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Abstract

Mountain glaciers are retreating due to the recent climate change and exposing new landscapes to geo-
morphological processes. The transition from glacial to non-glacial conditions is associated with hydro-
logical, cryospheric and geomorphological changes leading to an intense morphodynamic in those areas
through the availability and instability of sediments.

This study investigated the evolution of a moraine-breaching landslide in the recently deglaciated
area of the Findelengletscher based on multi-temporal digital elevation models (DEMs). According to
the available DEM data the temporal scale was set from 2005 to 2017, covered by seven DEMs. The aim
was to quantify the evolution of the area on the one hand by elevation differences and image correlation
for a spatially distributed approach and on the other hand, by tracking of prominent boulders as well as
the evolution along profiles. The study area consisted of the glacier, the lateral moraine and the landslide,
which breached the lateral moraine and partially deposited on the glacier.

Each features could be recognized in the performed analyses by their unique pattern in the horizontal
or vertical changes. The landslide was characterized by the down-slope moving with maximal magni-
tudes higher than 22m/a, whereas the lateral moraine showed small down-slope displacements together
with elevation loss through the melt out of dead-ice. The glacier was identifiable by high negative ele-
vation change, which were increasing during the observation periods. The mound showed smaller eleva-
tion loss than the glacier due to the debris cover and was moving in South-Western direction. Up-glacier
from the landslide a debris covered glacier part could be detected through the consistent west-movement,

whereas the rest of the moraine shows downslope movements.
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1. Introduction

1. Introduction

1.1 Motivation

High mountain environments are highly sensitive to climate change and therefore have been changing
rapidly (Abermann et al., 2010; Heckmann et al., 2016; Miiller et al., 2014b). A known sensitive and
visible indicator of the climate change are the fluctuations of mountain glaciers (Fischer et al., 2015;
IPCC, 2013). In the recent decades a rapid recession of mountain glaciers can be documented (Fischer
et al., 2015; IPCC, 2013; Lane et al., 2017). Since the Little Ice Age (LIA) glacier termini retreated
several kilometers accompanied by a loss of ice volume (Carrivick and Heckmann, 2017). These glacier
changes are well reported through glacier inventories (change of the glacier area) and through glacier
mass balance data (Fischer et al., 2015; IPCC, 2013; WGMS, 2018; Zemp et al., 2007).

The glacier recession exposes new landscapes, which are vulnerable to a variety of geomorphological
processes (Ballantyne, 2002, 2003; Carrivick and Heckmann, 2017; Curry et al., 2006). Those landscapes
are in transition from glacial to non-glacial conditions, which is associated with hydrological, cryospheric
and geomorphological changes (Carrivick and Heckmann, 2017; Lane et al., 2017). However, only
little is known about the latter one (Lane et al., 2017). Such recently deglaciated environments are
characterized by intense morphodynamics induced through, among others, the instability of rockwalls
and the availability and instability of glacigenic sediments (Heckmann et al., 2016).

Different remote sensing techniques exist to receive information about the earth surface and to gen-
erate Digital Elevation Models (DEMs) (Kidib, 2005a; Miiller et al., 2014b). Multi-temporal DEMs and
their difference are commonly used to study landform changes (Abermann et al., 2010; Fischer et al.,
2011; Miiller et al., 2014b). Especially in context of monitoring glacial and periglacial systems in high
mountain environments with limited accessibility, they are a useful tool to monitor and quantify environ-
mental changes and understand mass transport systems, which is important for assessing natural hazards
(Miiller et al., 2014b).

For various reasons the Findelengletscher and his surrounding is selected as study site: Firstly, the
area is easy to access with the infrastructure of the nearby cable cars. Secondly, the data coverage of
the area is excellent with seven DEMs (including the one conducted in this thesis) over the last 12 years
and the glacier data from the monitoring programme. Thirdly, the occurrence of a landslide makes this
environment even more interesting in relation to processes and interactions between the glacier, moraine
and the landslide.




1. Introduction

1.2 Research Question and Objectives

The aim of this Master’s thesis is to describe and quantify the changes of a recently deglaciated landscape
with the example of the Findelengletscher and his surrounding. The main scope lies on the evolution of
a landslide event and the interactions between the landslide and the Findelengletscher. Concretely, the

following research questions (RQ) with the according objectives can be formulated:

e RQ 1: How is the evolution of the landslide since the occurrence?

— Detect the landslide area and identify active parts

— Quantify changes in the geometry and velocity of the movements

e RQ 2: How is the evolution of the glacier and the moraine in relation to the landslide?

— Detect the unstable areas

— Quantify changes in the geometry and velocity of the movements

e RQ 3: How does the landslide affect the glacier in relation to melting and moving?

— Determine and compare the melting rate on bare ice and on from the landslide affected area

(debris-covered)

— Determine the movement of the landslide affected area (debris-covered)

For answering those research questions remote sensing techniques and glaciological field measure-
ments are applied. On the remote sensing side multi-temporal digital elevation models (DEM) and their
corresponding shaded reliefs are used to investigate the evolution of the landslide-glacier-moraine sys-
tem (RQ1 and RQ2). Among the existing DEMs (2005, 2009, 2010, 2013, 2014 and 2015) a new DEM
in summer 2017 is acquired within this master thesis. Multi-temporal DEMs and their difference are
commonly used to study landform changes (Abermann et al., 2010; Fischer et al., 2011; Miiller et al.,
2014b). Further, an image matching method is applied to investigate the velocity and motion pattern of
the system. To answer RQ3 glaciological field measurements are conducted during a three month period

in summer 2017. Ablation stakes are used to measure melting rates and the movement.
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2. Background

This chapter delineates the thematic and scientific background to this thesis. As outlined above this
thesis investigate a recently deglaciated area, where glacial and mass movement processes are domi-
nating. Therefore, the first section deals with glaciers and their dynamics followed by a section about
mass movements. In the last section the scientific knowledge and research approaches about recently

deglaciated areas should be explained.

2.1 Glaciers

2.1.1 Basic Terminologies

A glacier is “a perennial mass of ice and possibly firn and snow, [which] is originating on the land
surface by the recrystallization of snow or other forms of solid precipitation” (Cogley et al., 2011).
Sugden (1994) completes his definition with the ability of glaciers to deform and flow if snow and ice
accumulates to sufficient thickness. Preconditions for the occurrence of glaciers are climate conditions
and topographic characteristics that enables snow accumulation over several years and transformation
into firn and further to ice IPCC, 2013). Most glaciers consist of a mass gaining (accumulation area)
and a mass losing part (ablation area). In the accumulation area the glacier is gaining mass through solid
precipitation (snow) or relocation of snow (wind and avalanches). In the ablation area the glacier is losing
mass through melting, evaporation and breakaway. The two parts are separated through the Equilibrium
Line, where the annual accumulation equals the annual ablation. The change in the mass of a glacier (or
part of the glacier) is called mass balance (Benn and Evans, 2010; Cogley et al., 2011; IPCC, 2013).

2.1.2  Classification of glaciers

Glaciers can be classified either according to their size, morphology and relationship to the topography
(overview in Benn and Evans (2010)) or according to their thermal properties. The Findelengletscher is
a valley glacier. Valley glaciers occur, where the ice is flowing from a cirque or a ice field into a bedrock
valley. They are typically surrounded or flanked by ice-free slopes overlooking the glacier surface, which
are an important source of snow and rock debris avalanches (Benn and Evans, 2010).

The thermal properties of a glacier depends mainly on the atmospheric conditions (temperature and
precipitation). Figure 2.1, a schematic diagram according to which the thermal regime of a glacier
(conditions at the ELA) can be defined by the temperature and the precipitation. Three thermal regimes
exist: cold glaciers, temperate glaciers and the mixture of both polythermal glaciers. The thermal regime

corresponds to state of the ice of which the glacier consists. Temperate ice is in the thermodynamic
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equilibrium at the solid-liquid phase boundary, so the liquid and solid phase is present. The ice is at its
pressure-melting point. On the other hand cold ice has a temperature below the pressure-melting point
(Benn and Evans, 2010; Cuffey and Paterson, 2010).
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Figure 2.1: Cryosphere Diagram (Zemp et al., 2007)

Temperate glacier can be found in regions with the conditions at the temperate firn regime (Figure
2.1), which corresponds to humid-maritime climates with high precipitation and summer melt. The
glacier consists of temperate ice over the entire volume (maybe except of a surface layer). Temperate
glaciers are characterized by a long melting season leading to high mass turnover and rapid movements
(Benn and Evans, 2010; Cogley et al., 2011). Glaciers in the cold firn zone are called cold glaciers
(Figure 2.1). They are typically found in dry, continental climates, where the heat sources are limited.
Cold glaciers are characterized by a low mass turnover and slow movements and they consist entirely of
cold ice (maybe except of a surface layer) (Benn and Evans, 2010; Cogley et al., 2011; Zemp et al., 2007).
Polythermal glaciers are a mixture of temperate and cold ice. There are different types of polythermal
glacier types according to the thermal structures depending on the available warming processes. Different

forms are described in Benn and Evans (2010).

2.1.3  Surface Energy Balance

The energy balance is the sum of all energy fluxes over a given time interval. Out of it one can calculate
the evolution of the near-surface temperatures or the glacier ablation rates (Benn and Evans, 2010).
The meteorological conditions above the glacier and the physical properties of the glacier itself are the
controlling factors at the glacier-atmosphere interface. For the estimation or calculation of the melt, the
different energy fluxes to and from the surface have to be assessed. Usually, energy fluxes with positive
signs means an energy gain to the surface and a negative sign an energy loss. As a surface is two-
dimensional (no volume), no energy can be stored (Benn and Evans, 2010; Hock, 2005). Consequently,

the surface energy balance is expressed as:

Osw+Omw +0u+01L+06+0r+0u=0 2.1
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where Qgsw is the net short wave radiation, Qpw is the net long wave radiation, Qp is the sensible
heat flux, Q; is the latent heat flux, Q¢ is the ground heat flux, Qr is the sensible heat flux supplied by
rain and Q) is the energy consumed during melting or released during freezing (Benn and Evans, 2010;
Hock, 2005; Hubbard and Glasser, 2005; Nicholson and Benn, 2006).

The net short wave radiation Qs (Equation 2.2) is the difference between the incoming short wave
radiation (also called global radiation) and outgoing/reflected short wave radiation. The outgoing short
wave radiation can be determined by the albedo (a) of the surface multiplied by the incoming short wave
radiation. The albedo is high for fresh snow (> 0.95) and low for debris covered and dirty ice (0.1-0.2).
The incoming short wave radiation is a function of the solar constant and depends on the atmosphere
conditions, the slope gradient and aspect, latitude and time of day (Benn and Evans, 2010; Hubbard and
Glasser, 2005).

Osw = Osw,in- (1 — ) (2.2)

The net long wave radiation Qrw (Equation 2.3) is the difference between the incoming and outgoing
long wave radiation.
Oww = LWy, — LWy, (23)

Both terms (incoming and outgoing) can be described by the Stefan-Boltzmann-Equation (Equation 2.4),
where the energy flux is the multiplication of the emissivity &, the Stefan-Boltzmann-constant ¢ and the
temperature of the body 7'[K] to the power of four. At the glacier margins (especially valley glaciers) the
long wave radiation tends to be high, caused by the emitted radiation from the rock surface (Benn and
Evans, 2010; Hock, 2005).

I=¢-o-T (2.4)

The sensible heat (Qy) describes the energy transfer from the air to the surface through turbulent
mixing. It is a function of the temperature gradient (difference between air temperature and surface
temperature) and the wind speed. The higher the temperature gradient and the wind speed are, the larger
is the sensible heat flux (Benn and Evans, 2010; Hubbard and Glasser, 2005).

The latent heat (Qy) is the energy gain or loss through phase changes (evaporation/condensation &
sublimation/deposition) and can be described by the vapor pressure gradient and the wind speed. If the
vapor pressure gradient is positive, the latent heat flux is positive, so either condensation or resublimation
occurs. Both phase changes release energy (Benn and Evans, 2010; Hubbard and Glasser, 2005).

The ground heat (Q¢) describes the energy used to change the temperature of ice or snow. Surface
melting can only occur if the temperature of the ice or snow is 0°C. The ground heat depends on the
density and the heat capacity of the material (ice or snow) and the temperature gradient within the cold
ice or snow. For temperate ice or snow the ground heat flux is zero as the temperature of the ice or snow
is already 0°C (Benn and Evans, 2010; Hock, 2005).

The sensible heat flux supplied by rain (Qg) is mainly controlled by the precipitation intensity and
the temperature difference between the rain and the surface. In most cases this heat flux can be neglected
because it is small compared to the other fluxes of the surface energy balance. Only in maritime regions

where storms originate from warm oceans can the sensible heat flux be a significant short-term heat
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source (Benn and Evans, 2010; Hock, 2005; Hubbard and Glasser, 2005).

The last term of equation 2.1 Qy describes the heat that is consumed during melting or released
during freezing. Thus, Q) is negative (melting) if the sum of the other fluxes is positive. In the manner
that a balance is established. If the sum of the other fluxes is negative, the glacier ice gets colder (Benn
and Evans, 2010; Hock, 2005; Hubbard and Glasser, 2005; Nicholson and Benn, 2006).

In many cases the equation of the surface energy budget is arranged, so that the energy available for
melting can be estimated out of it (Equation 2.5). If further a surface temperature of 0°C is assumed, the
ground heat flux is zero, so any surplus energy at the surface-atmosphere interface is used for melting
(Hock, 2005; Hubbard and Glasser, 2005).

Om = Osw +Orw +0On + 0L+ Or (2.5)

2.1.4  Influence of Debris Cover on the Surface Energy Balance

Supraglacial debris cover can originates from a deposition of a mass movement (debris flow, rockfalls,
etc.) or from the melt-out of englacial and subglacial debris bands. Mass movement processes such as
debris flow, snow avalanches, rockfalls or landslides depends on the topography, weathering and erosion
rates at the location of the glacier (Benn et al., 2003). Supraglacial debris is a phenomenon that is almost
only observable in the ablation area. In the accumulation area the debris would be buried in the snow
pack and transferred into the glacier (Reznichenko et al., 2011). Large debris deposits (>10% of the
ablation area) change the glacier dynamics in two ways: The insulating effect of the deposit reduces
the ablation, which leads to a less negative or more positive net mass balance and the additional weight
is provided by the deposit itself and over time by the increasing relative ice thickness is added up as
well (Reznichenko et al., 2011; Shulmeister et al., 2009). The mass will increase the basal sliding of the
glacier as the sliding depends on the mass of the ice per unit of bed. Theoretically, the flow velocity at a
given location should increase by 20% if 10% ice depth is added (Reznichenko et al., 2011). Small debris
deposits (<10% of the ablation area) influences the glacier only locally, but the overall mass balance and
velocity will not be affected significantly (Reznichenko et al., 2011; Shulmeister et al., 2009).

From numerous field experiments an empirical relationship between supraglacial debris thickness
and ice-melt rates is detected (Nicholson and Benn, 2006). Under a thin debris layer (< ca. 2-5cm)
ablation rates increase (with respect to clean ice) and under thicker debris they decline exponentially.
This pattern can be explained first by the lower albedo of rock surfaces, so they will absorb more radiation
and therefore more energy for melting is available. On the other hand, the debris builds a thermal
barrier between the atmosphere and the ice and as such reduces the energy flux to the ice surface. The
insulating effect dominates for thick debris layers and the albedo effect for thin ones. However, the
threshold whether melt rate is accelerated or inhibited varies under the influence of local climate and
debris lithology as one can see on the basis of the different glaciers in Figure 2.2 (Benn and Evans, 2010;
Nicholson and Benn, 2006; Pellicciotti et al., 2015; Reznichenko et al., 2011; Shulmeister et al., 2009).
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Figure 2.2: Examples of empirical measurements of
the relationship between debris thickness and ice abla-

tion rate on the sample of some glaciers (Nicholson and
Benn, 2006)

The sub-debris melt rate (M) is defined as the downward energy flux at the base of the layer (Q,,)
divided by the density of ice (p;) and the latent heat of fusion (L; = 334kJ. kg™ 1.
Om

M= (2.6)

The energy flux through the debris layer is mainly given by the head conduction down a vertical

temperature gradient, so Q,, is the conductive heat flux Q., which can be derived from:

aTr

0. = k- 2.7)

where £ is the thermal conductivity of the debris layer [Wm™'K~!] and T the temperature within the
layer [K] at a point z within the layer [m]. If a linear temperature gradient between the upper and lower

surface of the debris is assumed, Equation 2.7 can be modified as followed:

(2.8)

where 7; is the steady-state surface temperature [K], 7; the ice temperature [K] and A, the debris
thickness [m]. This equation is valid for the assumption that the heat stored in the debris layer is con-
stant over time (thermal equilibrium). However, data from vertical temperature profiles showed that this
assumption is not valid. As the thermal regime of the debris is dominated by the diurnal cycle under
stable weather conditions. Therefore, a thermal equilibrium within the debris layer cannot be expected
over time intervals of less than 24 hours (Nicholson and Benn, 2006).

Nicholson and Benn (2006) showed in their study that at the temperate glacier Chiacciaio del Belvedere
a lcm debris cover reduces the energy flux (available for melt) by 33% if the debris is dry and by 11% if

the debris is wet.




2. Background

Usually, supraglacial debris cover only occurs in the ablation area with an increase of the debris
thickness towards the glacier terminus, which reverses the ablation gradient as the ablation rates are small
on the lower parts of the glacier (Benn et al., 2003, 2012). Debris-covered glaciers commonly react on
climate variations through thickening and thinning only rather combined with advance and retreat. This
is caused by the large lateral-terminal moraines, which acts as barriers to glacier advance (Benn et al.,
2003). As above-mentioned a debris cover insulates and protect the glacier ice from direct radiation,
therefore other processes enable ablation on debris covered glaciers. Mainly four processes contributes
to the ablation on debris covered glaciers: (1) Melting beneath the debris can occur, (2) clean ice close to
the glacier ELA is vulnerable for melting, (3) melting of ice cliffs and (4) calving into proglacial lakes.
Ice cliffs develop, where the debris slumps from slopes and exposes the ice or through the collapse of
englacial voids (Benn et al., 2012; Pellicciotti et al., 2015).

2.1.5 Glacier Mass Balance and Motion

As mentioned before, the glacier mass balance describes the change in the mass of a glacier, so it is the
sum of all components of accumulation and ablation (both surface, internal and basal). The measure for
this change is the specific balance rate. Regarding a certain point or column (vertical section through the

glacier) it is defined by

qin + Gout
ds

with acc referring to accumulation, abl to ablation and the indices srf to surface, int to internal

m = accspe + ablsfc + accip + ablip + accpas + ablpgs + 2.9

and bas to basal. The last component g describes the flow of ice into and out of the column with the
horizontal dimension (ds) (Cogley et al., 2011; Zemp et al., 2013). Glacier flowing processes can be
grouped into two domains: motion within the ice mass and motion focused to near the base of the ice
mass (Hubbard and Glasser, 2005). The first one refers to ice as a deformable material, deformation
results from the movement between or within individual ice crystals (Benn and Evans, 2010). The
second one is also called basal motion and can be divided into (basal) sliding and subglacial sediment
deformation (Hubbard and Glasser, 2005). Sliding describes the slipping of the glacier on its bed. This
component is important, where meltwater is present beneath the glacier. When the glacier is sliding over
its bed, it can erode the glacier bed by frictional drag, which is known as deformation of the glacier bed
(Benn and Evans, 2010).

Usually, the mass change of a glacier is considered over a certain time span (#y to f,), often one year
or a season. For a certain point on the glacier (x) the net (mass) balance is defined as the integral of the

specific balance rate 71 over a time interval ¢y to ¢,.

b(x) = / " (1) -dt (2.10)

fo
For obtaining the glacier-wide mass balance (B), also called the total net balance, one have to inte-

grate the point (mass) balances over the glacier area S:

1
BZE-/Sb(x)-dS @.11)
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This formulas are valid for land-terminating glaciers, balance components for ice shelves, lake and
marine floating glacier tongues are not considered (Cogley et al., 2011; Cuffey and Paterson, 2010; Zemp
et al., 2013). To clarify over which time span or in which measuring unit the specific balance rate, the net
mass balance or the total net balance are considered, lowered letters can be used. Whereby for example
a lower a stands for annual or a lower w implies that the equivalent thickness of water per unit time is
considered (Cogley et al., 2011; Zemp et al., 2013).

