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Abstract. Alpine alluvial fans and debris flow cones are central components of mountainous sediment cascades. The projected 

increase in heavy precipitation due to ongoing climate warming has been shown to intensify sediment redistribution dynamics 

under transport-limited conditions; however, sediment fan response to heavy precipitation has been shown to be strongly 

system-specific. The relative importance of external forcings and internal factors for sediment dynamics and their implications 10 

for sediment fan evolution in a future changing climate have not been assessed systematically so far. In this study, we compare 

decadal-scale planimetric dynamics of a mature alpine alluvial fan (“Friedergries”, 5 km2 catchment area) to juvenile debris 

flow cones (Lake Plansee, catchment areas mostly < 0.5 km2) in the Main Dolomite region of the Northern Calcareous Alps. 

In both areas, planimetric sediment redistribution dynamics are governed by external forcing by heavy rainfall. Internal system 

variables such as catchment morphometry transform the external forcing: the juvenile cones corresponding to small and steep 15 

catchments are susceptible to moderate precipitation extremes (< 1 year return interval) while floodplain dynamics on the 

mature fan are only susceptible to extreme precipitation events with supra-regional extent (3–20 years return interval). A 

detailed analysis of volumetric changes at Friedergries from 2018 to 2024 reveals that total erosion and deposition are best 

explained by heavy precipitation, while the location and timing of incision and backfill are determined by small-scale autogenic 

cycles. Based on current projections of climate change in the European Alps, we suggest that future sediment fan dynamics 20 

will be characterized by (i) an intensification of sediment redistribution in response to rainfall intensification, (ii) an increase 

of geomorphic work per rainstorm event in response to rainfall concentration, (iii) an increase in likelihood of system state 

changes, and (iv) a catchment-dependent seasonal shift of sediment redistribution: Activity of juvenile cones with small, steep 

catchments will shift towards spring and autumn while mature fans with larger, gentler catchments will continue to experience 

sediment redistribution mainly in summer. Here we show that catchment morphology and fan maturity control future 25 

susceptibility to rainstorms and thus sediment fan evolution in the coming decades. 
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1 Introduction 

Alpine alluvial fans and debris flow cones are important sediment storages in mountain cascades (Franke et al., 2015; Harvey, 

2010), important settlement space (Chiverell & Jakob, 2013; Fischer, 1966; Turkington et al., 2016; Hock et al., 2019), act as 30 

a hydrologic buffer (Herron & Wilson, 2001; Hayashi, 2020) and provide habitats for rare specialist species (Wöllner & 

Wagner, 2019; Wagner & Zehm, 2022). Sediment redistribution on alpine alluvial fans and debris flow cones (hereafter 

collectively referred to as “alpine sediment fans”, Franke et al., 2015) is determined by external forcings and internal factors, 

including feedbacks and thresholds (Milan, 2021; Scott & Erskine, 1994). The dominant external forcing in the European Alps 

is heavy precipitation, as the two main processes reworking alpine sediment fans, fluvial discharge and debris flows, are both 35 

strongly dependent on heavy precipitation (Caine, 1980; Guzetti et al., 2008; Kaitna et al., 2013; Milan & Schwendel, 2021; 

Brunner et al., 2021). Ongoing climate warming alters precipitation regimes in the European Alps: until the end of the 21 st 

century, extreme precipitation events are projected to increase across all seasons (Gobiet et al., 2014; Estermann et al., 2025; 

Kotlarski et al., 2023), leading to higher discharges especially in high elevation catchments (> 1000 m a.s.l.; Brunner et al., 

2021). Changing precipitation regimes will likely impact sediment dynamics on alpine sediment fans: For debris flows, 40 

Turkington et al. (2016) report an increase in heavy precipitation events potentially triggering debris flows until the end of the 

21st century. Kiefer, Oswald et al. (2021) relate a seven-fold increase in debris flow activity in the Northern Calcareous Alps 

after the 20th century to a two-fold increase in heavy precipitation events. Stoffel et al. (2014) and Kaitna et al. (2023) postulate 

a shift of debris flow activity towards spring and autumn. For fluvial systems, numerical modelling and geomorphic theory 

suggest increases of catchment sediment yield, bank erosion, higher magnitude scour-and-fill-cycles, and planform changes in 45 

response to higher discharges and potentially higher sediment input from the hillslopes (East & Sankey, 2020; East et al., 

2017). Coupling a climate model and a sediment transport model, Kido et al. (2023) predict that sediment yield from a Japanese 

mountain stream will increase by a factor of 3–5.5 in response to an increase of short-term heavy precipitation. Praskievicz 

(2015) predicts future sediment dynamics of three mountain streams based on projections of future discharges, showing either 

increases or decreases of bedload transport depending on increasing/decreasing durations of critical shear stress exceedance. 50 

However, observational studies yield ambiguous results, with climatic forcing only partly explaining temporal variability of 

sediment yield and morphological changes (East & Sankey, 2020). This is due to the fact that a given fan system’s response 

to a heavy precipitation event is strongly influenced by internal factors such as sediment availability (Hirschberg et al., 2021; 

Jomelli et al., 2007), fan and channel morphology (Scott & Erskine, 1994; Wells & Harvey, 1987; Bakker et al., 2019; Milan 

& Schwendel, 2021), sediment erodibility and location of sediment storages, and resulting thresholds for bedload mobilization 55 

and transport (Milan, 2021). These internal factors are modified by extreme events, whose influence can persist for several 

years to decades (East & Sankey, 2020; Harvey, 2007; Milan & Schwendel, 2021; Rainato et al., 2025). For meaningful 

inferences about future sediment fan dynamics, it is necessary to disentangle the relative importance of external forcings and 

internal feedbacks and thresholds. Measuring the impact of climatic forcing on geomorphic processes is best possible in regions 

with high geomorphic process rates and transport-limited conditions (“sentinel regions”, East & Sankey, 2020). The dolomitic 60 
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regions of the Northern Calcareous Alps satisfy both conditions, showing high geomorphic process rates (Kiefer, Oswald et 

al., 2021; Götz & Schrott, 2025), extensive storages of loose debris, and high weathering rates (Bayerisches Geologisches 

Landesamt, 1996; Sass, 2005) in addition to the highest projected changes in heavy precipitation in the European Alps (Rajczak 

et al., 2013). To investigate the relative importance of external climatic forcing and internal feedbacks and thresholds in this 

region we aim to 65 

(i) Derive a sediment redistribution chronology for an active “model” sediment fan 

(ii) Quantify climatic forcing of sediment redistribution 

(iii) Detect and quantify system thresholds and autogenic behaviour 

(iv) Decipher how catchment morphology and fan maturity shape future sediment fan dynamics in a changing climate. 

2 Study areas 70 

The Friedergries is located in the Northern Calcareous Alps about 10 km west of Garmisch-Partenkirchen (47° 29’ 25’’ N, 10° 

57’ 03’’ E; Figure 1). It is the mature alluvial fan of the alpine stream Friederlaine. The Friedergries has an area of 0.9 km2 

and forms a near-perfect cone with a slope of about 5 % (Figure 2). The uppermost 300 m downstream of the fan apex are 

characterized by a well-developed fanhead trench bordered by a terrace staircase, its inflection point is about 500 m 

downstream of the fan apex. 75 

Runoff at the Friederlaine is high during snowmelt in early summer and reacts rapidly to heavy precipitation during 

thunderstorms. During dry periods, the Friederlaine infiltrates into the permeable gravel. The water continues as sub-surface 

flow and resurfaces in the lower southwestern part of the fan. Thus, the upper and lower part of the fan are disconnected in 

terms of bedload transport during stages of low flow. A pilot study found a total of 4400 m3 of erosion between October 2016 

and 2017 in the uppermost 200 m from the fan apex (Wöllner & Wagner, 2019). 80 

The Friederlaine catchment has an area of 5 km2 with a mean elevation of 1536 m a.s.l. (930 to 2080 m a.s.l). Historical 

topographic maps show that the main channel of the Friederlaine and thus the area of sediment redistribution were situated in 

the eastern sector of the fan from at least 1826 to 1920 (LDBV, 1826, 1835, 1880, 1912, 1923). Reports from the 1920s/1930s 

describe the onset of channel migration towards the central part of the fan (Doposcheg, 1938; Koegel, 1920). Starting in the 

1930s, dams were constructed to confine the Friederlaine to its eastern course (Doposcheg, 1938). The largest of these dams 85 

(“Franzosenmauer”) was constructed during World War II, possibly in response to a regional rainfall event in 1940 (Fischer 

& Stängl, 1941), and consisted of a high dam and a bypass channel at the fan apex. It broke in the 1960s. While the exact 

timing of the dambreak remains uncertain, it is probable that happened contemporaneously to the 1965 Danube Whitsuntide 

flood (Kern & Streil, 1972). 

