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Abstract

The study of permafrost-related landforms such as rock glaciers is fundamental for gaining insights into the
impacts of climate change on high mountain regions. Despite extensive research into the annual kinematics
of these geomorphological forms over the past two decades, their behaviour on a seasonal scale remains
poorly studied and understood. This thesis aims to address this research gap by investigating the intra-annual
kinematics of four rock glaciers in the Southern Swiss Alps (Canton Ticino). Three dGNSS and UAV-
photogrammetry surveys were conducted during the warm season on four selected sites: Stabbio di Largario,
Piancabella, Monte Prosa and Ganoni di Schenadii. Horizontal displacements between surveys were
computed using dGNSS punctual measurements on big boulders, while horizontal displacements and
thickness changes were derived for all the surface from UAV-photogrammetry products, orthomosaics and
dense point clouds, using the NCC algorithm (CIAS) and M3C2 algorithm (CloudCompare), respectively.

The integration of UAV-photogrammetry together with dGNSS measurements allowed to gain more and
reliable information on the intra-annual kinematics, highlighting significant spatial and temporal differences
in velocity within individual rock glaciers and among them. Notably, Ganoni di Schenadiii exhibited rapid
response after snowmelt at the onset of summer, while Stabbio di Largario and Monte Prosa displayed
delayed reactions, with gradual acceleration observed during the early autumn. A noteworthy subsidence up
to 50-60 cm over three months was detected close to a longitudinal furrow in the upper part of Monte Prosa.
At the same time, a partial collapse of the front was documented at Stabbio di Largario.

These observations, consistent with previous research, offer preliminary insight into the potential triggers of
these dynamic responses, which include, for example, the structure of rock glaciers themselves and their
microtopography, as well as their internal thermal conditions and external climate-related factors such as
snow cover, temperature variations and precipitations. This makes it possible to make initial assumptions
about the condition of individual rock glaciers and the processes that might occur, such as ice melting or
deformation due to material loading.

Continuing this type of measurement in the coming years, together with geophysical and hydrological
investigations, will be crucial for a better understanding of the processes and factors that influence rock

glacier kinematics.
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1 Introduction

1.1 General context

High mountain regions, characterised by glacial and periglacial environments, constitute some of the Earth's
most vulnerable and dynamic environments (Terzi et al., 2019; Immerzeel et al., 2020; Chakraborty, 2021). In
these areas, elements like glaciers and permafrost are significantly impacted by climatic forcing due to their
proximity to melting conditions and have recently changed at a rate never seen during the Holocene,
therefore suggesting a dominant anthropogenic component (Haeberli & Beniston, 1998; Haeberli &
Hohmann, 2008; Abermann et al., 2010; Brighenti et al., 2019; Cusicanqui et al., 2021; Haeberli et al., 2024).
European Alps, which lie at a climatic crossroad, including continental, oceanic, polar, Mediterranean and
sometimes Saharan influences (Beniston, 2006), experienced a temperature rise of about 2°C between the
late 1800s and the beginning of the 21st century, which is twice the global and European average (Brighenti
et al., 2019). This indicates that these environments are essentially unstable and undergo significant changes
over geologically short time intervals in response to climatic events (Rahbek et al., 2019). For this reason,
mountain environments are considered early warning areas of global warming (Brighenti et al., 2019). Given
the significant vulnerability of these environments and following future climate scenarios, these regions will
continue their changing processes (Terzi et al., 2019). It is estimated that in the first half of the 21st century,
air temperature in the Alpine arc will increase by a further 1.5°C and by 3.3°C by the end of the century, with
the most significant changes at higher altitudes (Brighenti et al., 2019). Overall, by the end of the century,
there will be consequences both for the environment and consequently also for society, such as changes in
the landscape, water cycle, loss of biodiversity and ecosystem services, as well as damage to the local
economy (Beniston et al., 2018; Terzi et al., 2019). Climate change and the resulting changes in snow and ice
melt will cause runoff regimes to move from glacial to nival and from nival to pluvial, as well as create a shift
in the timing of discharge maxima (Beniston et al., 2018). This will have a significant effect on the seasonality
of high-altitude water availability which, in turn, will have implications on managing and storing water in
reservoirs for irrigation, hydropower generation, and drinking (Beniston et al., 2018; Brighenti et al., 2019).
Moreover, human safety, which is related to the risk of natural hazards, is also increasingly threatened.
Mountain slopes have become unstable due to glacier retreat and permafrost thawing, posing a threat to
human facilities and inhabitants (Buchli et al., 2018; Cusicanqui et al., 2021). In such mountainous areas, the
interaction of various processes relating to snow, ice melting, permafrost thawing, and water availability,
which are frequently exacerbated by the steepness of the terrain, will probably cause mass movements and
process chains that have not been documented in historical times (Beniston et al., 2018; Cusicanqui et al.,

2021).



If the impact of ongoing climate change is easily visible and measurable for glaciers, the same cannot be said
for permafrost. In fact, unlike glaciers, permafrost is less connected to the atmosphere because its thermal
regime is mediated by topography, surface water, groundwater, soil properties, vegetation, and snow. The
different interactions between these components can lead to positive and negative feedbacks regarding

permafrost stability (Jorgenson et al., 2010).

This master thesis is part of the study of permafrost and its degradation, which is exacerbated by ongoing
climate change. It aims to improve the knowledge of the intra-annual kinematics of rock glaciers and the

possible factors and mechanisms that can influence their variability.

1.2 Permafrost

Permafrost refers to ground material (soil, loose debris or rock unrelated to the ice content and organic
material) that has remained at or below 0°C for two or more consecutive years (Kaufmann et al., 2021). Since
the definition is purely thermal, permafrost may, but does not have to, contain water in a liquid or solid state
(Gruber & Haeberli, 2008). Above the permafrost body lies an active layer that shows a seasonal cycle of
freezing and thawing and, on average, measures a few centimetres but can reach depths of several meters
(Haeberli et al., 2006; Dobinski, 2020). Permafrost is typical of glacial and periglacial regions. Therefore, it can
be found at high latitudes and high alpine altitudes (Figure 1). According to Krautblatter et al. (2018), at Alpine
level, permafrost covers approximately 6200 km?, compared to approximately 2000 km? covered by glaciers.
In Switzerland, which is the Alpine country with the highest percentage of permafrost (about 35%), this
proportion is estimated to be between 3% (Haberkorn et al., 2021) and 5% (Federal Office for the Environment
FOEN, 2005) of the surface area. In the Southern Swiss Alps (Canton Ticino and Region Moesa in Canton
Graubiinden), it has been calculated that approximately 265 km?, i.e. 9% of the surface area, have a

probability of permafrost occurrence of more than 50% (Deluigi & Scapozza, 2020) (Figure 2).
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Figure 2: Probability of permafrost occurrence in the Southern Swiss Alps (Deluigi & Scapozza 2020).

