
potential is typically reached during the summer months, results suggest a
decrease of frequency, up to−30 % for August in the far future of RCP8.5
8

in the Paltental. This decrease tends to be larger compared to the decrease
of LLR conditions.

For spring, increases of SDS conditions are projected for April and – in
the three western regions Montafon, Pitztal and Defereggental (Figs. 6a, b
and 7b) – also for May. Frequency changes are most distinct for the region
Gailtal, which is located south of the Alpine chain. Here, a considerable ex-
tension of SDS conditions are projected for December to March, with
highest increases in February with >50 % (Fig. 7a). To put this number
into perspective it has to be kept in mind that winter thunderstorms leading
to debris flows have been rare in the past and this increase corresponds to
an effective absolute increase of only 5 d yr−1.

In the future the amount of precipitation that falls as snowwill be signif-
icantly lower due to higher temperatures (Figs. S2 and S3). Throughout all
regions, emission scenarios, and future periods, we detect rising number of
days with rain-on-snow conditions (RS) for about six months of the year,
while snow-melt conditions (SM) increase for four months of the year.
The susceptibility to RS conditions begins in November in high-alpine
regions Montafon, Pitztal and Defereggental as well as in the low-alpine re-
gion Paltental. The RS condition frequency increases highest in the
Paltental at the end of the winter season (up to +47 % in March, Fig. S11
in Supplement). In contrast, RS conditions in the Montafon increases in
core winter time (January and February) by up to +13 % (Fig. 6a). Only
minor increases (+3 %) are observed in the southern Gailtal region
(Fig. 7a). The largest reduction of RS conditions occurs in the Pitztal by
about −40 % (Fig. 6b). For all projections, SM conditions generally shift
to times earlier in the year. For the far future in the worst-case scenario
RCP8.5, there is a rise of critical SM conditions in February (+26 % in
Montafon), March (+10 % in Paltental) and April (+36 % in Pitztal) and
a decrease in May (−57 % in Gailtal and −35 % in Paltental) and June



Fig. 5.Annual change of trigger type frequency (LLR, SDS, SM, RS as well as without trigger differentiation) for the near and far future period and emission scenarios RCP4.5
and RCP8.5 for the study region Pitztal (a), Paltental (b), Defereggental (c), and Gailtal (d). ΔN is the mean annual change of trigger-condition frequency for a future period
with respect to the reference period.
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(−55% in Pitztal). Within a large part of the year, there is no change of SM
conditions due to amissing snow cover to generate largemelt intensities on
the precipitation zones for all regions.

5. Discussion

5.1. Uncertainties and limitations

The outcomes of this study are associated with manifold uncertainties
from multiple sources, which is a general and well-known limitation in hy-
drologic modeling (Beven and Lamb, 2017) and climate change impact as-
sessment (Clark et al., 2016). To a certain part, these uncertainties stem
from the available measured hydrological input data (epistemic uncer-
tainties), which are unavoidable, especially when there is a relevant snow
fraction (Parajka et al., 2005). An additional challenge is the fact that in
high mountain areas precipitation and temperature can exhibit consider-
able spatial heterogeneity, which is often typically not well-captured by
monitoring stations (Hrachowitz andWeiler, 2011).We tried to limit the ef-
fects of the above by splitting the regions into hydrological response units
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and compensate the lack of elevation-resolved input data by accommodat-
ing temperature and rainfall data for 100 m elevation bands based on lapse
rates derived for the alpine region by Sevruk (1997) and Rolland (2003).

Another source of uncertainty comes from modeling itself. As a general
problem underlying all applications of hydrological model, hydrological
processes and fluxes in the study catchments are assumed to be represented
by the structure and parametrization of the underlying hydrological model,
which, although providing plausible response dynamics when confronted
with available data, cannot be fully verified due to the lack of sufficiently
detailed data (e.g. Beven et al., 2018).

Uncertainties are also associated with the time series of possible future
climates. Obviously, the future development of CO2 emissions or the tech-
nological progress are unknown. Subsequently, there is a chain of uncer-
tainties related to global and regional climate modeling and downscaling
approaches (Clark et al., 2016). For this study, we focus on scenarios
which we consider to represent the upper (RCP8.5) and lower bound
(RCP4.5) of possible concentration pathways.

