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Abstract v

Abstract

Debris flows occur globally in steep channelised torrents filled with loose debris, mostly due to heavy
rainstorm events. Their destructive power caused tens of thousands of deaths in the last 70 years and
destroyed a huge amount of economic goods in endangered areas. Especially the European Alps are
affected by a large number of recorded damaging debris flows per year, e.g. more than 1,400 events
occurred between 1972 and 2004 in Austria. Although their occurrence is bound to specific locations,
limited evidence exists regarding (i) their decadal and annual activity, (ii) their erosivity and transported
sediment volumes as well as (iii) the channel refill rates after an event. However, the size of hazard
zones and the size and site of countermeasures strongly depend on the above specified aspects (i) to (iii),
as the evaluation is — among others — based on how frequently debris flows occur in an area (activity?),
how much material is eroded and transported during an event and how fast the channel bed is refilled
with sediments after an event. As a consequence, in this thesis a trinity of manuscripts aims to gain
further understanding of (i) factors conditioning long-term debris-flow activity (pre-depositional), (ii)
factors controlling sediment erosion and volume increase during an event (syn-depositional) and (iii)
factors governing sediment dynamic and channel refill after an event (post-depositional). Different
methodological approaches were required for each objective. Data were gathered at three study sites, as

each site had its own advantages and limitations concerning survey and measurement setup.

(i) To decipher the long-term debris-flow activity (pre-depositional), a combination of an analysis of
aerial photographs since the 1940s and field mapping in eight catchments at the Plansee Lake in Austria
was carried out. The lithology in these catchments consists of Upper-Triassic dolomites. The investi-
gated catchments and fans supply large amounts of sediments available for transport, representing an
ideal spot to study the debris-flow activity in a transport-limited system in times of frequently hypothe-
sised, but rarely proven impacts of climate change. The individual spatial and temporal development of
each catchment and fan could be tracked on seven photos from 1947 to 2010. The volumes of debris
flows, which occurred between two consecutive photos, were quantified by an area-to-volume relation-
ship of deposited material. Results of these normalised rates (m3/yr) suggest a significant increase in the
transported sediment rate from 1947-1952 (0.23 £ 0.07 108m3/yr) to 1987-2000 (2.41 + 0.66 103m3/yr)
with a following decrease to 1.4 + 0.4 10°m3/yr (2000-2010). Thus, rates after 1980 raised on a more
than three-fold elevated level compared to pre-1980 rates. These recently increased rates also exceed
the Holocene/Lateglacial rate by a factor of two to three, which was revealed by an electrical resistivity
tomography. The analysis of the aerial photographs also shows a strong correlation between vegetation-
free catchment area and transported annual sediment rate (activity). Additionally, nearby located meteo-
rological stations provide insights into changed rainfall patterns in the study area in the last decades.
The data indicate an enhanced rainstorm frequency (doubled since the 1920s) with a coincidently

increased debris-flow activity.

(ii) To reveal meaningful controlling factors for debris-flow erosion and the related volumetric growth

of debris flows along the flow path (syn-depositional), the second study analyses geomorphic change



Abstract V

by means of a pre-and post-event digital elevation model for a debris flow occurred in June 2015
(RoRbichelbach, Oberstdorf, Germany). The debris flow deeply incised into the underlying substrate,
which consists of Flysch bedrock and Quaternary deposits, resulting in a substantial volumetric growth
along the 1,200-metre long channel. The spatial variable erosion and deposition of material in the torrent
was recorded by a terrestrial laser scanning survey (> 50 scan positions) shortly after the event. The
derived digital elevation model of 2015 was in turn compared to a digital elevation model recorded by
an airborne laser scanning survey in 2007. The difference of both data set reveals massive erosion rates
up to 5 m3/m? resulting in a total erosion volume of 9,550 + 1,550 m? and a deposition volume of 650 +
150 m3 in the channel. Flow properties of a calibrated numerical debris-flow model were compared to
the results of the change detection. For the first time, flow momentum and shear stress at the base of the
flow were found to be meaningful parameters of a real-scale debris flow to explain erosion rates (R2 up
to 0.7) and can be considered as substantial controlling factors. Disproportionally large erosion rates

were observed at transitions of the substrate from bedrock to loose debris.

(iii) In contrast to most recently published studies, which often focus on syn-event debris-flow processes,
the third study analyses the sediment dynamic and the channel refill after a debris-flow event (post-
depositional). Especially in sediment-limited systems, the refill rate governs debris-flow magnitude and
activity, which both largely depend on the supply of mobilisable loose debris, originating from adjacent
slopes or from the above lying catchment. For this purpose, the channel refill of the RoR3bichelgraben
(Oberstdorf, Germany) was investigated after a debris-flow event in June 2015. Ten TLS surveys (> 360
laser scans) and nine temporally synchronised UAV surveys (> 7,000 photos) were carried out from
June 2015 to October 2018 to decipher the temporal, spatial and seasonal sediment dynamic in the 400-
metre long channel. With both techniques, TLS and SfM-based photogrammetry, very similar erosion
and disposition volumes were obtained (difference < 5%). The results suggest that approx. 1,150 m3 of
material has been stored in the channel bed in the last 3.5 years (= 1 m3/d), whereby material redistribu-
tion is more active in summer than in winter. The erosion, deposition and net volumes were compared
to different rainfall intensities (mm/10 min to mm/72 h) to examine potential links between rainfall
pattern and sediment redistribution. The novel approach shows that the post-event sediment dynamic
can best be explained (R? up to 0.9) by short intense rainstorm events. Additionally, the elapsed time
since the last debris flow influences the channel refill significantly, as many over-steepened river banks

failed shortly after the event and subsequently stabilised over time.

This thesis (i) presents one of the first evidences for a presumably climate change based three-fold
increase in debris-flow activity since the 1980s coincident to an increased frequency of heavy rainstorm
events, (ii) reveals momentum and shear stress as meaningful controlling factors for debris-flow erosion
to better predict and model potential future debris flows, (iii) deciphers short, intense rainstorms as
substantial controls on the post-event sediment dynamic in channels and demonstrates that photo-
grammetry and terrestrial laser scanning provide equivalent results. This thesis contributes to a more

reliable and reproducible assessment of debris-flow related hazards in alpine regions.
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Zusammenfassung

Murgénge sind gravitationsbedingte Massenbewegungen, die in steilen, schuttgefullten Wildbéchen bei
Starkniederschl&gen auftreten konnen. Aufgrund der hohen Geschwindigkeit und Masse kamen in den
letzten 70 Jahren zehntausende Menschen zu Tode. Auch die Europdischen Alpen sind jedes Jahr von
einer groRen Anzahl an Murgéangen betroffen. Allein in Osterreich wurden zwischen 1972 und 2004
mehr als 1400 Ereignisse registriert. Obwohl das Auftreten von Murgéngen an bestimmte Gebiete und
Voraussetzungen gebunden ist, gibt es nur sehr wenige Daten beztiglich (i) deren langjahriger Aktivitat,
(ii) deren Erosivitat und der transportierten Volumina und (iii) der Wiederauffillungsrate eines Wild-
baches mit Sediment nach einem Ereignis. Allerdings sind genau diese Daten flr die zuverlassige
Konstruktion von SchutzmaBnahmen und die nachvollziehbare Ausweisung von Schutzgebieten unab-
dingbar, da die Bewertung vor allem darauf basiert, wie hdufig Murgange in einem Gebiet auftreten
(Aktivitat?), wie viel Material transportiert wird und wie schnell sich der Bach nach einem Ereignis
wieder mit Material fillt. Deshalb zielt diese Arbeit mithilfe dreier Manuskripte darauf ab, (i) ein bes-
seres Verstandnis flr die methodische Herangehensweise zur Bestimmung der langjéhrigen Murgang-
aktivitdt und deren beeinflussende Faktoren zu erhalten (Pre-Event), (ii) kontrollierende Faktoren fiir
die Erosionsraten eines Murgangs zu erforschen (Syn-Event) und (iii) beeinflussende Faktoren fur die
Sedimentdynamik und die Wiederauffullungsrate eines Wildbachs mit Material nach einem Ereignis
reproduzierbar zu bestimmen (Post-Event). Fir die Ziele wurden unterschiedliche methodische Anséatze
und Untersuchungsgebiete gewahlt, da jedes Gebiet Vorziige und Einschrankungen bzgl. der Durch-

flihrbarkeit der entsprechenden Messungen und Begehungen hatte.

(i) Um die Murgangaktivitat (Pre-Event) lber einen langeren Zeitraum zu untersuchen, wurden Luft-
bilder seit 1947 ausgewertet und Kartierungen am Plansee in Osterreich durchgefiihrt (Nordliche Kalk-
alpen). Die acht untersuchten Einzugsgebiete sind lithologisch aus obertriassischem Hauptdolomit auf-
gebaut. Diese stellen sehr grole Mengen an Sediment bereit, wodurch die Murgangaktivitét in Zeiten
des Klimawandels in einem transportlimitierten System sehr gut untersucht werden kann. Mithilfe von
sieben Luftbildern zwischen 1947 und 2010 konnte die rdumliche und zeitliche Entwicklung jedes
Murkegels und Einzugsgebiets genau nachvollzogen werden. Die Ablagerungen von Murgangen, die
zwischen zwei zeitlich aufeinanderfolgenden Luftbildern auftraten, wurden tber eine Flache-Volumen-
Beziehung quantifiziert und in eine durchschnittliche Rate (m?%Jahr) umgerechnet (Aktivitét). Die da-
raus resultierenden Ergebnisse deuten auf einen deutlichen Anstieg der transportierten Sedimentraten
von 1947-1952 (0,23 £ 0,07 10°m?/Jahr) bis 1987-2000 (2,41 + 0,66 103m?3Jahr) hin. Darauf folgte von
2000-2010 ein Riickgang auf 1,4 + 0,4 10°m3/Jahr. Die Raten nach 1980 sind mehr als dreimal so hoch
wie die Raten vor 1980. Ebenso (ibersteigen die durchschnittlichen Murvolumia seit 1980 auch die holo-
zane bzw. spétglaziale Rate um den Faktor 2-3, die durch eine elektrische Widerstandstomographie an-
genahert wurde. Die Daten zeigen zudem einen starken Zusammenhang zwischen der vegetationslosen
Flache eines Einzugsgebiets und der transportierten Sedimentrate. Zwei nahe gelegene Wetterstationen

deuten aulRerdem auf ein veréndertes Niederschlagsmuster in den letzten Jahrzehnten hin. Eine héhere
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Frequenz von Starkniederschldgen in der Region (Verdoppelung seit den 1920igern) kénnte flr die

erhohte Murgangaktivitat mit verantwortlich sein.

(if) Um aussagekréftige kontrollierende Faktoren fur die Murgangerosion und die damit verbundene
VolumenvergrolRerung des Murgangs wahrend des Ereignisses zu untersuchen (Syn-Event), wurden in
der zweiten Studie die Hohenanderungen in einem Gerinne durch einen Murgang hochauflosend be-
stimmt (RoRbichelbach, Oberstdorf). Durch das tiefe Einschneiden des Murgangs in das Substrat, das
lithologisch Uberwiegend aus Flysch und quartaren Sedimenten besteht, vergréRerte sich das transpor-
tierte Volumen deutlich auf dem 1200 Meter langen FlieBweg ins Tal. Die Erosions- und Ablagerungs-
bereiche im Gerinne wurden mit einem terrestrischen Laserscanner kurz nach dem Ereignis erfasst (> 50
Scanpositionen). Das daraus entwickelte Gelandemodell wurde mit einem luftgestiitzten Laserscan von
2007 verglichen. Die berechneten Erosionsraten zeigen z. T. extreme Werte bis 5 m3/mz2. Insgesamt
wurden bei dem Ereignis 9550 + 1550 m? erodiert und 650 + 150 m? im Gerinne abgelagert. Basierend
auf Geldndedaten wurde ein numerisches Murgangmodell kalibriert. Die daraus resultierenden FlieR-
eigenschaften des Murgangs wurden mit den H6hendnderungen im Gerinne verglichen. Es zeigte sich,
dass der Impuls und die basale Scherspannung des Murgangs die Erosionraten im Gerinne am besten
erklaren (R2 bis 0,7) und somit die VolumenvergréRerung des Murgangs stark beeinflussen. Uberpro-
portional hohe Erosionsraten wurden an Ubergangen von steilen Festgesteinspassagen zu Locker-

gesteinsbereichen festgestellt.

(iii) Im Gegensatz zu den meisten Studien, die oft die Prozesse wahrend eines Murgangereignisses
untersuchen, wurde im dritten Manuskript die Sedimentdynamik und die Wiederaufftillung eines Wild-
bachs mit Sediment aus den Bdschungen und aus dem daruber liegenden Einzugsgebiet nach einem
Ereignis analysiert (Post-Event). Insbesondere in sedimentlimitierten Systemen steuert die Wiederauf-
flllungsrate sowohl die Murgangaktivitat als auch die Menge des transportierten Materials. Daflr
wurden zwischen Juni 2015 und Oktober 2018 zehn TLS-Messkampagnen (> 360 Laserscans) und neun
zeitlich synchron stattfindende Drohnenbefliegungen (> 7000 Fotos) im RoRbichelgraben (Oberstdorf,
Deutschland) auf einer Lange von 400 Metern durchgefiihrt. Beide Messverfahren, TLS und Fotogram-
metrie, ergeben sehr &hnliche Erosions- und Ablagerungsvolumina (Unterschied < 5%). Im Betrach-
tungszeitraum wurden ca. 1150 m3 Material im Gerinne abgelagert (= 1 m3/d), wobei eine héhere Akti-
vitdt im Sommer als im Winter festgestellt wurde. Die Ergebnisse wurden mit verschiedenen Nieder-
schlagsintensitaten (mm/10 min bis mm/72 h) verglichen, um Zusammenhange zwischen Niederschlag
und Sedimentdynamik zu erforschen. Der neue Ansatz zeigt, dass sich die Sedimentdynamik nach einem
Ereignis am besten durch kurze, intensive Niederschlédge erklaren lasst (R? bis 0,9). Ein weiterer
Einflussfaktor ist die vergangene Zeit seit dem letzten Murgangereignis, da viele ibersteilte Boschungen

kurz nach dem Ereignis versagten und sich mit der Zeit stabilisierten.
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Diese Arbeit (i) stellt einen der ersten Hinweise fiir eine (vermutlich) klimabedingte Verdreifachung der
Murgangaktivitat seit den 1980er Jahren dar. Diese Erh6hung geht mit einer ebenfalls belegbaren
erhéhten Frequenz von Starkregenereignissen einher. Die Arbeit zeigt, dass (ii) die basale Scherspan-
nung und der Impuls eines Murgangs aussagekréftige kontrollierende FlieRparameter fiir die Murgang-
erosion sind. Dadurch wird eine reproduzierbare VVorhersage potenzieller zukiinftiger Murgénge ermég-
licht. Die Arbeit legt aulerdem dar, dass (iii) die Umlagerung von Sediment nach einem Murgang und
die Wiederauffullungsrate stark von kurzen, intensiven Niederschldgen abh&ngen und dass Fotogram-
metrie und terrestrisches Laserscanning aquivalente Resultate liefern. Die Ergebnisse dieser Arbeit tra-
gen zu einer zuverlassigeren Analyse und Beurteilung von Risiken in Murgang-gefahrdeten Gebieten in

alpinen Regionen bei.
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1 Introduction

The following chapter contains, inter alia, contents of Dietrich and Krautblatter (2017) and Dietrich
and Krautblatter (2019), but was significantly revised and extended.

Debris flows are continuously deforming, fast moving mass movements in alpine regions subject to
intense rainstorms and mobilisable loose debris (Hungr et al., 2014, Varnes, 1978). Destructive debris
flows are documented in the European Alps (Bollschweiler et al., 2007, Hirlimann et al., 2003, Pavlova
etal., 2014, Rickenmann and Koschni, 2010, Stoffel, 2010), different sites in North America (Baum and
Godt, 2010, Cannon and DeGraff, 2009), in the Andes in South America (Mothes et al., 1998, Sepulveda
et al., 2015, Vilimek et al., 2006) or in other earthquake-prone mountainous regions, e.g. China (Ma et
al., 2013, Yin et al., 2009), just to name very few examples. From 1950 to 2011 debris flows have
caused more than 75,000 fatalities worldwide (Dowling and Santi, 2014). As a consequence, the same
guestions arise repeatedly for every region: How frequently do debris flows occur in an area (activity?),
how much material is transported during an event and when is it possible and probable that the next
event happens? Although these questions usually cannot be answered in general, authors have investi-

gated variable sources and causes for these problems and have sought novel solution approaches.

Concerning the frequency and activity of debris flows (“how active?”), debris-flow fans represent a
unique record of past events revealing the long term dynamic of debris-flow activity (Bollschweiler and
Stoffel, 2010a, Procter et al., 2011, Schraml et al., 2015a, Stoffel et al., 2008). However, few studies
provide deeper insights into reproducible and straightforward methodological approaches to decipher
debris-flow activity over longer time scales (Procter et al., 2012), although debris-flow history is a key
requirement for sustainable hazard management in endangered areas (Fuchs et al., 2007). Authors have
hypothesised that the climate change is a result of the rising global air temperature (Saha et al., 2010),
which causes an increasing amount and intensity of precipitation in some parts of the world (Easterling,
2000, Frei and Schar, 1998, Hurrell, 1995). This, again, can be regionally linked to an increase (Evans
and Clague, 1994, Frank et al., 2019, Haeberli and Beniston, 1998, Haeberli et al., 1993, Pelfini and
Santilli, 2008, Zimmermann et al., 1997) or decrease (Jomelli et al., 2004) in debris-flow frequency and
activity. However, reasonable activity trends can only be gained from areas with no sediment limitation
in the channels (transport-limited systems). Thus, the above mentioned question concerning the

frequency and activity of debris flows is still difficult to answer, especially for a longer period of time.

Besides limited data on fan evolution and activity (“kow active? ), reasonable and plausible controls
on debris-flow erosion and resulting debris-flow volumes (“how much? ) are still poorly understood.
This questions gets even more challenging, as debris flows can be either initiated by landslide failures
(e.g., Gabet and Mudd, 2006, Iverson, 1997) or by a critical runoff in a stream with progressive erosion
of the channel bed (Berti et al., 2000, Berti and Simoni, 2005). To estimate resulting potential debris-

flow volumes thereof, simplified formula-based approaches use — among other things — the size of the
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catchment area (Franzi and Bianco, 2001, Marchi et al., 2019), the angle of the torrent thalweg (Guthrie
et al., 2010, Rickenmann, 1995) and lithological factors (Rickenmann and Koschni, 2010). As the
explanatory power of these inductively derived formulas is often regionally limited, magnitude-
frequency relationships (e.g., Riley et al., 2013, Stoffel, 2010, van Steijn, 1996) and geomorphological
field assessment guidelines (Gertsch, 2009, Hungr et al., 1984) have been widely used in literature and
practice. However, these methods lack controlling factors, e.g. flow properties, which could be used to
predict debris-flow erosion rates on a physical-based approach. Besides, authors have tried to measure
these erosion rates directly with different techniques, e.g. photogrammetry (Tsutsui et al., 2007) or
airborne and terrestrial laser scanning (Blasone et al., 2015, Bremer and Sass, 2012, Cook, 2017, Perroy
etal., 2010, Theule et al., 2015), but they often lack a transition between the methodological application
and deeper insights into quantifiable controls on debris-flow erosion. Other studies investigated these
controlling factors, but they are often carried out in small laboratory settings and, thus, suffer limited
applicability in real-scale prediction models. Studies that combine detection of erosion processes in field
with physical flow properties are rare and often investigate only small parts of the flow path (Berger et
al., 2011a, Kean et al., 2015, McCoy et al., 2013) or describe this relation for other landslide processes
(Schneider et al., 2010). Thus, total volume, runout and impact energies of debris flows are often

unknown, guessed or significantly over- or underestimated.

Aside from physical factors controlling erosion, the total debris-flow volume (“how much?”) and acti-
vity (“how active?”) strongly depend on the sediment supply in the channel. As the amount of in-
channel stored sediment (ICSS) changes temporally and spatially, the susceptibility of the system
changes temporally as well (“when is it possible and probable that the next event happens?”). To
investigate the sediment dynamic over time, different methods have been applied. Scour or fill rates
have been derived by field mapping (Glade, 2005) including simplified literature retreat rates, geometric
approximations of newly deposited sediments in completely scoured bedrock channels (Jakob et al.,
2005) or terrestrial (Goodwin et al., 2017, Staley et al., 2014) and airborne laser scanning (Cavalli et
al., 2017). Recently, Structure-from-Motion (SfM) photogrammetry of UAV surveys has gained more
and more attention in geomorphology, as this technique is able to produce high-resolution field records
in less time and at lower costs compared to other well-established methods (Fonstad et al., 2013,
Javemick et al., 2014, Kenner et al., 2014, Westoby et al., 2012). However, driving forces in regard to
the recorded changes of ICSS are still poorly understood. The link between climatic factors, e.g.
precipitation, and sediment dynamic is not straightforward (Fuller and Marden, 2011). Controls on the
seasonal variability of material availability are difficult to decipher (Berger et al., 2011b, Fuller and
Marden, 2011) and studies are, if carried out, often limited to small spatial extents (Bezak et al., 2017,
Theule et al., 2015). Though, data and knowledge in relation to controlling factors for sediment
dynamics in channels and their refill with material are substantial, as the ICSS is a key control on debris-
flow activity and volume (Hungr et al., 2005, Hungr et al., 1984) and, thus, influences runout and impact

energies.
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The aims and objectives of this thesis (Figure 1) are (i) to contribute to a scientific, controversial
discussion concerning debris-flow activity in alpine regions in times of climate change (®© pre-deposi-
tional), (ii) to reveal meaningful factors controlling debris-flow erosion (@ syn-depositional), and (iii)
to decipher post-event sediment dynamic and its controls (® post-depositional). The key findings of this
thesis have broader implications for the temporally variable activity of debris flows, for debris-flow
modelling and hazard assessment in alpine regions. Objectives (i)-(iii) are individually presented in the
following Chapter 2.

@ Pre-depositional:

Activity of debris flows
]
,How active ?*
Post-depositional: @ Syn-.depositional:
Redistribution and refill Erosion controls

3 4 , Debris-
) eane ~ flow event
How fast?“ V\_/ How much?*

Figure 1: The three objectives and their relations covered in this thesis: ©: Pre-depositional — before a debris-flow event: Is an
area prone to debris flows? How frequently do debris flows occur in a given area and which sediment volumes do they
transport? @: Syn-depositional — during an event: Which parameters control debris-flow erosion? ®: Post-depositional — after
an event: How does a scoured channel and adjacent slopes react subsequent to a debris-flow event? How fast is a channel
refilled with material?
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2 Motivation and research gap

Why did | work exactly on the three topics shown in Figure 1 and the aims presented in the following
Chapters 2.1, 2.2 and 2.3? On the one hand, the trinity is provoked by a scientific need and a research
gap regarding these three specific topics. We have limited data to decipher the activity of debris flows
in times of climate change. We have limited data on controlling physical properties of a flow to explain
erosion and entrainment of material during an event. And we have limited data to make general state-
ments regarding sediment recharge in channels. On the other hand, the trinity is provoked — to be honest
— by chance. Just one month after | had joined the TUM Landslide Research Group, a debris flow
occurred not far from the city where | was born. In addition, one of my master students had relatives,
who had to be evacuated due to the event. Fortunately, these three topics have strong thematic relations
to each other, because they are mutually dependent. The three topics are presented individually in the

following subchapters.

2.1 Pre-depositional: Debris-flow activity in the last decades in the Northern Alps

2.1.1 Problem and background

In the past decades records of the fire department of Breitenwang, Austria, show repeatedly operations
at the Plansee Lake due to debris-flow events. These debris flows often blocked a road (L255), which
goes along the north side of the lake (Figure 2). First records reach back to the year 1851, in which King
Maximilian 11 of Bavaria instructed to build a road at the north side of the Plansee Lake. The road was
destroyed in the same year by a natural event, presumably a debris flow (Innsbrucker Zeitung, 1852).
Other examples for documented events happened in 1929 (Auf3erferner Bote, 1929) or more recently in
2010 (Feuerwehr Breitenwang, 2010) and 2012 (Scheucher and Rudigier, 2012). Unfortunately, debris-
flow events were just recorded, if economical goods were damaged or human lives were threatened.
Thus, newspapers and magazines do not give detailed information about the debris-flow activity and
frequency of events in that area, although more events were recorded in recent decades. In literature
authors hypothesise an increase in activity and frequency of gravitational mass movements as a result
of climate change (Beniston and Douglas, 1996, Evans and Clague, 1994, Haeberli and Beniston, 1998,
Pelfini and Santilli, 2008). In contrast, other authors show that the rising temperature affects, regarding

debris-flow activity, only higher located areas above the permafrost boarder line (Jomelli et al., 2004).

2.1.2 Aims and key questions
Considering the background and problems mentioned in Chapter 2.1.1, the following questions arise:
1. How can we reveal debris-flow activity for a longer period of time?
2. How did mean annual debris-flow transport change in the last decades and can we compare these
rates to mean Holocene/Lateglacial debris-flow transport rates?

3. Can we link debris-flow activity with rainstorm frequency?
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_a——road L2565

Figure 2: a) and b): Debris flows at the north side of the Plansee Lake on 4™ of July 2012. With kind permission of Feuerwehr
Breitenwang (2012). c) and d): Photos taken during field work in summer 2014.

The site at the Plansee Lake was chosen as (i) complete debris-flow fans can be studied, (ii) the system
is transport-limited (large amounts of dolomite debris in the channels and catchments available) and (iii)
daily precipitation values exist since 1921.

2.2 Syn-depositional: Meaningful control factors for debris-flow erosion

2.2.1 Problem and background

In June 2015, a debris-flow event occurred in Oberstdorf, Germany (Figure 3). The debris flow caused
costs of several millions of Euros and hundreds of people had to be evacuated (Mayer, 2015). Except
from minor landslides, initiated by intense rainfall (Figure 3b), the transported debris-flow material
originated mainly from channel-bed erosion (Figure 3c-d). The volumetric growth of a debris flow by
material entrainment can frequently be observed in nature (Berti and Simoni, 2005). However, the
volume of the debris flow affects runout distances and impact pressures significantly. Consequently,
previous research has focused on different approaches to anticipate potential debris-flow magnitudes.
Dong et al. (2009) used simple empirical formulas to predict debris-flow volumes, while others applied
more sophisticated methods, such as magnitude-frequency relationships (Riley et al., 2013, Stoffel,
2010) or geomorphological field assessment guidelines (Gertsch, 2009). Although their research

contains novel data and advanced methods, their approaches partially lack physical justification, are
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limited by subjective application or lack data for a meaningful statistical analysis. Physical-based

approaches are rare and are — if applied — limited to laboratory settings or small-scale test sites.

2.2.2 Aims and key questions

Considering the background and problems mentioned in Chapter 2.2.1, the following questions arise:

1. How can we estimate potential future debris-flow volumes more reliably compared to other
recent approaches?
2. How can we precisely quantify erosion rates of recent debris flows?

Which influence does lithology have on these erosion rates?

4. Can we relate these erosion rates to physical flow properties of a debris flow?

Figure 3: a): Police helicopter picture of the debris-flow extent in Oberstdorf (Germany) in June 2015. With kind permission
of the police headquarter Swabia South/West, Oberstdorf. b): Most upper parts of the RoRbichelgraben torrent show landslide
features. ¢) and d): Scoured channel bed. Scale in d) is 1 m. b)-d) Photos taken during field work in summer 2015.

The study site at the RoRbichelbach (Figure 3) was chosen, as (i) the study site is accessible from top to
bottom and (ii) the height difference, induced by the debris-flow event, can be measured by means of a
pre-event and a post-event DEM. In contrast to 2.1, the studied system is — in parts — sediment limited,

as the incision into the substrate reaches bedrock (Figure 3c).
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2.3 Post-depositional: Monitoring of post debris-flow sediment redistribution

2.3.1 Problem and background

On the same date, when the event mentioned in Chapter 2.2.1 occurred, another debris flow was ob-
served in an adjacent torrent (Figure 4). Luckily, no buildings were destroyed, as the debris flow left the
channel bed and stopped in a meadow before it reached inhabited areas. However, potential future debris
flows will not necessarily leave the channel bed and may hit the city downstream. To know, whether a
similar event could happen in future, it is substantial to estimate potential erodible sediment volumes in
the channel (Figure 4d-e). Consequently, different approaches and methods have been applied in
previous studies to investigate channel scour and fill including total stations surveys (Theule et al.,
2012), terrestrial laser scanning (Blasone et al., 2015, Staley et al., 2014, Theule et al., 2015), airborne
laser scanning (Cavalli et al., 2017) or UAV surveys using RTK-GNSS ground control points (Fonstad
et al., 2013, Javemick et al., 2014, Kenner et al., 2014). Some of these studies provide simplified fixed
(Glade, 2005) or more sophisticated recharge rates (Jakob et al., 2005) over time and area and are often
— when using high areal and temporal resolution methods — limited to small study sites (Bezak et al.,
2017, Theule et al., 2015) or are not performed directly after debris-flow events. In addition, explicit
controls — such as rainfall intensity — on geomorphic changes and their annual and seasonal variability
are still not well understood (Berger et al., 2011b, Fuller and Marden, 2011).