2.1.6 Glacier observation methods

The glaciological observation method determines the mass balance through in situ measurements of
the accumulation and ablation at individual points. With this method only the surface components of
accumulation and ablation can be addressed as well as the component from the glacier motion (ablation
stake moves with the glacier). Accumulation is measured in pits excavated into the snowpack or from
cores. The annual increments can be identified from changes in the density, crystal size or dirt layer. The
accumulation at that point can be calculated by the sum of the multiplication of the individual horizon
thickness (4;) with the density of that horizon (p;).

i
acCpoint = th -pi [mw.e.] (2.12)
1

The ablation is determined by using stakes drilled into the ice, which are used to measure the drop
in the ice surface over a time span. The measured meter ice has to be multiplied by the density of ice to

convert into meter water equivalent.

ablpoint = Ahgake * Pice [Mm W.€.] (2.13)

where hgqpe(,) is the stake height out of the ice at #,, hgqke () is the stake height out of the ice at £
and pjc. the density of ice. To get the glacier-wide mass balance the individual point measurements have
to be interpolated and extrapolated over the whole glacier area (Benn and Evans, 2010; Cogley et al.,
2011; Cuffey and Paterson, 2010; Zemp et al., 2013).

Within the geodetic observation method the mass balance is determined by calculating the volume
changes through differencing glacier surface elevations from repeated mapping. Thereby, the volume
change has to be converted into a mass by multiplying with the density of ice. The mapping of the ele-
vation can be done in many different ways such as ground surveys using theodolites or global navigation
satellite systems (GNSS) or airborne and spaceborne surveys with photogrammetry, laser scanning or

SAR interferometry. The volume change of a glacier can be calculated as followed:

K
AV =7"-Y Al (2.14)
k=1

where K is the number of pixels covering the glacier at the maximum extent, Ak is the elevation
difference of the two DEM at pixel k and r is the pixel size. The bedrock beneath the glacier is assumed

to be constant and the two elevation data sets have to be co-registrated (aligned and same cell size).
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The glacier-wide average thickness change A/ is the volume change of the entire glacier divided by
the mean glacier area during the time span of the measurements and can be derived from the following
equation:

— AV

h=" (2.15)

where AV is the volume change (Equation 2.14) and S the average glacier area. By assuming a linear
change through time, the average glacier area can be determined as the average between the two extents
(tp and t,) (Cogley et al., 2011; Zemp et al., 2013).

With Equation 2.14 the volume change for a glacier can be determined instead of the mass change.
Therefore, a conversion from the volume change AV to the mass change AM by assuming a conversion
factor fay is necessary (Equation 2.16) (Huss, 2013).

AM = fay - AV (2.16)

The conversion factor fay depends on the density of snow, firn and ice and its change over time
(Huss, 2013; Zemp et al., 2013). It is possible to considered different conversion factors for different
glacier parts (e.g. firn area) or an approximately density for the entire glacier can be assumed (Huss,
2013; Zemp et al., 2013). Huss (2013) suggest to use a conversion factor of fay = 850+ 60kg/m3.

The geodetic observation method is useful as inaccessible and large areas can be investigated (Cuffey
and Paterson, 2010; Huss, 2013; Paul et al., 2015). To asses a glacier in an ideal way both methods should
be considered as they measure different components of the glacier elevation change and as their tempo-
ral resolution usually varies. Glaciological field measurements are carried out on an annual timescale,
whereas the geodetic method timescales of a few years or decades are considered (Cuffey and Paterson,
2010; Zemp et al., 2013).

10
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2.2 Mass Movements

Mass movements or mass wastings are the downward and outward movement of slope materials such
as rocks, rock debris, soils or combination of these under the force of gravity. As mass movements are
constraint to slopes, the term slope failures is used in the same manner (Smithson et al., 2008; Strahler
and Strahler, 2009; USGS, 2004; Varnes, 1978). Often mass movements consist of a starting zone or
release area, where the material is removed from, a transportation pathway, through which the material is
transported and in the end deposited in a deposition or accumulation area (Zepp, 2011). Mass movements
are important processes in the reworking and deposition in glacial environments due to the abundance of
steep, unstable slopes around the margins of glaciers (Benn and Evans, 2010). There exists a wide range
of mass movements, which can be grouped according to the type of material (rock, rock debris, soil),
the mode of failure (fall, slide, flow), the rate of movement (slow, rapid) and/or the water content (dry,
wet) (Benn and Evans, 2010; Smithson et al., 2008; Strahler and Strahler, 2009; USGS, 2004; Varnes,
1978). A classification schema based on the mode of failure and on the type of material is presented
here (Blair, 1994; USGS, 2004; Varnes, 1978). Blair (1994) identified falls, topples, slides, flows and

complex failures as important in relation to valley and moraine wall stability.

TYPE OF MATERIAL
ENGINEERING SOILS
TYPE OF MOVEMENT BEDROCK
Predominantly coarse Predominantly fine
FALLS Rock fall Debris fall | Earth fall
TOPPLES Rock topple Debris topple : Earth topple
ROTATIONAL :
SLIDES Rock slide Debris slide I Earth slide
TRANSLATIONAL |
|
LATERAL SPREADS Rock spread Debris spread : Earth spread
Rock flow Debris flow : Earth flow
FLOWS
(deep creep) (soil creep)
COMPLEX Combination of two or more principal types of movement

Figure 2.3: Classification of mass movements (Blair, 1994; Varnes, 1978)

The abrupt movement of geological material (rock and boulders) refers to ’falls’ as mode of failure.
The material is mostly falling, leaping or rolling down through the air. According to the size of the
transported material it is classified as a rock fall (very coarse material) or as a debris fall (coarse material)
(Benn and Evans, 2010; USGS, 2004). Debris falls frequently occur on the glacier-facing side of lateral
moraines or on debris-covered valley walls. They often occur during or after wet storms as larger clasts
become unstable due to the washing out of the fine matrix by the rain (Blair, 1994).

Topples are characterised through the forward rotation of a unit or units under the action of gravity
and forces exerted by fluids in cracks. A toppling failure can be linked with falling or sliding depending
on the geometry and orientation of the failing mass (USGS, 2004; Varnes, 1978). The forward rotation
and opening of the joints is rather slow, whereas the tumble itself is rapid. Topples can be well recognized

in advance due to the slow opening of joints (Blair, 1994).
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A slide failure consists of a distinct zone of weakness, which separates the slide material from the
underlying and stable material. Slides can further be divided in rotational slides and translational slides.
Within the first-mentioned the failure-surface is concave and the movement is rotational about an axis
transverse across the slide, whereas the failure-surface within the second-mentioned is planar and only
little rotation is observable (USGS, 2004; Varnes, 1978). A slide can disaggregate during the transport
and evolve into a debris flow (Benn and Evans, 2010).

Flows are sediment-water mixtures, which can divided according to the velocity of the movement
and the water content of the material (Benn and Evans, 2010; USGS, 2004). A rapid mass movement
consisting of a combination of loose soil, rock, organic matter, air and water moving downslope as a
slurry is a debris flow. Debris flows are commonly triggered by intense surface-water flow caused by
heavy precipitation or rapid snowmelt. Debris flow depositions are usually recognizable as debris fans
beneath steep gullies, which are the source areas of debris flows. Very rapid or extremely rapid debris
flows are called debris avalanches. In an earthflow or a mudflow the slope material gets liquified and runs
out forming a bowl at the head. It usually occurs under saturated conditions in fine-grained materials or
clay-bearing rocks on moderate slopes. The slow downward movement of soil or rock is called creep.
Creeping is visible through curved tree trunks, bent fences, tilted poles or ridges. Creeping is caused by
shear stress sufficient to produce permanent deformation but too small to produce shear failure (USGS,
2004; Varnes, 1978).

Lateral spreads are lateral extension caused by liquefaction and occurs on gentle slopes or even flat
terrain. The failure is triggered by rapid ground motion such as earthquake (USGS, 2004; Varnes, 1978).

Often, slope movements involve a combination of the above-mentioned mass movements. This can
either be through the presence of multiple shear planes or the further development (spreading) of an
initial failure (Blair, 1994; USGS, 2004; Varnes, 1978).

12
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2.3 Terminology and Evolution of recently deglaciated Landscapes

Glacial recession exposes landscapes such as unstable rock walls, moraines and glacier forefields to
geomorphological processes. Those landscapes are subject of an increasing number of studies due to
three reasons: First, they are unique natural laboratories, where the development of soil and vegetation
and their interactions with geomorphological processes can be studied. Second, those areas are suitable
for testing and developing application of mapping and measurement methods to quantify and to document
changes. Third, they are sources of potential hazards such as debris flows and lake outbursts (Carrivick
and Heckmann, 2017; Heckmann et al., 2016).

2.3.1 Basic Terminologies: Proglacial, Paraglacial and Periglacial

In the context of cold and/or glaciated environments and their surrounding are the terms proglacial,
paraglacial and periglacial common. The meaning of those three terms is essential while investigating

recently deglaciated landscapes.

Periglacial environments are determined by the dominant processes present in such environments
like freezing and thawing and/or permafrost related processes. Through the intense frost activity break-
ing down bedrock and cryogenic weathering distinctive landscape forms are established. The forming
occurs in situ as the processes are not effective in evacuating sediments. Periglacial landscapes exists in
(i) the polar deserts and semi-deserts of the high Arctic, (ii) the tundra zone, (iii) the boreal forest zone,
(iv) the maritime and continental sub-arctic and (v) mid- and low latitude alpine regions (Slaymaker,
2011).

Proglacial environments are defined through their ice-marginal location, immediately in front of
glaciers, ice caps or ice sheets. Carrivick and Heckmann (2017) for example use the Little Ice Age (LIA)
moraines and the current glacier extent as boundary of a proglacial system. The dominant processes are
glacifluvial, glacilacustrine and glacimarine processes (Slaymaker, 2011). Benn et al. (2003) add aeo-
lian processes, which redistribute glacigenic sediments, to this list of processes. Proglacial rivers have
a distinct seasonally and diurnally pattern. Common erosional forms are drainage diversions and spill-
ways and common depositional forms are sander and outwash fans with distinctive facies (Slaymaker,
2011). Through the instability of deglaciated rockwalls and the availability and instability of glacigenic

sediments are proglacial environment considered to be rapidly changing (Heckmann et al., 2016).

Paraglacial environments are transitional landscapes, which are recovering from the disturbance of
glaciation. As such they cannot be defined by certain processes or a certain location, but by a tempo-
ral component (Carrivick and Heckmann, 2017; Slaymaker, 2011). The term was firstly introduced and
defined by Church and Ryder (1972) as non-glacial processes that are directly conditioned by glacia-
tion”. Ballantyne (2002) added the landforms, landsystems and landscapes that are directly conditioned
by glaciation to his definition of the paraglacial concept. He identified six landsystems: Rock slopes,
sediment/drift-mantled slopes, glacier forelands, alluvial landsystems, lacustrine landsystems and coastal

landsystems (Ballantyne, 2002, 2003). In context of valley glaciers the focus lies on the paraglacial
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modification of rock slopes and sediment-mantled slopes. The time period, over which the glaciogenic
sediments are stabilized or exhausted, is called paraglacial period. The response after deglaciation and
the time scale of recovery varies in each landscapes according to the processes or the spatial extent (Bal-
lantyne, 2002, 2003; Slaymaker, 2011).

The above-mentioned remarks show the difference between the three terms periglacial, proglacial
and paraglacial. Whereas periglacial and proglacial environments can be clearly defined either through
the dominant processes or through the location, paraglacial environments are more difficult to define.
Paraglaical describes transitional landscapes, which are recovering from glaciation and as such the spa-
tial and temporal scale is very variable (Carrivick and Heckmann, 2017; Slaymaker, 2011). Figure 2.4
shows the transition from glacial to non-glacial conditions with the terms . Landforms within proglacial
areas are rapidly changing and represent a platform for paraglacial re-working processes (Carrivick and
Heckmann, 2017).
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Figure 2.4: Conceptual model of proglacial system transition from
domination by glacial processes, through paraglacial period to-
wards a periglacial or temperate landscape (Carrivick and Heck-
mann, 2017)

2.3.2 Components, Processes and their evolution

Glacier recession exposes unconsolidated material to geomorphological re-working processes, whereby
three main sediment sources exist. First, sediments originate from glacial erosion and subglacial sedi-
ment storage, which is controlled by the thermal state of the glacier and the lithology of the underlying
bedrock. Second, debris introduced by weathering and instability of rockwalls steepened by glacial ero-
sion. Third, glacigenic debris covering hillslopes or accumulated as lateral or terminal moraines. Such
debris-mantled slopes are re-worked through deformation, different mass movements and fluvial incision
(Carrivick and Heckmann, 2017). Several studies (Ballantyne, 2002, 2003; Curry et al., 2006) identified
debris flows as the dominant sediment transport on sediment-mantled slopes. An individual debris flow
can be identified by the deposition of parallel levées in the upper part and by one or more lobes of debris
in the lower part (Ballantyne, 2002, 2003) (Figure 2.6). The often intersecting gullies, which incise the
lateral moraine, are the conspicuous sign of a paraglacial landscape. For intense gully building the lat-

14
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eral moraine has to stand up at least 120m above the valley floor and a slope gradient bigger than 30° is
necessary (Curry et al., 2006).

In some cases re-working processes can even cause failure of moraine walls as observed along the
flanks of Tasman Glacier, New Zealand (Blair, 1994) (Figure 2.6, Stage II/III). Especially, ice-cored
lateral moraines are vulnerable to failure because the underlying ice melting is reducing the strength
of the sediment. Further, extensive gully building favor instabilities of the moraines (Ballantyne, 2003;
Blair, 1994; Curry et al., 2006).

From a sediment cascading point of view, proglacial landscape can be divided into three main parts:
the glacier, the hillslopes and the proglacial channel network (Figure 2.5). The sediment connectivity
describes the degree to which such system components are connected in relation to the sediment transfer.
When two system parts are coupled, sediments can flow from one to another, whereas between decoupled
parts sediment transfer is prevented. Within this point of view lateral moraines play a special role as on
one hand they act as as a barrier between the areas within the moraines and the adjacent hillslopes (Car-
rivick and Heckmann, 2017; Cossart and Fort, 2008). But on the other hand the lateral moraines their-self
are a source for sediment transfer (Ballantyne, 2002; Curry et al., 2006). In a proglacial system the sedi-
ment transfer can be either be lateral or longitudinal. The lateral fluxes originate from the hillslopes (e.g.
lateral moraines), whereas the longitudinal fluxes are supplied by the glacier and its meltwater (Figure
2.5).

(moraine
crest etc.)

coupled| decoupled
(braidplain, decoupled
terrace) ) (talus cone)

Proglacial channel network

coupled temporarily  coupled decoupled
decoupled (low-gradient

Proglacial
zone outlet

(low-gradient braidplain,
braidplain, transport
transport limited)
limited)

Figure 2.5: Conceptual model of sediment transfer through a proglacial system, highlighting
the role of sediment connectivity between hillslopes, channels and the glacier (lateral con-
nectivity) and along the channel network (longitudinal connectivity) (Carrivick and Heck-
mann, 2017)

In this context proglacial rivers play an important role whether sediments are evacuated from the
proglacial area or deposited in it. Therefore, they have been in focus of proglacial research from a
geomorphological or hydrological point of view (Carrivick and Heckmann, 2017; Staines et al., 2015).

The discharge of proglacial rivers is characterized by the meltwater input from the glacier, which implies

15



2. Background

a high temporal variability on a daily and seasonal scale. Another characteristic feature of glacially
formed landscapes are proglacial lakes. Such lakes act as a buffer for meltwater discharge and as a trap for
sediments, which affect geomorphological activities within proglacial areas (Carrivick and Heckmann,

2017).
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Figure 2.6: Sketch showing the geomorphic evolution of recently deglaciated
glacial margins. The presence of moraines creates a damming effect, hence
a fragmentation of the cascade sedimentary system. The duration of such
damming effects depends on the number, volume and cohesion of moraines and
the erosion processes at work on the moraine (Cossart and Fort, 2008)
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Figure 2.6 shows the geomorphic evolution of a recently deglaciated glacial margin. In Stage I the
glacier is present in its full extent forming a lateral moraine, which acts as a dam for any debris com-
ing from behind the moraine. In Stage II the glacier has retreated and the lateral moraine is exposed
to geomorphological processes causing the building of gullies and probably the breaching of the lateral
moraine. If and how the moraine is breaching depends on the one hand on the volume of the aggregated
sediments behind the moraine and on the other hand on the erosional processes acting on the lateral
moraines from both sides. On the valley floor the proglacial stream incises into the glacio-fluvial de-
positions. With ongoing glacier retreat the lateral moraine may collapse further partially caused by the

continuing gullying. The incision of the proglacial stream progresses as well (Cossart and Fort, 2008).

2.3.3  Quantifying and Analyzing

To analyze proglacial areas different methods can be used. In one way or another the forms from different
states in time have to be captured. This can either be through geomorphological mapping or remote
sensing techniques such as orthoimages or laser scanning. By comparing the different states, it is possible
to detect and quantify the changing features.

Horizontal movements can be investigated by image cross-correlation, which have already been ap-
plied to glacier surfaces, landslides, rock glacier surfaces, soil creep and debris flows. Further, interfer-
ometry has been used to analyze glacier surface motion, river planforms, permafrost creep and rockslides.
The synthetic aperture radar (SAR) can either be stationed on a satellite or on a ground-based platform
(Carrivick and Heckmann, 2017).

By quantifying elevation changes between different states erosion and deposition of hillslope pro-
cesses can be identified. This can be done either with differential Global Positioning Systems (dGPS),
where only some point of interest can be investigated, or with fully-spatially-distributed methods such
as photogrammetry/Structure-from-motion or laser scanning, where Digital Elevation Models (DEM)
are generated (Carrivick and Heckmann, 2017; Staines et al., 2015). The association of erosion and
deposition towards elevation change in proglacial areas is problematic as elevation change can also be
the result of dead-ice/permafrost degradation/melting or aggradation (Carrivick and Heckmann, 2017).
However, the analysis of elevation changes is widely used to assess changes in a landscape (Carrivick
and Heckmann, 2017; Kociuba, 2017; Lane et al., 2017; Sailer et al., 2012; Staines et al., 2015)

Within geomorphological studies the determination of sediment volumes and budgets are common to
understand the landscape evolution (Miiller et al., 2014a; Otto et al., 2009). However, the determination
of different sediment sources, fluxes and storages within a proglacial area is challenging because of the
high temporal variability of proglacial areas as well as the different processes overlaying each other
(Carrivick and Heckmann, 2017).

As already implied above the main challenge in the quantification and analyses of proglacial areas is
to cover the spatial and temporal scale of the features and processes. Further, processes are interacting
and overwriting each other. The presence of buried or dead-ice bodies complicate the identification
of processes and features as well. Especially when surface lowering or lifting (DEM Differences) are
considered, where elevation changes can occur through erosion/depostion or through dead-ice/permafrost
degradation/aggradation (Carrivick and Heckmann, 2017).
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2.4 Digital Elevation Models

Remote sensing techniques to study glaciated and high mountain environments are widely used among
others due to the difficult access of such landscapes. Generally, these methods can be classified according
to (1) the basic sensor types, (2) the location of the platform and (3) the section of the electromagnetic
spectrum they cover. There exist two basic sensor types: active (sending and receiving) and passive
(receiving) systems. The platform itself can either be located in space, in the air or on the ground. Further,
the remote sensing system concentrate their observation in a certain range within the electromagnetic
spectrum (visible, near infrared, etc.). The remote sensing techniques are in most cases used to derive
digital elevation models (DEM) or other data about the surface (movement or surface cover) (Kiib,
2005b).

2.4.1 Definition

Digital elevation models are quantitative and digital models of a surface, such as the earth surface. There
exist different ways to represent such a continuous surface in a GIS: as a regular grid (Altitude matri-
ces) or as a triangular irregular network (TINs). The first mentioned is the most common form and is
considered in this thesis (Burrough and McDonnell, 2005). Therefore, the definition for digital elevation
models can be concretezed as it represents the elevation of part or all of the Earth’s surface within a fixed
spacing in two horizontal coordinate directions. The elevation value can either be a sample or an average

within one grid cell (Cogley et al., 2011).

2.4.2  Generation techniques

As mentioned above, there exist a wide range of remote sensing techniques and therefore several methods
can be used to derive a DEM. An overview can be found in Kédb (2005a). In the following the methods

applied to generate the DEMs used in this master’s thesis are shortly explained.

Airborne Laser Scanning

Airborne laser scanning (ALS) is an active remote-sensing technique, which uses a laser beam fixed on an
aircraft or helicopter to sample a surface (Albertz, 2009; Bossard, 2014). A LiDAR (= light detection and
ranging) system measures the distance to the target by calculating the elapsed time between the emitted
and the received return signal. Among the LiDAR system an ALS needs further a global navigation
satellite system (GNSS) and an inertial navigation system (INS) (also called Inertial measurement units
IMU) to determine the position and orientation of the platform. Finally, a control and data recording
unit is necessary to preserve the measurements (Albertz, 2009; Deems and Painter, 2006; Lilesand et al.,
2008). An advantage of LiDAR remote sensing systems is the ability to detect multiple returning pulses
and therefore the possibility to map vegetation or building heights (Deems and Painter, 2006; Lilesand
et al., 2008).
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Figure 2.7: Airborne Laser Scanning (ALS) principle
with acquisition parameters scan angle, platform height,
swath width, GNSS and INS (Deems and Painter, 2006)

The laser scanning system considers two optical beams - the emitted laser beam and the returned
signal of the respective beam. The emitted laser beams are directed by an oscillating mirror. Among
the current angle of the mirror, the position (GNSS and INS) of the platform and the laser time range
(time between the emitted and the received return signal) needs to be known for the determination of the
position (X, y and z) of an object. A characteristic parameter to describe and compare ALS campaigns is
the average point density, which depends on scan angle, the scanning frequency, the flying height above
ground, the measuring frequency and the aircraft ground speed (Deems and Painter, 2006; Lilesand
et al., 2008; Wehr and Lohr, 1999). Further, the parameters of the used laser beam (wavelength and
beam divergence) are needed to know for comparing ALS campaigns (Bossard, 2014). The result of an
ALS campaign is a point cloud with x, y and z values for each point. Such point clouds are commonly

simplified to a raster grid for further analysis (Hugenholtz et al., 2013; Joerg et al., 2012).