Changes in regional rainfall, in particular of extreme events, are affected
by substantial uncertainties about the large-scale atmospheric circulation



Fig. 6. Seasonal change of trigger type frequency (LLR, SDS, SM, RS) for the regions (a)Montafon and (b) Pitztal for the near and far future and emission scenarios RCP4.5 and
RCP8.5. ΔN is the mean annual change of trigger-condition frequency for a future period with respect to the reference period.
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(here represented by GCMs) as well as local – often convective – processes
and the influence of the complex topography, which is only coarsely repre-
sented even in the chosen RCMs. Additionally, internal variability strongly
affects climate projections, in particular for the near future (Doblas-Reyes
et al., 2021). The use of a state-of-the-art climate model ensemble allows
us to comprehensively sample uncertainties, but in particular changes in
local processes may not be well captured by the ensemble spread. The
downscaling to the station scale is represented by a single model described
by Switanek et al. (2022).

As detailed in the methods section, we have accounted for the uncer-
tainties of the hydrological modeling by sampling 25 parameter sets of
the parameter posterior distributions stemming from the probabilistic
model calibration. Each of these 25 parameter sets were then applied to
each of the 28 climate projections, which cover an ensemble of 28 model
scenarios based on two emission scenarios. We assume that the resulting
700 time-series of future hydrological catchment states provide a broad rep-
resentation of the range of combined uncertainties of the hydrological and
climate model.

The debris-flow trigger model relies on criteria identified by Prenner
et al. (2018). A strength of this method is (1) that it differentiates between
hydro-meteorological trigger types, (2) the criteria associated with these
trigger types are connected to the hydro-meteorological signature and his-
tory of the catchment, which can be captured on a daily basis, and
(3) that the calibration period covers long time scales (40+ years). A sim-
ilar indirect approach was carried out by Turkington et al. (2016), who
used a combination of convective available potential energy (CAPE) and
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specific humidity as a proxy to capture the atmospheric conditions favoring
debris-flow initiation in a future climate. For our study predictions are
made on a regional scale rather than on the scale of each individual loca-
tions (e.g. gullies),where debrisflows actually initiate as in studies focusing
on specific torrential catchments (e.g. Rengers et al., 2016; Bernard and
Gregoretti, 2021; Oorthuis et al., 2022). This is a trade-off between resolu-
tion and data availability, but also guarantees that the model chain (cli-
mate-hydrology-trigger) is kept on the same scale. The main challenge for
building a more general and detailed trigger model is the limitation of his-
torical data on debris flows, water fluxes together with temporal variations
of sediment availability (e.g. as a function of sediment production and con-
nectivity). This limited sample size only warrants rather simple, low-
dimensional models in order to avoid the adverse effects of an over-
parameterized susceptibility model. In other words, building a more de-
tailed regional susceptibility model will include more prediction variables
than can bemeaningfully calibratedwith the observations available. Future
studies need to work out and test strategies for a more general model, ide-
ally including geomorphological components, as developed for the
catchment-scale studies of Bennett et al. (2014) and Hirschberg et al.
(2020). We consider the current study, which focuses on a regional scale,
as a first step in this direction.

A further limitation is that upper and lower bounds of threshold trigger
criteria were derived from (usually extreme) catchment states at debris-
flow occurrence in the past, whereas the criteria sets were applied to
both, projected future and past. Hence, results shown in this study are con-
ditional on the assumption that the pattern pointing to debris flows in the



Fig. 7. Seasonal change of trigger type frequency (LLR, SDS, SM, RS) for the regions (a) Gailtal and (b) Defereggental for the near and far future and emission scenarios RCP4.5
and RCP8.5. ΔN is the mean annual change of trigger-condition frequency for a future period with respect to the reference period.
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past will also hold in the future. This may introduce some bias especially
when dealing with the far future where trends from climate change in
hydro-meteorological variables are largest. For example, due to rising air
temperatures, future debris-flow events will generally occur within a
warmer environment. Applied trigger criteria on future days will mark
rather insignificant days instead of the extreme days because those may
be outside of the LB and UB boundaries. To counteract this effect, the
mean 3-day potential evapotranspiration (used as criterion for LLR and
SDS and which is strongly related to air temperature) was normalized by
the mean value over the concerned 30-year period to remove this trend. In-
stead of normalizing the potential evapotranspiration, an alternative option
would have been to remove the UB of the criteria inequality equations so
that every magnitude greater than LB would count as trigger condition.
However, in that case, LB would remain unadjusted for future periods,
thus this approach was discarded.