Permafrost in mountain regions is considered to have a strong spatial variability that depends on many factors
such as (1) elevation and other geometric factors such as slope, aspect and roughness, (2) composition and
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thickness of subsurface material, (3) water availability, (4) snow cover as well as (5) surface micro-climatology
(Gruber & Haeberli, 2008). The occurrence and characteristics of permafrost, which depend on these
elements, are significantly impacted by atmospheric temperature rise because of its thermal conditions,
which are closed to melting or thawing temperatures and seem to be more prominent in cold mountain
regions than on a global average (Gartner-Roer et al., 2022). In fact, in the last two decades, the (Swiss) Alps
have experienced increased ground temperatures, active layer thickening and varying ice- and water contents
(Haberkorn et al., 2021). For example, over the past decade, the mean ground surface temperature measured

in the Southern Swiss Alps has increased by 0.7°C (Del Siro et al., 2023a).

Since the end of the last century, and since permafrost was identified as one of the six cryospheric indicators
of global climate change within the Global Climate Observing System (GCOS) monitoring framework of the
World Meteorological Organization (Harris et al., 2003), there has been a need to improve knowledge about
the distribution of mountain permafrost, its thermal state and thickness, and how it might react in a
constantly changing climate (Etzelmiiller et al., 2020). For this reason, in the 1990s and through a pilot phase
in the early 2000s, the Swiss Permafrost Monitoring Network, known as PERMQOS, took shape (Vonder Mihll
et al., 2008). This network ensures long-term mountain permafrost monitoring through a variety of methods,
including ground surface temperature observations, borehole temperature logging, geophysical
investigations (electrical resistivity tomography), and terrestrial geodetical slope deformation monitoring
using devices like total stations and Global Navigation Satellite System (GNSS) receivers (Haberkorn et al.,
2021; Kellerer-Pirklbauer et al., 2024). Data are sent to PERMOS by six Swiss research institutes responsible
for monitoring permafrost in different regions of the country. In Southern Swiss Alps, the "Gruppo Permafrost
Ticino", consisting of researchers from the SUPSI Institute of Earth Sciences in Mendrisio and the Cantonal

administration, is responsible for monitoring this cryosphere component.

1.3 Rock glaciers

1.3.1 Rock glacier definition

The rock glacier is one of the most visible manifestations of permafrost in the high mountains (Haeberli, 1985;
Barsch, 1996) (Figure 3). Rock glaciers, which are generated by unconsolidated and ice-supersaturated debris
under permafrost conditions, are commonly recognised as creep phenomena of mountain permafrost (Wirz
et al., 2016; Zahs et al., 2019; RGIK, 2021). They are believed to hold a significant portion of mountain ground
ice, making them significant geomorphological markers of the existence and extent of mountain permafrost
and a crucial component of the periglacial cryosphere landscape in high mountain areas (Zahs et al., 2019).
They are classified as active, transitional and relict based on their activity and ice content (Fey & Krainer,

2020). The active ones are composed of a mixture of ice and debris and creep downslope. Generally, the ice
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content varies between 50-90%, and the body of the rock glacier is permeable, meaning air voids occur inside
it, and water can flow through it (Wirz et al., 2016). These landforms are defined by their characteristic
morphology, which includes long-term cohesive creep with reduced internal friction (RGIK, 2021; Gartner-
Roer et al., 2022), convex shape with oversteepened fronts as well as longitudinal and transverse furrows and
ridges (Wirz et al., 2016; Kaufmann et al., 2021) caused by continued advance. Furthermore, they are
characterised by their composition of talus or debris with variable but generally high (excess) ice contents
and their complex flow behaviour is affected by negative subsurface temperatures and highly anisotropic
material properties (Gartner-Roer et al., 2022). A graphical illustration made by Cicoira et al. (2021) can be
seen in Figure 4. The transitional rock glaciers still contain ice and debris but no longer move. In contrast, the
relicts no longer contain ice, are generally covered by vegetation and show collapse structures on the surface

(Barsch, 1996).

Figure 3: Drone image of the Ganoni di Scheandiii rock glacier, Cadlimo Valley. Date: 01.09.2023



Internal structure Temperature Ice-debris content Displacement

. E . 1 — ! 3
3 1. Active {09 100 %! ! i
layer i ] I :
— m— — — PR, f— P [— —_—
e I [ | I
< : |
| I jlee | |
>° ] [} I :
o | ! I
o, : | i | I
2. Ice-rich ! I ‘ :
core : Iy : I
| Debris ; % | I
i |
Depth of zero : I : I .
annual amplitude | | i' | I Pl
10 to 20m j i | \ ! P4
I H | ! ;o
I \ /.' I | A
] i P ‘ 5 {17
3. Shear I .'" \ I |
horizon | i ) | Yy
i | . | ¥
| ™y 7 | {
4. Debris or : VAN | i
bedrock | # = i
; ! . i

Figure 4: Graphical illustration of conceptualised vertical profiles in a rock glacier. From left to right internal structure, ground
temperatures, material composition and displacements profiles are shown (Cicoira et al., 2021).

In Switzerland, the first detailed description of a rock glacier, then seen as a strange relief shape and called a
“block flow”, was made by André Chaix about a century ago (Chaix, 1923). He observed these
geomorphological figures in the Lower Engadin region. It was mainly a qualitative description. However, Chaix
(1923) observed and calculated the movement of these “block flows” using basic methods. The researcher
understood that progression occurs as in glaciers (or fluids in general) but curiously did not assume the
presence of ice within these forms. After Chaix's observations, over decades, rock glaciers were assumed to
move down the slope at a steady rate, moved by gravity and nearly wholly independent of any external effect.
It is only since the 1980s that kinematic investigations have shown strong interannual and seasonal variability
in rock glacier flow velocities (Haeberli, 1985), renewing the interest in their dynamics and their driving
processes (Cicoira et al., 2021). At that time, PERMOS took shape, and towards the beginning of the 2000s,
systematic monitoring of a significant number of scattered rock glaciers in the Swiss Alps began. At present,
there is no complete inventory of all rock glaciers in the Alps; however, considering only the Swiss Alps, more

than 2000 active landforms are estimated (Delaloye et al., 2010).

1.3.2 Rock glacier kinematics

Monitoring rock glacier kinematics involves observing the viscous flow of these geomorphological landforms,
visible on its surface, and its variability over time (RGIK, 2021). This means quantifying movement, which, in
the case of rock glaciers, is determined by changes in surface geometry, horizontal and vertical (Delaloye et

al., 2010). Permafrost creep, permafrost slide, zonal thinning or thickening, advection of surface
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microtopography, three-dimensional (3D) straining, general mass changes (heaving or settlement), and
horizontal shearing and rotation are all examples of rock glacier deformation processes (Delaloye et al., 2010;

Zahs et al., 2019).