Photogrammetry and Structure from Motion
Photogrammetry describes the science and technology to obtain spatial measurements from photographs.
The photographs must overlap and can either be analogue (hardcopy) or digital. Among other products
digital elevation models can be generated with photogrammetry (Lilesand et al., 2008). A wide range of
satellite images or aerial photographs can be used to generate DEMs with Photogrammetry (Kééb, 2002;
Micheletti et al., 2015). For the 3-D reconstruction of a scene the 3-D location and pose of the camera(s)
and/or the 3-D location of some control points need to be known (Westoby et al., 2012).

With the recent development in computer technologies digital photogrammetry has advanced. With

’Structure from Motion (SfM)’ a new approach emerged within digital photogrammetry. Structure from
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motion applies the basic principles of photogrammetry (3-D reconstruction from a series of partially
overlapping images) to images obtained by low-cost and non-metric cameras. Often such cameras are
fixed on unmanned aerial vehicles (UAVs or drones). There is no knowledge about the camera position or
the location of ground control points (GCP) necessary, which is the main difference towards the ’conven-
tional’ photogrammetry. These parameters are reconstructed simultaneously through the identification
of matching features in multiple images. With Structure from Motion a 3-D point cloud is generated in
a “fictive’ space/coordinate system. To align this point cloud to a real-world coordinate system, some
ground control points (GCPs) with known real-world coordinates need to be identifiable within the point
cloud. Such GCPs can be determined after the images were taken or in advance. Structure from Mo-
tion is most suitable for areas with minimal vegetation coverage and relatively complex, heterogeneous

topography (meso- and micro-scale) (Westoby et al., 2012).
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3. Study Site and Data

3.1 Study Site

3.1.1 Location and Area of Interest

This thesis investigates the Findelengletscher (also called Findelgletscher) and its surrounding area. The
Findelengletscher is a temperate valley glacier located in the Swiss Alps in the Canton Valais (46°00°
N, 7°52’ E), close to Zermatt (Figure 3.1). It covers an area of about 13 km? and has a length of about
6.7 km (2010) (Joerg et al., 2012). The elevation span ranges from 2600 to 3900 m a.s.l.. The glacier is
facing west and has a well-defined outline with a distinct tongue. Since the end of the Little Ice Age the
glacier has retreated and separated from his former tributary Adlergletscher (Joerg et al., 2012; Maisch
et al., 2000).
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A

Figure 3.1: Location of the study area with the area of interest (Background: Swisstopo, Orthophoto 2017)
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The glacier forefield and the frontal part of the glacier tongue are flanked by two prominent lateral
moraines, which are approximately 3km long and stand up to 140m above the valley floor. The glacier-
facing side of the moraines are steep (41-64°, locally 80°) and vulnerable to ongoing reworking, whereas
the glacier-averted side is less steep and vegetated (Figure 3.1) (Lukas et al., 2012). This study focus
on the right (northern) lateral moraine and the frontal part of the glacier tongue, where a landslide broke
through the lateral moraine and partially deposited on the glacier (Figure 3.1).

On the basis of the field campaign in summer 2017 and the initial sighting of the available data
the investigation area is divided into different zones for each observation year (Figures A.13-A.19, Ap-
pendix). Figure 3.2 shows the orthophoto from 2017 with the different zones and an overview about the
location of the applied research methods. The evolution of the different zones is covered in Section 5.3.
In Figure 3.3 one can see two profiles of 2017 through the lateral moraine: once down-glacier from the
landslide (Figure 3.3a) and once through the landslide (Figure 3.3b) with the different zones indicated.
The zone *Glacier’ covers the debris-free ice-body of the glacier tongue (light blue in Figures 3.2 & 3.3).
The moraine is divided into two parts. The moraine top goes with landscape beyond as it is more or
less stable over the observation periods. The Moraine-Foot’ zone covers the lower part of the moraine
starting beneath the gullies towards the glacier margin respectively the valley floor (orange in Figures
3.2 & 3.3a). Further, the zone ’Slide-Area’ is defined as the landslide area, which covers the area from

the release area towards the deposits of the landslide (red in Figures 3.2 & 3.3).

¢ GCPs_2017 — Profile Lines D Glacier D Area of Interest
g ® Ablation Stake (2005-2017) == Front Landslide (Brown-Debris) Moraine-Foot Zone :
g2 g
3 ©  Ablation Stakes 2017 === Moving Line DMound 2
4 Meteo-Station Stable Terrain D Slide-Area
] ] ] ] Il Il ] ] ]

Figure 3.2: Orthophoto from 2017 with the different zones and the location of the applied research methods
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Figure 3.3: Profile through the right lateral moraine beside the landslide (a) and through the landslide (b) with the
corresponding zones

3.1.2  Previous Research on Findelengletscher - an Overview

The Findelengletscher has been the subject of a few research projects concerning different aspects of
glacier releated research fields. Length variation measurements have been available since 1885 (Glacio-
logicalReports, 2017) and since 2004 direct glaciological mass balance measurements have been con-
ducted. The resulting data are reported to the Swiss Glacier Monitoring Network (GLAMOS) and the
World Glacier Monitoring Service (WGMS). For the time period 2004/05 - 2009/10 a mean annual mass
balance of -0.38 m w.e. were reported (Joerg et al., 2012; Rastner et al., 2016). Other studies investigated
the volumetric changes of the glacier (Bossard, 2014; Joerg and Zemp, 2014; Joerg et al., 2012; Kiib,
2005a) or the glacier surrounding (Ruff, 2015) on the basis of different digital elevation models. Rastner
et al. (2016) analyzed and visualized the retreat of the Findelengletscher between 1859 and 2010. The
spatial distribution of winter snow on the glacier was explored by Machguth et al. (2006) and Sold et al.
(2013). Lukas et al. (2012) examined the morphology, genesis and preservation potential of the lateral
moraines. Further studies investigated the hydrology and discharge of the Findelengletscher area (Huss
et al., 2014; Uhlmann et al., 2013a,b).

The large amount of studies is mainly based on three reasons: (1) the Findelengletscher’s surface has
a nearly constant slope and is almost debris-free, (2) the big elevation range (2600 - 3900 m a.s.l.) is the
basis for a strong melt over multiple decades and (3) the nearby cable car and helicopter-base allows an

easy access to the glacier (Joerg et al., 2012).

3.1.3  Settings at Findelengletscher

Glacier history and Moraine formation

As mentioned-above, the glacier length change of the Findelengletscher is reported since 1885 (Glacio-
logicalReports, 2017) and Rastner et al. (2016) analyzed the retreat of the glacier using old topographic
maps and new digital elevation models. Figure 3.4 shows the reported length change. Since the be-
ginning of the length measurements, the position of the glacier termini has retreated more than 2.5km
(GlaciologicalReports, 2017). Three periods (1890-1909,1920-23 and 1988-1995) show a glacier ad-
vance (GlaciologicalReports, 2017; Rastner et al., 2016). For two of those periods Rastner et al. (2016)
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also determined a thickness gain. Further, Rastner et al. (2016) animated the evolution of the Findelen-

gletscher according to their findings, which is available as supplementary material of their study.

Figure 3.4: Length change of the Findelengletscher since 1885. The
orange bars mark glacier retreat and the light blue ones mark glacier
advance. The black line is the cumulative length change since 1885
(GlaciologicalReports, 2017)

Lukas et al. (2012) investigated the moraines and the forefield of the Findelengletscher. Among other
things they found evidence of debris transport (subglacial or englacial origin) to the glacier surface at
the glacier margin and observed dead-ice within the moraine formed during the glacier retreat after the
1979/1980 advance. Within their investigation period the dead-ice reached a maximum height of 30m
above the valley floor. The dead-ice is visible, where the overlaying debris sediments were reworked.
According to their findings at Findelengletscher Lukas et al. (2012) developed a conceptual model of
lateral moraine formation in the Alps (Figure 3.5). Sub- and englacial debris is transported along debris
bands and is melting out on the glacier surface (Figure 3.5a). When the glacier is retreating ablation on
the bare ice is bigger than under the debirs-covered part causes the formation of debris cones (Figure
3.5b). With further recession of the glacier dead-ice zones could be established in the lower part of the
moraine (Figure 3.5¢). The upper part of the moraine is exposed to paraglacial processes (gullying) and

in the lower part the dead-ice melt-out is forming debris fans (Figure 3.5d) (Lukas et al., 2012).
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Figure 3.5: Schematic diagram showing the conceptual model of lateral moraine formation (Lukas et al., 2012)

Landslide event

The above-mentioned landslide is first recognizable in the data from 2009 (see Figure A.7, Appendix).
To find out the approximate timing of the landslide other remote sensing data were considered (to fill
the gap between 2005 and 2009). First, google earth was examined but there were no data available for
this time period. Second, Landsat respectively the U.S. Geological Survey (USGS) was considered. In
Figure 3.6 one can see the available data for the questionable time period, but the resolution is too coarse.
So it is not possible to determine when the landslide event occurred exactly between 2005 and 2009.
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(a) 18" June 2006

(b) 21* July 2006

(c) 06" September 2006

(d) 22" September 2006

Figure 3.6: Landsat Images from the U.S. Geological Survey (USGS) (Access: 30.November 2017)

In Figure 3.1 and in Figure 3.7 it is visible that the whole
landslide can be divided according to the color of the mate-
rial. The brown material originates from the upper part of the
release area (hillslope behind the moraine), whereas the grey
material has been part of the moraine. In Figure 3.7 one can
see that the landslide (mainly brown material) slides down
and pushes the moraine material (grey material) in front of
it. Regarding the size of the landslide material it is visible
that all kind of stone sizes and grain sizes are present (Fig-
ure 3.8b). Sometimes even a whole body of soil and stones
are dislocated as a whole block.

Within the landslide area one can see that in some parts
the bedrock is visible, which means the whole overloading
moraine has been dislocated (Figure 3.8). Further, a layer of
fine material on the bedrock is recognizable (Figure 3.8d),

which probably acted as a sliding horizon.

Figure 3.7: Map showing the landslide
in 2009 (GoogleMaps, Access: 26.Jan-
uary 2018)

26




3. Study Site and Data

(a) Landslide viewed from the
opposite lateral moraine (2017)

(c) Uncovered bedrock within the sliding area
(Photo: A.Vieli, 2015)

(d) Layer consists of fine material overlaying the
bedrock (Photo: A.Vieli, 2015)

Figure 3.8: Photographs of the landslide area
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3.2 Data

In this thesis data sets from different providers are used (Table 3.1). This section emphasizes on showing

an overview over the data, their acquisition purpose and processing standard.

Name Abbr. | Acquisition Date | Acquisition Method Rese‘a.rch Raste.r Product
Project Resolution
2005 28./29.0ct 2005 Airborne Laser GLAXPO Im DEM
Scanning
2009 4.0ct 2009 Airborne Laser GLAXPO Im DEM
Scanning
2010 29.Sept 2010 Airborne Laser GLAXPO Im DEM
Scanning
. . Arial photos
2013 No information GLAMOS Im DEM
(Photogrammetry)
2014 No information Arial photos GLAMOS Im DEM
(Photogrammetry)
2015 No information Arial photos GLAMOS Im DEM
(Photogrammetry)
2016 No information Arial photos GLAMOS Im Aerial Photos
eBee Drone
2015 Sept 08.Sept 2015 (Structure-from- GIUZ 0.14m Orthophoto/
. DEM
Motion)
eBee Drone
2017 21.Sept 2017 (Structure-from- GIUZ 0.3m Orthophoto/
. DEM
Motion)

Table 3.1: Remote Sensing Data: Orthophoto and Digital Elevation Models (DEM). italic written data was avail-
able but only partially used within this thesis

As in Table 3.1 marked, some of the available data were only considered for a part of the analyses.
The data for 2016 is only used in the Tracking of large boulders (Section 4.3.2). For the observation year
2015 the data from the GLAMOS is used because this data is already at a 1m resolution. In the following

the data sets are named after their year of acquisition.

3.2.1 GLAXPO
Four DEMs were acquired by airborne laser scanning (ALS) through BSF-Swissphoto in October 2005,

in October 2009 and in September 2010 within the Glacier Laserscanning Experiment Oberwallis
(GLAXPO). GLAXPO was a project of the University Ziirich in collaboration with AXPO Holding AG.
The data cover the whole Findelen- and Adlergletscher and their surrounding. The highest point density
was obtained in September 2010 (14.3 Pt/m?) and the lowest in October 2005 (1.1 Pt/m?). The received
point clouds were interpolated into rasters with 1m resolution (Joerg and Zemp, 2014; Joerg et al., 2012).
Joerg et al. (2012) assigned a mean systematic uncertainty of 0.15m and a maximal stochastic uncertainty
of 0.1m to the data from 2005. The uncertainties for the other data sets are smaller due to the higher point
densitiy. For detailed information about the data acquisition parameters, data preparation and uncertainty
assessment see Joerg et al. (2012) and Joerg and Zemp (2014).
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3.2.2 GLAMOS

The data for the years 2013-2015 (2016) were obtained by the ’Schweizerisches Gletschermessnetz’
(GLAMAOS), which gather measurements for the glaciers in the Swiss Alps. The network is operated by
the ETH Zurich and the Universities Fribourg and Zurich. In this context arial photographs are taken

ever year from which Digital Elevation Models are acquired by photogrammetry (GLAMOS, 2018).

3.23 Gluz

The Department of Geography (GIUZ) owns an eBee drone, which is a professional mapping drone
developed by senseFly. The drone captures high-resolution arial photos that can be transformed into
orthomosaics and 3D models (SenseFly, 2017). Within this thesis a drone flight in 2017 was planned and
conducted by Nico Mdlg. For more information about eBee and the acquisition of a DEM with eBee see
Section 4.1.4.
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4. Methods

4.1 Field Measurements

4.1.1 Ablation Measurements

On the 13" July 2017 ablation stakes are installed on the debris-covered mound (Stakes 1-4) respectively
on the bare glacier tongue (Stake 5). Stake 6 is from the Glacier Monitoring Program and is used as an
additional data source. The installed ablation stakes are distributed over the mound (two on the top, two
on the flank) and at varying debris thickness (15cm, 25cm and 30cm) (Figure 4.1 and Table 4.1). For the
stakes without or only thin debris cover four meter holes are drilled (Stake 1,2,5), whereas at the sites
with thicker debris cover only two meter holes are used (Stake 3,4). As the holes cannot be perfectly
drilled, some offsets can occur describing whether the stake is beneath or above the surface (Table 4.1,
Column4). For the installation the debris cover has to be removed, so that it is possible to drill the
hole with the Kovacs Ice Driller. After the drilling and the inserting of the ablation stake, the debris is

rearranged as originally as possible.

: Debris Stake Offset h, [m]
Thickness [m] Length [m] | Installation [m] g
Stake 1 0.15 4 -0.05 4.05
Stake 2 0.15 4 0.05 3.95
Stake 3 0.3 2 0.1 1.90
Stake 4 0.25 2 0.06 1.94
Stake 5 0 4 -0.05 4.05

Table 4.1: Overview of the installed ablation stakes with the stake height (hy,) in the last

column

On the 23" August and on the 21* September 2017 the melt can be determined by measuring the
length out of the ice/debris. As the ice melt rate is usually expressed in units of water equivalent one
have to multiply it with the density of ice.

Uncertainties mainly occur through errors in the height determination due to sinking or floating of
the ablation stakes or reading/measurement errors (Zemp et al., 2013). Further, the movement of debris
boulder or the ice can cause tilting or in the worst case breaking of the ablation stakes, which also

introduces errors (Nicholson and Benn, 2006).
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Figure 4.1: Location of the ablation stakes and the Meteo-Station (Stake 1-5 within the field
campaign of this thesis, Stake 6 part of the Findelengletscher Monitoring Program)

4.1.2  Stake Displacements

Within the field measurement campaign four ablation stakes were
placed on the mound in the study site. The position of the stakes
is measured with the differential GPS (dGPS) on the day of the in-
stallation (13" July 2017) and on the 21* September 2017, when
the stakes are pulled out.

The Differential Global Positioning System (dGPS) is an en-
hancement to the Global Positioning System (GPS) using fixed
ground-based reference station with known coordinates to en-
hance the accuracy of the location measurement (Figure 4.3).
Through the difference between the known position of the ref-
erence station and the measured position by the satellites, the at-
mospheric disturbance at this point can be determined. This is
then used to correct the GPS Measurement of the Rover (mobile

GPS-receiver). This differential procedure can be made in real

time if there is any kind of a radio connection (radio, mobile net-

work, etc.) between the reference station and the rover. There are Figure 4.2: dGPS in the field (mea-
31 reference station in Switzerland and one of them is located in  suring a ground control point for the
Zermatt (Bergstation Furi) (Swisstopo, 2017b). These reference Drone)
stations work with the new Swiss reference system (LV95 LHN95), which conditioned a coordinate
transformation as this thesis uses the old swiss reference system (LV03 LN02). The transformation is

done with the REFRAME online tool provided by swisstopo (Swisstopo, 2017a).
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Reference station

T DGNSS- - . ‘
Correction - - \ f
Data

Figure 4.3: Schematic sketch of the functional principle of a dGPS (Swisstopo
modified)

A dGPS surveying equipment consists of three parts: the antenna with a tripod, the GNSS/GPS
receiver and the controller. The antenna is installed on the top of the tripod and the tripod is set to a
length of 1.5m. The antenna and the GNSS/GPS receiver are connected with a cable. (Figure 4.2). The
bubble level on the dGPS antenna helps to aligne it upright. The receiver and the controller communicate
over radio, so no further cable is necessary. On the controller each measurement can be named and stored

in a surveying project. The antenna height (1.5m in this case) has to be entered before the measurement.
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4.1.3 Meteorological Data

Among the ablation stakes a small Meteo Station, which measures the air temperature and the solar
radiation, has been installed to relate the obtained melt measurements to the local weather conditions.
The measuring devices are installed at a pole, which then is fixed on a large boulder on the mound (Figure
4.4 and Figure 4.1).

_ =AY i
Measuring device for air temperature ]
(in the radiation shield)

i R

Figure 4.4: Meteo Station
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4.1.4 Acquisition of a DEM with eBee drone

The eBee drone (Figure 4.5) is a professional mapping drone developed by senseFly. The drone captures
high-resolution aerial photos that can be transformed into orthomosaics and 3D models. The drone
consists of two wings and the main body. The main body provides the place for the camera and battery.
The propeller is attached to the main body as well. The drone (inclusive the camera) has a wingspan of

96cm and is approximately 700g heavy (SenseFly, 2017).

Flight Planning and Procedure

The Software eMotion, provided by senseFly upon the
acquisition of the eBee drone, is used for the flight plan-
ning. The software can be used to plan, simulate, mon-
itor and control the flight mapping.

In the beginning the user can choose or import a
background map and define the region of interest. In

the next step the desired ground resolution and image

overlap can be defined. The Software will than auto-

matically generate a flight plan, which includes the cal- Figure 4.5 eBee Drone
culation of the required flying altitude. The flight tra-

jectories and waypoints are displayed over the background map. After the flight plan is uploaded to the
drone and the battery levels are checked, the drone is ready for launching.

To start the drones motor, the drone has to be shaken three times and the drone can just be thrown into
the air. The drone rises (in loops) as in the flight plan defined and follows the planned flight trajectories.
In the eMotion software the flight parameters, battery level and image acquisition are displayed in real
time (SenseFly, 2017). To cover the study site of this thesis two 20 minutes drone flights were required.
The aim was to get an orthphoto and DEM with a resolution of 30cm. The flight was planned and

performed by Nico Molg.