A similar challenge is the definition of an UB condition for the rain-
fall criteria for LLR and SDS trigger types, as the trigger model might
miss days susceptible to debris flows outside the upper bound (i.e. fu-
ture extreme rainfall events). The main arguments for keeping an UB
condition are that we aim to assess how hydro-meteorological condi-
tions associated with the triggering of debris flows in the past will
change due to climate change and that defining an UB condition enables
a better differentiation between LLR and SDS trigger types. Addition-
ally, in the absence of an UB condition, the rainfall criteria would be ob-
solete, as the 5th percentile that defines the lower bound is mostly close
to zero for the SDS trigger type, as short duration storms are typically
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very local phenomena and not captured by rain gauges in the main val-
ley axis. We assume the this may affect the detailed results, but not the
overall interpretation.

5.2. Changes of debris-flow activity

The hydrological response of our study regions changes significantly by
changing temperature and precipitation patterns in a future climate, which
is in accordance to the detailed analysis of changes of runoff signatures by
Hanus et al. (2021). In simple terms, catchments become wetter in winter
(increased soil moisture, slightly more precipitation and less snow fall)
and drier in summer (less precipitation and drier soils). The trigger-type re-
solved analysis reflects these outcomes.

Our study represents a first attempt for a regional, trigger-type resolved
assessment on future debris-flow activity in the Eastern Alps. The trigger
model is based on hydro-meteorological signatures of debris-flow days in
the past and how often such days will occur in the future. Arguments for
doing so is that (1) a trigger-type resolved susceptibility assessment outper-
forms rainfall-only approaches for past events (Prenner et al., 2018), and
(2) we can assess seasonal and regional changes of each trigger type sepa-
rately. Importantly, we do not assess changes of debris-flow event magni-
tude (i.e. volume), which is the most important quantity in engineering
hazard assessment (Huerlimann et al., 2008). It is possible that the fre-
quency of future convective rainfall in summer decreases while correspond-
ing intensity increases (Pichelli et al., 2021), which potentially may lead to
an increase of debris-flow volume. For the initiation of debris flows this
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may be of strong relevance as short-duration storms were responsible for
about 2/3 of debris-flows events in the past (Prenner et al., 2019).

At annual resolution, we do not find substantial changes of the number
of days susceptible for debris-flow initiation. This is similar to the expecta-
tions of future debris-flow activity in two regions in the Italian and French
Alps reported by Turkington et al. (2016), who used a combination of me-
teorological parameters as proxies for critical debris-flow initiation condi-
tions. On a monthly basis we find a more diverse picture. Our results
indicate an extension of the debris-flows season towards late winter and
even spring. This mostly supports the findings of Stoffel et al. (2014) for
the western Alps who expect more debris-flow events in the shoulder-
seasons (i.e. spring and fall). For the current study, we find that both,
short-duration storms as well as long-lasting rain tend to become more
probable earlier in the year, but the extend of this shift and related type
of trigger, may, however, vary from region to region. For most regions,
events triggered by long-lasting rainfall become less probable in summer.
All in common is that snow-melt related trigger conditions are becoming
more frequent in late winter/early spring, reflecting the general expecta-
tion of a precipitation shift from snow towards rain earlier in the year
(Berghuijs et al., 2014). For recent years, we saw a statistically significant
increase of rain-on-snow events in a small catchment on north-eastern
Switzerland (Beniston and Stoffel, 2016) and extreme temperatures and
multiple rain-on-snow events in the Alpine region even in winter (Stoffel
and Corona, 2018). The expected increase of such conditions is also sup-
ported by our study; however, we cannot specify the absorbing or snow-
melt accelerating effect of a rain-on-snow event for specific torrential catch-
ments. Given the general low number of snow-melt related trigger condi-
tions compared to rainfall-related triggers in summer, as well as that for
only a few regions rainfall-related triggers will be become less probable in
summer (e.g. a decreasing trend of long-lasting rainfall in the low-alpine re-
gion Paltental), we mainly expect an extension of the debris-flow season in
our study regions, rather than a shift.