UJ  sas2000

2 1380 .
. |, 2015

T T T
0 5 10 15 20 25 30
Lateral distance [m]

S§
w
J
@

06/2015

Figure 4: a) UAV photograph of the RoRbichelgraben torrent after the debris-flow event in June 2015. b) Top view of an area
showing debris-flow incision. The torrent was evenly filled up with sediments prior to the event. ¢) Comparison of profiles
prior to the event (black dashed line) and after the event (red dashed line). Highest elevation changes reach more than 5 m.
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2.3.2 Aims and key questions

Considering the background and problems mentioned in Chapter 2.3.1, the following questions arise:

1. How can we reveal the post debris-flow sediment redistribution and the channel refill shortly
after an event with high temporal and areal resolution?

2. Can we link the sediment redistribution to temporal and meteorological controls?

The study site at the RolRbichelgraben (Figure 4) was chosen as (i) measurements could be carried out
straight after the debris-flow event in June 2015, (ii) the study site is easy accessible and (iii) the
sediment production in this lithology is relatively high (transport-limited system) and, thus, can be

measured in a short period of time.

2.4 Thesis organisation

This thesis is organised into 8 Chapters. Chapters 1 and 2 introduce the problem, research gaps and
objectives of the thesis. Chapter 3 seeks to present the state of the art in debris-flow research related to
the topic of this thesis and the applied methods in both collecting field data and their processing.
Chapters 4 to 6 are stand-alone contributions related to each research gap presented in Chapter 2. The
presented approaches in Chapter 4 give a straightforward guidance to analyse the activity of debris flows
over a larger period of time (Figure 1 — @ pre-depositional). The methodology presented in Chapter 5
provides a strategy to reveal meaningful controlling factors for debris-flow erosion processes (Figure 1
— @ syn-depositional). Chapter 6 seeks to decipher the sediment dynamic and channel refill with
material after an event (Figure 1 — ® post-depositional). In Chapter 7 the main findings of Chapters 4
to 6 are briefly synthesised and discussed in a broader context. Chapter 8 gives a short outlook on future

developments and research objectives.
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3 State of the art

3.1 Debris-flow definition

A variety of terms and definitions can be found in literature, which try to characterise debris flows as a
type of gravitational mass movement (Costa and Wieczorek, 1987, Crozier, 1986, Hungr et al., 2014,
Hutchinson, 1968, Johnson and Rodine, 1984, Stiny, 1910, Zaruba and Mencl, 1982). In this thesis the
term “debris flow” refers to the definition of Hungr et al. (2014), which is an updated version of the

Varnes (1978) classification:

“Debris flow: Very rapid to extremely rapid surging flow of saturated debris in a steep channel. Strong

entrainment of material and water from the flow path.” (Hungr et al., 2014)

Some of the terms in this definition need clarification:

For a simplified field description the term “debris” means unsorted and mixed sand, gravel, cobbles,
boulders and a varying content of silt and clay with, crucially, low plasticity (Hungr et al., 2014). In
contrast, “mud” may also have coarse components, but has a significantly higher silt and clay content
to produce plasticity and cohesiveness (Table 1). Thus, the corresponding soil classes for “mud” contains
often low plastic clays (CL) or high plastic clays (CH), while “debris” usually corresponds to coarse
grained soils from clayey sand (SC) to well graded gravel (GW) (Table 1).

Table 1: Distinction of the terms “mud” and “debris”. Modified from Hungr et al. (2014).

Material name Simplified field description Laboratory indices (if available)
Mud Plastic, unsorted and close to liquid limit, Placiticity Index > 0.05
u
often fine-grained Liquidity Index > 0.5

] Low plasticity, unsorted and mixed, often o
Debris . Placiticity Index < 0.05
coarse-grained

“Very rapid to extremely rapid” means that the flowing mass reaches velocities of several metres per
second, which corresponds to velocity classes 6 and 7 in the Cruden and Varnes (1996) classification
(Table 2).

The occurrence of debris flows is limited to “steep channels”, mainly first-order or second-order
drainage systems. The minimum slope angle to initiate debris flows in these channels is not exactly
specified in Hungr et al. (2014), but the values of other authors range from 23% to 65% (13°-33°)
(D'Agostino, 2013, Spreafico et al., 1996, Takahashi, 2009).

The rapid moving sediment mass causes an undrained loading of the channel bed. This results in “strong
entrainment” of channel-bed material, as the pore water pressure increases significantly due to un-
drained loading. Thus, debris-flow volumes can increase by orders of magnitudes during an event (Reid
et al., 2016).
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Table 2: Velocity classes for landslides. Modified from Cruden and Varnes (1996).

Velocity class  Description Velocity (mm/s)  Typical velocity

7 Extremely rapid

5-10° 5m/s
6 Very rapid

5-10? 3 m/min
5 Rapid

5-10 1.8 m/hr
4 Moderate

5-10° 13 m/month
3 Slow

5-10° 1.6 m/year
2 Very slow

5-107 16 mm/year
1 Extremely slow

3.2 Debris-flow processes and mechanics

3.2.1 Preconditioning factors for debris flows

As mentioned in the previous section, the occurrence of debris flows is limited to specific locations.

Thus, the susceptibility of a system to debris flows is influenced by factors that hardly change over long

periods of time (Figure 5), such as topography. However, other factors that influence susceptibility show

strong temporal (and spatial) dependencies (Figure 5). On the one hand, the time-independent basic

susceptibility, which does not significantly change in hundreds and thousands of years, consists of fac-

tors like type of lithology in an area, exposition, steep torrents and a high relief (Kaitna et al., 2013):

Lithology

The lithological setting in an area only changes in very large time scales (which would usually
coincidently lead to a change in surface topography). The lithology controls material properties,
such as the angle of friction and cohesive properties, which both strongly influence the mobility
and runout of debris flows (Christen et al., 2010, Frank et al., 2017). Additionally, the pro-
duction of scree and loose debris (sediment supply), caused by weathering, depends on litho-
logical material and rock mass properties in the catchment area (Krautblatter and Dikau, 2007).
Exposition

Authors showed that the exposition of a catchment area influences rates of rockwall retreat.
North-exposed rock faces have significantly higher frost-shattering rate compared to south-
exposed sites (Sass, 2005a). Hence, the exposition of has an impact on the sediment supply.
High relief and steep torrents

Steep torrents increase the long-term susceptibility in a mountainous region. A slope angle of at

least 23% is needed to initiate debris flows (D'Agostino, 2013, Takahashi, 2009). High slope

angles in the catchment enhance material transport into the debris-flow channel.
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These factors lead to a continuously low, medium or high susceptibility (Figure 5). On the other hand,

the presence and type of vegetation, type of land use, current season, the existence of loose debris and

intensity and amount of pre-event precipitation cause a highly temporally variable susceptibility to

debris-flow events (Figure 5). Consequently, the same event power, e.g. rainfall in a specific period of

time, may once lead to a debris flow and once not, depending on the respective current total susceptibility

of the system at each time.

- Total susceptibility

Presence and type of vegetation; type of land use

The absence of vegetation in a catchment area significantly enhances material erosion and
transport into the debris-flow channel and, thus, can increase debris-flow activity in a catchment
(Dietrich and Krautblatter, 2017). In wildfire-affected areas, debris flows are triggered at sig-
nificantly lower thresholds compared to non-burned areas (Cannon et al., 2008).

Current season and amount of pre-event precipitation

The amount and intensity of rainfall is not equally distributed during a year. In the Northern
Alps a pronounced summer precipitation with increased rainstorm frequencies can be observed,
compared to spring, autumn and winter. Pre-event rainfalls saturate soils and increase pore-
water pressures, leading to a lowered triggering threshold to initiate debris flows (Kaitna et al.,
2013). In addition, the season affects the sediment production, as the rate of rockwall retreat is
influenced by e.g. freeze-thaw cycles in spring (Sass, 2005b).

Presence of mobilisable loose debris

Some of the above mentioned factors lead to a variable availability of mobilisable loose debris.
Besides, glaciers can influence the presence of debris over longer time scales, as they are able
to transport and deposit large amounts of sediments at specific locations. The thawing perma-
frost and the continuing glacier retreat in higher altitudes release formerly ice-covered or frozen
sediments and lead to oversteepened slopes (Lugon and Stoffel, 2010). The increased avail-

ability of mobilisable debris increases the susceptibility (Figure 5).

(9]
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Figure 5: The total susceptibility consists of a basic and a variable susceptibility. The event power (e.g. of a heavy rainfall
event) is proportional to the length of the bars from top to bottom. Grey bars mean no debris-flow event, red bars represent
debris-flow events. Adapted from Zimmermann et al. (1997).
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3.2.2 Triggering factors and debris-flow initiation

Debris flows are initiated by mainly two different mechanisms: (i) Progressive transition of a landslide
into a debris flow and (ii) generalised erosion and instability of the stream bed (Coussot and Meunier,
1996, Hungr et al., 2014). Both initiation mechanisms, described more precisely later, are almost always
triggered, in tectonically less active regions, by (heavy) rainfall events in a given time span. A simul-
taneously occurring snow melt additionally increases water supply (Coussot and Meunier, 1996,
Palacios et al., 1998). General triggers for landslides, e.g. earth quakes in tectonically active counties
(Fu et al., 2009, Keefer, 2002, Ma et al., 2013), can be studied in Brunsden and Prior (1984) and Iverson

(2000) and are not further discussed in this thesis.

In literature, authors often suggest thresholds for shallow landslides and debris flows (often not clearly
distinguished) by introducing a relationship between rainfall intensity and duration (Figure 6). The
minimum power (threshold) of a trigger, which is needed to cause a debris flow, varies with the present
total susceptibility in the study area (Figure 5).

Caine (1980) was one of the first researches, who described a limiting curve for the minimum intensity
of a rainfall in a given time span (10 minutes to 10 days), which potentially initiates a debris flow. The
large scatter in this relationship (Figure 6) originates of the variable total susceptibility of the
investigated study areas. Other authors updated this rainfall intensity-duration relationship (Guzzetti et
al., 2008) and established regional thresholds (Gregoretti and Dalla Fontana, 2007, Staley et al., 2013,
Tiranti and Rabuffetti, 2010, Wieczorek and Glade, 2005). However, all rainfall data were measured at
the spatially next raingauge, which is often kilometres away from the debris-flow initiation zone. Thus,
a large uncertainty in the intensity data is present (Nikolopoulos et al., 2014), as thunderstorms often
are locally limited. Besides, Brayshaw and Hassan (2009) suggest that a threshold should be also based
on the sediment recharge rate and the time since the last debris flow in a channel. Contrary to other
studies (Glade, 2005, Kaitna et al., 2013, Zimmermann et al., 1997), they suggest that each debris flow
resets the threshold to a lower value. Thus, a low volume of ICSS is related to a lower intensity-duration

threshold for debris-flow initiation (Brayshaw and Hassan, 2009).

The specific process, to get large amounts of material in suspension, depends on the above mentioned

initiation mechanisms:

e Sudden increase in pore water pressure and liquefaction of sediments (Figure 7). This increase
in pore water pressure can either originate from a landslide failure (Figure 8) with a following
impact on the water-saturated channel bed, resulting in an undrained loading (Brayshaw and
Hassan, 2009, Gabet and Mudd, 2006, lverson et al., 1997, Malet et al., 2005, Sassa et al., 2007)
or from more rare types like dam breaks (Takahashi, 1981) or ice avalanches (Plafker et al.,
1971). The undrained loading causes a destruction of the granular skeleton and thus liquefies

the mass.



3 State of the art 13

1000+ ) 1000 Legend
] s % [ o Debris flow
: A i
B g E oo Thresholds
100 g° o a |g B o 100 Worldwide
— ] o fo_ glo a [
g ] g D;‘; am g% 8 98 i Caine (1980)
4 H [u] o b
£ ) 8 2 ﬁj@g - — — — — Guzzetti (2008)
= ] 2 o5o | L
= < g &
2 éﬁ% gfa P
£ 10, ot 8 -10
% ] E og :
:% -~ — _E- [
X 1= = o L
= "'L'g = g ol
15 = = og -1
E o d o E
< [ m] F
4 [u] o o L
] . = I
0.1 1 10 100 1000

Rainfall duration [h]

Figure 6: Intensity-duration relationships for the initiation of debris flows. Adapted from Guzzetti et al. (2008).
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Figure 7: Landslide failure (1) with following impact on the water-saturated channel bed (2) results in an undrained
loading and initiates a debris flow (3), (4). Adapted from Sassa et al. (2007).
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.

Figure 8: Slides as potential initiation mechanisms.

e Successive erosion and instability of the stream bed (Figure 9 and Figure 10). The successive
erosion causes a step-by-step growth of the transported sediment volume (Coe et al., 2008, Kean
et al., 2013, Legg et al., 2014). Example: Surficial water (depth k) flows on top of a saturated,
cohesionless granular debris layer on an inclined slope (angle 8). The lower limit of layer a is
the intersection of the shear stress and resisting stress line. Layer a will become unstable when
the following simplified equation is satisfied (Takahashi, 2009):

Equation 1:

tan @ >

C.(oc—p) can
7 )

Clo=p) +p(L+)

C. is the volumetric grain concentration, o is the density of the grains, p the density of the fluid,
@ is the internal friction angle of the material. The gravitational flow of layer a leads to an
increase in the density of the fluid and in a shear stress acting on the static bed, which results in
a self-enforcing process. Further mathematical model descriptions are given in Takahashi
(2009) and Kean et al. (2013).

Figure 9: Stress distributions and successive erosion and instability of a stream bed under the effects of surficial water
flow. Simplified stresses are assumed to increase linearly with depth and density. Adapted from Takahashi (2009).
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3.2.3 Debris-flow acceleration and material erosion

Once a debris flow has been initiated by one of the above explained mechanisms, the flowing mass
accelerates and decelerates depending on the present topography and lithology. During transport, the
components of the flowing mass (water, debris, organic matter and air) interact with the substrate, which
is normally the channel bed or the debris fan (Figure 10a-b). These shear stresses induce an acceleration
of the upper most layer of the erodible bed (e.g. debris). Due to particle collisions, material is released
from the substrate and gets entrained in the flowing mass (Figure 10c). Analogue forces and stresses act
on banks and slopes of the channel. The erosion and entrainment of ICSS can reach up to several metres

in depth (Figure 11). Dependent on the lithology, the bedrock can be exposed and prevent a deeper

incision (Figure 11a).

erodible
bed

Figure 10: Simplified sketch for material erosion and entrainment at the bottom of the debris flow. a) Flowing mass on an
inclined plane. b) Velocity profiles of the flow and erodible beds in a simplified 3-layer model with acting shear stresses. c)
Grain-scale sketch for particle entrainment. Adapted from Iverson and Ouyang (2015) and Iverson (2012).

When the material is transported its pathway downstream and the debris flow grows in magnitude by
erosional processes, it may leave the channel at some locations. Trees, which get hit by the flowing
mass, suffer shear and normal stresses acting on the stem, which leads to a removal of the bark (Figure
12a-c). Hence, after an event, the maximum flow height can be reconstructed by investigating hit trees
near and in the channel. Additionally, some of the stems get partly buried with sediments (Figure 12a).
As a consequence, researchers use this information in dendrochronology to date debris flows and to
determine their extents (Bollschweiler et al., 2007, D'Agostino, 2013, Stoffel, 2010, Stoffel et al., 2008).
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Figure 11: Steeply incised channels as a result of material erosion and entrainment. a) Bedrock prevented deeper erosion. b)
Channel bed consists still of lose debris and boulders after an event.

This allows to estimate the magnitude and frequency of former debris flows, which helps to analyse and
assess hazard and risk in threatened areas (Mayer et al., 2010, Saez et al., 2011). Apart from the bark
removal, complete trees can be destroyed, shapped off and fall into the channel. These trees or parts of
these trees can be transported over long distances and increase the risks through log jams. Nevertheless,
most of the eroded and transported material consists of loose debris. To derive controlling factors for
these erosion processes, two data sets have to be available: (i) High-resolution data deciphering erosion
and deposition volumes induced by a recent debris-flow event and (ii) information about physical flow
properties on the pathway, or similar, to which these erosion and entrainment volumes can be linked.
Regarding (i), erosion and deposition volumes of debris flows have been revealed by using pre- and
post-event data sets. For this purpose, LIDAR and photogrammetry (Tsutsui et al., 2007, Veyrat-
Charvillon and Memier, 2006) are key techniques to acquire high-resolution data sets. Due to the oblique
line of sight, TLS (Perroy et al., 2010, Theule et al., 2015) is less often used than ALS (Bremer and
Sass, 2012, Cavalli et al., 2017, Scheidl et al., 2008) except for densely vegetated areas. Although these
data sets provide insights into spatial information, regarding debris-flow erosion and deposition, authors
relate this information rarely to meaningful controlling factors. Only few researchers gathered data on
physical flow properties in spatially limited sections, as continuous measurements of debris-flow
properties are not available. These data sets include ground-vibration measurements with geophones
(Kean et al., 2015), pressure fluctuations (e.g., Berger et al., 2011a, McArdell, 2016), pore fluid
pressures and normal forces to decipher erosion induced by debris flows (McCoy et al., 2010, McCoy
et al., 2013). Thus, most published literature deals with theoretical ideas and assumptions concerning
material entrainment (Iverson, 2012, lverson and Ouyang, 2015, lverson et al., 2010). First rough imple-
mentations in numerical simulation software consider user-defined erosion layers (e.g., Begueria et al.,
2009, Hussin et al., 2012), flow velocity (Takahashi et al., 1992) or shear stresses (Chen and Zhang,
2015, Frank et al., 2015), but the suggested approaches are, if at all, sparsely validated by real events.
For a mathematical description of material entrainment I refer to Iverson and Ouyang (2015).
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The erosion is typically described as a growth in volume per reference unit. This reference unit is often
represented by a normalisation of the erosion volume to an area [m3/m?] (Dietrich and Krautblatter,
2019, Reid et al., 2016), or to the flow path [m3/m] (Gertsch, 2009, Hungr et al., 1984). This value can
also be seen as a kind of rate, as the growth in volume applies to the length of the event (minutes).

However, this time component does not show up in the reference unit, as the erosion is determined by

one specific short-lived event and not by long-lasting processes over years or decades.

Figure 12: Debris-flow characteristics in field. a-c: Destroyed and torn down trees and roots. d-e: Flow marks at trees. The bark
has been removed.

3.2.4 Depositional characteristics

During the movement downstream, some of the transported material can be heaped at one or both sides
of the channel and build lateral levees (Figure 13a-b). Figure 13c shows a mathematical description of
a levee. Using the curve radius of the channel (1), the slope of the channel (3), the slope angle between
both sides of the levee (5,) and the gravitational acceleration (g), the velocity (v) of the debris flow can
be estimated by a formula of Costa (1984):

Equation 2:

v =,/g 1" cosp - tand,



3 State of the art 18

section

Figure 13: a-b: Field evidences for lateral levees. c: Mathematical description of levees in order to estimate the velocity.
Adapted from Johnson and Rodine (1984).

Debris flows have a relatively high viscosity and the materials in the flowing mass are highly mixed and
sheared. Due to the turbulent manner and the high density of the flow, even large boulders may undergo
buoyancy and can be uplifted to the top of the flow (Figure 14).

Thus, deposits usually show no or negligible grain sieving (Costa, 1984, Friedman et al., 1992). Never-
theless, some authors emphasise that large boulders often accumulate at the debris-flow front during
transportation (Pierson, 1986). The grain size distribution of the deposits varies depending on the respec-
tive lithological setting. In debris-flow deposits of clay-rich Flysch turbidites, the sediment components
are often smaller than in deposits of dolomites or limestone-formations (Figure 15c-d). Generally, the
material is often deposited on well-established debris fans or debris cones with a typical debris-flow
head (Figure 15a-b). The transition from a steep channel to a debris fan causes a loss of confinement
and often co-occurs with a reduction of the slope angle (Hungr, 2005). This leads to a sudden decrease
in pore-water pressure and water content. Other debris-flow characteristics are steep incisions into the

channel-bed substrate (Figure 11) and destroyed or flow-marked trees (Figure 12).

Depositional characteristics also depend on the involved material in the process. Debris flows, which
consists mainly of coarse grained sediments, e.g. dolomites or limestones, often provide clearly delim-
ited deposition zones, as the water content in the flowing mass rapidly decreases (large pores) and the
flow suddenly stops. In absence of a large amount of fine components, the extents of the newly deposited
material are well defined (Figure 15a-c). The delimitation of flow deposits with a larger share of silty or
clayey components can be more difficult. The type of material also affects the frictional processes within

the flowing mass and thus dominates mobility and runout of the debris flow (see Chapter 3.3.2).
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Figure 15: Field evidences for debris-flow characteristics. a-b: Typical debris-flow heads in small (b) and large scale (a). c-d:
Debris-flow deposits, which consist of nearly exclusively coarse dolomitic clasts (c) and deposits with a significant amount of
fine sediments of Flysch formations (d).

3.2.5 Summary

Most debris flows are initiated by either a landslide failure or a successive erosion and instability of the
stream bed. Both mechanisms usually cause a step-by-step growth in volume by entraining sediments
from the channel bed. Normal forces, acting on the channel bed, induce shear stresses, which lead to an
acceleration of the uppermost layer of the erodible substrate. Due to particle collisions, material gets
released from the substrate and is entrained in the flowing mass. Although high-resolution data sets on

these erosion processes exist, reproducible links to meaningful and reliable controlling factors are rare.
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3.3 Numerical modelling of debris flows

A variety of models has been developed to predict and simulate debris flows in endangered areas. The
following subchapters introduce simplified rheological models for fluids (Chapter 3.3.1) and their
implementation in different numerical debris-flow models (Chapter 3.3.2).

3.3.1 Rheological models for fluids

All models simplify a debris flow as a fluid with specific flow properties. These flow properties are
represented by a more or less sophisticated rheological model. However, direct measurements of rheo-
logical properties of real-scale debris flows are — up to date — nearly impossible. Even large rotationnal
rheometers in laboratories suffer non-reproducibility (Ancey, 2007). They cannot fully characterise pro-
perties of large debris flows (Coussot and Meunier, 1996) and, thus, their results have to be extrapolated
with caution. Hence, none of the following models is able to completely describe the complex behaviour
and the changing properties of debris flows by a simplified function (lverson, 2003). Nevertheless, the
approximation of flow properties allows for numerical models, which in turn have to be validated by
field data.

3.3.1.1 Bingham

The model from Bingham and Green (1919), initially derived from paint colour, was adapted for debris
flows by Johnson (1970) and was for a long time the most often used one. In this model, the shear stress
(7) is linearly related to the shear rate (y) and depends on the (constant) Bingham viscosity () and a
yield stress (tp):

Equation 3:
T=1g+1ny

Hence, the shear stress linearly increases with shear rate (Figure 16). The unknowns in this formula are
both Bingham viscosity and yield stress, which are estimated by the grain size distribution and the sedi-
ment concentration of the flowing mass or are measured in laboratory (Kaitna et al., 2007). Depending
on the material composition and the water content, the results show a broad range of values from 5 to
75 Pa-s for n and 450 to 3,000 Pa for 7z (Boniello et al., 2010, Kaitna et al., 2007, Parsons et al., 2001).
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Figure 16: Relationship between shear rate and shear stress for different rheological models.
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3.3.1.2 Herschel-Bulkley
A similar, but more generalised model, was developed by Herschel and Bulkley (1926):
Equation 4:
T=1Tyg + Ky"

Shear stress is gained by a function of a yield stress (tyz) and a product of a consistency index (K) and
the shear rate (y) with an exponent (n). For n = 1 the function represents a linear model (similar to the
Bingham model), for n > 1 the shear rate exponentially increases and for n < 1 the shear rate exponen-
tially decreases. Clay-rich suspensions in laboratory often show values for n < 1 (often n = 0.3) and,
thus, they are characterized by shear thinning (Kaitna et al., 2007). Values for n > 1 are rarely reported

in literature, as conventional rheometers are limited to fine grained materials.

3.3.1.3 Power law
Julien and Lan (1991) and O'Brien et al. (1993) used a power-law (quadratic) rheological model to
describe a relationship between shear rate and shear stress () and incorporated a dynamic viscosity

(Ma):

Equation 5:

2
dy dy
T=T +nd<—>+C<—>
g dy dy

dy

C represents the inertial shear stress coefficient, (d ) is the shear rate and ,, is a sum of a cohesive yield

y
stress . and a Mohr Coulomb shear 7, (Julien and Lan, 1991, O'Brien et al., 1993).
3.3.1.4 Voellmy-Salm
The model was introduced by Voellmy (1955) and Salm (1966) and was adapted by Bartelt et al. (1999).
Christen et al. (2010) modified the model for mass flows in three dimensional terrain. Initially, the model
had been developed for avalanche simulations and was then adapted for debris-flow modelling. In a
Voellmy fluid no shearing occurs within the fluid. However, active and passive earth pressures govern
the longitudinal straining of the flowing mass (Bartelt et al., 1999). Friction — at the base of the flow —
is incorporated by a modified Coulomb friction law

Equation 6:

Tme = U p-H-g-cos(p)

and velocity-dependent friction term (Bartelt et al., 1999):

Equation 7:

o= Pgv
§

The Mohr Coulomb-based shear stress t,,, depends on the friction coefficient u, the density of the
flowing mass p, the flow height H, the gravitational acceleration g and the slope angle ¢. The velocity-

dependent friction t,, additionally depends on the velocity v and a (turbulent) friction coefficient ¢.
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3.3.1.5 Bagnold

Another model was developed by Bagnold (1954). Although it was widely used by geophysicists in the
past, it is limited to extremely rapid flows of dry masses of cohesionless particles and should not be
considered for mixtures of water and debris (Coussot and Meunier, 1996).

3.3.2 Numerical debris-flow models

The most frequently applied debris-flow models are shortly described in the following subchapters.

3.3.2.1 RAMMS Debris Flow

RAMMS Debris Flow is based on the Voellmy-Salm rheological approach and solves the depth-
averaged shallow water equations conserving mass and momentum. RAMMS Debris Flow uses the total
diminishing finite volume scheme and an Eulerian framework as reference system (Christen et al.,
2010). In the past, the one-phase model has been used by researchers as well as by experts for debris-
flow hazard mapping (e.g., Bertoldi et al., 2012, Hussin et al., 2012, Schraml et al., 2015b). Frictional

deceleration (Sy) — others call it friction slope or total resistance — is calculated by:
Equation 8:

2
pgv
Sp=npH g cos(g) +

The individual parameters have been introduced in Chapter 3.3.1.4. At slow velocities the Coulomb-
type friction coefficient u dominates frictional deceleration, at higher velocities the (turbulent) friction
coefficient & dominates (Bertoldi et al., 2012). Suggested friction values for solid-dominated, granular
debris flows are & =~ 100-200 m/s? and for fluid-like, muddy debris flows & ~ 200-1,000 m/s? (Bartelt et
al., 2017). For further model descriptions I refer to Chapter 5.4.4.

3.3.22 FLO-2D
FLO-2D is a model with two uncoupled phases. It uses a finite difference method to solve the governing

equations. The friction slope Sy is given by:
Equation 9:

15 RngV  n?v?

S, =
f ymh+8ymh2+h4/3

In addition to the mentioned parameters in Chapter 3.3.1, this formula uses the specific weight of the
sediment-water-mixture y,,, the resistance parameter R, which depends on geometry and roughness of
the channel bed, the depth-averaged velocity v, the Manning value n, the dynamic viscosity n, and the
flow depth h (O'Brien et al., 1993). FLO-2D has also been widely used in research and practice (Bertoldi
et al.,, 2012, Bertolo and Wieczorek, 2005, Hibl and Steinwendtner, 2001, Jakob et al., 2012,
Rickenmann et al., 2006, Sosio et al., 2007).
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3.3.2.3 DAN3D

DAN3D was introduced by Hungr (1995) and modified for three-dimensional modelling by Hungr and
McDougall (2009). It is — similar to RAMMS Debris Flow — based on the Voellmy-Salm rheological
model and solves the depth-averaged shallow water equations conserving mass and momentum. In
contrast to RAMMS Debris Flow, DAN3D uses smoothed particle hydrodynamics as numerical solution
scheme and a Lagrangian framework as reference system (Hungr and McDougall, 2009). It has also
successfully been applied to model runout patterns of debris flows (Bossi et al., 2015, Schraml et al.,
2015b).

3.4 Debris-flow volume quantification

All above mentioned models need a specification of the transported debris-flow volume. However, the
determination of this crucial value is not straightforward, especially for future events. Thus, the volumes
of recent events have often been used as indicators and reference values for potentially upcoming debris
flows. For this purpose, different approaches have been carried out to estimate recent volumes. In
Chapter 3.4.1 different techniques for data acquisition are shortly described. The workflow for a
reproducible geomorphic change detection and volume computation, based on the collected data, is
presented in Chapter 3.4.2.