Data Processing

With the eMotion Software the flight images can be organized and pre-processed. For the production
of a georeferenced orthomosaic raster and digital surface models the Software Agisoft PhotoScan Pro
(Agisoft LLC, 2018) was used. In advance of the flight some Ground Control Points (GCPs) were marked
with color (big enough to be captured in the photographs of the drone) and their position is determined
by the dGPS (Figure 4.2). Agisoft PhotoScan Pro works in three processing steps. In the first step unique
features are identified and matched in the different images with an algorithm. Afterwards, they are used
to determine the camera orientation (internal and external) from which a three-dimensional point cloud
is created. These two steps are repeated in an iterative process until the optimal point cloud is found. In
the last step the GCPs comes into play with which the generated point cloud is georeferenced (Agisoft
LLC, 2018).
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4.2 Pre-Processing and Uncertainties

For the DEM processing and analyzing three different software packages are used: ArcGIS Desktop
version 10.0 (ESRI, Inc.), MATLAB (The MathWorks, Inc) and Microsoft Excel 2011/2016 (Microsoft,
Inc). The first-mentioned is used to perform tasks related to analyzing, comparing and visualizing. With
MATLAB (The MathWorks, Inc) calculations and visualization are done. In Microsoft Excel 2011/2016

(Microsoft, Inc) the Solver Add-In is used to do the co-registration.

4.2.1 Pre-Processing

The pre-processing includes all work steps that are necessary to be able to compare the different DEMs,
which includes three tasks: Coordinate Transformation, Resampling to the same cell size and the Co-

Registration.

Coordinate Transformation

The coordinate system of the different DEMs have to be homogenized. The reference system used
in this thesis is the old swiss reference system (CH1903 LV03 LNO2). Therefore, all the DEMs with
another reference system or no further information about the reference system have to be reprojected and

transformed with the Project Raster Tool in ArcGIS.

Resampling

In Table 3.1 one can see that the available data sets do not have the same raster resolution. In order to
compare them, it is necessary to have the same cell size. The aim is to work with a raster resolution
of 1x1m, so the Drone DEM have to be resampled. The resampling is performed in ArcGIs with the
Resampling tool with the bilinear option. This method determines the new value of a cell based on a
weighted distance average of the four nearest input cell centers and is useful for continuous data as it
will case a smoothing of the data (ESRI, 2017).

Co-Registration

The last step of the pre-processing is the co-registration, whereby the DEMs (slaves) are aligned to one
DEM (master). The DEM of 2015 is selected as the master DEM. The co-registration ensures that the
pixels for each DEM represent the same location on the Earth’s surface. Nuth and Ké#b (2011) provide
a framework for assessing and correcting DEMs to quantify glacier elevation changes. In their approach
three potential biases over stable terrain (e.g. off glacier) are identified: (1) geo-location of the data (x,
y and z matrices), (2) elevation dependent bias and (3) biases related to the acquisition geometry of the
data. The main interest of this thesis lies in the systematic uncertainties and shifts resulting from the first
potential bias (Nuth and Kééb, 2011).
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Figure 4.6: Top: 2-D scheme of elevation differences induced by a DEM shift.
Bottom: The scatterplot of elevation differences between two DEMs, showing
the relationship between the vertical deviations normalized by the tangent of the
slope (y-axis) and the terrain aspect (x-axis) (Nuth and Kiib, 2011)

Two DEMs that are not perfectly aligned show a characteristic relationship between elevation dif-
ferences and the direction of the terrain (aspect) that is related to the x- and y-shift vector between the
two DEMs. A schematic drawing and a real example were one DEM is shifted to another is shown in
Figure 4.6. The elevation difference is related to the magnitude (a) of the shift vector and the tangent of
the slope of the terrain (@) (Equation 4.1). This means that the elevation differences are larger on steeper
terrain:

tan(ot) = dh (4.1)
a

Further, the elevation differences (dh) are positive on eastern slopes and negative on western slopes
because the terrain aspect (V) is usually defined circular form the north (azimuth). So the direction of the
shift can be modeled as the cosine of the difference between the aspect (W) and the horizontal directional
component of the shift vector. By combining this relation and Equation 4.1 a full analytical solution can

be derived by relating the elevation differences to the elevation derivatives slope () and aspect (¥):

dh=a-cos(b—¥)- tan(a)+dh (4.2)

where dh is the individual elevation difference, a is the magnitude of the horizontal shift, b is the
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direction of the shift vector, a is the terrain slope, W is the terrain aspect and dh is the overall elevation
bias between two DEMs. To get a clean sinusoidal relationship between elevation difference and aspect
(Figure 4.6), the vertical deviations are normalized by dividing by the tangent of the slope. So equation

4.2 can be transformed to:

dh
—a. _y 4.
an(@) a-cos(b—¥)+c (4.3)
where
c= di: 4.4
tan (o)

The graphical description of the three cosine parameters (a, b and c) is shown in Figure 4.6 and they
can be solved using least squares minimization. As the terrain, which is not an analytical surface, is used
to solve this analytical relationship, the first solution may not be the final solution. So iterations of the
process are necessary to achieve the final solution. The iterations can be stopped for example after the
improvement of the standard deviation is less than 2% or if the magnitude of the solved shift vector is
less than 0.5m (Nuth and Kaib, 2011).

For the determination of the mean elevation bias (dh) equation 4.4 can be rearranged and an estima-
tion of the mean terrain slope is used. The x- and y-components of the shift vector can be determined

from the magnitude (a) and direction (b) with the following basic trigonometric relations:

Ax =a-sin(b)
Ay =a-cos(b)

4.5)

For the co-registration unglaciated and stable areas with equal distribution of the aspect (to detect
horizontal shifts in every direction) and over the study site are selected. The chosen areas are shown in

Figure 3.2. For these areas the following variables are extracted:
e Elevation difference (dh)
e Slope (o) > 5° of the master DEM
o Aspect (W) of the master DEM

The extracted values are insert into Microsoft Excel, where the Solver Add-In is used to fit the curve
and find an analytic solution. The co-registration has been performed with the help of a tutorial from Ph.
Rastner (Rastner, 2015).
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4.2.2 Estimation of the uncertainties

The uncertainties can be divided in systematic uncertainties and stochastic and random uncertainties.
Systematic uncertainties describe offsets or biases within measurements, whereas stochastic or random

uncertainties are caused unpredictable changes best described as noise.

Systematic uncertainties

To assess the systematic uncertainty between two elevation data sets the mean elevation bias over stable
terrain can be considered (Rastner et al., 2016). The mean elevation bias over stable terrain (MED) is
calculated as followed, where x; is the difference between the individual pixel and the corresponding

pixel in the reference DEM.

N

Xi (46)

S| =
0

Stochastic uncertainties

The variability in elevation over stable terrain can be used to estimate the stochastic uncertainty between
two elevation data sets. To measure the variability, a few statistical measures exist such as the standard
deviation or the standard error (Rastner et al., 2016). Both mentioned measures are used (Equations 4.7
& 4.8).

STDV = i(x,- —%) 4.7)
i=1
STDV
\/ﬁ

n in Equation 4.8 refers to the number of independent raster cells. In spatial data this assumption is

SE ==+

(4.8)

not given due to autocorrelation (Koblet et al., 2010; Rastner et al., 2016; Zemp et al., 2013). To achieve
for the autocorrelation a threshold distance for the autocorrelation has to be defined and the DEM needs
to be resampled with the according grid size. Koblet et al. (2010) used a distance of 100m, where the
autocorrelation gets insignificant. As Bossard (2014) a less conservative threshold distance of 10m is

used in this thesis as a small scale study area is investigated and high resolution DEMs are used.
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4.3 Spatially discrete Analyses

The quantitative analyses can be divided into spatially discrete and distributed methods. The profile lines

and the point tracking contribute to the spatially discrete analysis.

4.3.1 Profile Lines

The profile lines are vertical to the lateral moraine and are used to get an idea of the reworking processes
and mass movements along the lateral moraine. The profile lines are created in ArcGIS manually by
drawing lines. Afterwards the tool Stack Profile is used to extract the elevation values along the profile
lines for all the available DEMs. The result is a large table for each profile with all the elevation data
in it. For the analysis and visualization the data tables are transferred to MATLAB. Five profiles (C-G)
capture the landslide, two profiles are down-glacier from the landslide area (A,B) and one is up-glacier
from it (H).

4.3.2 Point Tracking

The simplest way of measuring horizontal displacements in such a small area with high availability of
high resolution DEM (shaded reliefs) and orthophotos is to track down prominent (large) boulders. It is
further good to get an idea about the magnitude of the movements for the setting the parameters in the
image correlation.

In ArcGIS the different shaded reliefs and orthophotos are viewed and compared with the help of
the Swipe tool. The position of prominent boulders are marked in each shaded relief/orthophoto, which
results in a point dataset, where each point represents the position at certain time. Coordinates are added
to the points with the add x-,y- coordinates tool. The data tables are than exported for the further analysis
with MATLAB. With the coordinates the shift in x and y direction as well as the resulting shift vector

and its direction are calculated. For the visualization the data sets are imported back to ArcGIS.
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4.4  Spatially distributed Analyses

Among the spatially discrete methods also spatially distributed analyses are conducted with the DEM

differences and the image correlation (CIAS).

4.4.1 Digital elevation model differencing and Volume change

The DEM differences are calculated with the Raster Calculator tool in ArcGIS. In advance all the DEM
are clipped to the extent close to the Area of Interest with the extract by mask tool. From the elevation

difference the Volume change can be calculated by considering the raster cell size.

4.4.2 Image Correlation (CIAS)

Automatic matching of images from different times is a common method to derive glacier surface ve-
locities, rock glacier surface velocities or landslide velocity fields (Heid and Ké&éb, 2012; Kédb, 2002;
Kéadb and Vollmer, 2000). In this thesis the Open Source Correlation Image Analysis Software (CIAS)
firstly developed by K&édb and Vollmer (2000) and further improved by Kéib (2002). The Software can
be downloaded from the Homepage of A.K&éb (University of Oslo) and it is written in IDL (University
of Oslo, 2017).

Background

The schematic workflow of the image matching is shown in Figure 4.7. In the imagel a section, called
‘reference block’, with enough contrast is chosen. His counterpart, called ’test block’, is than searched
in a sub-area (called ’test area’ or ’search area’) of the image2. For identifying the corresponding image

blocks the normalized cross-correlation (NCC) as given by equation 4.9 is used.

Zk,l(s(i+k>j+l) - .uv) ' (r(kal) - .ur)
V ksl o+ 1) = s B (1) — )

where (i, j) represents the position in the search area, (i, j) the position in the reference area, r is the

(4.9)

CC(i, J) =

pixel value of the reference chip, s the pixel value of the search chip, u, the average pixel value of the
reference chip and p the average pixel value of the search chip. The horizontal displacement between
image 1 and 2 is given by the difference between the central pixel of the reference block and the suc-
cessfully determined test block (Heid and Kddb, 2012; Kddb and Vollmer, 2000). The cross-correlation
is normalized because different illumination conditions can be better compared and the correlation coef-

ficients from different attempts can be compared (Heid and Kiib, 2012).
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Figure 4.7: Scheme of measuring surface displacements from repeated digital orthoimages
(or shaded reliefs) by block-correlation techniques. A reference-block in the image at time
1 is searched for in a test area in the image at time 2. Applying the image georeference,
the horizontal shift between the reference-block location and the corresponding test block
directly gives the horizontal surface displacement (Kb, 2002; Kiib and Vollmer, 2000)

Application of CIAS

To run the Software CIAS ENVI IDL was used. CIAS is user-friendly and requires as input two co-
registered images in geotiff or tiff-world format. The images have to be single channel (gray-scale)
and need the same resolution. With a polygon function the area of interest can be chosen in the images.
Further, the reference block size, the search area size and the grid distance, with which the drawn polygon
should be analyzed, have to specified. To determine this parameters it is important to have an idea
about the magnitude of the expected movements. The reference block needs to be big enough to have a
unique and identifiable contrast-signature and the search area has to be big enough to cover the expected
movement magnitudes.

After some attempts the reference block size was set to 20x20 pixel, so 20x20m as the pixel-size is
Im. The grid size (according to which the study area is investigated) is set to 10m, so that the reference
blocks are overlapping. According to the point tracking data the expected magnitude of the movement
is around 25m/a-30m/a. Kiib and Vollmer (2000) suggest a search area size of twice the expected
movement according to which a search area size of 60x60 pixels was chosen. This is valid for the
one-year timescales. The search area has to be extended for the two-years, three-years and four-years
observation periods as the image correlation determine the total movement (not the annual movement).
For the two-year period a search area size of 100x100 pixel was chosen, for the three-year period one of
150x150 pixel and for the four-year period one of 200x200 pixel.

The result of the image correlation (CIAS) is a point-data set with an ID and the X-/Y-Coordinates of

41



4. Methods

the pixel and values for the Ax, the Ay, the total length, the direction, the maximum correlation-coefficient
and the average correlation-coefficient. To assess the quality of the received correlation results the Signal-
to-Noise Ratio (SNR) is calculated, which is the maximum correlation-coefficient divided by the average

correlation-coefficient.

Post-Processing

As mentioned-above the SNR is calculated to assess the quality of the determined correlation. Therefore,
the SNR values are classified into three classes: insufficient, sufficient and good. The thresholds for the
classes are determined according to the mean SNR plus/minus one standard deviation. For the three one-
year observation period the thresholds are averaged. The cells classified as insufficient are excluded in
the analysis of the magnitude and the direction of the movement. CIAS determined the total Magnitude
of the Movement between the two observation years. As a consequence the annual magnitude has to be
calculated to comparing the different time periods. To visualize the result arrows are used to indicate the

orientation of the movement and different colors to refer to the magnitude of the movement.
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5. Results

5.1 Field Measurements

5.1.1 Ablation Measurements

The ablation stakes have been installed on the 13/ July followed by measurements of the melt on the
2374 August and on the 21*" September 2017. As mentioned before the stakes 1-5 have been installed
within the field campaign of this thesis, whereas stake 6 is part of the glacier monitoring program at the
Findelengletscher. In Table 5.1 the debris thickness (Column 1) at the stake sites, the measured stake
heights for the three measurement times (Column 2-4) and the calculated melt between the different
measurement times (Column 5-7) are visible. One can see that over all time periods the melt on the bare
ice (Stakes 5 & 6) is the highest and the smallest at Stake 3 with the thickest debris cover. Over the
whole measurement period a melt of -4.05m at Stake 5 is measured and only a melt of -0.9m at Stake 3.
Comparing Stake 1 and 2 with the same debris thickness, it is remarkable that the melt over the whole
measurement period is quite different (difference of approximately 0.5m). One explanation could be that
Stake 2 have been heavy tilted during the measurement period by down-rolling stones. The melt at Stake

4 with 25cm debris thickness is in the same magnitude as the melt at Stake 1 and 2 with only 15cm debris

thickness.
Debris Melt Atg; | Melt Aty | Melt At
Thl[crlrcll]less hy, [m] h;, [m] h, [m] (0] 01 ] 12 ] 02

Stake 1 0.15 4.05 2.65 1.67 -1.40 -0.98 -2.38
Stake 2 0.15 3.95 2.62 2.08 -1.33 -0.54 -1.87
Stake 3 0.30 1.90 1.30 1.00 -0.60 -0.30 -0.90
Stake 4 0.25 1.94 0.79 0.03 -1.15 -0.76 -1.91
Stake 5 0 4.05 1.21 0 -2.84 -1.21 -4.05
Stake 6 0 - 3.02 2.00 - -1.02 -

Table 5.1: Measured stake heights (to = 13" July, t; = 23" Aug and t, = 21* Sep) and the calculated
melt (Atg; = to—t1, At1o = 11 — 1 and Atgy = 1y —t2). Stakes 1-5 were installed within this thesis, Stake
6 belongs to the measurement network of the Findelengletscher

In Table 5.2 the calculated melts are shown as percentages from the melt on bare ice (Stake 5). At
Stake 2 and 3 one can see that the percentage stays more or less the same, which means the melt reduction
through the debris cover is the same over the whole observation period. For Stake 2 an overall average
of 45.88% can be calculated and one of 22.71% at Stake 3. In contrast, at Stake 1 and 4 quite different
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percentage values are visible. They vary from 49.30% to 80.99% at Stake 1 and from 40.49% to 62.81%
at Stake 4. For the whole observation period (13" July - 21* September) one can see that a 30cm debris
cover reduces the melt to 22% towards the melt on bare ice. A debris cover of 15cm and 25cm lead to

more or less half of the melt towards the melt on bare ice.

Tl]'l)i :EIIICSSS Melt Aty Melt Aty | Melt Aryp
[m] (%] [%] [%]
Stake 1 0.15 49.30 80.99 58.77
Stake 2 0.15 46.83 44.63 46.17
Stake 3 0.3 21.13 24.79 22.22
Stake 4 0.25 40.49 62.81 47.16
Stake 5 0 100 100 100

Table 5.2: Melt beneath the debris cover expressed in percentages
of the melt on bare ice within the same time periods (Atg; = to — 11,
Atyn = t1 —t and Afyp = thy—1)

Figure 5.1 shows the relation between the observed melt and the debris thickness at the stake sites.
The different colors indicate the different time periods: black represents the melt between the 13 July
and the 23" August, red the melt between the 23" August and the 21* September and blue the melt over
the whole time period (13" July - 21* September). It can be said that the difference in melt between

bare ice and debris covered ice gets bigger with increasing period of time.
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Figure 5.1: Relation between the observed melt and the debris thickness at the
different stake sites. The different colors represent different observation time
periods
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5.1.2  Stakes Displacements

The positions of the ablation stakes have been measured with the dGPS on the 13 July and 21* Septem-
ber. On the base of this measurements the horizontal and vertical displacement can be determined (Table
5.3). One can see that the largest horizontal shift occurs at Stake 2 with a displacement of 2.26m. The dis-
placement for the other three stakes are a bit smaller with 1.97m respectively 1.92m. Further, it is visible
that the displacement in x-direction (Easting) is bigger for all four stakes than the one in the y-direction
(Northing). Stakes 2, 3 and 4 are shifted southwest, whereas Stake 1 is moving West. In the horizontal
displacement is no trend with the location of the stakes or the debris thickness detectable. Looking at the
vertical component (Az) of the movement one can see that the biggest vertical lowering occurs at Stake 1
with -2.70m and the smallest lowering at Stake 3 with -1.58m. Within the vertical displacement a trend

with the debris thickness is recognizable, the vertical displacement with thicker debris cover is smaller.

Ax[m] Ay[m] Hscl’lrllfzt‘ﬁ?l Direction Shift Az[m]
Stake 1 -1.81 0.62 1.92 W (251.10°) 2.70
Stake 2 -1.78 -1.39 2.26 SW (231.91°) 220
Stake 3 -1.81 0.78 1.97 SW (246.73°) _1.58
Stake 4 -1.60 115 1.97 SW (234.11°) -1.83

Table 5.3: Measured displacement at the ablation stakes from the 13/ July to the 21*" September 2017

5.1.3  Meteorological Data

A small Meteo-Station have been installed on the 13’ July with a temperature sensor and radiation
measuring device. The variables are measured hourly. The station has been operational until 12:00 on
the 21*" September. In the first six days of the measurement period the devices are not working correctly,
so that data are only available from the 19" July to the 21* September.

The measured air temperature regime is shown in Figure 5.2. The solid, red line shows the daily mean
air temperature during the field campaign. To get an idea of the daily fluctations the daily minimum and
the daily maximum air temperature are also showed with the shaded area in between. Over the whole
time period the mean air temperature was 7.1°C. Some warm phases (for example 01*-05" August or
2530 August) and some cold phases (for example 09"-12/" August or 01*-04""September) can be
identified. The maximum air temperature with 18.5°C is reached on the 4'" August and the minimum air

temperature with -5.4°C on the 18" September.

45



5. Results

NDr—T—T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
15 T
10 -

3

B

2

™

2 gL -

g

E

2

<

EI_ —
= -
_]UIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
’\’\’\'\ e R ] %%%@%@%%%
R R QQQQQQQQQQQQQOQQQOQQQQQ QQQQQ
N A R g O g P S RN RN

Time

Figure 5.2: The daily mean air temperature (solid, bold line) during the field campaign. The area between the
daily minimum and the daily maximum air temperature is shaded

The daily mean incoming solar radiation at the Meteo-Station is shown in Figure 5.3. The highest
daily mean solar radiation is measured on the 17" August with 335W/m?. On 15 days the daily mean
solar radiation was 300W/m? or more. The daily mean solar radiation is smaller than S0W/m? on the
11" and on the 31 August. A long period with daily mean solar radiation values over 250W/m? is
recognizable from the 12" to the 22" August. Regarding the daily maximum solar radiation the highest
value with 1055 W/m? is measured on the 14"* August and 3"¢ September (Figure A.5, Appendix). The
smallest daily maximum solar radiation is measured on the 117 and on the 31* August, where also the

daily mean solar radiation is low.
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Figure 5.3: Daily mean solar radiation during the Field Campaign
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5.2 Pre-Processing and Uncertainties

5.2.1  Acquisition and Processing of the data 2017

The drone flight was realized on the 21*" September in the late afternoon. During the two flights 284
aerial photos were taken to cover the area. To georeference the DEM two GCPs have been measured
with the dGPS in advance and are marked to be visual in the photos. Two more GCPs are selected after
the flight and their coordinates are extracted from SWISSIMAGE. Further, the position of the ablation
stakes (Stakes 1, 3 and 4) are used as they are also marked in the terrain. The resulting orthophoto is

shown in Figure A.4 (Appendix).