Typically, rock glaciers creep downwards with horizontal velocities in the range of centimetres to metres per
year (Zahs et al., 2019; Gartner-Roer et al., 2022), and these displacements, that can vary over time and space
and in magnitude (Vivero & Lambiel, 2019), are thought to depend on a combination of factors such as slope,
ice content, differential sediment evacuation or accumulation rates, deformation layer thickness, water input,
internal composition, temperatures (which influence the rheological behaviour) and shear stresses (Zahs et
al., 2019; Cicoira et al., 2021), with some of them influenced by external factors associated with the climatic
variables (Bertone et al., 2023). However, it is essential to underline that not all parts of the rock glacier
deform similarly. According to Wirz et al. (2015), studies on borehole deformation measurements in rock
glaciers show that within the permafrost body, there are thin layers called shear horizons, with very different
rheological properties, for example, with low viscosity, where 50-97% of the horizontal deformation occurs
(Figure 4). It is also argued that the internal deformation process does not occur below these shear horizons,
while only limited internal deformation occurs above them. Statistical and numerical modelling based on
comprehensive kinematic data have been utilised to link the observed temporal variations in creep velocities
to climate forcing such as air and ground temperature, snow melt, and liquid precipitation (Cicoira et al.,

2021).

1.3.3 Importance of monitoring rock glacier kinematics

In addition to the mentioned mechanical processes, there are different scientific reasons for monitoring rock
glacier kinematics. These include climate change impact assessment, sediment transfer balance, geological
hazard management and mass balance study, namely ice storage evolution (RGIK, 2021; Gartner-Roer et al.,
2022). As slopes with potential instability and reservoirs of frozen water, rock glaciers and their dynamics have
increased in importance in climate change investigations over recent years. Anticipated increases in average
annual temperatures are believed to cause alterations to surface and subsurface dynamics at various time
scales (ranging from weekly to decadal), depending on the conditions found at each different site (Zahs et al.,

2019).

The climate change impact assessment probably remains the most important reason to monitor rock glacier
kinematics, with climate influencing most of the abovementioned processes. Indeed, as argued by RGIK
(2022), the movement of rock glaciers is susceptible to changes in permafrost temperature. They are
important features in understanding the response of the high-altitude cryosphere to climate change since

they are abundant in many weakly glaciated mountain locations worldwide (Bodin et al., 2018). By updating
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and comparing the inventories of various rock glaciers of different regions, which usually include information
on the kinematics in a well-defined time frame, the impact of ongoing climate change on the mountain
periglacial environment can be assessed (Haberkorn et al., 2021). Recognising and understanding how
permafrost responds to climate change is very important for the scientific community and society as a whole

(Bodin et al., 2015).

Closely related to permafrost temperature change are geological hazards, which can threaten society and its
activities and infrastructures (RGIK, 2022). Any change in the flow rate of permafrost can alter the supply of
loose material at the rock glacier front and influence the frequency, the magnitude and even the nature of
associated slope instabilities (Delaloye et al., 2008). In this context, and considering the climate warming
trend, there is an increasing demand for reliable and up-to-date data on the development of the permafrost
environment at high altitudes (Delaloye et al., 2008). The study of rock glaciers, although insufficient to fully
understand the complex issue of permafrost degradation in periglacial regions, can provide clues to the
presence or absence of permafrost in a given area (RGIK, 2022). This could also help in understanding how
much water is stored underground. Indeed, with the reduction of glaciers and snow cover in the Alpine arc,
the supply of water from rock glaciers (and periglacial areas in general), which are believed to be more
resilient to climate change (Pruessner et al., 2022), could play a critical role. In fact, from the middle of the
current century, in the European Alps, the ice volume present in the ground could be greater than the volume
of surface ice (Haeberli et al., 2017). Furthermore, as suggested by Pruessner et al. (2022), by the end of the
21st century, runoff from thawing permafrost could represent between 5-12% of the monthly runoff of a

catchment, reaching peaks of 50% in the most extreme years.

1.3.4 Temporal variability of rock glacier kinematics

The measurement and interpretation of the surface kinematics of rock glaciers on different time scales have
been an important field of research for several decades (Cusicanqui et al., 2021). Three types of temporal
variability of surface movement are superimposed and respond to variations in different environmental
variables such as temperature and water supply: decadal or multi-decadal fluctuations, inter-annual
variations and seasonal or intra-annual trends (Delaloye et al., 2008). In recent decades, the kinematics of
rock glaciers have been studied mainly through tachymetric surveying and differential GPS. More recently,
with the rapid development of sensors and software and the increase in computing capabilities, remote
sensing techniques such as differential interferometry, terrestrial laser scanning and unmanned aerial vehicle

(UAV) have been used increasingly (Fey & Krainer, 2020).

High-resolution kinematic measurements reveal significant seasonal and interannual fluctuations in rock

glacier creep. These variations, along with the shearing process, are impacted by how climate affects
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subsurface water conditions and ground temperature (Cicoira et al., 2019; Kaufmann et al., 2021). An increase
in shear temperatures causes a rise in the amount of unfrozen water, which amplifies the lubricating action
and releases more shear stress (Wang et al., 2023). According to Haberkorn et al. (2021), short-term
acceleration is due to an increased water content within rock glaciers caused by intense summer
precipitation. In contrast, throughout the year, the speed of rock glaciers is determined more by the freezing
duration of the active layer, which controls the water balance. Despite these explanations concerning the role
of temperature and water, clear evidence of the processes and the mechanisms linking them to rock glacier
acceleration remains rare (Kenner et al., 2017). Similarly, Delaloye et al. (2008) highlight the need for more
documentation of short-term (interannual and seasonal) variations to improve the understanding of how fast,
where and how they deform (Bodin et al., 2018). To date, much importance has been given to rock glaciers
creeping or surface height changes, whereas volume changes have received less attention (e.g., Halla et al.,
2021; Kaufmann et al., 2021; Vivero et al., 2021; Vivero and Lambiel, 2019). According to Abermann et al.
(2010), volumetric changes are mainly due to the dynamics of the rock glaciers themselves. However, the
thinning of these geomorphological forms is generally attributed to ice melt, although the contribution of

rocks from the above walls can play a very important role (Cusicanqui et al., 2021).

As seen, the processes and interactions that lead to observable changes in the surface topography of a rock
glacier have different spatial, temporal and magnitude characteristics (Zahs et al., 2019). Quantifying these
changes, as well as knowing the relationship between the aforementioned processes, requires multi-temporal
datasets spanning from decades to several months or days (depending on the purpose) and which can capture
processes down to a few centimetres. This requires measurements and 3D reconstructions of the surface that

are sufficiently accurate and precise (Zahs et al., 2019).