 90 
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Figure 1: Overview map of the main study site (Friedergries), the reference site (Plansee), and the location of the climate 

stations. Basemap data sources: openstreetmap.org and contributors, Copernicus WorldDEM-30 © DLR e.V. 2010-2014 and 

© Airbus Defence and Space GmbH 2014-2018 provided under COPERNICUS by the European Union and ESA; all rights 

reserved. Data available at https://doi.org/10.5270/ESA-c5d3d65). 95 
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Figure 2: Detail map of the study site (Friedergries) with its main drainage system. Basemap data source: Bayerische 

Vermessungsverwaltung (BVV), BayernAtlas / GeodatenOnline – www.geodaten.bayern.de 
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To provide regional context for our investigation at Friedergries, we compare our results to existing data from Lake Plansee 100 

(Kiefer, Oswald et al., 2021; Barbosa, Kiefer et al., in prep.). The Plansee catchment is located about 10 km west of 

Friedergries. Lake Plansee is bordered by numerous, mostly juvenile debris flow fans, alluvial fans, and fan deltas (Kiefer, 

Oswald et al., 2021). Similar to Friedergries, the mean elevation of their catchments is 1519 m a.s.l. (980 to 2250 m a.s.l.). For 

this study, we use decadal data from Barbosa, Kiefer et al. (in prep.) who report the aggregated active area of 60 fans. As some 

fans have secondary feeder channels in addition to the main feeder channel, we investigate the morphology of 69 sub-105 

catchments. 

Both Friedergries and Plansee are situated in the Main Dolomite (local name: Hauptdolomit) region of the Northern Calcareous 

Alps. Main Dolomite is an intensely jointed Triassic dolostone with a wide extent, forming numerous peaks in the Northern 

Calcareous Alps. It is highly conducive to physical weathering and rockfall and a major source of loose debris (Sass, 2005; 

Bayerisches Geologisches Landesamt, 1996). Therefore, rapid sediment recharge of stream channels can be expected after 110 

sediment export events, implying transport-limited conditions for both Friedergries and Plansee. 

During our study period, several major heavy rain events occurred in the wider region. In 1965, a Vb event led to widespread 

floodings in Austria and Bavaria (Kern & Streil, 1972; Hydrographischer Dienst Österreich, 1970; Stahl & Hofstätter, 2018), 

with extremely high discharges registered at the Loisach gauge at Garmisch-Partenkirchen. In 1977 and 1981, heavy 

precipitation events along the Northern Alps caused widespread floods, debris flows, and slope movements throughout Austria 115 

and eastern Switzerland (Hydrographischer Dienst Österreich, 1981, 1984; Zeller & Röthlisberger, 1984; Gerig, 1977; Kälin, 

1977; Gruber, 1977). In 2002, a Vb event led to several floods in the Alpine region (Weber & Braun, 2014). In 1999 and 2005, 

two extreme heavy rain events occurred, causing damages in northeastern Switzerland, western Austria and southern Bavaria 

as well as widespread fluvial sediment redistribution, debris flows, and landslides (Weber & Braun, 2014; Bezzola & Hegg, 

2007; Godina et al., 2006; LfU, 2007; Rickenmann & Koschni, 2010; Aschwanden, 2000; Landesamt für Wasserwirtschaft, 120 

2003). At the nearby Loisach gauge these rain events led to the highest (1999) and second highest (2005) discharges measured 

since the start of measurements in November 1962 (GWKD, 2021). In the neighbouring Wetterstein mountains, the August 

2005 flood profoundly altered the morphology of the Partnach River headwaters (Morche et al., 2006). In 2024, a heavy 

precipitation event with a duration of several days affected southern Bavaria and adjacent regions (LfU, 2025). 

3 Material and methods 125 

3.1 Pre-existing geodetic datasets and historical imagery 

For Friedergries, we acquired pre-existing orthophotos, digital elevation models (DEMs), and digital surface models (DSMs) 

from the Bavarian mapping authorities (LDBV). For 2024, we downloaded the orthophoto and DSM derived from aerial 

imagery. For 2019, we downloaded aerial LiDAR derived elevation data both as a DEM of 1 m cell size and as point cloud 
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data (LDBV, 2025). We used the point cloud to derive a DSM of 40 cm cell size that was aligned to the 2022 40 cm orthophoto. 130 

For Plansee, we acquired the 0.5 m resolution DEM from 2019 (Land Tirol, 2025). For the timeframe 1945–2022, we acquired 

historical aerial imagery from the Austrian and Bavarian mapping authorities. Starting in 2009, the aerial imagery was acquired 

in a digital format, prior to 2009 we received both high-resolution scans of the original films and low-resolution scans of paper 

copies of the imagery (Supplement 1). We obtained active area data for Plansee from Barbosa, Kiefer et al. (in preparation). 

3.2 Data preparation 135 

3.2.1 Historical aerial imagery: orthomosaic generation 

Aerial imagery was processed with Agisoft Metashape v1.6.2. We manually marked fiducial marks and calibrated the fiducials 

with the inbuilt routine and information on scanning resolution. Due to the well-defined geometry of survey-grade cameras, 

we used a simple camera model with principal point offset (cx, cy), focal distance (f), and three radial distortion parameters 

(k1, k2, k3) (Agisoft, 2025). When camera calibration reports were available (20 of 25 flight campaigns; Supplement 1), we 140 

calculated model parameters from the reports and fixed them during image alignment. Otherwise, we performed self-

calibration. We identified ground control points we could reasonably assume to be stable, e.g. building roofs, crossroads, and 

ground points between conspicuous groups of trees and bushes and derived their x, y, z-coordinates from the 2022 orthophoto 

and the 2019 DSM. We performed an initial image alignment either based on camera positions (if available) or 3-4 ground 

control points to establish an image network. After the initial alignment, we placed additional ground control points (GCPs) 145 

and check points (CPs), reset the alignment, and performed a second alignment. We checked GCP and CP residuals, 

investigated the source of high residuals and adjusted or deleted GCPs and CPs wherever necessary before performing a final 

alignment. Finally, we calculated a dense point cloud, DSM, and an orthomosaic. If image alignment was achieved but point 

cloud quality or extent were insufficient to generate reliable DSMs, we projected the images on the 2019 LiDAR DEM for 

orthomosaic generation. For 1947 (1 image) and 1969 (2 images), no image alignment could be achieved. We georeferenced 150 

these images to the 2022 orthophoto using an affine transformation in ArcGIS Pro 3.1.0. 

3.2.2 UAV-based sub-annual geomorphic change detections 

Between June 2018 and October 2024, seventeen drone flights with a commercial DJI P4P drone equipped with a standard 

RGB camera were carried out. Mission planning was done with MapPilot Pro, using standard missions with a flight height of 

40 m above ground level and an image overlap of 80 % at a speed of 4 m s-1. The acquired images were processed using 155 

Agisoft Metashape Pro 2 to create a point cloud, digital surface model, and orthomosaics (Agisoft, 2025). Ground points were 

identified using a max angle of 10°, a maximum distance of 0.1 m, an assumed max. terrain slope of 90° and a cell size of 10 

m. The erosion radius was set to 0.02 m. The resulting ground points were manually cleaned of outliers and used to create a 

digital elevation model (DEM) without vegetation. The quality and resolution of the images varied slightly between flights 

depending on light and weather conditions. Orthoimages achieved a resolution of 1.5–2 cm px-1, DSMs achieved an x-y-160 

https://doi.org/10.5194/egusphere-2026-1699
Preprint. Discussion started: 13 April 2026
c© Author(s) 2026. CC BY 4.0 License.



8 

 

resolution of 3–4 cm px-1 and a vertical resolution of 4–5 cm px-1. For horizontal alignment, orthoimages, DSMs, and DEMs 

were co-registered to the official 2022 orthoimage. To achieve vertical alignment, DSMs and DEMs were referenced to the 40 

cm LiDAR DSM from 2019. To correct for non-linear distortions such as the doming effect typical of photogrammetric DSMs 

(James & Robson, 2014), we used a reference surface approximating the spatially variable height offset (Wöllner & Wagner, 

2019): Based on the aerial photographs, 96 stable ground points (points that were not subject to any real change in height) 165 

were selected across the study area. For each reference point, the “true” altitude based on the 2019 lidar data and the altitude 

according to the DEM of the respective flight were sampled and subtracted from each other. We interpolated these height 

differences linearly and subtracted them from the DSMs and DEMs. The quality of the alignment was checked by comparison 

of elevation profiles in stable areas of the study region. The co-registered DEMs were used to create DEMs of difference 

(DoD) for change detection between consecutive flights. This resulted in 16 change detection epochs, ten of which are short 170 

(< 100 d) summer epochs and six of which are long (> 250 d) winter epochs (Table A1). We manually delineated the area of 

interest for geomorphic change detection from inspection of consecutive hillshades. To investigate spatial patterns of change, 

we divided the area of interest into nine concentric rings of 100 m width centred at the fan apex. 