5.2.2 Resampling and Co-Registration

In Table 3.1 one can see that the Airborne Laser Scanning data from the GLAXPO project and the DEMs
from the GLAMOS project already have the same cell size of 1 meter. The other data sets have to be
resampled to a cell size of 1 meter.

For the Co-Registration the DEM from 2015 (GLAXPO) is chosen as the master DEM. The elevation
difference for each observation period towards 2015 is calculated and the stable terrain is extracted from
it. Further, the slope and aspect of the DEM 2015 are used to perform the Co-Registration. Table 5.4
shows the obtained parameters from the applied co-registration method. The result of the curve fit based
on the observed dependency of the normalized elevation differences and the aspect is visible in Figure

5.4. The red line indicates the theoretical sinusoidal curve.

Iteration O
DEMs Rl[\ﬁls]E Ax[m] | Ay[m] | dh[m]
2005 - 2015 1.49 0.46 -0.49 -0.45
2009 - 2015 1.12 0.001 0.06 -0.17
2010 - 2015 1.11 -0.0001 -0.007 -0.18
2013 - 2015 0.56 -0.002 -0.13 0.06
2014 - 2015 0.63 0.07 -0.36 0.25
2015 -2017 1.52 -0.66 0.33 0.46
Iteration 4
2015 - 2017 1.29 -0.42 0.28 0.03

Table 5.4: Results of the Co-registration after iteration O:
(RMSE) is the root-mean-square error, (Ax) is the shift in x-
direction (East-West), (Ay) is the shift in y-direction (North-
South) and d# is the overall elevation bias of the DEMs

Regarding at the column 3-5 in Table 5.4 one can see that the shift vectors and the overall elevation
bias are smaller or equal to +0.5m, except for the period 2015-2017. As one criteria for stopping the
iterations is a shift vector less than 0.5m, further iterations are necessary for this period. After four
iterations the shift vectors for the period 2015-2017 get smaller than £0.5m as in Table 5.4 visible.
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Figure 5.4: Scatterplot of the elevation differences for each time period normalized by the tangent of the slope
(y-axis) and terrain aspect (x-axis); The red line shows the theoretical sinusoidal curve fit (Nuth and Kédb, 2011);
For the period 2015-2017 the scatterplot after iteration 4 is shown
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5.2.3 Estimation of uncertainties in the DEMs

Systematic uncertainties

The systematic uncertainties are described by the mean elevation bias over stable terrain (MED) and by
the shift vectors remaining after the co-registration (Table 5.5; Column 2-5). For the MED and as well
for the residual shift vectors one can see that they are the largest for the period 2005-2015 with values
between 0.45 and 0.49m. In all the other periods the values for the parameters are smaller than 0.4m. The
horizontal and vertical systematic uncertainties are clearly in the subpixel range, which enables detailed

multi-temporal DEM analysis.

Stochastic uncertainties

The stochastic uncertainties are described by the standard deviation (STDV) and standard error (SE).
To account for autocorrelation a 10m raster cell distance is considered in the calculation of the standard
error (SE), which leads to 330 independent raster cells. Table 5.5 shows the STDV in column 6 and the
SE in column 7. The stochastic uncertainty is the lowest for the period 2013-2015 (0.23m STDV, 0.01
SE) and the highest for the period 2015-2017 (0.59m STDV, 0.03m SE).

Systematic Uncertainties Stochastic Uncertainties
DEMs MED [m] | Ax[m] | Ay[m] | dh[m] | STDV [m] SE [31;‘2))(“ =
2005 - 2015 -0.45 0.46 -0.49 -0.45 0.52 0.03
2009 - 2015 -0.12 0.001 0.06 -0.17 0.38 0.02
2010 - 2015 -0.13 -0.0001 | -0.007 -0.18 0.39 0.02
2013 - 2015 0.06 -0.002 -0.13 0.06 0.23 0.01
2014 - 2015 0.20 0.07 -0.36 0.25 0.31 0.02
2015 -2017* 0.06 -0.42 0.28 0.03 0.59 0.03

Table 5.5: Systematic and stochastic uncertainties for the DEM differences. (*Value after iteration 4)

5.2.4  Quality and Uncertainties of the Image Correlation

The SNR-values are classified into the three classes insufficient, sufficient and good. Figures A.41-A.46
(Appendix) show the distribution of those classes for each observation period. For the observation period
2009-2010 the quality of the image correlation is the best as the amount of good classified SNR is the
highest. Further, one can see that for all observation periods the insufficient classified SNR are distributed
over the whole area. Areas with insufficient SNR classification are characterized through a smooth
surface with low contrast as in the glacier forfield, on the glacier or on the vegetated hillslopes. Areas

classified with insufficient SNR-values are excluded from the further analyses of the image correlation.
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5.3 Qualitative Analysis

For the qualitative comparison shaded reliefs (also called hillshades) are created for each DEM by using
the ArcGIS Hillshade tool. Figures A.6-A.12 in the Appendix A show the shaded reliefs for the study
site and the different years. Beside the glacier shrinking one can see the formation and evolution of the
landslide from 2005 until 2017. For each year the above-mentioned zones (see Section 3.1.1) are defined
(Figures A.13-A.19). The evolution of those zones as well as other recognizable features are addressed

in the following.

5.3.1 Evolution of the Glacier

Figure 5.5 shows the glacier outlines of the Findelengletscher. In general, one can see that the glacier
gets smaller in length and in width over the observation periods. The glacier tongue has retreated around
500m between 2005 and 2017 and a lost in width around 200m (100m on both sides) during the same
period is observable. Further, it is visible that in 2005 the glacier oultines on both sides of the glacier is
almost a straight line, whereas after the formation of the landslide (on the right side of the glacier) two
bulges start to emerge: one right beneath the landslide-breakthrough and one bit more up-glacier. The
bulges are growing towards the glacier middle with time through the retreat of the glacier on the one
hand and through the push of the landslide on the other hand.
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Figure 5.5: Glacier Outlines for the different observation years (Background: Shaded relief of 2017)
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5.3.2 Evolution of the Slide-Area

In Figure 5.6 one can see the outlines of the Slide-Area for each time. The extent of the release area (on
the hillslope behind the moraine) is determined in 2005 and set for the other periods. Only the front and
with of the Slide-Area is adapted for each observation period. The downward moving of the landslide
body is detectable, which is around 50-60m from 2009 to 2017. As mentioned before (see Section 3.1.3)
the landslide can be divided into two parts, visible through the different color (brown versus grey) and
texture of the debris. Figure 5.7 shows the front of the brown debris material on the left side and the front
of the whole landslide, which equals the extent of the Slide-Area, on the right side. Looking at the front
of the brown debris, it is visible that the movement between 2009 and 2010 is bigger than the movements
in the other one-year-cycles (2013-2014 and 2014-2015). This decrease in the movement could indicate
a settlement of the landslide. The downward moving of the whole landslide body is almost constant over
the observation periods. Comparing the movement of the brown debris and the whole landslide body,
one can see that the distance between 2009, 2010 and 2013 are bigger for the brown material than for the

whole landslide body. This suggest that the brown material moves faster than they grey one in front of it.
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Figure 5.6: Outlines of the Slide-Area for the different observation years (Background: Shaded relief
of 2017)
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Figure 5.7: Frontline of the Brown-Debris (left) and the whole landslide body (right)

5.3.3 Evolution of the Moraine-Foot Zone

Figure 5.8 shows the Moraine-Foot zone for the different observation years. It is defined as the zone
between the glacier (debris-free ice) and the steep, gullied moraine top. Therefore, the bottom (glacier-
side) extent-line is evolving over time according to the retreat of the glacier, which is described above
with the glacier outlines. The upper (moraine top side) extent-line is changing generally in two phases.
One downward moving is visible from 2005 to 2009/2010 and a second one from 2009/2010 towards
2013-2017.
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Figure 5.8: Outlines of the Moraine-Foot Zone for the different observation years (Background: Shaded
relief of 2017)
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Evolution of the Moving Line

The "Moving Line’ for each observation year is visible in Figure 5.9. This line is assumed to be the
border between the glacier movement and the gravitative movements on the moraine flank or it can mark
the extent of the buried ice beneath the debris. In the part up-glacier from the landslide the line is clearly
visible, whereas it is more difficult in the part down-glacier from the landslide. Qualitatively, one can see
that the changes between the different observation years are small. Only a small shift towards the glacier

is visible.
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Figure 5.9: Moving Line for the different observation years (Background: Shaded relief of 2017)

5.3.4  Evolution of the Mound
Figure 5.10 shows the Mound

for the different observation years Outiines of
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Figure 5.10: Outlines of the Mound for the different observation
years (Background: Shaded relief of 2017)

54



5. Results

5.4 Spatially discrete Analyses

The quantitative analyses can be divided into spatially discrete and distributed methods. The profile
lines and the point tracking contribute to the spatially discrete analysis. Their results are shown in the

following paragraphs, whereas the results of the distributed methods are covered in the next section 5.5.

5.4.1 Profile Lines

Eight Profiles through the right lateral moraine are set to investigate the evolution of the moraine at
different locations. The Profiles A and B lie down-glacier from the landslide and Profile H up-glacier
from it. The Profiles C to G cut partially or fully through the Slide-Area (Figure 3.2). The Profiles
always start behind the moraine (glacier-averted side), go through the moraine to the middle of the
glacier respectively the valley floor. The whole Profiles are shown in the Appendix Figures A.20-A.27),

in the main text only selected Profiles and parts are visualized.

Profiles down-glacier from the landslide area (A & B)

Figure 5.11 shows the Moraine-Foot zone and part of the glacier respectively the valley floor along Profile
A, which is lying down-glacier from the landslide. The kink such at 280m Profile Length in 2005 or at
400m Profile Length in 2015 mark the border between the Moraine-Foot zone and the Glacier. In 2017
such a kink is not visible as the glacier retreated behind the location of Profile A. Looking a bit closer
at the Moraine-Foot zone (180m-350m) one can see that a surface lowering until 2013 occurs, whereas
the elevation stays stable afterwards. Further, the surface lowering gets bigger towards the glacier. This
can be a sign that there was dead-ice beneath the debris until 2013. In this part a surface lowering of ca.
-1.5m/a for the periods 2005-2009 and 2009-2010 and a surface lowering of ca. -2.4m/a for the period
2010-2013 can be extracted from the elevation data (250m Profile Length). To compare on the glacier
surface lowering from -5.5m/a to -7.4m/a occurred. The pattern of surface lowering that gets bigger
towards the glacier can be seen also from 350m to 400m Profile Length and the years 2014 until 2017.
Here, lowering rates of -1m/a to 2m/a can be observed, which implies that there is still ice beneath the
debris.

In Profile B (Figure A.21, Appendix), which lies also down-glacier from the landslide, the surface
lowering in the Moraine-Foot zone is smaller (-0.5m/a to -1.7m/a) than in Profile A, but also the surface
lowering on the glacier is a bit smaller than in Profile A. An exception is the period 2015-2017 with an
elevation loss of around -7.8m/a, which is higher. Further, one can see that in the Moraine-Foot zone the
surface is lowering until 2017, which suggest that there is dead-ice present over the whole observation
periods. Over the whole observation periods a surface lowering from 15-20m in the Moraine-Foot zone

and from 60-70m on the glacier have occurred down-glacier from the landslide.

55



5. Results

2680 |

—— 2005

2660

2640

]
g

Elevation [m a.s.l]

2600

2580

2560

| | | 1 |
200 250 300 350 400 450
Profile Length [m]

Figure 5.11: Elevation along Profile A for each observation year zoomed to the moraine-foot zone and
the glacier

Profiles within the landslide area (C, D, E & F)

Profiles C, D, E and F go through the Slide-Area, in Figure 5.12 the lower part of the Slide-Area and
the Mound are nicely recognizable, whereas in Figure 5.16 the upper part of the Slide-Area is shown.
To achieve a better readability the elevation profile along Profile D (Figure 5.12) is once visible with all
observation times (5.12a) and divided in 2005 to 2010 (5.12b) and in 2013 to 2017 (5.12¢). Looking
at the elevation profiles one can see the down-sliding of the landslide body as a bulge in the profiles.
The kink, which marks the border between the Moraine-Foot zone and the Glacier, is visible in the first
three profiles as the landslide have not reached it. The landslide body disturb the “normal” continuous
surface lowering as seen in the previous profiles along the moraine flank. In the profiles 2013 to 2017 the
landslide body almost stagnates in the front and the back slides further down. Since the profile of 2013
the Mound is established between the landslide body and the glacier. The Mound is limited by a channel
towards the landslide body and by a kink, which marks the transition to the glacier. One can see that the
Mound is shifted towards the glacier with time. The elevation difference between the Mound (top) and
the glacier (highest point in the middle) ranges from 12-19m in 2013 towards 15-23m in 2017 depending
on the profile location. This suggest that the surface lowering on the glacier is higher than on the mound.
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Figure 5.12: Elevation along Profile D for each observation year zoomed to the slide-area and the glacier

In the profiles the shifting of the mound towards the glacier is nicely visible and the magnitude of the
shift along the profiles can be determined. To investigate the surface change on the Mound this shift has to
be taken into account. Figures 5.13-5.15 show the elevation along the profiles starting at the channel. In
Table 5.6 the corresponding shifts along the Profiles for each observation period is visible, which shows
annual shifts ranging from 5 to 13m. Looking at the surface evolution of the Mound (Figures 5.13-5.15)
one can see that a general lowering of the surface occurs from 2013 to 2017. Further, the Mound is
getting extented towards the glacier due to the glacier shrinking and the pushing of the landslide. Along
Profile C and D a collapse of the mound-top is recognizable as the top visible in 2013 and 2014 (also 2015
in Profile C) is removed in 2017 (and 2015). This evolution is not visible along Profile E as the general
shape of the mound consistent over the observed time. Along Profile C the mean annual melting rates on
the mound-top (20-50m) ranges from -2.34m/a (2013-2014) to -4.18m/a (2015-2017). Whereas along
Profile E the mean annual melting rates are a bit higher for each observation period. The mean annual
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melting rates on the mound-top (20-50m) along Profile D are -3.40m/a (2013-2014) and -6.85m/a (2015-
2017). For the observation period 2013-2014 an elevation lowering of around 4m/a was observed on the
glacier (see Section 5.4.1), which is more than on the Mound for the same period. For the observation
period 2014-2015 it is the same. In the last observation period 2015-2017 the elevation lowering on the
mound in Profiles C and E is smaller as the lowering on the glacier. Along Profile D the elevation change
is almost the same as on the glacier (Figure 6.1).
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Figure 5.15: Profile E
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The upper part (release area of the landslide) of the elevation regime along Profile E is visible in
Figure 5.16. One can see that the erosion (at this section) occurs in two steps. From 2005 to 2009/2010
the moraine top is removed, whereas the upper part of Profile E is less affected. From 2009/2010 towards
2013 material over the whole section (100m-450m Profile Length) is eroded. After 2013 the upper part
stays stable. The maximum elevation loss occurred at the former moraine top with a loss of approximatly

-30m from 2005 to 2017. Half of it got removed from 2005 to 2009/2010 and the other half from
2009/2010 to 2013.
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Figure 5.16: Elevation along Profile E for each observation year zoomed to the slide-area

Profile upglacier from the landslide area (H)

In Figure 5.17 one can see the elevation profile along Profile H for the Moraine-Foot zone and a part of
the glacier. The border between the Moraine-Foot zone and the Glacier is visible as a kink in the elevation
profile. Further, the formation of a terrace is recognizable (380m-390m Profile Length). Looking at the
elevation developing one can see that a continuous surface lowering occurs in the Moraine-Foot zone
and on the glacier. On the glacier a total surface lowering of approximately -46m is detectable between
2005 and 2017, whereby the annual elevation differences on the glacier vary from -3m/a to -4m/a for the
early observation periods (until the period 2013-2014) to -5.5m/a for the last period.
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Figure 5.17: Elevation along Profile H for each observation year zoomed to the moraine-foot zone and
the glacier
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5.4.2  Point Tracking

In Figure 5.18 (up-right) one can see the two areas, in which large boulders are tracked over the different
observation periods. In the maps left and low-right in Figure 5.18 the location of the boulder for each
observation year is marked on the background of the shaded relief of 2017. On the map the position of
2016 is marked according to the available aerial photos, for the calculation of the direction and magnitude
of the movement the observation period 2015-2017 is considered, in order to compare the data with the

other analyses.

Figure 5.18: Map showing the position of the different tracked boulders for each observation year (Background:
Shaded relief of 2017)

One can see that it was possible to track three stones within the Slide-Area (Stone 1, 2 & 8), two
within the Mound (Stone 4 & 9) and four within the Moraine-Foot zone. Whereby two of the last-
mentioned are beside the landslide (Stone 3 & 5) and two more up-glacier from it (Stone 6 & 7). Com-
paring the movement regimes in the two areas (red & orange) visually one can see that in the orange area
the movement tends to be more west (along the moraine), whereas the movement in the red area is more
South or southwest (perpendicular to the moraine). Table 5.7 shows the calculated directions for each
stone and observation period. The visual observation can partially be confirmed. In general the stones in
the red area moved southwest or South and in the orange area mostly west. Exceptional, Stone 4 in the
red area is shifted in a western direction since 2013 and Stone 6 in the orange area is shifted southwest

in the last two observation periods.
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2009 - 2010 2010 - 2013 2013 - 2014 2014 - 2015 2015 - 2017

Stone 1 SW SW SW SW SW
Stone 2 SW SW SW S S

Stone 3 SW SW SW SW SwW
Stone 4 SW SW w W w

Stone 5 SW SW S S SwW
Stone 6 W w w SW SW
Stone 7 W w w W w

Stone 8 - - SW SW SwW
Stone 9 - SW SW SW SW

Table 5.7: Direction of the movement of the tracked boulders

Figure 5.19 shows the annual magnitude of the tracked boulders. Stone 3 and 5, which are not in the

landslide area, show the smallest movements in all observation periods. An exception is the period 2009-

2010, where a movement rate similar to the ones in the landslide could be determined for Stone 3. For

all stones the largest movements can be determined for the observation period 2009-2010 respectively

for the period 2014-2015, where no measurement for period 2009-2010 is taken. An exception is Stone

5, which shows the largest movement from 2015 to 2017.

Figure 5.19: Annual magnitude of the movement of the tracked boulders
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5.5 Spatially distributed Analyses

In the following the results of the spatially distributed analyses (DEM differences and image correlation)
are addressed. This will be done according to the different zones (Slide-Area, Mound, Moraine-Foot zone
(down- & up-glacier from the landslide) and Glacier). The results for the whole study area are shown in
the Appendix. In Figures A.28-A.33 (Appendix A.6) the DEM differences for the whole study area are
visible. Blue colors represent positive elevation changes and red colors negative ones. The areas with an-
nual elevation changes between -0.39 and 0.4 m/a are represented transparent/with no color. Those areas
are considered stable. Figures A.47-A.52 show the magnitude and direction of the determined horizontal
movement for the whole study area. The direction of the movement is indicated through the orienta-
tion of the arrows and the magnitude of the movement through the color of the arrows. Displacements
smaller than one meter are considered to be stable. The magnitudes of the displacement are classified in 5
classes from very small displacements (1-3m/a) to large displacements (>>22m/a). Areas with no arrows

are either stable (< 1m horizontal movement) or the determined correlation-coefficients are insufficient.