The following Subchapters 3.4.1.3 and 3.4.2 contain, inter alia, contents of Dietrich and Krautblatter
(2019), but were significantly revised and extended.

3.4.1 Methods for data collection

3.4.1.1 Formula-based methods

In the past, researchers have tried to link (maximal) debris-flow magnitudes with different catchment-
specific parameters. D’ Agostino et al. (1996), Kronfellner-Kraus (1984) or Rickenmann (1995) sugges-
ted to use the mean slope angle of the torrent to derive debris-flow magnitudes. Others related the size
of the catchment area (Franzi and Bianco, 2001, Zeller, 1985) or lithological factors (Bianco et al., 2001)
to debris-flow volumes. Although some of these approaches seem to be able to explain at least a share
of factors controlling the total debris-flow magnitude, they are not suitable to back-calculate volumes
of recently occurred events, as these formulae often provide maximum volumes for potentially occurring
events. Additionally, many of these formulae suffer bias due their local derivation (Marchi and
D'Agostino, 2004). Therefore, Scheidl and Rickenmann (2010) proposed an empirical-based approach
using the deposition area of recently occurred debris flows. They related the area of a deposition (B) to
its volume (V) based on a large number of field observations. Deposition areas are approximated by a
circular sector (Scheidl and Rickenmann, 2010):

Equation 10:
B[m2=L¢ m- - 1/360°
In this formula, Ls [m] is the radius and y [°] is the angle of the circular sector. The empiric mobility

coefficient ky [-] is derived by:
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Equation 11:
kp = 5.07 - yd-O.l . yc-l.ss

ko depends on the mean channel slope y. [-] (typically 10°-35°) and the mean slope of the debris-flow
fan yq [-] (typically 5°-25°). Thus, the volume V [m?] of the debris-flow deposition can be calculated by:

Equation 12:

V = B32- k, 32

Less mobile materials with a small amount of fine-grained sediments (e.g. main dolomite) usually show
small k, values (due to steep fans and steep channels) and vice versa. If we presume two identical
deposition areas — one consisting of coarse grained material and the other of fine-grained material — the
coarse-grained deposition typically has a larger height and, thus, a larger volume. The method has been
successfully applied in literature (Dietrich and Krautblatter, 2017, Scheidl and Rickenmann, 2010).

3.4.1.2 Geophysical methods
Electrical resistivity tomography (ERT)

Geophysical methods can be used to estimate recent debris-flow volumes in a more transparent way.
ERT uses the varying ability of materials to conduct electrical current (Figure 17). By changing the
electrodes, in which the current (DC) is injected, and the electrodes, which are used to obtain the differ-

ence in potential, an image of the resistivity distribution of the substrate can be achieved.
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Figure 17: Measurement setup for an electrical resistivity tomography with two cables. In this example the current (DC) is
injected between electrode 1/20 and 2/3. The difference in potential (voltage) is measured between electrode 2/1 and 2/2.

As deposits of debris flows in an area usually consist of similar lithological components and, thus, have
similar resistivity values, the differentiation of successively, but individually occurred events is challen-
ging. However, the method is able to provide insights into fan evolution, as postglacial basal tills, large
boulders or bedrock can be delimited from overlying debris. Sass (2006) linked different alpine talus
accumulations, deciphered by a combination of ERT, SRS and GPR, to different processes, such as rock
falls or debris flows and basal moraines beneath the talus. Similar surveys were conducted by Senderak
et al. (2017) in Spitsbergen (Norway) or by Barski and Mieszkowski (2014), who tried to link resistivity

values, derived by ERT measurements, to debris-flow deposits in Poland.
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Reflection and refraction seismic

Both reflection and refraction seismic use travel times of seismic energy detected by geophones. As the
seismic velocities vary for different materials (e.g. slower in debris than in bedrock), the seismic energy
gets refracted and partly reflected at material boundaries. Maraio et al. (2018) used a combination of
reflection and refraction seismic to reveal deposits of debris flows, alluvial valley fills and hosting
bedrock in the Eastern Italian Alps. Schrott et al. (2003) deciphered sediment storage types and quanti-
fied valley fill deposits in an alpine basin in Germany by refraction seismic. Similar surveys, applying
refraction seismic, were carried out in different geomorphological settings (Haeberli et al., 2001,
Mauritsch et al., 2000, Prekopova et al., 2017, Sass, 2006, Winkler et al., 2016). Although these methods
allow a delimitation of different material types, especially due to their varying densities, these approach-

es do usually not allow for a volume quantification of an individual recent debris-flow event.

Ground-penetrating radar (GPR)

Ground-penetrating radar uses electromagnetic wave pulses with radio spectrum wavelength. These
pulses get reflected at discontinuities in the sub-surface. Travel times are recorded by a receiving an-
tenna. Reflections can be produced by a sudden change in moisture, grain size or shape (Starheim et al.,
2013). The non-invasive method has been widely applied in geosciences. Depositions of debris flows
have been detected by Sass and Krautblatter (2007), Sass (2006), Clague et al. (2003) or Pelpola and
Hickin (2004) using GPR. Starheim et al. (2013) even tried do delimit the internal structure of a debris-
flow deposit in Cass, New Zealand. Their results provide insights into the thickness of the debris flow
at different locations, however, the underlying material is not another debris flow, but grassland.
Although this method is labour-intensive, especially when spatially large deposits shall be recorded in

3D, GPR is able to detect individual debris flows under specific conditions.

3.4.1.3 Geodetic methods - airborne laser scanning and terrestrial laser scanning

Laser scanners emit electromagnetic pulses. These pulses are reflected at objects in the line of sight. In
comparison to ground-penetrating radar, the wavelength of the emitted energy often lies in the infrared
range and is emitted from an airplane, UAV or helicopter (airborne) or, alternatively, from a tripod up
to 2 m above ground (terrestrial). Depending on the measurement system, the used wavelength and the
type of object, the laser pulse is able detect multiple targets, as a proportion of the pulse is refracted at
a boundary surface of an object and moves further to the next one (e.g. leaves, Figure 18). The aim of
TLS and ALS is to produce high-resolution point clouds, which can be processed to digital elevation
models. Airborne LIiDAR data have been widely used in different disciplines in the geosciences and
environmental sciences. Authors used ALS to extract forest inventory data (Hyyppa et al., 2008,
Kaartinen et al., 2012, White et al., 2013), to measure snow depth for snow hydrology and avalanche
applications (Deems et al., 2013), to classify land cover (Yan et al., 2015) and to detect landslide features
in field (Chigira et al., 2004, Jebur et al., 2014, Sekiguchi and Sato, 2004).
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Figure 18: Application of terrestrial laser scanning in field. The laser beam diverges with increasing travel distance and is able
to detect multiple targets.

Other researchers used ALS data to detect geomorphic changes induced by debris flows as well as to
calculate their volumes (e.g., Breien et al., 2008, Bremer and Sass, 2012, Cavalli et al., 2017, Cavalli
and Marchi, 2008, Goodwin et al., 2016, Scheidl et al., 2008). Recently, terrestrial laser scanning gained
more and more attraction due to its possibility to produce DEMs in cm-scale. Thus, TLS was used to
budget debris flows more precisely and to monitor sediment fluxes in highly dynamic fluvial systems
(e.g., Baewert and Morche, 2014, Bimbdse et al., 2011, Blasone et al., 2015, Bihler and Graf, 2013,
Carrivick et al., 2013, Perroy et al., 2010, Staley et al., 2014, Theule et al., 2015, Theule et al., 2012,
Wheaton et al., 2010b). Airborne laser scanning gained popularity since the late 1990s and has found to
be the appropriate method to gather data sets for large areas with a relatively low point density (0.5-5
points/m2). In Bavaria, Germany, the first flights have been carried out in 1996. Terrestrial laser scanning
has been applied since the early 2000s, but most studies have been carried out particularly in the last
decade. On the one hand, the advantages of TLS are a much higher spatial resolution, a smaller beam
divergence on short distances, the possibility to carry the equipment in a backpack in field and lower
capital investment costs compared to ALS. On the other hand, the low incidence angle of a terrestrial
laser scanner on oblique targets causes a larger deviation of the laser pulse and an inhomogeneous
coverage due to obstacle-related shadowed areas in scans (Perroy et al., 2010). Thus, each of these
platform systems has its own preconditions, advantages and limitations, but they also provide a useful
overlap, where both methods complement each other. However, researchers rarely made use of the
possibility to combine measurements of these different platforms to take up different geoscientific
challenges. Perroy et al. (2010) quantified soil loss due to gully erosion in a heavily degraded watershed
on Santa Cruz Island, California, while Young et al. (2010) used both data sets to reveal seacliff erosion
in Del Mar, California. Others used both platform data sets to delineate landslide boundaries (Wang et
al., 2013) or to measure displacement vectors of landslides (Corsini et al., 2013, Ghuffar et al., 2013,
Stewart et al., 2009). Bremer and Sass (2012) used TLS and ALS data in the Halltal, Austria, to quantify
the volume of a recent debris flow.
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3.4.1.4 Structure-from-Motion photogrammetry

Although high-resolution data sets can be achieved with TLS quiet easily, the method is limited to
accessible areas, has relatively high capital investment costs and has often an oblique line of sight. All
these limitations can be turned into advantages of photogrammetry. Consequently, SfM photogrammetry
is nowadays widely used in geoscience applications. Its beginning reaches back to the 1980s, when
Harris and Stephens (1988) developed their first edge detector for images and Forstner (1986) estab-
lished a feature-based algorithm for image matching. Szeliski and Kang (1994) recovered their first 3D
shapes from image alignment. Early approaches used only two photos of a calibrated camera, a stereo-
pair, to extract 3D terrain data (Chandler, 1999). To date, hundreds and thousands of photos can be
processed to derive highly accurate spatial data, if the high hardware requirements can be satisfied.
Surveys are often carried out using UAVs with an integrated camera, as they are able to take perpen-
dicular-oriented photos of an object (Figure 19). Although many UAVs have a relatively accurate GNSS,
the produced point clouds (and photos) have to be georeferenced carefully by means of precise GCPs to
avoid systematic errors in the final models (James and Robson, 2014). These GCPs have to be laid out
prior to the survey and they have to be measured exactly with RTK-GNSS (global coordinates), a total
station (local coordinates) or by means of terrestrial laser scanning (local coordinates). Pre- and post-
event surveys deliver high-resolution point clouds and DEMs in less time and at lower costs compared
to TLS surveys (James and Robson, 2012, Westoby et al., 2012), especially in areas with no or little
vegetation (Berger et al., 2011b, Cucchiaro et al., 2018, Fonstad et al., 2013, Javemick et al., 2014,
Kenner et al., 2014, Westoby et al., 2012). Thus, researchers analyse debris-flow volumes and rates
more frequently with SfM photogrammetry (Tsutsui et al., 2007).
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Figure 19: a) Theoretical approach for Structure-from-Motion photogrammetry. Photos have to be taken of multiple camera
positions, best with a slightly varying camera angle. b) Processed images with Agisoft Photoscan. All camera positions are
estimated and aligned based on common key points in different images. A reconstructed dense point cloud is displayed.
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3.4.2 Change detection

By means of the above mentioned methods, pre- and post-event DEMs can be produced with a
centimetre-scale resolution. Geoscientific challenges often deal with geomorphic changes in a given
time span, such as sediment dynamic and transport in a fluvial system (Bezak et al., 2017, Javemick et
al., 2014, Schurch et al., 2011a), rockfall activity in a study area (Abellan et al., 2011, Rabatel et al.,
2008, Rosser et al., 2005) or characterisation and quantification of erosion and deposition areas of a
landslide (Gatter et al., 2018, Rossi et al., 2018, van Westen and Getahun, 2003). The easiest way to
detect these geomorphic changes between temporally consecutive surveys is to subtract the height values
of the associated DEMs, e.g. new DEM minus old DEM (Figure 20). Although this approach seems to
be straightforward, the results will often show a large amount of errors, provided that the analysis suffers
insufficient error treatment. These errors arise from inaccuracies of the measurement system, from the
imprecise co-registration of individual laser scan point clouds, from errors produced during point-cloud
processing (e.g. vegetation removal) and depends on the used DEM interpolation method (Williams,
2012). Consequently, the subtraction of the DEMs often results in erroneous DoDs. Therefore, different
approaches have been developed in the past to account for these errors in geomorphic change detections.
Fuller et al. (2003) used a simple constant minimum level of detection (minLoD) independent of the
spatially variable DEM quality. All surface height changes smaller than a user-defined minLOD are not

considered as true elevation changes.
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Figure 20: Theory (a) and application (b) of a geomorphic change detection. The older DEM is subtracted from the more recent
one resulting in a DEM of Difference (DoD). Numbers in (a) correspond to elevation heights. It is assumed that the old and
new DEMs have the same spatial extent, cell size and projected coordinate system. DEMs in (b) are displayed as hillshades. A
hillshade of the new DEM underlays the DoD in (b) for better visibility.
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However, this method cannot distinguish between small elevation changes, which are real and small
elevation changes, produced by different sources of errors, which are not real. Wheaton et al. (2010b)
improved the methodology by considering DEM precision and quality. He derived a spatial variable
DEM uncertainty and included probability-based thresholds and spatial coherence of erosion and depo-
sition in the change detection. This approach has been widely used in recent literature and has found
application in different geomorphological settings (Bangen et al., 2016, Kasprak et al., 2015, Le Mauff
et al., 2018, Norman et al., 2017, Prosdocimi et al., 2017, Schaffrath et al., 2015, Wiggins et al., 2019).
The workflow of this approach has been implemented in ArcGIS by an Add-On called “Geomorphic
Change Detection”. The workflow is shown in Figure 21and is described in the following section.
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Figure 21: Workflow of a geomorphic change detection. The Add-On for ArcGIS was developed by Wheaton et al. (2010b).

The raster data sets — derived by interpolated point clouds — can be clipped to the same spatial extents
to reach congruent DEMs. Subsequently, individual DEM parameters, quality and precision can be
derived on a cell-by-cell basis (Figure 22) considering (i) the roughness of the DEM (Brasington et al.,
2012, Rychkov et al., 2012), (ii) bootstrapping experiments (Wheaton, 2008), (iii) DEM parameters like
slope angle (Wheaton et al., 2010a) or interpolation errors (Bangen et al., 2016), (iv) other user-defined
data sets like vegetation indices (Schaffrath et al., 2015) and (v) the point density of the initial point
cloud (Blasone et al., 2014). These data sets, representing different sources of individual DEM errors,
are combined to an DEM uncertainty on a cell-by-cell basis using fuzzy set theory (Gottwald and
Bandemer, 1995, Klir and Yuan, 1995). This DEM elevation uncertainty (6z), calculated by the asso-
ciated membership functions, has to be calibrated to field settings. For this calibration, it has to be
checked iteratively, whether the calculated erosion and deposition areas and depths match with
observations during field surveys for specific areas. The DEM uncertainty of each of the DEMs (old and
new, e.g. Figure 22) is then propagated into the DoD by taking the square root of the squared individual
elevation uncertainties (Brasington et al., 2003). Bedsides the usage of this propagated error as a
minimum level of detection, the software allows for probabilistic thresholding regarding different t-

scores and confidence limits (Wheaton et al., 2010b).
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Figure 22: Theory (a) and application (b) of a FIS. Quality parameters of the DEMs (inputs), e.g. slope angle and Euclidean
distance to the next data point, are used to define an elevation uncertainty (output) of each DEM.

Thus, a measured elevation difference and an elevation uncertainty value is reported for each individual
cell of the DoD, e.g. 0.5 + 0.1 m (Figure 23b). If the measured elevation difference (e.g. 0.5 m) is higher
than the elevation uncertainty value (e.g. £ 0.1 m), the resulting volume (considering cell size) is added

to an erosion or deposition volume, respectively. In the opposite case, the volume is added to an error
volume (Figure 23c).

The change detection can be performed with DEMs from variable sources, even for the same project
area. However, multi-temporal survey campaigns often aim to produce DEMs of a study area with the
same method multiple times, e.g. with total stations (Bangen et al., 2016), terrestrial laser scanning
(Abellan et al., 2009, Theule et al., 2015, Wheaton et al., 2010b, Williams et al., 2018), airborne laser
scanning (Thoma et al., 2005, Woolard and Colby, 2002) or photogrammetry (Cucchiaro et al., 2018,

Javemick et al., 2014). Change detections with DEMs derived by different methodological approaches

are performed quiet rarely (Bremer and Sass, 2012, Kenner et al., 2014, Lane et al., 2003), although
they usually provide at least equivalent informational content.
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Figure 23: Volume calculation by the GCD. The volumetric changes (a) comprise of elevation differences, which exceed the
elevation uncertainty value (b, shown in red and blue colour in a) and error volumes (c, shown in grey colour in a). In (b) the
elevation difference of a raster cell is 0.5 m and the elevation uncertainty + 0.1 m, in (c) the elevation difference is 0.1 m and
the elevation uncertainty + 0.2 m.

3.5 Impacts of climate change on debris-flow activity

The following Chapters 3.5.1 and 3.5.2 contain, inter alia, revised and significantly extended contents
of Dietrich and Krautblatter (2017).

3.5.1 Quantification of debris-flow activity

In this thesis debris-flow activity is defined as a combination of debris-flow frequency and magnitude
and is controlled by the number of events in a given time span and their transported sediment volumes.
The approximation of recent debris-flow volumes has been discussed in Chapter 3.4.1. To receive values
for debris-flow frequency, the correct age of recent and historical debris-flow events has to be deter-
mined. For this, different approaches have been carried out. For recent decades, some researchers
analysed historical data of archives (D'Agostino and Marchi, 2001, Marchi and Cavalli, 2007, Marchi
and Tecca, 2006, Melis et al., 1995, Tropeano and Turconi, 2004) and aerial photographs from different
dates to decipher phases of higher und lower debris-flow activity (D'Agostino, 2013, Dietrich and
Krautblatter, 2017, Procter et al., 2011, Procter et al., 2012, Silhan and Tichavsky, 2016). However,
sufficient amount and quality of photographs are available only since the 1940s for parts of the European
Alps. Historical data are often biased, as the population has moved more closely to debris-flow en-
dangered areas in the last decades and more effort is recently put into a full recording of events. For
longer time scales authors have used tree rings as indicators for debris-flow events, as the contact of
solids with trees leads to growth disturbances (Bollschweiler and Stoffel, 2010b, Bollschweiler et al.,
2007, Mayer et al., 2010, Procter et al., 2011, Saez et al., 2011, Schraml et al., 2015a, Stoffel and
Beniston, 2006, Stoffel et al., 2013). Long-term fan developments can be investigated by specific
isotopes, like 1“C, but the identification and delimitation of individual events is often difficult (Clague
et al., 2003, Matthews et al., 1997, Matthews et al., 2009, Schurch et al., 2016).

By means of these methods, the debris-flow activity can be revealed qualitatively and sometimes even
quantitatively. As triggers for debris flows are well known, the discussion about the impacts of a
changing climate on the debris-flow activity has experienced increased attention in the last years and

decades.
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3.5.2 Climate forcing and climate change

As mentioned in Chapter 3.2.2, debris flows are usually initiated by intense rainstorm events. Thus, the
question arises, whether the climate change results in an increased frequency of heavy rainfall events
and — if so — whether these rainfall events lead to an enhanced debris-flow frequency and activity in
different alpine regions over the world. At the end of the last century Rebetez et al. (1997) showed that
the world is faced a more frequent occurrence of extreme events, including different types of events
with different impacts on the earth itself and on human beings. Cubasch et al. (1995) forecasted for the
next 30 years an increase in intense precipitation events in some parts of the world, while Fuhrer et al.
(2006) even predicted a three-fold increase in intense precipitation events by the end of the 21st century
for Switzerland. For susceptible systems (see Chapter 3.2.1) this increase in heavy rainfall events should
theoretically lead to an increase in debris-flow frequency and activity (Sewell et al., 2015). However,
this conclusion is discussed contrarily. Some authors described such an increase in debris-flow activity
in some parts of the European Alps (Dietrich and Krautblatter, 2017, Pavlova et al., 2014, Silhan and
Tichavsky, 2016). Especially the results of tree-ring analyses often seem to suggest an increase in debris-
flow events in the last decades (Bollschweiler and Stoffel, 2010a, Mayer et al., 2010, Procter et al.,
2012, Schraml et al., 2015a), but are often systematically biased as recent events are often more likely
to be detected, especially when a tree population has (re-)grown in recent decades (Silhan et al., 2015).
Thus, other researchers cannot observe a significant increase (Jomelli et al., 2003, Kaitna and Huber,
2017). One reason for different outcomes, regarding this discussion, is that the sediment supply varies
both temporally and spatially (e.g. lithologically) over short distances in the Alps (Schiirch et al., 2016).
A low sediment recharge rate results in a supply-limited system. Thus, not every highly intense rain-
storm causes a debris flow, as the limited sediment supply governs the frequency of debris flows
(Brayshaw and Hassan, 2009, Glade, 2005). Hence, a direct correlation between intense rainfall events
and debris-flow activity is complicated and regional setting have to be considered when making general
statements. In addition, seismic events in some areas of the world may also increase the debris-flow
activity without a direct link to climate change. Zhang and Zhang (2017) showed that the rainfall
threshold to initiate debris flows dropped directly after the Wenchuan Earthquake in 2008 to one thirds

of the pre-earthquake level in that region.
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4 Pre-depositional: Debris-flow activity in the last decades in the

Northern Calcareous Alps

Parts of this chapter originate from the master thesis of Dietrich (2014) but have been completely
rewritten and substantially extended for the paper of Dietrich and Krautblatter (2017). The following
text is the accepted version of the following article:

Dietrich A, Krautblatter M. 2017. Evidence for enhanced debris-flow activity in the Northern Calcareous
Alps since the 1980s (Plansee, Austria). Geomorphology 287: 144-158.

The final version has been published at http://dx.doi.org/10.1016/j.geomorph.2016.01.013
The following changes have been made to the accepted version:

= The numbering of each figure, table and equation has changed
= The captions of Chapters 4.3.3, 4.5.3, 4.5.4, 4.6.2 and 4.6.3 have slightly changed

4.1 Abstract

Debris flows are among the most important natural hazards. The Northern Calcareous Alps with their
susceptible lithology are especially affected by a double digit number of major hazard events per year.
It is hypothesised that debris-flow intensity has increased significantly in the last decades in the Northern
Calcareous Alps coincident to increased rainstorm frequencies, but yet there is only limited evidence.
The Plansee catchment exposes extreme debris-flow activity due to the intensely jointed Upper Triassic
Hauptdolomit lithology, being responsible for most of the debris-flow activity in the Northern
Calcareous Alps. The debris flows feed into a closed sediment system, the Plansee Lake, where Holo-
cene/Lateglacial sedimentation rates, rates since the late 1940s and recent rates can be inferred accura-
tely. Using aerial photos and field mapping, the temporal and spatial development of eight active debris-
flow fans is reconstructed in six time intervals from 1947, 1952, 1971, 1979, 1987, 2000 and 2010 and
mean annual debris-flow volumes are calculated. These are compared with mean Holocene/Lateglacial
debris-flow volumes derived from the most prominent cone, whose contact with the underlying till is
revealed by electrical resistivity tomography (ERT). Debris-flow activity there increased by a factor of
10 from 1947-1952 (0.23 + 0.07 103m?3/yr) to 1987-2000 (2.41 + 0.66 103m3/yr). Mean post-1980 rates
from all eight fans exceed pre-1980 rates by a factor of more than three coinciding with an enhanced
rainstorm activity recorded at meteorological stations in the Northern Calcareous Alps. The frequency
of rain storms (def. 35 mm/d) has increased in the study area on average by 10% per decade and has
nearly doubled since 1921. Recent debris-flow activity is also 2-3 times higher than mean Holo-
cene/Lateglacial rates. The strong correlation between the non-vegetated catchment area and the annual
debris-flow volume might indicate a decadal positive feedback between enhanced rainstorm activity and
debris flows. Here we investigate the temporal and spatial development of debris-flow fans to better

understand the sensitivity of alpine catchments to heavy rainfall events in the context of climate change.
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4.2 Introduction

Debris flows are continuously deforming, fast moving landslides of predominantly coarse loose material
on slopes and in steep channelized torrents (Varnes, 1978). They occur in all alpine regions due to
intensive rainstorms and mobilisable loose debris. From 1950 to 2011 almost 80.000 people lost their
lives through the occurrence of debris-flow events (Dowling and Santi, 2014). Consequently, many
countries are faced with the construction of appropriate countermeasures. As debris-flow fans store a
record of recent and past events, their history is a key requirement for hazard management. Most case
studies have concentrated on the potential mobilisable sediment volume for a single event, but they often
ignore the long term dynamics of fans and sediment supply. Debris-flow magnitudes correlate generally
with the size of the catchment area (Franzi and Bianco, 2001, Takei, 1984, Zeller, 1985), the slope angle
of the torrent (D’ Agostino et al., 1996, Kronfellner-Kraus, 1984, Rickenmann, 1995, Rickenmann and
Koschni, 2010) or geologically (lithologically) related factors (Bianco et al., 2001, D’ Agostino et al.,
1996, Rickenmann and Koschni, 2010), as the erodibility as well as the availability and production of
loose debris varies in different lithologies. Publications suggest simple relationships but their
explanatory power and accuracy is limited as they are strongly biased by the environment in which they
were derived (Marchi and D'Agostino, 2004).

Besides the analysis of historical records (Marchi and Cavalli, 2007, Marchi and Tecca, 2006), a variety
of methods has been used to investigate the temporal development of debris-flow activity. For dating
debris flows on larger time scales, “C dating of organic matter involved in the process is applied
(Matthews et al., 2009) and rarely *He (Cerling et al., 1999). For more recent debris flows, growth
disturbances in century-old trees (Bollschweiler and Stoffel, 2010b, Bollschweiler et al., 2007, Saez et
al., 2011, Schraml et al., 2013, Stoffel, 2010, Stoffel et al., 2008), orthophoto reconnaissance
(D'Agostino, 2013, Helsen et al., 2002, Lang et al., 1999, Procter et al., 2011, Procter et al., 2012) or
lichenometric dating is applied (Helsen et al., 2002, Winchester and Harrison, 1994). However, most of
these studies rather target debris-flow recurrence rates, whereas this study quantifies the volume of mean

annual debris-flow transport and compares it on different time scales.

Some authors have related the global climatic change to a rise of the global temperature with a more
frequent occurrence of extreme events in general (Easterling, 2000, Knight and Harrison, 2009, Rebetez
et al., 1997, Rosenzweig et al., 2008). In particular, this rise of the temperature causes the melting of
glaciers and permafrost in high alpine regions, which can be connected to an increase in debris-flow
frequency (Evans and Clague, 1994, Haeberli and Beniston, 1998, Haeberli et al., 1993, Zimmermann
et al., 1997). The more frequent occurrence of extreme rainfall events in the 20" century (Cubasch et
al., 1995, Frei and Schar, 1998, Fuhrer et al., 2006) may lead to an enhanced frequency of landslides in
general (Beniston and Douglas, 1996) and debris flows in particular (Pelfini and Santilli, 2008). Sass et
al. (2007) reported a five-fold increase in debris-flow transport from the 19" century 103 (£87) m3/yr to
20" century 489 (£87) m3/yr in the Reintal (Northern Calcareous Alps). In contrast, some authors hold

the opinion that debris-flow activity has decreased in parts of the Alps since 1980, especially in areas
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below the permafrost zone (Jomelli et al., 2003, Jomelli et al., 2007, Jomelli et al., 2004). Regarding
this discussion, the study will contribute to a better understanding of the activity of debris flows by
presenting a case study from the Austrian Alps.

This article investigates debris-flow activity in the very well constrained and highly active Plansee area
to answer the following questions. (i) How can we interpret air photography time series in terms of mean
annual debris-flow activity? (ii) How did mean annual debris-flow transport change from 1947 to 2014?
(iii) How do present rates relate to mean Holocene/Lateglacial debris-flow transport rates? (iv) Can we

see a significant increase in debris-flow activity coincident with the enhanced rainstorm frequency?

4.3 Methodology

4.3.1 Orthophoto analysis

Official archives contained areal orthophotos for the dates from 13.09.1947, 01.07.1952, 10.07.1971,
17.09.1979, 31.08.1987, 24.08.2000 and 01.08.2010 with a varying raster resolution (Table 3). For the
analysis of the photos, ArcMap 10.1 was used. We examined (i) on which parts of the fans new debris-
flow deposits could be identified for each time period; (ii) the extent of new debris-flow deposition
areas; (iii) the decrease or increase in vegetation on fans and catchments. For (iii) we conducted an
image classification in ArcMap 10.1 with two classes (vegetated and non-vegetated area) for the classi-
fication. For each of the two classes several training samples in a photo were chosen. This ensured
capture of all possible colour variations within each class. ArcMap detected the colour-values of each
pixel of the training samples on each band of the photo (each photo is a 3-band raster image). The
software automatically classified each pixel into one of the two classes by a maximum likelihood
classification. Areas with shadows were assigned manually into one of the classes, as the software could
not distinguish whether a shadowed area was vegetated or not. As the colour varies in the seven photos,
this classification was done for each orthophoto separately. With the help of the orthophotos, the

investigated depositions in the field could be matched into specific time intervals for dating.

