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Abstract In August 2011, a large rainstorm event triggered several slope type debris flows on the steep
Little Ice Age moraine deposits of the Gepatschferner. Since high resolution ground-based LiDAR data are
available for before and after the event, erosion and accumulation of the single debris flows could be
quantified very accurately. Besides the quantification of the sediment yield of this event, the DEM of
difference calculated from the two LiDAR epochs allows for the identification and detailed mapping of
process areas of the debris flows. Using the ground-based LIDAR DEM and the mapped starting zones of
the event, the process areas of the debris flows were modelled using a 2-D friction model. The model was
calibrated and validated by the detailed maps of the process areas. The paper presents the first results of both
the quantification and the modelling of the slope type debris flows caused by the 2011 rainstorm event.
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INTRODUCTION

Since the end of the Little Ice Age (LIA), the glaciers of the Alps have been retreating
significantly (e.g. Klok & Oerlemans, 2004), creating a rapidly changing environment by exposing
steep and highly erodible moraine deposits. The geomorphic development of these deposits is
effected by the interaction of paraglacial processes (Church & Ryder, 1972; Ballantyne, 2002b),
including fluvial activity (linear erosion and slope wash), mass movements or debris flows. Since
the composition of the material (Hagg & Becht, 2000) and slope angles of moraine deposits
provide perfect conditions for debris flows, they are reported as important geomorphic processes
on steep and bare moraine deposits in proglacial areas (Palacios et al., 1999; Curry et al., 2006;
Chiarle et al., 2007; Barlow et al., 2009). However, the role of melting permafrost in the debris
flow process is contradictory, as discussed by Damm & Felderer (2008) and Sattler et al. (2011).

Due to their extensive process areas, the exact quantification and zonation of debris flows are
very challenging and were conducted up to now by, e.g. field mapping and mapping on aerial
photographs or by topographic surveys (e.g. by total stations, Becht et al., 2005). During the last
few years, airborne and ground-based LiDAR (ALS and TLS) have become important methods for
the topographic survey of geomorphic processes in alpine regions, such as mass movements
(Bitelli et al., 2004; Hsiao et al., 2004; Dewitte & Demoulin, 2005), fluvial processes (Haas &
Heckmann, 2007; Haas et al., 2011) or rock glaciers (Bauer et al., 2003; Avian et al., 2009). In
proglacial areas, the method was only used by Hetherington et al. (2005) and Milan et al. (2007)
for quantifying fluvial processes in a proglacial river system. Because of the irregular occurrence
of debris flows and the lack of suitable TLS data before a debris flow event, their geomorphic
guantification was up to now only possible with ALS data (Scheidl et al., 2008), or using a
combination of ALS and TLS data (Bremer & Sass, 2012), and therefore usually resulted in a
relatively high error margin.

The joint research project PROSA (High resolution measurements of the morphodynamic in
rapid changing PROglacial Systems of the Alps), founded by the German Science Foundation
(DFG) aims at a quantification of the sediment budget within the proglacial area of the
Gepatschferner (Austrian Alps) by using both TLS and ALS data (cf. Heckmann et al., 2012). The
present study forms part of this joint project and deals with measuring and modelling of debris
flows on the steep moraine deposits of LIA age. This paper shows the first quantification and
modelling results of a debris flow event that occurred during a heavy rainstorm in August 2011,
using pre- and post-event TLS data.

Copyright © 2012 IAHS Press
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STUDY AREA AND THE DEBRIS FLOW EVENT IN AUGUST 2011
Study area

The PROSA project research area is located in the central Alps and comprises the hydrological
catchment of the Faggenbach River, a tributary of the Gepatschspeicher Reservoir. Roughly 35%
of the catchment is covered by the two glaciers, Gepatschferner and Weil3seeferner, that are
rapidly shrinking (Abermann et al., 2009). A detailed description of the study area of the PROSA
project and a detailed map of the whole catchment can be found in Heckmann et al. (2012).
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Fig. 1 Location of the study area in the central Alps of Austria. The photograph shows the
Gepatschferner with its lateral moraines of the Little Ice Age and the scanned slope.