 

We estimated DoD uncertainty with the method of Anderson (2019). It partitions the uncertainty into systematic, spatially 175 

correlated, and spatially uncorrelated random uncertainty. We estimated the uncertainty on the DoD of a calibration area that 

remained unchanged throughout the whole survey time. We subsampled the DoD to 1 m resolution and estimated systematic 

uncertainty as the absolute mean bias error (MBE) and random uncertainty as the standard deviation (STD) of the DoD in the 

calibration area. To constrain spatially correlated uncertainty, we fitted a spherical semivariogram model to the DoD of the 

calibration area with the ArcGIS Pro Geostatistical Wizard. Since the empirical semivariogram could not be fitted well with a 180 

semivariogram model without a nugget as proposed by Anderson (2019), we used the method of Rolstad et al. (2009) to 

calculate spatially correlated error. We did not perform trend removal (Gringarten & Deutsch, 2001; Burrough & McDonald, 

1998), assuming that large-scale trends had already been removed during vertical alignment. To calculate net change for the 

whole timespan, we summed the net changes of all timespans. We applied error propagation with correlated variables 

(Vermeesch, 2017; Ku, 1966; Dodge, 2008; Appendix D). 185 

3.2.3 Weather data 

Neither the Friedergries catchment nor the Plansee catchment have a weather station. Therefore, we acquired weather data for 

seven weather stations in the vicinity of the catchments (Figure 1, Table 1). 

 

 190 
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Table 1: Metadata of weather stations used in this study. 
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Ettal-

Linderhof 

ELI 10.956 47.570 precipitation 

1 d 

01.01.1961-

31.12.2024 

GKD (2025) 

Griesen (801 m 

a.s.l.) 

GRI 10.944 47.478 precipitation 1 d, 5 

min 

08.04.2004-

31.12.2024 

GKD (2025) 

Reutte (850 m 

a.s.l.) 

REU 10.715 47.494 precipitation, 

temperature 1 d 

01.01.1936-

31.12.2024 

Geosphere 

Austria (2025) 

Garmisch-

Partenkirchen 

(720 m a.s.l.) 

GAP 11.062 47.483 precipitation, 

temperature 

1 d 

01.01.1936-

31.12.2024 

DWD (2025) 

Zugspitze 

(2956 m a.s.l.) 

ZUG 10.985 47.421 precipitation, 

temperature 

1 d 

01.08.1900-

31.12.2024 

(temperature) 

31.12.1900-

31.12.2024 

(precipitation) 

DWD (2025) 

Berwang 

(1295 m a.s.l.) 

BER 10.751 47.408 precipitation, 

temperature 

1 d 

01.01.1998-

31.12.2022 

(temperature) 

01.08.1895-

31.12.2022 

(precipitation) 

BMLUK (2025) 

Ehrwald (1000 

m a.s.l.) 

EHR 10.920 47.404 precipitation, 

temperature 1 d 

01.08.1972-

31.12.2024 

Geosphere 

Austria (2025) 

 195 

To estimate the mean daily air temperature at Friedergries and Plansee, we use data from Reutte, Berwang, Ehrwald, Zugspitze, 

and Garmisch-Partenkirchen. From their mean annual air temperatures, we calculate the regional temperature lapse rate as –

5.49 °C/km. We calculate the mean daily air temperature at the respective mean catchment heights by applying this lapse rate 

and inverse distance weighted interpolation (Achilleos, 2011). 
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3.3 Data analysis 200 

All GIS analyses were carried out in ArcGIS Pro (version 3.1.0) and QGIS (version 3.42). Data analysis was carried out with 

Python 3.8.10, with the modules numpy (version 1.24.2; Harris et al., 2020) and scipy (version 1.10.1; Virtanen et al., 2022). 

3.3.1 Morphological catchment analysis 

To provide background information for geomorphic change detections and climate data analysis, we perform morphometric 

analyses on the Plansee and Friedergries catchments. For both sites, the analysis is based on the respective 2019 DEM. We 205 

describe each catchment by four metrics: catchment area, catchment circularity, maximum flow length, and mean channel 

slope. We use standard hydrological workflows to delineate catchments. Based on the catchments, we derive the stream 

network. We assume that channelized flow starts when the contributing drainage area exceeds 10 000 m2. As a measure of 

channel slope, we calculate the mean slope along the longest channelized flow path.  

3.3.2 Constraining historical active area/decadal sediment dynamics 210 

The quality of the older DSMs was insufficient for geomorphic change detection as elevation changes on the fan mostly range 

from a few decimeters to 2 m, which is in the same order of magnitude as the uncertainty of DSM reconstruction from the 

historical imagery. Therefore, we adopted active area as a proxy for sediment redistribution. We define active area as the area 

experiencing reworking by geomorphic processes. Increases of active area are due to the deposition of fresh, lightly coloured 

sediments in previously weathered and/or vegetated areas as well as the erosion of weathered surface sediments, exposing the 215 

fresh and lightly coloured underlying sediments. This is immediately visible in aerial imagery. In contrast, decreases in active 

area are not immediately visible as the darkening of the surface sediments takes time. For the main lithology of the Friedergries 

debris, Main Dolomite, this weathering timespan is estimated as five years (Friedel, 1935). Active area increases during 

discharge events of a magnitude exceeding the capacity of the previously active channel and floodplain. Consequently, a 

chronology of active area reflects extreme events. However, the threshold above which a discharge event is considered an 220 

extreme event will differ between different sediment fans, as the fan system response to a discharge event depends on 

characteristics of the fan (Scott & Erskine, 1994; Lane & Richards, 1996) and catchment (Liebscher, 1996; Legarda Garzon et 

al., 2023; Milan, 2021). We assume that active area can serve as a semi-quantitative measure of sediment redistribution 

intensity when (i) active area is not constrained (e.g. by bedrock outcrops) and (ii) fluvial channels are shallow and narrow 

and can relocate in response to sediment redistribution. These are satisfied as (i) the active area was located in the central part 225 

of the fan for the whole period of our investigation and (ii) both high-resolution UAV surveys and in-person fieldtrips confirm 

multiple avulsions of small channels downstream of the fanhead trench since 2018. We manually digitize active area from the 

historical orthophotos. In addition to the colour of the sediments, we check for signs of sediment redistribution during the 

delineation of active area (e.g. changes to fluvial channels, erosion along terraces, deposition lobes). To limit bias, this step 

was completed by the same worker for all timeframes. 230 
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3.3.3 Estimating sediment storage behind the Franzosenmauer dam 

We estimate sediment storage upstream of the Franzosenmauer dam based on the DEM from 2019 and the orthophoto of 1960. 

The 1960 orthophoto shows that the accommodation space upstream of the Franzosenmauer dam was completely filled with 

sediment. We use the lowest point of the artificial bypass channel at 950 m a.s.l. as an estimate for the minimum height of the 

Franzosenmauer dam. We use the extent of the dam determined from the 1960 orthophoto in conjunction with the 2019 DEM 235 

to model the Franzosenmauer dam as a triangular prism. We model the sediment storage upstream of the Franzosenmauer dam 

as a floodplain sloping gently to the south. To obtain a lower and upper bound estimate of the stored sediment volume, we 

assume a floodplain inclination of 2 % and 7 %, respectively. For each of these cases, we produce altered versions of the 2019 

DEM and perform geomorphic change detections between the artificial DEMs and the true DEM to estimate the volume of the 

stored sediment. 240 

3.3.4 Statistical modelling 

The ultimate aim of climate data analysis was to investigate links between geomorphic change and weather data. We define 

four different precipitation statistics (Table 2). 

 

Table 2: Definition of precipitation statistics. 245 

Statistic Unit Definition Mathematical formulation Eq. 

Total 

precipitation 

mm Total sum of precipitation. 
∑ 𝑝𝑖

𝑛

𝑖=1
 

(1) 

Total liquid 

precipitation 

mm Sum of precipitation on days with mean 

daily air temperature > 0°C. 

∑ 𝑓(𝑝𝑖 , 𝑇𝑖)
𝑛

𝑖=1
 

𝑓(𝑝𝑖 , 𝑇𝑖 , 𝑡) =  {
𝑝𝑖  𝑓𝑜𝑟 𝑇𝑖 > 0℃
0 𝑓𝑜𝑟 𝑇𝑖 ≤ 0℃

 

(2) 

Precipitation 

sum above a 

threshold 

mm Sum of precipitation exceeding an 

intensity threshold (Ariagno et al., 

2022). 