Table 3: Raster resolution (cell size) of each orthophoto.

Date of the orthophoto Cell size of raster (x;y) [m]
1947 0.75; 0.75
1952 1.61;1.61
1971 1.54; 1.57
1979 2.34;2.34
1987 2.43;2.43
2000 1.20;1.20

2010 0.50; 0.50
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4.3.2 Geomorphological mapping of debris flows and associated phenomena

Figure 24: a) Differentiation of debris flows bye the colour of the debris. The younger debris flow shows a lighter colour than
the older one. b) Close-up of an age-induced colour break of Hauptdolomit debris-flow sediments (left: event between 1988
and 2000; right: event between 2001 and 2014). ¢) Plan curvature map indicates debris-flow channels (dashed lines).

In the field, evidence for recent debris flows was examined in the channels and on the fans. A detailed
field map (scale 1:1000) with the following features was created, to identify sediments as debris-flow
deposits: (i) scarps, (ii) levees in the channel and on the fan, (iii) damaged vegetation, (iv) lobate mar-
gins, (v) accumulation of coarse clasts at the margins, (vi) poorly sorted, randomly oriented sediments
with wood fragments, (vii) convex surface morphology and (viii) steep incised channels. The channels
were investigated uphill as far as possible. Field mapping was supported with a 1 m resolution digital
terrain model (Land Tirol, 2006), georeferenced photos and historical postcards.

Besides the historic aerial photos mentioned in Chapter 3.1, the colour of the sediments and the intensity
of vegetation cover were qualitative indications in the field of their age. A few years after debris-flow
sedimentation, the colour of the sediment darkens (i.e. Hauptdolomit turns grey a few years after
deposition (Friedel, 1935)) and plant succession and tree growth set in (Figure 24a,b). Levees and lobate
margins of older events could be preliminarily identified by using the plan curvature of the terrain in
ArcMap 10.1 (Figure 24c). All deposits were compiled into a digital map of the study area.
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4.3.3 Quantification of sediment budgets of debris flows using empiric formulas and

geophysics

4.3.3.1 Quantification of the Holocene/Lateglacial debris-flow volume supported by ERT
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Figure 25: a) Location of the electrical resistivity tomography profile on Fan 1 shown on a DTM. Length of the profile is 400

m with ends A and B. b) Visual plot of the Holocene/Lateglacial debris-flow volume of Fan 1 by a pyramid. The sediment
depth is interpreted by the ERT results. Data basis: Region of the Tyrol (2006).

In order to quantify the entire Holocene/Lateglacial debris-flow volume of Fan 1, an electrical resistivity
tomography (ERT) was carried out (Figure 25a) to delimit the basal contact of a debris flow with the
underlying till. ERT was measured with an ABEM SAS 1000 with 81 electrodes and equal spacings of
5 m, resulting in a total profile length of 400 m. Data were processed using Res2DInv using mesh
refinement and robust inversion to allow a better inversion progress in view of the material boundary
between high resistivity debris-flow material and low-resistivity underlying material. The inversion
process was controlled using uncertainty plots based on a model covariance matrix (Alumbaugh and
Newman, 2000). Comparing Wenner and Schlumberger arrays we yielded an ERT with high resolution
of more than 850 apparent resistivity datums with a sharp (>4 fold) resistivity transition at the inferred
transition between moraine and debris-flow material. The measured sediment depth of the ERT was
translated into a pyramid to estimate the entire sediment volume of Fan 1 (Figure 25b) (Siewert et al.,
2012). The extent of the fan was extrapolated into the Plansee based on bathymetric data by Hibler
(1921).
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4.3.3.2 Quantification of recent debris-flow volumes with empiric formulas

4
E] %

() Examined deposition area 4@ Circular sector(s) with equal area
Figure 26: Applied method for calculating recent debris-flow volumes. a) The deposition area is approached by a circular

sector. b) Characterisation of smaller debris-flow trajectories leaving the cone (lobes). ¢) 3D-view; the deposition height is a
function of the deposition area and slope of the torrent and fan (modified from Rickenmann and Scheidl (2013)).

While other authors have tried to estimate recent debris-flow volumes by laser scanning (Bremer and
Sass, 2012, Jaboyedoff et al., 2012) or photogrammetry (Schwab et al., 2008), we applied the method
from Scheidl and Rickenmann (2010). The parameterization of the model used is based on 126 past
events in Austria, Italy and Switzerland. We approximated the area of each debris-flow deposit lobe by
a circular sector (Figure 26a-c). The deposition area B [m?] was calculated as
Equation 13:
B=L¢ m- - 1/360°
where Ls [m] is the radius and  [°] is the angle of the sector.
The empiric mobility coefficient ky [-]
Equation 14:
ko =5.07 - y, 01 yc—l.68
is a function of the slope of the channel y. [-] and the slope of debris-flow fan yq [-].

The volume V [m?3] was calculated as follows:

Equation 15:

V = B¥2- k32

The average depth h [m]

Equation 16:

h=VIB

could then be calculated from the volume (V) and the deposition area (B).
The method was modified, as smaller debris-flow trajectories leaving the cone (outliers) were described
with extra circular sectors, which result in lower height values (see Figure 26b). These estimated height
values were proofed in field work where possible and seem to better match reality. In the given times
intervals (e.g. in 1947-1952, 1953-1971, 1971-1979), we could only estimate the mean annual transport,

because the differentiation into single events within one time period was not always possible. Thus, the

method was applied to gquantify the volume of the deposits of one complete time interval. For the
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computation of the volumes, the slopes of channels and fans were assumed to be constant over recent
decades. The slope of the fan y,; was determined by using the highest point of the fan and a point at road
level, as specific information for the deepest point below water surface of the Plansee were not available.
The slope of the torrent y, was defined by a point in the catchment, at which a channelised flow could
be firstly observed, and the lowest point of the fan (Schraml et al., 2013). For an error calculation the
slopes of both fans and channels were varied by + 3° in each time interval.

4.4 Study site
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Figure 27: Debris-flow fans and corresponding catchments (Nr. 1 to 8) on the north side of the Plansee. Catchments are
highlighted in blue, fans in red colour. The road L255 leads along the north side of the lake, the hiking trail lies about 50 m
above. Data basis: DEM for hillshade provided by Region of the Tyrol (2006).

The investigated debris-flow fans and their catchments are located on the north side of the Plansee in
the federal state Tyrol in western Austria (Figure 27). The catchments shown (1-8) are delineated auto-
matically from the digital elevation model. The fans are extrapolated manually into the Plansee, based
on depth-profiles from Hibler (1921). The road L255 and a hiking trail lead along the north side of the
lake (Figure 27) and are therefore endangered by gravitational natural hazards. In recent decades, the
road has been blocked several times by debris flows. The bedrock of the examined catchments in the
Northern Calcareous Alps consists exclusively of Upper Triassic so-called “Hauptdolomit” (i.e. Main
Dolomite) with varying content of organic matter (Ampferer, 1924, Ampferer and Ohnesorg, 1924) and
is the most important source of massive debris flows in the Northern Calcareous Alps. The fine-
crystalline dolomite was deposited in shallow water facies and lagoons in the Norian (225-206 myr).
During the orogenesis of the Alps, the Hauptdolomit was mechanically stressed and intensely jointed at
a cm-dm-scale resulting in a massive creation of Quaternary dolomite detritus (Bayerisches
Geologisches Landesamt, 1996).
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The catchments and their corresponding fans are located at heights between 975 m and 1740 m asl. Fan
areas range from 0.01 - 0.17 km2 (projected area) with average slopes from 15° to 35° (Table 4). Catch-
ment areas vary from 0.01 - 0.57 km? (projected area) with average channel slopes from 26° to 39° over
channel lengths from 100 to 1000 m. The annual precipitation reaches 1700 mm with a pronounced
summer rainstorm precipitation maximum (BMLFUW, 2011).

Table 4: Basic parameters of the investigated torrents and fans. Areas are given as projected areas.

. Catchment/Fan
Parameter Unit
1 2 3 4 5 6 7 8
Slope of the fan ° 23 15 35 28 26 32 25 16
Slope of the channel ° 30 30 38 31 33 39 38 26
Fan area km2 0.17 0.1 0.01 0.05 0.05 0.03 0.01 0.12
Catchment area km2 0.16 0.34 0.02 0.15 0.15 0.01 0.01 0.57
Channel length m 1000 1000 150 600 400 100 130 800
45 Results

45.1 Orthophoto analysis

The ArcMap image classification concerning vegetation loss and increase in the entire project area of
all seven orthophotos is shown in Figure 29. The relative proportion of the vegetated and non-vegetated
areas was computed (Table 5). The vegetated area increases from 1947 to 1952, followed by a slight
decrease until 1987 and heavily decreases between 1987 and 2000. From 2000 to 2010 the vegetation
increases by 10.8%.

Table 5: Change in vegetation cover (entire project area). Positive values show an increase in vegetation, negative values a
decrease in vegetation.

1947* 1952 1971* 1979 1987 2000 2010
Vegetated area [10° m2] 1,822 1,827 1,798 1,779 1,736 1,493 1,710
Non-vegetated area [10° m2] 185 181 209 228 271 515 298
Change in vegetation cover to previous +15 14 1.0 29 121 +108

photo (whole project area) [%]

* The area with no data was added to the vegetated area (as it is mostly vegetated in the previous and following photo)

Due to the great extent of the entire project area, a detailed orthophoto analysis is shown on Fan 1 (Figure
28 and Table 6). On all other fans the analysis was performed in the same way. The orthophotos show
the results of the processes on Fan 1 from 1947-2010. The extent of the debris-flow deposition areas
was identified and the increase or decrease was assessed. From 1947 to 1987 only two debris-flow
channels (DFC1&2) existed (Figure 28). From 1987 to 2000 a new channel (DFC3) formed in the north-
east of Fan 1. In the time between 2000 and 2010 another new channel (DFC4) developed between DFC
2 and DFC 3.
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Table 6: Chronology of the geomorphological development concerning debris-flow activity on Fan 1.

Debris- Time interval
flow
i'g‘;ge)' 1947-1952 1953-1971 1972-1979 1980-1987 1988-2000 2000-2010
DFC1  decreasing decreasing increasing increasing increasing decreasing
deposition area, deposition area, deposition area in  deposition area, deposition area, deposition area,
increasing increasing upper areas, decreasing decreasing increasing
vegetation vegetation decreasing in vegetation vegetation vegetation
lower areas
DFC2 increasing increasing increasing + unchanged + unchanged slightly
deposition area in  deposition area in  deposition area, deposition area  deposition area  increasing
upper areas, upper areas, decreasing and vegetation  and vegetation  deposition
decreasing in decreasing in vegetation area*
lower areas lower areas
DFC3 Newly formed decreasing
deposition area,
increasing
vegetation
DFC4 Newly formed

* after field surveys a reactivation of DFC2 between 2010 and 2014 has been additionally observed
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DFC1 DFC2

Legend
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new deposition
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[] Non-vegetated area

DFC1  Debris-flow channel 1
DFC2 Debris-flow channel 2
DFC3  Debris-flow channel 3

DFC4 Debris-flow channel 4

36600 36900

Figure 28: Chronology of the geomorphological development concerning debris-flow activity on Fan 1.
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Figure 29: Results of the Interactive Supervised Classification. The highest decrease in the vegetated area (-12%) can be
recognised between 1987 and 2000. Green colour indicates vegetated area, yellow colour shows non-vegetated area. For lined
areas no data were available.
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4.5.2 Mapped debris flows with respect to their period of occurrence

All indices for debris flows, mentioned in Chapter 3.2., were recorded in field (Figure 30). The mapped
debris-flow deposits were matched in the field into the time intervals between successive orthophotos.
The spatial and temporal appearance of the debris flows is shown in Figure 31. We could observe debris-

flow deposits of the last 60 years in all investigated catchments and fans. The most extensive deposits
occurred in the time intervals from 1980-1987, 1988-2000 and 2001-2014, with a peak at 1988-2000,
especially on Fan 1 and 2.

Figure 30: Field evidence for debris flows. a) Steeply incised channels. b) Levees in a channel (red dashes lines). c) Large
boulder. Scale bar is 1 m. Photos: June and July 2014.
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Figure 31: Mapped debris flows with respect to their period of occurrence from 1947-2014. a) Debris flows on Fan 1-4. b)
Debris flows on Fan 4-8. Data basis: Region of the Tyrol (2006).
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4.5.3 Quantified debris-flow volumes for each time interval using empiric formulas

The quantified volumes are shown in Figure 32. The average thickness of the debris flows (Equation
16) ranges from 0.1 to 1.1 m. All fans show a similar trend: the volume increases until the time interval
1988-2000, followed by a slight decrease in 2001-2014. According to the volumetric equations
(Equation 13-Equation 15), the debris-flow volume is directly proportional to its covering area B. This
area was approximated by a sector by using the georeferenced field maps and ArcMap 10.1. As slopes
vary in space and time, an error of 3° (~5%) for the slopes of channels and fans was assessed. The
resulting mobility coefficient k, ranges from 7.4 (Komin Fan 7) to 31.6 (Komax Fan 8) (Table 7).

Table 7: Parameters for the volume calculation for all eight fans. kemin is gained by using 3° lower slopes for channels and fans,
for komax 3° higher slopes.
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Figure 32: Absolute (left column) and annual (right column) debris-flow volumes for each fan and each time interval (summed
up). Both increase until 2000, followed by a decrease. Fan 1 is contributing a major part to the total volume.

In Figure 32, the absolute and annual debris-flow volumes from all eight fans are summed up for the six
time intervals. The annual debris-flow transport is quasi-constant or increases slightly from 1947 (0.2 £
0.07 10°m3/yr) to 1979 (0.4 + 0.1 10°m3/yr). During the years 1980 to 2000 a heavy increase from
1.1 + 0.3 10°m3/yr to 2.4 + 0.7 10°m3/yr can be observed. Afterwards the annual volume per year
decreases to 1.4 + 0.4 10°m3/yr. While rates before 1980 range between 0.2-0.4-10° m*/yr, rates after

1980 range between 1.1-2.4-10°> m*/yr, on a more than three-fold elevated level.
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These results coincide with the data on the non-vegetated part in the catchment area (Figure 33). The
higher the annual debris-flow volume per year in a time interval the larger is the non-vegetated area in
the catchment at the endpoint of the period.

R?=0.93

2001-2010*
1988-2000

Summed debris-flow volume per

1980-1987 9"
9.
1947-1952 1971-1979
0.5
e ¢ -
L 1953-1971
0.0 .
0 10 20 30 40
Percental part of non-vegetated catchment area [%o]
* As the last orthophoto was taken 2010, debris (Tows that obvioulsy
occurred afterwards are not taken into account

Figure 33: Relationship between annual debris-flow volume (of all eight fans, summed up) and non-vegetated catchment area
(at the end of each time interval).

4.5.4 Holocene/Lateglacial debris-flow volume of Fan 1 quantified with ERT

The Holocene/Lateglacial debris-flow volume of Fan 1 was approximated by a geometric approximation
of its surface shape, its bathymetry and a delineation of the contact with the underlying morainic till
using electrical resistivity tomography (Figure 34a,b). At a depth of 5 to 20-30 m, the electrical resisti-
vity ranges from 1,000 to 4,000 Qm in debris-flow material. Below 20-30 m, the values suddenly decline
by a factor of four or more to 200 to 800 Qm. Analysing Min and Max-Plots of the ERT uncertainty
based on a model covariance matrix (Alumbaugh and Newman, 2000) indicates that this transition depth
is only subject to small changes due to the high amount of resistivity datums indicating this transition
(Figure 34b).
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Figure 34: a) ERT of Fan 1 indicating a transition of resistivity values of 1,000-4,000 Qm above 980 m asl to 200-800 Qm
below interpreted as the transition to local basal till. b) The model uncertainty is mostly below 10% especially at the inferred
transition.
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We interpret the results as follows. The sediments with a high resistivity in the upper 25 meters are
debris-flow dolomite material. At depths greater than 25 m (below 985 m asl), we infer basal local till
containing also carbonates but a much higher share of fine materials. The measurement coincides with
additional long ERT transects we have performed outside the study site at the opposite lake side of the
Plansee and the descriptions of Ampferer (1907) and Hibler (1921).

To estimate the Holocene/Lateglacial debris-flow volume, an idealised pyramid was built using the
information of the ERT (Figure 35). The depth of the debris-flow sediments was inter- and extrapolated
with the mean dolomitic detritus depth in the ERT (Figure 34). The Holocene/Lateglacial time period
available for debris-flow sedimentation is approximated with 14,000 + 1,000 years (Prager et al., 2008).
The mean Holocene volume Viean Holocene) is 0.35 (£0.03)-10° m3/yr. This value rather overestimates

Holocene rates as Lateglacial rates are included (Krautblatter et al., 2012, Sass and Krautblatter, 2007).
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Figure 35: Volume assumption of the Holocene/Lateglacial debris-flow fan using the depth information of the ERT. For the
calculation of the depth, the resistivity higher than 1,200 Qm was taken into account. Values <1,200 Qm were interpreted as
till. Data basis for the catchment: Region of the Tyrol (2006).

4.5.5 Comparison of recent and Holocene/Lateglacial mean debris-flow volumes

The estimated mean annual Holocene/Lateglacial debris-flow volume is about 0.35-10% m®/yr on Fan 1.
In Figure 36 the minimum and maximum values of the mean annual Holocene/Lateglacial volume is
compared to the mean annual debris-flow volumes of recent decades. From 1947-1979 the estimated
volume in the time periods lies below or near that interval, from 1980 to 2014 considerably above the

range of the mean annual Holocene/Lateglacial volume.
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Figure 36: Comparison of the range of the mean annual Holocene/Lateglacial debris-flow volume and the annual volumes of
the recent decades on Fan 1. The dashed lines represent the range of the annual Holocene/Lateglacial volume. Before 1980
(blue bars) the annual volume is lower than the annual Lateglacial volume. Since 1980 (red bars) the annual volumes exceed
the annual Lateglacial volume.

4.6 Discussion

4.6.1 Historic orthophoto analysis and geomorphological mapping

Detailed mapping of the catchments and fans is a prerequisite for making reliable statements in terms of
debris-flow ability, activity and risk assessment (Hearn and Hart, 2011, Theler et al., 2010). Due to the
orthophotos, the active parts of the project area could be preliminary identified by field work, although
the resolution and contrast of the photos caused some problems. The image classification concerning
vegetated and non-vegetated areas (Figure 29 and Figure 28) was run several times with different
brightness, contrast and gamma values to get reliable results. Nevertheless, the interpretation of the
activity was not completely clear on some orthophotos (e.g. Figure 28). But the long-term activity of all

fans concerning larger events in space and time could be reconstructed.

The estimation of the areal extent of former debris flows by orthophoto analysis caused certain
challenges: i) Minor flows that affected only ground near vegetation but no larger trees caused no
obvious change in two successive orthophotos but probably have small volumes. (ii) Small flows that
did not manage to leave pre-existing channels or did not change the colour of the sediments in them,
were hard to identify but probably also have small volumes. Consequently, our database contains events
larger than few tens of m3 and represents a minimum mean rate. This underestimation of high-frequency
and low-volume events is also postulated by other authors (Bollschweiler and Stoffel, 2010a, Helsen et
al., 2002, Mayer et al., 2010, Stoffel et al., 2013). Information on former flows that could not be seen
on the photos was in most cases obtained by field survey and then checked against the orthophotos. In
this way, we support the hypothesis of Procter et al. (2011) and (Procter et al., 2012) that carefully
analysed and validated air photography is a valuable source for the historic interpretation of former

debris-flow activity.
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4.6.2 Quantified debris-flow volumes in the time periods using empiric formulas

4.6.2.1 Parameters for the semi-empirical volume estimation

The mean coefficient ky ranges in this study from 8.3 to 24.7 (Table 7). The steeper the slope of the
torrent and fan, the smaller is the value for k. Thus, Ky is a function of the friction angle, as material
with a higher friction angle can develop steeper fans, as well as a function of activity, as the gradient of
a fan gets normally lower with each event. The mean for k, for all fans is 14.8. Table 8 compares the
gained kp with other authors (Crosta et al., 2003, Griswold, 2004, Iverson et al., 1998, Scheidl and
Rickenmann, 2010). Granular debris flows normally show a k;, in the range of 6-30 (Table 8). Thus, the
calculated kp, values in this study ranging from 8.3 to 24.7 are representative.

Table 8: Calculated values for the factor ks for different regions and flow types (adapted from Scheidl and Rickenmann (2010)).
The values in this study are in the range of previous studies.

Author Process Region N Kb (avarage)
Crosta et al. (2003) Granular debris flow Alps, Northern ltaly 91 6.2

This study Granular debris flow Alps, Tyrol 8 14.8
Scheidl and Rickenmann (2010) Granular debris flow Alps, South Tyrol 44 173
Griswold (2004) Debris flow Worldwide 44 199
Scheidl and Rickenmann (2010) Granular debris flow Alps, Switzerland 34 281
Iverson et al. (1998) Lahar USA, Columbia, Philippine 27 200

4.6.2.2 Comparison of annual debris-flow volumes among the different fans

By comparing the annual debris-flow volumes of all fans, it shows that the activity of Fan 1 is
considerably higher than the other fans and represents almost half of the summed up volume (Figure
32). The reasons for larger debris-flow volumes can be connected with a larger catchment area (Franzi
and Bianco, 2001, Takei, 1984, Zeller, 1985), a higher slope angle of the torrent (D’Agostino et al.,
1996, Kronfellner-Kraus, 1984, Rickenmann, 1995, Rickenmann and Koschni, 2010) or geological-
ly/lithologically induced factors (Bianco et al., 2001, D’ Agostino et al., 1996, Rickenmann and Koschni,
2010). But neither the catchment area nor the torrent slope angle are obviously larger or higher than in
the adjacent similar catchments (Figure 37a,b). A better correlation can be seen with the channel length,
slope of the fan and slope of the torrent (Figure 37c). But for Fan 1 the ratio of non-vegetated area and
the total area of the catchment (R) is clearly higher than in the other catchments. This ratio increases due
to (shallow) landslides or extensive erosion of areas with low plant cover. This is again based on
geological factors, like joint spacing, glacial fillings with Quaternary deposits, slope of hillsides, etc.
So, the ratio (R) results in combination with the channel length in the best explanation for higher annual
debris-flow volumes (Figure 37d). Furthermore, the local variability of rainfall intensity in the project
area and the exposure of the catchments to rainfall contributes also to an enhanced debris-flow

occurrence in the catchments.
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Similar results with respect to the correlation between R and annual debris-flow volume per year also
apply for the entire project area (Figure 33) for the same reasons. Following this result, we constitute,
that geological factors and the channel length are not sufficiently considered in formula-based
estimations of debris-flow volumes for a study area, both for a single event and regarding mean annual

volumes and should be addressed in future research in other areas.
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Figure 37: Relationship between annual debris-flow volume per year (1947-2014) of all fans (numbered 1 to 8) and different
catchment parameters. The best correlation can be achieved by relating the mean annual debris-flow volume per year and the
ratio of non-vegetated area and the total area of the catchment times the channel length (d). The mean debris-flow volume per
year from 1947-2010 is plotted: a) vs. catchment area (A), b) vs. catchment area (A) x slope of fan (ya) X slope of torrent (yc),
c) vs. channel length (L) x slope of fan (ya) x slope of torrent (yc), d) vs. channel length (L) x ratio of non-vegetated area and
total area of the catchment, averaged from 1947-2010 (R).

4.6.2.3 Comparison of the total volumes in the time intervals

The results presented in Figure 32 show an increase in absolute and annual debris-flow volumes and an
enhanced frequency since the 1980s on all eight fans. Analogous results, with event peaks between the
years 1990 and 2000, are documented in other parts of the European Alps (Pavlova et al., 2014, Procter
etal., 2011, Schraml et al., 2013). Bollschweiler and Stoffel (2010a) show in the Zermatt valley also an
increase since 1950 until 2000 and a following reduction of debris-flow activity until today using
dendrogeomorphological analysis. In these studies, there will be a bias, as events prior to 1980 are not
well documented and smaller events can hardly be seen by an orthophoto analysis and also in field, if
the deposits have been buried by later debris flows. But all large and relevant events are taken into
account in this study.

Debris flows are often triggered by intensive rainfalls within a few minutes to a few hours (Caine, 1980,
Guzzetti et al., 2008, Johnson and Rodine, 1984, Kaitna et al., 2013). However, most intense summer
precipitation in the last decades has often coincided with certain weather patterns and storm trajectories
like the Vb (according to the van Bebber classification) bringing wet air from the Mediterranean Sea to

the Northern Alps causing some of the most intense debris-flow seasons such as in 2002 and 2005
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(Krautblatter and Moser, 2009, Morche and Schmidt, 2012). Figure 38a shows the daily precipitation
sums of the nearest meteorological station (Berwang, distance 8 km) from 01.01.1921 to 31.12.2010.
There were two outstanding rainfall events in recent decades. The first one occurred on the 21.05.1999
(which developed into the so-called Whitsun-flood, 180 mm/d) and the second on the 22.08.2005 (131
mm/d). On both dates, the occurrence of large debris flows in the Plansee area is confirmed. This might
be a reason why we estimate higher debris-flow volumes from 1988-2000 and 2001-2014. Besides these
two extreme events we can also see a general trend in the time series (Figure 38b). The occurrence of
heavy rainfall events at ten year intervals shows an increase in their relative frequency. While the daily
mean precipitation also increases in the time intervals (Figure 38c, black bars), the relative frequency of
days with precipitation (> 0.05) mm decreases (Figure 38c, grey bars). If we take this development into
consideration, the higher frequency of extreme rainfall events may have caused the increase in mean

annual debris-flow volumes.
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Figure 38: a) Daily precipitation sums of the nearest meteorological station “Berwang” (Hydrographischer Dienst Tirol, 2014).
Black arrows indicate the dates of the orthophotos. b) Relative frequency of heavy rainfall events in ten year intervals with
different intensities. All linear regression models have a positive slope and indicate an increasing frequency of heavy rainfall
events. ¢) Relative frequency of days with precipitation > 0.05 mm (grey bars) and daily mean precipitation (black bars).
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Consequently, the question arises, whether these extreme rainfall events can be linked to climate change.
It is beyond all doubt that climate change affects different parts of the Alpine mountain regions in
different ways (Beniston et al., 2011, Bohm et al., 2001, Zimmermann et al., 1997) as well as all other
parts of the world (Easterling, 2000, Keiler et al., 2010, Knight and Harrison, 2009, Rebetez et al., 1997,
Rosenzweig et al., 2008). Besides, an increase in so called VVb-weather conditions, especially since the
1970s, in most alpine parts in Austria can be revealed (Formayer, 2009, Fricke, 2002). These Vb weather
conditions often cause circulating intense rainstorms over several days and lead to extreme debris flows,
floods and outburst floods. As in the study area the number of days with precipitation decreases but the
daily mean precipitation as well as the relative frequency of heavy rainfall events increases from 1921
to 2010, a link to climate change in this area might be indicated.

In a similar steep catchment in the Northern Calcareous Alps Reintal (10 km southern Garmisch-
Partenkirchen, Germany) the 2005 Vb rainstorm released a debris-flow volume of >5,300 m3, which
infilled a lake and equals the 10 year mean debris-flow activity of the late 20" century at this site
(Morche and Schmidt, 2012, Sass et al., 2007). While Sass et al. (2007) could show the long-term trend
of increasing debris-flow activity since the Little Ice Age and the decadal impact of single rainstorms,
the sharp increase since the 1980s could not be demonstrated clearly before in other areas.

4.6.3 Holocene/Lateglacial debris-flow volume of Fan 1 quantified with ERT

For the calculated annual Holocene/Lateglacial debris-flow volume, four basic assumptions have been
made. (i) The approach of the debris-flow fan in nature by an imaginary pyramid is sufficiently accurate,
(ii) the material building Fan 1 originates only from Catchment 1 and (iii) the material was moved there
only by debris flows and (iv) the time-dependent development of the fan is neglected. So, the estimation
results of the Holocene/Lateglacial mean of 0.35 (£0.03)-10% m®yr show a maximum value as a result
of assumptions (ii) and (iii) as Fan 2 contributes a minor share per year and an insignificant share of
material has been moved there also by rockfalls and fluvial transport. Considering assumption (iv),
normally an exponential decline in postglacial sediment accumulation is assumed (Curry and Morris,
2004). But as no measurements for a parametrization of the negative exponential model are available,
we assumed a constant sediment rate contributing to the development of Fan 1. Thus, the calculated rate
of 0.35 (+0.03)-10® m3/yr for the Holocene/Lateglacial debris-flow activity is a maximum estimate and
quite likely Holocene mean rates would be lower. Remarkably, the mean annual debris-flow rates for
the last three time intervals are 2-3 times higher than mean Holocene/Lateglacial debris-flow activity
(Figure 36). Therefore, we postulate enhanced debris-flow activity during the last 2-3 decades
coinciding with enhanced rainstorm activity. Vegetation and tree clearance in the catchment implies that

elevated rates will relax only over decades with slow vegetation succession.

