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controlled by permafrost conditions. This may, in turn, become potentially hazardous to critical infras-
tructure as well as human habitat and economic sectors. Rockglaciers — common landforms in alpine
periglacial regions that develop due to creeping of perennially frozen, unconsolidated material — serve
as important indicators to describe the impacts of a warming climate on high mountain permafrost:
Their short-term and long-term evolution represents the only feature of high mountain permafrost to
be visually observable and can therefore be assessed by a variety of scientific surveying and monitoring
methods. This dissertation aims to contribute to an improved understanding of rockglacier evolution
combining kinematic and sediment controls by using multi-sensoral remote sensing data. The foundation
of this approach are multi-temporal digital elevation models derived from airborne and terrestrial remote
sensing techniques. In order to apply them reliably in high mountain environments for the assessment
and quantification of landform structures and processes, this dissertation conducts a comprehensive ac-
curacy assessment of multiple remote sensing products. These multi-temporal digital elevation models
are subsequently used to quantify sediment production, transport dynamics and changes therein in high
mountain periglacial systems. A cascading, systemic model is developed in order to describe and quantify
sediment transfer rates and derive energy fluxes in such systems. Periglacial slopes are characterized by
rockglaciers, ice-cored moraines and/or solifluction lobes and are often closely connected to glacial and
gravitational landforms. All of these landforms are considered to be significant indicators for changes in
climate forcing. This thesis develops a surveying strategy which is applied to quantify headwall recession,
surface dynamics and rockglacier creep and facilitates the analysis of rockglacier dynamics in relation
to their setting in a geomorphological process chain. Geomorphic work and sediment transfer rates are
calculated to characterize and compare the potential energy of geomorphological systems and hold the
opportunity to detect and quantify changes within these systems over time. The findings on backweath-
ering rates, sediment production and rockglacier kinematics are integrated into a numerical flow model
based on the conservation of mass within the debris process chain in order to assess the temporal and
spatial evolution of rockglacier surfaces. The implementation of the flow model generates observed rock-
glacier geometries and rheologies which rely on long-term field measurements on sediment and landform
dynamics.. The modeling helps to understand the driving forces of the dynamic changes of rockglaciers
and demonstrates the effects of sediment supply and temperature variations on the morphological and
rheological evolution of rockglaciers. Further, it elaborates to which degree these variations can account
for signs of degradation and may serve as a tool to determine the state of alpine rockglaciers and their
potential state of degradation which is indispensable for a comprehensive natural hazard management.
This thesis presents a holistic and comprehensive approach to assess permafrost landform dynamics in
high mountains. Starting with data generation and evaluation, moving to its application and quantifica-
tion in the field, and resulting in an approach to model process and landform dynamics, this dissertation
presents a novel, multi-sensoral approach to assess rockglacier evolution.
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|. Summary

Permafrost, defined as lithospheric material whose temperature remains below 0 °C for two
or more consecutive years, occurs in many high mountain regions of the European Alps.
Observed and projected high rates of changes of atmospheric, earth surface and subsurface
conditions in these regions will influence the state of permafrost and, therefore, inflict a
strong impact on processes and landforms controlled by permafrost conditions. This may, in
turn, become potentially hazardous to critical infrastructure as well as human habitat and
economic sectors.

Rockglaciers - common landforms in alpine periglacial regions that develop due to creeping
of perennially frozen, unconsolidated material - serve as important indicators to describe the
impacts of a warming climate on high mountain permafrost: Their short-term and long-term
evolution represents the only feature of high mountain permafrost to be visually observable

and can therefore be assessed by a variety of scientific surveying and monitoring methods.

This dissertation aims to contribute to an improved understanding of rockglacier evolution
combining kinematic and sediment controls by using multi-sensoral remote sensing data.
The foundation of this approach are multi-temporal digital elevation models derived from
airborne and terrestrial remote sensing techniques. In order to apply them reliably in high
mountain environments for the assessment and quantification of landform structures and
processes, this dissertation conducts a comprehensive accuracy assessment of multiple
remote sensing products. These multi-temporal digital elevation models are subsequently
used to quantify sediment production, transport dynamics and changes therein in high
mountain periglacial systems. A cascading, systemic model is developed in order to describe
and quantify sediment transfer rates and derive energy fluxes in such systems. Periglacial
slopes are characterized by rockglaciers, ice-cored moraines and/ or solifluction lobes and are
often closely connected to glacial and gravitational landforms. All of these landforms are
considered to be significant indicators for changes in climate forcing. This thesis develops a
surveying strategy which is applied to quantify headwall recession, surface dynamics and
rockglacier creep and facilitates the analysis of rockglacier dynamics in relation to their
setting in a geomorphological process chain.

Geomorphic work and sediment transfer rates are calculated to characterize and compare the
potential energy of geomorphological systems and hold the opportunity to detect and
quantify changes within these systems over time.

The findings on backweathering rates, sediment production and rockglacier kinematics are



integrated into a numerical flow model based on the conservation of mass within the debris
process chain in order to assess the temporal and spatial evolution of rockglacier surfaces.
The implementation of the flow model generates observed rockglacier geometries and
rheologies which rely on long-term field measurements on sediment and landform
dynamics.. The modeling helps to understand the driving forces of the dynamic changes of
rockglaciers and demonstrates the effects of sediment supply and temperature variations on
the morphological and rheological evolution of rockglaciers. Further, it elaborates to which
degree these variations can account for signs of degradation and may serve as a tool to
determine the state of alpine rockglaciers and their potential state of degradation which is
indispensable for a comprehensive natural hazard management.

This thesis presents a holistic and comprehensive approach to assess permafrost landform
dynamics in high mountains. Starting with data generation and evaluation, moving to its
application and quantification in the field, and resulting in an approach to model process
and landform dynamics, this dissertation presents a novel, multi-sensoral approach to assess

rockglacier evolution.

II
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II. Zusammenfassung

Permafrost beeinflusst einen grossen Teil der europdischen Alpen. Er ist definiert als
Lithosphédrenmaterial, dessen Temperatur tiber einen Zeitraum von mindestens zwei
aufeinanderfolgenden Jahren unter 0 C bleibt. Der Zustand von Permafrost wird
beeinflusst von Verdnderungen der Atmosphdre, der Erdoberfliche und des
Untergrunds, beispielsweise durch klimatische Anderungen, welche sich auf die
Permafrost-spezifischen Prozesse und Landformen auswirken.

Typische Permafrostlandformen der Hochgebirge sind Blockgletscher, die durch das
kontinuierliche Kriechen eisdurchsetzter Schuttmassen entstehen. Die Messung und
Beobachtung der sich hangabwirts bewegenden Landformen stellen die einzige
Moglichkeit dar, Gebirgspermafrost und dessen Entwicklung indirekt und kontaktlos

mit den Methoden der Fernerkundung zu untersuchen.

Diese Dissertation verfolgt das Ziel, zum Verstédndnis der Evolution von Blockgletschern
beizutragen und damit die Auswirkungen des Klimawandels auf die
Hochgebirgssysteme sowie die ablaufenden Prozesse zu verstehen. Grundlage hierfiir
sind multi-temporale Hohenmodelle und Kinematikdaten, die mit verschiedenen

terrestrischen sowie flugzeug- und drohnengestiitzten Instrumenten generiert wurden.

Um die flugzeuggestiitzten, photogrammetrisch generierten Hoéhenmodelle auf ihre
Anwendbarkeit im Hochgebirge zu testen, wurde eine Genauigkeitsanalyse und -
priifung anhand umfangreicher Referenzdatensitze durchgefiihrt,.

Die erstellten und justierten Hohenmodelle wurden weitergehend dafiir verwendet,
Sedimentproduktion, Transportraten und Energiefliisse in einem periglazialen
Einzugsgebiet im Hochgebirge zu quantifizieren. Anhand eines kaskadierenden
systemischen Modells zur Quantifizierung und Qualifizierung von Sedimentproduktion,
-transport und den beteiligten Prozessen, konnen periglaziale Hochgebirgssysteme
analysiert und der Einfluss klimatischer Verdnderungen auf die Prozesse und
Landformen  untersucht werden. Blockgletscher, eisreiche Mordnen und
Solifluktionsloben sind zentrale Bestandteile jener periglazialen Hochgebirgssysteme, die
oftmals in engem rdumlichen Zusammenhang mit glazialen Landformen stehen. Im
Zuge dieser Arbeit wird ein Ansatz entwickelt, der auf die Quantifizierung von Erosion,
Sedimenttransfer und Blockgletscherbewegung angewendet wird und Aufschluss gibt
iiber Blockgletscherdynamik im Kontext einer geomorphologischen Prozesskette.

Die errechneten Erosions-, Sedimenttransferraten sowie die beobachteten



Blockgletscherbewegungsraten wurden anschliessend in ein numerisches Fliessmodell
tiberfithrt, das die zeitliche und rdumliche Evolution von Blockgletschern in
Abhingigkeit von Sediment-/Eiszufuhr und Temperatur modelliert. Das Modell kann
dazu genutzt werden, den Einfluss von Sedimentationsdynamik, Temperaturvariationen
und Blockgletschereigenschaften auf die morphologische und rheologische Evolution
von  Blockgletschern = zu  untersuchen. Degradationserscheinungen  wie
Kriechbeschleunigung und geometrische Verdnderungen konnen so zum Teil auf
Variationen in der Materialzufuhr und der Blockgletschertemperatur zurtickgefiihrt
werden. Als Ergebnis bietet diese Dissertation einen systemisch basierten und
umfassenden Ansatz, mit dem Permafrost-bedingte Landformdynamiken im
Hochgebirge untersucht werden konnen.

Im Rahmen der Forschungsarbeit wurden sowohl technisch-instrumentelle als auch
modellbasierte Ansidtze entwickelt und auf ihre Anwendbarkeit hin tiberpriift. Somit
erweitert diese Arbeit die Permafrostforschung im Hochgebirge um einen holistischen
Ansatz, der es ermdglicht, Blockgletscher und deren Evolution zu untersuchen und

deren Auswirkung auf Hochgebirgssysteme besser verstehen zu kénnen.

v
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1 Introduction

1.1 Motivation

Mountains have been identified as essential to the survival of the global ecosystem by the
United Nation Conference on Environment and Development (UNCED) in Rio de Janeiro in
June 1992 (UNCED, 1993). The Intergovernmental Panel on Climate Change (IPCC) stated in
its fourth assessment report a “high confidence” that climate change will influence high alpine
processes (Settele, 2014). This will alter the atmospheric, earth surface and subsurface
conditions in mountain regions and will impact over 25% of the global land surface (Diaz et
al., 2003), affecting approximately 26% of the world’s population (Meybeck, 2001).

In view of these observed and projected high rates of environmental changes it is crucial to
understand the natural processes in mountain systems in a sound manner. Sustained
warming and thawing of glacial, periglacial and permafrost systems will induce vast changes
on the hydrological cycle, stability of mountain slopes and climatic feedback processes in
mountain regions.

Extensive areas in mountain regions are in permafrost condition, which describes
lithospheric material that remains at negative ground temperatures throughout at least two

consecutive years. These areas can contain considerable amounts of ice and demonstrate a
high sensitivity to climatic change (Haeberli et al., 2010). Of the cryospheric components,

mountain permafrost represents one of the youngest research areas. This is due to the fact
that it is defined as a purely thermal phenomenon and, therefore, mostly invisible to
spaceborne and airborne inspection. Systematic investigations were established in the 1980s
(Etzelmiiller, 2013) with the longest continuous permafrost data series in the Alps originating
in 1987 (Hoelzle et al. 2002), mainly consisting of systeimatic temperature measurements.
The growing scientific interest in mountain permafrost is mostly associated with the
unprecedented impact of intensive warming in mountainous areas due to climate change
(Nogués-Bravo et al., 2007). An increase in mean annual air temperature (MAAT) will lead to
significant changes in ground thermal regimes inflicting a strong impact on processes and
landforms influenced by permafrost. In turn, this may become potentially hazardous to
critical infrastructure as well as human habitat and economic sectors (K&db et al., 2005a,
Gruber and Haeberli, 2007, Huggel et al., 2013).

Rockglaciers, common landforms in alpine periglacial regions that develop due to the creep
of perennially frozen, ice-saturated unconsolidated material (Haeberli et al., 2006), have

received particular attention in permafrost-related mountain research. In its fifth assessment
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report (IPCC, 2014), the IPCC highlighted rockglaciers as important indicators to describe the
impacts of a warming climate on high mountain permafrost: Their short- and long-term
evolution depicts the only feature of high mountain permafrost to be visually observable and

is, in consequence, accessible to a variety of scientific surveying and monitoring methods.

The application of numerous terrestrial, airborne and spaceborne remote sensing techniques
to acquire data on rockglacier kinematics and surface geometries (see Haeberli et al., 2006,
and Kadb, 2008, for extensive summaries) have indicated an acceleration of rockglacier
velocities over the last decades (Delaloye et al.,, 2010, PERMOS, 2013, Bodin et al., 2015).
Surface velocity measurements of rockglaciers show acceleration rates of up to 600%, which
can be related to altering environmental factors such as ground surface temperature (GST)
and snow cover (Wirz et al., 2015). Creep measurements at very high temporal resolutions
reveal annual and seasonal velocity fluctuations mainly caused by external factors (e.g.
meteorological forcing, see Wirz et al.,, 2016). Multi-temporal geomorphometric analyses
have shown degradational processes such as subsidence features and structural
disintegration of alpine rockglaciers, which can potentially become hazardous to human
infrastructure and livelihoods (Ké&idb et al., 2007b, Roer et al.,, 2008, Bodin et al., 2010,
Springman et al., 2013).

As a result, several monitoring, research and management strategies have been implemented
in the European Alps in order to cope with changing high mountain permafrost systems
with a special focus on slope movements and sediment transport. Multi-sensoral remote
sensing approaches have proven to be very effective and cost-efficient to obtain data on
kinematics and surface dynamics. The availability of a multi-sensoral instrumentation for
several rockglacier systems in the Alps, including multi-temporal terrestrial laser scanning
(TLS), airborne laser scanning (ALS), airborne photogrammetry (based on unmanned aerial
vehicles UAV and airplanes) and terrestrial geodetic surveys (TS) combined with subsurface
information and geomorphological mapping surveys, presents the basis for a holistic
assessment of these systems, addressing sediment dynamics, rockglacier kinematics,
landform characteristics and geomorphological settings.

This thesis presents the conceptual foundation, technical methodology, and application of an
advanced approach to assess rockglacier dynamics and introduces a numerical modeling
approach to improve the understanding of the long-term evolution and short-term dynamics

of rockglacier systems.



Synopsis

1.2 Structure of this thesis

The subsequent thesis consists of three parts. Part I provides an overview of the scientific
background and summarizes the main research results in a broader context. A general
introduction and motivation is presented in Sect. 1, which results in the formulation of the
research questions and sets out the institutional and geographical context in which these
research questions are addressed. Section 2 elaborates on the scientific background and the
current research needs with respect to this dissertation. A brief summary of the main
research motivation, methods and findings within the three peer-reviewed publications is
presented in Sect. 3. All results are discussed in a general context and in relation to the
formulated research questions in Sect. 4. Concluding remarks and proposals for future

research are formulated in Sect. 5.

Part II contains the full version of the peer-reviewed journal publications constituting the
main research results. Part III provides the personal bibliography, curriculum vitae and

acknowledgements of the author.

Although Part I of this thesis is written by one author, it is based mainly upon joint-authored

publications (Part II). Therefore, “we” is used instead of “1” for the rest of this synopsis.



Synopsis

1.3 Objectives and related research questions
1.3.1 Objectives

This PhD dissertation aims to contribute to an improved understanding of rockglacier
dynamics combining kinematic and sediment controls by using multi-sensoral remote
sensing data. This is performed using a “backward” approach, quantifying distinct observed
changes in geometry and kinematics (creep velocities) of a rockglacier that are related to
changing conditions of the controlling factors (sediment and ice input and ground
temperature). Many studies have reported on the acceleration of horizontal velocities of
rockglaciers all over the world derived from different methods (Roer et al., 2005, Roer and
Nyenhuis, 2007, Bodin et al., 2009, Delaloye et al., 2010, Delaloye et al., 2011, Lambiel, 2011,
PERMOS, 2013, Bodin et al., 2015). Furthermore, the application of multi-temporal digital
elevation models (DEMs) has indicated changes of rockglacier geometry, which have been
considered signs of degradation, such as pronounced surface subsidence due to the melt of
subsurface ice (Lambiel, 2011, Kenner et al., 2014, Bodin et al., 2015) and the development of
crevasse-like features on the rockglacier (Kééb et al., 2007b, Roer et al., 2008, Springman et
al., 2013). Most of these studies focus on the process of permafrost creep and surface
dynamics in relation to air or ground temperature in order to assess rockglacier dynamics.
However, this narrow focus only accounts for a subset of the features of a rockglacier,
whereas the definition of rockglaciers as ‘lobate or tongue-shaped bodies of perennially frozen
unconsolidated material supersaturated with interstitial ice and ice lenses that move down slope or
down valley by creep as a consequence of the deformation of ice contained in them and which are, thus,
features of cohesive flow” (Barsch, 1992, p. 176) also includes information on form, material and
process. Therefore, observable rockglacier dynamics do not only result from varying
temperatures but from a combination of altering sediment and ice input, permafrost creep

conditions and the geomorphological setting controlling their evolution (Barsch, 1996).

Thus, this study introduces a holistic conceptual approach on rockglacier dynamics. Multi-
temporal digital elevation models (DEMs) derived from several remote sensing techniques
are used to quantify sediment production, transport dynamics and changes in rockglacier
morphology. The proposed surveying strategy is applied to quantify headwall recession,
surface dynamics and rockglacier creep and allows analyzing rockglacier dynamics in
relation to their setting in a geomorphological process chain. Figure 1 presents the

conceptual research approach of this dissertation. A detailed accuracy assessment of
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available remote sensing data establishes the foundation for their application in process

quantification, system analysis and modeling.

Modeling / Landform evolution

Research Question Il

Holistic Assessment / Process Quantification

Research Question |

Data Analysis / Data Accuracy and Applicability

Research Question |

Figure 1: Conceptual approach of this dissertation.

Multi-sensoral DEMs have been repeatedly applied to quantify processes in high mountains
(Roer and Nyenhuis, 2007, Tarolli et al., 2009, Abermann et al., 2010, Kenner et al., 2014; see
Ké&db et al. (2005a) for a thorough review of remote sensing products in high mountains in
general) but their limitations according to their accuracy are rarely discussed and systematic
accuracy assessments of these elevation products often remain insufficient. In order to
address this shortcoming, this thesis presents the application and challenges of airborne
stereophotogrammetrically-derived high-resolution DEMs and conducts a systematic
accuracy assessment of several DEMs derived from different remote sensing systems
(= Research Question I, Sect. 3.1).

This assessment of the DEMs is essential for their further application to analyze and map
relevant landform structures (monotemporal) and to quantify geomorphological processes
(multi-temporal) such as headwall recession, creep processes and energy transfer
(geomorphic work) of the talus slopes and rockglaciers. This application elaborates on the
current state and systemic understanding of high mountain periglacial systems (= Research
Question II, Sect. 3.2).

The findings on backweathering rates, sediment production and rockglacier kinematics are
integrated into a numerical flow model based on the conservation of mass within the debris
process chain in order to calculate the temporal and spatial evolution of rockglacier surfaces.
The flow model is used to generate observed rockglacier geometries and rheologies which
are then subjected to variations in driving forces such as temperature and the supply of

sediment and ice (= Research Question III, Sect. 3.3).
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The modeling aides to understand the driving forces of these morphological changes of
rockglaciers and quantifies the influence of sediment supply and temperature variations on
the morphological and rheological evolution of rockglaciers. Further, it assesses to which
degree these variations can account for signs of degradation and may serve as a tool to
determine the state of alpine rockglaciers and their potential state of degradation necessary

for a comprehensive natural hazard management.
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1.3.2 Research questions

Motivated by the addressed research objectives, the overall intention of this thesis is to
contribute to an improved understanding of rockglacier evolution combining kinematic and
sediment controls by using multi-sensoral remote sensing data. The concept of the PhD

project consists of three distinct research questions

1. How accurate are photogrammetrically-derived high-resolution airborne digital

elevation models and what are the limitations in high mountain applications?

2. What are the sediment dynamics, storages and transfer rates in a coupled periglacial

mountain slope system?

3. How do rockglaciers evolve and react to changes in environmental factors?

which resulted in three peer-reviewed publications:

1. Miiller, ]., Girtner-Roer, 1., Thee, P., Ginzler, C., 2014. Accuracy assessment of airborne
photogrammetrically derived high-resolution digital elevation models in a high mountain

environment. ISPRS Journal of Photogrammetry and Remote Sensing 98, 58-69.

2. Miiller, ]., Girtner-Roer, 1., Kenner R., Thee P., Morche, D., 2014. Sediment storage and
transfer on a periglacial mountain slope (Corvatsch, Switzerland). Geomorphology 218, 35—

44.

3. Miiller, ], Vieli, A., Girtner-Roer, 1., 2016. Rockglaciers on the run - Understanding
rockglacier landform evolution and recent changes from numerical flow modeling. The

Cryosphere Discussions, (in review).
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1.4 Project context, data and study sites

This dissertation was completed within the subproject C of the SINERGIA project The
Evolution of Mountain Permafrost in Switzerland (TEMPS) funded by the Swiss National
Science Foundation (project no. CRSII2 136279). The TEMPS project consisted of four
interrelated subprojects, which focused specifically on the determination of the current state
and the dominant processes influencing the evolution of permafrost in the Swiss Alps. Based
on the analysis and integration of high mountain observations with model simulations,
TEMPS aimed to create plausible evolution scenarios of mountain permafrost at specific sites
and investigated the interactions between atmosphere and permafrost focusing on the
evolution of ground temperature, ice content and related degradation and creep processes.
The overall objective of TEMPS was to improve the understanding of the dynamics of
mountain permafrost regions induced by climate change and to assess the potential impact
at different field sites in the Swiss Alps. The research was based on newly acquired and
existing permafrost monitoring datasets from the Swiss Alps available to the TEMPS project
including data from the Swiss Permafrost Monitoring Network (PERMOS) and former
research projects (such as the SPCC project (Sensitivity of mountain permafrost to climate
change) funded by the German Research Foundation).

The TEMPS project was composed of four sub-projects (TEMPS A, B, C and D), each focusing

on a specific approach to high mountain permafrost research (see Fig. 2).

Observation-based Analysis Model-based Analysis

pmJectlons
B Permafrost monitoring
Delaloye/Hilbich/Lambiel/Noetzli obsewatlonal reference data Kotlarski/Salzmann/Schar

RCM evaluation; Bias-corrected
scenariosat the site-scale
Scenario generation

Permafrost sensitivity assessment

Permafrost/subsurface properties
Kinematic data

rheological model

improvement
C Geometry change D subsurface model
EE—
Gartner-Roer/Phillips/Schaepman Parameterisation of Hauck/Hoelzle

advective processes

Figure 2: The organization of the TEMPS project with its subprojects and principal investigators (Source:
TEMPS project proposal).
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TEMPS-A focused on climatic changes and application of regional climate models in high
mountain permafrost environments with special emphasis on the dominant role of the
downscaling and topography effects in mountains (Rajczak et al., 2013, Rajczak et al., 2015).
TEMPS-B combined meteorological data, ground temperatures and geophysical subsurface
data to analyze permafrost dynamics (Staub, 2015). TEMPS-D focused on the thermal
subsurface regime and its interaction with the atmosphere (Marmy, 2015).

The major objective of TEMPS-C was to improve the process understanding of permafrost
creep in terms of landform dynamics. This was performed by observing and quantifying
distinct geometric and kinematic changes of a landform that are related to certain
atmospheric conditions, with a reaction time of weeks to months. The systematic assessment
required long-term data series for the analysis of multidecennial trends, interannual
variations and seasonal rhythms, as is available from PERMOS and other projects (see
Table 1). Besides geometric/geomorphic changes, physical properties such as subsurface ice
and sediment dynamics had to be taken into account to describe the process chain from a
change in surface temperature to a rheological response (dynamics).

The subproject consisted of three work packages (WP) designed to acquire, process and
analyze remote sensing data in order to quantify permafrost creep on various spatio-
temporal scales (WP I); model and assess rockglacier evolution (WP II) and quantify
sediment transfer rates in periglacial high mountain systems (WP III). The generated
products and results of these WPs contributed significantly to this dissertation and the
research questions have been strongly influenced by the goals of the project.

The results of TEMPS-C (such as kinematic data, DEMs, analysis concepts, process dynamics

and quantification) were made available to the other subprojects as shown in Fig. 2.
1.4.1 Sites

As laid out above, TEMPS-C was specifically responsible for the acquisition of (intra-)annual
and interannual measurements of kinematics as well as the analysis of spatio-temporal
variations of rockglacier topographies in different regions of the Swiss Alps.

Figure 3 shows the core field sites of the TEMPS-C project which was mainly concerned with

the rockglacier sites in the Turtmann Valley, Murtel-Corvatsch and Murag]l.

10
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Figure 3: Overview of the study sites in Switzerland (Hillshade: SwissAlti3d).

Each subproject was concerned with some core research sites which have been equipped
with specialized installations - such as kinematic monitoring networks, thermal monitoring
and/or permanent geophysical monitoring systems during the TEMPS project - or have
been inherited from former research projects which holds true for most of the sites. For the
selection of study sites it was crucial to rely on long time series and established permafrost
sites in order to get an insight on the long-term evolution of mountain permafrost. The three
core sites of TEMPS-C were chosen because each of them is part of the PERMOS network,
have undergone regular kinematic and thermal monitoring for many years and will continue
to do so in the future; furthermore, historic remote sensing data is available. The selected
sites also allow for the application of multi-sensoral analysis approaches because several
in-situ, terrestrial and airborne assessments have been applied there in the past. The
availability of multi-temporal and multi-sensoral data of different resolution and accuracy is
especially important for the independent assessment of their accuracy, data fusion

applications and process analysis on different spatial and temporal scales.
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1.4.2 Remote sensing datasets

For each of the three selected sites, TEMPS-C was responsible for compiling different
seasonal and annual datasets based on multiple remote sensing techniques. This was
achieved by TS, TLS, airborne digital photogrammetry, ALS and UAV-based
photogrammetry. Table 1 shows the previously existing and and newly collected remote
sensing datasets available for each of the key field sites. In addition to newly acquired
datasets, the TEMPS project attained access to historic remote sensing data made available
from the German Research Foundation funded SPCC project and PERMOS.

Not all of the available datasets have yet been analyzed within the project context, e.g. the
TLS and UAV data at the Muragl sites have been used for Master thesis projects at the
University of Zurich. Details on data acquisition, pre and post-processing, accuracies and
application of these datasets are part of the peer-reviewed publications in Part II, Sect. 1 and

2.

Table 1: Airborne and terrestrial remote sensing datasets of TEMPS-C and related projects. The bold marks
show the data that was used in the publications.

Year / Projects
Site Data PERMOS SPCC/PERMOS [ TEMPS/PERMOS
1996 2001 2002 2005 2007 2008|2009 2010 2011|2012 2013 2014 2015

X X X |X X X X

Terrestrial Geodetic
Survey

Airborne Stereo-
photogrammetry X S S
Airborne laser

scanning

Murtel

Terrestrial laser
scanning
UAV-based stereo-
photogrammetry

Terrestrial Geodetic
Survey

Airborne laser
scanning

Airborne Stereo- X X X X X X
photogrammetry

1 | Turtmann

Terrestrial Geodetic
Terrestrial laser

UAV-based stereo-
photogrammetry

g
§ scanning X X
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2 Background

This section elaborates on the current state of mountain permafrost research focusing on
distinctive landforms and their constituent processes. Further insight is given into the
possibilities, challenges and current developments related to the remote assessment of
mountain permafrost. Finally, the effects of climate change on high mountain permafrost
dynamics and resulting landform dynamics are discussed. This dissertation’s contribution to

the above mentioned aspects shall be outlined throughout the following section.

2.1 Mountain Permafrost, rockglaciers and rockglacier dynamics

Permafrost is defined as lithospheric material that remains permanently at or below 0 °C for
more than two consecutive years. While this presents a purely thermal definition excluding
the presence of water and ice, it is due to the existence and the impact of considerable
amounts of subsurface ice that permafrost derives its relevance on material properties,
process rates and landscape evolution (French, 2007).

Extensive areas in mountain regions are considered to be cold climate environments that
promote permafrost conditions (Owens, 2004). High mountain topography is mostly
characterized by high elevation, strong terrain gradients, complex and rocky terrain and the
presence of snow and ice (Barsch and Caine, 1984). This extreme variability of high mountain
topography influences almost all surface and subsurface characteristics and therefore the
spatial distribution and properties of permafrost and permafrost-related landforms. For an
intensive review and state of the art research on mountain permafrost see Gruber and
Haeberli (2009), Haeberli et al. (2010) and Etzelmdiller (2013).

Mountain permafrost receives its relevance due to the fact that it is an important element in
high mountain systems affecting landscape and landform evolution (French, 2007), sediment
transfer systems (Barsch, 1977), and slope and rockwall stabilities (Gruber and Haeberli,
2007), therefore making it an important aspect of natural hazard assessment (K&db et al.,
2005b).

Thermal conditions and internal composition (rock and ice components) of frozen slopes in
high mountain areas enable the frozen sediment to creep, so called permafrost creep, which
is the progressive, slow deformation of a mass of debris supersaturated with ice (e.g.
Haeberli, 1985, Barsch, 1996). Besides temperature, topographic properties (slope gradient,
sediment input, etc.) and physical characteristics (particle size, ice content, unfrozen water
content, etc.) determine the deformation rates of these frozen sediments which lead to the

development of dynamic landforms such as rockglaciers, push moraines or creeping talus
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slopes over periods of centuries and millennia (Haeberli et al. 2006). Out of these landforms,
active rockglaciers are the only visible indicator that can unambiguously be related to
permafrost conditions.

Already in 1959, Wahrhaftig and Cox (1959) discussed the basic genesis and evolution
mechanisms of rockglaciers in the Alaska Range where they presented results of extensive
field data on rockglacier topography and kinematics and formulated theories on landform
evolution and dynamics. Since then, numerous publications have discussed rockglacier
origin and nomenclature (e.g. Johnson, 1983, Martin and Whalley, 1987, Humlum, 1988,
Barsch, 1992, Whalley and Martin, 1992, Hamilton, 1995, Barsch, 1996, Humlum, 1996, Clark
et al., 1998, Haeberli et al., 2006, Berthling, 2011).