The debris flows investigated in this paper occurred on a part of the right LIA lateral moraine
deposits of the Gepatschferner (Fig. 1 and Heckmann et al., 2012). The scanned slope has an
extent of 285 272 m? and a mean slope angle of 35.8° (standard deviation 12.3°). Figure 2 shows a
photograph and a 3-D view (shaded relief) of the slope with its loose moraine deposits consisting
of coarse to fine material (siliceous para- and orthogneiss). The slope is interspersed with rock
faces and partly vegetated by alpine meadows and pioneer plants. It is clearly visible that the
moraine deposits have been modified considerably by geomorphic processes since their
deposition, especially by landslides, fluvial processes and debris flows. These processes have
transported material from the upper to the lower parts of the slope and into the fluvial system of
the Faggenbach River, which has formed a clearly visible floodplain.

Debris flow event in August 2011

During a rainstorm on 23 August 2011, intense and spatially-confined rainfall was recorded at the
Weilisee pluviograph in the central part of the catchment (Morche et al., 2012). The event lasted
1% hours and amounted to 18.8 mm with a maximal intensity of 14.4 mm h* (mean annual rainfall
800 mm). During the event, the water gauge of the Faggenbach River, close to the Gepatsch
Reservoir, recorded a very high discharge with a maximum of 59.2 m® s* (Heckmann et al., 2012;
Morche et al., 2012). The event triggered many slope-type debris flows in the proglacial areas
within the Faggenbach catchment, especially on the steep and bare lateral moraines of the LIA.
The recorded intensity fits formerly reported debris flow thresholds for the central Alps (Moser &
Hohensinn, 1987; Zimmermann et al., 1997). Furthermore, it was possible to attest the relationship
between rainfall intensity and mean annual rainfall as described by Hagg & Becht (2000).
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Fig. 2 Three-dimensional view (shaded relief based on the ground-based LiDAR DEM of 2011) and
photograph of the scanned slope and the floodplain below.

MATERIALS AND METHODS
Scanner system

The terrestrial laser scanning system used is Riegl LMS Z420i. This long range 3-D laser scanner
operates with a light in the near infrared and a beam divergence of 0.25 mrad, and can survey up to
8000 points per second to a distance of about 700 m. Data from a mounted digital SLR camera
(Nikon D700) can be used to colourize the resulting point cloud. These RGB values are not only
applicable for better visualization of the scanned objects, but can also be used for the filtering, e.g.
of vegetated areas (Haas et al., 2011). Both scanner and digital camera are operated by an external
Tablet PC and the software Riscan Pro.

Data acquisition and processing

The moraine deposit slopes have been scanned twice (25.08.2010/T1 and 24.09.2011/T>). In order
to minimize shadowing effects, the moraine deposits were scanned from three different positions
(Fig. 2) by a scanning resolution of 0.05° (stepwidth of the scanning signal) for T, and T,. This
resulted in a mean point density of 15.7 pts m?2 (SD 23.9 pts m?) for the whole slope with a
minimum of 0 pts m? (due to shadowing effects in the upper part of the slope) and a maximum of
534 pts m2 in the scanners close-up range. The distance between the scanner and the scanned
slope varies between 117 m in the lower part and 516 m in the upper parts of the slope.

The software Riscan Pro was used for the post-processing of the raw data in order to create
single point clouds containing data from all three scan positions (Fig. 3). After a manual clean-up
of the point clouds to eliminate “flying points™ (artefacts like birds or flies), the single scan
positions were spatially referenced using a two-stage procedure without the help of ground control
points. First, the scan positions were matched using Riscan Pro’s “coarse registration” procedure.
At least four manually identified point pairs in each of the three point clouds are needed. Then, the
iteratively working registration process “multi station adjustment” (MSA) of Riscan Pro was used
to automatically align the point clouds based on matching planes generated from the point cloud
data. Due to the expected massive geomorphic changes on the slope between T, and T, only those
parts of the point clouds which belonged to immovable rock faces were used in the process. The
calculated uncertainty of the MSA-registration for all adjustments varied between SD 0.019 m and
SD 0.024 m.