1.4 Regional rock glacier and permafrost studies

The thermal state and kinematics of rock glaciers in Canton Ticino have been monitored annually since 2006
and 2009 respectively. It was first monitored by the Geography Institute of the University of Lausanne (until
2012), and later by the Earth Sciences Institute of SUPSI, with the support of PERMOS and the Cantonal
Museum of Natural History in Lugano (Del Siro et al., 2023a). As far as the Monte Prosa A rock glacier is
concerned, it is still monitored by the geomorphology research group of the University of Fribourg. The data
collected and the consequent results (excluding those of Monte Prosa A) are summarised in six reports
entitled "Il Permafrost nelle Alpi Ticinesi" (Mari et al., 2012; Scapozza et al., 2014b, 2016, 2018, 2020; Del Siro
et al., 2023a). During these years, mainly two types of measurements were carried out: geodetic point
measurements and thermal measurements of the ground surface. In addition, in 2011, an attempt was made

to compile a cadastre of ground movements in permafrost zones in the Swiss Southern Alps, in particular in



Canton Ticino, using satellite radar interferometry (InSAR) (Mari et al., 2011). This work made it possible to
inventory 178 active areas, 76 of which are in the Alpine permafrost zone, catalogued as active rock glaciers.
A few vyears later, Scapozza et al. (2014b), using the Schmidt-Hammer technique, as well as
monophotogrammetry, calculated the age and horizontal velocities for the rock glacier Stabbio di Largario on
a very long time scale. They estimated a front age of 5.05 + 0.57 ka cal BP, thus situating its formation during
or right at the end of the Mid-Holocene climate optimum (9.5-6.3 ka cal BP). Furthermore, they saw how
during the Medieval Warm Period (MWP) and since the end of the Little Ice Age (LIA) there have been
accelerations, which have become more important since the late 1990s, leading to signs of possible
destabilisation of the rock glacier, such as the formation of crevasses. Drone flights were also carried out in
2014 and 2016 with the aim of calculating horizontal velocities and surface changes of two rock glaciers using
photogrammetry. The only studies in Ticino on the intra-annual kinematics of rock glaciers were carried out
by Ramelli et al. (2011) and Mari et al. (2012), where a comparison of summer displacements (measured by
dGPS) of rock glaciers revealed important differences between them. However, the absence of boreholes in
the Ticino rock glaciers does not allow direct observations of their internal conditions and, thus, their thermal

state at depth.

1.5 UAV Photogrammetry for geomorphological research

Considering the effects of continuous global warming, especially in mountain regions where permafrost
thawing is accelerating, accurate analyses of geomorphological landforms and geo-hazards is becoming
increasingly important (Clapuyt et al., 2017). Unmanned aerial vehicles (UAVs) are increasingly being
employed to automatically collect high-resolution airborne imagery for these purposes, as well as for a range
of other geomorphological and environmental contexts such as fluvial, coastal, or agricultural studies. The
collected images are typically used to generate comprehensive high-resolution orthomosaics and digital
elevation models (DEMs) to derive surface changes (James et al., 2017). The fast proliferation of Structure-
from-Motion Multiview Stereo (SfM-MVS) software, which offers far easier image processing procedures than
classic aerial photogrammetry approaches, has additionally helped in DEMs creation (Abermann et al., 2010;
James & Robson, 2014; Martinez-Fernandez et al., 2022) and have enabled the assessment of surface motion
on rock glaciers, as well as other landforms such as glaciers and landslide (Bearzot et al. 2022), with
remarkable resolution, accuracy, and spatial coverage, resulting in a variety of new insights into rock glaciers
development and behaviour (Haeberli et al., 2006). Using the photogrammetric technique, changes in
thickness and surface displacements can be calculated through repeated stereo-imagery (Haeberli et al.,
2006). In the field of research on rock glaciers, and more specifically on their kinematics, the integration of
the classic dGNSS method with point measurements and UAV photogrammetry has been found to be very
interesting in several cases (Dall’Asta et al., 2015; Fey & Krainer, 2020; Bearzot et al. 2022). Point data
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measured using dGNSS allows having ground control points, hence "absolute truths", which are used to
georeference the products of the photogrammetric process and which would otherwise not be available if
only aerial images were used. On the other hand, the great advantage of UAV photogrammetry is to have
spatialised kinematic information over the entire surface of the rock glacier. The advantages of this method,
compared to other remote sensing techniques such as LiDAR, are mainly flexibility and ease of use, which add
up to excellent results with relatively low-cost equipment (Hayamizu & Nakata, 2021; Martinez-Fernandez et

al., 2022).

1.6 Research questions and hypothesis

Despite a considerable number of studies that have focused on rock glaciers, it is still unclear what factors
and how they influence their kinematics, especially over a short period of time. In this sense, observations of
changes in kinematics over periods of a few months can be a good starting point for trying to understand
these processes. In this regard, the aim of this thesis is to extend the historical information on kinematics
already collected over the last 15 years through point geodetic measurements and to investigate its seasonal
variability on four rock glaciers located in the Southern Swiss Alps (Canton Ticino) during the hydrological year

2023 using dGNSS measurements and UAV photogrammetry. To do so, the following objectives were defined:

- Contextualise the kinematics of the four investigated rock glaciers within their interannual evolution

thanks to the historical series of dGNSS measurements.

- Quantify through the use of dGNSS the displacements that occurred in summer 2023 and identify
differences in velocities:
o For all four rock glaciers together between the different periods (regional trend)
o For each individual rock glacier between the different periods (local trend)

o Among the four rock glaciers for each individual period (comparison)

- Compare dGNSS measurements with UAV-based surveys in order to verify their possible

complementarity for the spatialisation of kinematic information.

- Quantify horizontal displacements and thickness changes (with an approximation of the volume
lost/gained) using photogrammetry products during the hydrological year 2023, particularly during
the warm season 2023, as well as between 2016 and 2023 for the rock glaciers of Stabbio di Largario

and Piancabella.
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- Interpret and discuss the evolution of kinematics and its variability at the intra-annual and inter-

annual level by analysing the obtained results through the relevant literature.

These information could be valuable for a better understanding of the internal state of individual rock glaciers
and how they react to changing external factors such as temperature, snow conditions and precipitation

events during different periods of the year.

In 2022, measurements showed that rock glaciers in the Ticino Alps have slowed down significantly (Del Siro
et al., 2023a). This result is somewhat surprising, given that 2022 was the warmest year since the beginning
of the measurements (MeteoSchweiz, 2023a). The air temperature at high altitudes, for example, at the
Matro measuring station (2271 m a.s.l.), reached peaks of 20°C between July and August (MeteoSchweiz,
2023a). However, as already seen, factors that are not (directly) related to temperature can also play a very
important role in influencing the creep rate. The effect of topography, for example, especially on longer time
scales, or the effect of snowmelt water infiltration, subpermafrost groundwater (Delaloye et al., 2008), as well
as rainfall on shorter time scales (Kenner et al., 2017) could play a role. Following this reasoning and analysing
the snowfall and precipitation data for the hydrological year 2022, it can be seen that the values are clearly
below the norm from 1991-2020 (MeteoSchweiz, 2023a). The lack of snow cover (insulating effect in winter
and source of water in spring/early summer) and precipitation could be the cause, despite the high
temperatures, of the decreasing horizontal velocities of rock glaciers compared to the previous year. Going
back three years, i.e. to the hydrological year 2021, snowfall during winter had been abundant (the ground
was insulated from the cold temperatures), as well as summer precipitation (MeteoSchweiz, 2023a). The sum
of these two factors may, therefore, be the cause for the downstream acceleration of the Ticino rock glaciers

during that period.

