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Abstract. 

Debris flows are a severe natural hazard in mountain regions. As a spatially and temporally highly irregular phenomenon, 10 

meaningful quantitative description and generalization of the underlying processes in contrasting environments as well as 

associated robust local prediction of debris flows is hindered by a lack of sufficiently detailed observations. As a consequence, 

debris flows are frequently predicted based on simple regional precipitation (or rainfall) intensity-duration thresholds that lump 

many channels over larger spatial domains, irrespective of potentially different underlying debris flow trigger processes due 

to hydro-climatic or geomorphic differences between the channels. Based on long-term debris flow records of up to 18 years, 15 

hydro-climatic observations and modelled hydrological variables across three contrasting active debris flow channels (ID1-

ID3) in the Austrian Alps, this study (1) analyses differences between the local debris flow regimes in these channels, based 

on their strength of temporal coupling with hydro-climatic and hydrological extremes, (2) quantifies differences between 

regional and local debris flow initiation thresholds that emerge from these differences in their temporal coupling, and (3) 

identifies the pairs of threshold model variables that allow the most reliable debris flow predictions in each of the three study 20 

channels. We have found that the three study channels are characterized by considerable difference in seasonal debris flow 

timing. In channel ID1, debris flows events are largely confined to early summer, occurring, on average, several weeks before 

the wettest conditions in each year, thus being only weakly coupled to hydro-meteorological extremes. In the close-by channel 

ID2, debris flows occur throughout summer, on average a few days after the wettest conditions of any specific year. The high 

debris flow frequency in this channel in addition suggests multiple cycles of sediment exhaustion and re-supply to the channel 25 

over one season. Together, this is evidence for a stronger coupling and a highly dynamic balance between the availabilities of 

sufficient sediment and in-stream transport capacity, respectively. Due to the geographical proximity of and thus similar hydro-

climatic conditions in ID1 and ID2, the differences in debris flow regimes can largely be attributed to differences in landscape 

characteristics and thus geomorphic predisposition. In contrast, in channel ID3, debris flows are largely confined to late 

summer and temporally coincide with the wettest annual conditions, suggesting a strongly coupled debris flow regime. The 30 

differences between ID3 and the other channels arise from the combined influence of hydro-climatic and geomorphic 
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predisposition. These differences in debris flow regimes are reflected in the differences between the individual local thresholds 

across the three channels and the systematically superior performance of local thresholds to detect debris flows than regional 

thresholds across all channels. It was further found that traditional precipitation and rainfall thresholds were consistently 

outperformed by thresholds that explicitly account for the sum of rainfall and snowmelt. The overall strongest thresholds were 35 

found to be the ones based on channel discharge, providing a direct descriptor of in-stream transport capacity. Together the 

results provide evidence for the benefit of local thresholds and explicitly accounting for hydrological variables in threshold-

based debris flow prediction models.         

 

  40 
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1 Introduction 

Debris flows are fast flowing, multi-phase mixtures of water and sediment that surge down steep channels (Hungr et al., 2014; 

Brenna et al., 2020). As major natural hazards in mountainous regions they cause every year numerous human casualties, 

disruption and economic damage world-wide (Dowling and Santi, 2014). The detailed physical trigger mechanisms of debris 

flows are not yet fully understood and remain subject of ongoing debate. However, there is broad consensus that their 45 

occurrence is, next to geomorphological properties (e.g. Moreno et el., 2025) and similar to shallow landslides (Mirus et al., 

2025), linked to precipitation intensities and volumes and thus also to the resulting subsurface water storage and magnitude of 

stream flow (e.g. Takahashi, 1978; Gregoretti and Dalla Fontana, 2008; Kean et al., 2013; Bennet et al., 2014; Bogaard and 

Greco, 2018; Palucis et al., 2018; Prenner et al., 2018; Bernard et al., 2025). Theoretical and empirical evidence suggests that 

climate-change leads, amongst other factors, to increases of precipitation intensities and associated river flood peaks (e.g. 50 

Haslinger et al., 2025; Astagneau et al., 2026). As a consequence, it therefore needs to be expected that occurrence frequencies 

and magnitudes of debris flows will likewise be affected (e.g. Hirschberg et al., 2021; Kaitna et al., 2023a; 2025), emphasizing 

the need for reliable prediction models.  

Typically, debris flows are temporally sharply confined and spatially highly localized events in steep mountain watersheds. 

Depending, amongst others, on channel geometry and flow rate, the time between a debris flow being triggered and the 55 

sediment eventually being re-deposited further downstream does in many cases not exceed a few minutes. Debris flows can 

thus be characterized by much shorter timescales than slower and more gradually moving landslides. In addition, they also 

occur at smaller spatial scales. Debris flows are not only often initiated from diffusely defined sediment source areas whose 

location in or close to stream channels can be highly variable over time, but debris flows also remain spatially largely confined 

to these channels when propagating downwards. As such, debris flows are controlled by the local interplay between the 60 

manifold and complex processes of sediment supply from varying source area locations and in-stream transport capacity 

(Montgomery and Buffington, 1997; Palucis et al., 2018).  

Together the above characteristics of debris flows pose major observational obstacles because it is problematic to anticipate in 

which (parts of a) channel debris flows may occur and where initiation source areas are located at any given moment. This is 

further exacerbated by the relatively low frequency of debris flow occurrence in specific individual channels, which rarely 65 

exceeds 10 individual debris flow events per year and is commonly much lower. As a consequence, there are world-wide only 

a few intensely monitored natural channels with data for a sufficiently large sample of recorded historical debris flow events 

in combination with spatially and temporally high-resolution concomitant long-term data of hydrometeorological variables. 

This lack of data has so far limited our ability to generalize the physical mechanisms that lead to the initiation of debris flows 

beyond the few monitored channels and thus to generalize parametrizations of process-based models (Bennet et al., 2014; 70 

Gregoretti et al., 2016; McGuire et al., 2017). In contrast, data-driven approaches to describe debris flow initiation, mostly 

based on precipitation intensity-duration thresholds are less data-intensive (e.g Guzzetti et al., 2008; Berti et al., 2012; Bel et 

al., 2017; Kaitna et al., 2025). However, the relative scarcity of debris flows, incomplete event documentation, and comparably 
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short observation time series of frequently <10 years in many channels imposes another set of limitations: to allow sufficiently 

large debris flow samples for meaningful statistical analysis, these models are almost exclusively implemented at larger, 75 

regional scales, aggregating debris flow data from many different channels. Such regional threshold models have in the past 

proven useful to identify time periods with hydrometeorological conditions with increased debris flow occurrence probability 

over larger spatial domains. The major disadvantage is that the use of spatially lumped regional thresholds does not allow to 

predict where, i.e. in which channel or in which catchment within the spatial domain debris flows may be expected to occur. 

Correspondingly, little is known about general differences in debris flow regimes, e.g. supply- vs. transport-limited, between 80 

channels, as well as about differences in initiation thresholds in different channels.  

Overall, this implies that debris flows remain problematic to reliably predict in time and space. As a step towards closing this 

knowledge gap, the objectives of this study, based on up to 18 years of documented debris flows and hourly hydro-

meteorological data in three contrasting debris flow-active channels in high alpine terrain in Austria, are (1) to analyze and 

describe the differences between the local debris flow regimes in these channels based on their strength of temporal coupling 85 

with hydro-climatic and hydrological extremes, (2) to quantify differences between regional and local debris flow initiation 

thresholds that emerge from these differences in their temporal coupling as well as (3) to identify the pairs of threshold model 

variables that allow the most reliable local debris flow predictions in each of the three channels. 

2 Study area     

This study is based on data from three small, hydro-meteorologically and physiographically distinct high-elevation catchments 90 

along the alpine main ridge in Austria. All three study catchments are characterized by rather frequent debris flow occurrence. 

Detailed catchment characteristics are provided in Figure 1 and Table 1.  

Briefly, the Hopfgartnergraben catchment (ID1c; Fig.1a-c, Fig.2a), with an area of 2.29 km2 and a mean elevation of 1993 m 

a.s.l., is a side valley of the Defereggen valley and features mostly south-facing, steep hillsides with a mean slope of i ~ 0.86. 

The channel network itself is characterized by a somewhat milder mean slope of ic ~ 0.53. The lower elevation parts of the 95 

catchment are mostly spruce forest, with a total areal fraction Af = 0.16, and grassland (Ag = 0.09). In contrast, higher elevations 

are mostly covered by shallow-rooted, high alpine vegetation (Ah = 0.54) or are largely unvegetated (Au = 0.21). Throughout 

the catchment, loam soils dominate, underlain by metamorphic lithology of mostly highly erodible micaschist formations. The 

mean annual precipitation in the catchment is ~1150 mm yr-1. With a mean annual temperature of 3˚C, ~39% of precipitation, 

on average, falls as snow, leading to the presence of a seasonal snowpack typically from end of October until beginning of 100 

June. During the observation period, debris flows observed in the catchment are exclusively triggered from higher elevation 

parts of the central channel with well-defined and documented source areas that supply the channel with sediment (Fig.2d). 

The most downstream point of the source areas delimits the sub-catchment area that affects debris flow initiation (0.72 km2; 

ID1) and which is used for the subsequent analysis of debris flow occurrence and trigger thresholds. While characterized by 

the same soil textures and lithology, this debris flow initiation area sub-catchment (ID1) has, in contrast to the overall 105 
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catchment (ID1c), a higher mean elevation of 2211 m a.s.l., moderately steeper slopes (i ~ 0.97, ic ~ 0.67) and less abundant 

vegetation with a large fraction unvegetated (Au = 0.27) or covered by high-alpine vegetation (Ah = 0.71). 

The Loechertroggraben catchment (ID2c; Fig.1d-f; Fig.2b) is also located in the Defereggen valley, ~7 km west of the 

Hopfgartnergraben (ID1c). It has an area of 0.3 km2, a mean elevation of 1789 m a.s.l. and features mostly steep, north-facing, 

shaded terrain with a mean slope of i ~ 0.86 and a similarly steep channel system (ic ~ 0.71). Wide parts of the catchment are 110 

covered by spruce and larch forest (Af = 0.73), with a large, contiguous patch of unvegetated scree debris (Au = 0.23) below a 

sharp escarpment in the centre of the catchment. Soils with loam texture dominate throughout the catchment. Orthogneiss in 

the lower part and unsorted moraine material in the upper part with patches of highly erodible Phyllonite along the edges of 

the escarpment characterize the geology of the catchment. The catchment has a mean annual temperature of 4.7˚C and receives 

~1160 mm yr-1 precipitation, around 44% of which falling as snow. Seasonal snowpacks are typically present between early 115 

November and end of May. Sediment is supplied to the channel mostly from the unvegetated scree debris patch and the 

episodically collapsing escarpment above. The downstream end of this source area therefore defines the sub-catchment ID2, 

in which past debris flows were initiated (Fig.2e). This sub-catchment ID2 has a mean elevation of 1912 m a.s.l and is 

characterized by slightly gentler terrain slopes (i ~ 0.7) but a steeper channel (ic ~ 0.77) than the overall catchment. A third of 

ID2 is covered by unvegetated scree (Au = 0.33) and most of the remainder with forest (Af = 0.63).    120 

 

Table 1. Hydro-climatic characteristics and landscape properties of the study catchments.  