296 Florian Haas et al.

Scanning of the slope Scanning of the slope

from 3 scanosition from 3 scanosition

at time Ty and attime T2and
clean up point clouds clean up point clouds
l 1 Deriving of surface
changes by
Registration of single Registration of single Import to LIS Desktop/ Converting RGB values cut and fill -
scanpositions by scanpositions by SAGA to HSV Values analyses
coarse registration coarse registration in LIS Desktop/
and MSA and MSA SAGA

Registration of point
cloud Tqand Tz by

Deriving of DEMs by Filtering of .
; : triangulation of point |ter|r||—? ovvethatmn
ooars;en;eﬂ;gatmn clouds (grid size: 5¢cm) by H(SV) values

C] Scanning and processing in RiscanPro (Riegl) CJ Processing in LIS Desktop/SAGA (Laserdata)

Fig. 3 Workflow of the data processing and analysing processes.

Export as ASCI| file

(x,y,z,rgb,intensity)

Subsequently, the point clouds (x,y,z.-coordinates and RGB values) were imported into the
LIS Desktop/SAGA GIS database. To calculate the surface changes on the slope, digital elevation
models with a grid size of 0.5 m (for the calculation of the surface changes) and 1.0 m (for
modelling purposes) were derived from the point cloud data. Vegetation was then filtered using
the colour information of every single grid cell. Colours were transformed from RGB into the
HSV model and H values were used for filtering green grid cells. These were thought to represent
vegetation (Haas et al., 2011). By taking into account the accuracy of the measurement, the surface
changes were derived by subtracting the filtered DEMs using SAGA’s CutFill module (Heckmann,
2006).

Accuracy of the measurements

The uncertainty of surface change budgets based on LiDAR data is the result of many factors
(Wheaton et al., 2010), such as multiple signal returns due to surface roughness, the registration
error, variable data quality due to measuring distance, internal precision of the measurement
device or the resolution or the interpolation method, to name a few. There are many ways to
account for this uncertainty (cf. Wheaton et al., 2010). We calculated the error by using the “repeat
surveys of unchanged surfaces” approach (Wheaton, 2008). This means that we defined the
measurement accuracy of the single DEMs by scanning the slope two times with the same
parameter at the same point (in September 2011). Using the two DEMSs, the measurement error
could then be clearly defined for each grid cell. For this test set-up a standard deviation (SD)
between the two DEMs (DEM; and DEM; of September 2011) of 0.083 m was identified (n =
1 141 018 grid cells). As Brasington et al. (2003) described, the error of the cut and fill grid can
then be defined as:

SDcutfiti = \/(SDNew)z + (SDod)? Q)

where SDcysin 1S the cut and fill grid error, and SDnew and SDoig are the individual errors in the
DEMnew and DEMoyg, respectively (cf. Wheaton et al., 2010). The derived value for SDcuin is
0.1174 m. To increase the certainty of our measurement result, we defined the level of detection as
2SDcuin which means that the derived error of the cut and fill grid is 0.235 m and only differences
less than —2SD (-0.235 m) and greater then +2SD (+0.235 m) would be included in our volume
estimation. Surface changes below this error were set to “no change” in the surface change maps.

Modelling of debris flows

Debris flows were modelled using mathematical approaches that had originally been developed to
describe wet snow avalanches (Voellmy, 1955; Perla et al., 1980). Wichmann (2006) combined
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these concepts with a random walk and implemented them in SAGA GIS. The model, which is
described in detail by Wichmann (2006), has slightly been modified and refined since 2006,
including an implementation of a modified zonation rule.