This study follows the reasoning of Barsch and Haeberli, defining rockglaciers as “lobate or
tongue-shaped bodies of perennially frozen unconsolidated material supersaturated with interstitial ice
and ice lenses that move down slope or down valley by creep as a consequence of the deformation of ice
contained in them and which are, thus, features of cohesive flow” (Barsch, 1992, p. 176), although
acknowledging the complex nature of the origin of rockglaciers which exists within a
continuum between “steadily creeping perennially frozen and ice-rich debris on non-glacierised
mountain slopes” experiencing permafrost conditions (termed rockglacier) and “debris-covered

glaciers in permafrost free areas” (termed debris covered glaciers) (Haeberli et al., 2006, p. 190).

Active rockglaciers are an integral part of periglacial high mountain systems around the
world experiencing permafrost conditions and representing one of the primary forms of
mass wasting (Clark et al., 1998), nevertheless their long-term evolution and short-term
dynamics are not yet sufficiently understood. Time series of rockglacier movement in the
European Alps indicate acceleration in permafrost creep over the last decades related to an
increase in ground temperatures (Delaloye et al., 2010b, PERMOS, 2013, Bodin et al., 2015).
Multi-sensoral geomorphometric analyses have shown signs of destabilization such as
subsidence features and structural disintegration of alpine rockglaciers which are indicative
of landform degradation (K&éb et al., 2007a, Roer et al., 2008, Bodin et al., 2010, Springman et
al., 2013, Micheletti et al., 2015b). Most of these studies have addressed the connection
between mean annual air temperatures (MAAT) and rockglacier dynamics from a
descriptive point of view (Ikeda and Matsuoka, 2002a, Roer et al., 2005, Delaloye et al., 2010,
Springman et al., 2012). Wirz et al. (2015) have shown that short-term variations in creep
velocities are mainly influenced by the direct impact of meteorological forcing such as
warming and precipitation. Nevertheless, we argue that the long-term evolution of landform

geometry and dynamics cannot solely be explained by meteorological variations but must
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integrate controlling environmental factors such as sediment supply dynamics and landform
characteristics (Roer et al., 2005). Already Wahrhaftig and Cox discussed in their
groundbreaking paper on rockglaciers in 1959 the role of rockglaciers as part of the sediment
cascade in high mountains and pointed out their role as weathering and climate indicators
and sediment traps. More recent studies have used rockglaciers to quantify backweathering
rates, sediment dynamics (Humlum, 2000), sediment budgets (Otto et al., 2009), and
sediment transfer rates (Gértner-Roer, 2012) over multiple time scales. Advances in remote
sensing techniques allow for the assessment and quantification of sediment generation and
landform connectedness and pose the opportunity to assess rockglaciers in relation to their

surrounding environment.
2.1.1 Contribution

In order to understand rockglacier evolution in relation to their systemic setting, this study
considers rockglaciers as constituent subsystems of the entire periglacial high mountain
system that are interpreted as closed systems concerning coarse debris (Barsch and Caine,
1984) in the sense of Chorley and Kennedy (1971). Figure 4b shows such an exemplary
system in the Turtmann valley in the Canton of Valais, Switzerland. In Publication II we
develop a theoretical and instrumental concept of an idealized periglacial mountain slope
comprised of three constituent subsystems (see Fig. 4a for the theoretical concept): The
headwall and intermediate storage subsystem, the talus slope subsystem and the rockglacier
subsystem. The subsystems are defined based on several characteristics: topographic
features, typical landform(s) and dominating mass wasting processes. We use a multi-
sensoral approach to assess backweathering rates, sediment and energy transfer rates as well
as subsystem connectedness in this periglacial system. The presented findings give insight
into the long-term geometric and kinematic evolution of the rockglacier in regards to

material input variations in combination with temperature variations (Part II, Publication II).
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Figure 4: Theoretical concept of sediment dynamics and processes controlling rockglacier rheology and surface
evolution. We assume that an increase in temperature and reduced ice input will lead to succeeding landform
subsidence and acceleration (time steps to, t;, t2) (a). The geomorphological setting of a periglacial system
including the subsystems Rockwall, Talus Slopes and Rockglacier in the Turtmann Valley, Valais,
Switzerland (b).
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2.2 Remote Sensing of high mountain permafrost systems

Due to its nature as a purely thermally defined phenomenon, permafrost is not directly
observable. However, indicators, processes or boundary conditions of permafrost and
permafrost-related surface dynamics can be detected remotely including for example
rockglaciers, active-layer detachments, thaw slumps, vegetation types and snow cover
distribution in alpine regions. A whole range of remote sensing instruments is well suited for
repeated and rapid observation in remote and inaccessible areas of high mountains (K&ib,
2008). Mostly mono- and multi-temporal DEMs derived from various remote sensing
systems are repeatedly used in high mountains to analyze land surface features and
processes (e.g. Gruen and Murai, 2002, Kneisel and Kééb, 2007, Tarolli and Dalla Fontana,
2009, Debella-Gilo and Ké&db, 2012), numerical and hydrological modeling (e.g. Storck et al.,
1998, Oppikofer et al., 2011,), topographic and radiometric correction of remote sensing
imagery (e.g. Goyal et al., 1998) and the assessment of multiple terrain and geophysical
parameters (e.g. Li et al., 2005, Maune, 2007).

Typically, two sensor systems are used to generate high-resolution DEMs in mountain areas:
stereophotogrammetrical sensors that acquire optical stereoscopic imagery (Lane, 2000) and
Light Detection and Ranging (LiDAR) systems, active opto-mechanical sensing systems that
generate three dimensional information based on the run time of a light signal between the
sensor and the surface (Vosselman and Maas, 2010). Laser scanning and photogrammetry are
traditionally mainly used on airplane-based systems but experience increased application on
unmanned aerial vehicles (UAV) and terrestrial surveying approaches. TLS and terrestrial
photogrammetry are established methods for assessing many kinds of natural processes in
the geosciences and have been repeatedly applied in high mountain permafrost contexts
(Oppikofer et al., 2008, Kenner et al., 2011, Schiirch et al., 2011, James and Robson, 2012).
Structure from motion (SfM) approaches and UAV-based photogrammetry have been
applied to derive DEMs for geomorphological applications (Fonstad et al., 2013, Kaiser et al.,
2014, Ouédraogo et al., 2014, Eltner et al., 2015, Haas et al., 2015, Micheletti et al., 2015a,
Nolan et al., 2015) but rarely in a permafrost or high mountain context. Nevertheless, these
approaches promise very fruitful products for high mountain permafrost applications
(Cloutier et al., 2015, Gauthier et al., 2015, Lato et al., 2015).

Besides these technical and instrumental advances, stereophotogrammetric products remain
the most cost-efficient method to acquire high-resolution elevation data with high accuracies
over large remote areas (Biihler et al., 2012). Many multi-temporal DEM applications use

several sensor systems of different age and with different technical setups (e.g. Kééb et al.,
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1997, Roer and Nyenhuis, 2007), but the sensors’ limited accuracy can distort the
quantification of changes in process rates and mass transport. Mono- and multi-temporal
application of DEMs such as the analyses of sediment transport, mass balances,
morphometry and geomorphodynamics require the consideration of accuracy of remotely-
sensed DEMs because their applicability and interpretability depend strongly on their
accuracy (Tarolli et al., 2009, Abermann et al., 2010, Pieczonka et al., 2011). Especially in
highly complex terrains such as mountainous regions, the methods of obtaining digital
elevation models face several challenges and inherit numerous uncertainties leading to

significant differences in the quality of the derived data (Fisher and Tate, 2006).
2.2.1 Accuracy assessment - Accuracy, Trueness and Precision

Accuracy is a term often used in remote sensing applications to describe the applicability and
restrictions of data, but the fact that accuracy is a qualitative expression of performance
characteristics is often neglected and a detailed assessment is often missing.

Menditto et al. (2007) stress the point that a common terminology to describe the quality of a
measurement/ dataset has been and still is difficult to establish due to the ambivalent use of
the term accuracy in different languages, research communities and applications.

In general, the term accuracy is used to describe the qualitative performance characteristics
of measurements which result from the influence of systematic and random errors. An error
is defined as the “result of a measurement minus a true value of the measurand” (BIPM, 2008,
p-36). An error in a digital elevation dataset, for example, would describe the three-
dimensional deviation of data points located in a coordinate system relative to their “true”
location in said system.

Errors are traditionally viewed as having a random and systematic component. Random
errors arise from unpredictable or stochastic temporal and spatial variations of influence
quantities which might stem from sensor irregularities, atmospheric influences or hardware
malfunctions. Systematic errors are described as the difference between the average of
several measurements on the same sample and its true value (bias) (Cooper, 1998, Wise,
2000, Menditto et al., 2007). Figure 5 shows exemplarily the occurrence of systematic errors
(a) and (b), spatially autocorrelated error (c) and random errors (d) by means of a digital

elevation model transect and its reference.
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Figure 5: Comparisons of a profile through a DEM and the occurrence of error. (A) The occurrence of error
with bias; (B) the occurrence of systematic error; (C) the occurrence of spatially autocorrelated error (the
normal situation); (D) the occurrence of random error (no spatial autocorrelation). In each instance the upper
diagram shows the ground surface as a thick line and the ground surface with the error as a thin line, and in
the lower diagram the error alone. Source: Fisher and Tate, 2006, p. 470.

In order to address the implications of random and systematic errors on datasets, the
International Organization for Standardization (ISO) uses the terms ‘trueness’ and “precision’
to describe the accuracy of a dataset (ISO 5725-1, 1998). Hereby, trueness is defined as the
closeness of agreement between the arithmetic mean of a number of measurements and the
reference value which quantifies the systematic error and can be addressed as a measure of
such and precision refers to the closeness of agreement between test results and therefore
describes the random error. Menditto et al. (2007) give the very plausible analogy that the
general term fruits includes both apples and oranges just as the general term accuracy
includes both trueness and precision.

When assessing accuracy it is therefore necessary to address and quantify trueness and
precision. Accuracy assessment of remotely sensed digital elevation data is usually
conducted by calculating the difference between the digital elevation data and some source
of control data of superior accuracy (most commonly ground control points (GCP) derived
by differential GPS). If the reference data is extensive enough it is possible to quantify the
systematic deviation of the test data and therefore quantify the trueness and correct the data
accordingly (Thapa and Bossler, 1992). Once the systematic error (trueness) is known and
corrected for, the term accuracy remains to describe the precision of the DEM which is the

common application of that term in the remote sensing community and used as such in this
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study. Menditto et al. (2007) advocate the use of ‘'measurement uncertainty” as a measure for
accuracy that has been corrected for bias and the statistical properties of the precision are
known but the scientific literature and user community is still struggling to adapt this
recommendation.

The accuracy of remote sensing data is mostly spatially heterogeneous and it is insufficient to
describe a whole digital elevation dataset with only one global statistical value such as the
mean error, the standard deviation of the error or the RMSE after bias correction (Fisher,
1998). This holds especially true for studies where multiple DEMs are used to quantify
process rates, landform changes, system dynamics, etc. Since these measures give no
information about the spatial distribution or correlations with topographic features such as
slope and/or roughness of the errors (Fisher 1998, Oksanen and Sarjakoski, 2006, Wechsler,
2007), they are of limited use when they are consulted to determine the applicability of a
DEM for a certain analysis (Hebeler and Purves, 2009b). Figure 5c shows a spatially
autocorrelated error, which means that the spatial distribution of the error is heterogeneous
but related to certain surface characteristics (slope, aspect, etc.) (Fisher and Tate, 2006).

In order to overcome the shortcomings of global accuracy measures it is possible to use
modeling to assess error properties, error distributions and spatial correlation (Kyriakidis et
al, 1999, Fisher, 1998, Shortridge and Goodchild, 1999, Hebeler And Purves, 2009a). Another
way is to adapt the accuracy assessment to the analysis approach at hand and consult
spatially extensive reference data that suffices a priori the requirements of the application
(Hohle and Hohle, 2009). Especially for the assessment of environmental processes that are
spatially diverse and act on longer time scales such as permafrost creep, different sensor
systems are often applied and combined for long-term analysis. In these cases the different
properties of the sensor systems and their products have to be considered in relation to their
application. An assessment of the performance and compatibility of different modern and
historical sensor systems and datasets is necessary in order to ensure that the observed

processes and/or landform dynamics are in accordance with the DEMs accuracy.
2.2.2 Contribution

We present a thorough accuracy assessment of the applied remote sensing products in
Part II, Publication I, in order to be able to assess the high mountain processes targeted
within this thesis sufficiently. Therefore, we evaluate the vertical accuracy of DEMs derived
from four different stereoscopic aerial camera systems (HRSC-A, RC30, ADS40 and ADS80)
in a high alpine environment. The RC30 is an analogue stereoscopic sensor system, whereas

the three other systems are stereoscopic digital pushbroom scanners of different generations
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and with different instrumentation, which have been used repeatedly in high mountain areas
but have not yet been checked systematically for their accuracies (Biihler et al., 2007,
Kellenberger and Nagy, 2008, Biihler et al., 2012, Kenner et al., 2014). The evaluation includes
the assessment of the trueness and precision of the DEMs and shows the advantages and
disadvantages of different types and generations of photogrammetric sensors.

The study area is located in the Turtmann valley, Valais, Switzerland, a glacially and
periglacially formed hanging valley stretching from 2400 m to 3300 m as.d. The
photogrammetrically-derived DEMs are evaluated against geodetic field measurements and
an airborne laser scan (ALS).

Several global and local accuracy measures are used to evaluate the performance of the
sensor systems. The measurement uncertainty is estimated by using elevation data of
superior quality acquired by an airborne laser scan and terrestrial geodetic measurements as
reference. Global quality measures describe the entire area of interest using only a few
parameters, but local assessment describes the quality of a DEM at a higher level of detail
and is incorporated into the DEM analysis (Papasaika and Baltsavias, 2010). We show to
which degree the tested DEMs can be used reliably in high mountain research and to which

detail topography and process rates can be quantified.

2.3 Permafrost dynamics, permafrost degradation and climate change

In principle, climate-induced environmental changes may lead to permafrost degradation
and aggradation processes. It is generally assumed that increasing air temperatures, as
currently observed for Switzerland with stronger trends than for the mean Northern
Hemisphere (e.g. Ceppi et al., 2012), may lead to increasing subsurface temperatures and
consequently to an enhanced frequency of thaw-induced instability phenomena, affecting
infrastructure and leading to rock fall and debris flow (Harris et al., 2001, Gruber and
Haeberli, 2007, Harris et al., 2009, Ravanel et al., 2010). On the other hand, glacier retreat may
lead to permafrost aggradation in regions where the current mean annual air temperature
still favors the development of frozen ground (Hoelzle and Haeberli, 1995, Kneisel and Kaab,
2007). Projections of long-term permafrost evolution are scarce and up to now generally
based on sensitivity studies with highly idealized model environments (Salzmann et al.,
2007, Noetzli and Gruber, 2009, Engelhardt et al., 2010, Etzelmiiller et al., 2011).

However, the latest IPCC report (2014) describes projected warming patterns and associated
regional-scale features such as changes in precipitation and extreme weather events
(especially an increased frequency of heat waves), which could lead to severe permafrost

degradation in the Swiss Alps.
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Statements about the state and evolution of permafrost landforms are mainly based on the
analysis of subsurface temperature time series. About 75% of the permafrost boreholes for
which temperature is reported in the global International Polar Year (IPY) indicate that the
thermal state of permafrost is warmer than -3 °C (Delisle, 2007, Smith et al., 2010). This holds
especially true for boreholes in alpine permafrost (Harris and Isaksen, 2008, Harris et al.,
2009, PERMOS, 2013). At temperatures close to the freezing point, phase-change processes
dominate the thermal state of permafrost. Heat flow mostly results in melting or freezing of
ice and has only negligible effects on temperature. Therefore, it is insufficient to rely on
temperature alone as the key variable when monitoring permafrost dynamics. Instead, the
temperature measurements need to be complemented with information about surface and
subsurface material characteristics, sediment and ice dynamics, water content and the energy
fluxes therein in order to gain insight into the long-term evolution and short-term dynamics
of permafrost systems.

A number of recent review papers have emphasized that an assessment of permafrost
degradation furthermore requires strong efforts in developing direct and indirect monitoring
approaches to observe changes in the composition of the surface and subsurface. Moreover,
also the impacts of (changes in) sediment supply, ice, liquid water and air within debris and
bedrock need to be analyzed (Haeberli et al., 2006, Kneisel et al., 2008, Riseborough et al.,
2008, Harris et al., 2009).

The Swiss Permafrost Monitoring network (PERMOS, Von der Miihll et al., 2008) is designed
to focus on several key parameters to monitor the state of high mountain permafrost
following a landform-based approach. It collects continuous data on three key observation
elements: ground temperatures, changes in ice content and permafrost creep velocities.
Besides the direct measurements in boreholes, the data on rockglacier movements
(kinematics) reveals information on subsurface conditions such as temperature dynamics, ice

content and unfrozen water fluxes and their respective changes (PERMOS, 2013).

22



Synopsis

10.0 —T—T—T—T—
_a) —— Grosses Gufer

——— Gemmi

Tsarmine

HuHH3

—— Réchy-Becs de B.

Horizontal surface velocity [m/a]

Yettes Condja-B
Lapires

g Aget

— Yettes Condja-C

400
300

200

100 4
80

100% = 2007/08

= Mean (n)
50{n=(@3) @ () 6 7 @) M) (® (® © f

Relative annual horizontal
surface velocity [%]

10)
Réchy

1 Yettes
Condja

MAGST [°C]
) o

2002
2003
2004
2005
2006
2007
2008
2009
2010

o -
8 8
Year & &

Figure 6:Annual horizontal surface velocities (reference values) of nine sites in Valais between 2000 and 2008
derived from terrestrial surveys: a) absolute horizontal velocities (m/a) and b) relative annual horizontal
velocities (%) are linked to c¢) mean annual ground surface temperature (MAGST) (PERMOS, 2013, p. 34).

Changes in temperature and subsurface conditions are influencing the movement and
geometry of permafrost landforms (see Fig. 6, K&db et al., 2007a, Ikeda et al., 2008, Delaloye

et al., 2010) and may induce geomorphological process changes, instabilities and hazards
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(Ké&ab et al., 2005b, Roer et al., 2008). Signs of permafrost degradation such as acceleration,
subsidence features and structural disintegration (forming of crevasses) have been observed
at several rockglacier landforms in the Swiss Alps (K&&b et al., 2007b, Roer et al., 2008,
Delaloye et al., 2011, Lambiel, 2011, PERMOS, 2013, Springman et al., 2013, Kenner et al,,
2014, Bodin et al., 2015, Voelksch, 2016, Wirz et al., 2015, Wirz et al., 2016). These studies
show that various factors can lead to signs of degradation and that a common thermal
triggering is not sufficient to explain the magnitude of the observed rheological and
geometrical changes. The rockglacier dynamics are most likely linked to the complex
coupling of local topography, thermal state of permafrost (climate-induced response) and/or
to variations in the sedimentation regime affecting long-term landform evolution. We expect
changes related to meteorological forcing to occur on short time scales. Long-term evolution
and degradation of rockglaciers, however, are most likely influenced by the supply and
integration of sediment and ice in combination with climate dynamics. Frauenfelder (2004)
has shown that the availability of rock debris is a very important parameter controlling the
occurrence and evolution of rockglaciers during millennia and should be combined with

spatio-temporally varying creep characteristics of rockglaciers.
2.3.1 Contribution

The availability of numerous remote sensing techniques to acquire data on permafrost creep
(see Haeberli et al., 2006 and Kidb, 2008 for an extensive summary), high mountain
geomorphometry (Bishop et al., 2003) and high mountain sediment dynamics (Géartner-Roer,
2012, Heckmann and Schwanghart, 2013) allows for establishing a holistic assessment
strategy and process coupling for rockglacier systems and their dynamics. The approach
presented in Sect. 2.1.1 incorporates the quantification of sediment supply rates, ice volume
estimations and rockglacier rheology in order to establish an improved understanding of
rockglacier evolution (Gartner-Roer and Nyenhuis, 2010).

Therefore, we introduce a holistic analysis concept to assess long-term rockglacier evolution
and the impacts of variations in temperature, sediment supply and ice supply. We apply a
modeling approach, which assesses two rockglaciers in the Swiss Alps with different
topographical and rheological characteristics concerning their position in a typical coarse
debris process chain in Sect. 3.3. A numerical flow model based on the conservation of mass
within the debris process chain is used to calculate the evolution of rockglacier landform
geometries and to generate observed rockglacier geometries and rheologies.

Variations in rockglacier geometry and velocity have been mainly attributed to changes in
mean annual air temperature but are also controlled by more complex factors such as ground
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temperature, slope, thickness of the deforming layer, marginal friction, density, debris/ice
ratio, thermal subsurface conditions, water content, etc. (Frauenfelder et al., 2003, Roer et
al., 2005). In the past, models have been applied to assess the influence of varying mean
annual air temperature on rockglacier surface velocities (Kééb et al., 2007b, Springman et al,
2012). Building on that, we introduce variations in the controlling factors temperature as well
as the supply of sediment and ice in order to observe kinematic and topographical
adaptations of the rockglaciers.

The modeling helps to understand the driving forces of morphological changes and shows
the influence of sediment supply and temperature variations on the morphological and
rheological evolution of rockglaciers. We present topographic and kinematic features of the
rockglaciers, which are believed to be signs of degradation and apply the model to explain
the occurrence of these processes. The use of an adapted Glen-like numerical flow model for
rockglaciers has been demonstrated in Olyphant (1983), Wagner (1992), Frauenfelder et al.
(2008), Leysinger Vieli and Gudmundsson (2004) but such a dynamic flow model has so far
not been used to assess input-dependent long-term evolution of rockglacier topography and

degradation.
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3 Using multi-sensoral remote sensing data to assess high mountain

periglacial systems and model rockglacier evolution

In this section, the results with regard to the research objectives are presented. The presented
work consists of three successive work packages. The initial step was to generate high-
resolution DEMs from different airborne remote sensing systems and to check their
applicability in topographically complex periglacial environments (Sect. 3.1). The findings of
this study were included in the succeeding analysis. The multi-temporal DEMs were
combined with datasets derived from terrestrial geodetic surveys (TS) and laser scans (TLS)
and emplyed to assess the coarse sediment dynamics of high mountain periglacial systems
(Sect. 3.2). This, in turn, served as basis for the geomorphometrical assessment and
identification of degradation features implemented in the rockglacier evolution modeling

(Sect. 3.3).

3.1 Accuracy assessment of photogrammetrically-derived airborne digital

elevation models in a high mountain environment

The cornerstones of this research project’s analytical part are multi-temporal DEMs derived
from several remote sensing techniques. The generated DEMs are used to analyze relevant
landform structures (monotemporal) and geomorphological processes (multi-temporal).
High-resolution DEMs were generated by the High Resolution Stereo Camera - Airborne
(HRSC-A) in 2001, the Leica Airborne Digital Sensors 40/80 (ADS40 in 2010 and ADS80 in
2012) and the analogue camera system RC30 from the year 2005. In order to apply the DEMs
subsequently to assess and quantify landform structures and processes, it is necessary to
know their accuracies. We conducted a thorough inaccuracy assessment in the Turtmann
valley, Valais, Switzerland, a glacially and periglacially formed hanging valley stretching
from 2400 m to 3300 m a.s.l, which also serves as the test in site in Publication III (see
PartII). The photogrammetrically-derived DEMs were evaluated against geodetic field
measurements and an airborne laser scan (ALS).

The commonly used accuracy assessment regarding height information calculates uses Ah;
between measured and reference data as accuracy measure. We used the terrestrial geodetic
measurements and the ALS in two different approaches as reference data to which the
photogrammetric digital elevation information is compared. Kraus et al. (2006), Mills et al.
(2006) and Joerg et al. (2012) show that ALS data is of very high accuracy also in complex
terrain, and can therefore be used to assess the accuracy of a photogrammetrically-derived

DEM in two ways: The spatially extensive ALS dataset can be used to conduct thorough
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statistical analyses of the Al; values and the according spatial variation of the accuracy can
also be assessed.

The comparison of the photogrammetrically-derived DEMs from airborne surveys and the
ALS with the geodetic reference data shows that the terrestrial geodetic measurements can
not only be used to assess the accuracy of the photogrammetric data but also to check the
performance of the ALS, before this data is used as a reference for further spatial and

statistical analysis (Table 2).

Table 2: Accuracy assessment of the DEMs of the Turtmann valley by means of geodetic reference data (42-84
ground control points) (Absolute Mean Error (AME), Root Mean Square Error (RMSE) and Standard
Deviation (SD)).

System AME [m]  RMSE [m] SD [m]

ALS 0.41 0.52 0.52
HRSC-A 0.87 0.96 0.97
RC30 0.61 0.72 0.71
ADS40 0.59 0.75 0.53
ADS80 0.46 0.6 0.55

The assessment is in agreement with the findings of Kraus et al. (2004) that the accuracy of
ALS data is higher than the accuracy of airborne photogrammetric data. Therefore, it is
reasonable to use the ALS as reference data to conduct the spatial analysis of the accuracy of
the DEMs.

Using the ALS as reference data for the accuracy assessment allows not only the
establishment of global quality parameters but also a locally discrete analysis.
Approximately 5.1 million data points have been analyzed and show similar accuracies for
the digital pushbroom scanners (HRSC-A, ADS40 and ADSS80), and the lowest accuracy for
the analogue RC30 System (see Table 3 and 4).

Table 3: “Traditional” accuracy measures of the ALS assessment (Absolute Mean Error (AME), Root Mean
Square Error (RMSE) and Standard Deviation (SD)).

System AME [m] RMSE [m] SD [m]

HRSC-A 0.72 1 1
RC30 0.85 1.30 1.28
ADS40 0.69 1.05 1.05
ADS80 0.63 1.04 0.97

Following the approach of Hohle and Hohle (2009), the error dataset is tested for normal
distribution by comparing the observed and theoretical normal distribution of height
differences before any other processing is applied. Héhle and Hohle (2009) introduce robust
statistical methods (i.e. methods that are less influenced by outliers) to assess the accuracy of
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DEM:s. If the data reveal non-Gaussian distribution the authors propose the following robust
measures to describe the properties of the dataset: median, normalized median absolute
deviation and 68.3% and 95% quantile of the error distribution. Due to a non-Gaussian
distribution of errors for all datasets, robust global accuracy measures are used to describe

the vertical quality of the DEMs (see Table 4).

Table 4: Robust accuracy measures of the accuracy assessment using ALS data as reference (as proposed by
Hohle and Héhle (2009)) (Median (MED), Normalized Median Absolute Deviation (NMAD) and 68.3% and
95% Quantile (Quan683) and (Quan95)).

System MED [m] NMAD [m] Quan683 [m] Quan95 [m]

HRSC-A -0.07 0.85 0.82 1.91

RC30 0.3 0.84 0.87 1.91
ADS40 0.01 0.65 0.72 2.1
ADS80 0.01 0.62 0.66 1.92

Detailed local analysis identified slope as the main factor that determines the accuracy of the
digital elevation information in all datasets. Except for the HRSC-derived DEM, all DEMs
perform similarly in steep areas, and they are all able to produce accuracies better than 1 m

up to a slope of 25° inclination (see Fig. 7).
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Figure 7: RMSE of the DEMs depending on slope. The grey bars show the frequency of sample points at any
given slope (y-axis on the right). The values on the x-axis are in degree (°).
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In general, we conclude that the modern digital pushbroom scanners can produce high-
resolution DEMs in alpine environments with a very high accuracy. DEMs generated from
analogue and older digital pushbroom systems have to be applied carefully, especially in
steep terrain. We show that the selected sensor systems of multiple generations display only
a few differences in their accuracy in complex steep terrain and can therefore be used for

multi-temporal assessment.

3.2 Geomorphic work and sediment transfer in periglacial systems

This section summarizes the analysis approach and main results regarding sediment
dynamics and sediment transfer in periglacial high mountain slopes.

In this contribution (see Part II, Publication II) we present a cascading, systemic model
adapted from Caine (1976) (as presented in Fig. 4a) in order to describe and quantify
sediment transfer rates and to derive energy fluxes in a high mountain periglacial system.
Periglacial slopes are characterized by rockglaciers, ice-cored moraines and/or solifluction
lobes and are often closely connected to glacial and gravitational landforms. All of these
landforms are considered as significant observable indicators for changes within these
systems.

Geomorphic work and sediment transfer rates are among the main components in
characterizing and comparing the potential energy of geomorphological systems (Reid and
Dunne, 1996, Beylich and Warburton, 2007, Micheletti et al., 2015b) and hold the opportunity
to detect and quantify changes within these systems over time. The term geomorphic work has
been introduced by Caine (1976) in order to find a universal definition for erosion and
transport within geomorphological systems. In this context, the term work is referred to in its
original physical sense as a measure of released potential energy to overcome friction and

induce acceleration. Geomorphic work GIW is defined as potential energy:
W =mgAh )]

where m is the mass of the mobilized material, g the gravitational acceleration and Ah the
vertical distance traveled by the material (Caine, 1976).

Based on a sediment budget approach, geomorphic work and sediment transfer rates are
often assessed for entire mountain ranges (e.g. Church and Slaymaker, 1989) or single
gravitational processes (e.g. Krautblatter et al., 2012). Up to now, deficits have existed in the
knowledge of temporal and spatial coupling of nested geomorphological processes and

complex interactions of different sediment storages (Dietrich and Dunne, 1978, Caine and
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Swanson, 1989, Schrott et al., 2003).

We address these shortcomings by applying a combination of terrestrial and airborne remote
sensing products derived from digital photogrammetry, TS and TLS in order to quantify
sediment transfer, energy fluxes and backweathering rates in a cascading coarse debris
system on a yearly scale.

The approach, using TLS and photogrammetrically-derived DEM differencing and feature
tracking, allows for the quantification of vertical changes and thereof derivable quantities
(such as changes in volume and energy) over time. These changes result mainly from mass
movements (which holds true for the headwall) and other vertical changes due to melt of
subsurface ice or from mass transport by other processes such as permafrost creep.
Additional information on the kinematic behavior and/or subsurface information of the
talus slope would show if alternative processes are involved but since no such information is
available for this area, this study relies on the interpretation of the DEM differences and field

observations.