Looking at the weather data for the winter of 2022-2023, the sum of precipitation was only between 40-65%
of the 1990-2020 norm (MeteoSchweiz, 2023b). This means that the ground had again relatively little
insulation that winter. Furthermore, there was little meltwater. As mentioned, especially on the time scale
this research is interested in, the intra-annual/seasonal one, spring and summer precipitation will play a very
important role. Based on the results of Wirz et al. (2015), the seasonal acceleration and velocity peaks
correspond to water infiltration, which causes thermal advection and increased pore water pressure. Cicoira
et al. (2019) also suggest that the major cause of rock glacier creep variations is not air temperature but water
from liquid precipitation and snow melt. Indeed, the conductive energy injected onto the surface of the rock
glacier (as the air temperature rises) reaches the shear layer tens of metres below the surface with a

considerable delay (Kenner et al., 2017).

Concerning volume changes, it is unclear how these are related to changes in climatic and environmental
factors and how they affect rock glacier dynamics. Cusicanqui et al. (2021) suggest that the surface mass
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balance predominantly controls thickness changes and that changes in geometry do not affect flow velocities.
Furthermore, the same authors hypothesise that the acceleration of rock glaciers is due to a general thinning
of the rock glaciers that have caused changes in conditions (thermal and liquid water content) in the shear

layer and at the base.

The hypothesis, based on the previous studies by Ramelli et al. (2011), Mari et al. (2012) and Scapozza &
Ambrosi (2017), is that during the warm season, rock glaciers of the southern Swiss Alps will experiment
horizontal displacements in the range of tens of decimetres, with spatial differences depending on the rock
glacier. Thickness changes are also expected, although their magnitude is uncertain. Furthermore, based on
other studies (Perruchoud & Delaloye, 2007; Wirz et al., 2016; Cicoira et al., 2019), time-varying velocities are
expected, with a probable increase in displacements during the summer as a result of water infiltration due
to snow melt (Wirz et al., 2016; Cicoira et al., 2019), and a further increase during the early autumn, when
the temperature signal will have had more time to reach depth. Therefore, depending on weather conditions,
but also on thermal state, ice quantity, structure and microtopography, differences could be seen between
periods of the year and between rock glaciers. The use of photogrammetry, which has proven effective in
other studies ( Scapozza et al., 2018; Vivero & Lambiel, 2019; Bearzot et al. 2022), should help in the
spatialisation of information also at the seasonal level, adding important information on the intra-annual

kinematics of the four investigated rock glaciers.
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2 Study sites and available data

2.1 Studied rock glaciers

The thesis focuses on four active rock glaciers in the Lepontine Alps of Ticino, Switzerland: Stabbio di Largario,

Piancabella (Valle di Sceru), Monte Prosa, and Ganoni di Schenadii. Figure 5 shows their geographical

locations.
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Figure 5: Location of the study sites. Data source: swisstopo.
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2.1.1 Stabbio di Largario

The active rock glacier of Stabbio di Largario (abbreviated SDL), visible in Figure 6, is located on the orographic
left-hand side of the Soia Valley (Blenio Valley, Ticino, Switzerland). It stretches from 2240 to 2500 m a.s.l, is
approximately 500 m long and 250 m wide, and has an area of about 11 ha. The unit consists of 3 lobes: an
east lobe and a west lobe, as well as a smaller lobe in the upper part. Tectonically, it is located in the Simano
nappe and is characterised mainly by of Augengneiss boulders (Federal Office of Topography swisstopo, 2022)
coming from the two peaks above, Cima di Gana Bianca and Cima dei Toroi. Its shape does not remind one of
the typical rounded and convex shape with longitudinal and transverse furrows and ridges of classic rock
glaciers. However, very steep fronts are visible. Since 2009, it has been part of the PERMOS network.

In terms of measurements taken annually on this rock glacier, there are six points where ground surface
temperature (GST) is measured, as well as 33 points where dGNSS measurements are taken to calculate
surface displacement. In addition, two fixed mono-frequency GPS antennas have been installed for several
years, which can constantly monitor the movements of the rock glacier at the location where they are fixed.
However, the antenna placed on the western lobe was destroyed by an avalanche, so only one remains
located in the eastern lobe. In addition to these data, there are products obtained employing a fixed-wing
drone (eBee Sensefly) in 2014 and 2016 (Scapozza et al., 2018). These are orthophotos and point clouds that
allow the creation of a digital elevation model (DEM). Data tell us that this rock glacier is generally the second
fastest in Ticino, behind the Monte Prosa rock glacier. Its highest horizontal surface velocity ever recorded

was 1.44 m on the eastern lobe in 2015, as well as in 2020 and 2021 (Del Siro et al., 2023a).

Figure 6: Drone image of the Stabbio di Largario rock glacier, Soia Valley. Date: 12.10.2023.

15



2.1.2 Piancabella

The Piancabella (PB) rock glacier, visible in Figure 7, is also part of the PERMOS network and is located in the
Blenio Valley and, more precisely, in the Sceru Valley, at an altitude between 2440 and 2550 m a.s.l. It is
approximately 250 metres long and has a maximum width of about 150 metres, with an area of about 3 ha.
From a tectonic point of view, as for the previous site, this valley is located in the Simano nappe, which
represents the former southern margin of the European continent before the Alpine orogeny and is mainly
characterised by biotite-rich paragneisses and polycyclic gneisses of variable composition (Federal Office of
Topography swisstopo, 2022). The Sceru Valley offers a complex and extensive Alpine periglacial environment
of approximately 37 ha, where various geomorphological forms such as protalus ramparts and active and
inactive rock glaciers are present (Scapozza et al., 2011). Also here, two measurements are carried out
annually: thermal, since 2006, and geodetic, since 2009. GST is calculated using 10 sensors distributed on the
rock glacier, and 22 points are used to detect movements using dGNSS. In addition, as in the previous case,
in 2014 and 2016 two surveys were carried out using a fixed-wing drone (eBee), which made it possible to
create orthophotos and DEMs and thus to calculate horizontal velocities and changes in thickness over two

years (Scapozza et al., 2018).

Figure 7: Drone image of the Piancabella rock glacier, Sceru Valley. Date: 05.10.2023.
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2.1.3 Monte Prosa

The Monte Prosa (MP) rock glacier, added to the PERMOS network in 2010, is located about 1 km north of
the Gotthard Pass. The area comprises two active rock glaciers that are very close to each other and are
known as A and B. The first, the one considered for this work and shown in Figure 8, extends from 2430 m
a.s.l. at the front to 2570 m a.s.l. at the top. It is characterised by large boulders of Gotthard Nappe granites
and orthogneiss coming from the north wall of Monte Prosa (Hafner et al., 1975). Interestingly, this rock
glacier was classified as “recent and sub-recent moraine” and is still considered as such according to the

Geological Atlas.