 Hopfgartnergraben Loechertroggraben Lattenbach 

 catchment source area catchment source area catchment source area 

ID ID1c ID1 ID2c ID2 ID3c ID3 

Location outlet 
46˚55’23” N 
12˚31’18” E 

46˚55’56” N 
12˚30’59” E 

46˚55’00” N 
12˚25’03” E 

46˚54’44” N 
12˚25’05” E 

47˚08’07” N 
10˚30’45” E 

47˚08’56” N 
10˚30’01” E 

Period debris flow observations 2005-2022 2020-2022 2005-2022 

Number observed debris flow events 12 24 17 

Mean annual temperature T [˚C] 3.0 1.7* 4.7 4.0* 4.0 3.5* 

Mean annual precipitation P [mm yr-1] 1150 1150 1160 1160 1010 1010 

Mean annual fraction of P falling as snow [-]** 0.39 0.45 0.44 0.46 0.38 0.42 

Mean annual potential evaporation EP [mm yr-1] 570 540 340 330 710 690 

Mean annual stream flow Q [mm yr-1]** 710 715 930 930 520 525 

Long-term mean runoff ratio CR = Q/P [-]** 0.61 0.62 0.80 0.80 0.51 0.52 

Catchment area A [km2] 2.29 0.72 0.30 0.13 5.41 2.28 

Elevation range [m] 1127-2728 1592-2656 1340-2067 1676-2067 833-2968 1158-2729 
Mean elevation [m] 1993 2211 1789 1912 1740 1830 

Mean catchment slope i [-] 0.86 0.97 0.86 0.70 0.78 0.76 

Mean channel slope ic [-] 0.53 0.67 0.71 0.77 0.31 0.33 

Areal fraction forest Af [-] 0.16 0.02 0.73 0.63 0.23 0.16 

Areal fraction grass Ag [-] 0.09 0.00 0.00 0.00 0.06 0.00 
Areal fraction high alpine vegetation Ah [-] 0.54 0.71 0.04 0.04 0.35 0.45 

Areal fraction unvegetated/bare rock Au [-] 0.21 0.27 0.23 0.33 0.36 0.39 

Soil texture† Loam Loam Loam 

Lithology‡ Micaschist Orthogneiss Limestone/Micaschist 
*estimates based on environmental lapse rate of 0.006˚Cm-1; **estimates from hydrological model; †from https://soilgrids.org/ (last access 30/01/2026; Poggio 

et al., 2021); ‡from https://maps.europe-geology.eu (last access 30/01/2026; Hollis et al., 2022) 

 125 
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The Lattenbach catchment (ID3c; Fig.1g-i; Fig.2c) drains in south-east direction into the Sanna river. It has an area of 5.4 km2 

and a mean elevation of 1740 m a.s.l. While the hillsides are very steep (i ~ 0.78), the channel network in the valley bottoms 

follows milder gradients (ic ~ 0.31). The catchment is covered by deciduous-dominated forest (Af = 0.23) at lower elevations 

and high-alpine vegetation (Ah = 0.35) and unvegetated (Au = 0.36) parts at higher elevations. Soils are typically of loam 

texture. The catchment is located along a fault line between micaschist formations of the crystalline and the northern calcareous 130 

Alps, characterized by deep-seated mass movements within the heavily stressed bedrock. Mean annual temperature reaches 

4˚C and precipitation ~1010 mm yr-1, around 38% of which on average falls as snow. Seasonal snowpack is typically present 

between end of October and early June. Debris flows have in the past exclusively been initiated in the southern-most channel 

(Fig.2f). Sediment of the weathered weak bedrock and post glacial deposits are fed into the channel by deep-seated landslides 

at movement rates up several meters per year (Aigner et al., 2023). The most downstream point of these source areas delimits 135 

the sub-catchment area that is associated with debris flow initiation (2.28 km2; ID3). At a mean elevation of 1830 m a.s.l., the 

debris flow initiation sub-catchment (ID3) features similar characteristics than the overall catchment (ID3), with comparable 

terrain and channel slopes and a dominance of high-alpine vegetation (Ah = 0.45) and unvegetated surfaces (Au = 0.39).  

 

 140 
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Figure 1. Elevation and landcover, as well as orthophotos overlain by landcover for the three study catchments: (a)-(c) Hopfgartnergraben, 

(d)-(f) Loechertroggraben and (g)-(i) Lattenbach. The grey circle symbols indicate the outlets of the overall catchments (ID1c, ID2c and 

ID3c). The blue circle symbols indicate the outlets of the sub-catchments in which observed debris flows were initiated (ID1, ID2, ID3). The 

red shaded areas indicate the locations of documented sediment source areas. The small context map (Source: ©EuroGeographics, EBM 

v2020), shows the locations of the three study catchments in Austria   160 
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Figure 2. Photos of the three study catchments (a) ID1c – Hopfgartnergraben, (b) ID2c – Loechertroggraben and (c) ID3c – Lattenbach. The 

red arrows indicate the location of photos of the channels source areas in (d) ID1 – Hopfgartnergraben, (e) ID2 – Loechertroggraben and (f) 

ID3 – Lattenbach.  180 

3 Data  

3.1 Debris flow data 

Debris flow event data in the Hopfgartnergraben catchment (ID1c) were available through an inventory of documented debris 

flows, managed by the Austrian Ministry of Agriculture and Forestry, Climate and Environmental Protection, Regions and 

Water Management (BMLUK, 2026) for monitoring periods 2005-2022 and completed by an automatic digital camera, located 185 

at the outlet of the catchment, at a 10-minute time interval for the period 2020-2022. In total 12 debris flow events were 

observed in the catchment during the 18-year monitoring period, i.e. on average ~0.67 yr-1 (Fig.3a). In most years, a maximum 

of one single debris flow occurred, with the exception of 2021, when three debris flows occurred. Data from detailed field 

surveys following the debris flows (Wagner, 2022; Kaitna et al., 2023b.) suggest that all events were initiated within a narrowly 

defined source area that supplied the sediment by physical weathering of the adjacent bedrock outcrops (ID1; Fig.1a-c, Fig. 190 

2d). Due to the lack of active landslides or substantial amounts of quaternary deposits along the channel, we 

geomorphologically classify ID1 as supply-limited catchment (Bovis & Jakob, 1999; Hirschberg et al., 2022; Qui et al., 2024).  
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Due to the lack of elements at risk in the vicinity of the Loechertroggraben catchment (ID2c) , information on past debris flow 

activity in the public inventory is, in contrast to ID1c, limited.  For this study, debris flow events in ID2c were exclusively 

observed by two automatic cameras, installed at the outlet of ID2c, with a 10-minute recording timestep. Observations are 195 

available between 2020 and 2022. Due to harsh environmental conditions and logistical constraints, the operation of the camera 

was restricted to the summer period between end of May and mid-October. Throughout the 3-year monitoring campaign, a 

total of 24 debris flows was observed with an average of 8 yr-1 (Fig.3b). Based on detailed field evidence (Bernardi, 2022; 

Kaitna et al., 2023b) it was found that all observed debris flows were initiated at the distal reach of an unvegetated, steep and 

instable scree patch, where all water and eroded sediment is funnelled into a narrow bedrock gorge (ID2; Fig.1d-f, Fig.2e). 200 

The rather high sediment-supply rate from this active source area is expected to be responsible for the exceptional debris flow 

activity during the observation period and is reflected in a prominent depositional fan at the outlet of the catchment. 

At the Lattenbach catchment (ID3c), the occurrence and flow dynamics of debris flows are systematically monitored by the 

Institute of Mountain Risk Engineering at BOKU University (Huebl and Kaitna, 2021), providing a complete dataset for the 

2005 – 2022 period. During this 18-year period a total of 17 debris flow events were recorded (Fig.3c). The number of events 205 

per year range from none to a maximum of three, with an average of ~0.95 yr-1. In contrast to the two other catchments, field 

surveys and remote sensing suggest that debris flows are mostly initiated along a channel reach, where deep-seated landslides 

continuously supply sediment to the channel (ID3; Fig.1g-I, Fig.2f).  

3.2 Hydrometeorological and hydrological data 

Hourly mean catchment precipitation (P) and temperature (T) were obtained from the 1x1 km2 gridded INCA reanalysis 210 

product operated by GeoSphere Austria (Haiden et al., 2011) for the three study catchments over the 2005 – 2022 study period. 

Minor gaps in the data series were filled using observations from the nearby weather stations Hopfgarten (for ID1, 2) and See 

im Paznaun (for ID3) operated by the regional Hydrographic Services (HD Tirol; ehyd.gv.at; last access 30/01/26). Hourly 

potential evaporation EP was estimated based on the method proposed by Hargreaves and Samani (1982). For the 2020-2022 

period stream water-level observations were available at 10-minute intervals through the wildcameras installed at the 215 

catchment outlets. From these observations average hourly water levels Hest (cm) were visually and semi-quantitatively 

classified into 2 cm intervals, similar to Clerc-Schwarzenbach et al. (2025). Despite uncertainties involved, this nevertheless 

allowed overall distinction between general flow magnitudes and the timing of their occurrence. In addition, direct in-situ 

stream flow measurements Qo (m3s-1) were available for several days in the study catchments.  

Gridded snow cover information was obtained for the 2005-2022 study period for the three study catchments from the remotely 220 

sensed MODIS/Terra MOD10A1 product that provides daily retrievals of Normalized Difference Snow Index NDSI at a spatial 

resolution of 500m (Hall and Riggs, 2016). All available daily images from January 2005 to December 2022 were used in the 

analysis.  