5.5.1 Slide-Area
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Figure 5.20: Slide-Area for the observation period 2005 - 2009

Figure 5.20 shows the results of the DEM difference (5.20a) and the image correlation (5.20b) for the
observation period 2005-2009 zoomed to the Slide-Area. One can see that the outlines of the Slide-Area
are clearly visible in the DEM difference, whereas it is only detectable in the upper part (behind the
moraine-top) in the image correlation. Concerning the extent of the unstable terrain within the Slide-
Area one can see that with both methods more or less the same area is classified as unstable. In the DEM
difference two zones with surface lowering are visible, whereby the upper one represents the release area

of the landslide and the lower one is located at the former moraine-top. Between the two zones with
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surface lowering a zone with small surface lifting is visible, which can be explained by the temporary
deposition of material as the material from the release area does not immediately completely slides down.
The area with surface lifting on the moraine flank is the temporary deposition of the former moraine-top.
These zones with lifting and lowering are also identifiable in the Profile lines (Figures 5.12 & 5.16).
Overall, there is slightly more elevation loss than gain within the Slide-Area for this observation period
resulting in a negative mean elevation change of -0.22m/a. The maximum elevation loss within the
Slide-Area (Outlines 2009) is -4.7m/a and the maximum elevation gain is 3.01m/a. Within the image
correlation neither a distinct direction nor length is detectable for the Slide-Area, which is visible in

Figure A.54 showing the frequency of the detected movements.
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Figure 5.21: Slide-Area for the observation period 2009 - 2010

In Figure 5.21 one can see the results for the DEM difference (5.21a) and the image correlation (5.21b)
for the observation period 2009-2010 for the Slide-Area. Regarding the extent of the unstable terrain
within the Slide-Area it is visible that with both methods more or less the same area is classified as
unstable. Both methods show a stabilization of the most upper part of the Slide-Area. In the result of
the DEM difference one can see the same two zones with surface lowering and lifting as in the first
observation period, but their size have changed a bit. As in the first observation period the Slide-Area
is dominated by elevation loss, which results in a mean elevation change of -0.89m/a with a maximum
loss of 10.74m/a. Within the image correlation the Slide-Area can be divided from the movements
on the moraine flank through higher magnitude of the movement (darker red colors) and partially by
the direction of the movement (Arrows). A patch with the same direction (southwest) and very high
magnitudes (>22m/a) of movement is detected in the Slide-Area. The area corresponds partially with
a patch with high surface lowering. The two tracked boulders in the Slide-Area show large movements

of 41.15m (Stonel) respectively 25.32m (Stone2) in a southwestern direction. However, only one of
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the tracked boulders (Stone2) lies within the identified patch with large movements from the image
correlation.
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Figure 5.22: Slide-Area for the observation period 2010 - 2013

The results of the DEM difference (5.22a) and the image correlation (5.22b) are shown in Figure 5.22
for the observation period 2010-2013. With both methods one can see that the extent of the unstable
terrain within the Slide-Area slightly decreased towards the previous observation period. Further, it is
visible that the annual magnitude of the determined surface changes (vertical and horizontal) are smaller
than in the previous observation period. In the DEM difference one can see that the unstable part of the
Slide-Area shows almost only surface lowering. The two zones with surface lifting have disappeared,
only a very small part at the bottom of the Slide-Area is classified with a positive elevation change.
The down-sliding of the material in the Slide-Area as well as the formation of the Mound during this
observation period is good visible in the Profile lines 5.12. Only with the image correlation it is difficult
to divid the Slide-Area from the movement of the Moraine-Foot zone as no distinct direction as well as
no higher magnitudes of the movement are visible. However, the histogram with the frequency of the
directions show a trend towards a southwest movement (Figure A.54). The two tracked boulders show
a total horizontal displacement of 87.13m (29.04m/a) respectively 70.99m (23.66m/a) in a southwestern

direction, which is in the same range as in the previous observation period.
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Observation Period 2013 - 2014
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Figure 5.23: Slide-Area for the observation period 2013 - 2014

Figure 5.23 shows the results of the DEM difference (5.23a) and the image correlation (5.23b) for the
observation period 2013-2014 zoomed to the Slide-Area. With both methods one can see that the extent
of the unstable terrain is decreasing further. In this period only the part down from the former moraine-
top is moving, which is also recognizable in the Profile Lines. Within the DEM difference one can see
that surface lowering dominates within the Slide-Area resulting in a negative mean elevation change of
-1.54m/a. The maximum negative elevation change is -8.26m/a. In the image correlation one can see
that the magnitude of the movement in the landslide is higher than around it. Further, the movement
direction within the Slide-Area is quite consistent resulting in a large patch with the southwest oriented
movement with magnitudes higher than 15m/a. This patch corresponds with a high surface lowering
in the DEM difference. On the other hand the tracked boulders show a decrease in the displacement
(17.41m/a respectively 19.05m/a).
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Observation Period 2014 - 2015
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Figure 5.24: Slide-Area for the observation period 2014 - 2015

In Figure 5.24 one can see the results for the DEM difference (5.24a) and the image correlation (5.24b)
for the observation period 2014-2015 for the Slide-Area. With both methods one can see that the extent
of the unstable terrain within the Slide-Area is decreasing further. In the DEM difference a small patch
with no or small positive elevation change is identifiable at the lower margin of the Slide-Area. This
corresponds with the slipping-edge into the channel between the Slide-Area and the Mound. Among
this one can see that only surface lowering has occurred in the Slide-Area and the magnitude of the
lowering has decreased compared with the previous observation period. The mean elevation change
declines to -1.30m/a. However, the maximum elevation loss stays high with -8.40m/a. Also in the
magnitude of the horizontal movement (image correlation) is a decreasing visible, which corresponds
with the measured displacements for the tracked boulders. Nevertheless, the magnitude of the movement
is still higher than around the Slide-Area. The direction of the movement stays more or less similar than
in the previous observation period. Only the right part of the Slide-Area changes towards a more south
oriented movement comparing with the southwest direction from the pervious observation period. This

is also visible in the histogram with the frequency of the directions (Figure A.54).
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Observation Period 2015 - 2017
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Figure 5.25: Slide-Area for the observation period 2015 - 2017

The results of the DEM difference (5.25a) and the image correlation (5.25b) is shown in Figure 5.25 for
the observation period 2015-2017. With both methods one can see that the extent of the unstable terrain
within the Slide-Area is decreasing further. As well as previously observed the magnitude of the changes
decreases further in both methods. This corresponds with the displacement of the tracked boulders. The
mean elevation change declines to -0.91m/a and the maximal elevation loss decreases to -4.73m/a. Even
after the magnitude of the movement has decreased, it is still possible to distinguish the movement of
the Slide-Area from the movement of the surrounding area. In the DEM difference a small patch with no
or small positive elevation change is identifiable as in the previous observation period representing the

slipping-edge in the channel between the Slide-Area and the Mound.

Volume Changes

For the Slide-Area the volume change respectively the volume budget can be calculated. Therefore, the
elevation difference within the Slide-Area is classified into three groups: elevation loss, stable, elevation
gain. For each group the volume change is calculated by sum up the elevation change multiplied by the
pixel area for each group. For each observation period the extent of the Slide-Area is changing. The
area consists to the Slide-Area increases from the first to the last observation period (Column 1 in Table
5.8), but also the composition to each of the three groups is changing, which is shown in Figure 5.26.
Figures A.35-A.40 (Appendix) show the spatial distribution of the three groups within the Slide-Area.
One can see that the area with volume gain is decreasing rapidly from 36% to 5%/7% from the period
2005-2009 to the period 2010-2013/2015-2017. Further, it is visible that with the decreasing area with
volume gain the stable area is increasing. The area with volume loss stays more or less stable over the

different observation periods.
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Figure 5.26: Proportion of the area used to calculate the Volume Budget (Slide-Area)

Looking at the total amount of the changing volume (Column 3 in Table 5.8) one can see that in the
period 2009-2010 the volume is the highest with 87°745m3/a and in the following the volume decreases
continuously. The main part of this total unstable volume is contributed by volume loss (Percentages
Column 4/6 in Table 5.8), especially since the period 2010-2013. The highest volume loss is determined
for the period 2013-2014 with 72°511m?3/a in relation to only 1°843m?/a volume gain for the same period.
Regarding the volume budget (Column 6 in Table 5.8) one can see that it is negative for all observation
periods. For the first observation period the budget is the least negative with -8°342m?3/a, whereas it is
the most negative for the period 2013-2014 with -70’668m?/a.

Volume . Volume Vol. Budget
Area [m?] unstable Volun31e loss Volun;e gam Budget per Area

[m?/a] irde] et [m?/a] [m3/(a m2)]
2005-2009 38’715 46’730 -27°536 (59%) | 19194 (41%) -8’342 -0.22
2009-2010 41°175 87°745 -61°747 (70%) | 25’998 (30%) -35°749 -0.87
2010-2013 44°932 68’700 -66°892 (97%) 1’808 (3%) -65°084 -1.45
2013-2014 45’661 74’354 -72°511 (98%) 1’843 (2%) -70°668 -1.55
2014-2015 46’980 63’637 -61°804 (97%) 1’832 (3%) -59°972 -1.28
2015-2017 49’319 52’840 -51°066 (97%) 1’774 (3%) -49°292 -1.00

Table 5.8: Volume change within the Slide-Area (Outlines of the newer year were used)
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5.5.2 Mound
Observation Period 2013 - 2014
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Figure 5.27: Mound for the observation period 2013 - 2014

Figure 5.27 shows the results of the DEM difference (5.27a) and the image correlation (5.27b) for the
observation period 2013-2014 zoomed to the Mound. In the DEM difference one can see that the Mound
consists of two different zones: one with elevation lowering towards the Slide-Area and one with eleva-
tion rising towards the glacier. This zone of elevation rising is visible in Profiles C and D (Figure A.22
respectively 5.12), where the surface of 2014 is higher than the surface of 2013 (400m Profile Length)
due to the shifting of the Mound towards the glacier. When correcting for this shift one can see that this
elevation rising is not visible anymore (Figure 5.13) or very small as along Profile D (Figure 5.14). As a
consequence this elevation gain does not fully origin from an accumulation of material, but through the
transition from the glacier to the mound. In Figures 5.13-5.15 one can see that melting/surface lowering
does occur with a mean elevation loss on the Mound-top (20-50m) of around -3.1m/a. In the image
correlation one can see that mainly medium to high (8.1-22m/a) movements are detected. The direction
of those movements is usually west or southwest visible through the detected patches and the frequency
measure in Figure A.55. The direction as well as the magnitude of the detect movements corresponds
with the tracked boulders. They show a displacement of 10.73m (Stone4) respectively 15.53m (Stone9)

in western and southwestern direction.
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Observation Period 2014 - 2015
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Figure 5.28: Mound for the observation period 2014 - 2015

In Figure 5.28 one can see the results for the DEM difference (5.28a) and the image correlation (5.28b)
for the observation period 2014-2015 for the Mound. Similar as in the period 2013-2014 a zone with

elevation gain and a zone with elevation loss is identifiable, whereas the first-mentioned is smaller than

in the previous period. The area with elevation loss does not only increases, but also the area with large

surface lowering is bigger. A mean elevation loss around -4.5m/a is determinable along the Profiles
for the mound-top (20-50m). Within the image correlation the magnitude of the movements is similar

than in the previous observation period. On the other hand the displacement of the tracked boulders has
increased to 13.59m (Stone4) respectively 23.07m (Stone9). Within the direction of the movement some

patches with west or southwest movement are identified. Regarding the frequency of the directions one

can see that southwest movement is detected the most followed by west direction (Figure A.55).
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Observation Period 2015 - 2017
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Figure 5.29: Mound for the observation period 2015 - 2017

The results of the DEM difference (5.29a) and the image correlation (5.29b) is shown in Figure 5.29
for the observation period 2015-2017 zoomed to the Mound. One can see that the area with elevation
gain near the glacier margin, which is visible in the observation periods 2013-2014 and 2014-2015,
is not detected anymore. Additionally, the area with large surface lowering increases further. On the
Mound-top (20-50m) a mean elevation loss of -5.5m/a is detectable along the Profiles. Within the image
correlation the magnitude of the movements show a slight decrease towards the previous observation
period. One of the tracked boulders (near the margin) is displaced more than in the previous observation
period (Stone4), whereas the other one shows a smaller displacement (Stone9). Within the direction
of the movement no patches are detected on the Mound. Looking at the frequency of the individual

direction one can see that southwest is the most frequent (Figure A.55).
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5.5.3  Moraine-Foot zone down-glacier from the landslide

Observation Period 2005 - 2009

Considering the DEM difference (Figure 5.30a) and image correlation (Figure 5.30b) of the first obser-
vation period 2005-2009 one can see that the detected unstable terrain within the Moraine-Foot zone
down-glacier from the landslide corresponds within both methods. In the DEM difference mainly small
elevation loss is identified, whereas in the image correlation neither a distinct magnitude nor direction of

the horizontal movement is recognizable.
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Figure 5.30: Moraine-Foot zone down-glacier from the landslide for the observation period 2005 - 2009
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Observation Period 2009 - 2010

In the observation period 2009-2010 both methods correspond in determining the unstable terrain as
well as detecting a decrease in the extent (Figures 5.31a & 5.31b). As in the previous observation period
small elevation loss is dominating within the down-glacier part of the Moraine-Foot zone. This surface
lowering is also nicely visible in the Profile Lines (Figures A.20 & A.21). The elevation loss tends
to increase towards the glacier margin. In the image correlation very small displacements in south or
southwest direction dominates. The tracked boulder in this part of the study area show also a small

movement of 2.97m in southwestern direction.
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Figure 5.31: Moraine-Foot zone down-glacier from the landslide for the observation period 2009 - 2010
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Observation Period 2010 - 2013

Regarding the DEM difference (Figure 5.32a) and the image correlation (Figure 5.32b) for the obser-
vation period 2010-2013 zoomed to the Moraine-Foot zone down-glacier from the landslide one can
see that the detected unstable terrain corresponds with each other. The DEM difference shows a slight
increase of the elevation loss visible by the increasing area with medium elevation loss. In the image
correlation no distinct direction of the movement and no pattern in the magnitude of the movement is

recognizable. The tracked boulder moves in a southern direction with 4.57m/a.
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Figure 5.32: Moraine-Foot zone down-glacier from the landslide for the observation period 2010 - 2013
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Observation Period 2013 - 2014

In the observation period 2013-2014 the classified unstable terrain from the DEM difference and from the
image correlation correspond with each other (Figures 5.33a & 5.33b). Within both methods the release
of a small slide (below 630100/95800) is visible. In the DEM difference it is visible as a patch with
high elevation loss followed downslope by a patch with small elevation gain. In the image correlation
the release area is visible as a patch with high displacement in southern direction. The pathway and
deposition show also medium to high displacements but chaotic in the direction. Among the small slide
the pattern stays the same as in the previous observation periods with small to medium elevation loss
and very small horizontal displacements in southern or southwestern direction. Further, a retreat of the

unstable terrain with the glacier is visible compared with the last observation period.
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Figure 5.33: Moraine-Foot zone down-glacier from the landslide for the observation period 2013 - 2014
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Observation Period 2014 - 2015

Regarding the DEM difference (Figure 5.34a) and the image correlation (Figure 5.34b) for the observa-
tion period 2014-2015 of the Moraine-Foot zone down-glacier from the landslide one can see that the
detected unstable terrain corresponds mostly with each other. In the DEM difference small to medium
elevation loss are detected, also visible along Profile B (Figure A.21). Within the image correlation con-
sists the detected unstable terrain mainly of a patch with small displacement in southwestern direction.

This corresponds with the displacement of the tracked boulder in this area.
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Figure 5.34: Moraine-Foot zone down-glacier from the landslide for the observation period 2014 - 2015
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Observation Period 2015 - 2017

In the observation period 2015-2017 some small differences between the classified unstable terrain from
the DEM difference and from the image correlation are visible (Figures 5.35a & 5.35b). However, a
decrease in the unstable terrain is observable with the retreating glacier. In the DEM difference only
elevation loss occurs with low and medium magnitudes, which is also visible along Profile B (Figure
A.21). In the image correlation a patch with very small displacement in southwestern direction cates the

eye. This patch corresponds with the small negative elevation change area.
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Figure 5.35: Moraine-Foot zone down-glacier from the landslide for the observation period 2015 - 2017
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5.5.4  Moraine-Foot zone up-glacier from the landslide

Observation Period 2005 - 2009

The evolution of the up-glacier part of the Moraine-Foot zone differs from the down-glacier part. Starting
with the first observation period one can see that the DEM difference (Figure 5.36a) and image correlation
(Figure 5.36b) detect more or less the same area as unstable terrain. The DEM difference shows almost
exclusively elevation loss with small or medium magnitude. Within the image correlation neither a

distinct direction or magnitude is recognizable.
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Figure 5.36: Moraine-Foot zone up-glacier from the landslide for the observation period 2005 - 2009
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Observation Period 2009 - 2010

In the observation period 2009-2010 the classified unstable terrain from the DEM difference and the
image correlation corresponds with each other as in the first observation period (Figures 5.37a & 5.37b).
In the DEM difference one can see a dark blue object (positive elevation change, below the point
630800/95600) followed up-glacier by a dark red object (negative elevation change). This is a large
boulder, which moved from 2009 to 2010. The dark red represents the position in 2009 and the dark blue
the position in 2010. Among that mainly small to medium elevation loss occurs. In the image correlation
two dominant direction of the horizontal displacement are observable west and southwest. The south-
west orientation of the movement is detected nearby the Slide-Area and between the Slide-Area and the
glacier with low magnitudes. The west movement dominates on the bulge towards the glacier with mag-
nitudes ranging from low to high. The Moving Line separates the two directions or the west-movement
from the stable terrain. The two tracked boulders correspond with the findings of the image correlation,
they show also a west orientation of the displacement and magnitudes of 24.33m (Stone6) respectively
21.49m (Stone7). The extent of the west movement is bounded by the Moving Line.
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Figure 5.37: Moraine-Foot zone up-glacier from the landslide for the observation period 2009 - 2010
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Observation Period 2010 - 2013

Regarding the DEM difference (Figure 5.38a) and the image correlation (Figure 5.38b) for the obser-
vation period 2010-2013 of the Moraine-Foot zone up-glacier from the landslide one can see that the
detected unstable terrain corresponds mostly with each other. The DEM difference shows almost ex-
clusively elevation loss with small or medium magnitude similar to the first observation period. Also
similar to the first observation period no distinct direction or magnitude is recognizable in the image
correlation. The tracked boulders show a bit smaller movements (magnitude and direction) as in the

previous observation period with 21.77m/a (Stone6) respectively 18.29m/a (Stone7).
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Figure 5.38: Moraine-Foot zone up-glacier from the landslide for the observation period 2010 - 2013
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Observation Period 2013 - 2014

In the observation period 2013-2014 the classified unstable terrain from the DEM difference and the
image correlation is more or less similar (Figures 5.39a & 5.39b). The DEM difference for this period
and area is dominated by elevation loss with medium magnitude. This is also observable along the
Profiles G and H (Figure A.26 & A.27). Further, the movement of a large boulder (below 630700/95600)
is detectable as a dark red point followed down-glacier by a dark blue point. In the image correlation
the same pattern as in the observation period 2009-2010 is also detectable in this period. The direction
of the horizontal movement of the bulge is west, whereas the area near the Slide-Area is moving in
southwestern direction. Thereby is the west-moving with a higher magnitudes than the southwestern
one. The west-movement is again restricted by the Moving Line. The tracked boulders are still moving

westwards with a similar magnitude as in the previous period.
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Figure 5.39: Moraine-Foot zone up-glacier from the landslide for the observation period 2013 - 2014
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5. Results

Observation Period 2014 - 2015

Regarding the DEM difference (Figure 5.40a) and the image correlation (Figure 5.40b) for the obser-
vation period 2014-2015 of the Moraine-Foot zone up-glacier from the landslide one can see that the
detected unstable terrain corresponds mostly with each other. The DEM difference shows almost exclu-
sively elevation loss with medium magnitude. The continuously elevation loss is also visible along the
Profiles G and H (Figure A.26 & A.27). Further, the large boulder, which is moving, is recognizable
again (below 630700/95600). In the image correlation the same pattern as in the observation periods
2009-2010 and 2013-2014 is detectable. On the one hand there is a southwestern displacement with
a small magnitude near the Slide-Area and on the other hand there is the west movement of the area
between the Moving line and the glacier (bulge) with higher magnitudes. In this observation period the
west movement is less dominant than before. At the down-glacier end of the bulge a disturbance (chaotic
structure) is observable. This can be caused through a decrease in the western movement, which is sup-
ported by the tracked boulders as their magnitude of displacement declines further and the orientation of

the movement of one of the boulders turn to southwest.
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Figure 5.40: Moraine-Foot zone up-glacier from the landslide for the observation period 2014 - 2015

83



5. Results

Observation Period 2015 - 2017

In the observation period 2015-2017 the classified unstable terrain from the DEM difference and the
image correlation corresponds with each other (Figures 5.41a & 5.37b). The DEM difference for this
period and area is dominated by elevation loss with medium magnitude, which is also observable along
the Profiles G and H (Figure A.26 & A.27). The large boulder is visible as well as in the previous
observation periods, but this time the newer position (2017) is marked as stable instead of a positive
elevation change (middle of the square right/low of 630600/95600). In the image correlation the pattern
from the previous observation periods is only partially recognizable within the last period. This is valid
for the southwest displacement near the Slide-Area as well as for the west movement of the bulge. In
what way this has a natural cause or originates from the image correlation itself (tends to be more chaotic
in the more than one-year periods) is not determinable. However, the magnitude of the tracked boulders

also decreases further.
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Figure 5.41: Moraine-Foot zone up-glacier from the landslide for the observation period 2015 - 2017
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5.5.5 Glacier

For the glacier one can summarize the different observation period. In the DEM differences (Figures
A.28-A.33) only high elevation loss are detectable in all observation periods. The front of the tongue
shows surface lowering higher than -5m/a, whereas the area behind has lower values from -2-5m/a. In
the first observation period a mean annual elevation change of -4.71m/a is determined, which increases
to -7.1m/a in the last observation period. The highest maximum elevation loss have occurred in the
period 2009-2010 with -15.89m/a and the lowest with -7.68m/a in the period 2005-2009. In the image
correlation (Figures A.47-A.52) on the one hand a west movement with low to medium magnitudes is
observable in the one-year periods (Figure A.53) and on the other hand a chaotic arrangement of the

directions and the magnitudes in the other periods.
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6. Discussion

6.1 Evolution from 2005 to 2017

Findelengletscher has retreated since the Little Ice Age (maximum around 1850) like most glaciers in
the Alps (Fischer et al., 2015; Rastner et al., 2016). In this period its length has decreased about -3.53km
until 2010 (Rastner et al., 2016) and another 250m until 2017. The general decrease is interrupted by two
periods with thickness gain and advance of the glacier, lastly in the late 1980s (GlaciologicalReports,
2017; Rastner et al., 2016). The glacier recession has left two large lateral moraines, which are now
flanking the glacier and his foreland (Joerg et al., 2012; Lukas et al., 2012; Ruff, 2015). According to
the presented moraine formation theory of Lukas et al. (2012) (see Section 3.1.3) it is assumed that the
moraine is partially containing buried-ice. This is the basis of this master thesis, where the evolution of
the glacier and the right lateral moraine since 2005 is scoped.