Table 5: Detailed analysis of geomorphic work (GW) in the different subsystems and the entire catchment
(total) of the two rockglacier systems Murtel and Marmugnun. GW is given in Giga Joule [G]].

Rockwall Talus Slope Rockglacier
GW released effective GW GW released effective GW GW released
[G)] [G)] [G)] [G)] [G)]
Murtel 14.58 2.30 3.27 0.64 0.81
Marmugnun 86.30 27.58 13.21 3.34 0.62
Total 100.88 29.88 16.48 3.99 1.44

Table 5 shows the geomorphic work generated within two rockglacier systems (Murtel and
Marmugnun) in one exemplary year. The geomorphic work released (GW released) refers to
the entire energy generated due to vertical mass movement over the entire feeding
areas/subsystems, whereas the effective geomorphic work accounts for the energy, which is
transferred to the next subsystem. The rockglacier, as the last compartment of the sediment
cascade, only releases energy.

The effective volume of sediment determined by this approach in the rockwall accounts for a
backweathering rate of 2 mm per year, which is consistent with values presented in Glade
(2005) and Krautblatter et al. (2012). The entire system from headwall to rockglacier
mobilizes 1.95 x 106 m® material which generate 118.8 GJ of geomorphic work.

However, only 35.3 GJ (658.9 md) are effectively transferred between the subsystems and the

rest is retained in intermediate storages. The highest amount of energy (100.88 GJ, 29.88 GJ
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effectively) is released within the headwall, whereas the rockglaciers are mobilizing the
highest amount of sediment (1.93x10¢ m3) but contribute only 1.44 GJ of geomorphic work.
This pattern highlights that a rockglacier can be considered a long-lasting sediment sink. It
stores sediment, but it is often not connected to streams or other sediment paths
downstream. Thus, rockglaciers are probably one of the best and long-lived sediment stores
during interglacials.

The values presented here are significantly higher than in comparable studies (Beylich, 2000
Krautblatter et al.,, 2012), which is due to the spatially discrete data of the observation
methods and the vertical dimension of the headwall. The spatially discrete data also allows
locating active and inactive areas. The highest parts of the rockwall have been identified as
most active which explains the high amounts of energy released by the headwall. Most of the
material is mobilized within the rockglaciers, mainly by the Murtel rockglacier, which by
itself holds a volume of 1.4 x 106 m3. Due to their rather slow movement and low inclination
the rockglaciers only contribute 1.4 GJ of geomorphic work to the entire system. Because of
an existing borehole, the volume of Murtel rockglacier is accurately known and therefore the
geomorphic work precisely calculable. In the case of Marmugnun, no borehole exists, and the
applied method to evaluate the thickness is not as precise. However, even if the volume of
Marmugnun was underestimated by 50%, the rockglaciers would only contribute 2.06 GJ of
geomorphic work to the system.

We show that a combination of observation methods is necessary to analyze each subsystem
due to their specific topographies and processes. TLS is the method of choice to assess steep
rockwalls and talus slopes, whereas a combination of terrestrial surveying and airborne
photogrammetry has proven to show good results for rockglacier analysis (PERMOS, 2010).
We quantify and locate not only the volume of material and energy mobilized within each
subsystem but also the amount of material and energy which is kept and/ or relocated within
a subsystem. The discrepancy between mobilized and retained mass and energy lets us
estimate the transfer between the subsystems but also the energy generated within the entire
system. The introduced approach permits the spatial discrete analysis of mobilized and
accumulated sediment volume which allows investigating the dynamics within the system,
differentiating between active and inactive areas and tracking changes of process domains

over time.
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3.3 Rockglacier evolution

This section summarizesizes the main results of the rockglacier evolution modeling. Utilizing
the results from Miiller et al., 2014a (see Part, II Publication I) and Miiller et al., 2014b (see
Part II, Publication II) the rockglacier landforms are analyzed in a holistic setting, including
their spatial and temporal long-term evolution.

Active rockglaciers are part of periglacial high mountain systems as presented in Sect. 2.1
and 2.3. The topographical evolution of the rockglacier landform is therefore relying on the
production, transportation and deposition of coarse debris in the system and the generation
and integration of subsurface ice. Rockglaciers are considered dynamic landforms influenced
by the warming and melting of ice and changes in sediment input. A numerical flow model
based on the conservation of mass within the debris process chain is used to calculate the

evolution of rockglacier surfaces.

For this study the rheology of the rockglacier is reduced to a body of frozen sediment that
deforms and creeps like a non-linear viscous material under the influence of gravity as
proposed already in 1959 by Wahrhaftig and Cox (1959) and elaborated upon in Olyphant
(1983) and Frauenfelder et al. (2008). This rheology can be described by a Glen-type flow law
(Glen, 1955) as typically used for glacier ice (Cuffey and Paterson, 2010), relating the strain

rate € non-linearly to the stress 7:
ExATh )

where n is a flow-law exponent that typically ranges between 2 and 3 for frozen material
(Cuffey and Paterson, 2010) and A is the rate factor describing the temperature-dependent
softness of the rockglacier material.

We further reduce the problem to the case of an infinite sheet of uniform thickness that
creeps down an inclined plane (also known as the shallow ice approximation in glaciology,
Cuffey und Paterson 2010) and thereby neglect longitudinal stress gradients. Such
constitutive approximations have been applied and discussed in other studies on rockglacier
creep (Whalley und Martin, 1992, Whalley und Azizi, 1994, Barsch 1996, Azizi und Whalley,
1996, Kééb et al., 2007) and their applicability further supported by results from borehole
measurements and shear experiments in the laboratory on real rockglacier material
(including Murtel rockglacier; Arenson et al.,, 2002, Kddb and Weber, 2004, Arenson and
Springman, 2005, Frehner et al., 2015).
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Surface flow speeds are given by integrating rockglacier thickness , local surface slope z—; ,

which translates into shear stress T and strain rate €:

n
u= % . (p g Z—;) hnt1 (see Sect. 9 for a comprehensive derivation) (3)

Where p is the density of the rockglacier material and g the gravitational acceleration. The
modeled creep rates are calibrated with the observed surface velocities and observed
geometries (see Sect. 3.2).

The evolution of rockglacier thickness h and therefore the landform surface is calculated
from the principle of mass conservation which takes the following form for the

1-dimensional representation along the center flowline (Oerlemans, 2001):

on _

1 O0uhw
at ar w ' ox (4)

where t is the time, a, is the rate of rockglacier material accumulation or removal at the
surface (>0 for accumulation; in m a?), w is the rockglacier width and # is the vertically

averaged horizontal flow speed.

The evolution of the rockglacier thickness and surface is calculated numerically on a regular
grid of 10 m intervals along the center flowline. Using a standard implicit finite-difference
scheme (Oerlemans, 2001), the surface evolution equation 4 is solved at each time step and
for all grid points from the depth averaged ice flux § = i - h - w and the material input a, at

the rockglacier surface.

It is assumed that the sediment and ice input from the rockwall builds up a rockglacier,
which develops under a given constant climatic and geomorphic setting. Variations in
temperature and sediment/ice input induce kinematic and geometric responses of the
modeled rockglaciers, which can be compared to field observations of recent years.

The creep model was used to generate observed rockglacier geometries and rheologies of
two selected rockglaciers (Murtel rockglacier in the Engadine and Hungerlihorli rockglacier
(Huhh1) in the Valais) with different geometric, kinematic and topographic properties (see
Table 6). The modeled rockglaciers were subjected to step-change variations in driving forces

such as temperature and the supply of sediment and ice.
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Table 6: Comparison of observations of two rockglaciers and the model results.

Slope Age Length  Thickness Creep Vel. Subsidence
[] [a] [m] [m] [ma™ [ma”]
s Observations 12 6000 280 30 0.06-0.13 0.05
Murtel
Model 12 6000 300 28 0.06-0.09 0.005-0.035
Observations 27 600 310 12 0.75-1.55 0.16
Huhhl
Model 27 600 240 16 0.63-0.79 0.02-0.13

The approach to assess rockglacier evolution in a holistic, systemic way including the
dynamics and properties of relevant subsystems (headwall, deposition area and rockglacier)
has proven to be well suited to reconstruct different rockglacier geometries, rheologies and
their dynamics (K&édb, 2007, Frauenfelder et al, 2008). Crucial to this systemic approach are
the geomorphic mapping of the different subsystems, the quantification of the sediment
input rates, the ice to sediment ratio and the application of the horizontal velocities. Due to
its design, the model is not capable of reproducing the exact evolution and small-scale
kinematic and/or geometric properties of the two chosen real-world rock glaciers in relation
to their geomorphological stetting, but is rather suitable to simulate the basic behavior of a
rockglacier body evolution over time.

Despite its simplifications, the model is able to generate observed rockglacier surface, length
and flow speed along the center flowline of exemplified rockglaciers on a given sediment/ice
input and rockglacier rheology. It is also capable of reproducing the basic behavior of a
creeping rockglacier body under environmental steady-state conditions and of simulating

the impacts of step-like variations in the driving forces (see Table 6 for the model results).
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Figures 8 and 9 show exemplarily the detailed results for the Murtel and Huhh1 rockglaciers
for one representative perturbation experiment. Using a reference rockglacier temperature of
-1.5°C, an increase in temperature of 1 C (corresponding to an increase of rate factor A by

factor 1.7, see Eq. 3) and a decrease of material input to 40% of the original value is applied.
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Figure 8: Modeled evolution of absolute thickness (a) and horizontal velocities (b) of the Murtel rockglacier
introducing a 1 °C temperature increase (1.7 flow-rate factor) and a reduction in material input to 40% after the
rockglacier build-up (6000a, black line). The lines are plotted at 100a time steps.
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Figure 9: Modeled evolution of absolute thickness (a) and horizontal velocities (b) of the Huhh1 rockglacier
introducing a 1°C temperature increase (1.7 flow-rate factor) and a reduction in material input to 40% after
rockglacier build-up (600a, black line). The lines are plotted in 10a time steps.

Figures 8 and 9 illustrate the evolution of surface geometry and horizontal velocities along
the central flow line of Murtel and Huhh1 rockglacier, respectively. This experiment shows a
substantial increase in horizontal velocities (Fig. 8b and 9b) and an upstream thinning of the
“initial” landform in the subsequent years (Fig. 8a and 9a) and. The maximum thinning rates
occur within the first few decades of the experiment and amount to 1.6 cm a! for Murtel and
6 cm a! for Huhhl. A new stable geometry with advancing front is successively approached,
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again within roughly 1000 a and 100 a for Murtel and Huhhl, respectively. The final
thickness and velocities of the main rockglacier body remain, however, very close to the

initial values.

Climatic changes, especially warming, are expected to influence rockglacier dynamics in a
profound way. The dynamic rockglacier modeling approach allows not only for analyzing
the impact of a direct warming by adjusting the flow rate of the rockglacier but also
including the influence of changes in sediment and ice input. Variations in the driving forces
temperature and supply of sediment and ice give insight into the rheological and geometrical

responses of the landforms, which show that

e Short-term changes in velocities are introduced by temperature variations whereas
long-term geometrical adaptations are mainly influenced by sediment/ice supply.

e Geometrical changes can be modeled, quantified and spatially addressed leading to a
better understanding of the long-term evolution of rockglaciers.

e The combinations of thermal and sediment variations reproduce the variations in
rockglacier velocities observed from field data.

¢ Rockglaciers remain active although the thermal and sediment input conditions are
not favorable for their sustenance.

¢ Adjusted rockglacier rheologies (Arenson and Springman, 2005) close to 0 °C show

much stronger reactions to thermal forcing than colder ones.

Comparing the model scenarios for localized geometrical adaptations (subsidence) with
observed phenomena shows that these controlling factors are not sufficient to explain the

magnitude of this process (see Table 5).

This implies that other processes than increased creep velocities and decreased sediment/ice
supply are responsible for this subsidence and need further investigations. The discrepancy
between the modeled and observed subsidence hints to an increased melt of subsurface ice,
which can be interpreted as a sign for the degradation of the two presented rockglaciers.
Degrading rockglaciers are expected to experience an increase in hazardous potential due to
their instability and non-linear behavior (Arenson, 2002, K&4b et al., 2005a, Springman et al.,
2013). The modeling approach presented here might serve as a tool to determine the state of

alpine rockglaciers and their potential state of degradation.
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4 Discussion

In the following, the scientific findings of this thesis will be discussed in the context of the
formulated research questions (Sect. 1.3.2) and how the complementary papers improve the

understanding of high mountain permafrost systems.

4.1 Analyzing remote high mountain systems from the air - possibilities

and restrictions

Remote sensing is particularly well-suited for repeated and rapid observation in remote and
inaccessible areas of high mountain environments. Mono- and multi-temporal DEMs derived
from various remote sensing systems are repeatedly used to analyze land surface features
and processes (e.g. Kddb et al., 1997, Gruen, 2002, Tarolli et al., 2009, Debella-Gilo and Kiab,
2012). Despite their common usage, their accuracies are only rarely considered. Lane stated
already in 1998 that “many users accept DEMs uncritically” (Lane, 1998, p. 8) despite the fact
that the applicability of digital elevation models depends on their accuracy in respect to their
analytical purpose. Especially when using multi-temporal data the accuracy of the particular
elevation product must be known to quantify changes within the separate time steps.

We were able to show that different methodologies have been applied to assess the accuracy
of DEMs depending on their application. The comprehensive datasets enabled us to quantify
and correct systematic errors addressing the trueness of the data but also to elaborate on the
precision of the data. A comprehensive literature review showed that only two out of eight
scientific papers were comparable to the methods and results presented in our assessment.
Studies that tested the same sensor systems in less complex terrain or relied on less
comprehensive reference data showed in general better results for the systems’ accuracy.
This shows that it is absolutely necessary to not only consider the general accuracy of
photogrammetrically-derived DEMs but to also check if the accuracy measures are
applicable to the research area and analysis concept in question. Interestingly, studies which
were conducted by the developer/manufacturers themselves showed much higher
accuracies than we were able to reproduce.

The availability of multi-sensoral reference data allowed a detailed spatial analysis of the
DEM accuracy and we were able to characterize the error distributions and identify slope as
the main factor that determines the accuracy of the digital elevation information in all
datasets. We found that the four sensor systems produce DEMs with similar accuracy
despite their different setups and generations and are therefore suitable for further

application. Spatial accuracy assessments of DEMs are always limited by the quality of
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reference data. An accuracy assessment which is carried out by means of reference data is
regarded as defining the exterior quality (Kraus et al., 2004). Maune (2007) states that the
accuracy of the reference data should be at least three times more accurate than the evaluated
digital elevation data. We used two unrelated datasets as reference data (geodetic survey
data and ALS data) which are of different quality. The terrestrial survey data is by far the
most accurate data with accuracies of 1-2 cm. Nevertheless, the low population of the ground
control points from terrestrial surveying does not allow statistically reliable conclusions
about the entire dataset and their distribution is biased as they are not randomly located
within the entire research area but are clustered on rockglaciers which depict certain surface
characteristics. Although the ALS data has been repeatedly used for accuracy assessments
(Mills et al., 2006) and is spatially extensive, it does not fulfill the requirements of Maune
(2007). The quality of the ALS is also heterogeneous within the complex topography of the
test site where steep slopes present the greatest difficulties. Therefore the absolute
quantification of the photogrammetric data accuracy has to be interpreted with respect to the
quality of the reference data.

The findings we present are especially valuable for permafrost research in high mountains
because process rates that are observable by airborne remote sensing are comparably slow in
permafrost environments (e.g. rockglacier creep, solifluction, thaw-induced ground
subsidence, etc.), thus either high accuracies or long time spans are needed in order to
quantify and assess such surface dynamics. Most statements about the state and evolution of
high mountain permafrost landforms are mainly based on the analysis of time series that
extend as long as methodically reasonable into the past (Kéab, 2008). Especially for remote
sensing applications in these environments, it is absolutely necessary to consider the

interpretative restrictions due to the accuracy of the derived products.

4.2 Quantifying sediment and energy transfer in periglacial high mountain

systems

High mountain environments deserve special scientific attention, since environmental
changes may occur on shorter time scales and with lasting consequences, thus reflecting the
sensitivity of complex high energy environmental systems (Barsch and Caine, 1984).
Especially in near-isothermal periglacial high mountain environments (such as the European
Alps), it is expected that changes in the thermal regime will influence geomorphological
processes such as weathering rates, mass wasting processes and landform dynamics (Diaz,

2003, Kaab, 2007b, IPCC, 2013). Periglacial landforms are considered significant indicators
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for changes within the system. In order to assess the connectedness and dynamics in such a
system, we developed a conceptual, cascading sediment and energy transfer model.
Geomorphic work can serve as a uniform measure of system dynamics in order to quantify
and characterize ongoing processes based on the energy released and stored by sediment
transport in the entire mountain slope. The concept of geomorphic work is applicable in
geosystems with a high level of intermediate storage and internal sediment transport
(Krautblatter et al., 2012) such as periglacial mountain slopes. It can be used as a measure of
geomorphic activity and compared between different systems or different time steps.

Crucial to this approach is the quantification of headwall backweathering and the according
sediment generation. We identified TLS as the best suited method to derive this information
but the analysis was restricted to only two years of data. This methodology allowed us to not
only assess the sediment transfer from the rockwall to the talus slope but also the sediment
dynamics within the rockwall. Most alpine rockwalls consist not only of 90 degree vertical
cliffs but also of many steep scree slopes which serve as temporary sediment storages (Sass,
2005) and are underrepresented in our transfer model. Krautblatter et al. (2012) stated that
rockfall sediment yield is dominated by high-magnitude rock avalanches (62% of total
sediment input) and low magnitude rockfall (18%) whereas cliff-, boulder- and block falls
account for the remaining 20% (cliff falls 10%, Boulder falls 6% and block falls 4%). Rock
avalanches are high magnitude and low frequency events and very unlikely to be
systematically analyzed in a single slope within two years (Clarke and Burbank, 2010).
Therefore our assessment holds only true for the assumption that sediment regimes are
dominated by mid- to small-scale events. Geomorphic mapping and field observations have
shown that the Murtel cirque is prone to constant rockfall activity of medium to small
magnitudes (10-10* m3) which could be quantified during two years of TLS.

Geomorphic work in mountain systems has been thoroughly assessed in Krautblatter et al.
(2012) and the study gives also a good overview of the geomorphic work literature. The
values presented in paper II are significantly higher than the results presented in preceding
studies but there are only few comparable datasets available. Most of the studies concerned
with geomorphic work focus on single processes such as solution (Groves and Meiman,
2005), debris flows (Lewkowicz and Hartshorn, 1998) and selected mass movements
(Beylich, 2000).

In order to establish a systemic assessment of energy transfer in periglacial environments, we
present a spatially differentiated analysis of the geomorphic work in a mountain slope. The
available dataset covers only one year of system dynamics but prominent landforms in

periglacial systems such as rockglaciers evolve over millennia. Therefore, in order to make
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full use of the analysis potential of this dataset, it is necessary to conduct similar studies in
other periglacial systems and/or repeatedly assess the Murtel slope over time. We expect
changes related to climatic forcing to occur on short time-scales; thus influencing the related
processes. Possible implications of climate change are increased weathering rates and
therefore increased sediment production (Gruber and Haeberli, 2007) which will have an
impact on all succeeding process domains and the geomorphic work generated. Higher
temperatures will also influence ice aggregation and segregation, ice properties and therefore
permafrost creep, thus changing process rates in permafrost landforms. The findings we
present serve as an energy-based approach that helps to assess the dynamic changes in such
periglacial environments in the future and provides a baseline for upcoming studies. The
conceptual approach of cascading process domains and resulting landforms quantifies
process rates and their connectedness through the exchanged material and energy. Their
changes can be analyzed by using energy fluxes and geomorphic work as indicators for their

process-related evolution.

4.3 From kinematics to dynamics - Modeling rockglacier dynamics and

degradation

Active rockglaciers and the corresponding cascading sediment transport systems are part of
periglacial high mountain systems. The topographical evolution of the rockglacier landform
is therefore relying on the production, transportation and deposition of coarse debris in the
system and the generation and integration of subsurface ice. Rockglaciers are considered as
dynamic landforms influenced by the existence and thermal state of ice and changes in
sediment input. The variations in environmental factors translate into observable changes in
geometry and kinematics which are interpreted as signs for degradation and/or
destabilization of these permafrost landforms (Roer et al., 2008, Springman et al., 2013). Most
rockglacier monitoring strategies focus on the kinematics [Greek: kinema = movement] of
these landforms which are defined as the quantification of movement (velocity, acceleration)
without considering the forcing factors (Roer, 2005). Dynamics, however, involve physical
forces and their interactions as well as the resulting changes in physical systems and pose the

upcoming challenges in rockglacier research.

Many studies have taken a kinematic approach to rockglacier assessment where rockglacier
velocity and acceleration were measured and qualitatively compared to air or ground
temperatures (Roer et al., 2005, Delaloye et al., 2010, Scapozza et al., 2014). Only few other

studies have tried to establish an empirical or physical process-based concept of rockglacier
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dynamics which involved shear stresses, sediment supply and/or properties of the ice/rock
mélange that characterize rockglaciers in relation to variations in controlling factors such as
temperature and sediment dynamics (Kaab et al., 2007b; Springman et al., 2012).

Based on the results of Publication I and Publication II, it was possible to analyze the
rockglacier landforms comprehensively, including sediment dynamics, their spatial and
temporal development and kinematic information in order to develop a dynamic model of
rockglacier evolution.

Time series of rockglacier kinematics in the European Alps indicate an acceleration over the
last decades related to an increase in ground temperatures (Delaloye et al., 2010, PERMOS,
2013, Bodin et al, 2015). Multi-temporal geomorphometric analyses have shown
degradational processes such as subsidence features and structural disintegration of alpine
rockglaciers (Kddb et al., 2007b, Roer et al., 2008, Bodin et al., 2010, Springman et al., 2013).
These observations can be addressed by the model helping to understand the driving forces
of these kinematic and geometric changes, showing what influence sediment supply and
temperature variations have on the morphological and rheological evolution of rockglaciers.
Different experiments with our model show that temperature and sediment/ice dynamics
play an important role in rockglacier acceleration, whereas observed subsidence features
cannot be sufficiently explained.

Besides temperature and material input, variations in rockglacier geometry and velocity are
also controlled by more complex factors such as shear zone characteristics, slope and
thickness of the deforming layer, marginal friction, density, debris/ice ratio, thermal
subsurface conditions, water content, etc. (Frauenfelder et al., 2003, K&&b et al., 2007b, Roer et
al., 2005). Due to the fact, that the role of most of these additional factors is still not clear,
they can hardly be incorporated in a numerical model approach. Still further research needs
to address these points in order to establish a process-based understanding of these

parameters and develop a more comprehensive understanding of rockglacier dynamics.

However, the rockglacier evolution model helps to understand some of the forces that drive
morphological changes of rockglaciers and shows the influence of sediment supply and
temperature variations. Further, it elaborates to which degree these variations can be held
responsible for signs of degradation. This may serve as a tool to determine the state of alpine
rockglaciers and determine their potential state of degradation which is of great importance
for a comprehensive natural hazard management.

Although simplifications such as a pure ice body, constant material input and constant

thermal conditions had to be assumed for the rockglacier build-up (as already demonstrated
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in Olyphant (1983), Leysinger Vieli (2004a) and Frauenfelder (2008)), the model performs
well concerning the reconstruction and evolution of geometrical and kinematic properties of
rockglaciers. While the model setup assumes the properties and physics of a pure ice body,
the adaptations to these assumptions to represent rockglaciers have shown to be very
effective in order to reconstruct and assess their evolution.

To implement climatic changes, we presented a very simplified step change approach to
introduce warming to the rockglacier systems which has been suggested for sensitivity
studies by Leysinger Vieli (2004a) and Wainwright (2013). It is obvisouly not feasible to
assume step-like changes in temperature or sediment dynamics in natural environments but
this approach delivers useful information to assess their impacts on rockglacier dynamics. In
reality, permafrost temperature depends on the energy balance and heat exchange at the
ground surface (Hanson and Hoelzle, 2004). Therefore, the snow cover thickness and
duration and the characteristics of the surface material and matrix are important for
processes that have not been included in this modeling approach. Kiib et al. (2007) and
Scherler et al. (2014) have developed approaches to implement convective and advective heat
transfer processes in rockglaciers material which will have to be implemented in future
rockglacier studies concerned with the impacts of climate variations in rockglacier
properties. Existing physically based energy balance models for debris covered glaciers
address latent and sensible heat transfer as well as advective and convective heat fluxes in an
unconsolidated debris cover similar to rockglacier material (Brock et al., 2010). These
approaches to model energy balance, heat conduction and ice melt on glaciers with thick
debris cover should theoretically be transferable to rockglaciers. In both cases the role of the
debris cover/active layer poses the critical aspect of energy transfer and is crucial to the melt
of subsurface ice and landform dynamics. In the case of debris covered glaciers, however, the
role of precipitation is mostly reduced to its impact on heat fluxes and mostly ignored
because its relevance tends to be extremely small (Reid and Brock, 2010). Precipitation
however seems to play an important role in rockglacier dynamics (Wirz et al., 2015).
Additionally, studies on thermal conduction and energy fluxes of debris covers on glaciers
can produce reliable estimates of melt rates beneath debris layers several decimeters thick
but are inappropriate for thick debris covers (Nicholson and Benn, 2006) which is the case for
rockglaciers. Since rockglaciers tend to have active layers of several meters thickness, it is

hence necessary to apply debris-covered glacier approaches carefully.

Nevertheless, our approach to model rockglacier movement without incorporating

sophisticated heat fluxes agrees well with long-term monitoring data presented in Delaloye
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et al. (2010) and PERMOS (2013) where the warm summer and exceptional snow conditions
of the years 2003/2004 resulted in a speed up of various rockglacier all over the Alps of up to
>300%. Most model runs in our experiment show a more moderate acceleration of about
200%, which is within the main variations of rockglacier velocities. Especially the most
realistic scenarios of a -1.5 °C rockglacier and a reduction of material input agree well with
the field data.

The thermally-induced acceleration of the rockglacier leads to an increase in mass transport
capacity which determines the long-term horizontal velocities in combination with various
mass inputs. The long-term evolution shows that a decrease in sediment/ice input results on
the long term to a slower average horizontal velocity in relation to the initial temperature of
the rockglacier. The spatial analysis of the model results shows an immediate and strong
reaction to the perturbation at the upper parts of the rockglacier whereas the signal is
weakened along the flowline. Depending on the assumed initial temperature of the
rockglacier, the impacts of the perturbation are varying according to location and input
scenario. The landform as a whole remains advancing at different speeds during the
perturbations of the system even if the material input is completely stopped. This feature of
landform thinning, especially in the upper parts of the rockglacier, has been described as a
sign of degradation by Ikeda and Matsuoka (2008), Springman et al. (2013) and Roer et al.
(2008) and interpreted as a destabilized rockglacier where the rockglacier landform is
disconnected from its deposition area.

The sediment experiments show the establishment of a new long-term surface geometry
depending on the accelerated velocity of the rockglacier and the material input conditions.
Steady state conditions are not realistic but the rates of geometrical adaptation give insight
into the rockglacier dynamics.

The detailed analysis of the subsidence processes can only explain subsidence rates lower
than observed values. This means that the observed thinning rates in the field cannot only
originate from geometrical adaptation due to thermally-induced acceleration and varying
sediment dynamics but must be influenced by volume loss in the subsurface, most likely due

to the disappearance of subsurface ice.
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5 Conclusion and Outlook

In densely populated high mountain areas affected by the occurrence of permafrost, it is
essential to obtain improved understanding of the entire ,conveyor belt" system ranging
from the origin of the weathered material at the rockwall to the creeping permafrost feature.
Besides natural hazard management, investigations of sediment budgets and system
dynamics in high mountain environments improve the understanding of geomorphological
processes and recent environmental changes. Rockglaciers and frozen talus slopes are one of
the main storage components of the coarse debris system within alpine environments and
reflect the evolution of mountain permafrost. The combination of comprehensive airborne
and terrestrial remote sensing data, novel conceptual analysis approaches and numerical
rockglacier evolution modeling allowed us to contribute to the current understanding of the
landform and process dynamics in high mountain systems under permafrost conditions. The
presented research combines the application of contemporary remote sensing methods with
existing long-term monitoring methods and data sets. The wealth of existing data available

for creeping alpine permafrost features can thus be exploited to its full potential.

5.1 Main findings

Here, the major findings are condensed and organized according to the research questions
formulated in Sect. 1.3. More details can be found in the full versions of the research papers

in Part II.

Paper I: How accurate are photogrammetrically-derived high-resolution airborne digital

elevation models and what are the limitations in high mountain applications?

e Modern digital photogrammetric airborne sensor systems are well suited for
automatic terrain extraction in high alpine areas, including shaded and ice covered
surfaces. DEMs generated from analogue and older digital pushbroom systems have
to be applied carefully, especially in steep terrain.

e The accuracy assessment of the DEMs showed systematic errors as well as a non-
normal distribution for all data sets. According global and local accuracy measures
were found that displayed similar performances for all sensor systems (see Tables 2 &
3).

o Detailed local analysis identified slope as the main factor that determines the

accuracy of the digital elevation information in all datasets. Except for the HRSC, the
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DEMs perform similarly in mountainous ares. In steep areas, they are able to produce
accuracies of <1 m up to a slope of 25° inclination.

e We conclude that sensor systems of different generations display only a few
differences in their accuracy in complex steep terrain and can therefore be used for

multi-temporal assessment.

Paper II: What are the sediment dynamics, storages and transfer rates in a periglacial

mountain slope system?

e A novel multi-sensoral approach to assess the sediment and energy transfer of the
coarse debris system within a periglacial high mountain slope was developed based
on a systemic understanding of processes and landforms.

e A combination of observational methods is necessary to analyze each subsystem due
to their specific topography and processes. TLS is suited best to assess steep
rockwalls and talus slopes whereas a combination of terrestrial surveying and
airborne photogrammetry has proven to show good results for rockglacier analysis.

o The entire assessed system consisting of headwall, talus slope and two rockglaciers
mobilizes 1.95x 106 m?a! of material which generates 118.8 GJ a! of geomorphic
work of which only 35.3 GJ al (658.9 m3 a?) is effectively transferred between the
subsystems and the rest is retained in intermediate storages. The highest amount of
energy is released within the headwall whereas the rockglaciers are mobilizing the
highest amount of sediment.

e A backweathering rate of 2 mm a? is derived from the sediment dynamics in the

headwall.
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Paper III: How do rockglaciers evolve and react to changes in environmental factors?