As in the case of the other sites, GST and precise coordinates of boulders are measured and monitored at
several points. This rock glacier is, on average, the fastest monitored in Ticino and could show average annual
horizontal velocities of more than 50 cm-a™ with max velocity peaks of about 150 cm-a™ (Swiss Permafrost

Monitoring Network PERMOS, n.d.).

Figure 8: Drone image of the Monte Prosa (A) rock glacier. Date: 03.10.2023.
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2.1.4 Ganoni di Schenadlii

The Ganoni di Schenadii (GA) rock glacier (Figure 9) was first mentioned and described in literature by the
geographer Valentin Binggeli in 1965, in the sixth volume of the journal “Regio Basiliensis: Hefte fir
Jurassische und Oberrheinische Landeskunde”(Binggeli, 1965). Binggeli described it as a relatively large 'block
stream’, about 450 metres long and 150 metres wide, ending in an almost ideal streamline-shaped tongue
with a slightly convex 25 m high frontal wall. It is located in the Cadlimo Valley, between the Lukmanier Pass
and the Gotthard Pass. It covers an altitude range between 2470 and 2600 m a.s.l. and features an area of
about 7 ha. Two lobes compose the central body of the rock glacier: the one to the west is more pronounced,
and its front extends further down until it reaches a flat area at about 2470 m a.s.l., while the one to the east
remains higher, with a very steep front that reaches 2520 m a.s.l. The research area is situated in the Gotthard
crystalline massif, part of the Helvetic domain and is distinguished mainly by orthogneisses, paragneisses, and
amphibolites. More specifically, the Ganoni di Schenadiii region is composed of "Streifengneis," a leucocratic

gneiss which contains muscovite and alkali feldspar (Bianconi et al., 2014).

For this rock glacier also, GST measurements are conducted (at four points) and displacements are calculated

using dGNSS at 36 points.

Figure 9: Drone image of the Ganoni di Schenadiii rock glacier, Cadlimo Valley. Date: 01.09.2023
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2.2. Available historical data

2.2.1 dGNSS measurements

In Canton Ticino, the monitoring of rock glacier kinematics made by the Institute of Earth Sciences of SUPSI
is based on the periodic measurement of the three-dimensional position of several points placed on large
boulders on the surface. These measurements are carried out using GNSS (Global Navigational Satellite
System) through the GEOMAX Zenith 25 Pro equipment, which supports GPS, GLONASS, Galileo, BeiDou, and
SBAS systems (GeoMax AG, n.d.). This type of measurement works via the Real-Time Kinematics (RTK)
technique, explained in more detail in Chapter 0. The base, fixed on a tripod (Figure 10) and placed alongside
the rock glacier (as in the case of the rock glacier of Stabbio di Largario) or placed further downstream (as in
the other cases), allows the coordinates measured by the rover to be corrected in real-time, and thus the
coordinates of the points to be measured with extreme precision. The accuracy of this instrumentation is
between 0.5 and 2 cm on the horizontal position. The periodicity and number of measured points may vary
depending on the rock glacier. In the case of the four rock glaciers under consideration, measurements are
made annually between 22 and 37 points. The difference between the two-dimensional positions between
two surveys is made to calculate the horizontal displacement of these points. This displacement is then

normalised over 365 days to derive an annual average horizontal surface velocity (Del Siro et al., 2023a).

5

Pk b2 A =

Figure 10: Installation of the base station on a stable terrain outside the rock glacier. P

hoto: S. Crivelli. Date: 26.06.2023.
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2.2.2 GST measurements

GST monitoring, performed for the first time in the Swiss Alps by Hoelzle et al. (1999), consists of the
automatic measurement at regular intervals of the ground surface temperature, which partly reflects that of
the underground and thus makes it possible to obtain information on the thermal state of the ground surface
at a high temporal and long-term resolution (Scapozza et al., 2014b). These measurements are carried out
using UTL-3 mini-loggers (GEOTest AG) with an accuracy of +0.1°C. They are programmed to measure
temperature every two hours and are placed at depths varying between 10 and 50 cm, sheltered from the
sun (Scapozza et al., 2014b). Thanks to these two-hourly measurements, it is possible to obtain an average of
the daily GST temperatures. However, in order to show the evolution of GST over a longer period, the Mean
Annual Ground Surface Temperature (MAGST), calculated by means of a moving average of the daily
temperatures over 365 days, is taken into account, which provides a record of the cumulative effect of the
climatic trends of the previous 365 days (Scapozza et al., 2014b, 2020). This measure makes it possible to
qguantify seasonal and annual fluctuations in GST and to observe its correlation with variations in rock glacier
kinematics (Scapozza et al., 2020). It should be emphasised that MAGST not only reflects air temperature
variations but also incorporates two important thermal offsets that determine heat transfer from the
atmosphere to the permafrost body: the snow thermal offset and the surface thermal offset. The first is
determined by variations in thickness, density, and duration of the snow cover. The second depends on
albedo, roughness, and permeability of the ground surface as well as the surface part of the active layer.
MAGST can, therefore, be considered a good indicator of temperature variations in the upper part of the rock

glacier body (Scapozza et al., 2016).

2.2.3 Temperatures and Precipitations

Atmospheric temperature and precipitation data are available for weather stations located in the vicinity of
the four rock glaciers (Figure 5). For this thesis, the GST values (from temperature loggers) of the individual
rock glaciers were directly used to compare the thermal state between periods and between sites. For a
comparison of precipitation, data from two weather stations were used: Acquarossa/Comprovasco
(MeteoSwiss), located at 575 m a.s.l. and Piora (Dipartimento del Territorio, Cantone Ticino) located at 1960
m a.s.l. The former was used to approximate the precipitation of the rock glaciers of Stabbio di Largario and
Piancabella. In fact, they are only a few kilometres apart. For Ganoni di Schenadii and Monte Prosa, the latter

was used for the same reason.
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3 Methods

3.1 Introduction to the methods

dGNSS measurements and drone photogrammetry were used to analyse the intra-annual kinematics of the
four rock glaciers under study. Table 1 shows the dates of the measurements while Figure 11 briefly
summarises the most important steps required to obtain horizontal displacements and thickness changes by

means of the Structure from Motion and Multiview-Stereo photogrammetry method.

SfM-MVS photogrammetry to
calculate horizontal displacements
and thickness changes

need for coregistration?

No

==

Figure 11: Flowchart summarising the main steps necessary for creating photogrammetric products and calculating horizontal
displacements and thickness changes.
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Table 1: Dates of dGNSS and drone surveys.