After the field visiting and the first qualitative sighting of the data three respectively four zones are
defined according to which the study area is analyzed. The zones Slide-Area and Mound are linked to
the first research question, whereas the zones Glacier and Moraine-Foot zone contributes to the second
research question. In the following the changes of the zones and within the zones are discussed on the

basis of the applied methods. Afterwards, the findings are summarized.

6.1.1  Evolution of the Landslide (Slide-Area)

Within the first observation periods the occurrence of the landslide can be detected visually in the shaded
reliefs as well as in the DEM differences and the image correlation. The released material does not
suddenly moves downslope, it is more a sliding down from year to year. This slowly sliding is observable
visually in the shaded reliefs as well as in the DEM Differences. The qualitative evaluation of the shaded
reliefs and pictures show that the whole landslide body consists of two parts, which can be differentiated
according to their color. Thereby, is the movement of the *brown’ material (hillsope material) a bit faster
than the one of the ’grey’ material (moraine material), which results in the brown material rolling on the
grey during the observation periods. The material between the down-sliding landslide and the glacier
is blocked by the glacier, which leads to the compression and uplifting of the area, visible through an
elevation gain in the period 2009-2010. Afterwards the material gets pushed on the glacier leading to
the formation of the Mound firstly visible in 2013. In what way it is a pushing on the glacier or just the
retreat of the glacier leading to this feature, is not clearly determinable with the available data. However,
it can be assumed that the formation of the mound is caused by both processes. In the same manner it

cannot be explained how the channel is formatted and why it is persistent over the time.
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Within the release area of the landslide a stabilization with time is recognizable visually in the shaded
reliefs as well as in the DEM Differences and the image correlation. In the last observation period (2015-
2017) only the part below the former moraine-top is still active. In some parts the moraine material got
eroded down to the bedrock, especially in the Eastern part of the landslide (Figure 3.8). Further, one
can see a decrease in the magnitude of the movement after 2014 detectable in the elevation change as
well as in the image correlation. The dominant direction of the determined (horizontal) displacements is
southwest or south, which seems reasonable as the moraine flank and the hillslopes are exposed in those
directions.

The determination of a reasonable sediment budget for the landslide is very difficult as the extent of
the area is changing with time and due to ice-containment of the moraine, which leads to elevation loss
through ice melting. The most total moving volume is observed for the period 2009-2010 with almost
88°000m?3/a, whereas it is the lowest for the first observation period with almost 47°00m>3/a. For the
first two observation period the volume loss and the volume gain are at the same level (59%:41% and
70%:30%) comparing with the further observation periods, where 97% of the total volume is a volume
loss.

In the recently deglaciated area of the grosser Aletschgletscher (also Canton Wallis Switzerland) a
landslide is under surveillance, which was triggered by the glacier retreat and the resulting debuttressing.
There the whole rock flank, on which the LIA moraine lies, is moving. The estimated volume of the
active landslide is several magnitudes larger than the small landslide at the Findelengletscher (Kos et al.,
2016), but it shows the possible dimension of instabilities in recently deglaciated areas.

Landslides, which break through the lateral moraine or sediments overspilling are important regard-
ing the sediment budget and cascade in a proglacial landscape (Carrivick and Heckmann, 2017; Cossart
and Fort, 2008). The moraine acts as a barrier for the sediments, which are eroded and accumulated
behind it. The breaching of the moraine leads to a sudden input of a large amount of sediments (Figure
2.6) (Cossart and Fort, 2008). In this context, small landslide can have a major impact on the sediment

transfer into the proglacial area, from where debris flows and other hazards can originate.

6.1.2 Evolution of the Mound

The Mound is firstly recognizable in the shaded relief of 2013. In the following it moves towards the
glacier middle continuously. On the one hand through the pushing of the landslide and on the other
hand through the retreating of the glacier. Since his formation it can be delimited from the landslide by
a channel. Along the Profiles a maximum total shift of 30m from 2013 to 2017 of the channel/mound
is observed. According to this shift the DEM differences have to be analyzed with caution because
elevation changes are caused by surface changes through melting as well as through the shifting of the
surface. However, in Figures 5.13-5.15, which show the elevation along the Profiles C-E corrected for
the shift, one can see that surface lowering caused by ice melting occur. The melt rates increases with
time ranging from roughly -3m/a for the period 2013-2014 to roughly -5m/a for the period 2015-2017.
Compared with the glacier the melting on the Mound is smaller, which seems reasonable due to the
debris cover (Benn and Evans, 2010; Nicholson and Benn, 2006).

The field work in summer 2017 confirmed the first assumption that the mound consist of ice. Whether

it is a mixture of ice and debris or an ice body with debris cover could not be determined and was not
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part of this thesis. With the digging at selected locations debris thickness from 10cm to at least 50cm are
detected. The field visiting also showed that at the slope towards the channel clean ice is exposed and
forms ice cliffs (Figure A.1). Such ice cliffs are a major source of ice loss on debris covered glaciers
(Benn et al., 2012; Pellicciotti et al., 2015). This can explain the high negative elevation change in this
area. According to the field visits (Figure A.3) the Mound looks somehow like a small-scale hummocky
moraine with the moundy and irregular topography (Benn and Evans, 2010). Also showing typical
phenomena for ice-cored moraines like the fall sorting or the building of sinkholes (Kjer and Kriiger,
2001; Schomacker, 2008).

The Mound moves in a western and southwestern direction, which seems reasonable comparing with
the digitalized outlines of the different years and the tracking of large boulders. The image correlation
shows a decrease in the magnitude of the movement with time, whereas the tracked boulders indicate an

increase in the displacement (from 13m/a to 22m/a).

6.1.3 Evolution of the Moraine

Visually, the right lateral moraine is signed by intense gullying in the upper part and by debris deposits
in the lower part (Moraine-Foot zone). This pattern is typical for paraglacial re-working as reported by
various studies (Ballantyne, 2002; Ballantyne and Benn, 1994; Curry et al., 2006) and makes it possible
to divid the moraine in a top and foot zone. The conducted analyses show that the top zone (gullies) is
stable over the short time scale of this study, which suggest that the evolution of the gullying occurs on a
longer time scale. Schiefer and Gilbert (2007) investigated the morphodynamic of a proglacial landscape
in British Colombia (Canada) from 1947 to 1997. They also identified the gullying as the most noticeable
change, but additionally mention short-time events like the occurrence of some small, discrete landslides
and the transition of ice-cored moraines to kettle features.

The observed small elevation loss and horizontal displacement in the moraine-foot zone down-glacier
from the landslide can be explained by the continuous melting of the buried-ice beneath the debris.
Lukas et al. (2012) reported the occurrence of such buried-ice within this area. The extent of it can
be estimated from the down sliding of the debris on the ice-debris horizon, which sometimes exposes
the buried-ice (Bennett and Evans, 2012; Lukas et al., 2012). Such small slides are also observable
during the observation period of this thesis. Such slides causes the accumulation of debris at the base
of the sidewalls (Lane et al., 2017). If no buried-ice would be present, this leads to the reduction of the
slope at the base as it is reported for the paraglacial re-working by Curry et al. (2006) or Ballantyne and
Benn (1994). The retreat of the unstable terrain with the glacier retreat also suggest that the observed
movements are mainly caused by the melt of the buried-ice. Further, the magnitude of the horizontal
displacements are in the same range as the one for creeping ice-features like rockglaciers (Kééb, 2002).

In the Moraine-Foot zone up-glacier from the landslide the qualitative analyses showed a line (Mov-
ing Line) dividing somehow this zone. The quantitative analyses confirm this observation partially.
Within the DEM difference the line is not recognizable, whereas it is in the image correlation. Espe-
cially, in the one-year time periods one can see that the area between the glacier margin and the Moving
Line shows a distinct western movement, so the same direction as the glacier. The tracking of some large
boulders confirm this mainly west-orientation of the horizontal movement. However, in the result from

the tracked boulders a downslope movement towards the glacier (southwest) can also be detected. This
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probably origins from the higher spatial resolution of the shaded relief (Im) compared to the image cor-
relation (10m). This west movement can be explained when assuming that under the debris in this area is
still active glacier ice causing the formation of a debris cover glacier part. In the last two observation pe-
riods this west movement is not that dominant anymore, especially towards the landslide, which suggest
a decrease in the glacier flow (see Section 6.1.4). Further, the magnitude of the west movement decreases
towards the Slide-Area/Mound in all the one-year time periods. Probably the landslide interferes the west
movement causing a slowing down through the more weight.

For future studies it can be interesting to track evolution of this debris covered glacier part to catch
the moment it stagnates and may transform to an ice-cored moraine deposit as observed down-glacier
from the landslide. Further, one can look in the past and investigate if such a debris covered glacier part
once already exist along the lateral moraine.

As already mentioned above, the lateral moraine acts as a barrier for the sediments eroded and accu-
mulated behind it. The overspilling or breaching of the moraine lead to a sudden input of a large amount
of sediments into the proglacial area (Figure 2.6) (Cossart and Fort, 2008). The deposits of such events
can dam the proglacial streams causing the proglacial lakes vulnerable to a sudden outburst. This repre-
sents a great danger for settlements and infrastructure down-valley from the proglacial area (Kos et al.,
2016).

6.1.4 Evolution of the Glacier

When looking only at the evolution of the glacier the most obvious change is the shrinking of the
glaciated area (Figure 5.5). Between 2005 and 2017 a retreat of 500m in length and one of 200m in
width was observable.

The annual elevation change determined by the difference between the different DEMs can be com-
pared with the measured elevation change at an ablation stake. Stake 6 (Figure 4.1) belong to the mea-
surement network of the Findelengletscher and as such the ablation/elevation change have been deter-
mined for each year. To compare these measurements with the DEM differences one have to calculate
the mean for the non one-year periods (Table A.1 in the Appendix). Figure 6.1 shows the comparison of
the measured and the calculated annual elevation change. One can see that for the observation periods
2005-2009, 2013-2014 and 2015-2017 the annual elevation change calculated with the DEM difference is
bigger (more negative) than the measured melting at the stake. The differences between the two methods
range from 0.56 to 1.77m/a for those periods. For the other observation periods (2009-2010, 2010-2013
and 2014-2015) the melting at the stake is bigger than the elevation loss determined through the DEM
difference. For those periods the difference between the methods span from 1.94 to 2.64m/a, which is a
bit bigger than for the other way around. The highest melting/elevation loss is determined at the stake
in the period 2014-2015 with -8.04m/a, the smallest melting/elevation loss is measured also at the stake
in the period 2005-2009 with -3.05m/a. With the DEM difference the biggest elevation loss is observ-
able for the period 2015-2017 with -7.5m/a and the smallest for the period 2009-2010 with -4m/a. The
difference between both methods lies in the generation method. The surface of a glacier changes due
to mass loss or gain (ablation/accumulation) and because of the glacier dynamics (glacier motion). The
first refers to the ablation rate and the second to the rate at which ice is refilled from up-glacier. With the

geodetic method (DEM differences) the mass change (surface, internal and basal) is determined, whereas
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the glaciological method examines the surface mass change and the glacier dynamic (Bennett and Evans,
2012; Cuffey and Paterson, 2010; Fischer et al., 2011). Therefore, either internal or basal volume loss
occurs or the glacier dynamic (flow) varies within the different observation periods.

Regarding the horizontal movements determined by the image correlation no trend in the magnitude
of the detected displacements is visible, but a distinct western direction of the displacements is recogniz-
able. A surface velocity around 15m/a seems in a reasonable range as Cuffey and Paterson (2010) report
a surface velocity of 15m/a for the Storglacidren (Mountain Glacier in Sweden). Rossini et al. (2018)
investigated the glacier tongue of the Morteratschgletscher with an UAV and found flow velocities up to

8m for a three month observation period.

Time period
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Figure 6.1: Comparison between the annual melting/elevation change at the lo-
cation of stake 6

6.1.5  Synthesis

On the basis of the above discussed results it is reasonable to partially revise the in advance defined zones.
On the one hand the observed patterns within the zones landslide (Slide-Area), glacier and mound are
consistent, whereas on the other hand the moraine-foot zone shows different changing regimes. There-
fore, the moraine-foot zone is divided into three Zones (A-C). The rest of the moraine (the top with the
gullies) is Zone D (Figure 6.2).

The Glacier is the clean-ice body, which is characterized by a continuous shrinking visible through
the loss in length and width as well as in the DEM differences. The direction of the horizontal movement
is west. The Landslide is spatial detectable by his scar and deposition. His evolution is a continuous
down-sliding towards the glacier. The lower part is still active, whereas the upper part has been stabilized
after a few years. The formation of the Mound is caused by the down-sliding of the landslide and by
the retreat of the glacier. It consist of ice and debris. Among some ice cliffs towards the landslide,
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the Mound is completely debris covered. Therefore, the highest surface lowering occurs at the location
of those ice cliffs. The Moraine is divided into the Zones A to D. The Zone A represents areas with
dead-ice beneath the moraine material. The exact extent is hard to determine, which is indicated by the
dashed line. The zone shows continuous elevation loss with higher magnitudes towards the glacier. In
the horizontal movement one can see small displacements down the slope. Sometimes, this pattern is
interrupted by some very small landslides released from Zone B or D. Zone B shows surface changes
originating from the down falling or rolling of debris due to gravity on the one hand and on the other hand
the outwashed material from Zone D is partially deposited in it. The Zone C represents a debris-covered
part of the glacier. The horizontal movements go along with the glacier in western direction with speeds
ranging from 3m/a to 22m/a. Further, a continuous surface lowering is detected with smaller magnitudes
than on the glacier. The Zone D contains the steep gullies, which incise this upper part of the moraine.

Over the time-scale of this thesis this zone is more or less stable.

Features

= Gully Line D Glacier i
§ ——— IceLine D Landslide

= Moving Line D Mound '

Figure 6.2: Classification of the study area according to the patterns in the performed analyses (Background:
orthophoto 2017)
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6.2 Evolution in 2017 (RQ3)

For answering research question 3 about the short-time evolution of the glacier-landslide system, the
installed ablation stakes are considered. On one hand the ablation on the mound and on the glacier is
conducted and on the other hand the stakes on the mound are measured with the dGPS to determine their

movement within the field campaign period (13" July and 21 September 2017).

6.2.1 Melting

The ablation measurements show a clear difference between the melting on the mound (melting beneath
a debris cover) and the melting on the glacier (bare ice). Over the whole field campaign (70 days) the
melting get reduced up to 78% (30cm debris cover) towards the melting on the bare ice. At a debris cover
of 15cm the melt decreases to the half towards the melt on the bare ice. At the same debris thickness
the higher melting rates are measured at the stake on the mound top towards the one on the flank. On
the bare ice a melt of 4.05m is determined for the three month period (July-September). Rossini et al.
(2018) investigated the Morteratschgletscher also for a three month period (July-September) in 2016 and
detected a mean melt of 4.1m.

Regarding the two time periods (13" Jul - 23" Aug & 23" Aug - 21*' Sept) one can see that the
melting rates for the first observation period are higher for all ablation stakes. This can be explained on
the one hand by the longer time span, but also the air temperature is higher during this period, which
favors melting. The mean air temperature between the 13 July and the 23" August is 8.97°C versus
4.83°C for the second period (234 Aug - 21* Sept).

Comparing the measured melting (Table 5.1) with the elevation difference measured with the dGPS
(Table 5.3) the similar trend with the highest elevation loss/melting at Stake 1 and the smallest at Stake
3 is measured. This correlates with the debris thickness at the stake locations (Figure 6.3). For Stake
4 the measured melting is higher than the elevation lowering by measured with the dGPS, wheres it is
the other way around for the other Stakes. The differences between the dGPS and the Stakes vary from
0.32m (Stake 1) to 0.68m (Stake 3), which can originate from measurement uncertainties. Probably
mostly through tilting of the ablation stake as the biggest difference occurred at the Stake, which was
tilted the most.

Figure 6.3 shows the relation between the observed melting over the whole measurement period and
the debris thickness at the stakes together with a theoretical relation between melting and debris cover
and a potential curve fitting to the measurements at the debris covered stakes. In theory the melt under
a debris cover is indirectly proportional to debris thickness with the product of the temperature gradient
and thermal conductivity determining the numerator of the fraction (see Section 2.1.4, Equation 2.8)
(Nicholson and Benn, 2006). For the data in this thesis the best fitting value for this product is 0.35,

which is shown as the dotted line in Figure 6.3. This value is found experimentally.
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Figure 6.3: Relation between the Debris Thickness and the measured Melting
(blue dots) over the whole observation period with the theoretical curve (dotted
& dashed) and a potential fitting (the measurement on bare-ice is excluded from

the fitting). Red dots represent the elevation loss measured with the dGPS

At the study site of Findelengletscher no ablation
measurements beneath a debris cover have been yet mea-
sured, this means no comparison with other data is pos-
sible. Nevertheless, it is possible to compare the melt-
ing on the bare ice for the field campaign with measure-
ment within the past years at Stake 6 (Part of the Finde-
lengletscher measurement network). Therefore, ablation
measurements at Stake 6 over the summer are extracted
from the network data and are shown in Table 6.1. Obser-
vation periods with at least 50 days are considered and the

melt per day is calculated in order to compare the data. It

towards higher melting rates.

6.2.2 Movement

Melt Melt/Day

Year Days

[m] [m/d]
2007 65 -2.28 -0.035
2008 77 -3.10 -0.040
2009 54 -2.84 -0.053
2016 52 -3.37 -0.065
*2017 70 -4.05 -0.058

Table 6.1: Summer-Melt at Stake 6 over the
similar time period for other years (*Mea-
sured at Stake 5))

is visible that the measurement from this summer are in the same range (melt per day) as in the years
2014 and 2016 and as such a bit higher than in the years 2007 and 2008. This indicates the evolution

The measurements with the dGPS (on the 13" July and 21* September) showed a western or southwest-

ern movement of the stakes. Within the horizontal displacement no trend with location of the stake or the

debris thickness is detectable, whereas a the vertical displacement is smaller with thicker debris cover

(Table 5.3).
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6.3 Uncertainty Assessment and Suitability of the Methods

6.3.1  Uncertainty Assessment

Digital Elevation Models

The uncertainties within the DEMs used in this study are described by the mean elevation difference
MED (systematic uncertainty), the standard deviation STDV (stochastic uncertainty) and the standard
error SE (stochastic uncertainty) over stable terrain. The systematic uncertainty is further described by
the residual shift vectors after the co-registration (Bolch et al., 2011; Rastner et al., 2016; Zemp et al.,
2013).

The analysis of the systematic uncertainties show a maximum systematic error smaller than plus/minus
0.5m for the MED as well as for the residual shift vectors (-0.45m MED and -0.49m shift vectors; Table
5.5). For the period 2015-2017 the shift vectors are higher than plus/minus 0.5m, therefore the DEM
from 2017 has been shifted according to the determined shift vectors. After iteration 4 a sufficient accu-
racy has been achieved. Among the period 2015-2017 the systematic errors are not corrected as they are
clearly smaller than the pixel size.

The stochastic uncertainties are described by the standard deviation and the standard error. The
STDV over stable terrain ranges from 0.23 to 0.59m and the SE from 0.01 to 0.03m (Table 5.5). For
the calculation of the standard error a threshold distance of 10m is used, where the autocorrelation gets
insignificant (Bossard, 2014). Koblet et al. (2010) on the other hand used a threshold distance of 100m,
which would result in a magnitude higher standard error values as determined in this thesis. This suggest
that the stochastic uncertainties are underestimated with the SE. On the other hand the STDV leads to an
overestimation because it does not take the averaging over large-scale area into account (Berthier et al.,
2007; Bossard, 2014). Therefore, it has to be assumed that the stochastic uncertainty lies between the
values of the SE and the STDV.