The process path is modelled by a contiguous sequence of grid cells and the performance of
the model is, therefore, highly dependent on DEM resolution (Wichmann et al., 2008). The
movement of the process itself is represented by a random walk using the grid cell centres as nodes
and the directions to successor cells as edges. Because of varying topography, the system is in a
different and discrete state on each of the grid cells (i.e. each position on the trajectory). Since
these states are only dependent on the state on the respective next higher passed cell, the random
walk used in the model qualifies as a 1-step Markov-chain. Starting at a user supplied or modelled
start cell, the process path is constructed by the random walk cell-wise until a stop criterion, such
as the local slope and velocity being too low, is fulfilled. The walk is confined to the directions
defined by the multiple flow direction approach presented by Gamma (1996, 2000).

This approach was specifically developed for an application in random walks and identifies
potential neighbouring successor cells in the DEM for the debris flow trajectories. Only neigh-
bouring cells lower than the current cells qualify for being successor cells. In order to choose a
grid cell from the set of potential successor cells, it is necessary to determine transition
probabilities for potential successor cells. These are therefore calculated as proportional to their
slopes. The size of the set of potential cells and their probabilities are controlled by three
parameters specified by the user: slope threshold, spreading exponent and persistence factor.

The slope threshold determines the maximum slope for the start of debris flow spreading. In
other words, the process more or less follows the slope line in steep areas, while in moderately
steep areas (relatively to the slope threshold) neighbouring cells are included as well. This
increases the tendency for spreading. Accordingly, almost all neighbouring cells are included in
areas of low relief. As a result, potential lateral successor cells are found by the algorithm only
within the slope interval between 0° and the slope threshold. Above the slope threshold, the
process follows the line of greatest slope.

The degree of spreading in the areas less steep than the slope threshold is controlled by the
spreading exponent. This involves a slope dependent weighting of potential successor cells. High
values increase the tendency for the process not to follow the slope line and hence spreading.

In addition, it is possible to increase the probability that the process retains its current
direction by choosing an appropriate persistence factor. Thus, abrupt changes in flow direction can
be suppressed. All four parameters must be calibrated before this modelling step can be carried out.

Being multi-phase flows, debris flows have similar characteristics to snow avalanches. A
rigorous physical modelling of both processes is impractical as the parameterization of these
models cannot be undertaken due to the deficient data basis. Thus, the wet snow avalanche model
of Voellmy (1955), enhanced by Perla et al. (1980), is used in our model to estimate debris flow
range, velocities and process zonation. The detailed mathematical functionality of the model can
be found in Wichmann & Becht (2005), Wichmann (2006) and Wichmann et al. (2009).

Within the model, the natural environment characteristics that influence process range in
addition to slope (such as substrate and roughness of terrain surface) are accounted for by two
parameters that are calibrated with the results of field work and from satellite image mapping:
mass-to-drag-ratio (M/D) and Mu (). The mass-to-drag-ratio is a measure of the internal friction
and Mu is a friction parameter for the flow—surface interface. The M/D has a high influence on the
velocity of the modelled debris flow on steep slope segments, while p is very important for
velocity and range determination in flat accumulation zones.

The velocity is calculated along the process path of a single walk for every single grid cell,
where the output velocity of one process path cell functions forms the input velocity of the next
lower cell (Wichmann, 2006). The loss of energy due to breaks of slope from high to low is
factored in by a correction of the input velocity for the next lower cell.

The calibration of the two parameters is hampered by the fact that a certain velocity on a grid
cell can be obtained using different value combinations for the parameters M/D and p. In order to
be able to keep the range of possible parameter values limited, further assumptions must be made.
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Most important, both parameters are assumed to be constant along the process path. As data on
debris flow velocity is not available most of the time, the total run-out distance as observed in the
field or mapped from remote sensing data (by ground-based LiDAR in this work) is usually used
to calibrate parameter values. Being dependent on geology and particle-size distribution, both
parameters must be calibrated anew in every study area, sometimes even for distinct debris flows
on the same slope. Such inaccuracies are probably due to the different sized catchment areas of
debris flows. An accordant negative correlation between catchment area size and p has been
reported repeatedly (Rickenmann, 1991; Zimmermann et al., 1997; Gamma, 2000; Wichmann,
2006). The model also classifies the process area into erosion, transport and accumulation zones
by applying a power law to define velocity and slope combination classes that define these process
zones. The factor and exponent of the power law can be adjusted by the user until the modelled
zonation is in accordance with the zones observed in the field.