Survey 2022 (only dGNSS) Survey 1 Survey 2 Survey 3
SDL 23" September 2022 21" June 2023 31" August 2023 12" October 2023
PB 20 September 2022 26" June 2023 24 August 2023 5% October 2023
MP 26" September 2022 10* July 2023 25 August 2023 3 October 2023
GA 22" September 2022 11* July 2023 1% September 2023  10' October 2023

For convenience, in the analysis and discussion, the periods between measurements will be referred to as
'Cold season’', 'Summer', 'Early autumn' and 'Warm season’'. The first refers to the period between the end of
September 2022 and the first measurements at the end of June/beginning of July 2023. The second refers to
the period between the first and second measurements in 2023 (late June/early July until the end of August).
The third refers to the time between the second and the last 2023 survey, which occurred in early/middle
October. ' Warm season', on the other hand, refers to the entire summer period, i.e. June/July 2023 to

October 2023.

3.2 Structure from Motion and Multiview Stereo (SfM-MVS) photogrammetry

3.2.1 Fundamentals of the SfM-MVS photogrammetry

In geosciences, digital terrain models (DTMs) have become standard tools for characterising topographic
surfaces, particularly for examining the spatial and temporal evolution of geomorphic change in various
contexts (Mosbrucker et al., 2017). To create these digital terrain models and orthophotos, which are required
for the purposes of this research, the Structure from Motion (SfM) and Multiview stereo (MVS)
photogrammetry technique, generally abbreviated as SfM-photogrammetry, was used within the commercial
software Agisoft Metashape (version 1.8.3). For the past couple of decades, this low-cost method has enabled
the creation of high-resolution topographic reconstructions from overlapping randomly oriented
photographs of uncalibrated cameras (Westoby et al., 2012; Cook, 2017; Dinkov, 2023). Combined with
unmanned aerial vehicle (UAV) platforms, which have evolved enormously and become much more available,
it is particularly suitable for surveying remote and hard-to-reach areas (Westoby et al., 2012; Cook, 2017).
The SfM-MVS technique differs from the classical photogrammetric method since the geometry of the scene
as well as the positions and orientation of the camera are calculated directly without having to specify a priori

the 3D position and pose of the camera or certain control points (Westoby et al., 2012; Gienko & Terry, 2014;
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Iglhaut et al., 2019). In more detail, in the SfM reconstruction process, all images are processed by an
automatic algorithm (e.g. SIFT), which identifies features (called key points or tie points) that are presentina
photo and are likely to be identifiable in other photos taken at different points (James & Robson, 2012). To
reconstruct the geometry, the software uses the network of matched features, and starting with a pair of
images and incrementally adding more, it calculates the parameters of the camera model (e.g. focal length)
as well as the orientation of the camera, i.e. position and direction, and simultaneously optimises these values
through a process known as 'bundle adjustment'. The result is a sparse point cloud representing the tie points,
with associated camera parameters that are self-consistent and minimise the overall residual error (James &
Robson, 2012, 2014). The number of tie points in the sparse point cloud depends mainly on the texture and
resolution of the images (Westoby et al., 2012), as well as their geometry and lighting conditions (Mosbrucker
et al., 2017), and is usually better with complex images and better resolution (Westoby et al., 2012). To refer
the point cloud to a real system, it is necessary to know ground control points or the position of the camera,
which are typically recorded or measured on the field using dGNSS equipment during image acquisition.
When ground control points are included in the bundle adjustment, they represent observations outside the
image set and must be fulfilled during the subsequent adjustment process. On the other hand, the features
identified within the pictures (in the case of rock glaciers, these may be the edges of boulders) and their
relative correspondences are internal measurements within the image set and must also be fulfilled. Thus,
including these independent internal and external constraints in the bundle adjustment determines the

shape, scale and orientation of a 3D model (James & Robson, 2014).

23



SIFT

or similar

Overlapping areas o © Consistent keypoint matches
X Keypoints o~ Rejected keypoint matches

SfM

- Images A and B

Other images

MVS

Dense Point Cloud

Figure 12: Three key steps of the SfM-MVS Workflow (Iglhaut et al., 2019).

A second step, the dense MVS matching process, creates the detailed 3D terrain model, i.e., the dense cloud.
The algorithm creates a huge number of points from a grid of pixels of an image and searches for the best
matches for each of these cells (James & Robson, 2012). These steps are clearly visible in Figure 12. Once the
dense point cloud has been created, the final two steps are the creation of a terrain elevation model (DEM)

and successively an orthomosaic.

To achieve effective image processing with SfM photogrammetry, the flight design must include an adequate
frontal and lateral overlap, a constant altitude above the ground and homogeneous coverage over the entire
area (Sanz-Ablanedo et al., 2018). There is a positive relationship between image overlap and accuracy of

digital elevation models, i.e., the higher this percentage, the better the result. To achieve an optimised object
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shape, photogrammetric software generally recommends a front overlap of at least 80% and a minimum side
overlap of 60% (Jiménez-Jiménez et al., 2021). In addition to this configuration, the UAV must be equipped

with a good-quality camera.

One significant advantage of SfM photogrammetry is that the image acquisition and subsequent processing
are significantly faster and simpler than the traditional method (Mosbrucker et al., 2017). They are also
cheaper than using terrestrial or airborne laser scanners or other methods that require the use of more

expensive and complex instrumentation while still maintaining a very high quality of results.

3.2.2 Image acquisition

Based on the above indications, the images were acquired during three campaigns between June 2023 and
October 2023 using a DJI Mavic 3E quadrocopter. The drone is equipped with a 20 MP RGB camera with wide-
angle 4/3 CMOS and a mechanical shutter that prevents motion blur (DJI, n.d.). In addition, a built-in Real-
Time Kinematics (RTK) module supporting GPS, Galileo, BeiDou and GLONASS was mounted on the drone. It
enabled the use of Post-Processing Kinematics (PPK) technology, explained in Chapter 0. The drone can
perform terrain-following missions, i.e. following the topography of the terrain and constantly flying at a given
altitude, thus maintaining a constant resolution of the acquired images. The missions were prepared using
the Drone Harmony software (version 2.4.0). It allows drones to prepare various missions via a web interface
and execute them automatically. To achieve the best possible result with four batteries available, three flight
types with different parameters were planned. Each survey aimed to obtain nadiral images (90-degree
camera), oblique images (75-degree camera) and images that could improve the 3D model, i.e., additional
70-degree oblique photographs. To do this, a simple mission covering the entire rock glacier was first created,
and the altitude was set at 50 m above the ground (60 m for Stabbio di Largario because of the more extensive
area), an 85% front overlap and 75% side overlap, as well as the camera at a 90-degree inclination, i.e.
perpendicular to the axis of the drone. The second type of mission is essentially the same as the first. The
only differences are the orientation of the mission perpendicular to the previous one and the camera tilt set
at 75°. The reason why oblique images have been acquired is that these favour the significant reduction of
systematic error and, especially in areas with complex reliefs (as in the case of rock glaciers), reduce the
variation of patterns and thus errors in geomorphic interpretations (James & Robson, 2014; Hendrickx et al.,
2019). Finally, several circular missions (2-4 depending on the rock glacier) were created at the same flight
height but with the camera more inclined (70°) in order to cover the various areas of the rock glacier even
better. Table 2 gives an overview of the survey data and Figure 13 shows the flight plans of the four rock

glaciers.

