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ABSTRACT

Debris flows are among the most hazardous mass movements causing danger to inhabitants and infrastructure nearby. Precise predictions
of the magnitude improve risk management and mitigation. Therefore, understanding the erosion, entrainment and propagation of the flow
is crucial. We present a concept of an empirical predictive debris-flow model calibrated with five highly erosive debris flow events in the
Bavarian Alps. Pre- and post-event digital elevation models were used to calculate the geomorphic change and the erosion depth along
the channel axis. We subdivided the channels in same-length segments to obtain a correlation of the mean erosion depth and simulated
flow parameters of the adjacent cross section upstream with linear regressions and multivariate calibrations. The empirical model gained

from this analysis can then be used in a predictive debris-flow model to iteratively calculate the anticipated erosion depth in future events.

INTRODUCTION

Debris flows are among the most hazardous mass movements due to their high flow velocities and impact forces (Hutter et al., 1996; Jakob
and Hungr, 2005). The hazard even faces enhanced recurrence due to an increasing trend in rainstorm frequencies. One of the major chal-
lenges is predicting the magnitude and extent of such events for an improved risk management and mitigation. For this, the understanding
of erosion, entrainment and propagation of the flow is crucial. The bed of debris flow channels can be incised several meters (Jakob and
Hungr, 2005; Pirulli and Pastor, 2012; Dietrich and Krautblatter, 2019) and the entrained material can lead to an increasing momentum, fur-
ther runout distances and higher impact forces (Iverson et al., 2011; Pudasaini and Fischer, 2020). To account for erosion and entrainment
in debris flow simulations, mainly two types of models have been used: process-based and empirical ones. Process based models describe
the physical interaction and exchange between the flow and the erodible bed (e.g. Armanini et al., 2009; Crosta et al.; 2015; Iverson, 2012;
Pudasaini and Fischer, 2020). Empirical models on the other hand are based on a time dependent erosion rate at the interface of flow and
erodible bed (e.g. Takahashi et al.; 1992; McDougall and Hungr, 2005). These empirical laws have the advantage of being easy to implement
for practical purposes, but most of them focus on the back-calculation of debris flows. Here, we propose an empirical erosion model cali-

brated for different debris flow catchments, which also focuses on the applicability as a forward-modelling simulation.

STUDY AREAS AND FLOW EVENTS

The study focuses on two locations in the Northern Calcareous Alps of southern Bavaria, both experiencing some recent debris flow activity.
The channels ‘Rofbichelbach’ and ‘Rofbichelgraben’ are both situated in the municipality of Oberstdorf and rise in the Hauptdolomit lithol-
ogy. Downstream, the torrents cross Quaternary scree and moraine material as well as a Flysch sequence which is characterized by softer,
densely fractured rock. On the 14th of June 2015, an extreme rainfall event triggered the debris flows in this region. Local residents recorded
approximately 90-120 mm of precipitation in 45 minutes. The other three channels ‘Runse Vorbergsiedlung’, ‘Runse Fischmichelsiedlung
West” and ‘Runse Fischmichelsiedlung Ost’ all descend on the north-eastern slope of the ‘Griinstein’-Mountain adjacent to Schénau am
Konigssee. All torrents rise in the ‘Ramsaudolomit’ lithology and cross scree material further downstream. In the evening of the 17th of July
2021 several debris flows were triggered due to long lasting high intensity rainfall events with peak intensities of 45 mm/h (Meteorological
station ‘Hollgraben’, Waterscience service Bavaria). All of the described debris flow events are induced due to massive runoff and successive

erosion of the sediment channel beds. The magnitude of the flows ranges in between 4,300 and 12,000 m3.

METHODS

The methods described below are a continuation of the methods described in Dietrich and Krautblatter (2019), shifting the focus from
back-calculating the event to a forward-modelling approach and extending the analysis to further catchments. We analysed five debris flow
channels at two locations in the Northern Calcareous Alps in regard of the eroded and entrained volume during two rainfall events. For the
volume calculation, we compared the respective pre-event DEM (Digital Elevation Model) with the post-event DEM obtained by airborne
laser scans (Bavarian Surveying and Mapping Authority, 2007 and 2016) and a post-event DEM obtained by terrestrial laser scans in 2015 as
well as by airborne laser scans in 2022. The result of this calculation is a DoD (DEM of Difference) with 1x1 m raster cells containing the
elevation differences for each channel. To consider probable errors due to the point density of the scans and the steepness of the channel (or
channel banks) we applied a ‘FIS-error-model’ (Fuzzy Interference System). For each raster-cell of the DoD we obtain an uncertainty-value

and therefore can exclude elevation changes that inherit errors with values below the 95 % confidence interval. We then subdivided the
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channels in 20 m segments along the channel axes and calculated the fractions of eroded volume in each segment (see Figure 1).
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Figure 1: Overview sketch of the subdivision in sections used for the analysis in this study. Left: Calculation of the eroded sediment volumes in each section from the results of the DoD.