46

A numerical creep model based on the conservation of mass within the debris process
chain was developed to calculate the long-term evolution of rockglacier surfaces and
velocities.

The model is able to generate observed rockglacier surface, length and flow speed
along the central flowline of two different rockglaciers on a given sediment/ice input
and rockglacier rheology.

A 1°C temperature increase in rockglacier temperature can result in 160%-400%
acceleration of rockglacier creep depending on the thermal state of the rockglacier.
Sediment/ice input variations result in the long-term adaptation of the rockglacier
geometry. An expected decrease of sediment/ice supply due to climate change is
modeled to result in a spatially diverse subsidence of the landform.

Observed subsidence features cannot be reproduced by warming and variations in
sediment/ice supply which shows that these controlling factors are not sufficient to
explain ongoing subsidence processes.

Irrespective of the perturbation, the rockglaciers keep advancing and remain active
although the thermal and sediment input conditions are not favorable for their
sustenance.

Rockglaciers react spatially diverse to changes in environmental factors. Changes in
temperature have an immediate effect on the entire landform but the impact of
material input variations are most pronounced in the sedimentation area and upper
parts of the rockglacier.

Although the absolute magnitudes in thinning and creep acceleration differ between
the two rockglaciers, the changes relative to the initial thickness and creep velocity
respectively are very similar thus indicating that changes scale with their geometric
and dynamic characteristics.

Based on most recent models of rockglacier rheology (Arenson and Springman, 2005)
rockglaciers close to 0°C are likely to show much stronger reactions to thermal
forcing than colder ones.

On the basis of our modeling and kinematic wave theory, we propose a typical time
scale of dynamic adjustment to external perturbations that is given by the inverse of a

few times the horizontal velocity of a rockglacier.
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5.2 Conclusion

A graphical summary of the contents of this dissertation is given in Fig. 10 where the
synergies and connections between the subjects of the three peer-reviewed papers are

illustrated.
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PAPER II

Figure 10: Schematic overview of this dissertation showing the initial datasets, processing products, methods
and major results as well as the contents and relations between the three research papers.

Figure 10 shows that this research project is predicated on the processing and analysis of
multi-temporal, remotely sensed digital elevation information. A variety of terrestrial and
airborne remote sensing systems has been used to acquire this information, each containing

different qualities and restrictions. This is why a comprehensive assessment of the
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performance and compatibility of the modern sensor systems and datasets is necessary, so
that these important sources of information can be safely combined and applied (see Sect. 3.1
and Publication I). As presented in the subsequent studies here, the general findings of the
accuracy assessment should be considered in future studies which use multi-temporal DEMs
in complex high mountain terrain to make sure the digital elevation datasets are applied
according to their capabilities.

The assessment of sediment and energy transfer rates in a periglacial mountain slope (Sect.
3.2 and Publication II) exemplified the use of multi-sensoral digital elevation information
with respect to the different system characteristics. We presented a novel conceptual and
instrumental approach to assess an entire periglacial mountain slope holistically, coupling
different process and landform domains based on quantifiable field data. Many studies have
focused on large scale sediment dynamics or single landform assessment in order to assess
energy and material transfer (Campbell and Church, 2003, Krautblatter et al., 2012). Here, the
unique availability of a complementary instrumentation at the presented field site allowed
for the quantification and coupling of coarse sediment dynamics, geomorphic work and the
efficiency of landform processes in an entire mountain slope based on individual landforms
and their coupling. We highlighted the important role of rockglaciers as long-time sediment
traps of entire mountain slopes and their role as one of the best and long-lived sediment
stores during interglacials. With the quantification of the relevant process rates such as
rockfall, talus slope dynamics and permafrost creep, we present the possibility to directly
compare environmental systems and geomorphological processes on different spatial and
temporal scales and assess changes therein.

The findings on sediment dynamics, geomorphic work and the wealth of existing data on
rockglacier kinematics were implemented in a rockglacier evolution model. This new model
approach is based on the conservation of mass within a dynamic landform, and is capable of
reproducing actual landform geometries and their changes, which had not been done so far.
The relation between rockglacier velocity and temperature has been repeatedly addressed
(Arenson and Springman, 2005, K&&db et al., 2007b) but the rockglacier evolution model
introduces the role of sediment/ice production and supply in addition to the thermal
controlling factors. The possibility of assessing rockglacier geometries and their dynamics in
relation to changes in environmental controls offers the opportunity to address questions
concerning the current state of these permafrost landforms and their potential destabilization

and/or degradation.
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The synergy of all aspects displayed in Fig. 10 presents a holistic and comprehensive
approach to assess permafrost landform dynamics in high mountains. Beginning with data
generation and evaluation, its application and quantification in the field and resulting in an
approach to model process as well as landform dynamics, this dissertation presents a novel

multi-sensoral approach to assess rockglacier evolution.

5.3 Outlook

Based on the results and the discussion above, it can be concluded that future progress in
high mountain research concerned with periglacial systems, permafrost and rockglaciers will
come from advances in the fields of observation, application, comparison and modeling. The

following will give a recommendation what future research should follow up on.
5.3.1 Remote Sensing in high mountain systems

Recent advances in remote sensing technology have opened countless opportunities to apply
newly developed methods and instruments in high mountain periglacial systems. These
include the application of UAV-based and terrestrial digital photogrammetry, terrestrial and
spaceborne radar interferometry and many more.

UAV-based photogrammetry has already been used in geomorphological contexts in some
studies (Eltner et al., 2015, Ouédraogo et al., 2014, Haas et al.,, 2015) but, although very
promising, their potential to assess periglacial high mountain systems has not been
thoroughly tested (Immerzeel et al., 2014). This method of DEM generation promises very
high temporal and spatial resolution, fast and cost-efficient data acquisition and will enable
us to focus on selected research targets individually. As elaborated in this dissertation, a
reliable application of this data will demand a thorough assessment of the applicability and
accuracy, especially in complex topographies. The application of UAV technology has
become effortless and versatile. Multi-temporal application of UAV-based photogrammetry
will allow for (hopefully) very accurate, high-resolution (spatially in cm and temporally in h)
elevation data that can be used to assess kinematics and geometric changes of permafrost
and high mountain landforms.

Similar facts hold true for the application of terrestrial photogrammetry where the advances
in Structure from Motion (SfM) software have become ubiquitously applicable and need to
be tested for geomorphological analyses in high mountains (Westoby et al., 2012, Piermattei
et al., 2015). Historic digital photogrammetry relied heavily on calibrated cameras and

lenses, complex manual intervention in the scene and during pair-wise processing, often
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with inferior results in uncontrolled circumstances. Recent research has shown that SfM
photogrammetry can be applied in an uncomplicated manner with very promising results
even in complex terrain (Micheletti et al., 2015a, Lato et al., 2014). The fact that SfM
photogrammetry utilizes large number of detailed, but otherwise not specialized, digital
photos to automatically generate dense three-dimensional models of remote surfaces makes
it especially interesting for rapid data acquisition and offers even the possibility of
crowdsourced data generation (Heipke, 2010).

A combination of the methods to derive the above mentioned DEMs with terrestrial and
spaceborne radar interferometric data has already been tested to detect and quantify
rockglacier kinematics and high alpine processes (Barboux et al., 2015, Strozzi et al., 2012,
Caduff et al.,, 2014) but has never been used for assessment in a holistic manner. Radar
interferometry is capable of detecting very small changes in topography which makes it well
suited for the detection and quantification of small-scale surface subsidence and other
geometrical changes. We have shown that the quantification of geometrical rockglacier
destabilization is restricted by the accuracy of the observational systems but georeferenced
interferometric radar data is able to detect changes in mm-resolution (Caduff et al., 2015). We
expect this unprecedented level of detail to be especially beneficial for future assessments of
geometrical rockglacier destabilization and seasonal landform monitoring.

The great benefits of the new technologies mentioned above can be summarized as
significant improvements in the accuracy and spatial and/or temporal resolution of the data

and need to be applied to improve process understanding in periglacial environments.
5.3.2 Periglacial system and rockglacier assessment

Fundamental advances in periglacial system understanding are most likely to be achieved by
combining a more detailed analysis of the controlling processes in such environments with a
holistic approach considering the coupling and feedback mechanism in complex
environmental systems under a changing climate (Phillips, 2006).

The study of weathering rates, rock stability and rockwall retreat in laboratory
environments and field experiments (Matsuoka and Murton, 2008, Murton et al., 2006,
Weber et al., 2016), and their dependence on geological and climatic parameters on different
time scales (Krautblatter et al., 2013) will be crucial to improve the understanding of the past
and future evolution of high mountain permafrost systems. The study of sediment
production and sediment supply will also have to address the question of the efficiency of
supplying processes, namely if the most effective processes are mostly low magnitude-high

frequency or rather high magnitude-low frequency events (Krautblatter et al., 2012).
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Further resources should be allocated to assessing the controlling factors of rockglacier
creep. Rockglacier creep has been intensely studied but the role of many landform properties
remains unclear. The important role of different substrates and lithologies, melt water
existence and infiltration, the heterogeneity of subsurface ice and its properties have been
recognized in rockglacier rheology and surface dynamics but not quantified or conceptually
addressed and modeled. This is of course due to the past and present difficulties of obtaining
field data concerning these properties and processes. However, advances in geophysical
applications, remote sensing and modeling are expected to address these issues of data
acquisition (Lei and Ma, 2014, Scherler et al., 2010, Buchli et al., 2013).

Another aspect that should be addressed is the cumulative impact of expected climate
change on periglacial systems. Warming temperatures, weather extremes and changes in
precipitation are expected to influence almost all controlling factors in these environments.
The short-term effects of warming are currently the topic of numerous landform and process
studies but long-term evolution is very rarely investigated because uncertainties prevail in
the long-term application of climate modeling and the anticipated impacts on process rates
and landform responses. The terms “degradation” and “destabilization” are often used in
the context of future landform evolution and process rates in periglacial/ permafrost systems
but a comprehensive definition is yet missing. Permafrost degradation has been in general
thermally defined as the top-down or bottom-up thaw of permafrost (IPCC, 2013) but a
common conceptualization of degradation is necessary to address the dynamic and
topographic impacts of thawing permafrost in order to assess the state of permafrost systems
and derive their further evolution.

To assess system evolution and the impacts of different climatic factors, the findings of this
dissertation presented in Part II, Publication II may serve as a baseline example for a
periglacial system experiencing warming permafrost conditions. Comparable systems can
undergo a similar analysis and the comparison will show differences and similarities in
energy and sediment transfer rates, which can be attributed to the climatic and/or

geomorphological settings.

51



Synopsis

5.3.3 Rockglacier modeling
All models are wrong, but some are useful.
(Chatfield, 1995)

Therefore, future modeling approaches concerned with rockglacier evolution should address

a number of aspects:

Firstly, despite the assumptions presented in the modeling approach of this study, in reality,
rockglaciers do not consist of and behave like homogenous material but are of highly
spatially and temporally heterogeneous composition. Especially when assessing the long-
term evolution of rockglaciers, the ratio between ice and sediment is very likely to change,
which impacts the rheology and therefore topography of the landforms. Therefore, the
origin, aggradation and degradation of rockglacier subsurface ice should be considered in
future modeling approaches and observations of how the kinematic and topographic
evolution changes with varying ice content.

Secondly, the implementation of long-term evolution of sediment supply is recommended
according to a thermally controlled backweathering model. This would introduce a
dynamic, more realistic sediment input influencing rockglacier evolution.

Thirdly, as it is shown in Part II, Publication III, temperature variations play a significant role
in the short- and long-term variation of rockglacier velocities. The kinematic modeling can be
significantly improved if the thermal signal is implemented according to established thermal
conduction models such as presented in Scherler et al. (2014).

Finally, the recommendations presented in the two foregoing sections should find their
implications integrated in future modeling approaches. Frequent high-resolution data on
topography and kinematics with high accuracy will provide more detailed and quantifiable
information on landform evolution and possible degradation. Therefore, it is absolutely
necessary to continue monitoring entire periglacial mountain slopes on different temporal
and spatial scales in order to enhance the holistic understanding of high mountain

rockglacier systems.
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Abstract

High-resolution digital elevation models (DEMs) generated by airborne remote sensing are
frequently used to analyze landform structures (monotemporal) and geomorphological
processes (multi-temporal) in remote areas or areas of extreme terrain. In order to assess and
quantify such structures and processes it is necessary to know the absolute accuracy of the
available DEMs. This study assesses the absolute vertical accuracy of DEMs generated
by the High Resolution Stereo Camera - Airborne (HRSC-A), the Leica Airborne Digital
Sensors 40/80 (ADS40 and ADS80) and the analogue camera system RC30. The study area is
located in the Turtmann valley, Valais, Switzerland, a glacially and periglacially formed
hanging valley stretching from 2400 m to 3300 m a.s.l. The photogrammetrically derived
DEMs are evaluated against geodetic field measurements and an airborne laser scan (ALS).
Traditional and robust global and local accuracy measurements are used to describe the
vertical quality of the DEMs, which show a non Gaussian distribution of errors. The results
show that all four sensor systems produce DEMs with similarly accuracy despite their
different setups and generations. The ADS40 and ADS80 (both with a ground sampling
distance of 0.50 m) generate the most accurate DEMs in complex high mountain areas with a
RMSE of 0.8 m and NMAD of 0.6 m They also show the highest accuracy relating to flying
height (0.14%o). The pushbroom scanning system HRSC-A produces a RMSE of 1.03 m and a
NMAD of 0.83 m (0.21%o accuracy of the flying height and 10 times the ground sampling
distance). The analogue camera system RC30 produces DEMs with a vertical accuracy of 1.30
m RMSE and 0.83 m NMAD (0.17%o accuracy of the flying height and two times the ground
sampling distance). It is also shown that the performance of the DEMs strongly depends on
the inclination of the terrain. The RMSE of areas up to an inclination <40° is better than 1 m.
In more inclined areas the error and outlier occurrence increase for all DEMs. This study
shows the level of detail to which airborne stereoscopically derived DEMs can reliably be
used in high mountain environments. All four sensor systems perform similarly in flat

terrain.
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7.1 Introduction

High mountain environments have been identified by the Intergovernmental Panel on
Climate Change (IPCC) as highly sensitive to climate change (Parry, 2007). Thus, these
systems should be carefully monitored in order to observe environmental variability,
quantify changes, assess natural hazards and understand mass-transport systems (Ké&ib,
2002). In particular, the IPCC has recognized glacial and periglacial systems as priority
climate indicators and therefore, these indicators have received increasing attention from the
scientific community (Houghton et al., 2001).

Remote sensing is particularly well suited for repeated and rapid observation in remote and
inaccessible areas of high mountains. Mono- and multi-temporal digital elevation models
derived from various remote sensing systems are repeatedly used to analyze land surface
features and processes (e.g. Debella-Gilo and Kéadb, 2012, Gruen, 2002, Ké&b et al., 1997 and
Tarolli et al., 2009), numerical and hydrological modeling (e.g. Oppikofer et al., 2011, Storck
et al., 1998), topographic and radiometric correction of remote sensing imagery (e.g. Goyal et
al., 1998) and the assessment of multiple terrain and geophysical parameters (e.g. Maune,
2007, Li et al., 2005).

Typically, two sensor systems are used to generate high resolution DEMs in mountain areas:
stereophotogrammetrical sensors that acquire optical stereoscopic imagery (Lane, 2000) and
LiDAR (Light Detection and Ranging) systems, active opto-mechanical sensing systems that
generate three dimensional information based on the run time of a light signal between the
sensor and the surface (Vosselman and Maas, 2010). In addition to inaccuracies resulting
from system configuration and flight postprocessing, DEM acquisition in high mountain
environments faces numerous challenges due to the complexity of the terrain topography,
which results in illumination effects such as shading, and in areas with spectrally
homogenous areas, in low texture in the imagery (K&ib, 2000). Airborne and terrestrial
laserscanning has become frequently used in numerous applications in high mountain areas
(e.g. Fischer et al., 2011, Abermann et al., 2010) but stereophotogrammetric products remain
the most cost efficient method to acquire high resolution elevation data over large areas
(Bithler et al., 2012). Nevertheless, for mono- and multi-temporal application of DEMs such
as sediment transport, mass balances, morphometry and geomorphodynamics it is crucial to
consider the accuracy of remotely sensed digital elevation models because their applicability
and interpretability depend strongly on their accuracy (Abermann et al., 2010, Piezconka et
al., 2011, Tarolli et al., 2009). Many multi-temporal DEM applications use several sensor

systems of different age and with different technical setups (e.g. Kiddb et al., 1997, Roer and
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Nyenhuis, 2007), but the sensors’ accuracy can distort the quantification of changes in
process rates and mass transport. Especially for the assessment of environmental processes
that are spatially diverse and act on longer timescales it is often the case that different sensor
systems are applied and combined for long-term analysis. In these cases the different
properties of the sensor systems and their products have to be considered. An assessment of
the performance and compatibility of different modern and historical sensor systems and
datasets is necessary in order to ensure that these important sources of information can be
safely combined and applied.

Therefore, this study evaluates the vertical accuracy of DEMs derived from four different
stereoscopic aerial camera systems (HRSC-A, RC30, ADS40 and ADS80) in a high alpine
environment. The RC30 is an analogue stereoscopic sensor system, whereas the three other
systems are stereoscopic digital pushbroom scanners of different generations and
instrumentation. The evaluation includes the assessment of the performance of the digital
elevation models and shows the advantages and disadvantages of different types and
generations of photogrammetric sensors.

Several global and local accuracy measures are used to evaluate the performance of the
sensor systems. The absolute accuracy is estimated by using elevation data of superior
quality acquired by an airborne laser scan (ALS) and terrestrial geodetic measurements.
Global quality measures describe the entire area of interest using only a few parameters, but
local describe the quality of a DEM at a higher level of detail and should be incorporated into
DEM application (Papasaika and Baltsavias, 2010). Both approaches, global and local, will be
applied and discussed in this study.

7.2 Test Site

The accuracy assessment is conducted in a 12.2 km? area located around the Hungerlitaelli, a
glacial and periglacially formed hanging valley of the Turtmann valley in the Canton Valais
(southwestern Switzerland) (see Fig. 11). The area stretches from 2400m a.s.l. to 3278m a.s.l
and is characterized by steep rockwalls, talus cones, a glacier, several moraines of different
ages and multiple active and inactive rockglaciers. The geomorphic setting has been
investigated previously in Nyenhuis et al. (2005), Rasemann (2003) and Roer (2005). The
permafrost features are part of the PERmafrost MOnitoring Switzerland Network (PERMOS)
and undergo regular kinematic and temperature monitoring (Vonder Miihll et al., 2008). The
research area displays a typical high alpine environment including complex topography,

sudden changes in terrain, steep slopes, rockwalls and glacial ice. Additionally, several
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downhill creeping permafrost features, frozen talus cones and rockglaciers have been
identified in the research area. Their dynamic behavior influences the methods of the

accuracy assessment and must therefore be addressed.
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Figure 11: The research area including active (black signature), inactive (green signature) and relict (blue
signature) rockglaciers. The red points mark the geodetic measurements on the rockglaciers and the
SWISSTOPO control points (swisstopo - Bundesamtes fiir Landestopografie, 2012), both used as reference.
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7.3 Datasets & Accuracy Measures

Photogrammetric sensor systems acquired imagery in 2001 (HRSC-A), 2005 (RC30), 2008
(ADS40) and 2010 (ADS80) that was used to generate digital elevation models. In addition,
an airborne laserscan (ALS) was acquired in 2007 and serves as a reference dataset. The
technical details of the tested sensor systems are summarized in table 1. Repeated geodetic
measurements of high accuracy ( 1-2 cm) were provided by the DFG bundle project SPCC
(Sensitivity of Mountain Permafrost to Climate Change) in order to verify the digital

elevation information.

7.3.1 TestData

High Resolution Stereo Camera - Airborne (HRSC-A)

The HRSC-A sensor is a further developed airborne version of the HRSC, which was
designed by the German Aerospace Center (DLR) to explore the planet Mars within the
international mars mission Mars96 (Albertz et al., 1992) and one of the first commercially
available digital pushbroom scanning systems. The HRSC-A sensor is a multi-line
pushbroom scanning instrument with 9 CCD line detectors mounted parallel on the focal
plane of the camera. Image information is acquired by five panchromatic bands covering the
spectrum from green to red under different observation angles and four color bands (blue,
green, red and near infrared). In addition to its objective, to gather multispectral imagery of
planetary surfaces, the HRSC-A is designed to acquire the data needed to produce digital
elevation models. The sensor is able to produce imagery with a very high geometrical
resolution of 10 cm as the smallest ground sampling distance (GSD) and is very well suited
for the automatic generation of high resolution digital elevation models.

A flight campaign covering the entire Turtmann valley was successfully completed in
September 2001 resulting in 13 overlapping stereoscopic parallel tracks, which led to a digital
surface model covering the entire valley (Otto et al., 2007). The imagery was acquired with a
radiometric resolution of 10 bit at a flying height of 6000 m and a ground sampling distance

of 0.1 m.

RC30

The Leica RC30 is an analogue camera system that has been used from 1998 to 2005 to
produce the nationwide coverage of true color orthophotos in Switzerland (Simmen and

Bovet, 2007). The permafrost monitoring system Switzerland (PERMOS) acquired special RC
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30 imagery in order to derive multi-temporal high resolution DEMs of several permafrost
sites in the Swiss Alps (Vonder Miihll et al., 2008). The accuracy assessment of the RC 30
gives insight into the performance of analogue matrix camera systems of similar design (such
as the Wild/Leica RC10 and RC20). These camera systems have also been used repeatedly to
generate DEMs for research applications (Neill, 1994, Turker and Cetinkaya, 2005, Valta-
Hulkkonen et al., 2004) but their accuracy has not been thoroughly tested in high mountain

environments.

The sensor produces single pictures of 23 x 23 cm format that were digitized by a
photogrammetric scanner with a radiometric resolution of 24 bit (8 bit per channel) and then
processed in a photogrammetric workstation, where image orientation, triangulation,
orthorectification and the generation of digital elevation products were completed (Kasser
and Egels, 2002, Roer et al. 2005a). The 1 m DEM was generated specifically for this study.
The RGB images were acquired with a 75 % overlap, so they are suitable for stereoscopic
assessment and resemble a GSD of 0.4 m. The aerial photos used in this study were acquired

on the 17t of August 2005 with an aperture of f/4.0 and an exposure time of 1/550.

ADS40\80

The Airborne Digital Sensor 40 (ADS40-SH2) and the ADS80 are part of the first
commercially available digital large format airborne survey systems introduced in 2001
(Fricker and Rohrbach, 2005). Further improvements in the system setup and recording
technology led to the third generation ADS80, which is currently used by the Swiss Federal
Office of Topography swisstopo (Sandau, 2005). The ADS systems’ basic design is the three-
line-scanner principle, whereby linear arrays on the focal plane capture imagery looking
forwards, downwards (nadir) and backwards from the aircraft (see Fig. 12). The ground
surface is imaged multiple times within one flightline. The ADS sensor systems capture
coregistered RGBN and panchromatic imagery (Sandau, 2005). Both sensor systems capture
imagery by a total of 12 CCD lines of which four collect panchromatic information and the
remaining eight red, green, and blue and near infrared data. Each line consists of 12000 CCD
with a size of 6.5 um x 6.5 pm. The multispectral imagery is stereoscopic and can be used for
image matching and the extraction of 3D information. The imagery acquisition and the aerial
triangulation were carried out by the Swiss Federal Office of Topography (swisstopo -
Bundesamtes fiir Landestopografie, 2012). The data were delivered after triangulation in
levell format including orientation data and camera calibration.

The data used in this study were generated by an ADS40 of the second generation equipped
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with a SH52 sensor head and the data in 2010 were acquired with the ADS80 camera system.
Both flights were undertaken at a flying height of 7500 m with a GSD of 0.5 m. A radiometric
resolution of 12 bit DEMs was generated in all possible channel combinations and the most

accurate chosen for the accuracy assessment.

Figure 12: Three line scanner system of the ADS40 and ADS80 (Leica Geosystems AG, 2008a).

7.3.2 Reference Data

Airborne Laserscanning

Swisstopo in May 2007 acquired an Airborne LaserScan (ALS) that covered the research area,
resulting in a digital surface model and a digital terrain model (swisstopo - Bundesamtes fiir
Landestopografie, 2005 and swisstopo - Bundesamtes fiir Landestopografie, 2007). The ALS
campaign was originally designed to generate a nationwide digital surface model (DSM) and
digital terrain model (DTM) for areas in Switzerland below 2000 m a.s.l. but the entire
catchment of the Turtmann valley was also covered. The flight campaigns were executed in
2007 by the TopoSys GmbH located in Biberach/Germany, which used the pulse system
TopoSys Falcon II flying at 1200 m above ground to create the digital elevation data with an
approximate point density of 1pt/ m? (Artuso et al., 2003, swisstopo - Bundesamtes fiir
Landestopografie, 2007). For the approach presented in this study, the digital surface model

as well as the digital terrain model can be used as reference data because the assessment
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focuses on high mountain areas without any tall vegetation or artificial structures. The
pointclouds of the DSM and DTM were used in their original, spatially heterogeneously

distributed state and only corrected for outliers. No interpolation of points was conducted.

Terrestrial Geodetic Survey

Geodetic surveys with a total station (Leica TCL 1202) were undertaken each year of the
aerial surveys within a six week time window in late summer and serve as reference points.
The geodetic surveys with a total station allow high accuracy measurements (about 1 cm in
horizontal coordinates and 2 cm in elevation), even in extreme areas such as very steep
slopes and rock walls (Delaloye et al., 2010, Roer, 2003). The point measurements were
originally located to monitor the kinematics of rockglaciers (see Fig. 11). Therefore, most of
the points are located on the rockglacier surfaces and not equally distributed in the research
area as suggested by Hohle and Hohle (2009). The number of reference points ranges from 42
to 84 due to varying field campaigns. Additional control points supplied by swisstopo were

added to the reference dataset (swisstopo - Bundesamtes fiir Landestopografie, 2012).
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7.3.3 DEM Generation and Co-registration

The RC30, ADS40 and ADS80 data were processed especially for this study whereas the
HRSC data were generated and processed at the DLR (German Aerospace Center). The
HRSC data processing at DLR included the combined determination of position and attitude,
geometric correction of the image data, image matching, digital surface model generation,
orthoimage generation and mosaicing (Albertz et al., 1992, Hauber et al., 2000, Otto et al.,
2007, Scholten and Wewel, 2000, Wewel et al., 1998). The end product was an orthophoto
covering the whole valley and a digital surface model with a spatial resolution of one meter
were delivered. The generation of the digital elevation models from the RC30 and ADS40/80
imagery was conducted using the NGATE (Next Generation Automatic Terrain Extraction)
application of the commercial digital photogrammetric workstation SocetSet© 5.6 (BAE
Systems). As stated in Zhang et al. (2006), the special feature of NGATE is that matching is
performed for every pixel and uses area-matching and edge-matching algorithms in order to
identify matching points. Additionally, NGATE is capable of multi-image matching,
whereby the optimal stereo pair is selected for each area, based on the characteristics of the
area’s terrain and the overall geometry of the sensor positions and orientations (DeVenecia et
al., 2007). Since NGATE computes an elevation for every pixel, the spacing is used to
resample the internal NGATE DEM to the desired density. In addition to the vertical value,
NGATE calculates the so called Figures Of Merit (FOM) for every pixel that serves as a
measure of the image matching quality. Within this study, only successfully matched data
points  were considered and interpolated data points were neglected.
NGATE offers different matching strategies optimized for certain topographies or landcover
characteristics. The strategy for steep terrain and urban areas were combined by means of
their figure of merit. The urban strategy was chosen because it is optimized for sudden
changes and linear features in the imagery in the terrain that are common in complex high

mountain topography.

Co-registration

In order to minimize the vertical error caused by a horizontal and vertical offset between the
reference digital elevation model and the test dataset, the photogrammetrically derived
DEMSs were co-registered according to Nuth and Ké&&b (2011) using the ALS as the master.
This method is especially designed for the co-registration of DEMs in highly dynamic areas
such as glacial landscapes and has been used for similar approaches in high alpine
environments (Joerg et al., 2012). It uses the unique differences in a raster cell elevation

divided by the tangent of the local slope and plotted against the local aspect. This resulted in
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scattered data, to which a cosine function was fitted by a least squares curve fit to derive the
parameters’ magnitude and direction of the horizontal shift. The method is also used to
detect and correct vertical and altitude dependent bias. All four datasets show a systematic

horizontal offset (see Fig. 13), which is corrected by the co-registration approach.
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Figure 13: RMSE of the DEMs depending on slope. The grey bars show the frequency of sample points at any
given slope (y-axis on the right). The values on the x-axis are in degree (°).

The co-registration assessment for the ADS40/80 and RC30 products showed a negligible
offset of <0.25 m, which is less than the actual ground sampling distance of the imagery. The
HRSC-A data, however, was shifted by 1.3 m in 294.4° direction. All datasets were corrected

according to the co-registration results.

7.4 Accuracy Assessment

The commonly used accuracy assessment regarding height information calculates the
difference in z-value Ah; between the digital elevation data and the reference data. We used
the terrestrial geodetic measurements and the ALS in two different approaches as reference
data to which the photogrammetric digital elevation information is compared. Joerg et al.
(2012), Kraus et al. (2006) and Mills et al. (2006) show that the ALS data is of very high
accuracy, also in complex terrain and can therefore be used to assess the accuracy of a

photogrammetrically derived DEM in two ways: the spatially extensive ALS dataset can be
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used to conduct thorough statistical analyses of the Ah; values and the according spatial
variation of the accuracy can also be assessed.

In order to minimize the uncertainty introduced by interpolation algorithms during the
generation of gridded data from the RC30, ADS40 and ADS80 data, only the raw data points
of the photogrammetric processing that have been confidently matched between the image
pairs (as identified by their figure of merit) are used for the accuracy assessment. A similar
approach was conducted for the HRSC-A data where only those data points were considered
in the accuracy assessment that were identified in all available stereopairs (Hauber et al
2000). Also, the actual ALS point cloud and not an interpolated grid is used for the further
assessment. The vertical accuracy of the DEMs is determined by identifying the nearest
reference data point to any given photogrammetrically derived data point in a three
dimensional space (smallest XYZ distance) and then calculating the height difference. The
entirety of differences can then be described statistically and the appropriate statistical
measures used to describe the accuracy.