Image Correlation

The image correlation (CIAS) is performed with the shaded reliefs derived from the DEMs. Therefore,
the uncertainties in the image correlation originate from the DEMs (shaded reliefs) itself and the quality
of the image correlation. The applied image correlation is suitable to detect horizontal displacements in
range of the pixel size of the input data (Debella-Gilo and Kéib, 2011; Kadb, 2002; Kiib and Vollmer,
2000). The challenge by applying the image correlation is to find the parameter settings that are able
to find matches on smooth terrain (glacier and vegetated areas) as well as on rough terrain (moraine).
To assess the quality of the determined horizontal movements the Signal-to-Noise ration (SNR) is cal-
culated as the ration between the maximum correlation and the average correlation. The SNR-values
are classified into three groups (insufficient, sufficient and good) and are graphically shown in Figures
A.41-A46.
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6.3.2  Suitability of the methods

In this section the applied methodological approach is discussed by looking at the potentials and limita-
tions of the used methods. Further, the problems and potential improvements for this particular study are

addressed.

Digital Elevation Models (DEMs)
Multi-temporal DEMs are commonly used to study landform changes, especially in glacial and periglacial

systems (Abermann et al., 2010; Fischer et al., 2011; Miiller et al., 2014b). DEMs can be generated with
a variety of techniques like laser scanning or photogrammetry. Each generation method has his advan-
tages and disadvantages, which will not be discussed in this thesis as more the application of the DEMs
is scoped. In order to compare different DEMs with each other they have to be aligned to each other
(Co-Registration). In this thesis the method introduced by Nuth and Kiib (2011) is applied. However,
the application of the co-registration shows some limits. Firstly, only one (geo-location of the data) of the
three potential biases over stable terrain identified by Nuth and Kiib (2011) is determined with in this
thesis, whereas the other two biases are not investigated (elevation dependent and sensor specific biases).
Further, the applied co-registration method cannot correct non-linear tilts between the DEMs. Secondly,
the result of the co-registration strongly depends on the definition of the stable terrain. Ideally, it should
be equally distributed over the study area, including different aspects and the slope should be steeper
than 5° (Nuth and Kiib, 2011; Rastner, 2015). However, it has been difficult to fulfill this conditions
because of the limited stable terrain as the investigation area is quite small and dominated by two aspect
directions. The applied co-registration show no need for correcting shifts except for the period 2015-
2017 (Table 5.4, Section 5.2.2). However, when looking at the DEM differences (Figures A.28-A.33,
Appendix) one can see that in the periods 2013-2014 and 2014-2015 unusual areas (compared with the
other observation periods) are classified as unstable. The observed pattern implies that the data of 2014
are the reason for it. Therefore, the DEM difference between 2013 and 2015 (Figure A.34) is considered
here to confirm this. In this period those areas are classified as stable, which means that the data of 2014
are the reason for this pattern. Regarding the systematic uncertainties for the period 2014-2015 one can
see that the mean annual elevation difference (MED) as well as the residual shifts (Ay and dh) are quite
high, only the periods 2005-2015 and 2015-2017 show higher values. This implies that the accuracy of
the DEM difference 2014-2015 is not that good as the one for 2013-2015, which shows smaller values.

Furthermore, some limitations interpreting DEM differences can occur especially in proglacial ar-
eas. Detected elevation changes can either be caused by erosion/deposition, horizontal shifts or degra-
dation/aggradation of ice. Additionally, those processes can overlay each other, which makes it even
harder to identify geomorphological processes from DEM differences. Especially for calculating sedi-
ment budgets these leads to problems (Carrivick and Heckmann, 2017; Ruff, 2015). One possibility to
address for these problems is to classify the DEM Difference with the local or focal standard deviation.
Theoretically, ice melt should be dividable from erosion through a homogeneous pattern (Carrivick and
Heckmann, 2017).

Image Correlation (CIAS)
The image correlation Software CIAS provides a user-friendly opportunity to determine horizontal move-

ments from grey-scale orthoimages or shaded reliefs. The software has been applied to a variety of fea-
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tures like glaciers, rockglaciers and landslides (Kiéb, 2002). With CIAS horizontal displacements with
in range of the pixel size of the input data are detectable, whereas for sub-pixel other algorithms should
be used. The accuracy of image correlation does not depend on the precision of the applied algorithm, but
mainly on the terrain properties on which the algorithm is used (Kiéb, 2002; Kéidb and Vollmer, 2000).
The parameters of the image correlation (reference block, test area size and grid size) have to be chosen
according to the expected maximum shift and the characteristics of the surface. The last-mentioned is
challenging in this study as the surface of the area of interest consist of smooth terrain (glacier and veg-
etated areas) as well as rough terrain (moraine, debris). To improve the input data some filters can be
applied in advance for a better contrast in the shaded reliefs (K&éb, 2002; Kéédb and Vollmer, 2000).

During the analyses of the DEM differences and the image correlation a difference between the laser
data (2005, 2009 and 2010) and the photogrammetry data (2013, 2014, 2015 and 2017) are observable.
The laser data show less noise in the to be considered stable terrain on the hillslopes compared with the
photogrammetry data. This can originate from shadow effects during the acquiring of the (aerial) photos
or from the coarser resolution of the aerial photos than the laser point cloud (Kéib, 2005a; Miiller et al.,
2014b)
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7. Conclusion and Outlook

7.1 Conclusion

This Master’s thesis investigated the evolution of a moraine-breaching landslide in the recently deglaciated
area of the Findelengletscher. The aim was describe and quantify the evolution of the landslide and the
one of the glacier and the moraine in relation to the landslide. To achieve these goals a multi-temporal
Digital Elevation Models (DEMs) with a resolution of one meter were used. The uncertainty assessment
showed that the systematic and stochastic uncertainties are in the subpixel range, which enables the study
of such a small scale area. Further, the melting rates between from the landslide affected glacier part and
the bare glacier are compared with each other over one summer. Therefore, some glaciological field

measurements were conducted during this time period.

RQ1: How is the evolution of the landslide since the occurrence?

The landslide is firstly recognizable in 2009. The active part of the landslide is clearly visible within
the DEM difference as well as within the image correlation for each observation period. The movement
of the landslide body is a continuous down-sliding towards the glacier. After the initial release, the
upper part of the landslide area has been stabilized, whereas the lower part is still active. However, the
horizontal and vertical displacements have decreased with time. The maximal vertical as well as the
maximal horizontal change are detected between 2009 and 2010 with -10m/a respectively 33m/a.

Since 2013 a mound between the glacier and the landslide is visible. In the following years he gets
shifted towards the glacier middle continuously. Along the profiles a maximum total shift of the channel
of 30m from 2013 until 2017 can be observed. The surface lowering on the mound is increasing during
the observation periods to around 5.5m/a in the last period, which is less than on the glacier. The differ-
ence in the elevation loss leads to height gain of the mound towards the glacier of 3-5m from 2013 to
2017. The highest elevation loss occurs, where clean ice (ice cliffs) are visible. Regarding the horizontal
movements the mound is displaced in west and southwest direction with small or medium magnitudes
(3.1-15m/a). In contrast to the surface lowering is the magnitude of the horizontal displacement decreas-

ing with time.

RQ2: How is the evolution of the glacier and the moraine in relation to the landslide?

The extent of the glacier is good detectable in the DEM differences as zone with medium to high elevation
loss (>-2m/a), whereby the frontal part shows the highest surface lowering. From 2005 to 2017 the
glacier have retreated about 500m and have lost about 200m of his width. On the glacier tongue mean

elevation change is declining from -4.71m/a towards -7.10m/a from 2005 to 2017.
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The lateral moraine can be divided into two zones: a top zone (gullies) and a foot zone (zone be-
tween gullies and glacier). First-mentioned is not investigate as the initial analyses showed no or only
small changes over the covered observation periods, whereas the foot zone evolve during this time. In
the Moraine-Foot zone down-glacier from the landslide the unstable area is retreating with the glacier.
The extent of the unstable area detected by the DEM differences correspond with the image correlation.
Both methods show a continuous surface lowering respectively down sliding/creeping. The elevation
loss is higher in the lower part near the glacier due to the melting of dead-ice. In the Moraine-Foot zone
up-glacier from the landslide the qualitative analyses showed a line (Moving Line) dividing somehow
this zone. In the image correlation one can see that this line corresponds with the extent of the west-
wards movement of the lower part of the moraine-foot zone. This implies that the underlying ice is
still connected with the glacier and flows with it. Between the Moving line and the upper extent of the
Moving-Foot zone the similar evolution as down-glacier from the landslide are observable. The western
movement of the bulge is decreasing during the observation periods starting with more than 20m/a for
the period 2009-2010 declining to 13m/a for the last period.

RQ3: How does the landslide affect the glacier in relation to melting and moving?

During the field campaign (13" July - 21* September) the ablation on the mound and on the glacier have
been measured with ablation stakes. On the glacier a melt of 4.05m is determined, whereas the melt on
the mound is reduced due to the debris cover. A debris cover of 15-25cm thickness leads to half of the
melt compared with the one on bare ice. For a debris thickness of 30cm a reduction of 78% have been
observed. Further, the position of the ablation stakes on the mound are measured with the dGPS in the
beginning and in the end of the field campaign. The results show a southwest or west orientation of the
movement with magnitudes ranging from 1.92 to 2.26m. Within the horizontal movement no trend with

the debris thickness is observable.

This study showed the usability of multi-temporal DEMs to investigate geomorphological changes.
The good data coverage of the investigation area made it possible to follow the evolution of the landslide,
the lateral moraine and the glacier. However, while working with the remote sensing data, the conducted
fieldwork and sighting of the area helped to understand the observed patterns.

The on-going glacier recession leave a landscape of unconsolidated glacial sediments vulnerable to
be re-worked by geomorphological processes. The a sudden, down-stream evacuation of those sediments
can be dangerous for settlements and other infrastructure. Therefore, it is important to understand the
evolution and the included processes within such recently deglaciated areas. Until today only little is
known about the evolution of the lateral moraines and the hillslopes of those landscapes, most of the
proglacial studies focused on the proglacial stream network as this evacuates the sediments. However,
Cossart and Fort (2008) and Carrivick and Heckmann (2017) showed that the connectivity of the stream

network with the hillslopes is also important to determine sediment budgets and cascades.
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7.2 Outlook

This study opens the possibilities for further research. First of all one could continue to track the evolu-
tion of the identified features, which is possible if the good data coverage of the Findelengletscher goes
on. Especially, the future of the mound seems to be an interesting question. Regarding the ice content of
the mound and the moraine some Ground-Penetrating radar investigations might bring some clearance
to the extent and thickness of it. Concerning the evolution of the glacier it will be interesting to see if
the glacier tongue collapse at a certain point in time as a depression in the glacier surface on the left side
was observable in 2017. Further, it would be interesting to see how the evolution of the mound changed
the hydrological system of the glacier.

In a broader spectrum it would be interesting to compare the evolution of Findelengletscher sur-
rounding with the evolution around other glaciers. With the on-going climate change glaciers will further
retreat and exposing new landscapes. According to the hazard potential of those areas it is crucial to as-
sess their stability and evolution to may estimate the hazard potential for settlements and infrastructure.
Recording and quantifying is the starting point to may be able to model and predict the evolution of those

landscapes.
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A. Appendix

A.1 Field Measurements and Photographs 2017

Figure A.1: Ice cliff on the mound with the clean-ice =~ Figure A.2: Channel between the mound and the land-
exposed to the moraine (2017) slide (2017)

Figure A.3: Surface of the mound (2017)
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Figure A.5: Daily max solar radiation during the Field Campaign

A.2 Ablation Measurements Findelengletscher
Time Period Measured Mass Balance Time Period Measured Mass Balance
Melt [m] [m w.e.] Melt [m] [m w.e.]
2004 - 2005 -4.60 -4.14 2011 - 2012 -6.68 -6.01
2005 - 2006 -4.40 -3.96 2012 -2013 -5.54 -4.91
2007 - 2008 -3.55 -3.20 2013 - 2014 -3.96 -5.16
2008 - 2009 -2.55 -2.30 2014 - 2015 -8.04 -7.23
2009 - 2010 -6.64 -5.97 2016 - 2017 -6.83 -6.15

Table A.1: Measured Melting and Mass Balance at stake 6 (Fi-200 from the Findelen-Measurement-Network)
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A.3 Shaded Reliefs of the Study Area

Figure A.6: Shaded Relief of 2005

629600 629700+ 6310007831100 631200

E o~ i
. e
2 2
g 1 - 2
2 y 2
g 4 Fel 2
£ A~ Tl £
2
2T e = 2
2 - 2 2
@ ! { @
= =l
g g
2 2
& - &
= =l
g g
A iz
8 & el &
2
g
2
g
g

a5400"

a5300"

: -‘i.\\w')ll'iﬂllll“ilﬁ& T i g

T - - T
S — o o PR w— B RS S———— p— S oo S, W p————

Figure A.7: Shaded Relief of 2009
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Figure A.9: Shaded Relief of 2013
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Figure A.10: Shaded Relief of 2014
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Figure A.11: Shaded Relief of 2015
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Figure A.12: Shaded Relief of 2017

A.4 Zones for the different years
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Figure A.13: Shaded Relief of 2005 with the Glacier and the Moraine-Foot Zone
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Figure A.14: Shaded Relief of 2009 with the Glacier, the Moraine-Foot Zone and the Slide-
Area
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Figure A.15: Shaded Relief of 2010 with the Glacier, the Moraine-Foot Zone and the Slide-
Area
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Figure A.16: Shaded Relief of 2013 with the Glacier, the Moraine-Foot Zone, the Mound
and the Slide-Area
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Figure A.17: Shaded Relief of 2014 with the Glacier, the Moraine-Foot Zone, the Mound
and the Slide-Area
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Figure A.18: Shaded Relief of 2015 with the Glacier, the Moraine-Foot Zone, the Mound

and the Slide-Area
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Figure A.19: Shaded Relief of 2017 with the Glacier, the Moraine-Foot Zone, the Mound

and the Slide-Area
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A.5

Profile Lines
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Figure A.20: Elevation along Profile A for each observation year
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Figure A.21: Elevation along Profile B for each observation year
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Figure A.22: Elevation along Profile C for each observation year
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Figure A.23: Elevation along Profile D for each observation year
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Figure A.24: Elevation along Profile E for each observation year
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Figure A.25: Elevation along Profile F for each observation year
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Figure A.26: Elevation along Profile G for each observation year
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Figure A.27: Elevation along Profile H for each observation year
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A.6 Elevation Differences
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Figure A.28: Elevation change 2005-2009
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Figure A.29: Elevation change 2009-2010
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Figure A.31: Elevation change 2013-2014

122



A. Appendix

" 96000

- a5g00 "

Elevation
change [m/a]

[ ]-199-04
= | |-029-04

98000

95900

o

g
g
g
2
2
g
s
g
o
2

el

§ "

4| Features

g g

==== 2014 Moving Line ==== 2015 Moving Line

g1 [Joutines 2014  [__] Outlines 2015

2

[ p— | A T 53010‘0
Figure A.32: Elevation change 2014-2015
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Figure A.33: Elevation change 2015-2017
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Figure A.34: Annual elevation change from 2013 to 2015
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Figure A.35: Area for volume change 2005 - 2009

Figure A.36: Area for volume change 2009 - 2010
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Figure A.39: Area for volume change 2014 - 2015

Figure A.40: Area for volume change 2015 - 2017
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A.8 Point Tracking
Time Period Ax[m] Ay[m] Horizontal Shift [m] Direction [°]
2009 to 2010 -22.09 -34.73 41.15 212.46
2010 to 2013 -45.64 -74.22 87.13 211.59
Tg) 2013 to 2014 -7.14 -15.88 17.41 204.22
Z 2014 to 2015 -7.94 -12.7 14.98 212.01
2015 to 2016 -4.37 -10.72 11.57 202.17
2016 to 2017 -4.37 -7.14 8.37 211.43
2009 to 2010 -17.33 -18.45 25.32 223.2
2010 to 2013 -45.64 -54.37 70.99 220.01
g 2013 to 2014 -9.92 -16.27 19.05 211.37
Z 2014 to 2015 -3.97 -16.67 17.13 193.39
2015 to 2016 -5.95 -11.91 13.31 206.56
2016 to 2017 -3.18 -9.92 10.42 197.74
2009 to 2010 -26.86 -11.71 29.30 246.44
2010 to 2013 -9.92 -16.67 19.40 210.76
E 2013 t0 2014 -5.56 -6.35 8.44 221.19
Z 2014 to 2015 -6.54 -5.49 8.54 229.97
2015 to 2016 -7.83 -5.08 9.34 237.03
2016 to 2017 -5.72 -4.45 7.24 232.13
2009 to 2010 -17.30 -12.96 21.62 233.16
2010 to 2013 -25.82 -28.36 38.36 222.32
E 2013 to 2014 -10.37 -2.75 10.73 255.14
% 2014 to 2015 -12.91 -4.23 13.59 251.85
2015 to 2016 -17.78 -5.50 18.61 252.80
2016 to 2017 -21.59 -10.80 24.14 243.44
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2009 to 2010 -2.67 -1.3 297 244.12
2010 to 2013 -5.72 -6.14 8.39 222.95
g 2013 t0 2014 -1.06 -4.45 4.57 193.39
Z 2014 to 2015 1.27 -4.02 4.22 162.47
2015 to 2016 -4.87 -6.56 8.17 216.57
2016 to 2017 -1.67 -4.64 4.93 199.75
2009 to 2010 -24.26 -1.87 24.33 265.59
2010 to 2013 -65.09 -5.56 65.32 265.12
é 2013 to 2014 -20.64 -7.54 21.97 249.93
Z 2014 to 2015 -15.88 -7.94 17.75 243.43
2015 to0 2016 -15.08 -4.76 15.82 252.47
2016 to 2017 -10.32 -7.54 12.78 233.84
2009 to 2010 -21.48 -0.28 21.49 269.24
2010 to 2013 -54.77 -3.57 54.89 266.27
10\8) 2013 to 2014 -18.65 -3.97 19.07 257.99
Z 2014 to 2015 -13.89 -5.16 14.82 249.62
2015 to0 2016 -14.29 -5.56 15.33 248.75
2016 to 2017 -12.70 -3.18 13.09 255.96
2013 to 2014 -9.13 -15.08 17.63 211.18
2014 to 2015 -8.73 -16.67 18.82 207.65
cg 2015 to0 2016 -9.13 -11.11 14.38 219.40
Z 2016 to 2017 -3.97 -8.73 9.59 204.44
2010 to 2013 -39.95 -32.54 51.53 230.83
2013 to 2014 -10.85 -11.11 15.53 22431
Cé 2014 to 2015 -17.46 -15.08 23.07 229.18
% 2015 t0 2016 -22.23 -9.79 24.29 246.23
2016 to 2017 -13.49 -9.26 16.37 235.54

Table A.2: Horizontal Displacement of the tracked boulders
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A.9 Image Correlation (CIAS)
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Figure A.42: Signal-to-Noise ratio between 2009 and 2010
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Figure A.44: Signal-to-Noise ratio between 2013 and 2014
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Figure A.46: Signal-to-Noise ratio between 2015 and 2017
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Figure A.47: Annual horizontal movement between 2005 and 2009 (Arrow = orientation of the dis-
placement, color = magnitude of the displacement)
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Figure A.48: Horizontal movement between 2009 and 2010 (Arrow = orientation of the displacement,
color = magnitude of the displacement)

131



A. Appendix

629500 ° 6287007+ 629800°° " 629800°° " £30000° " 6301007+

£30200°°°° 63030077 * 630400°** 6305007+ 63060077 6307007 63080077 6309006210007 3110077 6312007
1 1 1

95900 96000

95800

95500 95600

95400

95300

- T s T P
2 s s e . 45 H_orizontal
- - e - Displacement [m/a]
b -
g o 1.0-3.0
31-80
: ; -
2 ik - +81-150
X 4 15.1-220
po=22
el e
2
2 i
G A
= e e
2 3 A
n 5 A
g o e
i 5 2 =
pe = i
I
. Features 1 T
| f i - e £
| mm== 2010 Moving Ling ==== 2013 Moving Line ! b td ;_‘ 4 T o
. Lo N3 " T e f
[ outines 2010 [__] Qutlines 2013 > EWT' 9 3 P
SR S SN A RS — SR S A— FE—— . S A SR

95100

Figure A.49: Annual horizontal movement between 2010 and 2013 (Arrow = orientation of the dis-

placement, color = magnitude of the displacement)
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Figure A.50: Horizontal movement between 2013 and 2014 (Arrow = orientation of the displacement,

color = magnitude of the displacement)
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Figure A.51: Horizontal movement between 2014 and 2015 (Arrow = orientation of the displacement,
color = magnitude of the displacement)
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Figure A.52: Annual horizontal movement between 2015 and 2017 (Arrow = orientation of the dis-
placement, color = magnitude of the displacement)
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Figure A.53: Direction of the movement within the Glacier Area
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Figure A.54: Direction of the movement within the Slide Area
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Figure A.55: Direction of the movement within the Mound
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Figure A.56: Direction of the movement within the Moraine-Foot Zone
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