∑ 𝑔(𝑝𝑖 , 𝑡)
𝑛

𝑖=1
 

𝑔(𝑝𝑖 , 𝑡) =  {
𝑝𝑖 − 𝑡 𝑓𝑜𝑟 𝑝𝑖 > 𝑡

0 𝑓𝑜𝑟 𝑝𝑖  ≤ 𝑡
 

(3) 

Liquid 

precipitation 

sum above a 

threshold 

mm Sum of precipitation exceeding a 

threshold on days with mean daily air 

temperature > 0°C. 

∑ ℎ(𝑝𝑖 , 𝑇𝑖 , 𝑡)
𝑛

𝑖=1
 

ℎ(𝑝𝑖 , 𝑇𝑖 , 𝑡)

=  {
𝑝𝑖 − 𝑡 𝑓𝑜𝑟 𝑝𝑖 > 𝑡 𝑎𝑛𝑑 𝑇𝑖 > 0℃

0 𝑓𝑜𝑟 𝑝𝑖  ≤ 𝑡 𝑜𝑟 𝑇𝑖 ≤ 0℃
 

(4) 
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𝑝𝑖 : precipitation sum of the ith datapoint (mm d-1); 𝑡:  threshold (mm d-1); 𝑇𝑖:  interpolated mean daily temperature at 

Friedergries/Plansee for the ith datapoint (°C) 

 

The definition of these precipitation statistics is based on the following rationales: snow and rain behave fundamentally 

different in terms of runoff and sediment redistribution. While heavy rainfall generates runoff immediately, heavy snowfall is 250 

stored until melt (Brunner et al., 2021). However, snowmelt can be a substantial contributor to runoff and sediment transport 

in spring (Rainato et al., 2025; van Hamel et al., 2025; Lana-Renault et al., 2011). Therefore, we analyze the link between 

liquid precipitation and sediment redistribution and total precipitation (including rain and snow) and sediment redistribution 

separately. 

Models based on precipitation above a threshold reflect the observation that sediment redistribution starts above a precipitation 255 

threshold (Ariagno et al., 2022). Peak flow generated during a given precipitation event depends on catchment characteristics 

(Liebscher, 1996; Legarda Garzon et al., 2023). Therefore, the threshold cannot be known a priori and needs to be calibrated. 

To achieve calibration, we calculate linear models for a range of thresholds and choose the best performing model based on 

R2 (cf. Ariagno et al., 2022). 

For model construction, we adopted different approaches for the temporally and spatially highly resolved sub-annual UAV-260 

DSMs and the long term decadal orthophotos. 

For the UAV change detection, we based our analysis on the precipitation data from Griesen. We calculated precipitation 

statistics for each change detection epoch. We then performed separate ordinary least squares linear regression analyses of 

total erosion and total deposition on the precipitation statistics (Table 2). We calculated regressions for two scenarios: in the 

first scenario (“all data”), we included data from all epochs, in the second scenario (“net negative”), we excluded all epochs 265 

with net deposition, i.e. epochs in which we can be sure of significant sediment input from the catchment. For the regressions 

for deposition, we excluded epoch 14 because of considerable sediment export from our area of investigation.  

For the aerial imagery, we based our analysis on daily precipitation data from all weather stations used in this study. Based on 

our assumption about the weathering timespan necessary to visibly darken the sediments in the aerial imagery, we calculated 

precipitation statistics for five-year periods preceding each flight campaign for each station separately (e.g. for the flight 270 

campaign on 09.10.1969 we calculated precipitation statistics for the period 09.10.1962–08.10.1969; cf. East et al., 2017). The 

statistics were only calculated for periods without data gaps (WMO, 2017). To derive the regional trend, we averaged the 

statistics of all seven weather stations. We only calculated averages if data from at least three stations were available, else we 

eliminated the 5-year period from the analysis. To assess the influence of the choice of the weathering timespan on our results, 

we conduct a sensitivity analysis with weathering timespans of 4, 5, and 6 years (Appendix E). To quantify the importance of 275 

regional heavy precipitation, we calculate the contribution of the heavy rain events listed in Sect. 2 to 5-year precipitation 

statistics. 

In addition to the precipitation statistics in Table 2, we calculated 1-day return intervals with the partial series method (DWA, 

2012) for the timeframe 1973–2022 for which all stations have precipitation data (Appendix C). We did not apply the moving 
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window correction, thus our return intervals represent daily return intervals, not 24 h return intervals. For Griesen, the 280 

calculation of return intervals was not feasible as the record is too short.  

We excluded some datapoints from the calculation of linear models: At Friedergries, we exclude data points prior to 1977 due 

to incomplete sediment storage exhaustion behind the Franzosenmauer. We exclude 2024 because of insufficient precipitation 

data coverage (only two weather stations provide complete precipitation chronologies) and the formation of a continuous 

central channel that channels runoff and thus impedes overbank flow and areal sediment reworking (cf. assumption (ii) from 285 

Sect. 3.3.2). At Plansee, we exclude 1952 as a conspicuous outlier. 

4 Results 

4.1 Catchment morphologies at Friedergries and Plansee 

Catchments at Plansee are generally smaller, have much shorter maximum flow lengths, and higher mean channel slopes 

compared to the Friederlaine catchment (Figure 3, Supplement 2). Median catchment areas at Plansee are 7.9 ha, median 290 

maximum flow length is 480 m, and median mean channel slope is 32.5° compared to 500 ha (6300 %), 4850 m (1000 %), 

and 11.7° (36 %) at Friedergries. Visual inspection of the hillshades shows that the assumed start of channelized flow below a 

contributing drainage area of 10 000 m2 seems to coincide reasonably well with the location of couloirs, gullies, and fluvial 

channels. 
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 295 

Figure 3: Summary of the morphological analysis of the Plansee and Friedergries catchments. (a): area (note logarithmic y-

scale), (b): circularity, (c): maximum channelized flow length, (d): mean slope. For the full list of catchment properties, see 

Supplement 2. 

4.2 Decadal sediment redistribution 

4.2.1 Floodplain migration and channel avulsion 300 

Decadal geomorphological dynamics at Friedergries are characterized by gradual floodplain migration disrupted by one major 

avulsion following the breaking of the Franzosenmauer dam. Active area expanded and shrunk periodically with minima in 

1952, 1969, the late 1980s, and since 2015, and maxima in 1966, 1983, and the early 2000s (Figure 5). 

From 1945 to 1966, the main course of the Friederlaine was forced southeast by the Franzosenmauer dam. However, an active 

area in the central sector of the fan attests to spillover events with associated sediment reworking. Between 1960 and 1966, 305 

the Franzosenmauer dam broke. Strong incision resulted in the formation of terrace staircases on both the northeastern and the 

central floodplain that are still visible today. The dambreak led to the inactivation of the northeastern floodplain and the release 
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of 24000–36000 m3 of sediment previously stored upstream of the Franzosenmauer dam. However, historical orthophotos 

show that the release of sediment wasn´t completed until the mid-1970s. 

 310 

    

 

Figure 4: Franzosenmauer dam and sediment storage. (a): intact dam in 1960, (b): geometrical model of dam and sediment 

storage based on the 2019 DEM, (c): remainder of the dam in 1973 and (d): in 1977. Data source: Bayerische 

Vermessungsverwaltung 315 

 

Following the dambreak event until the early 1980s, the main stream course was directed towards the south. The active 

floodplain migrated towards the west, leading to the activation of the southwestern fan toe for the first time since at least the 

late 1820s (LDBV, 1826, 1835, 1880, 1912, 1923) and the decoupling of the Nudelgraben in the 2010s. The westward shift of 

the active area continued until 2015, when the direction of the migration reversed from east-west to west-east. Between 2022 320 

and 2024, a continuous north-south-oriented channel traversing the whole fan from apex to toe formed. 
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4.2.2 Climatic forcing of active area and regional comparison 

 

Figure 5: Comparison of the active areas at Friedergries and Plansee and regional heavy precipitation since 1945. (a): active 

area at Friedergries and Plansee with 5-years sum above 85 mm d-1 (best-fit model for Friedergries), (b): active area at 325 

Friedergries and Plansee with 5-years sum above 30 mm d-1  (best-fit model for Plansee), (c): linear regression of active area 

at Friedergries on 5-years sum above 85 mm d-1, (d): linear regression of active area at Plansee on 5-years sum above 30 mm 

d-1. 
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While the temporally sparse records prior to the 1980s differ widely, active area at Friedergries and Plansee show similar 330 

trends from the 1980s (Figure 5a, b). The regional heavy precipitation shows a similar trend to active area at Friedergries since 

the 1970s. Of the four precipitation statistics tested, only precipitation sum above a threshold and liquid precipitation sum 

above a threshold show satisfactory model performance. While precipitation sum above a threshold has the best overall 

explanatory power for active area at Friedergries (R2 = 0.83), it performs worse for Plansee (R2 = 0.65). In contrast, liquid 

precipitation sum above a threshold performs very well (R2 > 0.80) for both catchments. Therefore, we focus our analysis and 335 

interpretation on liquid precipitation sum above a threshold. At Friedergries, the five-year liquid sum above 85 mm d-1 

correlates best with active area (R2 = 0.81, p < 0.0001; Figure 5c). At Plansee, the five-year liquid sum above 30 mm d-1 

correlates best with active area (R2 = 0.82, p = 0.0003; Figure 5d). Our sensitivity analysis indicates that these results are robust 

(Appendix E). 