The temporal offset between the test and the reference data should be as small as possible to
make sure that the area of interest is sampled under most similar circumstances. The
geodetic measurements were acquired within a six week period around the flight surveys.
Since the ALS was generated in 2007 and the photogrammetric products with a respective
offset of several years, the dynamic surface features (glaciers, creeping permafrost) have to
be excluded within the accuracy assessment. Hence, the respective areas are masked out
from the digital elevation models.

It has to be considered that the analysis is performed in an area that is characterized by steep
slopes and sudden changes in terrain. Therefore, short horizontal offsets can lead to great
differences in elevation, which might lead to incorrect Ah; estimates. To minimize this source
of error, Kraus et al. (2006) suggest considering only reference points within a certain
horizontal distance We adopted this approach, not only focusing on the horizontal distance
of the reference data but selecting the three-dimensionally closest reference point to the test
data points. The nearest point of the reference data was only considered when it was within

a distance of 0.5 m.

If a normal distribution of the errors is assumed and there are no outliers present or have
been removed, the following accuracy measures are usually used to describe the DEM

globally (Hohle and Hohle, 2009):
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Root Mean Square Error: RMSE= (1/n Y=1 Ah?2)

Mean Error: ME=1/n Y Al;

Absolute Mean Error: AME= 1/n Y1 | Ahi|
Standard Deviation: SD=(1/(n-1) Y =1 (Ahi- ME)?2)

Where Ah; is the difference between the dataset of interest and the reference data, n is the
number of samples and ME the mean error.

The accuracy of a DEM is usually described by only one global accuracy parameter for the
entire dataset. Kraus et al. (2006) state that using one single parameter to address an entire
dataset is insufficient because errors might correlate significantly with different types of
surface characteristics (e.g. flat, hilly or mountainous areas). Therefore, the authors claim that
the spatial distribution of the error has to be taken into account when describing geospatial
datasets (Hohle and Hohle, 2009, Karel et al., 2006, Kraus et al., 2006, Thapa and Bossler,
1992).

Hohle and Hohle (2009) claim that the previous assumption of a Gaussian distribution of Ah;
with few outliers is not valid for numerous DEM; thus, accuracy measures have to take into
account that outliers may exist and that the distribution of errors might not be normal. They
introduce the measure of the absolute mean error (AME) as the DEM evaluation is interested
in the direction of the errors but especially in their magnitude. One approach to deal with
outliers is to remove them by applying a threshold. Hohle and Potockova (2006) select a
threshold for eliminating outliers of three times the RMSE. The RMSE value is calculated
from an initial assessment of the Ah; data. This approach classifies a Ah; value as an outlier if
| Ahi| (Maune, 2007). Despite these methods not all of the outliers can be identified and the
accuracy measures might therefore be flawed. In order to minimize the influence of outliers,
Hohle and Hohle (2009) introduce robust statistical methods (methods that are less
influenced by outliers) to assess the accuracy of DEMs. If the data reveal non-Gaussian
distribution the authors propose the following measures to describe the properties of the

dataset:
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Table 8: Robust accuracy measures for DEMs as proposed by Hohle and Hohle (2009).

Accuracy measure Notional expression
Median (50% quantile) Qun (0,5)= man

Normalized median absolute deviation NMAD=1,4826*median; (| hi- man |)
68.3% quantile Q)an (0,683)
95% quantile Q)an (0,95)

The quantiles state that a certain percentage of the absolute errors (68,3% and 95%) is found
in a certain range of values. The normalized median absolute deviation (NMAD) is
proportional to the median of the absolute differences between errors and median error. It
generates a value similar to the standard deviation but more resilient to outliers. The
measures above help to describe and compare the properties of the accuracy of DEM
datasets beyond the typical measures of accuracy assessment. In order to state traditional
accuracy measures the 3*RMSE is applied but for the robust measures the entire dataset

including the outliers is assessed.

7.5 Results

The ADS40 and ADS80 generate forward, nadir and backward looking channel combinations
that are all suited for photogrammetric application but perform differently in complex
terrain. Therefore, we used all available channel combinations of the ADS40 and ADS80
imagery (see table 7) to generate digital elevation information in order to identify by a first
accuracy assessment the channel combination that generates the most accurate DEM. This
DEM is then subjected to the more comprehensive accuracy analysis.

Table 9 shows the results of the rough first accuracy assessment of the channel combinations
for the ADS40 and ADS80 sensor systems using the ALS as reference data. For this
assessment the entire Ah; dataset was analyzed without removing outlier or any other
processing. In the case of the ADS40, the combination of nadir and backward looking CIR
stereopairs shows the best performance, whereas for the ADS80 the nadir and backward CIR
and panchromatic channels perform equally. The ADS40’s nadir panchromatic information
was unfortunately not available. This results in an angle of 43° between the panchromatic
image lines and worsens the performance of the image matching algorithm. Nevertheless, is

it safe to assume that it would have produced similar values as the CIR stereo imagery.
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Table 9: Accuracy measures of the individual channel combinations of ADS40 and ADS80. CIR = Colored
near Infrared, PAN = PANchromaticc RGB= Red Green Blue, B= Backward looking channel, N= Nadir
looking channel, F= Frontward looking channel. The highest accuracies are highlighted.

Sensor Channel AME RMSE SD

System (m) (m) (m)
g CIR 0.97 1.3 1
8 PAN BF 1.3 1.87 1.53
< RGB 1 1.31 1.02

CIR 1.12 1.59 1.29

PAN BN 0.96 1.47 1.26
PAN BNF 1.04 2.39 2.3
PAN FN 1.16 2.46 1.75
RGB 1.09 2.08 1.91

ADS80

This first accuracy assessment shows which channel combination of the ADS40 and ADS80 is

fitted best for automatic terrain extraction within the SocetSet NGATE software.

7.6 Error Distribution

Following the approach of Hohle and Hohle (2009), the extracted data is tested for normal
distribution by comparing the observed and theoretical distribution of Ahi before any other
processing is applied. This is done by visually analyzing the histogram and the quantile-
quantile-plot (Q-Q plot) of the error dataset. The histogram depicts the frequency of the
errors within a certain predefined interval. It gives a first impression of the normality of the
data distribution. In Fig. 14 the entirety of the Ahi errors is depicted in 100 equally spaced
intervals. Superimposed on the error histograms are the expected counts from a normal
distribution with mean and variance from the Ah data (red line). Fig. 14 allows a comparison
between the observed distribution of Ahi and the expected theoretical normal distribution
with mean and standard deviation estimated from the observed data. The Q-Q plots show
the quantiles of the distribution of the error data plotted against the theoretical quantiles of
their normal distribution. In the case of a normal distribution, the Q-Q plot should yield a

straight line, which is depicted as the red line in the lower row in Fig. 14.
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Figure 14: In the upper row the histograms show the Ahi errors in meters for the different test data sets.
Superimposed on the histograms are the expected values from a normal distribution with mean and variance
estimated from the actual error distribution. The histogram is truncated for better visualization. The bottom
row shows the QQ plots for the distribution of Ahi. From left to right: HRSC-A, RC30, ADS40, ADS80.

Figure 14 shows that the Ahi distributions of all datasets are not distributed normally, which
implies that additional robust measures are necessary to sufficiently describe the accuracy of
the data (Hohle and Hohle 2009) and to prohibit the strong influence of outliers. Thus, the
measures proposed in table 8 are applied to describe the accuracy of the DEMs and the
results are shown in table 12. The Q-Q plots show that the majority of errors is normally

distributed but the population depict heavy ends due to outliers.
7.6.1 Accuracy Assessment by Geodetic Measurements

The results of the comparison of the photogrammetrically derived digital elevation models
and the ALS with the geodetic reference data are shown in table 5. The terrestrial geodetic
measurements can not only be used to assess the accuracy of the photogrammetric data but
also to check the performance of the airborne laserscan before this data is used as a reference
for further spatial and statistical analysis.

The assessment is in agreement with Kraus et al. (2004) that the accuracy of the ALS is higher
than the accuracy of the photogrammetric data. Therefore, it is reasonable to use the ALS as
reference data to conduct the spatial analysis of the accuracy of the DEMs. Nevertheless, the
low population of the GCPs does not allow statistically reliable conclusions about the entire
dataset and their distribution is biased as they are not randomly located within the entire

research area but are clustered on the rockglaciers (see Fig. 11). Therefore, the location of the
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reference points only represents a northern exposure and does not depict the entire spectrum
of possible slopes. With this approach it is not possible to check for normal or non normal

distribution since the number of reference points is too small in respect to the test area.

Table 10: Accuracy assessment of the DEMs by means of geodetic reference data.

System AME RMSE SD n  Outlier
(m) (m) (m)

ALS 0.51 0.62 0.59 48 2
HRSC-A 0.87 0.96 0.97 36 6
RC30 0.61 0.72 0.71 48 3
ADS40 0.59 0.75 0.53 46 4
ADS80 0.46 0.6 055 82 2

Table 10 shows that only a few data points have been identified as outliers and the geodetic
data points are in similar numbers as in other studies that have used geodetic reference
measurements (Hu et al., 2008, Hobi and Ginzler, 2012). RMSE values range from 0.6 to 0.96
m, where the newest and most technically advanced sensor system (ADS80) performs best.
Even though the oldest digital camera system, the HRSC-A, acquired imagery at a 0.1 m
ground sampling distance, it showed the worst performance, with a RMSE of 0.96 m and a

standard deviation of 0.97 m.
7.6.2 Accuracy assessment by ALS

The accuracy assessment using the ALS as reference data allows not only the establishment
of global quality parameters but also a locally discrete analysis. Approximately 5.1 million
data points have been analyzed and the results of the global accuracy parameters are shown
in table 11. The values show different results than the previous analysis based on the
geodetic measurements. The comprehensive ALS analysis shows similar accuracies for all
three sensor systems and a minimally more accurate performance of the ADS80. Also, the Q-
Q plot analysis shows the most irregular distribution for the RC30 data and the highest

number and values of outliers.
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Table 11: “Traditional” accuracy measures of the ALS assessment.

System  AME RMSE SD n
(m) (m) (m)

HRSC-A 0.72 1 1 4231655

RC30 0.85 1.30 1.28 4159560

ADS40 0.69 1.05 1.05 4449695

ADS80 0.63 1.04 0.97 4359560

The robust accuracy measures reveal a similar result with similar accuracies, whereas the
ADS40 and ADS80 show a slightly higher accuracy than the other systems. Especially the
NMAD and the 68.3 percentile values show that the ADS40 and ADS80 generate more
accurate data than the other systems. Still, the overall accuracies of the sensor systems are

similar.

Table 12: Robust accuracy measures of the ALS assessment.

System MED NMAD Quan683 Quan95

HRSC-A  .0.07 0.85 0.82 1.91

RC30 0.3 0.84 0.87 1.91
ADS40 0.01 0.65 0.72 2.1
ADS80 0.01 0.62 0.66 1.92

The local variance of the quality of vertical digital elevation information derived from
photogrammetry can result from various sources: processing errors during flight and
postprocessing, the complexity of the terrain and illumination effects (Kéib et al., 2005,
Kasser and Egels, 2002). Inaccuracies arising from flight processing can unfortunately not be
assessed by the data provided in this study. Extensive information about the IMU and the
dGPS data during the flight surveys would be required to analyze their possible influence on
the DEM. Terrain morphology (slope) has been identified as the most important influencing
factor for DEM accuracy (Aguilar and Aguilar, 2007, Fisher and Tate, 2006). As stated earlier,
this study’s research area is characterized by highly complex terrain and therefore an
evaluation of the DEMs needs to include an investigation of morphological surface
characteristics. Therefore, the ALS reference data was used to calculate the slope at any given

photogrammetrically derived test point in order to show the error dependency on slope.

Figure 15 shows the RMSE in dependency of slope in the research area. The underlying grey
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bars present the number of data points at the particular slope and therefore the reliability of
the accuracy parameter. The figure illustrates that all DEMs generate accurate data for slopes
ranging from 10° to 45° inclination. In areas steeper than 45° the accuracy of the DEMs starts
to decrease significantly. Especially in the very steep areas above 70° inclination the RMSE
increases drastically. This is either due to the difficulties in photogrammetric image
matching within steep areas or can result from the properties of the ALS reference data that
also has problems gathering data from steep rock walls due to its steep viewing angle.
Additionally, the low number of samples in steep areas diminishes the validity of the
accuracy measures there. Figure 15 shows that the HRSC system produces more accurate
data in steep terrain. The method presented here promotes the comparison of two nearest
points where in steep areas even a small horizontal distance between the two points can
result in very high vertical discrepancy. We tried to minimize this effect by choosing the
nearest point within a 3D space instead of the only horizontally closest point. Additionally,

we restrained the maximal distance to the next reference point to 0.5m.
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Figure 15: RMSE of the DEMs depending on slope. The grey bars show the frequency of sample points at any
given slope (y-axis on the right). The values on the x-axis are in degree (°).

The stereo imagery was acquired at a very high solar zenith angle and the shaded areas

coincide therefore with the steep areas assessed above. The shaded areas and areas of low

texture result in the poor performance of matching algorithms of the stereo image analysis.

Areas where the elevation information could not be extracted directly from the imagery and

height values would have been interpolated, were not considered in the further analysis.

They were removed by their figure of merit. The areas where there was no sufficient figure

of merit and the reference data point was further away then 0.5m are depicted in Fig. 16.

These areas are concentrated in shaded and steep areas of the study site.
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Figure 16: Shaded relief of the entire research area. The red areas mark the outliers and areas that have been
excluded from the analysis due to unsuccessful image matching.
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Figure 17: Local error distribution in a selected area (red square in Fig. 16). Upper left RC30, Upper Right
HRSC-A, Lower Left ADS40, Lower Right ADS80.

The spatial distribution of Ah;in a selected area is shown in Fig. 17 for each of the DEMs. The
ADS40 and ADS80 show a rather heterogeneous spatial distribution of Ah;, but, even after
the co-registration, the RC30 and HRSC-A distribution exhibits a local aspect based bias that
cannot be detected throughout the entire area. Since the co-registration did not correct for
this, the only explanation can lie within the flight and data processing by the data provider.
Linear artifacts are also visible in the ADS40 and ADS80 data that originate from the

processing of the flight data and cannot be accounted for or corrected afterwards.

The global “traditional” and robust accuracy assessment of the DEMs as well as the spatial
analysis show that all sensor systems perform quite similarly in complex high mountain
terrain. The ADS40 and ADS80 provide better values for the traditional and robust accuracy

measures but their 95 percentile is almost the same. Considering a GSD to accuracy ratio, the
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RC30, ADS40 and ADS80 systems have an accuracy of approximately 2*GSD (if one
considers the RMSE as the accuracy value (Casella et al. in 2008) whereas the HRSC with a
GSD of 0.1m has a ratio of 10*GSD. In terms of the relationship between accuracy and flying
height the HRSC and RC30 show similar results with 0.17%o and 0.21%o, and the ADS40 and
ADS80 both show an accuracy of 0.14%. of the flying height. These results show that
altogether ADS40 and ADS80 perform only slightly better than the RC30 and the HRSC, the

results can be seen as generally very accurate in this kind of complex topography.

7.7 Discussion

Methodic Limitations

The terrestrial geodetic assessment within this study is only of limited validity to generate
reliable information about accuracy of the DEMs in the entire research area because there is
only a small population of control points and even this small number of data points is
clustered in a small area. Nevertheless, the geodetic points can be used to serve as a first
reference data for the assessment of the DEMs. For example the accuracy assessment by
terrestrial geodetic measurements showed that the ALS has a higher accuracy than the
photogrammetric products. Additionally, the geodetic assessment gives an estimate of what
minimal accuracies can be expected. The comparison of the results from the geodetic (table
10) and the ALS accuracy assessment (table 11) illustrates that the approach based on the
geodetic reference data produced significantly better accuracies for the tested DEMs than the
assessment based on the ALS reference data. This is because the geodetic GCPs are all
situated on rather flat and spectrally heterogeneous surfaces. The maximum slope value on
the rock glaciers is 60°, which is still in the range where the photogrammetric products yield
good accuracy measures. Nevertheless, the geodetic GCPs overestimate the global accuracy
of the photogrammetric DEMs. Thus, further studies assessing the accuracy of DEMs by
terrestrial point measurements have to make sure that the reference data is representatively
distributed in the research area and that they are of sufficient number.

The accuracy assessment using ALS data as reference has been proven to serve as an
sophisticated method to assess the performance of digital elevation models (Kraus et al.,
2006). But due to the technical limitations of ALS systems, steep areas have inherent
uncertainties that propagate into the accuracy assessment. Additionally, the matching
algorithm of the stereophotogrammetric workstation also has difficulties performing in steep
areas due to shading and imaging geometry. Therefore, the accuracy measures for steep

areas are not as reliable.
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Comparable studies

Three of the four sensor systems have previously been subject to accuracy assessments with
different types of reference data in varying study areas. Table 13 shows a selection of studies
where the vertical and horizontal accuracy of DEMs derived from the HRSC-A, ADS40 and

ADSB80 systems have been assessed.

Table 13: Selection and comparison of studies where the horizontal and vertical accuracy of the DEMs
derived by the HRSC-A and ADS40 sensor have been assessed.

Study Horizontal Acc (inm) Vertical Acc. (in m)
Scholten and Wewel, 2000 0,15 0,20
< Hauber et al., 2000 0,18 0,20
z Hoffmann and Lehmann, 2001 0,15 0,20
: Casella et al., 2008 0,13 (RMSE) 0,22 (RMSE)
% Huetal, 2008 0,80 0,90
<Dt Mills et al., 2006 - 1,661 (RMSE)
1,322 (St Dev)
o Biihleretal, 2012 - 0.82 (RMSE)
@ 2.12 (Quan95)
E: Hobi and Ginzler, 2012 - <1.2 (RMSE)

Scholten and Wewel (2000) noted a mean deviation of + 0,15 m for planimetry and + 0,20 m
for height by using 156 dGPS checkpoints in a 1,5 x 6,0 km area near Bedburg (Germany) and
the test field in Vaihingen/Enz (Germany). Both test sites are located in moderately hilly
terrain but include buildings, which result in more complex surface characteristics.

Hauber et al. (2000) also tested the performance of the HRSC-A in a high mountain
environment at the Sonnblick glacier in the Austrian Alps. They used the relationship
between the GPS/INS measurements and the HRSC-A camera coordinate system (boresight
offset) and ray intersection of identical points of adjacent image strips in order to estimate
the relative and absolute accuracy of the data. They came up with a horizontal accuracy of
0,18 m and a vertical accuracy of + 0,20 m. Another assessment of the HRSC-A accuracy was
performed by Hoffmann and Lehmann, 2001. This study was able to define
horizontal/vertical accuracy of + 0,15 m / + 0,20 m in the city area of Berlin (Germany).

Only Hauber et al. (2000) attempted to evaluate the performance of the HRSC-A in a high
alpine environment but there, the authors used artificial reference data and no additional
independent checkpoints. This study shows that the HRSC-A performs with a much lower

accuracy (by a factor of 6) than previous studies have stated.
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Casella et al. (2008) analyzed the ADS40 system on a test site in Pavia/Italy, using 306 dGPS
GCPs to check the data. They came up with a RMSE of 0,13 m in planimetry and a RMSE of
0,22 m in height. However, they only discussed their results for an aerial survey flown at
2000m altitude in a rather flat area. The study states that the ADS40 is able to produce RMSE
values of 0,65 x GSD in xy dimension and 1.1 x GSD in z dimension. If applied to this study,
this would result in a horizontal RMSE of 0,32 m and 0,55 m of vertical RMSE.

Hu et al. (2008) tested the ADS40 system in China. The evaluation of the data was performed
by GCPs and resulted in a RMSE of 0,80 m in xy-dimension and 0,90m in altitude for the 50
cm GSD dataset.

Mills et al. (2006) used the same method as presented here by evaluating the ADS40 data
against an ALS. They came up with similar values of 1,66m RMSE and a standard deviation
of 1,322 m in mountainous regions. Mills et al. (2006) also used ALS to verify the ADS40 data
and came up with lower accuracies than this study for mountainous regions, even though
their mountainous areas do not classify as high alpine regions. Hobi and Ginzler (2012)
assessed the accuracy of the ADS80 at different landcover classes and hilly areas, resulting in
an overall accuracy of 1.2 m, whereas the accuracy depended on the landcover type. Biihler
et al. (2012) also compared the accuracy of ADS80 derived DEMs in a high alpine
environment. Both studies used photogrammetric imagery with a GSD of 0.25 cm.

As shown above, only the studies of Biihler et al. (2012), Hobi and Ginzler (2012) and Mills et
al. (2006) are comparable to the methods and results presented in this study because they
used either ALS data or terrestrial checkpoints for their accuracy assessments. The results of
these three studies present similar findings even though their reference data is not as
extensive. Especially the findings of Biihler et al. (2012), who use a helicopter based laser
scanning system which is very accurate in steep areas support the validity of the findings
presented here.

Other image matching algorithms should be tested for high alpine conditions in the future.
Semi global matching (Hirschmdiller, 2005) is implemented in a wide range of commercial
software packages and could improve the results in rough, steep terrain, although the

desired high image overlap is often not given, especially from historical image campaigns.

7.8 Conclusions

Four digital elevation models derived from different high resolution airborne
photogrammetric sensors systems (HRSC-A, RC30 ADS40 and ADS80) have been assessed

with regard to their vertical accuracy using geodetic measurements and ALS as reference
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data in a complex high mountain environment. Three of the four DEMs were specifically
produced for this study using a commercial digital photogrammetric workstation (SocetSet
5.6, BAE Systems). For the multispectral pushbroom scanning systems, ADS40 and ADS80
nadir and backward looking (-16°) CIR and panchromatic imagery was identified to be
suited best for automatic terrain extraction in high alpine areas, including shaded and ice
covered surfaces. Furthermore, it was confirmed that sensor configurations with large
discrepancies in the viewing angle between the stereo image pairs are not suited for
application in complex high alpine terrain.

The accuracy assessment of the DEMs showed systematic errors as well as a non-normal
distribution for all data sets. According global and local accuracy measures were found that
displayed similar performances for all sensor systems. Robust statistical accuracy measures
showed that the most modern sensor systems ADS40 and ADS80 deliver imagery that
produces the most accurate DEMs with a RMSE of 1 m and NMAD of 0.6 m. A RMSE of 1.3
m and 0.87 m NMAD of the RC30 data displayed the worst performance with shortcomings
especially in steep areas. The HRSC-A DEM is influenced by artifacts resulting from the
processing of the imagery but is able to acquire an accuracy of 1 m RMSE and 0.85 m NMAD
despite a GSD of 0.1 m. The small ground sampling of 0.1 m leads to high accuracies in steep
areas as the high degree of detail in this high resolution depicts details of rock walls and
steep slopes more reliably.

Detailed local analysis identified slope as the main factor that determines the accuracy of the
digital elevation information in all datasets. Besides the HRSC, the DEMs perform similarly
in steep areas as they are able to produce accuracies of <Im up to a slope of 25° inclination.
In general, we conclude that the modern digital pushbroom scanners can produce high
resolution digital elevation models in high mountain environments with a very high
accuracy. DEM generated from analogue and older digital pushbroom systems have to be
applied carefully, especially in steep terrain. We show that different sensor systems of
different generations display only a few differences in their accuracy in complex steep terrain
and can therefore be used for multi-temporal assessment. The limitations of their
applicability have to be considered when the digital elevation products of these sensor
systems are applied.

Especially within modeling and multi-temporal assessments, the individual accuracy performances of
the DEMs are of importance because errors might add up and have a great impact on research
results concerned with quantification of geosystem processes. Nevertheless, airborne
photogrammetrical imagery remains a very useful and accurate database to obtain high resolution

digital elevation models covering large areas of complex topography.
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Abstract

High mountain geomorphology is mostly characterized by high elevation, steep gradients,
rocky terrain, the presence of snow and ice and the related processes occurring in a high
energy environment. Large sources of sediment and sediment storages often exist within
high mountain systems and are controlled by the processes occurring within this setting. The
purpose of this study is to describe sediment paths on a periglacial mountain slope and
quantify geomorphic work within one example year in order to analyze and compare
sediment budgets in high mountain geosystems. This energy related approach helps to
characterize a periglacial slope on account of the effectiveness of its geomorphological
processes and might help to understand the complex dynamic behavior of its constituent sub

systems.

A periglacial mountain slope is investigated in Eastern Switzerland (Corvatsch). The
environment is characterized by a typical coarse debris cascade: rock wall 2 rock fall 2>
talus slope = permafrost creep - rockglacier. Rockglaciers are considered to be sediment
traps of the coarse debris system, reflecting the erosion history of the corresponding
catchment. Headwall recession and creep processes of the talus slopes and rockglaciers are
quantified by a multi-method-approach combining remote sensing and terrestrial methods.
Multi-temporal DEMs of the last two decades enabled the quantification of sediment transfer
of the slow moving landforms (frozen talus slopes and rockglaciers). Sediment input from
the rock wall is quantified by repeated laser scanning over the last 4 years. With the
introduced cascading approach it is possible to assess dynamics within the coarse debris
system. The mountain slope is divided into three subsystems (headwall, talus cone and
rockglacier) and their dynamics are analyzed individually but also in relation to the entire
mountain slope on a yearly base. A backweathering rate of 2 mm can be derived for the
headwall and an energy transfer of 29.8 GJ from the headwall to the slope, 4 GJ from the
talus slope to rockglacier where 1.44 GJ of geomorphic work are released by the downwards
creep of the landform. This study is the first to include an analysis of the geomorphic work
generated on the basis of vertically differentiated sediment production and transport

processes.

Keywords: High mountain, Periglacial, Geomorphic Work, Rockglacier, Sediment transfer,

Terrestrial laser scanning
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8.1 Introduction

High mountain geomorphology is characterized by high elevation, steep gradients, rocky
terrain, the presence of snow and ice and the resulting processes, forming a high energy
environment (Barsch and Caine, 1984). Therefore, mountains deserve special attention within
geomorphology, since environmental changes may occur on shorter time-scales and with
lasting consequences and thus reflect the sensitivity of complex environmental systems. In a
periglacial high mountain environment, it is assumed that changes in the temperature
regime lead to respective changes in geomorphological processes such as weathering rates
and transport rates. The outstanding landforms in such systems evolve over millennia and
are related to constant temperature regimes during these periods, but we expect certain
changes related to climate change to occur on shorter time scales; thus influencing the related
processes. In most mountain ranges the topography is dominated by major erosional
landforms (e.g., cirques) reflecting former dynamics, superimposed by more contemporary
meso-relief-forms (e.g. moraines, talus cones), reflecting diverse process domains (Roer,
2007). Periglacial slopes are characterized by rockglaciers, ice-cored moraines or solifluction
lobes and are often in close connection to glacial and gravitational landforms. All of these
landforms are considered as significant indicators for changes within the system. The
dynamic behavior of rockglaciers especially has been assessed in relation to regional climatic
influences (Delaloye et al., 2010) but some rockglaciers still show erratic rheologies which
cannot be accounted for by climatic drivers (Roer et al., 2008, Springmann et al., 2013,). An
energy-based approach might help to understand the behavior of the rockglacier as a result
of the state of the entire slope system. In order to describe sediment transfer in high
mountain environments in a systematic context, Caine (1974) developed a conceptual model
of alpine sediment cascades. This model describes the logical, cascade-like sequence of
processes, based on an idealized slope profile. This approach has been adapted and applied

within this study in order to assess an entire periglacial mountain slope

Geomorphic work, energy fluxes and sediment transfer rates are among the main
components in characterizing and comparing the potential energy of geomorphological
systems (e.g., Reid and Dunne, 1996, Beylich and Warburton, 2007). The energy-based
approach establishing geomorphic work as a measure for erosion intensity (Caine, 1976)
allows the direct comparison of environmental systems and geomorphic processes on
different spatial and temporal scales. Process rates and their changes can be analyzed by

using energy fluxes and geomorphic work as indicators for their effectiveness. Based on the
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sediment budget approach, geomorphic work, energy fluxes and sediment transfer rates are
often assessed for entire mountain ranges (e.g., Church and Slaymaker, 1989) or single
gravitational processes (e.g. Krautblatter et al., 2012) but have rarely been used on a scale in
between. Barsch and Caine (1984) pointed out that the sedimentary features such as talus
cones and rockglaciers receive a lot of scientific attention whereas information on the source
area, the rockwall and its connection to the cascading sediment system is lacking. Up to now,
deficits exist in the knowledge of temporal and spatial coupling of nested geomorphological
processes and complex interactions of different sediment storages (Dietrich and Dunne, 1978,
Caine and Swanson, 1989, Schrott et al., 2003). Connectivity studies such as Fryir, 2007 and
Heckmann and Schwanghart, 2013 have assessed the linkage of landforms and coupling
between systemic entities. These connectivity approaches allow accounting for the
discrepancy between erosion / mobilization of material and the sediment yield at the outlet
of the system compartment which has been challenging to sediment budget studies (Caine

and Swanson, 1989, Hooke 2003, Fryir et al., 2007).

In order to describe and quantify sediment transfer rates and to derive energy fluxes,
information on geometrical changes within the system is required. Remote sensing data and
geodetic measurements are frequently used to assess geometrical changes in periglacial high
mountain areas (e.g. Campbell and Church, 2003, Roer et al., 2005, Avian et al., 2009, Bodin et
al., 2009). These observations deliver information on ongoing processes and process changes
and have so far not been applied for the investigation on energy fluxes on an entire slope.
The study presented here combines three different methods to derive landform parameters
for the analysis of sediment transfer rates and the calculation of geomorphic work. The study
focuses on the sediment and energy transfer within one example year where the multi-
temporal data have been averaged. The process rates of old landforms (rockglaciers) are also
quantified to fit a one year period. Beside DEM analyses derived from digital
photogrammetry and geodetic field survey, terrestrial laser scanning (TLS) is applied in
order to achieve a better understanding of geometry changes in the steep parts of the slope
(upper talus slope and headwall). Sediment transfer paths of the rockglaciers have already
been described by combining movement rates and sediment volumes (Girtner-Roer and
Nyenhuis, 2010; Gértner-Roer, 2012).