 

 225 

https://doi.org/10.5194/egusphere-2026-5589
Preprint. Discussion started: 24 September 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

 

3.3 Preprocessing of MODIS, detection of snow cover and estimation of snow line elevation 

The MODIS snow cover data had to be pre-processed to produce elevation dependent time series of daily snow cover presence 

for each of the three study catchments similar to what is described by Parajka and Blöschl (2008). Briefly, each catchment was 

stratified into 250m elevation bands. The presence of snow cover in each elevation band for each time step was then detected 230 

based on the Normalized Difference Snow Index (NDSI). Following Tong et al. (2020) and given the characteristics of the 

study catchments, MODIS cells with NDSI ≥ 0.3 were flagged as snow covered. If the fraction of cloud free MODIS cells 

within an elevation band was ≥ 0.1 and the mean NDSI of these cells ≥ 0.3, the entire elevation band m was labelled as “snow” 

(sO,m,i=1) for that time step i. Conversely, if the fraction of cloud free cells within an elevation band was < 0.25 and the mean 

NDSI of these cells < 0.3, the entire elevation band was labelled as “no snow” (sO,m,i=0) for that time step. If, due to cloud 235 

cover neither of these cases were met, the elevation band was labelled as “unknown” (sO,m,i=NaN) for that time step i. This 

resulted, for each elevation band m, in binary a time series of observed “snow” (sO,m,i=1), “no snow” (sO,m,i=0) or “unknown” 

(sO,m,i=NaN), which were further used for model calibration as described in Section 4.1. For visualization, the daily time series 

of snow line elevation ESL (m), i.e. the lowest elevation band in which snow was detected at any time step i (sO,m,i=1), was 

determined for each catchment over the study period. In case one or more elevation bands were cloud covered (sO,m,i=NaN) on 240 

a specific day, a lower and upper potential limit of ESL was determined from the lowest and the highest elevation bands that 

were not cloud covered on that day. Due to cloud cover, observed snow information was available on 𝑁𝑆𝑂
̅̅ ̅̅ ̅~ 145 𝑑 𝑦𝑟−1, on 

average across the three catchments over the study period. 
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Figure 3. Time series of observed debris flows events together with hydrometeorological and hydrological variables for the (a) 

Hopfgartnergraben (ID1), (b) Loechertroggraben (ID2) and (c) Lattenbach (sub-)catchments (ID3). The orange, light red and dark red bars 285 

indicate the date of observed debris flows and the circle symbols indicate the channel discharge Q associated with each debris flow. The top 

rows of each panel show daily snowfall PS (light blue bars), as well as liquid water input PL as a sum of snow melt (light grey bars) and 

rainfall (dark blue bars). The middle rows show modelled snow water equivalent SWE and the bottom rows modelled discharge Q. The light 

shaded areas indicate the 5/95th uncertainty interval of SWE and Q. Note, the modelled variables are here shown for the reader to provide 

better context. Detailed descriptions of the hydrological model are provided hereafter in section 4.1 and detailed model results are provided 290 

in section 5.1. 
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4 Methods 

The subsequent experiment involves four steps: (1) calibration of the hydrological model at the outlets of the three study 295 

catchments (ID1c-3c; Figure 1), (2) re-run the models for the debris flow initiation sub-catchments (ID1-3; Figure 1) with 

rescaled elevation and landcover type distributions but without further re-calibration, (3) readout time-series of modelled 

variables rainfall PR, liquid precipitation PL (rainfall plus snow melt), relative soil moisture SU and stream flow Q and (4) 

estimate two dimensional regional and local thresholds for debris flow initiation based on these variables.  

4.1 Hydrological model  300 

4.1.1 Model architecture 

A semi-distributed, process-based model is used to reproduce the hydrological dynamics of the study catchments. The model 

is based on the modular modelling framework described by Prenner et al. (2018), with similar successful implementations in 

the region (Hanus et al., 2021; Ponds et al., 2025) and elsewhere (Nijzink et al., 2016; Hulsman et al., 2021; Bouaziz et al., 

2022; Tempel et al., 2024; Wang et al., 2024). All model equations are given in Supplementary Material Table S1. 305 

Briefly, each catchment is discretized into K = 4 distinct hydrological response units (HRUs), representing the land cover 

classes “forest”, “grassland”, “high alpine” and “unvegetated” (Figures 1, 4). Each HRU is further stratified into 250m 

elevation bands. The aim is to allow for some heterogeneity in the representation of dominant physical processes while limiting 

model complexity (Euser et al., 2015).  

 310 

 

 

 

 

 315 

 

 

 

 

 320 

 

Figure 4. Semi-distributed model architecture, discretized into four parallel HRUs, each representing one of the four landcover types in the 

study catchments. Boxes represent storage components, red symbols represent model parameters and light blue symbols represent intern 

model fluxes. Fluxes that are released from the model are represented by darker blue (streamflow) and green symbols (evaporative fluxes). 
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More specifically, for each elevation band m in each HRU k the temperature is estimated from catchment mean 𝑇̅(𝑡) and the 

elevation dependent environmental lapse rate according to 𝑇𝑘,𝑚(𝑡) = 𝑇̅(𝑡) − 0.006°𝐶𝑚−1 . Depending on Tk,m(t) and the 

threshold temperature TT, a model calibration parameter, precipitation P(t) is then either falling as snow PS,k,m(t) and stored in 

Ssnow,k,m(t) of a specific elevation band in a HRU, or entering the system as rainfall PR,k,m(t). If at a given time step Tk,m(t)>TT, 

water is released from the snow storage Ssnow,k,m(t) as snowmelt PM,k,m(t), regulated by a parameter representing the snow melt 330 

factor FM. At each time step, the liquid precipitation PL,k(t) that enters each HRU is then estimated as the sum of rainfall and 

snowmelt from each elevation band, weighted by the respective areal fractions fk,m of the individual M elevation bands: 

 

𝑃𝐿,𝑘(𝑡) = ∑ 𝑓𝑘,𝑚 (𝑃𝑅,𝑘,𝑚(𝑡) + 𝑃𝑀,𝑘,𝑚(𝑡))𝑀
𝑚=1                                                                (Eq.1) 

 335 

Note that snow accumulation and melt dynamics, e.g. volume of water stored as snow Ssnow,k,m(t) or snow melt PM,k,m(t), vary 

between the K individual HRUs due to different elevations distributions (Figure 1) and thus temperatures Tk,m(t).  

PL,k(t) in each individual HRU then enters the interception storage SI,k(t) of that HRU, from where it is either released as 

evaporation EI,k(t) or, if it exceeds the interception storage capacity Imax,k, as effective liquid precipitation PE,k(t), which 

eventually reaches the subsurface and enters the unsaturated rootzone SU,k(t) as soil moisture. The rootzone SU,k(t) in each 340 

HRU is represented by a rootzone storage capacity parameter (SU,max,k), a vegetation water stress parameter (Lp), a non-linearity 

parameter (γ) and a splitter (D). Together these parameters control the release of water from SU,k(t) along three pathways: as 

vegetation transpiration ET,k(t), as percolation RF,k(t) into a fast responding, lateral preferential flow network SF,k(t), from where 

it is released as QF,k(t) or as groundwater recharge RS,k(t) into SS,k(t) from where it is released as groundwater flow QS,k(t) so 

that the total water volume released from each HRU to the stream at each time step is  𝑄𝑘(𝑡) = 𝑄𝐹,𝑘(𝑡) + 𝑄𝑆,𝑘(𝑡).   345 

The total catchment stream flow Q(t) is then estimated as the sum of the outflows from the K individual HRUs Qk(t), weighted 

by the respective areal fractions Ak of the individual HRUs (Table 1): 

 

𝑄(𝑡) = ∑ 𝐴𝑘𝑄𝑘(𝑡)𝐾
𝑘=1                                                                         (Eq.2) 

 350 

Catchment totals of all other variables are equivalently determined by areal weighting their values according to the areal 

fractions of the HRUs. For the variables total catchment rainfall PR(t), liquid precipitation PL(t), and soil moisture SU(t) used 

in the subsequent threshold analysis this was formulated as:  

 

𝑃𝑅(𝑡) = ∑ 𝐴𝑘𝑃𝑅,𝑘(𝑡)𝐾
𝑘=1                                                                         (Eq.3) 355 

𝑃𝐿(𝑡) = ∑ 𝐴𝑘𝑃𝐿,𝑘(𝑡)𝐾
𝑘=1                                                                         (Eq.4) 

𝑆𝑈(𝑡) = ∑ 𝐴𝑘𝑆𝑈,𝑘(𝑡)𝐾
𝑘=1                                                                         (Eq.5)  
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4.1.2 Model implementation and calibration 

The model was run on an hourly time step for the period 2005-2022 (ID1c, ID3c) and 2020-2022 (ID2c), with an additional 

six-month warm-up preceding these periods. In total, the model features 14 parameters, two of which are fixed. The 12 360 

remaining calibration parameters include seven global parameters that are the same for each HRU and five vegetation related 

parameters that vary between the HRUs (Table 2). 

The model was individually calibrated for the study catchments (ID1c-ID3c) to simultaneously reproduce three aspects of the 

hydrological response, following a multi-criteria calibration strategy to ensure a robust representation of model internal 

dynamics (e.g. Gupta et al., 2008; Efstratiadis and Koutsoyiannis, 2010; Hrachowitz et al., 2014). More specifically, the first 365 

calibration criterion was the presence of snow cover. If over a 24-hour period the maximum modelled snow storage in elevation 

band m was Ssnow,m ≥ 0.5 mm, that modelled elevation band for that day i was labelled as “snow” (sM,m,i=1) otherwise as “no 

snow” (sM,m,i=0). From that the areally weighted average fraction of days with correctly predicted presence of snow cover ESC 

across all M elevation bands was, similar to Tong et al. (2021), calculated as: 

 370 

𝐸𝑆𝐶 = 1 − ∑ 𝑓𝑚

∑ |𝑠𝑀,𝑚,𝑖−𝑠𝑂,𝑚,𝑖|
𝑁𝑠𝑜,𝑚
𝑖=1

𝑁𝑠𝑜,𝑚

𝑀
𝑚=1                                                             (Eq.6) 

 

where sO,m,i is the observed occurrence of snow on day i (see section 3.3), s,M,m,i is the modelled occurrence of snow on day i, 

NSo,m is the total number of non-cloud-covered observation days in each elevation band m, i.e. with sO,m,i=1 or 0, and fm is the 

areal fraction of each elevation band.   375 

The above was complemented by the Nash-Sutcliffe efficiency of hourly stream flow ENS,Q and the squared Spearman Rank 

correlation R2
WL between observed hourly water level classes and modelled hourly stream flow, as suggested by Clerc-

Schwarzenbach et al. (2025). While ENS,Q serves as a constraint on flow magnitudes, the non-parametric R2
WL is a constraint 

on the timing of flow. As it is based on ranks rather than absolute magnitudes, it is not influenced by the non-linear water level 

– stream flow relationship and thus serves as constraint on the monotonic relationship between water level and stream flow.  380 

In a Monte-Carlo approach with 106 realizations the uninformed prior parameter distributions (Table 2) were sampled. For 

each realization, the overall combined model performance with respect to all three calibration criteria was calculated as the 

Euclidean Distance to the “perfect model”, i.e. DE=0 (e.g. Schoups et al., 2005; Hrachowitz et al., 2014, 2021): 

 

𝐷𝐸 = √
1

3
(1 − 𝐸𝑆𝐶)2 +

1

3
(1 − 𝐸𝑁𝑆,𝑄)

2
+

1

3
(1 − 𝑅2

𝑊𝐿)2                                                  (Eq.7) 385 

 

The 2500 parameter combinations with the lowest DE were retained as behavioural solutions and used for the subsequent 

analysis. To construct the parameter posterior distributions and the associated uncertainty intervals of the modelled variables, 

the retained solutions were weighted using a likelihood measure L=DE
ß, with exponent ß=2 (cf. Freer et al., 1996).    
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 390 

Note that due to the lack of stream observations for the Lattenbach catchment (ID3c), the parameters were sampled from the 

combined posterior distributions of the Hopfgartnergraben (ID1c) and Loechertrog catchments (ID2c) and then exclusively 

calibrated against ESC. This was deemed feasible as the posterior parameter distributions of ID1c and ID2c widely overlapped 

with each other and also closely resembled those of other close by catchments (e.g. Prenner et al., 2018; Hanus et al., 2021; 

Ponds et al., 2025), indicating broadly similar hydrological properties and functioning across the wider region. 395 

As dictated by data availability, the model was calibrated towards ESC using 2/3 of the years of available snow observations 

(i.e. 2011-2022 for ID1c, ID3c; 2021-2022 for ID2c) while ENS,Q and R2
WL were limited to data from 2021. The models were 

tested based on ESC for the remaining 1/3 of snow observations not used for calibration (i.e. 2005-2010 for ID1c, ID3c; 2020 

for ID2c).   