Daily precipitation of more than 30 mm occurs on 5-12 days each year depending on the station (EHR: 4.6 d yr-1, GAP: 5.2 d 340 

yr-1, REU: 5.7 d yr-1, BER: 6.2 d yr-1, ELI: 9.0 d yr-1, ZUG: 12.3 d yr-1). Daily precipitation exceeding 85 mm has a return 

interval of about 3–20 years depending on the station in question (ELI: 3.6 yrs, REU: 3.9 yrs, ZUG: 6.8 yrs, BER: 6.8 yrs, 

GAP: 15.5 yrs, EHR: 19.2 yrs; for full magnitude-frequency distributions, see Appendix C). It is noteworthy that these figures 

represent the return interval of the threshold. The return intervals of the rainfall events causing active area expansion are 

generally considerably higher, e.g. the 1-day return intervals of the 1977 and 2005 extreme events were approximately 20 yrs 345 

and 65 yrs at GAP, respectively. 

 

 

Figure 6: Model performance as a function of precipitation intensity threshold. For Plansee, the model performs best for a 

threshold of 30 mm d-1, at Friedergries for an intensity threshold of 85 mm d-1. 350 
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The peak in active area in the 1970s and 1980s at Friedergries is mostly attributable to three heavy precipitation events in 

1977, 1979 and 1981. While the precipitation events in 1977 and 1981 affected the wider region (see Sect. 2), the 1979 event 

has not been described in the hydrographic literature of Austria (Hydrographischer Dienst Österreich, 1982). However, it led 

to heavy precipitation in northeastern Switzerland (Schweizerische Meteorologische Anstalt, 1979). These rain events account 

for 30–70% of the 5-year liquid precipitation above 85 mm d-1 at Friedergries (Table F1). In contrast, their contribution at 355 

Plansee is only 15–20% due to its lower threshold of 30 mm d-1 (Table F2). The peak of active area in the 2000s at Friedergries 

is attributable to the Whitsuntide flood 1999 and the August flood 2005 which together account for 94–100% of 5-year liquid 

precipitation above 85 mm d-1 at Friedergries, with the August 2002 flood accounting for the remainder (Table F1). Again, the 

importance of these rain events at Plansee is much lower with a contribution of 20–35% (Table F2). 

4.3 Sub-annual to annual sediment redistribution 360 

4.3.1 Volumetric change detections 

Eight out of 16 epochs show net erosion exceeding uncertainty, five show net deposition (Figure 7, last row). Overall net 

change of –1000 ± 8300 m3 remains indeterminate. On average, epochs of net deposition deposit twice as much sediment 

(4500 m3 ± 2700 m3; mean ± 1 standard deviation) as epochs of net erosion erode (–2100 m3 ± 1900 m3). Epochs of net 

erosion/deposition show no apparent link to season. 365 

The change detection over the total time of investigation (last column in Figure 7) is consistent with the boundary between 

erosion and deposition zone determined by the inflection point. However, for each single epoch the boundary between the two 

zones can fluctuate considerably: in years with strong overall deposition, net accumulation can occur over the whole fan (e.g. 

epochs 5 and 10). Likewise, erosion can occur all the way to the fan toe (e.g. epoch 15). However, locally some accumulation 

occurred during all epochs, also in overall strongly erosive epochs (e.g. epochs 13 and 14). 370 
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Figure 7: Net changes for UAV-based geomorphic change detections. Cells marked “/” have an uncertainty exceeding net 

change. The lowermost row shows net change for each epoch, the rightmost column shows net change over the whole epoch 

for each ring. The lower right corner of the diagram shows net change for the whole timespan. 

 375 

4.3.2 Links between precipitation and volumetric sediment redistribution 

Total liquid precipitation above 10 mm d-1 (Figure 8a, b) and total precipitation above 10 mm d-1 (Figure 8c, d) have a similar 

explanatory power for erosion and deposition. 
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 380 

Figure 8: Relation between heavy precipitation and volumetric sediment redistribution. (a): Total rainfall above 10 mm d-1 vs. 

deposition. (b): Total rainfall above 10 mm d-1 vs. erosion, (c): Total precipitation (rain and snow) above 10 mm d-1 vs. 

deposition, (d): Total precipitation above 10 mm d-1 vs. erosion. In (a) and (c), epoch 14 was excluded from the linear regression 

because the area of deposition extended beyond the area captured during UAV flight campaigns. 

 385 

 

Epochs of net erosion are well represented by the linear models while epochs of net deposition are conspicuous outliers. This 

is especially true for the relationship between precipitation and erosion (Figure 8b, d). The short summer epochs (squares in 

Figure 8) and the long winter epochs (hexagons) are equally well represented by the linear models. While the best fit lines are 

quite similar regardless of if all data or only the net negative epochs were used for regression, the coefficient of determination 390 

is higher in the “net negative” scenario both for erosion and deposition. The models predict higher erosion than deposition for 

any given amount of precipitation which is consistent with the observation that in most epochs, net volume change was negative 

(Figure 7). 
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4.3.3 Autogenic cycles of channel incision and backfill 

In the UAV change detections, we observe five cycles of channel incision and backfill (Figure 9). Each of these cycles is 395 

associated with a small channel avulsion downstream of the fanhead trench. Considering the uncertainties associated with the 

timing of incision and backfill, each cycle is completed in less than one year. This does not apply for cycle 5, where backfill 

is far from complete. However, even in this case the onset of backfill occurs less than one year after incision. There is no link 

of incision/backfill to change detection epochs with net erosion/accumulation. In contrast, there is a clear seasonal signal with 

incision always occurring during the long winter change detection epochs and backfill during the short summer change 400 

detection epochs. 

 

Figure 9: Cycles of incision and backfill. A memory effect is visible, where newly incised channels are infilled in subsequent 

epochs. 

https://doi.org/10.5194/egusphere-2026-1699
Preprint. Discussion started: 13 April 2026
c© Author(s) 2026. CC BY 4.0 License.



22 

 

5 Discussion 405 

5.1 Decadal sediment redistribution chronology 

Based on the orthophoto interpretation and published reports, we derive a sediment redistribution chronology at Friedergries: 

from the construction of the dams in the 1930s and 1940s (Doposcheg, 1938; Kortenhaus, 1987) until the Franzosenmauer 

dambreak in the 1960s, sediment redistribution dynamics were determined by internal factors, i.e. the presence of the 

Franzosenmauer dam. This inference is strengthened by the observation that in our weather data analysis, we detect no apparent 410 

link to precipitation. After the dambreak event, the system took about 15 years to adjust to the new morphological state. This 

relaxation time is in the range of relaxation times reported for extreme events observed in comparable catchments (Rainato et 

al., 2025; Milan & Schwendel, 2021; East & Sankey, 2020; Morche & Schmidt, 2011; Bathurst & Ashiq, 1998). We infer that 

the long duration at Friedergries was caused by the gradual depletion of the 24000–36000 m3 of sediment stored upstream of 

the dam, overprinting the rainfall–active area relationship (East et al., 2017). Thus, sediment dynamics continued to be 415 

determined by internal factors until sediment exhaustion of the reservoir was mostly complete in the mid-1970s. From the 

1970s until 2023, heavy rainfall events determined sediment dynamics.  During this time, active area dynamics at Friedergries 

and Plansee show a similar trend. As local controls like channel morphology and intra-catchment processes cannot explain the 

similar behavior, we attribute these similarities to regional weather patterns. Between 2023 and 2024, the incision of a 

continuous central channel induced another disturbance, where the system may either revert to the pre-incision dynamic 420 

equilibrium (if backfill of the central channel is completed) or develop a new post-incision dynamic equilibrium (signifying a 

system state change, cf. Milan & Schwendel, 2021; Phillips & van Dyke, 2016) characterized by efficient sediment routing 

along the central channel (Harvey, 2011). 