As a single random walk gives back only one trajectory and the successor cells are chosen
randomly (although in concord with their probabilities), the whole potential process area can be
modelled by the successive execution of many random walks (Monte Carlo simulation). The
relative frequencies of the specific grid cells being passed by a single walk are high (i.e. 100%) at
the start cell and decline rapidly further down slope, especially if lateral spreading is allowed.
They must not be interpreted as probabilities of occurrence because, in reality, the process paths
are not determined only by topography. Therefore, it is not possible to make a binding statement
about which modelled trajectories would actually be followed in a real event. However, it can be
inferred in which area the trajectory will be located. The model parameters chosen for this work
are described below.

RESULTS AND DISCUSSION
Quantification of debris flows

Figure 4 shows the derived surface changes on the slope between the DEMs of T1 and T». Due to
the long time period between T and T», the surface changes are certainly not only the result of the
debris flows that were triggered by the rainstorm event in August 2011. It is obvious that most of
the negative surface changes are concentrated at the channel heads and in the channels themselves.
Positive surface changes are associated with lateral channel boundaries such as levees or small
debris cones, mainly on the lower part of the slope. Thus, we assume that most of the erosion and
accumulation between T1 and T are the result of debris flow activity during the rainstorm.

The overall slope sediment budget (Fig. 4) of the debris flow activity of this event shows that
only a small fraction of the mobilized sediments (1033.5 m3, 29%) have been routed into the
Faggenbach River and that most of the material has been deposited at levees and debris cones in
lower parts of the slope (2526.8 m?, 71%). Due to the different surface conditions of the northern
and southern parts of the slope, sediment budgets are shown separately for both slopes In contrast
to the southern slope, the northern slope has a slightly higher mean slope angle (60.1° SD 3.9°)
and a shorter slope length. Thus, a great amount of material (59% of the eroded material) reached
the main channel and only a little sediment was deposited on the slope. This indicates that this part
of the slope is well coupled to the main channel. The southern part of the slope has a slightly lower
mean slope angle (56.2° SD 3.9°), a longer slope length and, due to the interspersed rock faces on
the southern and northern part, some natural barriers perpendicular to the line of slope. Thus, most
of the eroded sediment (91%) was deposited on the slope itself (left and right parts of the slope;
e.g. arrows 1 and 2 in Fig. 4) and only a small amount of material was routed into the Faggenbach
River (debris flow channels in the central part of the slope, arrows 3, 4 in Fig. 4).

Beside the erosion and accumulation by debris flows described, the slope was undercut
heavily by the Faggenbach River. 2749 m® of sediment was removed by lateral erosion of about
20 m during the event. Summarizing the sediment input by debris flow and by the lateral erosion,
the slope provided 3782.5 m? of sediment to the main river system during the rainstorm event. The
whole budget for the slope—floodplain interaction can be found in Morche et al. (2012).
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Fig. 4 Map of the surface changes on the slope and the derived sediment budget for the northern, the
southern and the whole slope.

Modelling of debris flows

For this study, four debris flows on the right part of the slope were modelled using the modified
model of Wichmann (2006) and a DEM with a resolution of 1 m derived from pre-event ground-
based LiDAR data (August 2010). Process areas as well as erosion and accumulation zones were
identified visually through the difference grid of T1 and T.. As a result, debris flow start grid cells
could be placed manually and each of the debris flows was then modelled separately to obtain the
best possible concurrence of modelled and mapped process areas. Slope thresholds were chosen
according to a slope grid derived from the DEM. The spreading exponent, persistence factor and p
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were changed iteratively until optimal congruence with the mapped process areas in the difference
grid was attained. The same mass-to-drag-ratio was chosen for all four debris flows. All process
areas were delineated using 3000 successive random walks, and process area zonation involved the
same power law for all events. The parameters used for each debris flow are given in Table 1.

Table 1 Parameter values for the single debris flows.