The approach for debris-flow volume estimation allows an approximation of recent event frequency and
magnitude of the Plansee area, despite the limitations inherent to orthophoto analysis. The results con-
tribute to a better understanding of the activity on debris-flow fans with respect to climatic change and

are helpful for future calculations in hazard and risk assessment in the project area.
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Future research on geomorphic processes on active debris-flow fans is needed to get a reliable link
between more intensive rain storms or a higher frequency of intense rain storms due to climate change
and the sensitivity of alpine catchments with an increased regularity of debris-flow occurrences, espe-
cially in transport limited systems. Moreover, the long term sediment recharge of torrents regarding
hillslope-channel-coupling has to be more intensely examined. With a rising population in alpine
regions, this research has a direct use for human beings as more and more frequently infrastructure is
affected by debris-flow events.

4.7 Conclusions

The temporal and spatial development of eight debris-flow fans could be reconstructed for the last 60
years by a series of aerial photos and field reconnaissance. Due to the orthophotos and the areal extent
of vegetation, a temporal classification of occurred debris flows was possible. Thus, we could show in

this study:

1. Debris-flow activity has increased by a factor of more than three in eight debris-flow catchments
since the 1980s in comparison to the 1940s to 1970s reference period.

2. The mean annual debris-flow activity on Fan 1 also exceeds the Holocene/Lateglacial activity
by factor of 2-3.

3. We relate this enhanced debris-flow activity to an enhanced rainstorm frequency in the study
area.

4. A strong correlation between non-vegetated area in the debris-flow catchments and annual
debris-flow volumes indicates that enhanced activity might persist for decades until vegetation

recovers.
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5.1 Abstract

Debris flows are among the most destructive and hazardous mass movements on steep mountains. An
understanding of debris-flow erosion, entrainment and resulting volumes is a key requirement for model-
ling debris-flow propagation and impact, as well as analysing the associated risks. As quantitative con-
trols of erosion and entrainment are not well understood, total volume, runout and impact energies of
debris flows are often significantly underestimated. Here, we present an analysis of geomorphic change
induced by an erosive debris-flow event in the German Alps in June 2015. More than 50 terrestrial laser
scans (TLS) of a 1.2 km long mountain torrent recorded geomorphic change in comparison to an
airborne laser scan (ALS) performed in 2007. Errors were calculated using a spatial variable threshold
based on the point density of ALS and TLS and the slope of the digital elevation models. Highest erosion
rates approach 5.0 m3/mz2 (mean 0.6 m3/mz2). During the event 9,550 + 1,550 m3 was eroded whereas only
650 = 150 m3 was deposited in the channel. Velocity, flow pressure, momentum and shear stress were
calculated using a carefully calibrated RAMMS Debris-Flow model including material entrainment.
Here we present a linear regression model relating debris-flow erosion rates to momentum and shear
stress with an R2 up to 68%. Channel transitions from bedrock to loose debris sections cause excessive

erosion up to 1 m3/m? due to previously unreleased random kinetic energy now available for erosion.

5.2 Introduction

Debris flows occur in all alpine regions subject to intense rainstorms and mobilisable loose debris.
Globally, a total of more than 80,000 destructive and life-threatening debris flows have caused more
than 75,000 fatalities in the last six decades (Dowling and Santi, 2014). Recent studies provide
quantitative evidence for increasing frequencies of debris flows in the last few decades due to increased
rainstorm frequencies, e.g. in the Northern Calcareous Alps (Dietrich and Krautblatter, 2017) in the
Carpathian Mountains (Silhan and Tichavsky, 2016), the Italian Alps (Pelfini and Santilli, 2008) and
parts of the Rocky Mountains (Rathburn et al., 2013, Rubin et al., 2012). Most debris flows are either

initiated as landslides by widespread Coulomb failure within a sloping soil mass (e.g., Gabet and Mudd,
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2006, Iverson, 1997) or, alternatively, by a critical runoff in a stream (Berti et al., 2000, Berti and
Simoni, 2005). To reduce the rising risk of susceptible economic values and threatened human life,
implementing appropriate countermeasures is vital. The size of hazard zones and the size and site of
countermeasures strongly depend on the debris-flow runout and flow height. Among other things, these
parameters are governed by the debris-flow volume, which cannot be easily estimated, as the entrain-
ment of material leads to an increasing volume during an event (Abanco and Hurlimann, 2014, Frank et
al., 2015). Therefore, the spatial variable erosion and entrainment and their geomorphological and
lithological dependencies should be of broad interest for both researchers and practitioners.

Nevertheless, few attempts have been made to anticipate debris-flow volumes and debris-flow erosion
rates. Potential debris-flow volumes have either been estimated with straightforward empirical formulae
(e.g., D’ Agostino et al., 1996, Dong et al., 2009, Franzi and Bianco, 2001, Rickenmann and Koschni,
2010), magnitude-frequency relationships (e.g., Riley et al., 2013, Stoffel, 2010, van Steijn, 1996),
geomorphological field assessment guidelines (Gertsch, 2009, Hungr et al., 1984) or physically-based
methods (e.g., Li et al., 2017, Pudasaini, 2012). Empirically derived equations mostly account for
catchment area and the angle of the torrent thalweg (Guthrie et al., 2010). Some also include lithological
factors, but their explanatory power is regionally limited. Geomorphological field assessments focus on
channel width and length, river slope and banks and composition of the riverbed. However they some-
how depend on the experience of the employed expert.

Recent advances in survey technology have facilitated post-event budgeting of debris-flow volumes and
erosion rates by detecting geomorphic change with different methods on multiple scales (Turowski and
Cook, 2017). Whenever we use the term “erosion rate” in the paper, we refer to a value with the unit
volume related to an area. As debris flows are always short-lived processes, the term erosion rate applies
to the length of the event, typically shorter than one hour (Warburton, 1993). Debris-flow volumes and
rates are often assessed with photogrammetry (Tsutsui et al., 2007), airborne laser scanning (ALS) (e.g.,
Cavalli et al., 2017, Cavalli and Marchi, 2008, Scheidl et al., 2008), terrestrial laser scanning (TLS)
(Perroy et al., 2010, Theule et al., 2015) and combinations of all of these (Blasone et al., 2015). TLS in
particular has recently been used to monitor and budget sediment fluxes in highly dynamic fluvial
systems (e.g., Baewert and Morche, 2014, Bimbdse et al., 2011, Biihler and Graf, 2013, Carrivick et al.,
2013, Theule et al., 2015, Theule et al., 2012). After recent debris-flow events, multi-temporal TLS can
be used to identify source regions of debris-flow material (e.g., Blasone et al., 2014, Bremer and Sass,
2012, McCoy et al., 2010, Schiirch et al., 20114, Staley et al., 2014, Wasklewicz and Hattanji, 2009).
TLS is, due to the high resolution, also applied for small scale debris-flow laboratory experiments (Hung
and Capart, 2013). However, TLS has rarely been used in combination with ALS to calculate debris-
flow volumes and their source regions (Bremer and Sass, 2012), as the point density of past ALS surveys
was considered insufficient. Furthermore, the co-registration of individual TLS positions to one

connected point cloud has often caused an unacceptable amount of errors. Recently, the ALS survey
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point densities have increased significantly and facilitate accurate co-registration of TLS and ALS if

errors are considered carefully.

High-resolution multi-temporal laser scans before and after a debris-flow event open up the opportunity
to explain erosion depths by topographical data and physical properties of the debris flow. Whipple and
Tucker (1999) related stream power to erosion in fluvial systems, but the concept has neither been
extended to steep slopes nor to debris-supported slopes (Stock and Dietrich, 2003). Alternative concepts
for quantifying erosion rates in steep channels include channel gradient (Abanco and Hurlimann, 2014)
and discharge (Weichert et al., 2009). Schirch et al. (2011b) identified flow depth as an important factor
governing the location and magnitude of erosion. Recent research also includes ground-vibration
measurements with geophones (Kean et al., 2015), measured pressure fluctuations (e.g., Berger et al.,
2011a, McArdell, 2016), pore fluid pressures and normal forces to delimit the erosivity of debris flows
(McCoy et al., 2010, McCoy et al., 2013).

In spite of the increasing amount of information on debris-flow erosion and on controlling processes
(Iverson et al., 2010, Mangeney, 2011), few simulation models are capable of predicting entrainment
(Hungr and McDougall, 2009) and thus they systematically underestimate debris-flow propagation or
employ user-defined erosion layers (e.g., Begueria et al., 2009, Hussin et al., 2012). The explanatory
power of physical debris-flow properties has been implemented in predictive models using flow velocity
(Takahashi et al., 1992) and shear stresses (Chen and Zhang, 2015, Frank et al., 2015), but these are
rarely validated by real events. A momentum-dependent erosion rate has been described for ice-rock
avalanches (Schneider et al., 2010), but the transfer to debris-flow erosion processes is not

straightforward.

The goal of this paper is (i) to develop a combined ALS and TLS analysis strategy to reliably quantify
source regions of mobilised material and related erosion rates of recent debris flows as well as (ii) to
develop a statistical model relating debris-flow erosion rates to velocity, flow pressure, momentum and
shear stress. As a consequence of the results of these two research questions, we (iii) quantify erosion
peaks along bedrock - loose debris transitions as a potential measure of the excessive random kinetic
energy available for erosion. The key findings of this paper have broader implications for excess erosion
at bedrock - loose debris transitions and thus might also affect long-term channel profile development
in mountain regions. Deciphering controls for debris-flow erosion advances a reasonable and

reproducible prediction of potential future debris-flows volumes.

5.3 Study site

The investigated “Rofbichelbach” torrent is located in southern Bavaria at the eastern municipal border
of Oberstdorf (Figure 39). The torrent rises in the Hauptdolomit lithology (Norian, 225-206 myr) near
the crest of the Gaisalphorn mountain (1953 m.a.s.l.). Further downstream, the torrent crosses a softer,
densely fractured Flysch sequence including intercalated quartz-graywackes and different mudstones,

marls and limestones, all deposited in the Lower Cretaceous (145-100.5 myr). The bed thickness ranges
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from millimetres to decimetres, representing typical turbidites with graded Bouma sequences (Bouma,
1962). These formations are partially covered by moraine material, mostly originating from the
Wirmian Pleniglacial to Late Glacial, as well as scree. The catchment area delineated on the digital
elevation model (DEM) of 2007 (Bavarian Surveying and Mapping Authority, 2007) is 0.29 km? (Figure
39). The mean torrent slope is 25.2° (47%) with a length of approx. 1.2 km and a height difference of
about 565 m. The yearly mean precipitation is about 1800 mm with a pronounced summer rainstorm
precipitation maximum (DWD Climate Data Center, 2015).

On 14 June 2015, an extreme rainfall event with approximately 90-120 mm in 45 minutes recorded by
local residents occurred in this region (the next official weather station 2 km away recorded 35 mm/h).
As a result, a debris flow damaged several buildings located on the fan, a road and areas of land used

for agricultural purposes (Bavarian Environment Agency, 2015).

To check how much material could still be mobilised by a potentially occurring future event, we mapped
the substrate of the river bed shortly after the debris-flow event and were able to distinguish between

sections consisting of bedrock and loose debris (Gertsch, 2009).
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Figure 39: Geological setting of the torrent catchment (Bavarian Environment Agency, 2015, Zacher, 1985). The torrent stream
originates in Triassic dolomites before it flows across softer Flysch mudstones, marls and Quaternary sediments. Yellow dots
represent laser scan positions performed in summer 2015 in the channel and adjacent slopes. Source of underlying DEM:
Bavarian Surveying and Mapping Authority (2007).
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5.4 Data and Methods

5.4.1 Airborne laser scan

The airborne laser scan was carried out between 19 April 2007 and 19 June 2007 and has been made
available by the Bavarian Topographic Survey (Bavarian Surveying and Mapping Authority, 2007). The
height accuracy is better than 0.2 m and the positional accuracy is better than 0.5 m. The resulting
unfiltered point density of the airborne laser scan in the catchment varies between 1.4 and 15 points/mz.
In the torrent and on the adjacent slopes, the density lies mostly between 3 and 10 points/m? (mean 5.5
points/m?2). The ALS point cloud was filtered to eliminate vegetation using RiSCAN Pro (Figure 40).
The point cloud was filtered using an octree algorithm with an edge length of 0.5 m (Girardeau-Montaut
et al., 2005). The linearly interpolated raster of this point cloud has a cell size of 0.5 m. We checked
whether the ALS raster shares the exact same extent as the raster generated of the terrestrial laser scans
to have congruent data sets.

TLS ALS

DEM 2015: Terrestrial laser scans with a Riegl VZ-400 DEM 2007: Airborne laser scan
53 scan positions each 360° with an angular step width of 0.04*

U

I: Registration of all 53 single scan positions to one connected point cloud with
RiSCAN Pro
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Figure 40: Processing workflow for terrestrial laser scans (TLS), the airborne laser scan (ALS) and the resulting geomorphic
change detection. Steps 1-5 were performed with RiSCAN Pro, steps 6-9 with ESRI ArcMap 10.5.1.

5.4.2 Terrestrial laser scan

The terrestrial laser scan was carried out shortly after the event using a RIEGL VVZ-400 mid-range laser
scanner. For each 360° scan, an angular step of the rotating scanner of 0.04° was chosen with an angle
measurement resolution < 0.0005° (Riegl LMS, 2013). With this adjustment, the point spacing is 7 cm
at a shot distance of 100 m. The laser pulse repetition rate was 300 kHz with an effective measurement
rate of 122,000 measurements per second. According to the manufacturer's specifications, the horizontal
and vertical accuracy, describing the conformity of a measured quantity to its actual (true) value, is

5 mm at 100 m. The precision (reproducibility) is 3 mm at 100 m. The laser shows a beam divergence
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of 0.35 mrad using a near infrared wavelength (Riegl LMS, 2013). The measurements were carried out
during dry weather conditions without any surficial water flow in the torrent in order to avoid surface

height errors.

All 53 scans were coarse-registered in RiSCAN Pro by defining at least 4 corresponding points in two
consecutive scans and were then fine-registered by a multi-station adjustment (MSA) (Figure 40). For
the MSA, both point clouds were filtered for characteristic plane segments. This was done by a so-called
plane patch filter. An algorithm searched for plane segments within each scan from which normal
vectors were created (Riegl LMS, 2013). Subsequently, the distances of these normal vectors in both
scans were minimised by an iterative closest point algorithm (Besl and McKay, 1992, Rusinkiewicz and
Levoy, 2001).

The vegetation was automatically eliminated by filtering the point cloud with a multidimensional
algorithm in RiISCAN Pro (Riegl LMS, 2013). As the software did not completely detect all vegetation
types, the remaining points were deleted manually. Subsequently, the TLS point cloud was filtered to
0.3 m in the x-y-direction and 0.1 m in the z-direction (Figure 40). The thinned point cloud of all TLS
positions was registered onto the ALS point cloud by an MSA. Therefore, areas of the point clouds were
selected that had definitely remained stable from 2007 to 2015. These “stable areas” were carefully
chosen during field surveys in the study area. The multi-station adjustment provides metrics on how
well the two disparate data sets could be co-registered. The residues of the corresponding planes showed
a Gaussian distribution. The overall standard deviation of the normal distances (> 370 plane patches)
was 15 cm. The TLS point cloud was then filtered using an octree algorithm with an edge length of 0.5
m (Girardeau-Montaut et al., 2005) and linearly interpolated to obtain a raster with a cell size of 0.5 m.

We checked whether the raster was congruent with the raster derived from the ALS point cloud.

5.4.3 Change detection and error analysis

Point clouds of both ALS and TLS provide point information of the surface. However, the produced
raster data sets do not represent the real shape of the surface. Inaccuracies of DEMs arise from (i)
measuring errors and inaccuracies of the sampling systems, (ii) errors in the co-registration of scans,
(iii) vegetation, which is erroneously taken into account for the DEM-interpolation and (iv) the chosen
interpolation method itself (Williams, 2012). The subtraction of two DEMs, taken at different times,
produces a DEM of differences (DoD) showing geomorphic height changes between the two data sets.
For this, different error sources should be considered in geomorphic change detection. They can be
expressed by a simple user-defined constant minimum level of detection (minL0D) (Fuller et al., 2003),
by a probabilistic threshold using a user-defined confidence limit or by a spatial variable threshold based
on spatial variable uncertainties in repeated scans or by spatial coherence of erosion and deposition
(Wheaton et al., 2010b, Williams, 2012).

The geomorphic change detection was performed with the ArcGIS Add-On “Geomorphic Change
Detection 7” introduced by Wheaton et al. (2010b). Both DEMs were subtracted and a DoD was built

with a cell size of 0.5 m. The uncertainty of the DEMs was taken into account using a morphological
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method established by Brasington et al. (2000) and Lane et al. (2003), and extended by Wheaton et al
(2010b) using fuzzy set theory. At first, the individual elevation uncertainties of the two raster data sets
were estimated on a cell-by-cell basis. For this, our approach uses the point density of ALS and TLS
and the slope of the DEMs as parameters relating to different degrees of DEM elevation uncertainty
(Figure 41). The adjectives ‘high’, ‘medium’ and ‘low’ were chosen to describe slope angle and point
density. Subsequently, membership functions were defined by specifying the range of values covered
by each adjective. The elevation uncertainty (6z) was then calculated on a cell-by-cell basis for each
DEM using a fuzzy interference system, which was calibrated to field settings. For this calibration, we
iteratively checked whether the calculated erosion and deposition extents and depths match with our
observations during field surveys and then adjusted the value ranges for slope angle and point density
for the membership function. The output of this membership function is an elevation uncertainty and
represents a spatially variable noise in each DEM (Figure 41). These individual DEM elevation uncer-
tainties were propagated into the DoD on a cell-by-cell basis (Brasington et al., 2003, Wheaton, 2008):

Equation 17:

Supop = \/(62new)2 + (6Zold)2

The heterogeneous estimate of DoD uncertainty dup,p for each raster cell in the DoD represents the

square root of the squared individual elevation uncertainties of the new and old DEM. A t-score was

derived from the DoD value and the DoD elevation uncertainty dup,p (Wheaton et al., 2010b):
Equation 18:

_ |Znew — Zoldl
SUpop

We used a confidence limit of 95% (t = 1.96), assuming a two-tailed test. All changes with probability
values less than the chosen threshold were discarded, as they could not be distinguished from noise,

otherwise the change was assumed to be real. For a more detailed methodological description, we refer
to Wheaton et al. (2010b).
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Figure 41: Input and output membership functions. Values of slope angle (input) and point density (input) are converted into
an elevation uncertainty (output).
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5.4.4 Debris-flow modelling

RAMMS Debris Flow is a widely used simulation software in both research and practice (e.g., Bertoldi
et al., 2012, Rickenmann et al., 2006, Schraml et al., 2015b). In this software, debris flows are incor-
porated as non-Newtonian fluids (Bertoldi et al., 2012). The model is based on the solution of the depth-
averaged shallow water equations. The deceleration due to friction (Sy) is calculated by the resistance

law of Voellmy-Salm (Salm, 1966, Voellmy, 1955):

Equation 19:
p-g-v
St =#'P'H'9'C05(<P)+T
The total resistance Sy is determined by the Coulomb-type friction value u, the turbulent friction value
&, the density of the debris flow p, the debris-flow height H, the slope angle ¢ of the terrain, the gravi-
tational acceleration g and the velocity of the debris flow v. The Coulomb-type friction value u
dominates the total resistance when the debris flow is relatively slow (e.g. stopping) while & dominates
at higher velocities (Bertoldi et al., 2012). Mass balance is given by

Equation 20:

Qx,y,t) = 0, + 0,(Hvy) + 9, (Hv,)

where Q(x,y,t) is the source term (mass production), H(x,y,t) is the flow height and v(x,y,t)
represents velocity. Since late 2017, an entrainment module has been implemented to predict erosion
depth by the moving debris flow (Frank et al., 2015, 2017). The entrainment rate is a function of the

local shear stress () acting on the channel bed, which is given by

Equation 21:
t[kPa]=p - g-H- ¢

Pressure (p) is given by

Equation 22:
p [kPa] = p- v?

and momentum (m) by

Equation 23:
m2

m|—|=H-v
S

For further model descriptions we refer to Christen et al. (2010), Christen et al. (2011) and Frank et al.
(2017).

To calibrate the RAMMS Debris-Flow model accurately, we used the entrainment information given by

the performed change detection. Therefore, we identified nine simplified sections in the DoD, which
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showed similar erosion patterns (Figure 42). These areas were implemented in RAMMS Debris Flow
using ESRI shapefiles. Within the sections, we adjusted the entrainment parameters during the cali-
bration until the modelled entrainment volume was the same as the entrainment volume found by change
detection (Figure 42). For this, RAMMS Debris Flow offers the opportunity to set erosion rate, critical
shear stress and maximum erosion depth for each shapefile separately. With this dynamic material intake
we assured that flow volume and discharge at every location of the channel coincides with flow marks
gathered during field surveys. Rather than a simplified landslide initiation, we used a more realistic
three-point discharge hydrograph as the initial condition for the debris flow. To account for the water
content in the flowing mass, an initial water volume of 2,800 mé (=30% of the entrained sediment
volume, p = 1,100 kg/m?3) was injected into the channel. The percental water content was estimated by
literature values from Coussot and Meunier (1996) and Hungr et al. (2014). The maximum initial dis-
charge of 15 m3/s was gathered during calibration to match flow marks recorded by field surveys.
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Figure 42: Comparison between observed (a) and modelled erosion (b). The error is less than 5% for each of the shown areas.

As, obviously, no direct measurements of the velocity during movement at the cross-sections were
possible, the mean velocity of the debris flow was calculated by an h2S method (Prochaska et al., 2008)
at different locations in the channel and was checked for plausibility with reference to observations by
Coussot and Meunier (1996). The flow height h was measured by flow marks in field with a yardstick
and in the laser scans by means of photographs. The slope S was measured in the laser scans averaged
over distances of 5-10 m. The following empirical relation for the h2S method (Prochaska et al., 2008)

was used to estimate velocity:
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Equation 24:
v = 0.35h%S + 5.36

The density of the entrained material was estimated at 2,100 kg/m3. The simulation was based ona 1 m
DEM from the ALS in 2007. Obstacles, such as buildings, were considered by assigning no-flux cells
to the model. The friction parameters u and & were gained by a careful calibration of the recent event
(see Results). The best-fit simulation for the runout and the flow pattern were used for further cal-
culations. The simulation results are velocity [m/s], pressure [kPa], flow momentum [m#/s] (as a product
of velocity and flow depth) and shear stress [kPa]. To analyse these results more effectively, we divided
the torrent into averaged cross-sections of 5 m and repeated the analysis with segment length of 10 and
20 m. For each analysis the section length was kept constant. Within these sections, the mean velocity,
pressure, flow momentum and shear stress were calculated to compare the data to mean erosion rates

better and to level out small-scale effects.

5.5 Results

5.5.1 Change detection and error analysis

The difference of the DEMs of 2007 and 2015 accurately shows the areas in which material was eroded
and deposited during the debris-flow event (Figure 43). The calculated height differences (DoDs) of the
two DEMs ignore morphodynamics in the channel by e.g. earlier heavy rainfall events. The total erosion
volume amounts to 9,550 + 1,550 m3 (Table 9) and preferably originates from the riverbed (Figure 43a,
¢, d) with a maximum erosion depth of 5.0 m. A minor portion of the material originates from slopes
(e.g. Figure 43e, f and 100 m west of the place Pic. d was taken). About 650 + 150 m3 were deposited
during the debris-flow event (Pic. b in Figure 43). Some smaller translational and rotational slides can
be seen in the upper region of the catchment (Pic. E, F in Figure 43).

Table 9: Calculated volumes by the difference of the DEMSs. The erosion volume is shown in red in Figure 44, the deposition
volume in green. The net volume describes the difference of erosion volume and deposition volume and was not covered by
the TLS survey.

Volume [m3] + Error [m3] Error [%]
Total erosion volume 9,550 1,550 17
Total deposition volume 650 + 150 23
Total difference volume 10,200 + 1,700 17
Total net volume -8,900 + 1,500 -17

Naturally, the largest part of the investigated area does not show any significant elevation change (Figure
4443), as the calculated DoD error often exceeds small elevation changes. This especially applies to areas
with steep slope angles and low point densities in the ALS, like most of the riverbanks and the upper
catchment area (Figure 43). Consequently, these large parts of the study area, showing no significant
elevation change (Figure 44a), contribute only a little to the overall volumetric change (Figure 44b).
Conversely, the comparatively small area with a significant height change (Figure 44a) contributes the

largest proportion of volumetric change (Figure 44b).
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Figure 43: Photographs of channel erosion or deposition (a-f) and surface difference (g) of the ALS 2007 and TLS 2015. Green
positive values show deposition, red negative values show erosion of material. Pictures a) to f) show the situation in the torrent
after the event. The arrows indicate the directions in which the photo was taken. (a) Erosion of approx. 1 to 2 m. (b) Deposition
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Erosion of approx. 1 to 1.5 m. (h) Cumulative erosion volume along the travel path. Source of underlying DEM in (g): Bavarian

Surveying and Mapping Authority (2007).
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5.5.2 Explaining erosion rates with momentum and shear stress

With our careful calibration, we ensured that the model correctly reproduced the measured properties of
the real event. Thus, we hypothesise that the model also gives correct values for properties of the real
event that could not be observed, measured or estimated in all portions of its pathway. The calibrated
model shows that the deposition areas can be accurately reproduced by the simulation (Figure 45). The
modelled heights of the deposition range from 5 cm to 2.5 m. These heights were checked in the field
by a careful survey with photographic data of the event and an assessment by the Bavarian Environment
Agency immediately after the event. We also checked whether the flow heights at different cross-
sections in the torrent coincide with data on the real event (debris-flow marks) and the simulation. The
best-fit simulation is obtained with an input peak discharge of 15 m?/s, injected at the top of the channel
(Figure 47). The Coulomb-type friction value p is 0.16 and the turbulent friction value & is 200 m/s?,
which are typical values for mud-rich debris flows, consistent with the Flysch stream bed lithology of

intercalated mudstones and graywackes (Bartelt et al., 2017).

a) Event on 14.06.2015

Deposition height [m]

Figure 45: Comparison between the extent of the real event on 14 June 2015 (a) and the simulated extent and deposition heights
with RAMMS Debris Flow as a result of the calibration (b). Source of a): Police helicopter picture from the police headquarters
Swabia South/West, Oberstdorf. Background picture in b): Google Maps.
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We implemented entrainment information, gathered by the change detection, in the model calibration.
Nine erosion sections, representing areas with similar erosion patterns, were used during the model

calibration to match field data (Figure 42).

Besides the deposition height, the simulation gives information about velocity, flow pressure, momen-
tum and shear stress of the debris flow in each raster cell of the torrent (Figure 47b-e). Velocities range
up to 14 m/s, with pressures up to 225 kPa, momenta to 65 m2/s and shear stresses up to 50 kPa. By
comparing the modelled parameters with the elevation changes (Figure 47a), the largest values of the
modelled parameters match well sectionally with the observed highest negative elevation changes.
However, in some parts, the modelled parameters show large values, while only a small amount of
erosion occurred. To compare the simulation results more easily with significant elevation changes, we
divided the torrent into sections of 5, 10 and 20 m each from top to bottom. In these sections, the mean
velocity, pressure, momentum, shear stress and erosion rates originating from the river bed were cal-
culated. We could therefore transfer the visual simulation results to specific data points. Length profiles
for 5, 10 and 20 metre sections of mean shear stresses versus elevation changes show that shear stresses
in loose debris sections are in most cases lower than in bedrock sections, as the steepest parts in the
torrent consist of bedrock (Figure 46a, b and c¢). Large erosion rates can be observed in both loose debris
and previously sediment covered bedrock. Surprisingly (and not explained by the model), real observed

erosion peaks occur systematically shortly after transitions from bedrock to loose debris.

To statistically derive control factors for erosion, we constructed scatter plots of modelled flow proper-
ties against erosion in 5 m, 10 m, and 20 m sections (Figure 46d-f). The mean erosion rate was calculated
by summing up all the height changes within a section (5, 10 or 20 m) divided by the area that the
modelled debris flow covered. This erosion rate in m3/m? — other authors call it area growth factor (Reid
et al., 2016) — indicates how much material is eroded per square metre of river bed. It shows that mean
erosion can be predicted by the shear stress in sections consisting of loose debris with a coefficient of
determination of between 48% (5 m sections) and 65% (20 m sections). In contrast, the data points for
sections consisting of bedrock show a greater scatter. Large erosion values would have probably oc-
curred in these sections if the bedrock had been covered by a thick sediment layer before the event. The
coefficient of determination in these previously sediment-covered bedrock sections is between 6 and

11% and has a distinctly lower slope.