The purpose of this study is to assess and quantify sediment transfer sediment paths on a
periglacial and mountain slope and quantify geomorphic work in order to analyze and

compare sediment budgets in high mountain geosystems.
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8.2 Murtel / Corvatsch Cirque

The field site is the well-studied Murtel cirque situated below the northern face of Piz
Corvatsch (3300 m a.s.l.) in Grison, which lies in the south-eastern part of Switzerland (at
about 46 26'N / 9 49’E) and expands over an area of 0.48 km2. The lithology mainly consists
of granite, granodiorite and greenschist. The density of the in-situ rock types are assumed to
correspond with the values given in the literature with a density of 2.65-2.8 g/cm? (Tarbuck
et al., 2011). The climate is characterized by air masses from the south-west. The annual
precipitation averages 800 mm in the valley and 1000-2000 mm in higher altitudes. Gubler et
al. (2011) show the distribution of ground surface temperatures within the entire Corvatsch
area by using an extensive network of randomly distributed temperature loggers. Their
temperature data show that the entire slope is situated within the permafrost belt as the
existing rockglaciers (Murteél and Marmugnun) already suggest. Due to the fact of easy
accessibility the Murtel site is one of the best investigated permafrost sites and numerous
datasets (such as borehole, ground surface temperatures and kinematics) are available,
especially from the rockglacier sites (Hoelzle et al., 2002, Schneider et al., 2012). Based on
several studies it is known that the entire slope, down to an altitude of 2620 m a.s.l

(rockglacier front) is situated in discontinuous permafrost.

The north slope of Piz Corvatsch gives a typical periglacial mountain slope with a sequence
of characteristic landforms: headwall, talus slopes or cones and rockglaciers. The Murtel
rockwall, the northern face of Piz Corvatsch, comprises the headwall of an ice-free cirque in
which the Murtel rockglacier has formed. The headwall consists of heavily shattered
crystalline rocks and has been part of a more detailed analysis on frost weathering and
rockwall erosion by Matsuoka (2008) which identified heavy shattering of the headwall with
a mean crack width of 2 mm. The headwall supplies coarse bouldery debris to the entire
cirque which has developed into the talus cone and two rockglaciers during the Holocene
(Barsch, 1996, Haeberli, 1998 and Matsuoka, 2008). The rockwall can be divided into two
source areas supplying the rockglaciers with sediment. The entire headwall has a mean slope
of 45° but most bedrock outcrops are 80°-90°. Small ledges within the headwall are covered
with debris which developed into small debris cones. These cones lessen the overall
steepness of the headwall. The talus cone is characterized by linear transport processes
originating in the headwall. It serves as the subsequent sedimentary body to the headwall
and consists of heterogeneous loose material. A sudden change in slope and the absence of
bedrock identify the talus cone in the geomorphological setting. Permafrost creep and snow

avalanches are considered to be processes responsible for sediment transport within the talus
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cone and on-/into the rockglacier. The Murtel rockglacier has been identified as a talus
derived rockglacier (Haeberli et al., 2006) where the buildup of subsurface ice (segregation
ice and the incorporation of perennial snow banks and avalanche snow (Isaksen et al., 2000,
Humlum et al.,, 2007)) within talus slope has led the material to behave fluidly and creep
downwards. Therefore the talus slopes supply sediment by permafrost creep and secondary
transport by avalanches and debris flows to the rockglacier. The Murtel rockglacier can be
identified by its well developed furrow and ridge topography and the outstanding
rheological features. Despite the topographical differences between the landforms, their
boundaries are often not detectable as clear lines but can be depicted as transition zones (see

Fig. 18 and 19).

8.3 Concept, Methods & Data
8.3.1 Cascading Concept

The periglacial high mountain system at hand can be interpreted as a closed system
concerning coarse debris (Barsch and Caine, 1984) in the sense of Chorley and Kennedy
(1971). The boundaries of the coarse debris system are clearly defined by the ridge of the
headwall and the bottom of the rockglacier. There is no possible input of clastic material
from outside the system and within this approach it can be assumed that there is no loss of
sediment since only the coarse debris system is assessed. Suspended material and material in
solution within the drainage water are of course existent but will not be assessed (Barsch and
Caine, 1984, Jordan and Slaymaker, 1991). Sediment transfer rates and geomorphic work
have repeatedly been used to describe and compare such geomorphological systems (Barsch
and Jakob, 1998, Humlum, 2000: see Krautblatter et al., 2012 for a thorough compilation of

geomorphic work literature).
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Figure 18: Idealized concept of a typical periglacial mountain slope: subsystems and the associated potential
energy.

Figure 18 shows the theoretical concept of an idealized periglacial mountain slope which
builds the basis of this study. Three main subsystems make up the entire mountain slope:
The headwall and intermediate storage subsystem, the talus slope subsystem and the
rockglacier subsystem. Each subsystem can be described by characteristic parameters (e.g.,
change in slope, change in grain size distribution) and has a typical setting in the landscape.
The subsystems are defined based on several characteristics: topographic features, typical
landform(s) and dominating mass wasting processes. Subsystem I (Headwall and
Intermediate Storage) is dominated by steep rockwalls (within this study > 45 degree)
consisting of consolidated rock, small debris storages where eroded material is stored for
short periods of time and remobilized by avalanches or heavy precipitation (Sass, 2005). The
dominant process of mass transport is rockfall and snow avalanches. Backweathering of the
exposed rockwall and resulting rockfall of all magnitudes are the most effective mass
wasting processes (Krautblatter et al., 2012) and supply the entire system with sediment.
Subsystem II (talus slope) results from the active sedimentation of the mobilized material in
subsystem I. The dominant mass wasting processes are rockfall and secondary transport by
snow avalanches and probably permafrost creep. The talus slope consists of unconsolidated

material of different seizes and shows a rather homogeneous sedimentation regime.
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Subsystem III (rockglacier) develops from the talus slope located in permafrost conditions
which begins to creep and forms the characteristic appearance of these landforms over
millennial timescales (Barsch, 1996).

In order to assess the entire system, the characteristics, processes and connections of the
constituent subsystems have to be identified, individually analyzed and then holistically
interpreted. This multitude of parameters calls for an approach using a combination of
several methods such as geomorphological mapping, photogrammetry, terrestrial
laserscanning and surveying to assess and quantify the contributing processes. A holistic
conceptual approach based on sediment and/or energy transfer considers the entire cascade

of subsystems if a whole mountain slope is to be assessed.
8.3.2 Geomorphological mapping

The site has been analyzed by geomorphological mapping in the field as well as by
interpretation of digital elevations models (DEM) and orthophotos derived from digital
photogrammetry. Especially the DEMs served as basis for geomorphometric analyses to
determine spatial dimensions, slope, aspect and curvature of the system. The DEMs derived
from digital photogrammetry perform best in flat and moderately inclined slopes whereas
terrestrial laser scanning (TLS) produces high quality digital elevation information in steep
areas (see Fig. 18). Thus the DEMs derived from TLS are used for the analysis of the
headwall and the talus slopes whereas the photogrammetrically derived DEMs covering the
talus slopes and rockglaciers are utilized to interpret these areas. The datasets covering the
overlapping area allow for an assessment of the different techniques.

The three subsystems are defined by typical landforms and corresponding processes. Crucial
is the delineation of the source area (headwall and intermediate storage), of the talus slope
and of the rockglaciers, which was performed by including the surface features (e.g. changes
in slope, grain size distribution,) as well as the velocity information, that indicate the
transition zone of the different subsystems. Unfortunately there is no subsurface information

available to delineate more accurately the three sub systems.

106



Publication II

783600
1

782800
L

s

144.000

")

cPMEeedingArea
. Rockglacier

\ Zrd]
Rockglacier

intermediate Storage‘

Talus Slope

Marmugnun

Murtel

T T— - -
782800 783000 783200

U
783400

1
783600

144000

Figure 19: Geomorphological map of the Murtel slope. The delineation of the subsystems are not as distinct as

depicted but rather transition zones between the subsystems.

8.3.3 Geometry changes

Within this study a multi-sensoral approach uses TLS data, photogrammetric imagery and

terrestrial geodetic measurements to derive vertical and horizontal changes within the

system. Feature tracking and DEM differencing methods enable the quantification of

spatially discrete changes. For the assessment of rockglacier activity, permafrost creep needs
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to be quantified with a high accuracy. This is best performed by the combination of remote
sensing and terrestrial methods, allowing the analysis of permafrost creep on various spatial

and temporal scales (PERMOS, 2010).

Within PERMOS (Swiss Permafrost Monitoring Network), aerial photographs from low
altitudes (scale 1:6000) are taken by Swisstopo for selected sites such as Murtel with a
temporal resolution from 5-7 years (1996, 2002 and 2007). Based on these data, geometry
changes of entire landforms are quantified on a multiannual basis. The products of the
airborne survey are digital elevation models and orthophotos with a resolution of 0.3-1m.
Geometry changes are described by vertical changes derived from repeated DEM
differencing (pixel based), as well as by horizontal changes derived from matching of multi-
temporal orthophotos (vectors). Details on raw data, processing and accuracies are given by
Kééb and Vollmer (2000), Roer et al. (2005) and Roer (2007). In addition to remote sensing,
terrestrial survey using a total station (Leica TLS 1200) has been conducted since 2009 with a
high temporal resolution (seasonal and annual) for a number of selected blocks on each
rockglacier. Terrestrial survey points (TSPs) are measured twice a year and based on their
three dimensional coordinates (x,y,z) horizontal (Axy) and vertical (Az, ratio of slope)
changes are quantified with a resolution of 1-2 cm. Terrestrial surveying of selected blocks
within the rockglacier matrix has proven as a reliable method to derive horizontal velocities

and vertical displacement (Roer et al., 2008, Bodin et al., 2009, Delaloye et al., 2010,).

In order to assess the steep areas of the mountain slope, terrestrial laser scanning (TLS) has
been performed annually since 2009 and produced digital elevation models with a resolution
0.5 m. Repeated surveys allow for the quantification of geometry changes in the wall as well
as on the talus slope. Limitations are given in shaded areas, such as the furrow-and-ridge
topography on the rockglacier surface or the complex topography of the headwall. TLS has
been repeatedly used to assess geometrical and volumetric changes in vertical rockwalls
(Oppikofer et al., 2008, 2011, Kenner et al., 2011, Heckmann et al., 2012) and the movement of
rockglaciers (Avian et al., 2009). Several accuracy assessments of TLS surveys have shown
that an accuracy of 5-7 cm is achievable depending on sampling distance (Rabatel et al., 2008,
Oppikofer et al., 2009, Lim et al., 2010). TLS surveys were conducted yearly from 2009 to 2012
to assess the rockglacier movement but only the datasets of 2011 and 2012 were fit to derive
sufficient information about the entire headwall to quantify changes. For the TLS surveys in
2011 and 2012 the Riegl LPM-321 instrument was used.

The multi-temporal high resolution TLS allows distinguishing and quantifying several
processes within the different subsystems. The areas and volume of erosion and mobilization
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of material can be located and quantified (mobil. Vol. in Table 1). Besides that, location and
volume of accumulated material can also be spatially assessed and quantified (acc. Vol. in
table 1). The discrepancy between the mobilized volume and the accumulated volume is
referred to as the effective volume which, if positive shows the amount of material
transferred to the next subsystem, or if negative, the dynamic within the intermediate

storages.
8.3.4 Geomorphic Work

Geomorphic work has been introduced by Caine (1976) in order to find a universal definition
for erosion and transport within geomorphological systems. The term “work” is referred to
in its original physical sense: as a measure of released potential energy to overcome friction

and induce acceleration. Geomorphic work is defined as potential energy
w=mgAh

Where m is the mass of the mobilized material, g the gravitational acceleration and Ah the
vertical distance travelled by m (Caine, 1976). The energy released can be measured in Joule
or Watts (Kg m2s3) if the time span of the released energy is known. Other definitions have
been introduced (Wolman and Gerson, 1978, Costa and O'Connor, 1995) but will not be
accounted within this study. The quantification of geomorphic work (GW) within the multi-
sensoral approach presented here enables the assessment of the energy regime within one
entire mountain slope and the effectiveness of numerous coupled processes involved in
releasing this energy. The total geomorphic work generated in the study area is the sum of

the energy released in the several subsystems (see Fig. 18):
GWii=GW I+ GW I + GW 1T

Where GW I is the geomorphic work of the headwall and intermediate storage subsystem,
GW II the geomorphic work generated in the talus slope and GW III the energy released in
the rockglacier subsystem.

The multi-sensoral approach presented allows for the quantification of the energy released in
the headwall by using multi-temporal TLS data to quantify the mobilized and intermediately
stored sediment. The high resolution of the TLS data allows for the spatially discrete and
therefore precise calculation of GW. Previously, GW has been mainly calculated by
quantifying the mobilized material at the bottom of the slope by rock collectors and applying

an average travelling distance for the entire sediment (e.g., Krautblatter et al., 2012). This
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approach can only produce spatially restricted information about the sedimentation process
and relies highly on the interpolation over the entire rockwall or catchment.

The GW within this context is calculated by quantifying the volume loss and volume gain
derived from DEM differencing for the subsystems headwall / intermediate storage and
talus slope. The available TLS-derived DEMs are unfortunately not adequate for an
assessment of the entire rockglacier area. The mass loss of the headwall subsystem is
considered as mobilized material and entirely interpreted as released energy since it is the
first step of the energy / sediment cascade whereas the talus slope can be attributed with an
energy in- and output (gain and release). Following the equation to calculate GW, h is
considered the vertical distance of every pixel to the highest point of the subsequent system
which in case of the headwall is the top of the talus slope located at 2700 m a.s.l. The peak of
the rockwall, Piz Corvatsch is situated at 3185 m which leaves a maximal vertical distance of
485 m. The mass of the mobilized material is derived from the DEM differencing information
and thus the geomorphic work on a pixel basis can be calculated. The DEM differencing does
not only show the released material and therefore released energy but also the accumulation
of that material within the subsystem. The accumulated volume is considered as
intermediate storage (accumulated volume) in the headwall and talus slope.

Due to its steep slope, the GW of the talus slope subsystem is also best assessed by the TLS.
For the talus slope subsystem it is possible to derive an energy input and an energy output
since the headwall supplies quantifiable sediment and therefore energy to the talus slope.
Energy release / output is obtained by identifying the mass loss in the talus slope and
inferring the GW from that. The height () is here considered the vertical difference of each
pixel to the highest point of the rockglacier area (2650m a.s.l.) This approach ensures the
comparability to geomorphic work data from studies which used stone collectors at the foot
of the rockwall (e.g. Krautblatter et al., 2012). In order to quantify the entire GW released in
either one of the subsystem, GW is calculated for each pixel and the positive values are
summed up to describe the entire work released. If the sum of the negative values of GW
(GWitored, resulting from mass gain within the DEM differencing) is subtracted from the
released GW, it is possible to quantify the energy transfer between the subsystems.
Therefore, similar to the geometry changes, it is possible to differentiate between the entire

geomorphic work released in the subsystem and the energy kept by intermediate storages.
GWesficient = GWieleased = GW stored

The discrepancy between the two can be referred to as effective energy (GWegsicient) because it
is the energy that is transferred to the next subsystem.
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The sediment transfer / geomorphic work assessment of the rockglacier is based on work in
Gartner-Roer (2012) where the sediment volumes and transport rates have already been
addressed for the Murtel rockglacier. Direct information on rockglacier thickness is only
available at the Murtel site (e.g., Haeberli et al., 1998), this data were assessed by a semi-
quantitative approach for the adjacent landform Marmugnun. The thickness for Marmugnun
has been determined in different parts of the front and at the lateral margins and an average
value has been calculated for each rockglacier (Gartner-Roer, 2012). The calculation of
sediment volumes is based on a simplified three-layer-model of the internal structure of
rockglaciers (Haeberli, 1985, Barsch, 1996, Humlum, 2000): the uppermost layer is up to three
meters thick and consists of very coarse blocks. The second layer represents the ice-rich,
deforming permafrost core which is moving down slope and therefore covers the third layer,
which results from blocks that toppled from the front and are overridden by the rockglacier.
The amount of sediment stored within rockglaciers is estimated to vary between 30 and 50%
(Barsch, 1996, Humlum, 2000). The rockglacier thicknesses according to the method
described before were used to calculate different sediment volumes. An ice volume of 40%
was assumed for the Marmugnun rockglacier and a density of the sediment of 2.8 g cm- was
applied (Gartner-Roer and Nyenhuis, 2010).

For simplification, it is assumed that the entire rockglacier creeps and the vertical distance is
based on the average slope and the horizontal distance travelled. The vertical distance
travelled per year can be deducted from the horizontal velocity per year (v) derived from

geodetic survey and the average slope:
A hrockglacier = V * sin (slope)

The average slope for Murtel is 12 degree and for Marmugnun 18 degree which results in

0.02 cm/a (Murtel) and 0.05 cm/a of height covered.
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8.4 Results

The results of the geomorphic mapping based on interpretation of various types of remote
sensing data and field observations are depicted in Fig. 19. The spatial categorization
following the concept presented in Fig. 18 cannot be seen as a spatially discrete delineation
but rather as transition zones between several process domains. Both rockglaciers, Murtel

and Marmugnun, serve as sediment traps for the coarse debris system of the entire slope.
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Figure 20: The TLS derived volume changes within the mapped subsystems between the year 2011 and 2012.
Areas without volume change information are either due to gaps in the TLS dataset or areas where no change
happens. High isolated patches of volume change are due to the melt of avalanche and have not been
incorporated in the volume assessment.
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Figure 20 depicts the mobilized volume (in m?) of sediment in the mountain slope which is
detected by the TLS. In total, a volume 1.95x10° m? the equivalent of 5.4 Mt of material was
mobilized. The entire system released 120.31 GJ a™ of geomorphic work which corresponds
to 7.9 kW km™ The detailed analysis of the different subsystems is shown in table 14 and
table 15.
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8.4.1 Headwall

The headwall of the entire system mobilizes 12’451 m?® of material of which 11’792 m? are
held by intermediate storages within the headwall itself. Small storage areas like cavities,
minor depressions and debris slopes gather material which is most likely transported
onwards by snow avalanches. This shows that only a small part of the mobilized material is
fed directly into the next section of the sediment cascade. Altogether, the headwall releases
geomorphic work of 100.88 GJ within the years 2011 and 2012. Most of the released energy is
buffered in intermediate storages und only 29.9 GJ of energy are directly transferred into the
next subsystem. Figure 20 depicts the spatial distribution of the mobilized material within
the headwall. It is apparent that the highest parts of the headwall are most active and deliver
material into a channel where the sediment either passes to the talus cone or is stored in the
lower parts of the channel. The feeding area of the Marmugnun rockglacier is largely
covered by the TLS dataset, whereas the eastern slope of Murtél was not observed by the
instrument. Observations in the field have shown that this slope is not very active and
contributes only small amounts of sediment into the system. The lack of a distinct talus slope
supports this assumption. The effective volume of sediment generated by this approach
would account for a backweathering rate of 2 mm per year.

The negative effective volume of sediment for the entire Murtel feeding area shows, that
more material is accumulated or relocated than added by rockwall erosion or transferred to
the next system. This shows that the storage capacity for sediment and energy of the
subsystem are not yet filled. Besides the transported volume of sediment, Fig. 20 also depicts

the gaps within the TLS dataset which mostly originate from shading effects of the area.

8.4.2 Talus slope

The talus slopes are supplied with material by several distinctive channels in the headwall.
The Marmugnun talus slope is mainly fed by one major channel depositing material linearly
on the slope whereas there are two smaller linear areas contributing diffusely to the Murtel
talus slope. The TLS data for both talus slopes shows a mobilized volume of 6671m3 and an
accumulated volume of 4555.22m3. Thus, the effective volume transferred through the
subsystem is 2116.3 m3. The released energy of both talus slopes sums up to 16.48 GJ in the
area and the effective geomorphic work which is channeled through the system adds up to
3.99 GJ. Unfortunately there is no kinematic monitoring installed on the talus slopes thus the

movement can only be derived by the interpretation of the DEMs. Singular features such as
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huge boulders can be identified wandering downwards within the multi-temporal DEM
analysis but the underlying transport process, permafrost related or gravitational mass
wasting cannot be recognized. Distinct periglacial creeping features such as compression
lobes, extension features or bound and unbound solifluction lobes are absent. Nevertheless,
temperature data based on Gubler et al. (2011) suggest that the talus slope is situated in
permafrost conditions thus the material is probably transported by permafrost creep before it

is incorporated into the rockglacier.
8.4.3 Rockglaciers

Following the systemic concept introduced in Sect. 8.3.1 the rockglaciers develop out of
frozen talus slope material and show no direct input from the headwall. The horizontal
velocities of the rockglaciers are in average 0.09 m/a for Murtel rockglacier and 0.15 m/a for
Marmugnun rockglacier (see Table 15). The distribution of the rockglacier velocities over a
three year period are depicted in a transect from the front to the rooting zone in Fig. 21 and
show the highest velocities at the rockglacier front. Due to their high storage capacity, the
rockglaciers transport the highest volume of sediment during a year within the system
although the dominant process of permafrost creep shows only slow horizontal velocities
(see Table 14). The GW is calculated for both rockglaciers separately using different vertical
distances traveled (app. 0.02 m/a for Murtel and 0.05 m/a for Marmugnun).Murtel
rockglacier generates only 0.81 GJ of GW although the landform mobilizes 1.49*106 m3 of
sediment per year. Marmugnun rockglacier which mobilizes 0.45*106 m® of sediment
generates 0.62 GJ] of GW. Marmugnun rockglacier shows higher vertical velocities per year
than Murtel which account for the similar GW generated. The combined GW of 1.44 GJ
released by the rockglaciers accounts for only 1.2% of the GW released in the entire

mountain slope although the rockglacier mobilize 99% of the coarse debris system.

=]
w
«
o
R
K

Marmugnun Murtel

o
w

o
N
(]

0.08
0.06

=]
-
@

horizontal velocity m/a
o
o
2
o
3

horizontal velocity m/.

o
-

0.02

=4
=)
@
o

\d » S QS A > o A < L3 > o S & > d g o

» o < N ) o = > > 5 ] o © © © AS Q' X

> ~ ¥ ~ ~ ~ ¥ DA A A A A A A A A 4
altitude m.a.s.|. —=2009-2010 2010-2011 =&=2011-2012 I altitude m.a.s.l. l =#=2009-2010 2010-2011 =#&=2011-2012 I

Figure 21: Annual horizontal velocities of selected blocks (in a transect from the front to the rooting zone) at
the rockglaciers Marmugnun and Murtel . The measurements were taken by terrestrial geodetic survey (TSPs).
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8.5 Discussion

This study investigates the mass and energy transfers of an entire periglacial mountain slope.
The method of quantifying volume mobilization and accumulation in steep areas is multi-
temporal terrestrial laser scanning which allows for the discrete localization of mobilized and
accumulated material. Unfortunately, the characteristic of the site in combination with the
TLS does not enable distinction to be made between material which is freshly produced by
backweathering of bedrock and the relocation of temporarily accumulated debris within the
headwall. In the case of a vertical rockwall, all of the supplied material at the talus slope
would be freshly eroded material because almost no intermediate storages exist in vertical
rockwalls. Therefore, the quantification of dynamic material in the headwall using TLS data
includes the freshly eroded material supplied by the bedrock as well as the remobilized
material from intermediate storages. The complexity of the headwall topography prohibits
the mapping of all intermediate storages. Nevertheless, the approach introduced permits the
spatial discrete analysis of mobilized and accumulated volume. This allows investigating the
dynamics within the system, differentiating active from inactive areas and tracking changes
of process domains over time. In case of the headwall, the discrepancy between the
mobilized and accumulated volume (effective volume in Table 14) represents the volume of
material transferred to the talus slope. Traditionally, mobilized rockwall material is
quantified using rockfall collectors at the foot of the rockwall which gather the transported
material (Krautblatter et al.,, 2012, Rapp, 1960). The volume derived from this approach
yields 658.9 m? of material into the next subsystem which translates into a backweathering
rate of the headwall of 2 mm/a. This backweathering rate is consistent with values presented
in Glade (2005) and Krautblatter et al. (2012) but the TLS analysis shows that the actual
mobilized material in the headwall is much higher than the input in the next subsystem
would suggest. This is also in accordance with Krautblatter and Dikau (2007) and Matsuoka
(2008) who emphasize the importance of intermediate storage of loose material in step
rockfalls. Therefore it is questionable how well rock collector experiments really quantify the
material produced by the rockwall or if they underestimate the volumes stored in
intermediate storages.

The geomorphic work derived from mobilized sediment volumes is presented in two
measures: released geomorphic work and effective geomorphic work. In order to calculate
the geomorphic work it is assumed that the entire mobilized material generates energy by
covering the vertical distance to the next subsystem. This overestimates the amount of

energy released because the majority of the mobilized material in the headwall is just
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relocated and not transferred the entire vertical distance to the talus slope. The discrepancy
between the total GW released in the headwall and the GW stored in intermediate storages
(‘negative’ geomorphic work in the headwall) is transferred to the next compartment in the
energy cascade. This effective GW is comparable to values presented in other studies.
Geomorphic work in mountain systems has been thoroughly assessed in Krautblatter et al.
(2012) and the study gives also a good overview over geomorphic work literature. The
values presented by other studies are significantly lower than the results presented here but
there are only a few comparable datasets available. Most of the geomorphic work studies
focus on single processes such as solution (Groves and Meiman, 2005), debris flows
(Lewkowicz and Hartshorn, 1998) and selected mass movements (Beylich, 2000). This study
is the first to include a spatially differentiated analysis of the geomorphic work generated.
Therefore it is possible to describe the released geomorphic work depending on the actual
vertical distance travelled. Although the exact vertical distance per pixel cannot be derived,
the released energy can serve as a value of potential energy stored in the entire headwall
system.

The effective energy of 29.8 GJ/a in the headwall for mass movement of the entire coarse
debris system also agrees with values presented in Krautblatter et al. (2012) who calculate
67.1 (25.7) GJ/a for a rockwall of 4.1 km? vertical extension. In order to define a uniform
measure and allow for comparison, the geomorphic work generated is referenced over the
entire rockwall. The power released in the entire rockwall covers a vertical extension of 0.3
km2. This translates into 99.6 GJ/km?2 which is five times as high as the geomorphic work
presented in Krautblatter et al., 2012 but probably due to the greater vertical distances
covered and faster process rates in high mountain environments.

With the introduced cascading approach it is possible to assess each of the subsystems
individually but also in relation to the other. Thus a backweathering rate of 2 mm can be
derived for the headwall and an energy transfer of 29.9 GJ from the headwall to the slope, 4
GJ from the talus slope to rockglacier where 1.44 GJ of geomorphic work are released by the
downwards creep of the landform. In the entire system geomorphic work of 35.3 GJ was
effectively released which shows that most of the geomorphic work stays within the
subsystems and is not transferred from one subsystem to another. Therefore massive
storages of mass and energy persist in the subsystems which are available for mobilization.
The approach using TLS and photogrammetrically derived DEM differencing allows for the
quantification of vertical changes and their derivable measures (volume, energy, etc). These
changes can result mainly from mass movement (which holds true for the headwall) but

other vertical changes due to melt out of subsurface ice or mass transport by other processes
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such as permafrost creep cannot be addressed. Since there is no spatial subsidence detected
on the talus slope which would correspond with the melt out of subsurface ice and field
observations have shown that there are no creeping structures visible, it is feasible to assume
that the elevation changes are solely caused by deposited material.

The majority of material is mobilized within the rockglaciers, mainly by the Murtel
rockglacier which by itself holds a volume of 1.4 x 1076 m3. Due to their rather slow
movement and low inclination the rockglaciers only contribute 1.4 GJ of geomorphic work to
the entire system. Because of borehole information, the volume of Murtel rockglacier is
accurately determinable and therefore the geomorphic work precisely calculable. In the case
of Marmugnun, where there is no borehole existing, the method to evaluate the thickness is
not as precise. But even if the volume of Marmugnun was underestimated by 50% the

rockglaciers would only contribute 2.06 GJ of geomorphic work to the system.

8.6 Conclusion

This study introduces a multi-sensoral approach to assess the sediment and energy transfer
of the coarse debris system within a periglacial high mountain slope. The sediment cascade is
divided in three subsystems based on dominant processes and topographical features. We
show that a combination of observational methods is necessary to analyze each subsystem
due to their specific topography and processes. TLS is the method of choice to assess steep
rockwalls and talus slopes whereas a combination of terrestrial surveying and airborne
photogrammetry has proven to show good results for rockglacier analysis (PERMOS, 2010).
We quantify and locate the volume of material and energy mobilized within each subsystem
but also the amount of material and energy which is kept and/or relocated within a
subsystem. The discrepancy between mobilized and retained mass and energy lets us
estimate the transfer between the subsystems but also the energy generated within the entire
system. The entire system from headwall to rockglacier mobilizes 1.95 x 10”6 m? material
which generate 118.8 GJ of geomorphic work of which only 35.3 GJ (658.9 md) are effectively
transferred between the subsystems and the rest is retained in intermediate storages. The
highest amount of energy (100.9 GJ, 29.9 GJ effectively) is released within the headwall
whereas the rockglaciers are mobilizing the highest amount of sediment (1.93 mill. m3) but
contribute only 1.44 GJ of geomorphic work. This pattern highlights that a rockglacier can be
considered a long lasting sediment sink: it stores sediment, but it is often not connected to
streams or other sediment paths downstream. Thus rockglaciers are probably one of the best
and long-lived sediment stores during interglacials. The values presented here are

significantly higher than in comparable studies which is due to the spatially discrete data of
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the observation methods and the vertical dimension of the headwall. The spatially discrete
data also allows locating active and inactive areas. The highest parts of the rockwall have
been identified as most active which explains the high amounts of energy released by the
headwall.

The methodical approach introduced has previously not been applied to quantify sediment
transfer and geomorphic work in an entire periglacial high mountain slopes and we showed
that the results for the subsystems are mostly higher than the results generated by traditional
methods. Additional studies in similar environments will show how the results presented

here can be conclusively interpreted.
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Abstract

Rockglaciers are landforms indicative of permafrost creep and received considerable
attention concerning their dynamical and thermal changes. Observed changes in
rockglacier motion on seasonal to decadal timescales and have been related to ground
temperature variations and related changes in landform geometries interpreted as signs
of degradation due to climate warming. Despite the extensive kinematic and thermal
monitoring of these creeping permafrost landforms, our understanding of the controlling
factors remains limited and lacks robust quantitative models for rockglacier evolution in

relation to their environmental setting.