Debris-flow activity is not only controlled by a certain intensity or dura-
tion of rainfall, but also by hydrological and geomorphological boundary con-
ditions that may vary over time (Bovis and Jakob, 1999). This study covers
themost important aspects of the hydrological component; however, the geo-
morphological aspects are not included. The debris-flow catchments in our
study regions may be associated with sediment-limited as well as sediment-
unlimited conditions. It has been shown that increasing temperatures lead
to an increase of physical weathering in high altitudes (Allen and Huggel,
2013; Bernard and Gregoretti, 2021) and that additional sediment input can
lead to increased debris-flow activity (Baer et al., 2017). Stoffel and Huggel
(2012) argue that drier summers will allow an increased accumulation of de-
bris in the channelwhichmay lead to less frequent but largermagnitudes. Yet,
in catchments, where sediment-supply is driven by frost-weathering, in-
creased future temperatures may lead to a reduction of sediment re-charge
to the channel at mid-altitude ranges and by that to a reduction of debris-
flow frequency, as found in the catchment-scale study of Hirschberg et al.
(2020). Both effects may apply to certain parts of our study regions. Further-
more, some sub-catchments in the regions Montafon, Pitztal and
Defereggental are affected by the retreat of glaciers and thawing of perma-
frost, where considerable amounts of debris may be released (Lugon and
Stoffel, 2010). These high-elevation sites have a small extension compared
to the area of themodelled regions, hencewe expect aminor bias for our anal-
ysis. On the other hand, the database of past debris flows from these locations
and by that our experience is limited.We cannot rule out debris-flowevents of
unprecedented magnitude or cascading events as recently observed in a sim-
ilar alpine setting (Walter et al., 2020). An elevation-resolved quantification
of the extent and temporal variation of the geomorphological disposition is
not yet available even though this would be of importance for a more com-
plete climate change impact assessment in our study regions.

6. Conclusions

In this study we connect a calibrated rainfall-runoff model (Prenner
et al., 2019) with climate projections until 2100 (Switanek et al., 2022)
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to assess changes of hydro-meteorological trigger conditions for debris
flows in six regions in the Austrian Alps. The trigger model (Prenner
et al., 2018) is based on criteria sets defined for different trigger types
(long-lasting rainfall LLR, short duration storm SDS, snow-melt SM and
rain-on-snow RS).

The patterns of changes are regionally consistent for both emission sce-
narios and future periods. In other words, for each region, changes of trig-
ger conditions are similar for the different realizations of future climate,
only themagnitude of changes increaseswith emission scenario and further
future period. A general finding is that we mostly find the highest increase
of critical weather conditions early in the year (typically March and April),
whereas in summer, which in the past was the typical season for debris
flows, the probability of at least one trigger type decreases. Given the uncer-
tainties stemming from the model representation and climate projections,
we conclude:

• At an annual basis, there is no strong signal for changes of any trigger type
in our study regions.

• We find distinct seasonal as well as regional differences of trigger condi-
tions. SDS conditions mostly expand to spring. For the eastern regions
we find a decreasing (or continuously low) frequency during summer
time. Regions south of the alpine chain, especially the Gailtal, will experi-
ence SDS conditions as early as January through March.

• LLR conditions show similar patterns, i.e. a shift to periods earlier in the
year, but with a general tendency of decreasing probabilities during sum-
mer. Changes in fall are more diverse, with no to slightly increased LLR
frequency.

• Snow-related trigger conditions are strongly impacted by climate change.
RS receives amore prolonged period than future conditions, while SM pe-
riods shorten and shift to times earlier in the year.

• From the seasonal shifts, an extension of the debris flow season from sum-
mer months into spring is expectable. Due to drier summers, it seems
likely that more sediment will accumulate in or close to torrential chan-
nels, which lead to less frequent but more voluminous debris-flow events
in the future. Furthermore, additional sediment sources will be available
for high alpine zones of regions Montafon, Pitztal and Defereggental in
the future because of glacier retreat and thawing permafrost.
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