To explain mean erosion rates, we split up the data points to continue the analysis only where erosion
did not exceed sediment availability and conditions were limited by transport rather than by supply
(Figure 48). These remaining data points were plotted against the corresponding mean velocity, pressure,
momentum and shear stress of the flow (Figure 48a-1). Mean velocities range from 6 to 12 m/s, pressures
from 40 to 150 kPa, momenta from 3 to 38 m/s2 and shear stresses from 3 to 14 kPa, which explains the
mean erosion rates from 0 to 2.5 m3/m2. The empirically derived linear regression models (Table 10)
show similar slopes for all section lengths for velocity (Figure 48a-c), pressure (Figure 48d-f),

momentum (Figure 48g-i) and shear stress (Figure 48j-1). Higher values of these parameters are
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associated with higher mean erosion rates. The regression model for velocity explains, depending on

section length, up to 29-41% of the observed erosion, for pressure 29-42%, for momentum 50-68% and

for shear stress 48-65%, respectively. While the linear regression models, describing mean erosion, do

not change with longer sections, the coefficients of determination increase, especially in relation to

momentum and shear stress. Based on the linear regression models and the 95% confidence limit, these

two parameters explain erosion rates best.
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Figure 46: Modelled mean shear stress (black) and LiDAR-derived mean erosion (red) along the channel shown in Figure 47.

The background colour indicates the kind of underlying substrate in the riverbed: grey = previously sediment covered

bedrock, yellow = loose debris. d-f: Corresponding scatter plots for a-c of the modelled mean shear stress and mean elevation

change. The data points influenced by a log jam were not considered for the linear regression analysis. The flow direction is

from right to left to be consistent with Figure 43.
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Figure 47: Comparison of the elevation changes (a) to velocity (b), pressure (c), momentum (d) and shear stress (e) of the debris
flow simulated with RAMMS Debris Flow. Source of underlying DEM: Bavarian Surveying and Mapping Authority (2007).
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Figure 48: Scatter plots of modelled mean velocity (a-c), pressure (d-f), momentum (g-i) and shear stress (j-1) of the debris flow
versus mean erosion rate for all sections consisting of loose debris (grey dots). Left to right show different section lengths (5,
10, 20 m). The black lines are linear regression models with given R2. Dashed lines represent the 95% confidence interval.

Table 10: Derived linear regression models, which explain erosion by modelled flow properties. Formulae are given for each
section length (5, 10, 20 m) and show only small variations. Erosion rates are given in m3/m2.

Section length

Velocity v (m/s)
Pressure p (kPa)

Momentum m (m?/s)

5m 10m 20m R2 [%]
e=1.122-0.216v e =0.949 - 0.195v e =1.064 - 0.209v 28-41
e=0.195-0.011p e=0.119-0.010p e =0.205 - 0.011p 29-42
e =0.064 - 0.035m e =-0.130 - 0.031m e =-0.090 - 0.033m 50-68
e=0.230-0.1277 e=0.120 - 0.1107 e=0.196 - 0.1227 48-65

Shear stress t (kPa)
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5.6 Discussion

5.6.1 Change detection

If the system were closed, the erosion and deposition volume should be equivalent, assuming no changes
in bulk density. In our study area, the erosion volume is significantly larger than the deposition volume
(Figure 43, Figure 44). On the one hand, the survey did not cover the whole deposition area, on the other
hand part of the material was excavated and taken away shortly after the event, as several houses were
partly buried or threatened. Thus, the erosion and deposition volumes do not balance out.

Looking at the DoD of the compared surfaces, the errors concerning the elevation change show a
Gaussian-like distribution (Figure 44a). So, for very small height changes, the spatially variable minLoD,
often exceeds these small elevation changes and the volumes are added to an error volume (Figure 44b,
Table 9). Nevertheless, in contrast to calculations with a constant minLoD, some low magnitude geomor-
phic changes are not discarded a priori and are taken into account for the erosion or deposition volume.
Another advantage compared with a spatially constant minLoD is the possibility that pixels with a higher
elevation change can also be discarded, if a low point density (often a consequence of dense vegetation)
of the ALS concurred with steep slopes, as the vertical values can vary heavily over a short distances
(Figure 43). Thus, the applied method using a more sophisticated spatial variable threshold significantly
enhances the volume calculation in terms of reliability and robust uncertainty analysis (Wheaton et al.,
2010b). The calculated volumetric error of the combined ALS-TLS analysis of 17-25% (Table 9) is
slightly larger than other recent studies have shown (Bremer and Sass, 2012, Scheidl et al., 2008) and,

therefore, represents a more conservative calibration of the model given in (Wheaton, et al., 2010).

With advances in the construction of unmanned aerial vehicles (UAV) and their cameras, recent research
focuses more and more on the opportunities of photogrammetry in debris-flow catchment monitoring
(e.g., Blasone et al., 2015, James and Robson, 2012, Westoby et al., 2012). Although this method is
low-cost, easy to use and surveys can be conducted in less time than with laser scanning, the accuracy
of photogrammetric studies is limited by the resolution of the pictures and the software algorithms used
to eliminate the distortions of the camera lens. Additionally, photogrammetry is not effective in
vegetated areas, as it may lead to erroneous DEMs incorporating trees, grass or other non-ground points.
Therefore, we think ALS and TLS are the state-of-the-art methods for acquiring high-quality terrain
models in slightly vegetated areas and complex terrain (Perroy et al., 2010). Limitations are set to large
areas, to portability in challenging terrain or to high capital investment costs (Westoby et al., 2012).

Besides, flat terrain is more complex to survey from the ground due to the oblique line of sight.
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5.6.2 Explaining erosion rates with momentum and shear stress

The results show that the parameters modelled with RAMMS Debris Flow explain a majority of the
erosion occurring in sections consisting of loose debris (Figure 47, Figure 46, Figure 48). Nevertheless,
about 30-40% of the observed variance cannot be explained by the simulated flow velocity, flow

pressure, momentum or shear stress of the debris flow. Therefore, we consider the following causes:

5.6.2.1 Errors inherent to the change detection

We compared the digital elevation models of 2015 and 2007. The DEM of difference represents the sum
of all morphological changes in the inter-survey period. Thus, it might contain changes that can be
attributed to different processes and events other than the 2015 debris flow, but cannot be temporally
resolved in this study. Therefore, the calculated height differences (DoDs) of the two DEMs might not
be exactly true, as some material will have been transported in the channel by e.g. earlier heavy rainfall
events. Nevertheless, we know from previous observations and photography that by far the greatest
proportion of the material has been eroded and transported during the debris-flow event in an otherwise
non-active and partly vegetation-covered channel bed. No rainfall event since 2007 recorded at a rainfall
station 2 km away had an intensity as large as the one on 14 June 2015 (DWD Climate Data Center,
2016). Unofficial measurements by people living close to the torrent show an even more remarkable
rainfall intensity of 90-120 mm/45 min. Thus, we think that only a minor part of the explanation for the

residuals shown in Figure 48 can be traced back to morphologic changes in the inter-survey period.

5.6.2.2 Errors caused by model parameters

A further possible explanation for the discrepancy of the simulation results and real erosion includes (i)
the simplification of the real event by a single triangular hydrograph. The discharge, which was injected
at the top of the torrent, had a peak discharge of 15 m3/s. This discharge could not be measured in the
field, but was derived from field surveys and empirical relationships (Prochaska et al., 2008). The
simulated flow height seems to reproduce the real observed event quite well, as small overflows of the
channel could be reconstructed in the model (Figure 47). (ii) We used a 1 m DEM for the simulation to
strike a balance between topographic accuracy, calculation time and the numerical stability of the model.
Therefore, small topographic features could not be considered in the simulation. (iii) The bulk density
of the flowing material was estimated at a literature value of 1900-2000 kg/m?3 (lverson, 1997), as it was
not possible to measure the density in the event. (iv) We could not directly measure the velocity of the
flow. But the results of the approach from Prochaska et al. (2008) showed very reasonable values (Figure
47), which coincide with observed typical velocities of debris flows from 3-13 m/s reported by Coussot
and Meunier (1996). (v) A jam caused by logs was observed (Figure 43). This obstacle could not be
considered in the simulations. Therefore, this area was excluded for the linear regression models. We
think another minor explanation for the residuals shown in Figure 48 can be traced back to erroneous

and simplified model input data.
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5.6.2.3 Errors caused by the incomplete physical model

The model is based on the Voellmy-Salm resistance law, which requires few variables for calibration,
is widely used, and reproduces debris flows well (Salm, 1966, VVoellmy, 1955). Both scientists and
practitioners have found good results in the back analysis of debris-flow events (e.g., Hirlimann et al.,
2003, Pirulli and Sorbino, 2008, Rickenmann et al., 2006), although some physical properties are not
sufficiently considered. Consequently, we think another minor explanation for the residuals shown in
Figure 48 can be traced back to the simplified physical description of flow and material properties in
RAMMS Debris Flow.

5.6.2.4 Sediment availability and size effect of riverbed components

Our analysis includes sections in which sediment availability is unlimited (Figure 48). Nevertheless,
sediments might be unequally eroded over the total length of the channel as the composition of loose
debris will vary spatially and the size of the components can change. This size effect of riverbed
components can be studied at several locations in the channel in which the riverbed includes large
boulders (Figure 49). Although the modelled flow properties in this areas reach relatively high values,
the erosion rate is remarkably lower than we would expect from the linear regression models. Thus, we
follow the hypothesis of Johnson and Whipple (2007) and Yager et al. (2007), who postulate that erosion
is less effective as the diameter of the riverbed components increases. We therefore consider an
additional explanation for the residuals shown in Figure 48 can be traced back to causes inherent to

changes in lithology and the size of riverbed material.

Figure 49: Sections showing a rough riverbed including large boulders. a) 150-180 m downstream in Figure 46, b) 560-600 m
downstream in Figure 46, ¢) 680-700 m downstream in Figure 46.

5.6.3 Massive erosion at riverbed transitions from bedrock to loose debris

Erosion generally occurs in loose debris if shear forces of the debris flow exceed shear resistances of
the riverbed (Hungr et al., 2005). The resulting elevated pore pressures in the riverbed lead to
liquefaction of the material, especially at the debris-flow front (e.g., Berger et al., 20114, Iverson et al.,
2010, McArdell, 2016). As the momentum of the debris flow grows with increasing vectorial velocity
in ground direction and with flow depth, our simulation results are able to explain a significant portion

of the entrainment of material.
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After the event, the riverbed consists of alternating bedrock and loose debris. Taking a closer look at the
transitions between bedrock and loose debris, we observed a distance lag between sections with high
momenta and sections with large erosion rates (Figure 50). While high momenta occur in bedrock
sections, the largest erosion rates are often observed at transitions from bedrock to loose debris. This
mostly coincides with changes in lithology (Figure 39, Figure 46).
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Figure 50: Calculated mean erosion rate vs. simulated mean flow momentum in sections of 5 m. The dashed ellipses indicate
the steep increase in mean erosion rate shortly after bedrock sections. The underlying colours in (a) refer to the lithological
setting in the project area (legend shown in Figure 39). Mean flow momentum and mean erosion rate are shown in (b) as colour-
graded values. A lag distance between high momenta and large erosion rates can be observed. While high momenta occur in
sections consisting of bedrock, the deepest erosion can be often observed in the subsequent loose debris section. Pictures 1 to
6 correspond to high momenta bedrock sections shown in (a) and (b).

The underlying bedrock, involving layered limestones, marls and mudstones, prevented deeper erosion
(Figure 50) and the flow obviously did not lose momentum in these sections. Less friction occurred at
the debris-flow channel-bed interface compared to sections consisting of loose debris. Thus, the accel-
erated flow was suddenly able to release the retained momentum at transitions from bedrock to loose
debris and incise more deeply, which can be seen in erosion rate peaks (Figure 50a, b). As the newly

entrained material had to be accelerated, the flow lost velocity (and momentum) at that point. As a result,
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erosion rates decrease shortly after the erosion rate peaks. Thus, the regression analysis is negatively
influenced by the lagged erosion of material at transitions from bedrock to loose debris. Upslope devel-
oping debris-flow properties, e.g. acceleration in steep bedrock sections, cannot be directly linked in the
regression analysis (Figure 48) with deep incisions in the following loose debris sections (Figure 50).

5.6.4 A novel approach to estimate erosivity and sediment entrainment

Our results reveal key factors controlling debris-flow channel-bed erosion in the studied area using a
combination of field work and numerical modelling (Figure 47 to Figure 50). The calculation of physical
flow parameters of the debris flow by a simulation software seems to predict erosion rates in uncon-
solidated rock well, if the underlying model is accurately calibrated by field surveys. In our study, we
find debris-flow momentum and shear stress to be the best-fitted controlling factors for erosion rates as
these two parameters also take — besides other factors — flow depth into account (Figure 48g-l). The
significance of flow depth for debris-flow erosion has also been shown by Hungr and McDougall (2009)
and Frank et al. (2015). This coincides with our observations regarding the lower coefficients of
determination for velocity and flow pressure (Figure 48a-f). Analogue results for a momentum-
dependent erosion rate have been shown by Schneider et al. (2010) for ice-rock avalanches. The erosion
considered along a travel path in our simulation greatly modifies debris-flow parameters such as

momentum or shear stress, as shown by Iverson (2012) and Iverson and Ouyang (2015).

Anticipating debris-flow erosion rates is key requirement for predicting reach, deposition, impact and
the resulting hazard potential of debris flows. However, previous models often do not take the erosion
capacity of debris flows into account and, thus, would heavily misjudge runout, impact and the resulting
risk. Here we present empirically derived formulae that help to anticipate erosion rates based on the
forward simulation of potential future events. The results displayed provide a relatively robust
relationship of shear stress or momentum and erosion rate in the area studied. Hence, new and future
debris-flow simulation software should take these two parameters into account rather than flow velocity
or flow pressure as causes of erosion. Further research should now point to the verification of the linear
regression models and the newly postulated formulae (Table 10) by comparing recent debris-flow
erosion rates to modeled debris-flow properties in complementary settings and lithologies. As the new
approach was developed using a debris-flow sediment volume of 9,550 m3, possible limitations for
significantly larger volumes (e.g. hundreds of thousands of cubic metres) have to be tested. These
investigations will show whether the regression model can be linearly extended for higher and lower
parameter ranges (Figure 48). Based on the findings relating to severe erosion at bedrock-loose debris

transitions, future research needs to investigate these processes more precisely.
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5.7 Synopsis and conclusions

The knowledge of recent and historic debris-flow volumes is essential in order to reliably design debris-
flow mitigation measures. We therefore detected the geomorphic change of a mountain torrent after a
debris-flow event using a combination of airborne and terrestrial laser scanning. Based on hydrological
and geological conditions and the recorded runout of the debris flow, a model was calibrated with
RAMMS Debris Flow. We compared erosion rates with output parameters of the model such as velocity,
flow pressure, momentum and shear stress. In this paper we show:

1. The possibilities and limitations of a combined ALS/TLS geomorphic change detection of a
complete mountain torrent in challenging terrain.

2. The identification of erosion and deposition areas with a spatially variable uncertainty of the
change detection. The results were accurately checked during field surveys.

3. How to develop a well-calibrated numerical Voellmy-Salm model, reproducing plausible ranges
for velocity, flow pressure, momentum and shear stress, which is in turn carefully validated by
field record.

4. Modelled momentum and shear stresses explain erosion induced by a debris flow by 50-68%.

5. We show the importance of bedrock-loose debris transitions in the channel, which produce local
erosion maxima, presumably due to excessive unbalanced drag forces at the base of the flow
subsequent to low-friction bedrock channels.

The results contribute to a better understanding of the spatial variable erosion rates of debris flows. The
calibrated model was used to predict the runout of potential future events and to establish an appropriate
countermeasure in the study area. The method of explaining erosion rate by numerical model outputs
should be tested in other catchments, lithologies and with other debris-flow magnitudes. Thus, the
relationships determined between simulated flow properties and erosion rate might be applicable in
future debris-flow erosion estimations. A prediction of the volumetric debris-flow growth is essential
for analysing associated risks and designing reliable mitigation measures. Furthermore, the excess
erosion at bedrock - loose debris transitions might even have broader implications for the long-term

channel profile development in alpine regions.
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6.1 Abstract

Most debris flows occur in steep debris-rich mountain channels subject to heavy rainstorm events in a
short time. However, the amount of entrained material depends largely on the mobilisable loose debris
available for transport, which in turn controls the debris-flow mobility and runout. After a debris-flow
event, a system usually recharges with sediments originating from nearby slopes or with material of the
above lying catchment. But still very limited data exists regarding the sediment recharge rates and,
crucially, which factors control these rates. For this purpose, we investigated the RoRbichelgraben
torrent (Oberstdorf, Germany), in which a debris-flow event occurred in June 2015. Ten terrestrial laser
scan campaigns, consisting of more than 360 single scan positions, were carried out between June 2015
and October 2018. Additionally, nine temporally synchronised UAV surveys provide more than 7,000
photos, which were used for SfM-based photogrammetry. A 400-metre-long section of the torrent was
investigated to reveal the temporal, spatial and seasonal sediment dynamic and channel recharge. Con-
trolling factors were deciphered by means of a nearby meteorological station, delivering high-resolution
precipitation values. The results show that both terrestrial laser scanning and SfM-based photogram-
metry provide equivalent erosion and deposition volumes (difference < 5%). The channel recharged
with 1,150 m3 of sediments between June 2015 and October 2018 (= 1 m3/d). The redistribution of
sediments is more active in the summer than in winter. The erosion, deposition and net volumes were
compared to different rainfall intensities (mm/10 min to mm/72 h) to examine potential links between
rainfall pattern and sediment dynamic. The novel approach shows that the post-event sediment dynamic
can best be explained (R2 up to 0.9) by short intense rainstorm events. Additionally, the elapsed time
since the last debris flow influences the channel refill significantly, as most over-steepened river banks

failed shortly after the event.

6.2 Introduction

Debris flows are destructive mass movements in alpine environments. They occur in steep channelised
torrents and are able to transport large amounts of sediments and water at high velocities (Hungr et al.,
2014, Varnes, 1978). Their ability to cause loss of agricultural land, economic goods and, crucially,
threaten the lives of human beings, makes them one of the riskiest natural hazards. Debris flows can be
triggered by both landslide failure (Brayshaw and Hassan, 2009, Iverson et al., 1997) and progressive

runoff mobilisation of in-channel stored sediments (Coe et al., 2008, Kean et al., 2013). Their
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destructive power largely depends on their impact pressures, which is, among other things, related to
the amount of transported material. Consequently, previous research has investigated the growth of
debris flows by entraining sediments during flow (Frank et al., 2017, lverson and Ouyang, 2015, Reid
et al., 2016) and the prediction of their potential trajectories (Jakob et al., 2012, Merqgili et al., 2017,
Schraml et al., 2015b). In addition, the frequency and activity of debris flows has to be known in order
to plan countermeasures economically, especially in times of climate change. Authors have shown that
the changing climate affects mountain regions in different ways. Some results suggest a decrease in
debris-flow activity below the permafrost zone in some areas in the French Alps over the last few
decades (Jomelli et al., 2004) while others state an increase in debris-flow activity coincidental with an
enhanced rainstorm frequency in parts of the Northern Alps (Dietrich and Krautblatter, 2017), French
Alps (Pavlova et al., 2014) and Slovakia Alps (Silhan and Tichavsky, 2016), especially since the 1980s.
But the increase in debris-flow activity is restricted by the availability of sediments to be transported.
An enhanced debris-flow activity can result in a sediment-limited system, as the recharge of the torrent
with sediments is slower than the potential frequency of debris flows (Bovis and Jakob, 1999, Brayshaw
and Hassan, 2009, Glade, 2005, Jakob et al., 2005).

In previous studies, a number of different approaches and methods have been applied in order to
investigate sediment scour and recharge. Ballantyne (2002) proposed a general model of long-term
landscape response to external triggers. He hypothesised that sediment release can be generally dis-
played by a negative exponential function after a triggering event has occurred (long-term: e.g. de-
glaciation; short-term: e.g. slope failures after a heavy rainstorm event), but the suggested models are
hardly validated by real data. As high quality monitoring data sets are hard to acquire for large study
areas and a long time span, most research is based on catchment-scale surveys. Jakob et al. (2005)
approximated post-debris-flow channel recharge in completely scoured bedrock channels using geo-
metric approximations of newly deposited sediments. Glade (2005) showed that rockfall and solifluction
are the most relevant processes for sediment recharge in gullies in Iceland using field mapping and
simplified literature retreat rates. Semi-empirical formulas used by Ballio et al. (2010) depend on a set
of parameters, which are difficult to determine and thus show a large variability in estimated sediment
yields. More recent studies monitored geomorphic changes in torrents with total station surveys of cross
sections (Theule et al., 2012), terrestrial laser scanning (Blasone et al., 2015, Goodwin et al., 2016,
Staley et al., 2014, Theule et al., 2015, Wheaton et al., 2010b) and airborne laser scanning (Cavalli et
al., 2017, Goodwin et al., 2017). In areas with no or little vegetation, photogrammetric analyses of UAV
surveys, using RTK-GNSS ground control points, also delivered high-resolution field records in less
time and at lower costs than TLS surveys (Berger et al., 2011b, Cucchiaro et al., 2018, Fonstad et al.,
2013, Javemick et al., 2014, Kenner et al., 2014, Westoby et al., 2012). These studies provided unpre-
cedented high spatial and temporal resolution in relation to channel scour and fill. However, explicit
controls on geomorphic changes and their annual and seasonal variability are still not well understood
(Berger et al., 2011b, Fuller and Marden, 2011, Veyrat-Charvillon and Memier, 2006). Fuller and
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Marden (2011) tried to link rainfall data to geomorphic changes in Waipaoa catchment, New Zealand,
but could not decipher clear relationships between normalised cumulated daily rainfall intensities and
geomorphic work. Previous studies provided both simplified fixed (Glade, 2005) and more sophisticated
changing recharge rates (Jakob et al., 2005) over time and area and are often — when using high-
resolution methods — limited to small areal study site extents (Bezak et al., 2017, Theule et al., 2015) or
were not performed directly after debris-flow events.

The aim of this paper is to provide a transition from the methodological application of terrestrial laser
scanning and photogrammetry to novel geomorphological insights in regard to the post debris-flow
sediment dynamic in a mountain torrent. We show that (i) the combination of these two methods can
result in a highly reproducible and reliable record of sediment volume changes in the channel by using
temporal and spatial variable uncertainties. (ii) Data sets of 13 surveys in the last 3.5 years indicate
guantitatively that short and highly intense rainstorms best explain the recorded sediment dynamic (R?2
up to 0.9) resulting in a channel refill (net) of 1,150 m3 (= 1 m3/d). (iii) We find that the activity of the
sediment dynamic in the study area exponentially decreases with elapsed time since the last debris flow,
as most over-steepened river banks failed shortly after the event.

6.3 Study site

The study site is located in southern Bavaria, Germany, near the city of Oberstdorf (Figure 51). The
catchment area, automatically delineated with ArcGIS 10.5.1, represents an area of 165,330 m2. The
highest elevation in the catchment area represents the Gaisalphorn Mountain with a height of 1953 m
a.s.l. The height of the study area (red rectangle in Figure 51) ranges from 1170 m to 1420 m a.s.l. The
torrent originates in Upper-Triassic (225-206 myr) Main Dolomite lithology. The fine-crystalline
dolomite was intensely jointed in course of the orogenesis of the Alps. The torrent crosses downstream
mixed Quaternary scree and moraine material from the last glaciation resting on Cretaceous limestones,
marls and mudstones from the Flysch formation. The two nearest rainfall stations recorded an annual
mean precipitation from 1981-2010 between 1835 and 2340 mm (DWD Climate Data Center, 2015).

In June 2015 a debris-flow event occurred in the torrent. Most of the transported material was eroded in
the channel bed and was deposited a few hundred metres downstream (Figure 52a). The debris flow

incised more than 5 m into the underlying substrate (Figure 52b-d).
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Figure 51: Geological setting of the study site (Zacher, 1985). The torrent “RoBbichelgraben” originates in Triassic dolomites
and crosses downstream Quaternary deposits, which mainly consist of dolomites, too. Source of the underlying DEM: Bavarian
Surveying and Mapping Authority (2007).
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Figure 52: a) Erosion and deposition area of the debris flow. The deposition has been humanly modified. b) and ¢) Zone of
large material entrainment. The torrent was evenly filled up with sediments prior to the event. Erosion heights reach 5 m and
more (d).
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6.4 Data and methods

6.4.1 Airborne laser scanning

The airborne laser scan of the study area was carried out between 19 April 2007 and 19 June 2007. The

metrics, given for this flight, are a height accuracy better than 0.2 m and a positional accuracy better

than 0.5 m. As the study area is hardly vegetated (Figure 54b), just little vegetation had to be eliminated

using RiISCAN Pro 2.5.1 (Figure 53 middle). The resulting point density is in average 2.7 p/m? (+ 1.2

p/m?). Vegetation was eliminated by both a multidimensional filter algorithm and by hand. The point

cloud was then linearly interpolated to receive a grid with a cell size of 1 min X and Y direction. The

extents of the data set were set equal to the extents of the SfM and TLS data.

The airborne laser scan data was used — in combination with TLS data from 2015 — to compute the

debris-flow volume from the event in June 2015.
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6.4.2 Terrestrial laser scanning

Terrestrial laser scanners produce spatially distributed data points of a surface. To avoid errors, caused
by flowing water in the channel bed, we carried out the laser scan campaigns during dry weather
conditions without any surficial water flow. We performed the first terrestrial laser scan survey seven
days after the event using a RIEGL VZ-400 mid-range laser scanner. Except for the first survey, the
number of single laser scans varies between 65 and 80 for the complete torrent (Figure 54a) and between
38 and 40 laser scans for the extent of the UAV surveys (Table 11 and Figure 54a). Scans were
performed approx. every 20 m on both sides of the curved channel to avoid shadowed areas in the co-
registered point cloud (Figure 54b). The angular step of the laser scanner was chosen of at least 0.06°.
The angle measurement resolution was < 0.0005°. The distance between two adjacent data points is
approx. 1.5 cm at a distance of 20 m, assuming a vertical-oriented obstacle. The laser pulse of the near
infrared wavelength (0.3 mrad beam divergence) was repeated with an effective measurement rate of
122,000 measurements per second. The manufacturer’s metrics for the horizontal and vertical accuracy

are 5 mm at 100 m. The precision is 3 mm at 100 m.
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Figure 54: a) Locations of the scan positions in the study area. The area of interest is about 20,000 m2. The extent of a)
corresponds to the red rectangle shown in Figure 51. b) UAV photograph with approximate positions of laser scans (Photo
taken by Florian Konrad). c) In-field application of the laser scanner. d) Sketched flight paths of the UAV with camera
orientations. e) In-field application of the UAV.

The co-registration of all scans of one campaign was conducted in RiSCAN Pro (Figure 53, left). At
least four corresponding points had to be identified in two consecutive point clouds. To fine-register all

scans, the so-called multi-station adjustment was applied (Riegl LMS, 2013). Thus, an algorithm
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identified plane segments in each point cloud. An ICP algorithm (Besl and McKay, 1992) iteratively
minimised the distances of normal vectors of these plane areas between two scan positions. Afterwards,
the data of each survey was filtered by a deviation gate < 20 (Williams et al., 2018), limiting the change
in shape of the received waveform to eliminate erroneous data points. Additionally, just single and last
pulse points were kept. The point cloud was then filtered to 5 cm in all three dimensions (XYZ) and
vegetation was both automatically and manually eliminated in RiSCAN Pro. The combined point cloud
of each TLS survey was in turn registered onto the previous survey by identifying stable areas between
two consecutive surveys (Table 12). The standard deviations of these co-registrations showed error
values less than 2.5 cm (Table 12), except for the ALS-TLS co-registration (25.4 cm), due to the
significantly lower resolution. Finally, the TLS point clouds were filtered to cells with an edge length
of 0.1 m and were linearly interpolated to raster data sets with a cell size of 0.1 m. All data sets were
checked for congruency.

Table 11: Number of laser scan positions and number of UAV photos used to derive the corresponding point clouds and DEMs.

Laser scanning UAV
Survey No. of laser | Points No. of UAV | Photo Dense points GCPs Total Error
date scans (unfiltered) Photos Quality [MP] | (unfiltered) GCPs [m]
2015/06 14 297,950,423 - - - -
2016/06 39 769,602,413 - - - -
2016/09 40 420,364,909 - - - -
2017/05 39 424,005,539 744 8 370,685,445 21 0.010
2017/06 40 408,373,386 - - - -
2017/07 40 433,756,758 551 20 508,130,045 21 0.012
2017/08 39 419,384,584 634 20 574,587,380 20 0.012
2017/10 38 407,113,668 640 20 507,804,609 21 0.010
2018/05 39 442,370,066 747 20 600,838,744 37 0.031
2018/06 - - 988 20 176,269,601 37 0.036
2018/07 - - 928 20 205,572,702 37 0.036
2018/08 - - 952 20 181,715,636 37 0.033
2018/09 37 434,608,079 917 20 184,686,931 37 0.026
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Table 12: Standard deviations (cm) between two consecutive point clouds as a result of the multi-station adjustment (MSA) in
RiSCAN Pro.