Here, we use a holistic approach to analyze the current and long-term dynamical
development of two rock glaciers in the Swiss Alps. A numerical flow model, that
couples the process chain from material deposition to rockglacier flow, is presented and
is able to reproduce observed rockglacier geometries and their general dynamics.
Modelling experiments exploring the impact of variations in rockglacier temperature and
sediment/ice supply show that these forcing processes are not sufficient for explaining
the currently observed short-term geometrical changes derived from multi-temporal
digital terrain models at the two different rockglacier. The modelling also shows that
rockglacier thickness is dominantly controlled by slope and rheology while the advance
rates are mostly constraint by rates of sediment/ice supply. Further, timescales of
dynamical adjustment are found to be strongly linked to creep velocity. Overall, we
provide a useful modelling framework for a better understanding of the dynamical

response and morphological changes of rockglaciers to changes in external forcing..
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9.1 Introduction

Rockglaciers and their dynamics have received much attention in permafrost research and
beyond, most prominently by the International Panel on Climate Change (IPCC) in context
of impacts of a warming climate on high mountain permafrost (IPCC, 2014). Time series of
rockglacier movement in the European Alps indicate acceleration in permafrost creep over
the last decades related to an increase in ground temperatures (Delaloye et al., 2010b,
PERMOS, 2013, Bodin et al., 2015). Further, multi-temporal geomorphometric analysis have
shown subsidence features and structural disintegration of alpine rockglaciers which are
indicative of landform degradation and destabilization (K&&b et al., 2007, Roer et al., 2008b,
Bodin et al., 2010, Springman et al., 2013, Micheletti et al., 2015). Many studies have
addressed the connection between mean annual air temperatures (MAAT) and rockglacier
dynamics from a descriptive point of view (Ikeda and Matsuoka, 2002a, Roer et al., 2005a,
Delaloye et al., 2010b, Springman et al., 2012) or have used modeling approaches to assess
rockglacier dynamics (Jansen and Hergarten, 2006, Kaddb et al., 2007, Springman et al., 2012).
Most of these studies focus on the process of permafrost creep in relation to air or ground
temperature in order to assess rockglacier creep. Other authors stressed that rockglacier
dynamics cannot solely be explained by temperature variations and should integrate flow
and controlling environmental factors such as sediment supply dynamics and landform
characteristics (Roer et al., 2005a, French, 2007, Frauenfelder et al., 2008). Rockglaciers have
been defined as ‘lobate or tongue-shaped bodies of perennially frozen unconsolidated
material supersaturated with interstitial ice and ice lenses that move down slope or down
valley by creep as a consequence of the deformation of ice contained in them and which are,
thus, features of cohesive flow” (Barsch, 1992, p. 176). Such a definition includes information
on form, material and process and therefore, the observable rockglacier characteristics are
influenced by sediment and ice input, permafrost conditions and the geomorphological
setting which in turn control rheology and landform geometry (Barsch, 1996). Very few
studies have addressed rockglacier dynamics in such a holistic approach including
backweathering rates, sediment and ice dynamics, and climate variations to gain insight into
the long-term evolution of rockglaciers (Olyphant, 1983, Frauenfelder et al., 2008) and were
limited regarding validation by observational data.

Recent observations show signs of rockglacier destabilization such as acceleration,
subsidence features and structural disintegration (forming of crevasses) at several
rockglacier landforms in the Swiss Alps (K&é&b et al., 2007, Roer et al., 2008b, Delaloye et al.,
2011, Lambiel, 2011, Springman et al., 2013, PERMOS, 2013, Kenner et al., 2014, Bodin et al.,
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2015). These studies indicate that various factors can lead to such degradation but a common
triggering for all the cases has not been identified. These potential factors are most likely
connected to the complex combination of the local topography, the thermal state of the
permafrost (climate-induced response) and/or to variations in the sedimentation regime

affecting the sediment load during long-term landform evolution.

Numerous remote sensing techniques are available for acquiring data on permafrost creep
(see Haeberli et al., 2006 and Ki&db, 2008 for an extensive summary), high mountain
geomorphometry (Bishop et al., 2003) and high mountain sediment dynamics (Gértner-Roer,
2012, Heckmann and Schwanghart, 2013, Miiller et al., 2014a). This provides the necessary
constraints for a holistic assessment strategy that includes the coupling of relevant landforms
and processes and in which sediment supply rates can be quantified, ice volumes estimated
and rockglacier rheologies derived (Frauenfelder et al.,, 2008, Gértner-Roer and Nyenhuis,
2010).

Here we present such a holistic analysis approach to assess long-term rockglacier evolution
and the impacts of variations in temperature, sediment and ice supply on rockglacier
geometry and movement. We apply a numerical flow model to two rockglaciers in the Swiss
Alps with different topographical, morphometrical and rheological characteristics. The
modeling is motivated by observations of topographic and kinematic changes for the two
rockglaciers revealing signs of degradation as presented in this study. The aim of the
modeling approach is to relate these changes to long-term evolution and short-term
adaptation of rockglacier systems to changing environmental factors and ultimately to a
better understanding of the currently observed dominant controls of kinematic and
morphological changes. We thereby consider rockglaciers as an integral part of a coarse-

debris cascading system in periglacial environments.

9.2 Conceptional approach to high mountain periglacial systems

The topographical evolution of the rockglacier landform relies on the production,
transportation and deposition of coarse debris in the periglacial system and the generation
and integration of subsurface ice (Wahrhaftig & Cox 1959, Barsch, 1996). The development of
rockglaciers is therefore dependent upon the supply of debris from the source headwall(s)
and the long-term preservation of an ice matrix or ice core inducing creep (Morris, 1981).

Rockglaciers are also dynamic landforms that are influenced by the warming and melting of
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ice and changes in sediment input. The variations in environmental factors translate into
observable changes in geometry and kinematics which can be interpreted as a sign for
degradation and/or destabilisation of these permafrost landforms (Roer et al., 2008b,

Springman et al., 2013).

Figure 22 shows the theoretical concept of an idealized periglacial mountain slope with a
corresponding rockglacier system and builds the conceptual basis for this study. Two main
subsystems contribute to the temporal and topographical development of the rockglacier
landforms: The upper headwall and talus slope system generate the sediments which are
transported into the lower rockglacier system. The rockglacier system is besides the sediment
input also controlled by the existence, generation and state of subsurface ice and permafrost
creep (see Fig. 22). The two subsystems differ on the basis of several characteristics:
topographic features, typical landform(s) and the dominating mass transporting processes.
Backweathering of the exposed rockwall and resulting rockfall are the most effective mass
wasting processes (e.g. Krautblatter et al., 2012, Miiller et al., 2014a) and supply the entire
system with sediment. Backweathering rates and rockwall dynamics are strongly influenced
by the geological structures, lithological conditions as well as characteristics and dynamics of
cleft ice which are in turn thermally controlled (Hasler et al., 2012). The progressive
accumulation of sediment and ice on an inclined surface at the foot of the rockwall under
permafrost conditions, leads to permafrost creep and develops into a rockglacier (Barsch,
1992, Haeberli et al., 2006). The existence of ice and its properties within the sediment
obviously plays an important role as process agent in these systems and environmental
changes influence erosion and transport processes and result therefore in topographical and

kinematic changes. (White, 1973, Arenson et al., 2004, Haeberli et al., 2006).
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Figure 22: Conceptual model of the dynamic evolution of a rockglacier system. Black arrows show the
sediment transport. t0, t1 and t2 show the rockglacier surface geometries at different time-steps resulting from
variations in environmental factors such as warming and a decrease of sediment/ice input.

We transfer this conceptual approach into a numerical flow model that integrates the whole
debris process chain and couples the different subsystems and related mass fluxes. It
assumes a uniform sediment and ice input from the rockwall to an inclined surface, builds
up a talus slope that is supersaturated with ice and then starts to creep as a viscous non-
linear media similar to ice. This rheological assumption has repeatedly been used to assess
rockglacier kinematics (Wahrhaftig and Cox, 1959, Olyphant, 1983, Whalley and Martin,
1992, Barsch, 1996, Kééb et al., 2007, Frauenfelder et al., 2008). A few studies e.g. Olyphant
(1983), Wagner (1992), Leysinger-Vieli and Gudmundsson (2003) and Frehner et al. (2015)
have demonstrated that such a rheology can in principal be used in a numerical flow model

for rockglaciers.
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9.3 Recent observations of rockglacier change

The modeling work in this study is motivated by detailed observations of geometric changes
of two rockglacier systems both in Switzerland. We present in this section comprehensive
new datasets of the two landforms, rockglacier Huhh1 in the Turtmann valley and the well
studied Murtel rockglacier in the Engadine. Both show changes in surface geometry and
kinematic behaviour but have distinctly different landform characteristics (see Tab. 16 for an
overview). In order to assess the controlling mechanisms of rockglacier evolution and
potential degradation, we use a “backward” approach: We quantify and discuss distinct
observed changes in surface geometry and kinematics of the two rockglaciers, propose
potential controlling forcing factors (sediment and ice input as well as ground temperature)

and then assess these observations and related forcings with a numerical creep model.

Table 16: Characteristics of the two selected rockglaciers (excluding their talus slopes).

Murtel rockglacier Huhh1 rockglacier
Average thickness 30m 12m
Length 280 m 310 m
Slope 12° 27°
Age ~ 5000- 6000 a ~600 a
Hor. Velocity 0.06 -0.13ma™ 0.75-1.55ma™
Headwall area 74687.1 m? 82781.6 m’
Depositing area 45930.8 m® 32355.5 m?

9.3.1 Murtel rockglacier, upper Engadine

The first rockglacier site is the well-studied Murtel (UTM 563112, 5'142'072 (zone 32T))(
Hoelzle et al. 2002, Haeberli et al. 2006, Springman et al. 2012,) situated below the northern
face of Piz Corvatsch (3300 m a.s.l) in the upper Engadine, in the south-eastern part of
Switzerland. The lithology mainly consists of granite and granodiorite. The density of the in-
situ rock types are based on values given in the literature with a density of 2.65-2.75 kg cm=3
for granite and 2.7-2.8 kg m? for granodiorite (Tarbuck et al. 2011). Studies on
backweathering at this site have shown backweathering rates of 2mm a? (Miiller et al.,
2014a). Murtel is one of the best investigated rockglaciers and observations from this
permafrost site have been discussed in great detail (see summary in Haeberli et al., 1998). As
part of the PERMOS network (Permafrost Monitoring Switzerland), parameters such as
borehole temperatures, ground surface temperatures and horizontal velocity are monitored

since 1987 (Vonder Miihll et al., 2008). Borehole data also revealed a layered internal
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structure with a shear horizon in 32 m depth where almost all of the deformation takes place
(Haeberli et al., 1998). Attempts to determine the age of this rockglacier (Haeberli et al. 1999,
Laustela et al. 2003) obtained an age of 5000 to 6000 years as a minimum value (Haeberli et
al., 2003). These values were calculated from present day surface velocity fields assuming
constant environmental conditions over the rockglacier development (Kddb und Vollmer
2000, Frauenfelder and Kaib, 2000, Haeberli et al 2003). The rockglacier is characterized by
rather slow creep velocity (0.06-0.13 m a™) and is considered a thick and ice rich landform

with volumetric ice contents of 60% (Haeberli et al., 1998, Arenson et al., 2002).
9.3.2 Huhh1 rockglacier, Turtmann Valley, Valais

The second rockglacier is located in one of the hanging valleys of the Turtmann Valley, a
tributary of the Rhone valley in southern Switzerland (UTM 401'580, 5'116'471 (zone 32T)).
The valley's lithology mainly consists of Palaeozoic gneisses and schists and based on this
lithology rather constant backweathering rates of 2mma™ are expected (Glade, 2005,
Krautblatter et al., 2012, Miiller et al., 2014a). The valley stretches from 2400 m a.s.l. to 3278 m
a.s.l and is characterized by steep rockwalls, talus cones, a glacier, several moraines of
different ages and multiple active and inactive rockglaciers (Roer and Nyenhuis, 2007). The
focus within this study lies on the rockglacier Huhhl which can be considered a thin,
moderately fast moving rockglacier (see Tab. 16). This site is also part of the PERMOS
network and has undergone several scientific assessments (Rasemann 2003, Roer, 2005,
Nyenhuis et al. 2005). There is no direct subsurface information available but Gartner-Roer
(2012) used a semi-quantitative approach to derive the rockglacier thickness and sediment
storage assuming an ice volume of 50%-70%. The age of the landform is estimated at 500-600
years using the same approach as Haeberli et al. (2003) and K&ab und Vollmer (2000), where
the current velocity fields are assumed to be constant over the rockglacier evolution time

span. Therefore the age estimates can be seen as minimum ages.
9.3.3 Observations of rockglacier dynamics

Complementary to the PERMOS related kinematic monitoring, we used a combination of
remote sensing and terrestrial surveying methods for deriving multi-temporal elevation and

displacement data in order to assess changes in geometry and creep.

Multi-temporal stereophotogrammetrically DEMs are available for the analysis between the
years 1996 and 2007 for the Murtel rockglacier. Five high resolutions DEMs have been

generated in this study for the Turtmann valley between the years 2001 and 2010. For the
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technical details on these DEMs an overview is given in Tab. 17. New elevation change maps
are derived from differencing of the DEMs over the periods 1996 and 2007 for Murtel and
2001 and 2012 for Huhhl. The limitations concerning processing, uncertainties and
application are presented in K&&b and Vollmer (2000), Roer et al. (2005c), Roer and Nyenhuis
(2007) and Miiller et al. (2014b).and applied in this assessment.

Additionally, kinematic data is available for both rockglaciers from yearly terrestrial geodetic
surveys of approximately 20 points as described in PERMOS (2013) and Roer (2005).
Horizontal and vertical changes are quantified annually with an accuracy of 1-2 cm. The
extracted vertical elevation change from these 3-dimensional displacement vectors is
obtained from subtracting the surface-parallel component of the vertical displacement

component.

Table 17: Airborne and terrestrial remote sensing data available at the rockglacier sites.

Data type Murtel Huhhl

Airborne remote RC30 in 1996 (PERMOS) HRSC-A in 2001 (Otto et al. 2007)
sensing RC30 in 2002 (PERMOS) RC 30 in 2005 (Roer 2005)
(Photogrammetry and ALS in 2003 ALS in 2007 (Mtller et al. 2014a)
Airborne Laserscanning RC30 in 2007 (PERMOS) ADS 40 in 2010 (Miiller et al. 2014a)
(ALS)) ADS 80 in 2012 (Miiller et al. 2014a)
Geodetic Point Surveys  2009-2015 (annually) 2001-2015 (annually)

Based on the above DEMs, new elevation change maps have been derived for both
rockglaciers and the subsystem units of the main rockglacier body and contributing talus
slope have been identified (Fig. 23). This analysis (over decadal time periods) showed
distinct subsidence features in the deposition area (outline with green in Fig. 23) of the
rockglacier systems of different magnitudes. A more detailed assessment of the subsidence is
shown in Fig. 24 where the histograms of the yearly subsidence in the deposition area (talus
slope/sedimentation area) shows an overall negative average of annual subsidence of -
0.04ma™ for the Murtel rockglacier and -0.16ma™ for the Huhh1 rockglacier. Such subsidence
features have been described as signs of permafrost degradation (Roer et al., 2008a,
Springman et al.,, 2013, Bodin et al., 2015) and are assessed by the rockglacier evolution
model in Sect. 9.6.2.4. These observed subsidence rates are calculated considering the
uncertainties resulting from the DEM differencing (see Miiller et al., 2014b). Additional
vertical displacement data from terrestrial surveys conducted from 2001/2009 - 2015

corrected for slope parallel movement agree with the results from the DEM-differencing.

133



Publication III

The main lobes of the rockglacier landforms (outlined red in Fig. 23) have also been analysed
for subsidence, but the typical ‘furrow and ridge structure” of the rockglacier and the
topographical dynamics introduced by the creep process complicate the subsidence
quantification. Depending on the methodology, annual average surface elevation change in
the terminus area of the rockglaciers range from -0.03m a™ (derived from terrestrial point
surveys corrected for slope-parallel movement) to +0.01 m a™ (digital photogrammetry) at
Murtel and -0.2 m a™ (terrestrial point surveys corrected for slope) to +0.06 m a™ (digital
photogrammetry) at Huhhl. At the front of both rockglaciers, the elevation change signal is
less clear and close to the measurement uncertainty and thus, no clear subsidence seems
apparent.

Theoretically, subsidence features can result from surface lowering by ice melt (Phillips et al.,
2009), reduced ice and sediment input, acceleration of the entire landform, potentially
thermally-induced, leading to a ‘creeping away’ and thinning of the rockglacier from its

feeding area or, and most likely, a combination of the above (Roer et al., 2005a).

Our elevation change data also shows the continuing advance of the rockglacier front and
the “furrow and ridge” structure. This shows that the rockglacier continues to be active
although it is probably no longer fully connected to its sediment source and therefore not in

an equilibrium state with the current sedimentation and/or thermal state of the system.
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Figure 23: The Murtel (left) and Huhhl annual elevation change of the two rockglacier systems (right)
including the geomorphic mapping of the subsystem units of the rockglacier lobe, the deposition area debris
source area as outlined in Fig. 22 for Murtel (period 1996-2007) and Huhh1 (period 2001-2012). The annual rates
are derived from multi-sensoral and multi-temporal remote sensing products (Tab. 17) (Underlying the
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Figure 24: The frequency distribution of annual vertical surface change (m a™) from DEM-differencing in the
talus slope/ sedimentation area of the two rockglacier systems. Both systems show negative mean values (red
lines). The black lines refer to 0 m a™ difference.
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9.4 Rockglacier evolution- modeling approach

We present here a quantitative rockglacier evolution modeling approach that is based on the
conservation of mass and includes the entire debris process chain in high mountain

environments (see Fig. 22).
9.4.1 Geomorphological Setting

In order to initialize and evaluate the numerical model, it is necessary to derive geometrical
information on the headwall, talus slope and rockglacier. Therefore, the two rockglacier sites
have been analyzed according to the concept introduced in Sect. 9.2 for their along flow
geometry and the quantification of sediment input and sediment deposition.
Geomorphological mapping in the field as well as by interpretation of DEMs and
orthophotos are used to identify the contributing headwall areas, deposition areas and
rockglacier landforms (see Fig. 23). Surface features (e.g. slope, substrate) as well as velocity
fields are further used to delimit the different subsystems.

The DEMs served as basis for geomorphometric analyses to determine spatial dimensions,

slope, and surface geometry of the periglacial high mountain systems.

9.4.2 Rockglacier creep modeling approach

A 1-dimensional time-dependent numerical flow model is used to simulate the evolution of
the rockglacier surface, length and creep velocity along the central flowline based on a given
sediment/ice input and rockglacier rheology. In this study we are not aiming to reproduce
the exact evolution or small scale geometric features of the two chosen real-world
rockglaciers, but rather use the model to simulate the basic behaviour of a rockglacier body
creeping down a slope and investigate the first order dynamic response of the geometry on
changing external factors such as temperature and sediment supply. Specifically, we will
investigate potential causes for the observed surface geometry changes (subsidence, front

advance and velocity variations) as set out above (Sect. 9.3.3)
Rockglacier creep

For our study we therefore reduce the rheology of the rockglacier to a body of frozen
together sediment that deforms and creeps like a non-linear viscous material under the
influence of gravity as proposed already in 1959 by Wahrhaftig and Cox (1959) and applied
similarly by Olyphant (1983) and Frauenfelder et al. (2008). This rheology can be described
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by a Glen-type flow law (Glen, 1955) as typically used for glacier ice (Cuffey and Paterson,

2010) which relates the strain rate € non-linearly to the stress t
£ o AT 1)

where n is a flow law exponent that is typically between 2 and 3 for frozen material
(Paterson, 2010) and A the rate factor describing the softness of the rockglacier material. Such
a constitutive relationship has been applied and discussed in other studies on rockglacier
creep (Olyphant, 1983, Whalley und Martin, 1992, Whalley und Azizi, 1994, Barsch 1996,
Azizi und Whalley, 1996, Ké&b et al., 2007, Frauenfelder et al., 2008) and further supported
by results from borehole measurements and shear experiments in the laboratory on real
world rockglaciers (including Murtel rockglacier; Arenson et al., 2002, Kd&b and Weber,

2004, Arenson and Springman, 2005, Frehner et al., 2015).

For simplification we assume the rockglacier material to be a homogenous mixture of ice and
sediment, meaning the rheological parameters such as the rate factor 4 and flow exponent n
do not change within the rockglacier body. However, from boreholes we know that the
rheology within rockglaciers is variable (Haeberli et al., 1998) and typically enhanced
deformation in ice rich shearing zones are observed, as for example for the case of the Murtel
rockglacier. Such shearing zones are typically near the bottom of the moving body of the
rockglacier, where shear stresses are highest, and thus they dominate creep process.
Consequently, potential variations in rheology in the material above are not substantially
changing the non-linear viscous creep behaviour. The modeled flow is calibrated with
observed surface velocities (see Sect. 9.4.3) and is dominated by the rheology of the material
near the base and thus our modeling implicitly includes the shear zone in its vertically

averaged rheology.

Therefore and because the rheology within rockglaciers in general is poorly known for the
purpose of our study of first order controls on relatively short-term geometric changes, the

assumption of a uniform rheology is justified.

We simplify the problem to the case of an infinite sheet of uniform thickness that creeps
down an inclined plane (Cuffey und Paterson 2010, also known as the shallow ice
approximation in glaciology (SIA)) and thereby neglect longitudinal stress gradients. As our
focus is the evolution of the surface and not the detailed stress field within the landform,
according to Leysinger Vieli and Gudmundsson (2004) this approximation is justified even

for relatively high length to thickness ratios such as occurring for rockglaciers. For this 2-
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dimensional case along a central flowline the vertical strain rate £, is directly related to the

shear stress T, through

Exz = A T" (2)

where x is the horizontal coordinate along the central flowline and z the vertical coordinate.

The shear stress 7, at the base is given by the local surface slope g—i and material thickness h
a
Tq = prg5-h 3)

where p, is the density of the rockglacier material and Z—i the surface slope.

Integration of Eq. (2) over the rockglacier thickness results in a surface flow speed u; from
deformation of the rockglacier material of

us =22 (prg;’—“’)" Rt )

ST nt1 X

and accordingly a vertically averaged horizontal flow speed # of

a=22. (pg 2_;)11 pntt ().

Although this equation is in its form identical to the case of glacier ice (Cuffey and Paterson
2010), the flow exponent n and the rate factor A (referring to the material softness) are, due to
the presence of debris and water within the ice, not necessarily the same. From boreholes
and laboratory experiment flow law exponents of rockglaciers have been found between
n=1.9 and 4.5 (mean n=2.72) and increase linearly with volumetric ice content ci. of the
sediment (Arenson and Springman, 2005). For our relatively high ice contents (60%) a value
of n=3 equivalent to the case of ice seems justified and has been used in earlier studies of

Leysinger Vieli and Gudmundsson (2003) and Frauenfelder et al. (2008).

The rate factor A is estimated from observed surface flow speeds by inverting Eq. (3) for A
but is known to be influenced by the material temperature. Thus, for the purpose of our
temperature forcing experiments and in agreement with known rheological investigations
(Paterson and Budd, 1982, Arenson and Springman, 2005) we write the rate factor of the
rockglacier material as a product of the temperature dependent part A*(T) and a scaling

factor f, accounting for the influence of the debris:
A=A f (6)
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For the temperature dependent part we use two approaches. Firstly, as done in K&ib et al.
(2007) we use the dependence to temperature of pure ice, for which A*(T) increases

exponentially with temperature (see Figure 25; Paterson and Budd, 1982).

Secondly, and probably more realistic for rockglaciers, we follow the description based on

shearing experiments of frozen debris material of Arenson (2005) which is given by
. 2

for temperatures between -1 and -4°C. Note that this second version is at warm temperatures
above -2°C, as expected for our two cases, more sensitive to temperature warming (Figure
25). For both approaches the temperature dependence is applied at a reference temperature
which refers approximately to the real mean annual temperature within the rockglacier

body.

3.5 T T T T T

= = Paterson and Budd (1982)
Arenson and Springman (2005)

A(T)/A(T=-1.5°C)

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
Rockglacier temperature (°C)

Figure 25: Temperature dependence of the rate factor relative to the rate factor at a reference temperature of -
1.5°C as derived for pure ice (Paterson and Budd, 1982) and for rockglacier material (Arenson and Springman
2005).

Thickness evolution

The evolution of rockglacier thickness h and surface s is calculated from the principle of
mass conservation which takes for the 1-dimensional representation along the central

flowline the following form (Oerlemans, 2001)

oh _ 1 duhw ®)

—=a
at T w  ox
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where t is the time, a, is the rate of rockglacier material accumulation or removal at the
surface (>0 for accumulation; in m a), w the rockglacier width and # the horizontal and
vertically averaged flow speed. The geometry of the rockglacier bed transverse to flow is
accounted for by assuming a parabolic shaped valley that is prescribed and here assumed to

be uniform along the flow.

The evolution of the rockglacier thickness and surface is calculated numerically on a regular
grid with 10 m spacing along the central flowline. Using a standard implicit finite-difference
scheme (Oerlemans, 2001) the surface evolution equation (8) is solved at each time step and
for all grid points from the depth averaged material flux § = @i - h - w and the material input

a, at the rockglacier surface.
9.4.3 Model input and calibration
Model geometry

Approximate bedrock topographies are derived for both rockglaciers from the DEMs and
geomorphic mapping (Sect. 9.4.1) and assuming the bedrock being roughly parallel to the
rockglacier surface. The shapes of the rockglacier beds are approximated to two sections of
constant slope which are representative of the two respective rockglaciers. For both
rockglaciers we mapped the first 150m of the distance along flow as deposition area and
apply there a spatially uniform material accumulation rate at the specified sedimentation
rate and ice content whereas further downstream no mass is added or lost at the surface. In
the talus slope, where the material is accumulated, we use a slope of 37° (which is slightly
below the critical angle of talus slopes) and which is steeper than on the rockglacier part (120
for Murtel and 27° for Huhhl, see Tab. 18). The respective dimensions and slopes for the two

rockglaciers are presented in detail in Tab. 16 and visualized in Fig. 26.

Material input

This rockglacier material input rate a, at the surface is assumed to be positive and uniform
on the talus slope and if not mentioned otherwise set to zero on the surface of the main
rockglacier body. The latter means that in general no sediment or ice is lost at the surface of
the main rockglacier. The rockglacier material input at the surface is estimated from the
sediment input from the headwall to the talus slope and its respective ice content which is

assumed to be constant in time. The total amount of sediment produced at the headwall is
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calculated from backweathering rate and headwall area and is distributed equally over the
deposition area (talus slope/accumulation area). Based on insitu measurements (Miiller et
al.,, 2014a) and literature review (Glade, 2005, Krautblatter, 2012), a backweathering rate of
2mma?l is used resulting in an annual sediment input over the entire talus slope of
0.006 m*m-2 for Murtel and 0.022 m3 m?2 for Huhhl These backweathering rates are
consistent with values presented in Glade (2005) and Krautblatter et al. (2012). Together with
the ice content of the material the accumulation rate of rockglacier material (sediment-ice

mixture) is then calculated

— _ G
o= )

Based on field studies (Hoelzle et al. 2002) and literature assumptions (Gartner-Roer, 2012)
we use an estimated ice content c¢; of 60% for both rockglaciers which results in a rockglacier

material input rate that is 2.5 times higher than the pure sediment input rate.
Rockglacier density

We estimate the density of the rockglacier material p, from the percentage ice content c; and

from the respective densities of ice p; = 910 kg m=3 and the debris material p; = 2700 kg m-
pr=Q0=c) pa—cipi (10)
Estimating the rate factor A

Solving the equation describing surface ice flow from creep of a viscous material (Eq.4) for

the rate factor A, we obtain

A=A o= G = G (an

Using observed surface flow speed data (u;) we can then estimate the corresponding rate
factor A (respective f, for a given reference temperature and temperture dependence model) for
both rockglaciers. These rate factor values are both substantially lower than the values
known for pure ice at similar temperatures (Paterson and Budd, 1982; (-1.5°°C)) which
probably reflects enhanced mechanical resistance from the sediment within the ice (Arenson

and Springman, 2005).
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9.5 Model experiments
9.5.1 Rockglacier build-up

The model is applied to the two selected rockglacier systems using the landform specific

input parameters in Table 18 and the simplified geometries described in Sect. 9.4.

Table 18: Specific model input parameters for the rockglaciers. The sediment/ice input describes the volume
of debris deposited on the accumulation area per year. The rate factor A is derived from Eq. 11 and the
runtime of each rockglacier model is selected due to their approximated age (see Sect. 9.3).

Input Parameter Murtel Huhh1l
Material input rate 0.006 m*m?a™ 0.022m*m?a™*
Rate Factor A 4.5*108Pa3 a 7*1017Pa? al
Runtime 6000a 600a
Rockglacier Slope 12°% 27°%

The build up experiment is documented for Murtel in Fig. 27 (first 6000 years) and is
qualitatively very similar for Huhhl. The model starts with an ‘empty’ topography of
bedrock (bedrock topographies in Fig. 25). Initially, it builds up a homogenous sediment-ice
body in the talus slope which starts to creep and therefore advance once it reaches a critical
thickness and shear stress which occurs roughly after 600 years for Murtel and 150 years for
Huhhl. A rockglacier body is then generated to a characteristic thickness while the front
keeps advancing at a roughly constant rate. Further, the growth and geometry change of the
rockglacier landform mainly occurs through moving the rockglacier forward at the front. The
modeled advance rate is slightly below the surface speed of the main rockglacier body. After
a run time of 6000 years for the Murtel rockglacier and 600 years for Huhhl which
correspond to the ages of the landforms estimated earlier, we obtain geometries (lengths and
thicknesses) that are very close to ones currently observed (Fig. 25 and Tab. 19). The actual
furrow-ridge structure of the landform cannot be replicated (Fig. 25) due to model design but

the overall geometry is well reproduced.

The modeled surface velocities on the main rockglacier lobes range between 0.06 m a™ and
0.09 m a* for Murtel and between 0.63 ma' and 0.79 ma' at Huhhl which is in good

agreement with the observed values from long term kinematic monitoring (see Tab. 16).
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Table 19: Comparison of the observed (obs.) and modeled (mod.) rockglacier thickness and velocity for
Murtel and Huhhl1 after 6000 years and 600 years respectively.