For further analysis, the model was re-scaled and run for the sub-catchments associated with the debris flow initiation areas 400 

(ID1, 2, 3) using the 2500 retained parameter sets, and by adjusting the areal fractions Ak of the four HRUs as well as their 

elevation distributions from the ones used for the calibration catchments (i.e. ID1c, 2c, 3c) to the ones of the sub-catchments 

(ID1, 2, 3) without any further re-calibration as similarly demonstrated by Gao et al. (2016). To account for uncertainties 

arising from limited observations, the analysis is based on the 5/95th uncertainty intervals of the modelled variables obtained 

from the retained parameter sets. 405 

 

Table 2. Model prior and posterior parameter distributions and performance metrics for the three study catchments. The parameter and 

performance metric values shown are the values associated with the best performing model, i.e. lowest DE, and the 5/95th uncertainty interval 

of all retained solutions (in brackets).  

  Hopfgartnergraben (ID1c) Loechertroggraben (ID2c) Lattenbach (ID3c) 

Parameter Prior distribution Posterior distribution Posterior distribution Posterior distribution** 

Global 

TT [˚C] -5-10 1.9 (0.7-2.7) 6.6 (3.4-8.9) 0.9 (-0.85-5.4) 

FM [mm hr-1 oC-1] 0.01-0.50 0.11 (0.09-0.30) 0.32 (0.14-0.40) 0.09 (0.07-0.47) 

D [-] 0-1 0.25 (0.12-0.37) 0.15 (0.13-0.58) 0.24 (0.12-0.37) 

kF [hr-1] 0.01-0.40 0.09 (0.04-0.28) 0.24 (0.03-0.32) 0.05 (0.05-0.28) 

kS [hr-1] 0.001-0.005 0.002 (0.001-0.002) 0.002 (0.001-0.002) 0.002 (0.001-0.003) 

Lp [-] 0.05-0.95 0.91 (0.30-0.92) 0.68 (0.29-0.91) 0.52 (0.30-0.92) 

γ [-] 0.25-2.00 1.69 (0.59-1.70) 1.23 (0.56-1.69) 1.55 (0.58-1.69) 

Unvegetated SU,max,U [mm] 0-20 16 (6-19) 10 (3-19) 17 (5-19) 
High Alpine Imax,h [mm] 1.0* 1.0 1.0 1.0 

 SU,max,h [mm] 10-50 20 (20-48) 33 (22-47) 42 (21-49) 

Grassland Imax,g [mm] 0.5* 0.5 0.5 0.5 

 SU,max,g [mm] 25-125 99 (52-97) 90 (53-97) 97 (51-98) 

Forest Imax,f [mm] 1.5-3.0 2.4 (2.1-2.9) 2.6 (2.1-2.9) 2.8 (2.0-2.9) 
 SU,max,f [mm] 100-300 166 (132-265) 190 (110-288) 171 (131-264) 

Performance metric       

 ESC
†  0.88 (0.86-0.94) 0.95 (0.89-0.97) 0.94 (0.86-0.93) 

Calibration ENS,Q
††  0.87 (0.71-0.89) 0.77 (0.42-0.72) - 

 R2
WL

††  0.49 (0.36-0.49) 0.75 (0.52-0.76) - 

Evaluation ESC
‡  0.92 (0.89-0.96) 0.91 (0.82-0.94) 0.93 (0.87-0.93) 

*fixed parameter; **for ID3c sampled from the combined posterior distributions of ID1c and ID2c; †calibration period ID1c, ID3c: 2011-2022, ID2c: 2021-410 
2022; ††ID1c, ID2c: 2021; ‡evaluation period ID1c, ID3c: 2005-2010, ID2c: 2020 
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4.2 Debris flow initiation threshold models 

4.2.1 Threshold model types 

Here we use two-dimensional threshold models in the general form of 𝑦 = 𝛼𝑥𝛽 as suggested by Caine (1980) and following 415 

the interpretation of Marra et al. (2025). Next to frequently used precipitation (P) and rainfall (PR) duration-intensity thresholds, 

i.e. Pd-Pi and PR,d-PR,i (e.g. Borga et al., 2005; Guzzetti et al., 2008; Berti et al., 2012; Jakob et al., 2012; Zhuang et al., 2015; 

Bel et al., 2017; Leonarduzzi et al., 2017; Jiang et al., 2021; Kaitna et al., 2025), also thresholds based on several other 

combinations of variables were tested. Although snow melt PM can play a considerable role for debris flow initiation in snow 

dominated regions (e.g Mostbauer et al., 2018; Prenner et al., 2018), it has rarely been explicitly accounted for in threshold 420 

models, with one exception being Meyer et al. (2012). We here therefore included duration-intensity thresholds of modelled 

liquid precipitation PL as a sum of rainfall and snowmelt (PL=PR+PM), i.e. PL,d-PL,i.  Similarly, the roles of soil moisture SU, as 

manifestation of antecedent wetness (e.g Prenner et al., 2019; Long et al., 2020; Kaitna et al., 2023a), and stream flow Q (Kean 

et al., 2013; Wei et al., 2017; Bernard et al., 2025), as expression of the aggregated hydrological response, for the initiation of 

debris flows are increasingly acknowledged. This has motivated the use of these modelled variables in combination with PL 425 

intensity to test the following three further threshold relationships, SU-PL,i, Q-PL,i as well as Q-SU. Note that the variables PR, 

PL, SU and Q were extracted from the models that were rescaled to the sub-catchments ID1, ID2 and ID3, associated with the 

debris flow initiation areas in the three study catchments. 

The thresholds were established based on hourly (cf. Marra, 2019) pairs of variables with mean intensities over the preceding 

event duration, whereby events were defined as time spells of P, PR and PL, respectively, > 0 mm hr-1 and not interrupted by 430 

dry periods exceeding 6 hours.    

The vast majority of previous studies has developed lumped thresholds over sets of multiple channels and spatial domains that 

can sometimes extend to over several thousand square kilometres. While the effects of spatial structure of precipitation fields 

on lumped debris flow thresholds over such large areas have been studied (e.g. Destro et al., 2017; Marra et al. 2017), the 

sensitivity of thresholds to specific physical properties of individual channels only starts to be explored (e.g. Moreno et al., 435 

2025). To evaluate the difference of thresholds between individual channels and the effect of using lumped thresholds we here 

develop separate thresholds for the three individual study channels ID1, ID2 and ID2, hereafter referred to as “local thresholds” 

as well as lumped thresholds, from the combined data of all three study channels, hereafter referred to as “regional thresholds” 

 

4.2.2 Determination and evaluation of initiation thresholds 440 

The parameters α and ß of the individual debris flow initiation thresholds were randomly sampled 10.000 times from uniform 

prior distributions 0.01 ≤ α < 10 and 0.0001 ≤ ß < 2. From these 10.000 realizations, the thresholds with the parameter 

combination that maximizes the balanced accuracy bAcc were retained as optimal solutions. This metric is defined as the 

average between the true positive rate RTP = TP/P (number of correctly predicted debris flow events – true positives – TP over 
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the total number of debris flow events P) and the true negative rate RTN = TN/N (number of correctly predicted debris flow 445 

non-occurrence – true negatives – TN over the total number of non-occurrences N) and ranges between 0 (no correct prediction) 

and 1 (all predictions correct): 

𝑏𝐴𝑐𝑐 =
𝑅𝑇𝑃+𝑅𝑇𝑁

2
                                                                                     (Eq.8) 

 

The sensitivity of thresholds to event occurrence was estimated using a k-fold fitting strategy. For each catchment, the threshold 450 

parameters α and ß were fitted on a sample of 5/6 (~83%) of the available time series in that catchment as described above. 

More specifically, in ID1 and ID3, the thresholds were fitted on a sub-set of 15 out of 18 available years, while in ID2 this was 

done using 15 out of 18 contiguous 14-day periods. This was repeated k times, so that each of the possible k combinations of 

15 years (or 14-day periods in ID2) in that catchment was used for fitting. To account for threshold uncertainties arising from 

uncertainties in variables obtained from the hydrological model, i.e. PR, PL, SU and Q, values for these variables were for each 455 

time step in each k fold sampled from the likelihood weighted ensemble of all retained solutions. The same strategy was used 

for the regional thresholds based on the combined debris flows from all three catchments. To ensure balanced samples the only 

difference in that case was that the sampling for the k folds was stratified so the samples represented 15 years (or 14-day 

periods) of the observed debris flows of each catchment in each of the k realizations. For both cases the results are reported in 

terms of the median threshold and the 5/95th uncertainty interval around it. 460 

 

5 Results 

5.1 Hydrological Model performance  

The models robustly reproduce the overall hydrological response pattern in the three study catchments ID1c, ID2c and ID3c. 

In particular, the presence of snow cover and thus the dynamics of snowline elevation ESL are captured with a rather high 465 

degree of accuracy with ESC = 0.88 – 0.95 for calibration (Table 2) as shown in Figure 5c for the year 2021 for ID2c and in 

Supplementary Material Figures S1 and S2 for the other catchments. In other words, the overall best performing solutions, i.e. 

the lowest DE, correctly represent the presence of snow across all elevation bands in between 88% (ID1c) and 95% (ID2c) of 

the timesteps. More importantly, the models’ ability to mimic the presence of snow cover remains with ESC = 0.91 – 0.93 as 

robust for the out-of-sample model evaluation and testing periods (Table 2). The models also reproduce stream flow 470 

magnitudes with ENS,Q between 0.77 (ID2c; Fig.5d,e) and 0.87 (ID1c) as well as the main features of the stream water level 

dynamics with R2
WL between 0.49 (ID1c) and 0.75 (ID2c; Fig.5d,f) in a plausible, albeit due to data limitations, in a less 

rigorous way. In addition, the modelled mean runoff ratios over the model periods in the three study catchments are with CR ~ 

0.51 – 0.80 (Table 1) broadly consistent with observed long-term mean runoff ratios of comparable catchments in the region 

(e.g. Hanus et al., 2021; Ponds et al., 2025).   475 
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Figure 5. Modelled and observed variables for the 2021 calibration period in ID2c – Loechertroggraben catchment. (a) modelled snowfall 

PS (light blue) and liquid precipitation PL, distinguishing snow melt (light grey-blue) and rainfall (dark blue), (b) modelled snow water 

equivalent SWE, (c) modelled (blue) and observed (red triangles) snow line elevation ESL. On days with full cloud cover no ESL observation 500 

available. On days with partial cloud cover ESL cannot be unambiguously determined and only its lower (upward pointing red triangles) 

and/or upper limits (downward pointing red triangles) are known. Only on days without cloud cover ESL is unambiguously determined: when 

the catchment is partially snow covered the upward and downward pointing triangles coincide, when there is no snow cover the upward 

pointing triangles coincide with the highest elevation and when there is 100% snow cover, the downward pointing triangles coincide with 

the lowest elevation. (d) modelled (blue) and observed stream discharge Q (red diamond symbols) as well as normalized observed water 505 

levels Hest,norm (red line), (e) observed vs. modelled stream discharge Q, with error bars indicating the 5/95th model uncertainty interval and 

(f) observed water levels Hest,norm vs. modelled stream discharge Q. The dark blue lines in (b)-(d) indicate the median of all retained model 

solutions and the blue shaded areas the associated 5/95th uncertainty intervals. 
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5.2 Hydrological regimes of debris flow initiation areas 

Rescaling the models calibrated for the overall catchments ID1c-ID3c to the sub-catchments ID1-ID3, allowed to describe the 510 

hydrological regimes characterizing the debris flow initiation areas and to analyse the individual modelled hydrological 

variables PR, PL, SU and Q for their role as potential debris flow triggers. The results are shown as long-term average regime 

curves in Figure 6 and for a selected year (2021) in Figure 7. All other years are shown in Supplementary Material Figures S3-

S19. 