5.2 Climatic forcing of sediment redistribution 

5.2.1 Regional climatic forcing of active area 425 

Weather data analysis confirms our inference that the subparallel evolution of active area at Friedergries and Plansee starting 

in the 1980s can be explained by regional weather. We identify liquid heavy precipitation as a suitable variable to describe this 

forcing. The observation that for the Plansee data, a precipitation threshold of 30 mm d -1 gives the best model performance 

while at Friedergries, a threshold of 85 mm d-1 gives the best model performance, indicates a higher susceptibility of the 

Plansee catchments towards heavy rainfall. As a consequence of the differing susceptibilities, Friedergries active area 430 

dynamics are mainly determined by supra-regional heavy precipitation events, while active area dynamics at Plansee are more 

sensitive towards local precipitation events. 
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5.2.2 Local climatic forcing of volumetric sediment redistribution 

Sediment fan dynamics are a function of runoff, sediment input, and morphology including sediment characteristics (Lane & 

Richards, 1996; Milan, 2021). Using precipitation as a proxy for runoff, we interpret the linear models as representing the 435 

influence of the runoff component under conditions of low or constant background sediment input. 

While total sediment input from the catchment remains unknown in our study, during epochs of net positive volume change, 

considerable sediment input must have taken place. We interpret these sediment input events as the arrival of sediment waves 

(cf. Barbosa et al., 2024) triggered in the catchment during extreme precipitation events. Due to their travel time of up to 

several years (Barbosa et al., 2024), the response of a fan system to a heavy precipitation event is twofold: while the fan 440 

responds immediately by incision, the sediments eroded in the catchment during the same event only arrive at the fan after a 

lag time which is determined by the catchment’s and sediment’s properties such as coupling of the sediment cascade (Milan 

& Schwendel, 2021; Rainato et al., 2018a), transport distance to the fan apex, and sediment grain-size distribution (Pellegrini 

et al., 2025; Oss Cazzador et al., 2021; Rainato et al., 2018b). Thus, it seems plausible that the reaction of the fan to heavy 

precipitation (sediment export during net negative epochs) is well predictable from precipitation, while the reaction of the 445 

catchment (sediment input during net positive epochs) overprints the precipitation–sediment redistribution relationship (East 

et al., 2017). 

Based solely on the model performance (R2), it is impossible to decide whether total precipitation above 10 mm d-1  or total 

liquid precipitation above 10 mm d-1 is the better explanatory variable. Both variables afford a physically meaningful 

explanation: An argument in favor of using only liquid precipitation is that only rain will directly be transformed into runoff. 450 

However, snow can be a substantial contributor to runoff and sediment transport during the melt season (Rainato et al., 2025; 

van Hamel et al., 2025; Lana-Renault et al., 2011). At Friedergries, snowmelt in the catchment is generally completed by mid-

May. Our winter change detection epochs (hexagons in Figure 8) generally span the timeframe September-June and thus 

comprise the whole snow season. Therefore, it is reasonable to assume that all precipitation (rain and snow) is transformed 

into runoff and potentially contributes to sediment redistribution during winter change detection epochs. 455 

The different thresholds of precipitation in the models of active area and volumetric sediment redistributions are easily 

explained by the different characteristics of active area and erosion/deposition volumes: active area only increases during 

extreme precipitation events that generate runoff exceeding the capacity of the active channel and floodplain. In contrast, DoD 

analyses also detect sediment redistribution in the channel or on the active floodplain, thus capturing the influence of lower 

magnitude precipitation events. 460 

5.3 Modulation of external forcing by catchment morphology and autogenic cycles 

The higher susceptibility of the Plansee catchments for heavy rainfall is likely explained by differing catchment characteristics: 

catchments at Plansee are smaller than the Friederlaine catchments and have higher channel gradients, which leads to relatively 

higher peak runoff (Liebscher, 1996). Additionally, the larger Friederlaine catchment can be expected to be characterized by 
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more efficient stream hydrological retention and in-catchment storage of sediment, in turn leading to lower discharge and 465 

sediment export compared to the Plansee catchments (Liebscher, 1996; Crosta & Frattini, 2004; Casper & Bormann, 2016). In 

contrast, the higher circularity of the Friederlaine catchment would tend to increase peak runoff more at Friedergries than at 

Plansee (Liebscher, 1996). However, circularity at Friedergries is well within the range of circularity at Plansee, barely 

exceeding the 75th percentile of the Plansee catchments. Therefore, we argue that the influence of circularity is negligible 

compared to catchment size, channel slope, and flow length. 470 

We interpret the cycles of incision and backfill detected in the UAV change detections as small-scale autogenic cycles (cf. de 

Haas et al., 2016) similar to the memory effect observed for debris flows by de Haas et al. (2020) and for braided rivers by 

Bakker et al. (2019). Two alternative explanations for cycles of incision and backfill come to mind: sediment input from the 

catchment and seasonal dynamics of sediment transport (Rainato et al., 2025; Ariagno et al., 2022). However, incision and 

backfill are out of phase with epochs of net erosion and accumulation, respectively. Therefore, we argue that sediment input 475 

from the catchment is unlikely to be responsible for the observed cycles of channel incision and backfill. While the cycles of 

incision and backfill show a strong link to season, net changes show no apparent link to season. Therefore, we argue that 

seasonal differences in sediment availability are also unlikely to be the driver for cycles of incision and backfill. The most 

likely explanation is that these cycles are driven by internal feedbacks that redistribute sediment within the fan system and 

maintain its capability for rapid channel migration (Bakker et al., 2019). 480 

The development of the continuous central channel between 2023 and 2024 which we interpret as the start of a fifth autogenic 

cycle represents a major change of the fan system. It remains to be seen whether the fan reverts to its previous dynamic 

equilibrium completing the fifth autogenic cycle or if the incision of the central channel constitutes a system state change (cf. 

Milan & Schwendel, 2021; Phillips & van Dyke, 2016). 

5.4 Limitations of the study 485 

An important limitation of our study is the lack of local precipitation and runoff data. For the analysis of sub-annual to annual 

sediment dynamics, this problem is less severe as high-resolution precipitation data from the weather station at Griesen c. 3.4 

km south of the catchment is available. The linear models of erosion/deposition on precipitation above 10 mm d -1 show 

considerable sediment redistribution even for low precipitation amounts. However, taking into account the precipitation lapse 

rate of +6.8 mm km-1 for the Northern Calcareous Alps (Baumgartner et al., 1983), annual precipitation in the Friederlaine 490 

catchment can be expected to be about 500 mm higher than annual precipitation measured at Griesen. For decadal dynamics, 

on the other hand, local data neither exists for Plansee nor for Friedergries. We argue that this does not represent a severe issue 

for our research, as we specifically investigate the similar trends in active area at Friedergries and Plansee. As we interpret 

these trends as representing regional dynamics, it seems reasonable or even beneficial to investigate their link to regional 

weather patterns, taking into account data from several weather stations. 495 

A severe limitation to our volumetric change detections is that we lack information on sediment input from the Friederlaine 

catchment. Therefore, all numbers presented in this study are minimum values of e.g. sediment export from the fan (in epochs 
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of net negative change) or sediment input from the catchment (in epochs of net positive change). Furthermore, we neglect 

antecedent conditions and catchment memory in our analysis. Viewed in a disposition-trigger framework (Kaitna et al., 2013), 

this means that we only investigate meteorological triggers of sediment redistribution. This is problematic as e.g. soil saturation 500 

due to antecedent rainfall or snowmelt plays a crucial role in discharge generation and sediment transport (Landesamt für 

Wasserwirtschaft, 2003; LfU, 2007). Additionally, snow cover impacts sediment availability (Schmidt et al., 2022) and is a 

prerequisite for rain-on-snow events, which can have severe geomorphic impacts (Beniston & Stoffel, 2016). Neglecting 

antecedent conditions may lead to an over-estimation of precipitation thresholds for sediment redistribution. This is likely less 

impactful at Friedergries, as antecedent conditions are less important for discharge generation due to extreme compared to 505 

moderate extreme precipitation (Brunner et al., 2021). Quantifying antecedent conditions would have required us to make a 

number of additional subjective choices in data analysis, e.g. the definition of the timeframe for which we calculate antecedent 

conditions. We prefer a potentially biased estimate of precipitation thresholds over results from an overly subjective data 

analysis strategy. 