Right: Simulated debris flow on the pre-event DEM and sketch of the flow parameter ‘velocity’ at cross section i".

For the simulation of the debris flows we used the software RAMMS (Christen et al (2010) which is based on the Voellmy-Salm fluid model
introduced by Salm (1966) and Voellmy (1955) and adapted by Bartelt et al. (1999). Two main parameters govern the term of total resist-
ance: The coulomb friction dominates at slower flow velocities and the turbulent coefficient at high velocities (Bertoldi et al, 2012). First,
we calibrated these friction parameters for the total volume of each of the five debris flow events to match the final deposition extents and
heights of the flows. Secondly, we simulated the debris flows for each of the segments with the corresponding volumes. Since all analysed
flows are runoff generated we estimated potential hydrographs as initial input (with a total volume = Vinital) for the first section, depending
on the catchment size ‘upstream’. The subsequent input volumes were calculated by the sum of the initial volume and the eroded volumes
of the upstream sections calculated by the DoD (e.g. V4=Vinitial+XV1-3).

After the calibration and simulation of the single segments we extracted flow parameters of the cross sections at the upstream end of each
segment (see figure 1). These parameters were then analysed regarding their correlation to the actual eroded volume and mean erosion
depth of the subsequent section. We performed linear as well as multivariable regressions with the parameters ‘velocity’, ‘momentum’, 'shear
stress’, ‘slope angle’, and ‘flow length’, similar to the measured parameters in experimental studies (Haas and Woerkom, 2016) and typical
flow parameters calculated by RAMMS. We also plan to analyse further parameters considering their correlation to the erosivity of the flow.
This analysis was performed with the underlying assumption that the flow parameters at the cross section on the upstream end of each

segment governs the erosion depth of exactly those.
RESULTS AND DISCUSSION

This study shows the first results of an ongoing analysis. Here, we are presenting the results of the above described methods for the torrent
‘Rof3bichelgraben’ which is one of the five channels. We were able to volumetrically analyse the geomorphic change of along the flow path
of the debris flow channel. The erosion depth of each segment and the cumulative eroded volume along the flow path is shown in figure 2.
It is clearly visible that most of the eroded and assumingly entrained volume originates from the first third of the flow path (up until section

9 of 30). Another peak of the average erosion depths is located at sections 16 and 17.
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Figure 2: Erasion depth of the single 20 m segments sorted by the natural flow direction of the ‘RolSbichelgraben” as well as the cumulative eroded sediment volume along the flow path.
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The linear regression of the parameters ‘erosion depth’ correlated with ‘velocity’ and ‘momentum’ for the Rof3bichelgraben is shown in figure
3. We obtained an R2-value of 0,488 for the linear regression of the velocity/erosion depth data and an R2-value of 0,748 for the momen-
tum/erosion depth data. Statistically, both models do have an explanatory power (F-statistic) but it is also clearly visible that the momentum/
erosion dataset shows some heteroskedasticity. Therefore, the linear regression seems to explain just part of the erosion behaviour in the

channel since we only test for one flow parameter at a time.
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Figure 3: Scatter of the modelled flow velocities (left) or momentum (right) averaged over the respective profiles plotted against the mean erosion depth of the 20 m sections as well as the

linear regression calculated from this correlation (upper diagrams) for the ‘RolSbichelgraben’. Residuals of the respective linear regressions (lower diagrams).

To get a better representation of the erosion depth in the channel we performed the multivariate analysis and obtained both a linear and a
quadratic model. Both models have the same flow or channel parameters as input variables. Figure 4 shows the result of a calibration of the
channel ‘Runse Vorbergsiedlung’. The linear model overestimates the erosion depth in the first 100 m of the channel and underestimates it
in between 100 and 300 m. The quadratic model on the other hand shows a very good representation of the erosion depth throughout the

whole channel. Only some sudden increases and declines are not matched.
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Figure 4: Model result after the calibration of a linear multivariate regression (orange) and a quadratic multivariate regression (green) to fit the original erosion depth (blue) for the channel

‘Runse Vorbergsiedlung’.
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The first results of the analysis show good representations of the erosion depth along the channels an R2—value of 0.45 for the linear multi-
variate regression and an R2—-value of 0.92 for the quadratic multivariate regression. In the next steps will include: (i) performing a validation
of the models in a forward-modelling approach; (i) comparison of the empirical models of the channels among each other to check if there

is a generalization opportunity; (iii) analyse further debris flows with different magnitudes to test the scalability of the analysis.

CONCLUSIONS

The empirical models gained from this analysis can be used in a predictive debris-flow model to iteratively calculate the erosion depth and
entrainment in each section. We aim at calibrating further debris-flow settings and also validating the model with reoccurring events. This
will create an inventory to enable enhanced magnitude predictions of anticipated debris flows in comparable catchments by a forward-mod-

elling approach.
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