For both the Hopfgartnergraben (ID1) and Loechertroggraben catchments (ID2), snow accumulation typically starts towards 515 

end of October, with occasional snowfall PS occurring until end of May (Figs.6a,b; 7a,b). In these two catchments, the seasonal 

snowpack over the study period reaches an annual maximum SWE around mid of March. Around that period snow melt PM 

starts to reduce SWE at lower elevations while continued snow fall PS further increases SWE at higher elevations. For the two 

catchments this leads to only minor net catchment-aggregated SWE reductions over all elevation zones until mid of April, 

when snow melt PM finally also sets in at higher elevations. Catchment-wide snow melt that typically extends over periods of 520 

six to eight weeks then leads to a rapid decline of SWE from mid-April onwards. However, it can be observed that snow melt-

out occurs around two weeks earlier, on average, in the Loechertroggraben catchment (ID2; Fig.6e, 7e) than in the 

Hopfgartnergraben catchment (ID1; Fig.6d, 6d), which, due to comparable SWE, entails somewhat higher snow melt rates in 

ID2. These seasonal dynamics of snow accumulation and melt regulate spring and early summer soil moisture dynamics SU in 

similar ways in ID1 and ID2. In both cases a characteristic minimum SU occurs around the same period as maximum SWE 525 

mid of March (Fig.6g,h), when precipitation remains stored as snow but increasing canopy water demand leads to increased 

soil water uptake by vegetation. Once snow melt sets in, relative soil moisture SU sharply increases and eventually stabilizes 

at elevated levels of > 0.5, until most of the snow has disappeared in June (Fig.6g,h; 7g,h). This is accompanied by a gradual 

shift between the relative contributions of snow melt PM and rainfall PR to liquid water input PL. Until mid of June, PM is the 

dominant contribution to PL, i.e. PM/PL ≥ 0.5 (Fig.6a,b; 7a,b), providing persistent liquid water input over prolonged time 530 

periods. After that rainfall becomes more dominant, i.e. PM/PL < 0.5, leading to more irregular PL input pattern due to the more 

intermittent nature of rainfall. Depending on the timing of summer rainfall events, high vegetation water uptake, due to higher 

summer temperatures, causes pronounced declines in SU before rainstorms replenish soils again in several summer wetting-

drying cycles. This results in systematic differences between spring and summer SU dynamics, with a more pronounced 

fluctuation of SU between mid of June and October as compared to the more stable (Fig.6g) or increasing SU levels (Fig.6h) in 535 

spring during the melt period. The persistently elevated SU levels throughout much of the snow melt period further sustain 

similarly persistent elevated stream flow rates Q, considerably exceeding annual average daily flow rates over several weeks 

in late spring and early summer (Fig.6j,k; 7j,k). The on average lower but more variable stream flow Q after the melt period 

reflects the more variable SU dynamics during that period and thus the frequent drying and wetting cycles controlled by 

interplay of vegetation water demand and the irregular occurrence of often high intensity mid- to late summer rainstorms that 540 

typically also lead to the highest stream flow peaks in individual years.  
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Figure 6. Hydrological regimes of the three study catchments ID1 – ID3 over the study period. (a) – (c) long-term average snowfall PS (light 

blue) and liquid precipitation PL, distinguishing snow melt (light grey-blue) and rainfall (dark blue), the dashed line indicates the fraction of 

snowmelt to the total liquid water input, i.e. PM/PL; (d) – (f) snow water equivalent SWE of the individual years of the study period 2005-565 

2022 (thin lines), average SWE over all study years (bold lines), average SWE over the 2020-2022 period for ID1 and ID3 (dashed lines) to 

allow direct comparison with ID2; (g) – (h) relative soil moisture SU of the individual years of the study period 2005-2022 (thin lines), 

average SU over all study years (bold lines), average SU over the 2020-2022 period for ID1 and ID3 (dashed green lines) to allow direct 

comparison with ID2 and the long-term annual average SU (dashed grey lines); (j) – (l) stream flow Q of the individual years of the study 

period 2005-2022 (thin lines), average Q over all study years (bold lines), average Q over the 2020-2022 period for ID1 and ID3 (dashed 570 

green lines) to allow direct comparison with ID2 and the long-term annual average Q (dashed grey lines). The circle symbols indicate the 

observed debris flows in ID1 (orange), ID2 (red) and ID3 (dark red), respectively, throughout the study periods. The associated orange, red 

and dark red shaded areas indicate kernel density distribution estimates of debris flow occurrence probability for visualization purposes. 
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Figure 7. Hydrological variables of the three study catchments ID1 – ID3 for the year 2021. (a) – (c) median modelled snowfall PS (light 

blue) and liquid precipitation PL, distinguishing snow melt (light grey-blue) and rainfall (dark blue), the dashed line indicates the fraction of 

snowmelt to the total liquid water input, i.e. PM/PL; (d) – (f) median modelled snow water equivalent SWE (solid blue line) and the 5/95th 

uncertainty interval (blue shaded area); (g) – (h) median modelled relative soil moisture SU (solid green line), the 5/95th uncertainty interval 600 

(green shaded area) and the 2021 average SU (dashed grey line); (j) – (l) median modelled stream flow Q (solid blue line), the 5/95th 

uncertainty interval (blue shaded area) and the 2021 average Q (dashed grey lines). The orange (ID1), red (ID2) and dark red bars (ID3) 

indicate the date of observed debris flows and the circle symbols indicate the median modelled channel stream flow Q associated with each 

debris flow.   

 605 
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In the Lattenbach catchment ID3, the hydrological regime exhibits somewhat different characteristics. Drier and receiving 

somewhat less winter precipitation (Tab. 1), annual average snowfall PS in ID3 is ~400 mm yr-1 while in the other catchments 

annual average PS is ~25% higher, reaching ~500 mm yr-1. The correspondingly lower average annual maximum SWE (Fig.6f) 

and associated average annual PM have cascading effects on SU. This is further exacerbated by markedly lower snow melt 

intensities (Fig.6c,f; 7c,f) that result from a combination of lower SWE and longer melt periods. The latter are largely a 615 

consequence of the wider elevation range in ID3, with ~30% of the catchment being located at lower elevations than the lowest 

elevations of ID1 and ID2, respectively (Fig.1, Table 1). The associated higher temperatures at lower elevations cause earlier 

onset of PM, typically starting from mid of February (Fig.6c, 7c). As a consequence, PR becomes the dominant water input, i.e. 

PM/PL < 0.5, around mid of May and thus one month earlier than in ID1 and ID2. Together, the above factors lead to markedly 

different seasonal SU dynamics in ID3 than in the other two catchments. While snow melt PM also replenishes soils in ID3 until 620 

end of March (Fig.6i), the SU increase is less pronounced as compared to ID1 and ID2. As a specific feature of ID3 it is 

observed that PM rates decline from end of March onwards (Fig.6c, 7c), at the same time that vegetation water demand starts 

to increase. In contrast to ID1 and ID2, this leads to declining SU throughout the remaining snow melt period and until around 

mid of June, when the lowest annual SU levels are reached (Fig.6i, 7i) and when the magnitudes and frequencies of summer 

rainstorms start to increase (Fig.6c, 7c). The lower overall SU levels, the declining spring SU levels as well as the weaker 625 

contrast between winter and summer SU levels in ID3 are responsible for the absence of the systematic and prolonged summer 

high flows (Fig.6l, 7l), which are characteristic for ID1 and ID2. Although the timing and magnitudes of annual maximum 

flows are similar to those of ID1 and ID2, the absence of the pronounced and prolonged summer high flow period in ID3 

further illustrates the dominance of more erratic rainfall PR input instead of more persistent snow melt PM as critical control 

on the hydrological regime in ID3.   630 

 

5.3 Emergent debris flow regimes 

Analysis of debris flow events in the Hopfgartnergraben catchment (ID1) during the 18-year study period revealed that all the 

12 observed debris flows occurred in the 3-month period between end of May and end of August (Figure 8a). Overall, the 

frequency of debris flow occurrences is highest between mid-June and mid-July with a median date of occurrence being July 635 

7 (Figure 8d). In contrast, the wettest conditions in a year, here defined as timesteps with PL,i and Q both exceeding lowest PL,i 

and Q at the moment of observed debris flows in that catchment, have throughout the study years been observed to occur 

between end of June and beginning of September, with a median date of August 10 (Figure 8d). On average, debris flows 

therefore occur more than one month (Δt = 33 d) before the wettest conditions in a year (Figure 8g). Thus, although ~60% of 

debris flows occurred at discharge magnitudes exceeding the 99th quantile (Figure 8j), and therefore under very wet conditions, 640 

the vast majority was triggered early in the season, in spite of similar or even more extreme wetness conditions regularly 

occurring much later in the year but rarely triggering debris flows after mid-August. This suggests that from August onwards, 

sediment supply is exhausted by previous debris flows and not sufficiently and not fast enough resupplied to the channel at 
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that time of the year. Rather, the persistent wet conditions in spring and early summer (Figure 6g,j), with both SU and Q above 

their annual averages for typically several weeks, although not extreme, are likely to be responsible for a gradual sediment 645 

supply throughout that period by transferring debris from the hillslope into the channel system. The sediment that is then 

accumulated close to or in the channel is remobilized as debris flows under early summer wet, albeit not necessarily extreme, 

conditions. In this case the lack of sufficient sediment resupply from mid-summer onwards then causes a rather weak coupling 

between wetness extremes that to a large part occur later in summer and the occurrence of debris flows (Figure 8g).  

In the Loechertroggraben catchment (ID2), debris flows have been observed between beginning of June end mid-September 650 

across the study years (Figure 8b). Note that in ID2 it is possible that debris flows, that may have occurred earlier in the year, 

were missed due to logistical constraints that generally prevent access to the catchment and thus observations before end of 

May. In contrast to ID1, the occurrence of debris flows spreads rather homogeneously over the summer months, with a median 

date of occurrence on July 25 (Figure 8e) and thus around three weeks later than in ID1. The wettest conditions dominantly 

occur, on average, in early summer, with a median date of July 2 (Figure 8e) and thus much earlier than in ID1. In addition, 655 

and in contrast to ID1, these conditions temporally coincide with the persistent early summer wet period (Figure 6h,k). 