5.5 Fan evolution in a warming climate 510 

The ongoing debate about alpine sediment fan dynamics in a warming climate is based on the inference that an increase in 

heavy precipitation may lead to elevated geomorphic activity (e.g. Turkington et al., 2016; Kiefer, Oswald et al., 2021; Kido 

et al., 2023; East & Sankey, 2023; East et al., 2017). However, several studies have shown that sediment redistribution will 

only increase long-term under transport-limited conditions, as the depletion of sediment storages may lead to a decrease in 

sediment yield from catchments (Hirschberger et al., 2021; Jomelli et al., 2007). Other authors have stressed the importance 515 

of connectivity for sediment transport through fluvial systems (Milan & Schwendel, 2021; Harvey, 2011). We argue that even 

if sediment storages in the catchment of a given sediment fan are exhausted or the fan is decoupled from its catchment in terms 

of bedload transport, sediment redistribution from the apex to the toe will increase in response to increasing heavy precipitation 

as the fan itself is a sediment storage that can be remobilized. However, catchment sediment storage depletion will result in 

rapid incision of the fan, as sediment export from the fan is no longer offset by sediment import from the catchment. This 520 

would result in a stabilization of the fan surface outside of the main channel and a loss of the sediment buffer capacity of the 

sediment fan (“throughfan trenching”, Harvey, 2011). For the Main Dolomite region of the Northern Calcareous Alps, we 

deem this possibility improbable due to large storages of loose debris and the high weathering rates (Sass et al., 2005; 

Bayerisches Geologisches Landesamt, 1996). 

The projected increase of heavy precipitation events across all seasons until the end of the century (Giorgi et al., 2016; Gobiet 525 

et al., 2014; Estermann et al., 2025; Kotlarski et al., 2023) impacts both sediment redistribution and the potential for system 

state changes. 

System state changes such as the 1960s dambreak event, potentially the incision of the continuous central channel between 

2023 and 2024, and similar system state changes reported in the literature (Morche et al., 2006; Milan, 2012, 2021; Harvey, 

1986, 2007) are more likely to occur in a climate with more frequent and severe precipitation events. This means that sediment 530 

https://doi.org/10.5194/egusphere-2026-1699
Preprint. Discussion started: 13 April 2026
c© Author(s) 2026. CC BY 4.0 License.



26 

 

fan systems become less stable and predictable. Despite summer drying identified in most climate projections until the end of 

the century (e.g. Gobiet et al., 2014; Estermann et al., 2025; LfU, 2020; Kotlarski et al., 2023), large disturbances are still most 

likely to occur during the summer months when high temperatures render the atmosphere especially prone to extreme 

precipitation (Brönnimann et al., 2018). This is especially true for the mid-21st century when summer precipitation may 

increase due to an increase of convective rainstorms (Giorgi et al. 2016). However, system state changes will continue to be 535 

dependent on internal system characteristics like the coupling of the sediment cascade, which is illustrated by a regional 

example: While the August 2005 flood led to a system state change in the upper Partnach catchment owing to a dambreak 

event (Morche et al., 2007), the Friedergries merely reacted with an expansion of its active floodplain which was in line with 

its dynamics since the 1970s. This is likely to be explained by the observation that at Friedergries, the potential for a system 

state change was lower than in the upper Partnach catchment, where a dam decoupling the sediment cascade was present 540 

(Morche et al., 2007). 

Extreme sediment redistribution events leading to a shift and/or expansion of active area on sediment fans are likely to increase 

as long as at least the lower part of the fan remains un-trenched. We infer that future active area dynamics will be modulated 

by catchment morphology: for small, steep catchments with short flow lengths and juvenile fans and cones, our results imply 

a shift of activity towards spring and autumn as moderate extreme precipitation with return intervals of up to one year will be 545 

more likely to occur in spring and autumn (Brönnimann et al., 2018). Such a shift towards spring and autumn is in line with 

inferences on debris flow activity (Stoffel et al., 2014; Kaitna et al., 2023). In contrast, larger, more gently inclined catchments 

with long flow lengths and mature fans will tend to retain their activity peak in summer, as changes of active area are driven 

by precipitation events exceeding several years that will be most likely to occur in summer also in the future (Brönnimann et 

al., 2018). This might be exacerbated by different scaling of moderate and extreme heavy precipitation events in response to a 550 

warming climate (Estermann et al., 2025; Brönnimann et al., 2018; Brunner et al., 2021). However, changes of seasonality are 

likely to be more complex than shown in our data as snow plays a crucial role for sediment availability (Schmidt et al., 2022), 

runoff (van Hamel et al., 2025; Beniston & Stoffel, 2016), and soil saturation (Landesamt für Wasserwirtschaft, 2003; LfU, 

2007). For volumentric sediment redistribution, we postulate that both total redistribution and geomorphic work per sediment 

transport event will increase: while rainfall intensifies across all seasons (Giorgi et al., 2016; Gobiet et al., 2014; Estermann et 555 

al., 2025), annual rainfall is projected to stay about equal in the Bavarian Alps (LfU, 2020; Kotlarski et al., 2023). Thus, rainfall 

will be concentrated in less, but higher intensity events. This increases the probability of transport threshold exceedance, 

causing overall higher sediment redistribution. Additionally, higher intensity rainfall events will cause higher intensity 

sediment redistribution events, giving rise to less predictable sediment redistribution dynamics with a higher damage potential 

per event. 560 

https://doi.org/10.5194/egusphere-2026-1699
Preprint. Discussion started: 13 April 2026
c© Author(s) 2026. CC BY 4.0 License.



27 

 

6 Conclusion and outlook 

Our study disentangles the relative importance of external forcings and internal factors and thresholds for sediment fan 

dynamics. Specifically, we (i) derive a sediment redistribution chronology, (ii) quantify climatic forcing of sediment 

redistribution, (iii) detect and quantify autogenic behavior and system thresholds for the “model” alluvial fan Friedergries and 

(iv) decipher how catchment morphology and fan maturity shape future sediment fan dynamics in a changing climate. 565 

 

For the Friedergries alluvial fan we show that periods of high and low floodplain activity alternated since 1945. Prior to the 

mid-1970s, a dam at the fan apex strongly influenced floodplain dynamics. 

At both field sites, active area dynamics are closely linked to heavy rainfall. Active area dynamics at Friedergries are mainly 

determined by supra-regional precipitation events with return intervals exceeding several years, while at Plansee, smaller local 570 

events with return intervals below one year play a larger role. 

Climatic forcing of sediment redistribution is overprinted by autogenic behavior and internal system characteristics both on 

the decadal and sub-annual timescale. Differing susceptibilities of Friedergries and Plansee to heavy precipitation are explained 

by catchment morphometry. For Friedergries, we detect five small-scale autogenic cycles governing time and place of channel 

incision and backfill. 575 

Based on our findings and the literature, we make the following inferences about sediment fan evolution in a changing climate: 

(1) Total sediment redistribution will increase in response to rainfall intensification. 

(2) Geomorphic work per rainstorm will increase in response to rainfall concentration. 

(3) System state changes will become more likely, rendering fan systems less stable and predictable. 

(4) Sediment redistribution will shift towards spring and autumn in response to summer drying and a shift of 580 

moderate extreme rainfall towards spring and autumn (Brönnimann et al., 2018). 

(5) Small, steep catchments with juvenile fans and cones will experience a more pronounced shift of activity 

towards spring and autumn than larger, gentler catchments with mature fans. 

 

Data Availability. Official digital elevation models are available from the sources cited in Sect. 3.1. Weather data are publicly 585 

available from the sources cited in Table 1. Historical aerial imagery as well as historical topographic maps are available upon 

request from the Bavarian Landesamt für Digitalisierung, Breitband und Vermessung (LDBV), the Land Tirol Abteilung 

Geoinformation, and the Austrian Bundesamt für Eich- und Vermessungswesen (BEV). Digital surface models derived from 

uncrewed aerial imagery are part of an ongoing long-term monitoring project and will not be made publicly available before 

the end of this project. Active area data from Plansee will shortly be published in Barbosa, Kiefer et al. (currently in 590 

preparation). 
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Appendix A: UAV change detection epochs 

 

Table A1: Characteristics of the UAV change detection epochs. 595 

epoch start end duration (d) season 

1 11.06.2018 18.07.2018 37 summer 

2 18.07.2018 11.09.2018 55 summer 

3 11.09.2018 27.06.2019 289 winter 

4 27.06.2019 05.08.2019 39 summer 

5 05.08.2019 10.09.2019 36 summer 

6 10.09.2019 19.05.2020 252 winter 

7 19.05.2020 14.07.2020 56 summer 

8 14.07.2020 01.06.2021 322 winter 

9 01.06.2021 07.09.2021 98 summer 

10 07.09.2021 30.06.2022 296 winter 

11 30.06.2022 30.08.2022 61 summer 

12 30.08.2022 28.06.2023 302 winter 

13 28.06.2023 08.08.2023 41 summer 

14 08.08.2023 29.06.2024 326 winter 

15 29.06.2024 09.08.2024 41 summer 

16 09.08.2024 29.10.2024 81 summer 

 