Long time intervals
Compared TI-1 TI-2 TI-3 TI-4 TI-5 TI-6
: (2016/06- 2016/09- 2017/05- 2017/10- 2018/05- 2018/08-
point clouds | DF 223(}75’06‘ 2015/06) 2016/06 2016/09 2017/05 2017/10 2018/05
std ALS-TLS 25.4 - - - -
Fce%lj TLS-TLS - 21 1.0 14 11 0.8
SfM-SfM - - - - 2.0 2.5 2.0
Short time intervals
Compared TI-41 | T42 | TI-43 | TI-44 | TI61 | T2 | TI-6.3 DF
int cloud 2017/06- 2017/07- 2017/08- 2017/10- 2018/06- 2018/07- 2018/08- | 2018/09-
point clouds 2017/05 2017/06 2017/07 2017/08 2018/05 2018/06 2018/07 2018/08
gtd- TLS-TLS 0.5 0.8 0.6 0.6 -
ev.
[cm] SfM-SfM 1.7 0.9 0.9 1.4 1.3 1.6 2.0

6.4.3 SfM photogrammetry

The number of processed photos of each UAV survey ranges from 551 to 988 (Table 11). The photos
were taken during constant light conditions with high fog or clouds to avoid overexposure and partly
shadowed areas. In May 2017, the DJI Phantom 4 captured a 4K video, on all other dates a Phantom 4
Pro was used, capturing photographs every 2 seconds. Four flight paths were flown for each survey
(Figure 54) with a varying orientation of the camera to minimise systematic errors in the topographic

models derived from the images (James and Robson, 2014).

The images have a resolution of 8 MP (May 2017) to 20 MP (all other surveys). The UAV speed was
approx. 1 m/s at a height of 30-40 metres above ground surface, which results in an imagery ground
sample distance of approx. 1 cm. Depending on the light conditions, the shutter speed ranged between
1/240 s and 1/400 s to avoid blur in the images. All images were taken with at least 80% forward and
60% side overlap (Colomina and Molina, 2014).

All photos were processed with Agisoft PhotoScan Pro (v.1.4.4). This included feature detection across
images by a similar approach to the well-established Scale Invariant Feature Transform (SIFT)
algorithm (Lowe, 1999, Lowe, 2004). Afterwards, a bundle adjustment resolved the camera’s intrinsic
and extrinsic orientation parameters and a sparse point cloud was generated. All the point clouds were
georeferenced by ground control points (GCPs) based on objects that could be clearly recognised in both
TLS data and images. All coordinates were extracted from TLS data and implemented in the UAV-
based point clouds (Martinez-Espejo Zaragoza et al., 2017). The dense cloud was generated by a multi-
view stereo reconstruction (Figure 53). The reconstruction parameter for the dense cloud generation was
set to “ultra high” (original photo size was processed) for data sets from May 2017 to May 2018 and
reduced to “high” (downscaling by factor of four) for data sets from June 2018 to September 2018 to
save processing time (Table 13). The resulting point clouds were further processed similarly to the TLS

data in RiSCAN Pro (Figure 53). Vegetation was additionally filtered by RGB colour values (green and
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brown). All filtered UAV-derived point clouds were then co-registered with the temporarily synchro-
nised recorded TLS point clouds or, if not available, with stable areas of the point cloud of the respective
last survey (Table 12).

Table 13: Chosen values for feature detection, image alignment, bundle adjustment and dense cloud generation in Agisoft
PhotoScan Pro.

Feature det_ectlon and image Bundle adjustment Dense cloud generation
alignment
. . Ultra high (05/2017-05/2018)
Accuracy Highest Image Count 2 Quality ]
High (06/2018-09/2018)
Reference A Depth .
preselection Yes Reprojection error 0.2 filtering Aggressive
Key point limit unlimited Projection accuracy | 5
Tie point limit unlimited Reconstruction 25
uncertainty

6.4.4 Change detection and uncertainty analysis

All the DEMs suffer from imprecise survey planning, diverse inaccuracies of the measurement system
used and processing errors, such as inaccurate image matching, residual vegetation and erroneous
interpolation between adjacent data points. As a result, studies have suggested different approaches for
error treatment in repeated scan and UAV surveys. Some authors account for errors in DEM differencing
by using a general detection threshold (minL0D) (Brasington et al., 2000, Fuller et al., 2003). Although
this technique is straightforward and easy to apply, the method is unable to distinguish more or less
erroneous raster cells. Therefore, more recent studies provide procedures to specify and derive typical
and spatially variable errors, representing uncertainties of the measurement system used and errors
inherent to the object or area being studied (Bangen et al., 2016, James et al., 2017, Schaffrath et al.,
2015). In our study, topographic errors were mainly determined by two factors: (i) boulders of different
size caused a high roughness of the riverbed and (ii) shadowed areas in the TLS surveys caused inter-

polated areas, whose uncertainty increases with the distance to the nearest data point measured.

All point clouds since 2015 have been rasterised and interpolated linearly to DEMs of 10 cm cell size
in the X and Y direction. The ALS data and the first TLS survey of May 2015 were rasterised to 1 m
DEMs, as the point density of the ALS data set was significantly lower than all following TLS data sets.
We used the ArcGIS Add-In “Geomorphic change detection” (v. 7.4) of Wheaton et al. (2010b). Within
this tool, the user can specify and quantify different sources of errors, which occur by rasterising and
interpolating a point cloud to a raster. To account for the riverbed roughness, we used the slope angle of
the DEMs and related the value to three different levels of uncertainty (Figure 55). Additionally, the
Euclidean distance to the next neighbouring data point was considered to represent different degrees of
interpolation errors. We used a fuzzy interference system to avoid hard limits of each group. The
combination of different degrees of uncertainty (inputs) results — using membership functions — in an

elevation uncertainty (output) for each individual DEM on a cell by-cell basis (Figure 55), and thus
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varies spatially. These individual DEM uncertainties were propagated cell-wise into the DEM of
Difference (DoD) using the square root of the squared individual elevation uncertainties of the new and
old DEM (Brasington et al., 2003). Considering a t-score, derived from the DoD value and the DoD
elevation uncertainty (Wheaton et al., 2010b), all elevation changes with a probability of less than 95%
(t=1.96, two tailed test) were thresholded out. All other elevation changes were assumed to be significant

and real. For a more detailed methodological description we refer to Wheaton et al. (2010Db).
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Figure 55: Applied fuzzy interference systems to account for uncertainties in DEM generation and change detection. Input
values are slope raster data sets of the DEMs and the Euclidean distance of a data point to the spatially next data point. In b)
an additional uncertainty class (“extreme”) was introduced for raster cells that were linearly interpolated over a large distance
and, thus, were subject to high elevation errors.

6.4.5 Rainfall data

To investigate potential relations between sediment dynamic and rainfall, we used rainfall intensities
ranging from mm/10 min, mm/1 h, mm/6 h, mm/24 h to mm/72 h. The rainfall station is located in the
catchment area next to the torrent (Figure 54). As the station is unable to measure snow fall intensity
(approx. December-March), the data on these months were substituted by data from the nearest DWD

station in Oberstdorf, which is 2.5 km away from the torrent (Figure 56). Both stations have a logging
interval of 10 minutes.

Figure 56 gives an overview of the occurred rainfall intensities in mm/h and the dates, on which the

laser scan and UAV surveys were conducted. The time intervals are named TI-1 to TI-6 (long time

intervals). Time intervals between higher frequently performed surveys in summer 2017 and 2018 are
named 4.1 to 4.4 and 6.1 to 6.3 (short time intervals).
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Figure 56: Rainfall intensities from 06/2015 to 10/2018. The lines on top of the figure indicate the source of the data. TI-#
refers to the number of the time interval.

6.5 Results

6.5.1 Change detection

6.5.1.1 Debris-flow event (ALS and TLS data)

The geomorphic change detection of the ALS-derived DEM from 2007 and the first TLS-derived DEM
from June 2015 accurately reveals the erosion and deposition areas of the debris-flow event in June 2015
(Figure 57). It shows that a volume of more than 12,600 m?3 has been eroded, mainly from the upper part
of the channel (Figure 57a-c, Table 14). This material mostly originates from channel-bed entrained
sediments with incision depths up to 6 m. A larger proportion (approx. 7,000 m?) of the transported flow
volume was deposited a few hundred metres downstream, which was then excavated and moved next to
the torrent a few weeks after the event. A volume of more than 5,500 m3 was transported into the
receiving channel “Faltenbach”. Typical indications of a debris flow could be observed in and along the
channel (Figure 57d-g), including debris-flow marks on trees, levees on both sides of the channel, deep

incisions in the channel bed and a debris-flow head in the deposition zone.

Subsequent to the event, the questions arose of whether (and if so, then how fast) this torrent will be

refilled with sediments and which factors control these processes.
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Figure 57: a) Erosion and deposition areas of the debris-flow event in June 2015 in the RoRRbichelgraben torrent. b) Areal
elevation changes in the area of interest. ¢) Volumetric elevation changes in the area of interest. d)-g): Photographs of debris-
flow characteristics shortly after the event. Their location is shown in a). The arrows indicate the direction in which the
photographs were taken. Source of underlying DEM: Bavarian Surveying and Mapping Authority (2007).

Table 14: Volumetric changes from 2007 to June 2015 mainly caused by the debris-flow event in June 2015. Raster cell size
for the calculation is 1 m.

Volume [m?] + Error [m3] % Error

Total volume of surface lowering [m3] 12,610 + 1,660 13
Total volume of surface raising [m3] 7,080 + 940 13
Total volume of difference [m?] 19,690 + 2,600 13
Total net volume difference [m?] -5,530 + 1,900 34

6.5.1.2 Sediment redistribution from 2015 to date (TLS data only)

To investigate the post-depositional debris-flow material dynamic in the torrent, TLS surveys over the
same range as shown in Figure 57a were performed. These TLS surveys showed that sediment
redistribution is clearly more active in the upper part of the torrent. In some periods practically no
changes could be observed in the lower parts, as many drop structures were implemented in the channel
after the event, functioning as sediment traps. Hence, the UAV surveys were only conducted in the upper
part of the torrent (approx. 400 m long, see Figure 54a). All following change detections (TLS and
UAV) and volume calculations relate to this upper part of the channel.
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6.5.1.2.1 Long time intervals

The change detections reveal that most material (in absolute numbers) was redistributed in the first time
interval (T1-1) after the debris-flow event, from June 2015 to June 2016 (Figure 58 and Table 15). Due
to the deep incision of the debris flow, many slopes partly collapsed shortly after the event (Figure 58a).
The eroded material was deposited nearby or tens of metres downstream. However, the time-normalised
values for erosion, deposition and net volume increased from TI-1 to T1-2 (June to September 2016) and
decreased in the winter months from October 2016 to May 2017 (TI-3) (Figure 58d, g and Table 15).
The activity increased again in summer 2017 (T1-4) and summer 2018 (TI-6), interrupted by a period of
reduced sediment dynamic in winter 2017/2018 (TI-5). Elevation changes in the study area reach a
maximum of 4 m (Figure 58b and c), but lie often in range from -2 to 2 m (Figure 58f,i,l,0 and r). The
resulting normalised volumetric changes range from 0.24 m3/d to 4.28 m3/d for surface lowering, 0.54
m3/d to 4.45 m3/d for surface raising and -0.48 m3/d to 0.76 m3/d for net volume difference (Table 15).
With the exception of the first value from June 2015 to June 2016, all the net volume differences for

these time intervals (T1-2 to TI1-6) show positive values, representing channel refill with sediments.
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Figure 58: Sediment dynamic after the debris-flow event in 2015. A-c: June 2015-June 2016. D-f: June 2016-September 2016.
G-i: September 2016-May 2017. J-1: May 2017-October 2017. M-o: October 2017-May 2018. P-r: May 2018-August 2018.
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Table 15: Total and normalised volumes for surface lowering, surface raising and net volume difference for each time interval.
Normalised volumes are given in cubic metres per day.

TI-1 TI-2 TI-3 TI-4 TI-5 TI-6
2016/06- 2016/09- 2017/05- 2017/10- 2018/05- 2018/08-
2015/06 2016/06 2016/09 2017/05 2017/10 2018/05

Total volume of surface

lowering [m°] 1,100+160 450460 90+20 250+40 50+10 180+30

Total volume of surface

raising [m?] 930+100 470450 140430 370+40 120430 260+40

Total net volume difference

[me] -170+190 20+80 50+40 120450 70+30 80+40

Normalised volume of 3.06+0.44 4.28+0.55 0.38+0.10 1.74+0.25 0.24+0.07 1.70+0.24

surface lowering [m3/d]

Normalised volume of 2.58+0.28 4.45+0.46 0.61+0.14 2.50+0.26 0.54+0.11 2.43+0.34

surface raising [m3/d]

Normalised net volume -0.48+0.60 0.17+0.79 0.23+0.20 0.76+0.38 0.29+0.14 0.73+0.33

difference [m3/d]

To conclude: The normalised values (Table 15) suggest (i) a seasonal varying sediment dynamic
(summer vs. winter), (ii) a decreasing activity with time (except for the first interval, which represents
one complete year and, thus, the activity cannot be distinguished for summer and winter) and (iii) a

slightly increasing net volume with time (also with an seasonal variation).

6.5.1.2.2 Short time intervals in summer 2017 and 2018

We also analysed the sediment redistribution in summer 2017 and 2018 at a higher temporal resolution
(Table 16). The change detections show that a highly variable amount of material is moved in each
month. The values range for erosion between 0.1 m3/d and 5.1 m3/d, for deposition between 0.2 m3/d
and 8.4 m3/d and for the net volume difference between -1.0 m3/d and 3.3 m3/d. Except for the period
between August and October 2017, all the time intervals show positive net volume differences. No

general trends can be seen in these short-term data.

Table 16: Total and normalised volumes for surface lowering, surface raising and net volume difference for each time interval
in summer 2017 and 2018. Volumes for TI-4.1 to TI-4.4 are derived from TLS data, for TI-6.1 to TI-6.3 from UAV data.
Normalised volumes are given in cubic metres per day.

TI-4.1 TI-4.2 TI1-4.3 TI-4.4 TI-6.1 TI1-6.2 T1-6.3

2017/06- 2017/07- 2017/08- 2017/10- 2018/06- 2018/07- 2018/08-
2017/05 2017/06 2017/07 2017/08 2018/05 2018/06 2018/07

Total volume of

surface lowering [m?] 2+1 198429 20+4 91+15 174+24 45+10 8+2
Total volume of
surface raising [m?] 6+2 329+34 3045 55+10 215+30 63+18 15+4
Total net volume

442 130+45 1047 -37+18 41+39 18+16 8+5

difference [m3]

Normalised volume of
surface lowering
[m3/d]

Normalised volume of 0.19+0.07 8.42+0.88  0.52+0.14  1.56+0.29  5.51+0.77 1.91+0.37  0.35+0.10
surface raising [m3/d]

Normalised net
volume difference 0.12+0.07  3.33+x1.22 1.07+0.23 -1.04+0.52  1.05+1.00 0.63+0.46  0.12+0.16

[me/d]

0.07+0.02  5.09+0.75  0.11+0.03  2.61+0.43  4.46+0.63  1.28+0.27  0.23+0.07
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6.5.1.3 Comparison of TLS data and SfM data sets

The change detection analyses with DEMs, derived from temporally synchronised UAV surveys, show
equivalent results compared to change detections performed with TLS data sets. Both raw and
thresholded volumes lie in a very similar range with almost equal error values (Table 17 and Figure 59).

Table 17: Total volumes for surface lowering, surface raising and net volume difference for temporally synchronised TLS and
UAV surveys.

TI-4  TI-4.1+TI-4.2 TI-4.3 TI-4.4
2017/10-2017/05 2017/07-2017/05 2017/08-2017/07 2017/10-2017/08
Total volume of surface lowering [m3] 254+36 196+29 2044 91+15
é’ Total volume of surface raising [m?] 365+39 338+37 30+5 55+10
Total net volume difference [m3] 111453 142+47 10+7 -37+18
Total volume of surface lowering [m3] 250+36 194+29 2145 90+15
% Total volume of surface raising [m?] 376140 340437 3246 57+11
Total net volume difference [m?] 125454 146+47 11+7 -33+18
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Figure 59: Comparison of the calculated volumes derived from temporally synchronised TLS (dark green) and the UAV (light
green) surveys.

6.5.2 Rainfall as controlling factor

To check whether channel scour and fill can be related to rainfall events, we used rainfall intensities
(named as mm/time in the following formula) ranging from mm/10 min, mm/1 h, mm/6 h to mm/24 h
and mm/72 h. We also examined whether an exponential weighting factor (x) of these rainfall events
provides improved correlations for channel scour and fill. Our hypothesis was that the sediment volume
moved (erosion, deposition and net) in a given time span is proportional to the sum of the weighted
rainfall events in the same time span, respectively:

Equation 25:

Sediment volume moved [m3/d] ~ Z(mm/time)*
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The value range of the exponent x was chosen from 1 to 4 in 0.2 intervals. We also set intensity
thresholds to discard low-intensity rainfall events (see legend in e.g. Figure 60). Accordingly, we
investigated, which rainfall intensities — weighted differently — have the largest impact on sediment

fluxes in the torrent.

6.5.2.1 Complete study area

The term “complete study area” refers to both channel bed, adjacent river banks and all other areas,
which were recorded by TLS and UAV surveys. We analysed the data sets for long time intervals (T1-1
to TI.6, Figure 60a-0) and short summer intervals (T1-4.1 to TI-6.3, Figure 60p-ad) separately. Each
individual graph in Figure 60 represents 96 colour-coded R2 values of linear regression analyses based

on different intensity thresholds (colour) and weighting factors (x-axis).

It shows that the erosion of sediments in the area studied can best be explained for the longer time
intervals (TI-1 to T1-6) by rainfall intensities from mm/10 min to mm/6 h with a coefficient of correlation
up to 70% (Figure 60b-c). The exponential weighting of rainfall events marginally influences the results
(Figure 60a-e). The coefficient of correlation increases slightly with an increased weighting exponent
(larger value of the exponent x), except for 3-day rainfall intensities (Figure 60e). Deposition of
sediments are largely controlled (R2 up to 0.9) by short and highly intense rainstorms (Figure 60f-h),
representing rainfall durations from 10 min to 6 h, hardly influenced by the weighting factor. Longer
rainfall events (24 h to 72 h) show a considerably lower correlation. Although both erosion and
deposition of sediments in the studied area can be explained by a large portion by short and heavy
rainstorm events, the total net volume shows low coefficients of correlation (up to 25%), especially for
longer rainfall durations (Figure 60k-0). For each investigated rainfall duration, the R? value converges

with an increasing weighing exponent in relation to different intensity thresholds.

Looking at shorter time intervals in summer (Figure 60p-ad), we can see that R? values are significantly
higher for rainfall intensities between mm/10 min and mm/1 h than for all longer rainfall intensities, in
relation to erosion, deposition and net volume in the study area. Up to 95% of the total eroded sediment
volume can be explained by these short rainfall events (mm/10 min mm/1 h), especially with weighting
factors between 1.5 and 2.5, without or with low thresholds (Figure 60p-q). We obtained similar results
in regard to the coefficients of correlation for the deposition volumes (Figure 60u-v). Low-intensity
rainfall events do not explain erosion and deposition of sediments in the study area. The R2 increases
(Figure 60p, g, u, v, z and aa) when these rainfall events are either thresholded out or have less influence

due to the higher exponential weighting.

Some of the graphs, representing individual R? values (dots) in Figure 60, are shown as examples for
both long (Figure 61a-c) and short time intervals (Figure 61g-i) with corresponding residuals (Figure

61d-f and j-I, respectively) for the applied linear regression analyses.
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Figure 60: Sediment redistribution in the complete study area is taken into account. Relationship between R2, exponent (x)
and rainfall intensity duration. Different colours refer to different intensity thresholds from mm/10 min to mm/72 h. Values
lower than the threshold values shown were not considered in the analysis.
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Figure 61: Relationships between summed weighted (exponent = 2) rainfall intensity (mm/10 min) and sediment dynamic in
the long time intervals TI-1 to TI-6 (a-c) and short summer time intervals T1-4.1 to TI-6.3 (g-i). Corresponding residuals of the
data points in a-c are shown separately in d-f and the residuals in g-i are displayed separately in j-I. In this figure the sediment
dynamic in the complete study site is displayed.

Lining up the residuals according to the elapsed time since the debris-flow event in June 2015, it shows
that they depict an exponential decline in sediment erosion (Figure 61d) and deposition volumes (Figure
61e). Simultaneously, the variance of the residuals decreases with time. In contrast, the net volume
increases with time (Figure 61f), also with a decreasing variance of the residuals. The residuals within
the summer of 2017 and 2018 (Figure 61j-i) scatter with no general trend.

6.5.2.2 Channel bed

We performed the same analysis (as is Chapter 6.5.1.2) for the channel bed solely, neglecting all adjacent
river banks and slopes (Figure 62, Table 18 and Table 19). Hence, we were able to analyse the refill of
the channel bed with sediments, which are available for potential future debris-flow events. A net
volume of more than 1,150 m3 was deposited, representing an average refill rate of about 1 md/d in
relation to the complete time span. However, this rate varies for the individual time intervals from
0.26+0.05 m3/d (TI-5) to 2.124+0.52 m3/d (TI-2).
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Table 18: Total and normalised volumes in regard to the channel bed solely for surface lowering, surface raising and net volume
difference for each time interval. Normalised volumes are given in cubic metres per day.

TI-1 TI-2 TI-3 TI-4 TI-5 TI-6
2016/06- 2016/09- 2017/05- 2017/10- 2018/05- 2018/08-
2015/06 2016/06 2016/09 2017/05 2017/10 2018/05

Total volume of surface

lowering [m?] 300450 240430 10+1 190+20 1043 150+20

Total volume of surface

raising [m?] 900490 460150 110420 360+40 70+10 230430

Total net volume difference

[me] 600+100 220450 100420 170440 60+10 80430

Normalised volume of 0.81+0.14 2.22+0.29 0.01+0.00 1.26+0.17 0.05+0.01 1.41+0.18

surface lowering [m3/d]

Normalised volume of 2.47+0.25 4.34+0.43 0.46+0.09 2.44+0.25 0.31+0.06 2.20+0.28

surface raising [m3/d]

Normalised net volume 1.66+0.29 2.12+0.52 0.45+0.09 1.18+0.30 0.260.05 0.79+0.33

difference [m3/d]

Table 19: Total and normalised volumes in regard to the channel bed solely for surface lowering, surface raising and net volume
difference for each time interval in summer months of 2017 and 2018. Volumes for T1-4.1 to TI-4.4 are derived from TLS data,
for TI-6.1 to TI-6.3 from UAV data. Normalised volumes are given in cubic metres per day.

TI-4.1 TI1-4.2 TI1-4.3 TI-4.4 TI-6.1 TI-6.2 TI-6.3

2017/06- 2017/07- 2017/08- 2017/10- 2018/06- 2018/07- 2018/08-
2017/05 2017/06 2017/07 2017/08 2018/05 2018/06 2018/07

Total volume of

surface lowering [m?] 1+0 145420 16+3 83+12 138+17 317 3+1
Total volume of
surface raising [m?] 2+1 32232 264 53+10 19825 55+10 7£2
Total net volume

1+1 177+38 1045 -29+16 60+31 24412 3+3

difference [m3]

Normalised volume of
surface lowering
[m3/d]

Normalised volume of ~ 0.05+0.02  8.26+0.83  0.66+0.11  1.52+0.27 5.07+0.65 1.66+0.30  0.20+0.05
surface raising [m3/d]

Normalised net 0.01+0.01  4.54+0.97 0.25+0.13 -0.84+0.45 153+0.79  072+0.36  0.09+0.09
volume difference

[m3/d]

0.04+0.01  3.72+0.50  0.41+0.08  2.36+0.36  3.54+0.45 0.93+0.20  0.10+0.03

The explanation of sediment erosion, deposition and net volume for the longer time intervals is even
higher compared to the analysis of the complete study site (Figure 62a-0). The analyses for the shorter
intervals in summer 2017 and 2018 show very similar results (Figure 62p-ad). We, again, plotted
individual graphs for both long (Figure 63a-c) and short time intervals (Figure 63g-i) with corresponding
residuals (Figure 63d-f and j-I, respectively) for the applied linear regression analyses. The temporally
lined up residuals now describe exponentially declining functions for sediment erosion (Figure 63d),
deposition (Figure 63e) and net volume (Figure 63f). The residuals within the summer month of 2017

and 2018 (Figure 63j-i) scatter with no general trend.
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Figure 62: Sediment redistribution solely in the channel is taken into account. Relationship between R2, exponent (x) and
rainfall intensity duration. Different colours refer to different intensity thresholds for mm/10 min to mm/72 h. Values lower
than the threshold values shown were not considered in the analysis.
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Figure 63: Relationships between summed weighted (exponent = 2) rainfall intensity (mm/10 min) and sediment dynamic in
longer time intervals TI-1 to TI-6 (a-c) and shorter summer time intervals T1-4.1 to TI-6.3 (g-i). Corresponding residuals of the
data points in a-c are shown separately in d-f and residuals in g-i are displayed separately in j-I. In this figure only the sediment
dynamic within the channel is displayed (without slopes or river banks).

6.5.3 Debris-flow event(s) between August and September 2018

Between the surveys in August and September 2018, another debris flow (or more) occurred in the
torrent (Figure 64). The change detection analysis between the DEM of August (Figure 64b) and the
DEM of September (Figure 64¢) shows that a volume of about 550 + 65 m?3 was eroded and a volume
of 800 = 65 m? was deposited in the channel, resulting in approx. 250 £ 90 m3 net volume (Figure 64a
and j). The largest erosion values reach 3.5 m, the largest deposition height is 2.8 m. The hourly rainfall
intensities reveal two heavy events during this time interval (Figure 56), on 23 October 2018
(13.2 mm/h) and on 13 September 2018 (12.2 mm/h). Although these two rainfall events did not have
intensities as high as prior events in the timeline (e.g. Figure 56, 21.8 mm/h on 12 July 2016), a debris

flow was triggered.
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Figure 64: Debris-flow event(s) between field surveys of August and September 2018. a-d: The difference of the pre-event and
post-event DEM results in a DoD. e-h: Comparisons of pre- and post-event point clouds derived from SfM analyses. i-j: Areal
and volumetric elevation changes.

6.6 Discussion

6.6.1 Change detection

6.6.1.1 Sediment redistribution from 2015 to date (TLS data only)

Assuming a totally closed system, only positive net volume differences should occur. However two
change detections reveal negative net volumes from June 2015 to June 2016 (Table 15) and from August
to October 2017 (Table 16). With regard to the period from June 2015 to June 2016, the small amount
of laser scans in 2015 (Table 11) with resulting large DEM interpolation errors, for which the uncertainty
analysis probably did not fully account for, might have caused negative net volumes. The second interval
with negative net volumes (August to October 2017), is the only period with a very intense rainfall event
over a longer period of time (120 mm in three days). This continuous precipitation might have caused
sediment transport out of the study area. All other net volume differences are positive and the study area
contains several sediment traps, especially at the bottom of the surveyed area. We therefore consider
that only a small amount of material was transported out of the study area compared to the total sediment

volume moved within the study area.
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Table 15 shows a significantly lower volumetric sediment redistribution in winter than in summer. On
the one hand, this region has its largest precipitation values in summer, including a pronounced rain-
storm maximum from June to August (DWD Climate Data Center, 2016), one the other hand, precipi-
tation in winter months typically falls as snow. Falling snow has less kinetic energy than falling rain
drops and often has no direct impact on sediment movement as it remains on the surface until the

temperature rises or it is melted by warmer rain.

Although we tried to monitor the study area at similar time intervals, the length of the intervals (Table
11) varies between four months (second interval) and one year (first interval). In particular, the first
interval from June 2015 to June 2016 includes both winter and summer months and therefore represents
averaged volumes over this period. Assuming a more active phase in the summer months, the normalised
volumes relating to surface lowering and surface raising should be even higher in summer than the

averaged volumes given in Table 15.

6.6.1.2 Comparison of TLS data and SfM data sets

The comparison of detected volumetric change by TLS und UAV data (Figure 59 and Table 17) shows
very similar results, with a discrepancy of 2.2 + 1.4% for erosion, 3.5 £ 1.7% for deposition and
9.4 + 3.3% for net volume (on average 5% in total). These slightly different values arise from both
difficulties in TLS and SfM data processing, resulting in (i) errors inherent to the co-registration of TLS
scans, (ii) incomplete vegetation removal in both TLS and SfM point clouds, (iii), errors produced by
the limited accuracy of GCPs points used in the SfM procedure and (iv) the effects of differently smooth

point clouds.

e Errorsinherent to the co-registration of individual TLS scan positions (relates to TLS data only)
All individual laser scans have to be co-registered to receive one connected point cloud.
Although the procedure used is state-of-the-art and tens of thousands of plane normals have
been used for each co-registration, a small amount of error still remains. To minimise the
erroneous identification of plane normal, we filtered the point cloud by a deviation gate < 20,
as suggested by Williams et al. (2018).

e Errors inherent to the co-registration of filtered, aligned point clouds (relates to both TLS and
SfM data)

All aligned and filtered point clouds were co-registered with the point cloud of the respective
previous field survey. Although thousands of plane normals have been taken into account for
each co-registration (Rusinkiewicz and Levoy, 2001), a small amount of error still remains,
especially if the co-registration of individual scan positions was not accurate (Table 12 and
Table 20). To minimise this kind of error, we aligned all the positions carefully and checked
whether the stand deviation between two co-registered point clouds reached a value below 2 to
3 cm (Table 20).
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Table 20: Standard deviations (cm) between a TLS and SfM point cloud of the same survey date computed in
RiSCAN Pro.