Together, these factors lead to the situation that in ID2 the wettest extremes in a year typically precede debris flows by a few 

days (Δt = - 9d; Figure 8h). In spite of the somewhat stronger temporal coupling between the respective timing of extreme 

wetness and debris flow occurrences than in ID1, it can be observed that in ID2, only ~30% of the debris flows occur at 

discharge magnitudes above the 99th percentile (Figure 8k), and more than 50% occur at discharge magnitudes well below the 660 

95th percentile (Figure 8k). This at first glance counterintuitive result implies that a considerable fraction of debris flows occurs 

under wetness conditions that are not necessarily extreme. We hypothesize that extremes that occur several days before debris 

flows may cause a rapid sediment resupply into the main channel through an upstream dense network of gullies within the 

unvegetated source area throughout the season. Once sufficient sediment is then available in a channel reach with sufficient 

contributing area and an equilibrium between sediment and transport capacity, i.e. discharge, is reached, less extreme 665 

conditions can then trigger debris flows in the channel.       

In the Lattenbach catchment (ID3), debris flow occurrences largely concentrate in late summer with a median date of 

occurrence on August 15, with only occasional debris flows as early as end of June (Figure 8c,f), and thus much later than in 

the other two study catchments. Here, the occurrence of debris flows temporally largely overlaps with the occurrence of annual 

extreme wetness conditions over the years, which exhibit a median date of occurrence on August 19 (Figure 8f). On average, 670 

individual debris flows have occurred with a delay of merely Δt = -1d after such very wet conditions (Figure 8h). In other 

words, and in contrast to ID1 and ID2, the occurrence of debris flows is temporally strongly coupled to the occurrence of 

annual wetness extremes in ID3. The strength of the coupling is further illustrated by the fact that >65% of debris flows have 

occurred at discharge magnitudes exceeding the 99th percentile (Figure 8l). Until July, moderate wetness conditions with 

declining SU generate only occasional channel flow peaks. This is likely to restrict both, in-stream transport capacity for debris 675 

flow initiation and sediment resupply from the embankment (i.e. toe of deep-seated landslides). At the same time, snowmelt  
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Figure 8. Debris flow regimes in study catchments ID1 – ID3, as characterized by seasonal timing of debris flow occurrence and associated 

wetness conditions. (a) – (c) timing of observed debris flows (orange/red bars), timing of wettest annual conditions (grey bars), i.e. timesteps 

when both PL,i and Q exceeded the minimum debris flow triggering PL,i and Q in each catchment, period with snow cover (light blue shaded 

areas) and cumulative PL for the individual study years (thin blue lines) as well as long-term average annual cumulative PL (bold blue line) 700 

over the study period. The grey hatched area in (b) indicates periods with no active monitoring and thus with no debris flow data available, 

as also indicated by the dashed blue lines; (d) – (f) frequency distributions of debris flow occurrences (orange/red shaded areas) together 

with the median dates of occurrence (orange/red dashed lines) as well as frequency distributions of the timing of wettest annual conditions 

(grey shaded areas) together with the median data of occurrence (grey dashed line), circle symbols indicate the dates of the individual debris 

flows; (g) – (i) frequency distributions of time lags of wettest annual conditions (grey shaded areas) relative to the timing of individual debris 705 

flows (orange/red bars) in their respective years of occurrence, grey dashed lines indicate the median time lag; (j) – (l) frequency distributions 

of debris flow triggering channel discharge Q quantiles (orange/red bars) and the cumulative distribution of debris flow triggering Q quantiles 

(orange/red lines).    

 

 710 
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sustains elevated baseflow early in the year, with a maximum in May (Fig.6l), which promotes the continuous export of finer 

fractions of in-channel sediment from the catchment by fluvial activity, thereby limiting the sediment availability for debris 

flow initiation. In other words, the divergence of the snowmelt period and the period of extreme, mostly convective, rainfall 

events, shifts the probability of debris flow initiation to late-summer. SU and thus wetness levels increase above annual average 715 

again only from August onwards (Figure 6i) when increasing frequency and magnitude of summer rainstorms offsets 

vegetation water demand and leads to increased frequency and magnitudes of discharge peaks (Figure 6l). The increasing 

frequency of debris flows around that same, well-defined period, is consistent with the interpretation that sediment resupply 

earlier in the year is insufficient for the available in-stream transport capacity to cause debris flows. Only the higher frequency 

and magnitude of late summer rainstorms provide both sufficient sediment as well as discharge and thus in-stream transport 720 

capacity to cause debris flows. 

 

5.4 Debris flow initiation thresholds 

5.4.1 Regional vs. local thresholds 

The six individual types of regional thresholds in the general form of 𝑦 = 𝛼𝑥𝛽, obtained from the combined set of debris flows 725 

from all three study catchments (Supplementary Material Fig.S20), differ systematically but to varying degrees from the local 

thresholds individually obtained for the three study catchments as shown in Figures 9-11. As the regionally derived scale 

parameters α are consistently lower than the local ones in all three catchments (Figure 12), the regional thresholds plot mostly 

below the local thresholds (Figures 9-11). With Δα < 0.5 between regional and local thresholds, the differences remain limited 

in ID1 and become most apparent for the Q-PL,i threshold (Figure 9e, 12a). For ID2 and ID3, the differences are generally 730 

more pronounced reaching a maximum of Δα ~ 4.2 for the PR,d-PR,i threshold in ID2 (Figure 10b, 12b) and Δα ~ 0.9 for the Pd-

Pi threshold in ID3 (Figure 11a, 12c). Overall, in ID1 the differences between regional and local α are larger for thresholds 

that include hydrological information, i.e. SU-PL,i and Q-PL,i, while in ID2 and ID3 thresholds based exclusively on precipitation 

information, i.e. Pd-Pi, PR,d-PL,i and PL,d-PL,i, exhibit the largest Δα (Figure 12). Although the absolute difference Δß between 

the scale parameters ß of regional and local thresholds remains limited in ID1, local ß values are lower for all threshold types 735 

(Figure 12a), resulting in systematically steeper local than regional thresholds in ID1 (Figure 9). In contrast, for ID2 and ID3, 

the absolute differences Δß between regional and local thresholds are not only markedly more pronounced for all threshold 

types, but local ß is also higher than regional ß for all threshold types except Q-SU (Figure 12b, c), leading to flatter local 

threshold slopes (Figure 10, 11). The fact that the shape parameter drops to very low values that can surpass ß <-100 for the 

Q-PL,i (ID2) and Q-SU thresholds (ID1-ID3) as shown in Figure 12, implies that these thresholds converge towards vertical 740 

slopes, effectively collapsing the 2-dimensional, bivariate thresholds to 1-dimensional and thus univariate thresholds, here de 

facto defined by Q as only variable (Figure 9-11), supporting the hypothesis of a critical runoff conditions for debris flow 

initiation (Takahashi, 1978).  
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The above-described systematic differences between regional and local thresholds lead to associated differences in the ability 

of regional and local thresholds to correctly detect debris flows. The regional thresholds can predict debris flow occurrence at 745 

the regional scale, i.e. across all study catchments, moderately well with bAcc = 0.83 – 0.92 and AUC = 0.80 – 0.95, depending 

on the threshold type (Supplementary Material Fig.S20). When using the regional thresholds to predict debris flows locally in 

the individual study catchments, a more nuanced picture emerges. The regional thresholds locally detect debris flows 

moderately well in ID1 with bAcc = 0.79 – 0.96 (Figure 9, 13g) and similar values for AUC (Figure 9, 13d) and even slightly 

better in ID3, with bAcc = 0.86 – 0.97 (Figure 11, 13f). In contrast, the ability of all six regional thresholds to locally detect 750 

debris flows in ID2 is substantially lower, with bAcc = 0.61 – 0.70 (Figure 10, 13h) and AUC = 0.60 – 0.81 (Figure 10, 13e). 

This suggests that none of the six regional thresholds captures the processes to meaningfully describe the debris flow regime 

in ID2.   

Local thresholds across all six types and all three study catchments consistently outperform the regional thresholds (Figure 

13). More specifically, in ID1, the local thresholds locally detect debris flows with bAcc = 0.81 – 0.98 (Figure 9, 13g), which 755 

is an increase of ΔbAcc ~ 0.03, on average, compared to the regional thresholds. Similarly, in ID3, bAcc was found to increase 

by ~0.02, on average, to bAcc = 0.86 – 0.98 (Figure 12, 13i). In both cases, the overall level of improvement in terms of bAcc 

thus remains similarly modest for all threshold types. In contrast, in terms of AUC, it can be observed that the two local 

thresholds that combine precipitation information with hydrological information, i.e. SU-PL,i and Q-PL,i, lead to considerable 

improvements as compared to the regional thresholds in both, ID1 (Figure 13d) and ID3 (Figure 13f), with ΔAUC as high as 760 

0.12. A different picture emerges for ID2, where local thresholds lead to clear increases of bAcc, by ΔbAcc ~ 0.08, on average, 

to bAcc = 0.70 – 0.76 (Figure 13h) across all six threshold types. In addition, and comparable to ID1 and ID3, the two local, 

hydrology-informed thresholds, SU-PL,i and Q-PL,i, also show the strongest AUC improvements with ΔAUC ≥ 0.05 (Figure 

13e).    
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Figure 9. The six bivariate regional and local debris flow thresholds for the Hopfgartnergraben catchment (ID1). (a) precipitation duration 

and intensity threshold Pd-Pi, (b) rainfall duration and intensity threshold PR,d-PR,i, (c) liquid precipitation duration and intensity threshold 

PL,d-PL,i, (d) soil moisture and liquid precipitation intensity threshold SU-PL,i, (e) discharge and liquid precipitation threshold Q-PL,i and (f) 

discharge and soil moisture threshold Q-SU. The thin dashed lines indicate the regional thresholds and the light shaded areas the associated 

5th-95th uncertainty intervals. The bold lines show the local thresholds and the shaded areas the 5th-95th uncertainty intervals. The orange 800 

circles indicate observed debris flow event, representing true positives TP when plotting above and false negatives FN when plotting below 

the thresholds. The light grey dots indicate no-debris flow events, representing false positives FP when plotting above and true negatives TN 

when plotting below the thresholds. The horizontal and vertical orange error bars indicate the 5-95th uncertainty of the respective modelled 

variables. Note, error bars of PR and PL not shown as the uncertainties were minor. Thresholds with ß ≤ -100 converge towards vertical 

thresholds and are thus here for brevity labelled as univariate thresholds in the form of x = const.  805 
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Figure 10. The six bivariate regional and local debris flow thresholds for the Loechertroggraben catchment (ID2). (a) precipitation duration 

and intensity threshold Pd-Pi, (b) rainfall duration and intensity threshold PR,d-PR,i, (c) liquid precipitation duration and intensity threshold 835 

PL,d-PL,i, (d) soil moisture and liquid precipitation intensity threshold SU-PL,i, (e) discharge and liquid precipitation threshold Q-PL,i and (f) 

discharge and soil moisture threshold Q-SU. The thin dashed lines indicate the regional thresholds and the light shaded areas the associated 