Slope  Spreading Persistence M/D u Zonation  Zonation  No.

thres-  exponent factor PL factor  PL exp- random

hold onent walks
Debris flow1  24° 3 15 75 0.365 600 -1.3 3000
Debris flow2  30° 5 5 75 0.618 600 -1.3 3000
Debris flow3  27° 5 5 75 0.35 600 -1.3 3000
Debris flow4  27° 5 5 75 0.35 600 -1.3 3000

As evident from Table 1, it was necessary to choose different parameters. Debris flow 2
especially seems to have involved a much higher friction at its base than the other three. This
debris flow was much smaller than the other three and stopped after a travelling distance of only
37 m (Fig. 5(b)), whereas the other events travelled as far as 200 m and almost delivered a portion
of their sediment to the river bed of the Faggenbach River. At least part of this enormous
difference can be explained by the difference in size of the hydrological catchment areas upslope
of the debris flow starting points. While debris flow 2 receives water and material only from an
area of ~150 m?, the size of the catchment areas of the other flows ranges up to >1000 m?.

Modelling versus quantification

Figure 5 shows both the result of the quantification (Fig. 5(a)) and the result of the modelling of
the subset of four debris flows (Fig. 5(b)) on the southern part of the slope. It is clearly visible that
the modelled and the measured process areas fit quite well and that debris flow 2 has its whole

o stopt
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Flood plain

Flood plain

W 100 m
e ’ N
contours lines (5 m) )
N < Accumulation
LSm [] modeled debris flows I

Erosion

Fig. 5 Map of the surface changes on the southern slope (a), and modelled process areas of four debris
flows on the southern slope, (b). The arrows in (a) and (b) indicate changes in the channel system due
to erosion during the event.
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process area within the slope while debris flows 1, 3 and 4 are partly connected to the Faggenbach
River. This corresponds to the conditions observed on the slope. However, there are also some
clearly visible differences which are indicated by arrows in Fig. 5. As the debris flows were
modelled on the basis of the T: DEM, surface changes on the slope that occurred during the event,
were not considered in the modelling process. Arrow 1, for instance, marks a zone of heavy
erosion in Fig. 5(a). The modelled debris flow, however, leaves the real process path at this point
as the deep erosion of the event itself is not modelled. It is probable that this direction turn had a
strong influence on the run-out length and, as a consequence, also on the extent of the
accumulation area. A similar case can be seen in the process path of the leftmost debris flow
indicated by arrow 2. Heavy erosion in the marked channel during the event led to a process path
of the debris flow completely different from the one modelled on the basis of the DEM
representing the undisturbed conditions before the rainstorm event. As a result, some differences in
the accumulation area extents of modelled and mapped debris flows can be made out.

CONCLUSION

The results of our case study show that ground-based LiDAR scanning is an appropriate method to
quantify the surface changes of debris flows on slopes in a proglacial area. The accuracy of the
measurement can be considered as quite good for the surface changes that occurred due to debris
flows, but it could be improved in future by reducing the scan distance and by using targets as tie
points. In order to align scans more accurately, 12 tie points have been fixed on the rock faces
interspersed within the slope since our last scanning campaign. In addition, our further measure-
ments will be carried out at a better temporal resolution in order to separate the erosion rates of
single geomorphic processes and to analyse the process interactions on the slope more accurately.

Besides the quantification of debris flows, ground-based LiDAR scanning data have been
shown to be applicable for improving an existing 2-D debris flow model, even though problems
caused by the very detailed DEMs have to be taken into account (cf. Wichmann et al., 2008).

Due to the very detailed mapping, both the starting points of debris flows as well as the
process zones can be well defined and this can lead to better calibration of the model. The model
can be improved by more detailed mapping. It seems also be possible to use ground-based LiDAR
data to derive very detailed and spatial distribution of surface roughness maps. This information
can be used in the future to implement a spatially-distributed p in the model to consider the
specific surface conditions of every single debris flow.

Summing up, our investigations have shown the high potential of ground-based LiDAR
scanning to investigate geomorphic processes in a proglacial environment. Further investigations
in the framework of the PROSA project will help to improve these first results.
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