2017/05 | 2017/07 | 2017/08 | 2017/10 | 2018/05 | 2018/09

Std. dev. [cm] 1.2 0.8 0.9 0.8 14 1.7

e Errors caused by incomplete data acquisition (relates to both TLS and SfM data)
Both techniques, TLS and SfM, are capable of gathering very large data sets in a short time.
However, due to the laser scanner’s oblique line of sight and the relatively low survey height of
approx. 2 m above ground, a curvilinear channel with steep river banks is difficult to record in
its entirety. Hence, a few small “shadowed areas” could be observed during data processing.
In contrast, the UAV with a flight height of 30-40 m and nadir-oriented camera is capable of
acquiring a full record of the channel, as it takes enough overlapping photographs for the SfM
workflow. Nevertheless, photographs have just one element of colour information per pixel and
are — in contrast to TLS — unable to detect multiple elements of information in the line of sight.
Consequently, SfM-derived point clouds do not bear any additional information on what is
beneath the vegetation and, therefore, they have some small data gaps following vegetation
removal.
We tried to take this error into account by detecting geomorphic change based on a spatially
variable uncertainty, which increases along with the distance to the next data point (Euclidean
distance) based on a cell-by-cell basis (Wheaton et al., 2010b).

e Errors due to an incomplete removal of vegetation from all point clouds (relates to both TLS
and SfM data)
The parameters for the automatic vegetation removal were chosen carefully and applied multiple
times in a row to eliminate as much vegetation as possible. However, not all forms of vegetation
were recognised by the software and were thus eliminated manually. But still after the time-
consuming manual removal of vegetation, the point cloud was not 100% free of vegetation.
These erroneous data points influenced the DEM generation and may have led to errors in the
elevation height of some raster cells.

e Errors produced by the limited accuracy of GCPs used in the SfM procedure (relates to SfM
data only)

All GCPs, used in the generation of the SfM point cloud, were derived from temporally
synchronised TLS surveys (Martinez-Espejo Zaragoza et al., 2017). However, the position of
these control points, measured in the laser scan point clouds, does also have a limited accuracy.
Additionally, the identification of these control points in all the photographs of the UAV survey
is challenging. To minimise this kind of error, we thoroughly selected control points, which

were clearly visible in both laser scan point clouds and on the corresponding photographs.
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o Effects of differently smoothed point clouds (relates to both TLS and SfM data)

The laser beam has a width of approx. 3 mm on exit and diverges in the atmosphere with
0.3 mrad. Due to the near scan distances, the laser beam often has a small diameter — from 5
mm to 10 mm (7 to 25 m shot distance). Consequently, small or rough features on the surface
can be captured. In contrast, the resolution of the SfM-derived point cloud depends on the
resolution of the images, the flight height and the focal length of the used camera lens. The
resulting “ground sample distance” at a flight height of 30 m is approx. (8 mm) for 20 MP
(5,472x3,648) images and 11 mm for 8 MP (4,096x2,160) video frames. If all the pixels are
used for the dense point cloud generation in the SfM workflow (Figure 53), this ground sample
distance should be equal to the point distance in the dense cloud produced for a nadir and plane
object. However, for data sets since June 2018, all the images were downscaled by factor of four
(twice for each side) for the dense point cloud generation in order to reduce processing time,
resulting in a resolution that was four times lower. Rough objects therefore appear smoother
than they actually are (Nouwakpo et al., 2016). This effect slightly affects the metrics of the co-
registration with temporally synchronised TLS surveys (Table 20).

6.6.2 Rainfall as controlling factor

Previous research has shown that the mobilised sediment volume for different processes is — among
other things — a function of a given rainfall intensity in different alpine environments (Angulo-Martinez
et al., 2012, Krautblatter and Moser, 2009, Parsons and Stone, 2006). This function is often described
as a nonlinear interaction between rainfall and the mobilisation of material (Parsons and Stone, 2006).
However, these relationships are often gained by small-size experiments under laboratory conditions
with steady rainfall and limited drop size variation (Navas et al., 1990) or gained from small study areas.
In addition, very limited data exists regarding the temporally and seasonally controlled development of
sediment recharge in debris-flow channels after a debris-flow event (Jakob et al., 2005), although
sediment supply is known to be time-dependent (Bovis and Jakob, 1999).

We initially suggested a linear relationship between summed weighted rainfall events and eroded and
deposited sediment volumes (Figure 61 and Figure 63). However, some conditions for a linear regression
analysis are not fully met, such as normally distributed residuals or the constant variance of residuals.
However, the analysis with its residual plots reveals why the linearly related variables do not match

perfectly.
6.6.2.1 Complete study area

Assuming an unlimited sediment availability in the catchment and adjacent slopes, an exponential
decrease in sediment recharge in the channel should be assumed (Jakob et al., 2005). Accordingly, the
normalised erosion and deposition volumes trace such an exponential function in the first 3.5 years after
the debris-flow event (Figure 61d-e). However, the real net sediment recharge appears quite the opposite
(Figure 61f). Beginning with negative residuals (less material is net deposited than predicted by the

linear model in Figure 61c), the net volume difference reaches positive values after 1.5 years. The heavy
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rainfall event including the debris flow in June 2015 (Figure 57) may have depleted the sediment
storages in the catchment area. In the following months, rainfall events transported material, originating
from unstable channel banks, out of the surveyed area. At the same time, the production of new material
was not fast enough to refill the sediment storages in the catchment area (sediment limited), resulting in
a negative net value in the study area. As time progresses, the continuing sediment production increases
sediment availability and, thus, the deposition of these has been accompanied with a positive net value
since September 2016 (Figure 61f).

6.6.2.2 Channel bed

Highest sediment redistribution activity was found during rainstorm events in summer (Table 18 and
Table 19), which is also reported by Theule et al. (2012) in the Manival Torrent in France. The small,
but constant increase in stored sediment in the channel during the winter months was also found by
Fuller and Marden (2010) in the Waipaoa catchment in New Zealand and by Berger et al. (2011b) in the
Iligraben Catchment in Switzerland.

We correlated time-normalised transported sediment volumes solely in the channel bed with exponent-
tially weighted rainfall events (Figure 63). A larger proportion of the sediment dynamic can be explained
by this approach, especially in regard to eroded and deposited sediment volumes (Figure 63a-c). The
temporally lined up residuals (Figure 63d-f) trace exponential functions for erosion, deposition and net
volume differences. The declining residuals over time can be linked to a decreasing activity of sediment
dynamic in the channel bed, as most over-steepened slopes failed shortly after the event (Figure 58),
leading to an over-proportional deposition and net volume in the channel bed at the beginning of the
investigated time span. As a result, it is vital not only to take the intensity and frequency of heavy rainfall
events into account, but also the elapsed time since the last triggering event. This coincides with
observations of Jakob et al. (2005) for debris-flow channels in British Columbia and with more general
geomorphological concepts of Ballantyne (2002).

6.6.3 Debris-flow event(s) between August and September 2018

Although more intense rainfall events had occurred before, no debris flow had previously been triggered.
In contrast to Brayshaw and Hassan (2009), who linked a smaller amount of sediment volume stored in
a channel to a higher probability of debris-flow initiation, we find that an increasing volume of in-
channel stored sediment increases the susceptibility of the system similar to Bovis and Jakob (1999),
Glade (2005), Jakob et al. (2005) and Kaitna et al. (2013). A long-term investigation of the study area
can give indications, whether a following slower refill of the channel bed is now taking place, as the

catchment area is probably again partly depleted, similar to Figure 61f.

6.7 Synopsis and conclusion
The TLS and UAV surveys decipher the temporal, spatial and seasonal variability of erosion and depo-
sition in the study area. The high-resolution data sets reveal a rainstorm-driven activity of sediment

dynamics. Best results are achieved using short (mm/10 min or mm/1 h), intense rainfall events, while
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long, low-intensity precipitation events explain variances less well. The unexplained variances of the
regression analyses indicate a logarithmic increase in sediment supply in the catchment with increasing
time being elapsed since the debris-flow event. Simultaneously, residuals derived from linear regression
analyses using precipitation-normalised values show an exponential decline in sediment recharge rate
in the channel bed, as unstable banks collapsed shortly after the event. This led to an over-proportional
deposition and net volume in the channel bed at the beginning of the investigated time span.

The debris-flow event between August and September 2018 shows that the conceptual model of Bovis
and Jakob (1999) for weathering limited (supply-limited) systems is applicable. The increasing sediment
volume in the channel increased the susceptibility of the system. An intense (but not extreme) rainfall

event resulted in the release of a debris flow.

In this paper we show that:

1. The post debris-flow sediment dynamic in a torrent can be revealed by a high number of

terrestrial laser scans, including temporal and spatial variable uncertainties

2. Time-expensive TLS surveys can be substituted by photogrammetric analysis of UAV surveys

with a similar accuracy and in less time

3. About 1,150 m3 of material is stored in the channel bed within 3.5 years after the event, which

corresponds an average refill rate of about 1 m3/d in relation to the complete time span

4. Short and highly intense rainstorm events explain a large proportion of the post-event

sediment dynamic

5. The unexplained variances of the regression analyses suggest a logarithmic increase in

sediment supply in the catchment over time

6. At the same time, an exponential decline in sediment recharge rates can be observed in the
channel bed, as unstable banks collapsed shortly after the event, leading to an over-

proportional sediment recharge in the channel bed at the beginning of the time span

This paper helps to better understand the time and precipitation-dependent pattern of sediment delivery
at the top of the sediment cascade. The suggested relationships (Figure 61 and Figure 63) should be
verified by a long-term survey of the study area. The results contribute to a more reliable assessment of
debris-flow related hazards in alpine regions.

Acknowledgements

The authors would like to thank the Bavarian State Office for Digitization, Broadband and Surveying
for providing us with the orthophotos and the airborne laser scan data. This work was partly financed
by the Bavarian Environment Agency (Granting No: AZ: 61-0270-19559/2016). We thank Karl Mayer
and Andreas Rimbdck from the Bavarian Environment Agency for their ideas on the design of the

project.



7 Main findings and short synoptic discussion 103

7 Main findings and short synoptic discussion

The following subchapters contain, inter alia, contents of Dietrich and Krautblatter (2017) and Dietrich

and Krautblatter (2019), but were significantly revised and extended.

7.1 How can we reveal long-term debris-flow activity?

The activity of debris flows varies considerably in both space and time. The activity has a significant
relevance for the construction of properly dimensioned countermeasures at an appropriate site. Previous
research has shown that tree-ring analysis of debris-flow fans can provide information regarding debris-
flow activity in the last decades and centuries (Bollschweiler and Stoffel, 2010b, Silhan and Tichavsky,
2016, Stoffel, 2010). Procter et al. (2011) used additional data of air photographs to better analyse the
spatial extents of debris-flow events on an alpine fan. However, these studies have concentrated rather
on computing debris-flow frequencies in the last decades than on absolute volumes and are often
methodologically biased. For this purpose, Scheidl and Rickenmann (2010) and Schraml et al. (2013)
analysed air photographs for single debris-flow events. The approach shown in this thesis and Dietrich
and Krautblatter (2017) reveals that the methodology can be applied to long time series of air
photographs — in this thesis back to the 1940s (Figure 31). The accuracy of the orthophoto analysis
increases significantly by using additional information of field mapping. Thus, mean annual debris-flow
transport rates could be calculated over the last decades and related to climate (e.g. rainstorm frequency)
and geomorphological controls (e.g. non-vegetated catchment area). In non-vegetated regions, photo-
grammetry of old aerial photographs can be an alternative approach to quantify historic debris-flow
volumes (Nunez-Andres et al., 2019). In addition, the analysis of drill cores in lakes is also a promising
approach, but has rarely been applied in past research (Irmler et al., 2006, Kotarba, 1997, Yang et al.,
2014). Due to frequent and high-resolution airborne laser scanning campaigns, the identification and

quantification of debris-flow events and activity will be more straightforward in future.

7.2 Did mean annual debris-flow transport change in the last decades?

To date, studies targeting debris-flow recurrence rates have often shown an increase in debris-flow
events in the last century or decades (Pelfini and Santilli, 2008). In contrast, other authors have described
a decrease in debris-flow frequency in some parts of the French Alps in the last decades (Jomelli et al.,
2007, Jomelli et al., 2004). However, most of these studies did not provide information about the
absolute volumes and, thus, do not give mean debris-flow transport rates or similar numbers. Using air
photography time series and field data, the results in this thesis provide specific decadal data regarding
mean debris-flow transport rates (Figure 32). It shows that mean transport rates have increased by a
factor of more than three in the study area since the 1980s compared to the 1940s to 1970s reference
period. This sharp increase since the 1980s could not be demonstrated clearly before in other study areas.
The increase in debris-flow activity in the last decades was also observed by Frank et al. (2019) in six

individual catchments in Switzerland. Looking at a longer period of time, Sass et al. (2007) deciphered
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a five-fold increase in mean debris-flow transport from the 19" century to 20" century in the Reintal in
Germany using ground penetrating radar. However, these rates will probably not continuously increase
in future, as many catchment will — or do already — suffer limited sediment supply and additional time
has to elapse before the next debris flow can occur (Bovis and Jakob, 1999).

Recent debris-flow rates have rarely been related to Holocene/Lateglacial debris-flow transport rates in
literature. Explicit dating of Holocene debris flows has been carried out by Matthews et al. (1997) using
14C, Cerling et al. (1999) and Marchetti and Cerling (2005) used *He. As the volume calculations for
individual Holocene events is quiet challenging (especially in the young Northern Calcareous Alps seen
from a geologic point of view), | made a more general approximation using a complete debris-flow fan.
Although some assumption concerning Holocene fan evolution (Curry and Morris, 2004) had to be made
(see Chapter 4.6.3), the Holocene debris-flow fan volume represents a rough maximum estimate (Figure
35). The results in this thesis show for the first time, that the recent debris-flow activity exceeds the
Holocene/Lateglacial activity by factor of two to three (Figure 36).

7.3 Can we link debris-flow activity to rainstorm frequency?

Debris flows are often triggered by heavy rainstorm events (Caine, 1980, Guzzetti et al., 2008). Authors
have shown that an increased global air temperature leads to an increased occurrence of extreme events
(Easterling, 2000, Rosenzweig et al., 2008) and to a more frequent occurrence of heavy rainstorm events
in alpine regions (Rebetez et al., 1997). Thus, a higher frequency and activity of debris-flow events
should be expected in recent decades. In contrast, some studies have provided data that partially
contradict this line of thought (Bollschweiler and Stoffel, 2010a). They have stated no significant trend
in parts of the Swiss Alps in the last decades due to short-term changes in triggering rainfall
(Bollschweiler and Stoffel, 2010a) or due to supply-limited systems. Otherwise, in some regions of the
Alps, the number of debris-flow events has significantly increased (Procter et al., 2011) or even doubled
over the last 35 years (Pavlova et al., 2014). In this thesis, orthophoto reconnaissance, validated by field
mapping, indicates a relationship between rainstorm frequency and debris-flow activity (Dietrich and
Krautblatter, 2017). Similar to other studies (Procter et al., 2011), highest activity was observed from
1980-2000 (Figure 32 and Figure 38). The following decrease in debris-flow activity since 2000 — also
observed by Bollschweiler and Stoffel (2010a) and Stoffel et al. (2008) — might be caused by (i) limited
sediment supply in the catchment areas and, especially, (ii) an over-proportional number of extreme
events in 1999. Additionally, the study reveals a strong correlation between non-vegetated area in the
debris-flow catchments and annual debris-flow volumes. This indicates that enhanced activity might
persist for decades until vegetation recovers (Figure 37), similar to a long-term increase in debris-flow
activity in recently burned mountain areas (Cannon and DeGraff, 2009, Nyman et al., 2019, Riley et al.,
2013).
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7.4 Which factors control debris-flow erosion?

The size of hazard zones and the dimensioning of countermeasures strongly depend on the debris-flow
runout and flow height. Among other things, these parameters are governed by the debris-flow volume,
which often increases significantly during an event due to erosion of channel-bed material (Abanco and
Hurlimann, 2014, Frank et al., 2015). The importance to consider erosion along a travel path — modify-
ing flow properties — has also been described insistently by Iverson (2012) and Iverson and Ouyang
(2015). Recent studies suggested that flow velocity (Takahashi et al., 1992), discharge (Gregoretti et al.,
2019) or shear stresses (Chen and Zhang, 2015, Frank et al., 2015) may induce erosion of material, but
these hypotheses often lack sufficient real-scale validation data or relate to different landslide processes
(Schneider et al., 2010). The used combination of field work and numerical modelling in this thesis
suggests that flow momentum and shear stress are the best-fitted (R2 up to 0.7) controlling factors for
debris-flow erosion (Figure 47 to Figure 50). Latest research with particle flow codes support this hypo-
thesis (Kang and Chan, 2018). Moreover, the data in this thesis reveal the importance of bedrock-loose
debris transitions in the channel, which produce local erosion maxima subsequent to low-friction bed-
rock channels (Figure 50). This might generally affect the long-term channel profile development in
alpine regions. The findings in this thesis are applicable in future debris-flow erosion estimations and
will enhance existing numerical models (Begueria et al., 2009, Hungr and McDougall, 2009, Hussin et
al., 2012).

7.5 How can we reveal the post debris-flow sediment redistribution with high

temporal and areal resolution?
For a long time, terrestrial LIDAR was the dominating method to acquire high-resolution data sets in
different geomorphological settings (Abellan et al., 2009, Lefsky et al., 2002, Monserrat and Crosetto,
2008). However, in the last decade, photogrammetric analyses of UAV surveys have gained more and
more attention, as they also provide georeferenced, high-resolution field records in less time and at lower
costs compared to TLS surveys (Berger et al., 2011b, Fonstad et al., 2013, Javemick et al., 2014, Kenner
et al., 2014, Westoby et al., 2012). In this thesis, the change detection analyses with DEMs, derived
from temporally synchronised UAV and TLS surveys, show a highly reproducible and reliable record
of the changing sediment budget over time. Both, raw and thresholded volumes computed with each
method, lie in a very similar range with almost equal error values (Figure 59). Thus, the photogram-
metric analysis of UAV surveys is — regarding costs, time and logistics —a major development for many
geoscientific challenges. The increasing importance and relevance of SfM-based photogrammetry also
show up in the number of publications per year (Figure 65). While the trend is increasing for SfM photo-
grammetry, the number of publications, related to TLS studies, stagnates in the last years (Figure 65a).
Looking at the percentage of yearly published articles related to the total number of publications within
each research field, this trend can be seen even more clearly, e.g. 25% of all articles (ISI-listed), dealing

with SfM photogrammetry, were published in 2018, whereas this value is only 13% for TLS studies.
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Nevertheless, for specific fields of application, TLS is still the state-of-the-art method to gather unique
data sets in vegetated areas (multiple echoes), in no-fly zones for UAVs or in areas without the
possibility to precisely measure ground control points (Blasone et al., 2015, Goodwin et al., 2016, Staley
et al., 2014, Theule et al., 2015, Wheaton et al., 2010Db).
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Figure 65: (a) Number of publications per year dealing with the topic of “terrestrial laser scanning” or “structure-from-motion
photogrammetry” (1Sl-listed). (b) Percentage of yearly published articles related to the total number of publications within each
research field. The dashed lines in (b) represent a moving average (2 year). Data source: Web of Science.

7.6 Can we link post-event sediment dynamics to temporal and meteorological

controls?
Studies from Bovis and Jakob (1999) and Glade (2005) suggest that the susceptibility of a system de-
pends, among other things, on the sediment supply in the catchment and in the channel. A high sediment
supply is usually related with an increased susceptibility, leading to a potentially higher activity of debris
flows (Bovis and Jakob, 1999). However, explicit controls on the temporal and seasonal variability of
sediment dynamics are still poorly understood (Berger et al., 2011b, Fuller and Marden, 2011). To date,
studies have provided both simplified fixed recharge rates considering time and area (Glade, 2005) and
more sophisticated models (Jakob et al., 2005). However, most of them are —when using high-resolution
methods — limited to small areal study site extents (Bezak et al., 2017, Theule et al., 2015). The high-
resolution data sets in this thesis reveal a rainstorm-driven activity of sediment dynamics and channel
refill. Variances are best explained by short, intense rainfall events (mm/10 min or mm/1 h). Similarly,
Badoux et al. (2012) proposed rainfall intensity-duration thresholds for bedload transport initiation in

small alpine catchments.

The residuals of the regression analysis (Chapter 6.5.2) suggest a logarithmic increase in sediment
supply in the catchment with time since the debris-flow event. This could be linked to newly produced
material in the catchment due to weathering (Figure 61) or changes in connectivity. At the same time,
the residuals derived from the linear regression analysis, using precipitation-normalised values, show an
exponential decline in sediment recharge in relation to the channel bed, as unstable banks collapsed

shortly after the event (Figure 63) and slowly stabilise subsequently.
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7.7 Does uncertainty scale with the applied methodological approaches?

For the three main objectives (see Chapter 2 and Figure 66b), different methods with varying accuracy
and uncertainty have been applied to decipher erosion and deposition volumes at different study sites.
The calculations with ERT data, which were used to approximate the Holocene/Lateglacial debris-flow
volume of a fan, have the largest uncertainties considering the made assumptions (Figure 66). Only one
profile was used to delimit the basal contact of a debris-flow fan with the underlying till, although the
contact surface will certainly vary in height. Additionally, the fan geometry was idealised by a pyramid
and some simplified assumptions regarding fan development have been made (Curry and Morris, 2004).
However, the methodological mix allows for a first sophisticated estimate of a Lateglacial debris-flow
fan volume. The ERT profile shows a sharp transition to underlying materials and has a low inversion

error (Figure 34).

The empiric formulas (Chapter 4.3.3.2), which were used to estimate volumes of historic events
(< 70 yrs), often show an uncertainty range from 10 to 40%, depending on the made assumptions on
former channel slope and the used mobility coefficient ky. In contrast to the above mentioned fan
geometry idealisation, this method has successfully been applied in recent research (Scheidl and
Rickenmann, 2010, Schraml et al., 2013).

The combined analyses of high-resolution data sets, derived from TLS measurement, and medium-
resolution data sets, derived from ALS surveys, to detect recent events (< 10 yrs), show uncertainty
values from 15 to 25%. Depending on the used approach regarding error treatment (Bremer and Sass,
2012, Wheaton et al., 2010b), the uncertainty values are slightly lower or higher in this thesis (Figure
66). The largest proportion of these uncertainty volumes can be traced back to the lower resolution of
the airborne laser scan data, especially in vegetated areas with large tree crowns, resulting in larger

interpolated areas in the DEM.

Using a conservative error estimation, the TLS-TLS and UAV-UAV-based change detections reveal
typically error ranges from 10 to 15%. These errors result from the roughness of the river bed, co-
registration errors and errors inherent to the (always) slightly imprecise photogrammetric back-

calculation of distortion parameters of the camera lens.

In summary, estimations of complete debris-flow fans will be still challenging in future, as reliable
DEMs shortly after deglaciation are rare. Measurements are difficult to carry out and provide just a
rough idea of the fan geometry and development. Recent events are often measured with newer and
more sophisticated methods. Hence, the uncertainty concerning volumetric computations of eroded and
deposited sediment volumes of single events typically decreases, but substantially depends on the

applied error propagation and treatment (Bremer and Sass, 2012, Wheaton et al., 2010b).
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7.8 Synthesis

Why does this thesis contribute to a more reliable and transparent assessment of debris-flow related

hazards in alpine regions?

(i)

(i)

Imagine the following — realistic — scenario:

A debris flow occurs in an inhabited area and damages economic goods. Consequently, the
residents of the affected area demand countermeasures and higher security standards to
improve their personal safety (often expensive countermeasures are demanded, which
would have met the requirements of this specific event or which would protect the residents
from all potentially occurring events).

As debris flows do usually not occur quiet often in the same area in a short period of time
(there are exceptions), the debris-flow activity and the resulting magnitudes of both historic
and future events can be hardly estimated. Thus, the dimensioning of countermeasures
seems sometimes to be rather guessed than based on a reproducible, scientific approach.
Chapter 4 provides a methodological approach to reveal the long-term debris-flow activity
in a study area to better understand the temporal and spatial variability of flow paths and
debris-flow magnitudes.

In the above mentioned example, the government, who usually makes decisions, whether
and which countermeasures are constructed, should take this variability into account and
should communicate — in a proper way — that all-embracing safety cannot be guaranteed for
all potential events as safety benefit has to be balanced with reasonable economic costs.
The debris-flow volume often considerably increases during an event due to material
entrainment. The size of hazard zones and the site of potential countermeasures strongly
depend on the debris-flow runout and flow height, which in turn are controlled — among
other things — by the debris-flow volume. Thus, it is substantial to predict the amount of
entrained material along a flow path. The results in Chapter 5 provide insights into

physically-based controlling factors for these processes. The varying momentum and shear



7 Main findings and short synoptic discussion 109

stress of a debris flow lead to a synchronised varying material erosion and, thus, should be
considered in future simulation software to better predict debris-flow endangered areas.

(iii) Debris-flow activity and volume (see (i) and (ii)) both depend on the sediment supply. After
a debris-flow event, the system recharges with sediments originating from nearby slopes or
material from the above lying catchment. Controlling factors on these recharge rates are still
poorly understood. The results presented in Chapter 6 decipher the temporal, spatial and
seasonal sediment redistribution and dynamic in the studied area. Based on these findings,
an assessment of the net material recharge rate is possible, which is available for debris-
flow transport and, thus, influences the potential debris-flow magnitude and runout.

In each of the presented Chapters 4 to 6, the main findings of each objective have been discussed. The
results provide answers or methodological approaches to the introductory asked questions on how active
debris flows are in an area, how much material is entrained and transported and how fast a channel gets
refilled with material. Each of this topics has its own story, benefit and value in its individual research
field. However, when we zoom out a little bit, the broader picture and the relationships in-between the
individual studies can be seen more clearly (Figure 67). When we investigate a debris-flow channel or
fan for the first time, we do usually not have a clear idea of the debris-flow activity of this individual
study site (besides obviously visible indications). The presented approaches in Chapter 4 give a straight-
forward guidance to analyse the activity over a larger period of time (Figure 67 — © pre-depositional).
Each occurring debris flow in that area entrains material from the channel bed and thus grows (often
considerably) in magnitude. The methodology presented in Chapter 5 provides a strategy to reveal
meaningful controlling factors for this erosion processes (Figure 67 — @ syn-depositional). After this
debris-flow event, the channel refills with material at a given rate (Figure 67 — ® post-depositional).
Approaches to decipher processes, rates and controls are provided in Chapter 6. The recharge rate, again,
governs how often debris flows can occur due to the amount of sediment supply (and how large they

can grow in volume — @) and thus affects debris-flow activity in a region — ©.
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Figure 67: Figure 68: The three objectives and their relations covered in this thesis: @: Pre-depositional — before a debris-flow
event: Is an area prone to debris flows? How frequently do debris flows occur in a given area and which sediment volumes do
they transport? @: Syn-depositional — during an event: Which parameters control debris-flow erosion? ®: Post-depositional —
after an event: How does a scoured channel and adjacent slopes react subsequent to a debris-flow event? How fast is a channel
refilled with material?
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8 Future developments and outlook

As debris-flow fans store a record of recent and past events, their history is a key requirement to analyse
associated risks. In times of global climate change, the activity of debris flows affects alpine regions in
different ways. Data sets to meet the challenges in these mountain regions are partly available — see
Chapter 4 —, but have to be analysed by experts in detail. To draw far-reaching conclusions, concerning
impacts of an enhanced rainstorm frequency on these susceptible systems, we need deeper insights in
the sediment availability and productivity in alpine catchments. Therefore, evidences — as shown in
Chapter 6 — should be carried out over larger areas and different lithologies. These studies might deliver
substantial indications, whether potential future debris flows can transport large amount of (newly
deposited or produced) sediments. Factors controlling entrainment of material on their pathways — see
Chapter 5 — should be fully implemented in predictive numerical models, as they are a key requirement

to design hazard zones in alpine regions.

In this thesis all new insights into debris-flow activity, debris-flow erosion and post-event sediment
dynamic are based on study sites, which are limited in both areal extent and investigated time span
(Figure 69). Improved or new instruments, e.g. laser scanner with a larger shot distance, less beam
divergence in the atmosphere and with a faster measuring speed etc., will be able to enlarge the extents
of future study areas considerably, especially in combination with an exponentially increasing
computational power. Besides, better camera sensors and innovative batteries allowing for an increasing

flight time and height will raise the SfM-based processing of UAV surveys to the next level.
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Figure 69: Objectives with typical corresponding study site extents and time spans (grey boxes). The x-symbols represent the
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