5th-95th uncertainty intervals. The bold lines show the local thresholds and the shaded areas the 5th-95th uncertainty intervals. The red circles 

indicate observed debris flow event, representing true positives TP when plotting above and false negatives FN when plotting below the 

thresholds. The light grey dots indicate no-debris flow events, representing false positives FP when plotting above and true negatives TN 840 

when plotting below the thresholds. Note that the red circles on the x-axes are an indication of debris flows that occurred in the absence of 

precipitation events, i.e. with duration and intensity equal to zero, here exclusively shown for illustrative purposes. The horizontal and 

vertical red error bars indicate the 5-95th uncertainty of the respective modelled variables. Note, error bars of PR and PL not shown as the 

uncertainties were minor. Thresholds with ß ≤ -100 converge towards vertical thresholds and are thus here for brevity labelled as univariate 

thresholds in the form of x = const. 845 
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Figure 11. The six bivariate regional and local debris flow thresholds for the Lattenbach catchment (ID3). (a) precipitation duration and 

intensity threshold Pd-Pi, (b) rainfall duration and intensity threshold PR,d-PR,i, (c) liquid precipitation duration and intensity threshold PL,d-870 

PL,i, (d) soil moisture and liquid precipitation intensity threshold SU-PL,i, (e) discharge and liquid precipitation threshold Q-PL,i and (f) 

discharge and soil moisture threshold Q-SU. The thin dashed lines indicate the regional thresholds and the light shaded areas the associated 

5th-95th uncertainty intervals. The bold lines show the local thresholds and the shaded areas the 5th-95th uncertainty intervals. The dark red 

circles indicate observed debris flow event, representing true positives TP when plotting above and false negatives FN when plotting below 

the thresholds. The light grey dots indicate no-debris flow events, representing false positives FP when plotting above and true negatives TN 875 

when plotting below the thresholds. The horizontal and vertical dark red error bars indicate the 5-95th uncertainty of the respective modelled 

variables. Note, error bars of PR and PL not shown as the uncertainties were minor. Thresholds with ß ≤ -100 converge towards vertical 

thresholds and are thus here for brevity labelled as univariate thresholds in the form of x = const.  
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Figure 12. Regional and local scale (α) and shape parameters (ß) for all six threshold types in (a) Hopfgartnergraben catchment (ID1), (b) 

Loechertroggraben catchment (ID2) and (c) Lattenbach catchment (ID3). The left boxplots show local parameters and the right boxplot the 

regional parameters for each threshold type. The bold lines indicate the median of all retained solutions and the shaded areas the 5th-95th 895 

uncertainty interval. Note, that for values ß ≤ -100, threshold converge towards vertical and thus univariate thresholds. 

 

5.4.2 Performance of different threshold types 

As shown in Figure 13, the overall performance pattern1 of both, local and regional thresholds for the six different threshold 

types is consistent across the three study catchments. For brevity only the performance of local thresholds is described in the 900 

following. Not unexpectedly, the precipitation thresholds Pd-Pi (Figure 9a-11a, 13) exhibit with AUC = 0.61 – 0.96 (Figure 

13d-f) and bAcc = 0.70 – 0.93 (Figure 13g-i) lower skill to detect debris flows than most of the other thresholds in the study 

catchments. In ID1 and ID2, this is mostly a consequence of elevated false positive rates of up to RFP ~ 0.18 (Figure 13a, c). 

In other words, up to ~18% of all time steps with no observed debris flows are wrongly identified as debris flow events (“false 

alarms”). In contrast, the poor performance in ID2, with AUC = 0.61, which is only marginally stronger than random guessing 905 

(AUC = 0.50), can be to large part be attributed to this threshold’s failure to detect 8 of 24 observed debris flows in ID2, i.e. 

33%. This elevated number of false negatives, or in other words, missed debris flows, is mostly a result of the absence of 

precipitation when these debris flows occurred (Figure 10a).  Exclusively considering rainfall, the PR,d-PR,i thresholds do only 

result in very minor improvements in all study catchments (Figure 9b-11b, 13). Instead, significantly higher threshold 

performances (p < 0.05) were achieved throughout the three catchments when using liquid water input PL and thus explicitly 910 

accounting for rainfall plus snow melt as PL = PR + PM. More specifically, in ID1 and ID3 the PL,d-PL,i thresholds lead to very 

robust thresholds with AUC = 0.96 – 0.99 (Figure 13d,f) and bAcc = 0.95 – 0.97 (Figure 13g,i). This is largely a consequence 

of the reduction of false positive rates by > 0.10 to RFP ~ 0.05 (Figure 13a,c) and thus ~66% less false alarms with PL,d-PL,i 

thresholds than with the Pd-Pi and PR,d-PR,i thresholds. Although the overall skill with AUC = 0.66 (Figure 10c, 13e) and bAcc 

= 0.74 (Figure 10c, 13h) remains below the performances in ID1 and ID3, the PL,d-PL,i threshold provides nevertheless  915 

https://doi.org/10.5194/egusphere-2026-5589
Preprint. Discussion started: 24 September 2026
c© Author(s) 2026. CC BY 4.0 License.



30 

 

 

 

 

 

 920 

 

 

 

 

 925 

 

 

 

 

 930 

 

Figure 13. Performance metrics of all six threshold types across the study catchments. (a)-(c) Receiver operating characteristic curves of the 

six local threshold types. The insets in (a) and (c) show are zoomed in.  In (b) the PR,d-PR,i and Q-SU thresholds were omitted for clarity, as 

they largely overlapped with the other thresholds. (d)-(f) Area-Under-Curve (AUC) metric and (g)-(i) Balanced Accuracy (bAcc) for all 

threshold types. The bold lines indicate the median of all retained solutions and the shaded areas the 5th-95th uncertainty interval. The left 935 

boxplots of each colour show the local and the right boxplots the regional thresholds.  

 

considerable improvements in ID2 compared to the Pd-Pi and PR,d-PR,i thresholds. The improvements in ID2 are a direct result 

of the identification of snow melt events that were temporally associated with two observed debris flows. Accounting for PM 

then lead to PL = PR +PM > 0 mm hr-1 for these two debris flows for which no precipitation (P = 0 mm hr-1) or rainfall (PR = 0 940 

mm hr-1) where observed. This reduced the number debris flows with zero (and thus undefined at the logarithmic scale of the 

thresholds) observed water input and eventually increased RTP (Figure 13b) and thus the correctly identified debris flows. 

With the inclusion of hydrological information and in particular discharge Q as variable in the thresholds, further improvements 

for the detection of debris flows were achieved. The most pronounced effects were found in ID2, where AUC substantially 

increased to 0.83 (Figure 10e, 13e) and bAcc to 0.76 (Figure 10e, 13h) for the Q-PL,i threshold, as a result of both, reduced 945 

false positive rates RFP as well as increased true positive rates RTP. Note, that assuming for ß ≤ -100 the thresholds become 

vertical and thus univariate in the form Q = const. also allowed to account for the debris flows with no water input (i.e. PL = 0 

mm hr-1), which otherwise would have remained undefined at the logarithmic scale of the thresholds. Similarly strong 

improvements were found in ID2 when also including soil moisture information with AUC = 0.77 for the SU-PL,i and 0.82 for 
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the SU-Q thresholds, respectively (Figure 10e, 13e). In ID1 and ID3 the threshold performance also further increased for the 950 

Q-PL,i and SU-PL,i thresholds (Figure 9d-e, 11d-e) to AUC ≥ 0.99 (Figure 13d,f) and bAcc = 0.97 – 0.98 (Figure 13g,i), 

respectively, by a further reduction of false alarms and thus false positive rates to RFP ~ 0.04 (Figure 13a,c). In contrast to ID2, 

the Q-SU thresholds are characterized by significantly lower performances than all other thresholds in ID1 and ID3, with AUC 

≤ 0.94 and bAcc ≤ 0.86.  

 955 

6 Discussion 

6.1 Interpretation of debris flow regimes 

The pronounced differences in seasonal timing of debris flows across the study catchments (Figure 8) reflect the previously 

well described importance of local climatic conditions and large-scale weather pattern as first order control on the occurrence 

of debris flows (e.g. Prenner et al., 2018; Nikolopoulos et al., 2015). The results suggest a major role of winter precipitation 960 

accumulating in snowpacks and released as snow melt in early summer as also similarly reported by Mostbauer et al. (2018) 

and Prenner et al. (2019) for the wider region. These two earlier studies directly attribute many early summer debris flows to 

be directly triggered by high-intensity snowmelt events. However, individual snowmelt and even rain-on-snow events rarely 

temporally coincide with the occurrence of debris flows in our study channels as can be seen in Figures 6 and 7. This suggests 

that snowmelt itself is unlikely to be a direct trigger of debris flows in the study regions. Instead, the gradual melting of the 965 

snowpack over periods of around two months provides a steady supply of water to the subsurface. As this happens during a 

time of the year when atmospheric water demand for evaporation, i.e. EP, is not yet at its maximum, this is in ID1 and ID2 

sufficient to avoid drying of soils and to sustain elevated soil moisture as well as groundwater levels and thus a high level of 

hydrological connectivity (Figures 6,7). As a consequence, little additional water can be stored in the subsurface, resulting in 

fast and pronounced stream discharge peaks and thus high in-stream transport capacity in response to rainfall, which is in ID1 970 

and ID2 further exacerbated by the steep mean channel slopes in the source areas of 33.8° and 37.6°, respectively (Tab.1). In 

addition, the high soil moisture levels cause elevated, i.e. not very negative pore pressure over prolonged periods. It can 

therefore here be plausibly hypothesized that the latter, together with the steepness of the terrain, facilitates the supply and 

accumulation of loose sediment to the channel through hillside erosion, small landslides, bank collapse or other mechanisms. 

The combination of both, sufficient sediment deposited close to the angle of repose, and transport capacity, i.e. sufficient 975 

discharge Q at steep slopes to remobilize that sediment, available in the channel as result of a melting snowpack, then creates 

conditions that favour the triggering debris flows.  

Consistent with the above reasoning, the much lower levels of winter precipitation and thus smaller snowpacks in ID3, which 

is with 18.3° mean channel slope in the source area also much less steep than ID1 and ID2, lead to markedly different seasonal 

debris flow dynamics. Less melt water input due to smaller snowpacks and earlier melt leads to comparatively low spring soil 980 

moisture levels and further drying of soils throughout early summer, before intensity and frequency of summer rainstorms 
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increase, eventually leading to late summer increases of soil moisture levels in ID3. The snowmelt-sustained, relatively high 

baseflow throughout spring, with only occasional peaks, has the potential to wash-out sediment from the moderately steep 

channel without reaching sufficient transport capacity to initiate debris flows early in the year. These results suggest that 

pronounced soil moisture deficits and thus also low pore pressures, that develop in early summer due to a lack of further 985 

snowmelt, in combination with the only occasional and irregular occurrence of high intensity rainstorms before late summer 

severely limit both, sediment supply to and transport capacity, i.e. Q, in the moderately steep channel of ID3 and lead to much 

later occurrence of debris flows.  Overall, these results suggest that snowpack and snowmelt are critical controls for the timing 

of debris flows in the study channels, albeit less as direct debris flow trigger but rather as a dominant factor that regulates 

seasonal timing of sediment supply, sediment depletion, and in-stream transport capacity in the channel. As such, snow and 990 

the associated soil moisture dynamics are here interpreted as major factors that shape the climatic predisposition to debris 

flows in the study channels. 