Appendix B: Historical aerial imagery camera precalibration 

We use the frame camera model (Agisoft, 2025), assuming that radial distortion can be modelled by three distortion parameters 

(the standard assumption in Metashape; Over et al., 2021) and that tangential distortion is negligible. Under these assumptions 

it can be shown that: 600 

∆𝑟 =  𝐾1𝑟
3 + 𝐾2𝑟

5 + 𝐾3𝑟
7 

With ∆𝑟: radial distance between a point in a distortion-free image and the same point in an image with radial distortion 

(measured in pixels), 𝐾1, 𝐾2, 𝐾3: radial distortion parameters (dimensionless). We use ordinary least squares inversion to 

estimate the distortion parameters based on calibration reports for the aerial imagery. 
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Appendix C: 1-day return intervals 605 

We model return intervals with an exponential distribution of the form (DWA, 2012): 

ℎ𝑁(𝑇𝑛) =  𝑢 + 𝑤 ∙ ln (𝑇𝑛) 

With ℎ𝑁: 1-day precipitation sum (mm), 𝑇𝑛: return interval (a), 𝑢,𝑤: model parameters of the exponential distribution function. 

 

Table C1: Model parameters, R2, and p-value of the fits for the respective weather stations. 610 

 

Station u w R2 p 

BER 49.7368 18.3949 0.90 < 0.0001 

EHR 45.4895 13.3801 0.90 < 0.0001 

ELI 60.8503 18.8590 0.98 < 0.0001 

GAP 47.2342 13.7789 0.93 < 0.0001 

REU 53.5295 23.2676 0.87 < 0.0001 

ZUG 60.5343 12.7555 0.94 < 0.0001 

 

 

Appendix D: Uncertainty propagation for change detections 

The matrix notation of uncertainty propagation is given by (Vermeesch, 2017): 615 

𝜎𝑓
2 = 𝐽 𝑉 𝐽𝑇 

With 𝜎𝑓
2 : propagated uncertainty, 𝐽 : Jacobian matrix, 𝑉 : variance-covariance matrix. In the case of summation, 𝐽 =

 [1 1 ⋯ 1]. 

It can be shown that the variance-covariance matrix can be written as (Dodge, 2008; Ku, 1966):  

𝑉 =  

[
 
 
 

𝑆𝑇𝐷(𝑥1)
2 𝑟12𝑆𝑇𝐷(𝑥1)𝑆𝑇𝐷(𝑥2) ⋯ 𝑟1𝑛𝑆𝑇𝐷(𝑥1)𝑆𝑇𝐷(𝑥𝑛)

𝑟21𝑆𝑇𝐷(𝑥2)𝑆𝑇𝐷(𝑥1) 𝑆𝑇𝐷(𝑥2)
2 ⋯ 𝑟12𝑆𝑇𝐷(𝑥2)𝑆𝑇𝐷(𝑥𝑛)

⋮ ⋮ ⋱ ⋮
𝑟𝑛1𝑆𝑇𝐷(𝑥𝑛)𝑆𝑇𝐷(𝑥1) 𝑟𝑛2𝑆𝑇𝐷(𝑥𝑛)𝑆𝑇𝐷(𝑥2) ⋯ 𝑆𝑇𝐷(𝑥𝑛)2 ]

 
 
 
 620 

 

With 𝑆𝑇𝐷(𝑥𝑖): uncertainty of net change of DoDi, 𝑟𝑖𝑗: Pearson’s r between DoDi and DoDj (Ku, 1966). 

This can be written as: 

𝑉 = 𝑀 ° 𝑅 

With  625 
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𝑀 = 

[
 
 
 

𝑆𝑇𝐷(𝑥1)
2 𝑆𝑇𝐷(𝑥1)𝑆𝑇𝐷(𝑥2) ⋯ 𝑆𝑇𝐷(𝑥1)𝑆𝑇𝐷(𝑥𝑛)

𝑆𝑇𝐷(𝑥2)𝑆𝑇𝐷(𝑥1) 𝑆𝑇𝐷(𝑥2)
2 ⋯ 𝑆𝑇𝐷(𝑥2)𝑆𝑇𝐷(𝑥𝑛)

⋮ ⋮ ⋱ ⋮
𝑆𝑇𝐷(𝑥𝑛)𝑆𝑇𝐷(𝑥1) 𝑆𝑇𝐷(𝑥𝑛)𝑆𝑇𝐷(𝑥2) ⋯ 𝑆𝑇𝐷(𝑥𝑛)2 ]

 
 
 
 

And 

𝑅 =  [

1 𝑟12 ⋯ 𝑟1𝑛

𝑟21 1 ⋯ 𝑟2𝑛

⋮ ⋮ ⋱ ⋮
𝑟𝑛1 𝑟𝑛2 ⋯ 1

] 

 

Two consecutive DoDs “share” one out of two DEMs (e.g. the DEM from August 2019 is used both in the calculation of the 630 

DoD from June to August 2019 and for the DoD from August 2019 to September 2019), so we assume that their uncertainties 

are correlated with an 𝑟 = 0.5. In contrast, we assume that uncertainties of non-consecutive DoDs (which “share” no DEM) 

are uncorrelated. Consequently: 

𝑅 =  

[
 
 
 
 
 

1 0.5 0 0 ⋯ 0
0.5 1 0.5 0 ⋯ 0
0 0.5 1 0.5 ⋯ 0
0 0 0.5 1 ⋯ 0.5
⋮ ⋮ ⋮ ⋮ ⋱ ⋮
0 0 0 0.5 ⋯ 1 ]

 
 
 
 
 

 

  635 
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Appendix E: Sensitivity analysis for the choice of weathering timespan 

 

 

Figure E1: Sensitivity of model performance for the choice of weathering timespan and precipitation threshold for OLS linear 

regressions based on liquid precipitation sum above a threshold. For the 4-year period, model performance is not satisfying. 640 

6- and 7-year periods consistently predict higher thresholds at Friedergries than at Plansee. 

 

 

Table E1: Precipitation threshold associated with peak model performance. 

 Friedergries  Plansee  

 Threshold (mm d-1) R2 (%) Threshold (mm d-1) R2 (%) 

4-year period 60 41.46 30 65.20 

5-year period 85 81.50 30 81.57 

6-year period 80 81.30 40 76.17 

 645 
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Using a 4-year weathering timespan does not yield satisfactory model performances (Figure E1, Table E1). Models employing 

5- and 6-year weathering timespans perform similar in terms of R2. While they yield slightly different thresholds for peak 

model performance, the overall trend of a high threshold at Friedergries compared to a low threshold at Plansee remains. 

 

Appendix F: Contribution of notable heavy rainfall events to planimetric activity peaks 650 

Table F1: Contribution of notable heavy rainfall events to 5-year liquid precipitation above 85 mm d-1 at Friedergries. Note 

that because of the 5-year weathering timespan required to visibly darken inactive sediments in aerial imagery, the impact of 

a given heavy precipitation event is detectable on aerial imagery captured up to 5 years later. 

Year of 

flight 

July 

rainstorm 

1977 

(31.07.1977) 

June 

rainstorm 

1979 (16.-

17.06.1979) 

July 

rainstorm 

1981 (18.-

19.07.1981) 

Whitsuntide 

flood 1999 

(20.-

22.05.1999) 

August 2002 

flood 

(11.08.2002) 

August flood 

2005 

(22.08.2005) 

1977 60 %      

1979 34 % 43 %     

1983  29 % 71 %    

1999    100 %   

2003    97 % 3 %  

2006     6 % 94 % 

2009      100 % 

 

Table F2: Contribution of notable heavy rainfall events to 5-year liquid precipitation above 30 mm d-1 at Plansee. Note that 655 

because of the 5-year weathering timespan required to visibly darken inactive sediments in aerial imagery, the impact of a 

given heavy precipitation event is detectable on aerial imagery captured up to 5 years later. 

Year of flight 

July 

rainstorm 

1977 

(31.07.1977) 

June 

rainstorm 

1979 (16.-

17.06.1979) 

July 

rainstorm 

1981 (18.-

19.07.1981) 

Whitsuntide 

flood 1999 

(20.-

22.05.1999) 

August 2002 

flood 

(11.08.2002) 

August flood 

2005 

(22.08.2005) 

1979 14 % 22 %     

2000    35 %   

2005     9 % 19 % 

2010      26 % 
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