Murtel obs. Murtel mod. Huhh1 obs. Huhh1 mod.
Length 280m 300m 310m 240m
Thickness 30m 28m 12m 16m
Hor. velocity 0.06-0.13ma™ 0.06-0.09 ma™ 0.75-1.55ma’  0.63-0.79 ma™

Note that the observed rockglacier front shapes and positions differ slightly from the
modeled ones as the real bedrock geometries of the rockglaciers are more complex than the
assumed uniform mountain slopes.
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Figure 26: Observed and modeled rockglacier geometry after build-up. The along flow bed topography used
in the model and the modeled and observed (from the most recent DEMs) rockglacier surfaces are shown. The
vertical fine black line marks the boundary between the deposition area (talus slope) and the main rockglacier
lobe.

9.5.2 Perturbation modeling experiments

Starting with the rockglacier geometries from the build-up experiments (see Sect. 9.5.1) we
investigate the impact of variations in temperature and material input on rockglacier
dynamics. In a first phase we perform two distinctly different perturbation experiments in
which we increase the temperature of the rockglacier body by 1°C (Sect. 9.5.2.1) and in a
second independent experiment we completely switch off the material supply to the talus
slope (Sect. 9.5.2.2). In a second step, we then combine these perturbations in temperature
and sediment supply.

Atmospheric warming is expected to influence both rockglacier temperatures and
consequently creep, as well as the production of sediment and incorporation of subsurface

ice but quantification of the latter is highly uncertain (Gruber, 2004, Fischer et al., 2010,

143



Publication III

Ravanel and Deline, 2011, Schneider et al., 2012). We therefore run varying scenarios for the
sediment and ice input with the zero sediment supply being at the extreme end of the

spectrum.

For the temperature experiments the chosen step temperature increase of 1°C in the
rockglacier depicts a potential warming scenario which roughly refers to a 2°C warming in
ground surface temperature (GST) for a fixed position at the permafrost base. The 1°C
subsurface warming is also consistent with current and expected future subsurface warming

trends based on borehole observations (PERMOS, 2013).

Table 20: Multiplicative increase in rate factor A from a 1°C rockglacier warming for the different
temperature relations of Arenson and Springman (2005) and Paterson and Budd (1982) and varying
rockglacier reference temperatures

Rockglacier Change in rate factor A for Change in rate factor A for

reference Arenson and Springman Paterson (1982) for a 1°C
temperature (2005) for a 1°C warming warming

-2°C 1.396*A 1.254*A

-1.5°C 1.705*A 1.253*A

-1°C 2.718*A 1.252*A

Increases in material temperature are applied by changing the flow rate factor A according to
its temperature dependence and for a given reference temperature (Eq. (6) & (7)). For
relatively warm rockglaciers between -1 and -2°C as typically observed in the Swiss Alps, a
1°C warming would for the Arenson and Springman (2005) temperature dependence result
in an increase of the rate factor by a factor 1.4 to 2.7 respectively (Tab. 20) . For the Paterson
and Budd (1982) temperature relation the increase is with a factor 1.25 smaller but also
insensitive to the reference temperature (Tab. 20). If not indicated otherwise, we use in the
temperature warming experiments a rate factor increase according to the Arenson and
Springman (2005) relation rather than the Paterson relation based on pure ice.

The results for the singular temperature and sediment experiments are in the section below
only presented for the Murtel rockglacier but the qualitative results are similar for Huhhl
rockglacier although of higher absolute magnitude. The more realistic experiments
combining variations in temperature and sediment supply are presented for both

rockglaciers later (section 9.5.2.3).
9.5.2.1 Temperature experiment

In a first experiment, a step temperature increase of the entire rockglacier body of 1°C is
applied after rockglacier build-up (at 6000a), while the sediment supply is held constant. The

reference temperature of the rockglacier is set at -1.5°C which results in a rate factor increase
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by a factor 1.7.

Figure 27 shows the modeled response of the surface geometry, landform thickness and
horizontal surface velocity of the Murtel rockglacier along the central flowline. For reference,
the black line in Fig. 27 shows the state of the rockglacier just after build-up (6000 a),
immediately before the temperature step change is introduced. The increase in the rate factor
causes an immediate speed-up in horizontal flow of the entire landform by roughly a factor
of two (Fig. 27c, yellow lines) which then decays with time (orange to red lines). As a result
of the enhanced mass transport, the landform also shows a distinct thinning of up to 0.02 m
a’ in the upper part of the rockglacier and on the talus slope (Fig. 27b). At the front the
rockglacier continues to thicken and consequently advance, but at accelerated rates as a
consequence of enhanced flow speeds (Fig. 27d). With time, both the creep velocity, advance
rate and thinning reduce and approach stable values again after about 1000a for Murtel. This
state is, apart from the advancing front, stable and characterised by a slightly faster flowing
and a slightly thinner main rockglacier body in order to transport through the constant
material supply from upstream. Consistent with the creep velocity, the advance rate is also
slightly enhanced (Fig. 27d) whereas the volume grows at a constant rate throughout the

simulation, reflecting again the constant material supply and mass conservation (Fig. 27e).

Additional model simulations for other reference temperatures of the rockglacier of -1°C and
-2°C, show qualitatively very similar results but the absolute rates of changes differ roughly
proportional to the enhancement factors in the rate factor given in Tab. 20. The same
experiments for the Huhh1 rockglacier show quantitatively very similar responses which are
of higher absolute magnitude. The adjustment to a new quasi stable state is with 100 years

also much faster.
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Murtel Temperature Change Experiment
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Figure 27: Modeled evolution of surface geometry (a), absolute thickness (b) horizontal velocity (c) along the
central flow line, terminus advance (d) and volume evolution (e) for the rockglacier build-up (first 6000a
runtime) and for the successive temperature perturbation experiment (temperature increase of 1°C, with -1.5°C
reference temperature). The black line shows the state of the system before the temperature step-change at
6000a. The lines are plotted at 100a time intervals.

9.5.2.2 Sediment experiment

In a second set of experiments, the influence of variations in sediment and ice supply is
investigated by varying the material input a, but keeping the rockglacier temperature
constant. Since there is no empirical data on the impact of temperature increase on

sedimentation rates and ice, a range of changes in material supply rates has been explored.
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Murtel Material Input Change Experiment

—~ 2850 1 T T T T T T <
g P Runtime
g (years)
g 2750 10000
c 2700
o
3 2650 9000
D 2600
W 5550 8000
40 T T T T T T T 7000
€ b
b - 6000
7]
9] 4
[ =4
§ - 5000
c 4
'_
! 1 < 4000
600 700
3000
—_ T T
o
§’ ¢ 2000
> .
©
Ke]
g . 1000
e
o]
T 1 1 0
600 700

Distance along flow (m)

10* Murtel Volume evolution / Input Variations Murtel Length Evolution / Input Variations

25

[—2*Acc
700 ---1*Acc

—--0.4*Acc
600 |~

500 -

Volume (kma)
b
Length (m)
8
3

0.5

d

o . . . . . . . . . . " " . . . "
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 % 1000 2000 3000 4000 5000 6000 7000 8000 000 10000
Runtime (yrs) Runtime (yrs)

Figure 28: Modeled evolution of surface geometry (a), absolute thickness (b) horizontal velocity (c) along the
central flow line, terminus advance (d) and volume evolution (e) for Murtel rockglacier when the material
input is switched off at 6000a, after the rockglacier build-up (-1.5 C rockglacier temperature). The black line
shows the state of the system before the switch-off of material supply at 6000 years. The lines are plotted at
100a time intervals.

Figure 28 shows the modelled response for an extreme example in which the ice and
sediment input is completely switched off after rockglacier build-up (at 6000a). The results
show that the rockglacier continues to creep downslope and advance but with reduced
velocities that start to decrease from upstream. This slow-down is related to a thinning,
reduced slope and driving stresses in the upper part of the rockglacier as the downstream
flowing mass is no longer fully replaced by accumulation of material on the talus slope. The

rockglacier body essentially creeps downstream without any mass added or removed which
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is well reflected in the constant volume with time (dotted line in Fig. 28e). The advance rates
thereby decrease at relatively low rates. The upper parts of the rockglacier react immediately
to the change of material input as this is where the sedimentation is taking place. Note that
the maximal thinning rates are only as high as the former material accumulation rate (in case

of Murtel 0.006 ma™, for Huhh1 0.022 ma™).

Experiments with different perturbations in material input rates show qualitatively similar
changes but of reduced magnitude (Appendix Tab. Al and A2) and are also evident in
differing advance and volume growth rates (Fig. 28 d and e).
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9.5.2.3 Combined experiment

As atmospheric warming is expected to influence both rockglacier temperatures as well as
ice and sediment production, thus we perform a third set of experiments in which we
combine the above perturbations.

12 scenarios were run for each rockglacier assuming three different initial thermal states of
each rockglacier (see Tab. 20), a potential warming of 1°C and four different scenarios
concerning the material input (see Tab. 21) and the main results of all perturbation

experiments are shown in the Appendix (Tab Al and A2).

Table 21: All combined experiments. A is the flow rate factor (see Eq. 11) and Acc describes the entire
material input.

Model run Creep Rate change Accumulation change
1.4*A and 0*Acc 1.4*%A 0*a,
1.4*A and 0.4*%Acc  1.4*A 0.4*a,
1.4*A and 1*Acc 1.4*%A 1*a,
1.4*A and 2*Acc 1.4*%A 2*a,
1.7*A and 0*Acc 1.7*A 0*a,
1.7*Aand 0.4*%Acc  1.7*A 0.4*a,
1.7*A and 1*Acc 1.7*A 1*a,
1.7*A and 2*Acc 1.7*A 2*a,
2.7*A and 0*Acc 2.7*A 0*a,
2.7*Aand 0.4*Acc  2.7*A 0.4*a,
2.7*A and 1*Acc 2.7*A 1*a,
2.7*A and 2*Acc 2.7*A 2*a,

In Fig. 29 and 30 we show detailed results for both Murtel and Huhh1 rockglacier for one
representative perturbation experiment in which we wused a reference rockglacier
temperature of -1.5°C, an increase in temperature of 1°C (corresponding to a rate factor
increase by factor 1.7, Tab. 20) and a decrease of material input to 40% of the original value is

applied.
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Murtel 1.7*A and 0.4*Acc
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Figure 29: Modeled evolution of absolute thickness (a) and horizontal velocities (b) of the Murtel rockglacier
introducing a 1°C temperature increase (1.7 times increase in rate factor) and a reduction in material input to
40% after the rockglacier build-up (6000a, black line). The black lines in all plots depict the state of the
rockglacier as shown in Fig. 27 before the perturbations were introduced The lines are plotted at 100a time
steps.

Figure 29 and 30 illustrate the evolution of surface geometry and horizontal velocities along
the central flow line of Murtel and Huhhl rockglacier, respectively. This combined
experiment shows an upstream thinning of the “initial” landform in the subsequent years
(Fig. 29a and 30a) and a substantial increase in horizontal velocities (Fig. 29b and 30b). The
maximum thinning rates occur within the first few decades of the experiment and amount to
1.6cma™ for Murtel and 6 cma” for Huhhl (see Fig. 31). A new stable geometry with
advancing front is successively approached, again within roughly 1000a and 100a for Murtel
and Huhhl, respectively. The final thickness and velocities of the main rockglacier body are,

however, very close to the initial values.

Figure 31 shows the more detailed temporal evolution of geometry and creep velocity at
three distinct positions on both rockglaciers. The rockglaciers keep advancing throughout the
simulation, with initially slightly enhanced rates caused by the temperature increase and a
successive slight slowdown caused by the reduced material accumulation rates. As found
before, the adjustment times-scales of the Murtel rockglacier are compared to the Huhhl

much lower.
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Huhh1 1.7*A and 0.4*Acc
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Figure 30: The evolution of absolute thickness (a) and horizontal velocities (b) of the Huhhl rockglacier
introducing a 1°C temperature increase (1.7 times increase in rate factor) and 40% of the initial material input
after rockglacier build-up (600a, black line). The black lines in all plots depict the state of the rockglacier as
shown in Fig. 27 before the perturbations were introduced. The lines are plotted in 10a steps.
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Figure 31: Rockglacier evolution of thickness, horizontal velocity, advance and velocity after a 1°C
temperature increase and 40% decrease in material input after rockglacier build-up. The dynamic evolution is
shown for three points along the central flow line at 160m, 200m and 400m. The rockglacier is assumed to have

an initial temperature of -1.5°C
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The additional combined experiments with a 1°C temperature increase but variable reference
temperatures and varying sediment supply rates show qualitatively similar geometric and

kinematic responses (see Appendix Tab. Al und A2).
Subsidence

The sensitivity of the dynamic response to the initial temperature and to the temperature
dependent model has been further analysed for the combined perturbation (1°C warming,
60% reduction in material input) in a sensitivity modeling study (for detailed results see
Supplement). As subsidence is one of the observable quantities from repeated DEM-analysis
on real rockglaciers, we summarized the results in terms of maximum thinning rates in Fig.
32.

For the Paterson and Budd (1982) temperature relation, thinning rates are almost
independent to the reference rockglacier temperature, but increase with a reduction in
material supply and reach maximum thinning rates of 1.8 cm a™ and 6.5 cm a™ for Murtel
and Huhhl, respectively. When using the Arenson and Springman (2005) temperature
model, thinning rates strongly increase towards warmer rockglacier reference temperatures,

reaching maximum values of 3.4 cm a™ and 12.5 cm a™ for Murtel and Huhh1, respectively.
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Figure 32: Modeled maximum annual subsidence rates in the deposition area of the rockglacier in relation to
the reference temperature and change in material input and for the two temperature models of Arenson and
Springman (2005; black lines) and Paterson and Budd (1982; grey lines) after a 1°C temperature increase. Note
the different scales for subsidence for the two rockglaciers.
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9.6 Discussion
9.6.1 Modeling approach and rockglacier build-up

Based on a continuum approach, our numerical model couples observed sediment input
rates and the rockglacier creep process in order to simulate the evolution of creep velocities
and surface geometry as well as their dynamical interactions. This quantitative approach of
coupling the relevant subsystems (headwall, deposition area and rockglacier), although
highly simplified, was successful in building-up the observed rockglacier geometries and
related kinematics (horizontal velocities) within the expected timescales (Tab. 16). Further
after build-up, the basic dynamical behaviour of a continuously advancing rockglacier body,

while the thickness of the main body remains roughly constant, is well reproduced.

From our modeling of rockglacier build-up we find that besides topographical factors such
as slope, the long-term advance rates and horizontal velocity are dominantly controlled by
the rates of material accumulation and the rockglacier rheology, whereas the thickness of the
main landform seems not that sensitive to material supply rates (but rather to surface slope

and rheology).

The match of observed to modeled velocities and thicknesses should by model construction
be expected (for similar surface slopes), as the rate factor A and therefore the viscosity of the
rockglacier material has been derived from such observed quantities (Eq. 11), but the
agreement supports our modeling approach. Importantly, the material input rates and build-
up times are fully independent estimates and it is therefore not necessarily obvious to get the

right rockglacier geometry at the prescribed time.

Our modeled constant advance rates and consistency between modeled and previously
estimated rockglacier build-up times further supports the method of back-calculating
rockglacier age from current surface velocities (Frauenfelder and Kééb, 2000, Kddb und
Vollmer, 2000, Haeberli et al., 2003). Even for the case of temperature perturbations, advance
rates of the front do not substantially change in the long-term and thus this ‘dating” method
seems still appropriate for alpine rockglaciers. Advance rates are in the long-term however
affected by changes in material supply rates. It remains to note that it is actually the
vertically averaged velocity, and not the surface velocity, that should match the advance
rates. For our rheology with n=3 this corresponds according to Eq. (5) to 4/5 of the surface
velocity which is consistent with our modeling of Murtel rockglacier (modeled surface

velocity on the main body of 0.065 m a* and an advance rate of 0,054 m a™). Consequently,
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using surface velocities in back-calculations of rockglacier age may overestimate the age. For
many real-world rockglaciers (including Murtel), rockglacier movement is dominated by
deformation in a shear zone near the base and thus surface and vertically averaged creep are

almost identical.

Strong simplifications have been made for our modeling approach such as using a
homogenous sediment-ice body of uniform temperature and rheology and a spatially
uniform and temporally constant material input. The successful rockglacier build-up,
therefore supports the idea that despite such simplifications rockglacier dynamics and
evolution can be reduced to our simple model approach which is based on the historic
concept of Wahrhaftig and Cox (1959) and confirms earlier numerical modeling approaches

of Olyphant (1983) and Frauenfelder et al. (2008).

The non-linear viscous Glen-type flow-law used here is also supported by laboratory
experiments (Arenson and Springman, 2005) and field observations from boreholes (Arenson
et al., 2002). However, in reality the involved flow law parameters are, unlike assumed in our
model, rarely constant in space and time. The flow-law exponent n has been found to
increase with ice content (Arenson and Springman, 2005) and relatively thin shear layers
with strongly reduced viscosity often dominate rockglacier creep (Hoelzle et al., 2002,
Haeberli et al., 2006, Buchli et al., 2013). Such more complex ice rheology could in theory and
should in the future be included in rockglacier creep models, but currently there is very
limited quantitative information available to constrain such more complex constitutive
relationships. Due to the fact that the creep deformation is also dominated near the base
within our model and that we have calibrated our model parameters to observed geometry
and velocities, we do not expect the general dynamical behaviour and involved time-scales
to be substantially different for other rheological parameters choices. We see our highly
reduced approach also as an advantage for identifying the most essential controls and

processes in rockglacier evolution.

In our approach the geomorphological mapping of the different subsystems, the
quantification of sediment input rates, the ice content and the horizontal velocities are the
crucial observational constraints and sufficient to set up a model of rockglacier evolution.
The simplicity of the model design does by construction, however, not allow to produce the
exact small scale features such as ridges and furrows of the two chosen real-world

rockglaciers (Frehner et al., 2015).
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9.6.2 Dynamical adjustment to external forcing

The perturbation modeling experiments of applying a sudden change in sediment input,
material temperature or a combination of the two provide useful insights into the dynamic
and geometrical adjustment of rockglaciers to changes in external forcing and therefore also
into potential mechanisms that explain observed rockglacier degradation.

The two types of perturbation experiments show similarities but also clear differences in
their dynamical response. Both, an increase in the rockglacier temperature as well as a
reduction in material input lead to a thinning of the rockglacier and the talus slope whereas
the front keeps advancing through thickening. Although the thinning is caused by different
mechanisms (lack of material supply from the front or a runaway of mass through creep
acceleration) from an observational point of view, the two forcing mechanisms would be
difficult to be kept apart. Importantly, the thinning also occurs for both in the deposition area
(talus slope).

Regarding changes in horizontal velocities, their response are for the two types of
perturbations distinctly different. For a reduction in material supply the velocities slow
down from the top, whereas the temperature increase results in an immediate acceleration
everywhere that relaxes in the long-term to almost pre-perturbation conditions (see Fig. 27¢c
and 28c). Further, for the temperature experiments advance rates of the rockglaciers increase
briefly but in the longer-term return to similar rates as before the perturbation which is in
contrast to a continuous reduction of the advance rate at the decreased sediment supply
experiment. Therefore, temperature changes within the rockglacier show a strong impact on
short term velocity variations whereas changes in the material input determine the long term
advance rates and geometry. Similar experiments by Olyphant (1983) and Frauenfelder et al.
(2008) focused only on combined experiments and could therefore not address the impact of

the individual forcings.
9.6.2.1 Dependence on rockglacier properties

Irrespective of the type of experiments, the absolute magnitude in response (in velocity
change, thickness change or advance rate) is for the two rockglaciers very different. Relative
to the initial quantities (pre-perturbation velocity, thickness or advance rates) the changes
and temporal evolution for both rockglaciers are very similar (Fig. 29 and 30). This means
that we should expect dynamic changes of rockglaciers to be scalable by their geometric and
kinematic characteristics. This is for the temperature increase experiment not surprising, as

the applied increase in rate factor scales linearly with velocity in our model (Eq. 4). This
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scalability is also in good agreement with the observational dataset of multiannual creep
variations of rockglaciers in the Swiss Alps (PERMOS, 2013). These show very similar
normalized horizontal velocity variations as a potential response to air temperature changes
despite their distinctly different characteristics (Delaloye et al., 2010a and PERMOS, 2013).
Recent continuous observations of creep velocities on rockglaciers in the Matter Valley
confirm this finding even for seasonal timescales (Wirz et al. 2015).

The modeled short-term increase in horizontal velocity for a 1°C warming in rockglacier
body is also consistent with the observed speed-up in rockglacier creep of about 300% in the
year 2003/2004 with exceptional snow conditions and a very warm summer (Delaloye

2010a).
9.6.2.2 Temperature dependence

Unlike in our temperature perturbation experiment, in reality any increase in air temperature
and consequently GST does not immediately warm up the entire rockglacier body. The
vertical heat transfer depends on the energy balance at the surface and heat transport
processes and properties within the rockglacier material (Hoelzle and Hanson 2004) and
could potentially be implemented in future studies (Kédb et al 2007, Scherler, 2014). Hence
we consider our modeled warming rather as a simple way to investigate the sensitivity to

temperature increase.

For relatively thin rockglaciers such as Huhhl, a climatic warming could affect the whole
rockglacier thickness in time scales of a few years. For thicker rockglaciers such as Murtel, it
could take several decades for the temperature change to reach the base where most of the
deformation actually occurs. This implies that thin, and consequently steep and fast

rockglaciers, should be more sensitive to warming from the surface.

The sensitivity to temperature warming is also enhanced for relatively warm rockglacier
(with temperatures only a few degrees below freezing) when we consider the most realistic
model for temperature dependence of rockglacier rheology by Arenson and Springman
(2005). At -1.0°C rockglacier temperature, a warming of 1°C results in a 2.7 times increase in
the rate factor (and hence creep velocity) whereas the same warming at -2°C results only in a
1.4 times higher rate factor. Observed rockglacier temperatures in the Swiss Alps indicate
already relatively ‘warm’ temperatures (close to zero degrees) and show a tendency for
further warming (PERMOS, 2013). Such a warming would further amplify the response in

acceleration. In contrast, when using a temperature dependence of pure ice (Paterson and
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Budd, 1982), as done in an earlier attempt of modeling the impact of temperature change on
rockglacier creep (K&db et al., 2007), the sensitivity of creep to temperature warming is
smaller (a 1°C warming results in only a 1.25 times increase in rate factor) and does not
additionally increase towards warmer rockglacier temperatures (Fig. 25). Thus, the impact of

warming on creep acceleration could be bigger than previously expected.
9.6.2.3 Adjustment timescales

Regarding the time-scales for the rockglaciers to adjust their thickness and advance rates to
step perturbations, the modeling shows for the faster and steeper Huhhl rockglacier with
about 100a an order of magnitude faster adjustment times of thickness and advance rates as
compared to the 1000a of Murtel rockglacier (26d and 27e). While in the literature such
differences in adjustment times have qualitatively been linked to the general rheology and
mass turnover, the controlling factors remain unquantified. At least for the case of the
sediment supply experiment, a comparison to theoretical considerations based on the
kinematic wave theory developed by Nye (1963) can be made. The travelling wave speed

v, of thickness changes is thereby given by
vo=(M+2) ug (Eq12)

which results in a typical adjustment timescale of this thickness change to reach the terminus
of
Lo

Vo (n+2)ug

where L, is the length-scale of the rockglacier lobe. Thus, the time scale is inversely
proportional to the horizontal velocity and consistent with our modeling means that a factor
10 difference in creep velocity between Huhh1 and Murtel rockglacier translates into a factor
10 difference in adjustment time. For n=3, lengths of 300m and 250m and creep velocities of
0.07ma™ and 0.6 m a” for Murtel and Huhhl, we obtain adjustment timescales of 860a and
83a respectively. These adjustment timescales agree in absolute magnitude and relative to
each other well with our modeled estimates. This implies that the kinematic wave speed,
obtained from observed horizontal velocity, is a simple and meaningful measure for
rockglacier adjustment times.

Based on the same theory (Nye, 1963), the diffusion of the thickness perturbation is

proportional to the diffusivity which is given by
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Dy =14 — nit (Eq. 14)

a

where q is the ice flux and «a the surface slope. For Murtel and Huhhl this gives diffusivities
of 30 m*a™ and 53 m®a™, which are as a result of very small creep velocities much lower than

obtained from a similar analysis on pure-ice glaciers. Thickness perturbations spreading over

2
length scales of L, result in diffusion timescales of T; = LDL. This results in 3000a and 1200a
0

for the perturbation to spread over the whole landform for Murtel and Huhhl, respectively,
which is substantially longer than the timescales derived above for kinematic wave
propagation. These diffusion timescales are also much longer compared to pure-ice glaciers
and are consistent with the existence of the characteristic morphological features of ridges
and furrows on the surface of rockglaciers. The very similar adjustment timescales obtained
for all perturbation experiments support the notion that the kinematic wave propagation
timescale Tj, can be used as a general measure of adjustment in creep dynamics to a step
change in external forcing. Note that the introduced adjustment timescale is as a concept
similar to the wvolume response time for pure-ice glaciers for adjusting to a new climate
(Johannesson, 1989) and should not be confused with a reaction time (time it takes for a

rockglacier to show a detectable reaction on an external forcing).
9.6.2.4 Geometry change and subsidence

Regarding geometry, the modeled rockglaciers respond to both warming and reduction in
material input by a thinning of the landform that is fastest and most pronounced in the
deposition area and in the upper parts of the rockglacier (Fig. 29, 30 and 31). The front and
therefore the landform as a whole remains advancing, although at slightly differing speeds
depending on the applied perturbations (see Fig. 27 and 28); even if the material input is
completely stopped. The perturbation experiments can also be compared with the observed
subsidence data presented in Sect. 9.3, in order to investigate the potentially controlling
mechanisms of such geometry change. The observations in Fig. 23 and 24 show a
pronounced subsidence in the lower deposition area and upper parts of the rockglacier of
roughly -0.05 m a™ for the Murtel rockglacier and -0.16 m a™ for Huhhl rockglacier while the
lower rockglacier lobe shows relatively small or unchanging thicknesses and an advancing
front. Thus, the spatial patterns in modeled geometry changes agree well with the
observations. The absolute maximum rates of modeled subsidence are for both rockglaciers
between 2 to 10 times smaller than the observed rates depending on the perturbation. These

modeled rates are also for an immediate warming of 1°C which is rather extreme. Further,

158



Publication IIT

the possible maximum rates of thinning from a total switch off in material input rates are
limited to their pre-perturbation absolute values (0.006 m a™ for Murtel and 0.022 m a™ for
Huhh1) which are also almost an order of magnitude smaller than the observed subsidence
rates, even for extreme scenarios (Fig. 32).

Thus, we conclude that although the two processes of acceleration through rockglacier
warming and a reduction in material input could substantially contribute to the observed
subsidence patterns at Murtél and Huhhl, they are not sufficient in explaining the
observations. Instead melt of subsurface ice is likely required as an additional process of
rockglacier volume loss. The process of landform thinning, especially in the upper parts of
the rockglacier, has been described as a sign of degradation by Ikeda and Matsuoka, (2002b),
Roer et al. (2008b) and Springman et al. (2013). However, subsidence through melt of
subsurface ice remains poorly constrained through observations and our process

understanding and models linking them to external forcing are still limited (Scherler, 2014).

9.7 Conclusions

This study uses a numerical flow model based on the conservation of mass within the
cascading transport system of coarse debris to simulate the long-term and current evolution
of rockglacier surface and velocity. For a given sediment/ice input and rockglacier rheology,
the model is able to generate observed rockglacier geometries and creep velocities in realistic
time scales for two distinctly different rockglaciers. It is also capable of reproducing the
continuing advancing front through creep which is often observed for rockglaciers (Barsch,
1996).

Climatic changes, especially increasing temperatures are expected to influence rockglacier
dynamics in a profound way. Our modeling approach allows not only for investigation of
the impact of a direct warming of the rockglacier material by adjusting the rheology (rate
factor) but also for including the influence of changes in material input consisting of
sediment and ice. Changes in geometry and related kinematics in response to such external
perturbations can thereby be modeled and contribute towards a better understanding of the
evolution of rockglaciers. Our detailed analysis of such perturbation experiments and

modeling sensitivity study give the following insights on rockglacier dynamics:

e Short-term changes in velocities and advance rates result from temperature variations
whereas long-term geometrical adaptations (thickness and advance rates) are mainly

influenced by material supply. We show that a 1°C temperature increase in
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rockglacier temperature can result in a 1.5-3 time (150%-300%) acceleration of
horizontal velocity depending on the initial thermal state of the rockglacier.

e Both, rockglacier temperature increase and reduction in material supply lead to
thinning, while for the later the maximum thinning rates are limited by the pre-
perturbation material supply rate.

e Irrespective of the perturbation, the rockglaciers keep advancing and remain active
although the thermal and sediment input conditions are not favorable for their
sustenance which is consistent with field observations.

¢ Rockglaciers react spatially diverse to changes in environmental factors. Changes in
temperature affect immediately the entire landform but the impact of material input
variations are most pronounced in the sedimentation area and upper parts of the
rockglacier. Comparing the model scenarios for localized geometrical adaptations
(subsidence) introduced by warming and variations in sediment/ice supply to
observed subsidence features shows that these controlling factors are not sufficient to
explain the magnitudes observed for our two examples. This implies that other
processes such as the melting of subsurface ice are responsible for subsidence and
need further investigations.

e Although the absolute magnitudes in thinning and creep acceleration differ between
the two rockglaciers, the changes relative to the initial thickness and creep velocity
respectively are very similar thus indicating that changes scale with their geometric
and dynamic characteristics.

e Based on most recent models of rockglacier rheology (Arenson and Springman, 2005)
rockglaciers close to 0°C likely show much stronger reactions to thermal forcing than
colder ones.

e On the basis of our modeling and kinematic wave theory, we propose a typical
timescale of dynamic adjustment to external perturbations that is given by the inverse of
a few times the horizontal velocity of a rockglacier. This timescale explains the order
of magnitude difference in dynamic adjustment of our two chosen rockglacier

examples which amount to 1000a for Murtel and 100a for Huhh1.

The modeling approach presented here and with further development might serve as a
useful tool to determine the dynamic state of alpine rockglaciers, their potential state of
degradation and related forcing mechanisms. The growing amount of observations on
geometric changes and rockglacier movements may thereby serve as important constraints

for such model assessments and serve as indicators for the recent changes affecting
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periglacial high mountain systems. Therefore, future monitoring strategies should
specifically be designed to detect spatially heterogeneous geometry changes and aim at

observing entire slope systems, instead of focusing on single landforms.
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