The differences in timing of debris flow occurrence relative to the timing of the wettest annual conditions across the study 

channels provide further mechanistic insights that have so far remained under-explored in literature. Extreme rainfall events 

or discharge peaks at different times in the year will have different effects on debris flow occurrence in the individual channels. 995 

In other words, the same extreme discharge peak of e.g. Q = 0.5 mm h-1, may trigger a debris flow in June but not in September 

in some channels and vice versa in other, nearby channels. In ID1, debris flows occur, on average, within a rather short period 

of time preceding the wettest annual conditions (Figure 8). Sufficient sediment is thus available in or close to the rather steep 

channel (~34°), facilitating the formation of debris flows early in the year under wet, but not necessarily extreme conditions. 

In contrast, more extreme wetness conditions later in the year rarely trigger debris flows. This observation suggests that 1000 

sediment is soon exhausted and cannot be sufficiently resupplied to the channel before the next winter/spring periods (observed 

mean debris flow frequency of ~0.67 yr-1). As the late summer wetness conditions, the steep terrain and thus the in-stream 

transport capacity exceed the levels necessary to trigger debris flows, the debris flow regime is limited by insufficient sediment 

in late summer. The effective de-coupling of extreme wetness conditions and debris flow occurrences are therefore a strong 

indicator for a sediment- and thus supply-limited debris flow regime sensu Bovis & Jakob (1999) and Qie et al. (2024), 1005 

supporting our initial geomorphological assessment outlined in Sec.2. ID 2, the steepest (~38° in the source area) and most 

active (8 events yr-1) of the studied channels, is characterized by a slightly stronger coupling. Although debris flows do, on 

average, more strongly coincide with wet conditions, their occurrence is much more evenly distributed over a longer period, 

stretching from early to late summer (Figure 8). This suggests a more dynamic balance between sediment availability and 

transport capacity. The several cycles of sufficient sediment resupply to reaches of sufficient transport capacity in a single year 1010 

suggest an intermediate regime with frequent switches between periods with sediment- and transport limitation. In contrast, 

debris flows are strongly coupled to the timing of wet conditions in the moderately steep ID3 (~18° in the source area), with 

both largely occurring within a rather concentrated period in late summer (Figure 8). In other words, as debris flows occur 

mostly during periods of extreme wetness conditions, this suggests that under less-than-extreme conditions, the in-stream 

transport capacity is insufficient to trigger debris flows despite potentially sufficient available sediment. The strong coupling 1015 
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in ID3 can therefore be interpreted as evidence for a transport limited debris flow regime. As an expression of geomorphic 

predisposition that describes the physical features of the landscape, including topography, geology or soil types, the above 

implies that seasonal debris flow regimes can exhibit major differences even at very local scales, and thus between catchments 

in close geographical proximity and with similar climatic predisposition.  

6.2 Implications for regional threshold models 1020 

A major implicit assumption and weakness of regional thresholds is that debris flows over the spatial model domain are 

characterized by similar climatic and geomorphic predispositions and are triggered by the same mechanism and thus belong 

to the same distribution. The above-described differences in debris flow regimes however clearly illustrate that individual 

channels can characterized by unique combinations of climatic predisposition, geomorphic predisposition and hydro-

meteorological trigger conditions even over small distances. 1025 

Although, the performance of regional thresholds in our analysis is rather robust and similar to other studies (e.g. Jiang et al., 

2021; Moreno et al., 2025), they are consistently and in part considerably outperformed by local thresholds across all study 

channels (Figure 13). It is, of course, not unexpected that locally fitted thresholds are stronger descriptors of local conditions 

than regional thresholds. For example, Bel et al. (2017) and Nikolopoulos et al. (2015) showed that thresholds in the French 

Prealps and Trento-Alto Adige region of Italy, respectively, are subject to pronounced spatial differences when discretizing 1030 

the spatial domain into smaller sub-regions. Going beyond that, our results in addition specifically reveal that regional 

thresholds can be too conservative and can lead to unnecessarily inflated false positive rates. This is of relevance when such 

regional thresholds are used as operational early warning system, as such elevated rates of false alarms may eventually 

undermine the credibility of and trust in issued debris flow warnings. As a step forward towards more robust and general 

regional models, it will be necessary to move away from bi-variate thresholds towards higher dimensional models based on 1035 

multivariate thresholds, to better capture spatial contrasts in hydro-meteorological triggers (e.g. Bel et al., 2017) as well as in 

climatic (e.g. Prenner et al., 2018) and geomorphic predisposition, as recently demonstrated by Moreno et al. (2025).    

6.3 Value of liquid water input and stream flow for thresholds models 

The use of precipitation P or rainfall PR for the development of thresholds instead of explicit consideration of liquid water 

input as the combination of rain and snow melt as PL = PR + PM, can mask the subtleties of underlying processes in different 1040 

ways. On the one hand, such a threshold will fail to detect debris flows that are exclusively triggered by snow melt PM > 0 mm 

hr-1 at moments with no further rainfall (PR = 0 mm hr-1) as observed in ID 2 (Figure 10a,b) and may thus enhance false 

negative rates (Figure 13b). On the other hand, it can lead to elevated levels of false positives (Figure 13a,c), by overestimating 

event intensities and underestimating event durations, as rainfall events are overall characterized by higher intensities and 

shorter durations than snowmelt events. The benefit of developing thresholds based on PL is evident in their systematically and 1045 

in part substantially higher performances than P and PR based thresholds in all three study channels both at local and regional 

scales (Figure 13d-i). 
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However, any variable of water input, i.e. P, PR or PL, remains a rough proxy to describe in-stream transport capacity, i.e. 

discharge Q. In reality, the subsurface acts as a non-linear low-pass filter that regulates the release of water to the channel 

based on its wetness state (e.g. soil moisture, groundwater level), which is a result of the past sequence of water input and 1050 

output. The resulting non-unique relationship between water input and discharge Q then entails that the same magnitudes of 

water input can, depending on the wetness state, lead to substantial differences in Q. The role of Q as a more direct and 

meaningful descriptor of in-stream transport capacity, is underlined by the fact that local thresholds based on Q exhibit the 

consistently highest performances across all study channels (Figure 13). Notably, due to the continuous nature of discharge 

and time lags between water input and discharge peaks, thresholds defined on basis of Q can even detect debris flows that 1055 

occur at moments when PL = 0 mm hr-1 (Figure 10e,f). While local thresholds based on Q systematically outperform all other 

thresholds, the value of discharge as predictor is more ambiguous for regional thresholds (Figure 13d-i). As the hydrological 

response as expressed by Q is a manifestation of local catchment characteristics, and thus also of geomorphic predisposition, 

differences in catchment characteristics inevitably lead to differences in how water is stored and released as Q in different 

catchments, making spatial generalization a problematic and so far largely unresolved issue (e.g. Rudlang et al., 2026).     1060 

6.4 Uncertainties and limitations 

Although the role of snowmelt and discharge as predictors for debris flow is evident from the above results, as also similarly 

reported by a few other studies (Mostbauer et al., 2018; Bernard et al., 2025), it is only rarely considered in threshold models. 

The main reason clearly being the lack of discharge or at least stream water level observations in mountain channels of low 

stream order. Without these observations, the calibration of hydrological model and their subsequent use for discharge 1065 

predictions remains a considerable challenge. In addition, in channels where such observations are available, predictions of 

discharge Q and other variables such as snow melt PM or soil moisture SU can be subject to considerable uncertainties due to 

uncertainties in input data, including precipitation, model architecture as well as the choice of model parameters (e.g. Beven, 

2024). As can be seen in Figures 4 and 6, the uncertainty bounds of the shown modelled variables in this study can be rather 

wide. However, and encouragingly, the effects of these uncertainties – shown as error bars in Figures 8-11 – on the debris flow 1070 

thresholds are very limited and do not change the importance of, in particular, PL and Q as modelled debris flow predictors 

across the three study catchments (Figure 13). Notwithstanding the availability of complete and long timeseries of discharge 

observations, recent research has suggested that already the availability of intermittent, anecdotal estimates of discharge at a 

few moments (Pool and Seibert, 2021) or estimates of indicative water-level class (Clerc-Schwarzenbach et al., 2025), in 

particular when combined with remotely sensed snow cover information (Tong et al., 2021; Khalil et al., 2026) may be 1075 

sufficient for robust model parameter estimates. As also demonstrated by the results of our analysis, such approaches based on 

anecdotal and/or indicative data may offer a feasible way to calibrate models and eventually predict variables such as PL and 

Q in debris flow-prone channels in which it may otherwise be logistically challenging to systematically monitor stream flow 

over long time periods.    
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7 Conclusions 1080 

In this study we have analysed long-term records of debris flows, hydro-meteorological and modelled hydrological variables 

for three contrasting active debris flow channels (ID1, ID2 and ID3) in the Austrian Alps, extending over periods of up to 18 

years.  

We have found that: 

(1) the three channels are characterized by distinct seasonal timing of debris flow events. Debris flows in ID1 concentrate in 1085 

early summer and, on average, occur several weeks before the wettest conditions in individual years. This weak temporal 

coupling between debris flows and hydro-meteorological conditions suggests insufficient sediment resupply to trigger debris 

flows in spite of sufficient in-stream transport capacity in late summer. ID2 is characterized by debris flows that are spread 

throughout summer, occurring on average a few days after the wettest annual conditions. This moderate temporal coupling is 

a fingerprint of multiple cycles of sediment resupply and sediment exhaustion with sufficient transport capacity available 1090 

throughout summer. In contrast, debris flows in ID3 are strongly coupled to hydro-meteorological conditions. They occur 

mostly late in summer and coincide with the wettest annual conditions, suggesting that only these extreme wetness conditions 

provide sufficient transport capacity to trigger debris flows. While the distinct debris flow pattern between ID1/ ID2 and ID3 

illustrate the importance of spatial differences in hydro-climatic conditions, the differences between the geographically close 

channels ID1 and ID2 are largely a result of differences in landscape and geomorphological characteristics. Together these 1095 

differences illustrate that even over short distances, debris flows can be subject to highly contrasting regimes with distinct 

underlying processes. 

(2) As a result of these different regimes and the associated distinct hydro-climatic and geomorphic predisposition of the study 

channels, regional debris flow thresholds, even over short distances, can be markedly too conservative. Depending on the 

channel, they can cause inflated rates of false negatives (missed debris flows) or of false positives (false alarms). Overall, local 1100 

thresholds outperform regional thresholds across the study catchments.  

(3) Explicitly accounting for the precipitation phase and thus the effect of liquid precipitation, estimated as combined rainfall 

and snow melt, i.e. PL = PR + PM, systematically outperforms precipitation P and rainfall PR, for both, regional and local debris 

flow thresholds. For local thresholds, the combination of discharge Q with the intensity of PL was found to be the strongest 

predictor across all study channels, underlining the critical role of discharge as descriptor of in-stream transport capacity for 1105 

prediction of debris flows.   

Overall, the results of this study illustrate the importance of spatial heterogeneity in climatic and geomorphic predisposition, 

leading to distinct debris flow regimes that are controlled by different underlying processes. It was further demonstrated that 

relatively little additional information, such as remotely sensed snow cover data or anecdotal stream flow observations, can 

prove highly valuable to estimate PL and with some more effort Q, which are consistently and considerably stronger predictors 1110 

of debris flows than traditionally used precipitation or rainfall.     
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