25



Table 2: Principal drone survey parameters and products quality.

Area flying n° GSD point density DEM resolution

(km?) altitude images (ecm/pix) (m?) (cm/pix)
SDL1 721 1.73 209 6.91
SDL 2 0.159 61 1628 1.88 176 7.53
SDL3 1826 1.79 195 7.16
PB1 57 1449 1.65 228 6.62
PB 2 0.0678 58 1497 1.67 223 6.69
PB3 54 1337 1.57 254 6.27
MP 1 109 1879 291 74 11.6
MP 2 0.107 112 2078 3.17 62 12.7
MP 3 111 2010 3.14 63 12.6
GA1l 89 2167 2.52 98 10.1
GA 2 0.122 88 2196 2.47 103 9.87
GA3 87 2217 2.46 103 9.86

Figure 13: Drone flying plans prepared using DroneHarmony software.
A) Stabbio di Largario, B) Piancabella, C) Monte Prosa and D) Ganoni di Schenadliii.



3.2.3 Control point acquisition

In addition to image acquisition by drone, the exact position of ground control points (GCPs) located on the
top of big boulders of the rock glaciers (Figure 14) was measured using the GNSS receivers presented in
Chapter 2.2.1. They are required to geo-reference the photogrammetric products and control the quality of
the latter. An attempt was made to distribute these points as evenly as possible on the surface of the rock
glaciers to achieve better accuracy of the terrain models. It is well known that the spatial arrangement and
amount of GCPs used considerably impact accuracy (Zhang et al., 2019). Despite the fact that this is a time
consuming operation and the targets are relatively heavy, their usefulness justifies their use. The downside is
that it is time-consuming, besides the fact that these (rather heavy) targets have to be brought up to the rock

glaciers.

Figure 14: Ground Control Point, drone, and controller.

3.3 Real Time Kinematics (RTK) and Post Processing Kinematics (PPK)

High-resolution topographic data products of SfM-photogrammetry are initially generated in an arbitrary
reference frame. The process of georeferencing allows these initial arbitrary coordinates to be transformed
into a predefined coordinate system, and this can be done in two ways: using the GCPs mentioned above
(indirect georeferencing) or directly through known external parameters of the photographs (direct
georeferencing) (Dinkov, 2023). The development of the direct georeferencing method has been possible in
recent years thanks to the expansion of high-quality IMU and GNSS technology and RTK and PPK solutions for

UAVs, which provide accurate measurements of external orientation parameters (Zhang et al., 2019). The
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principle of these technologies is based on the double differentiation of phase ambiguities between two GNSS
receivers, a reference station with well-known coordinates (base) and a rover which collects simultaneous
observations (Zhang et al., 2019; Turk et al., 2022). This allows the atmosphere propagation delay, as well as
the clock errors of the two receivers, to be eliminated (Zhang et al., 2019). As visible in Figure 15, in the case
of RTK technology, measurements and differential corrections transmitted from the base take place in real-
time via a radio link (or internet link in the case of using the Swiss Positioning Service system swipos based
on the Automatic GNSS Network Switzerland “AGNES”). The rover then calculates its relative position based
on that of the reference station, combining its measurements with those received. Once its relative position
has been calculated, it is able to calculate its absolute position in space with centimetre-level accuracy. This
type of approach is very suitable when a mobile rover is used, and the accuracy of the measurements can be
verified at the same time (Jemai et al., 2023). However, if RTK loses its connection even for seconds, it can
cause problems in producing the correct outputs (Tirk et al., 2022). As opposed to RTK, there is PPK. This
approach can be used if the rover is equipped with a post-processed GNSS receiver (as in the case of the DII
Mavic 3E) that is able to collect and record raw data and information useful for retrieving the drone's position
after the survey through separate software (Jemai et al., 2023). The main advantage of this approach over
RTK is that it works even in the absence of network coverage or in the presence of radio wave interferences.

However, good satellite coverage is required to achieve satisfactory results.
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Figure 15: Post-processing Kinematics vs. Real-Time Kinematics (Indshine, n.d.).

28



For this work, it was decided to combine the PPK methods with GCPs (measured by RTK). This is because, in
general, adding the PPK (or RTK) method to GCPs leads to an improvement in the result (McMahon et al.,
2021). Furthermore, through the use of PPK, the number of GCPs to be used to achieve the same accuracy is
much lower (McMahon et al., 2021). We, therefore, placed the Geomax Zenith 25 GNSS base outside the rock
glaciers (depending on the location it was positioned further down the valley, at 1-2 km) which had a dual
task: (1) Correcting in real-time (RTK) the rover data used to measure ground control points and (2) recording
raw data and then merging them with the raw data from the GNSS module on the drone and georeferencing
the photos in post-processing (PPK) using the free software kinematic and drone data processing Emlid Studio
(version 1.5). The PPK technique was chosen mainly for three reasons, two of which are technical. Network
coverage in these areas is very poor, so the use of the swipos system, which requires a stable internet
connection, is unlikely. In addition, the use of a non-DJI base with the DJI Mavic 3E drone for RTK is not
permitted. Not least, to avoid interference problems between drone and base that could have led to missed
or incorrect georeferencing. The use of PPK alone without the support of GCPs after a test did not yield the
desired results. Consequently, it was decided to integrate some GCPs. Other reasons for this choice were: (1)
dGNSS measurements had to be made for the annual monitoring of rock glaciers anyway, (2) the sites are
located in high mountains and are enclosed by mountains, and the base is not always close to the rock glacier.
This factor can introduce several errors. Using GCPs ensures to have "absolute truths" in the model, which
would not have been the case using only the PPK method. (3) The third reason is that we want GCPs that are
not used within the photogrammetric process but are used to assess the accuracy of the models. These points
become control points (CPs). The dGNSS measurements of the GCPs and all other points measured on the
rock glaciers were then corrected by two or three control points placed outside the rock glacier and
considered stable. These points were measured, and their coordinates were compared with those of the same
points measured in the previous survey. The average of the difference between these two coordinates was
then used to correct all points (in X, Y and Z). This procedure has been carried out from the beginning of the
measurements. A local reference system was thus created where positions are corrected according to these
stable points. As the photos processed in PPK contain absolute position information, they were used to create
the first point cloud (sparse cloud) to position it precisely in space. In order to then create the dense cloud in
the "local reference system" within the photogrammetry software, greater weight was given to the GCPs,
which were corrected as described above. In this way, the point cloud, with the resulting DEMs and

orthomosaics, were corrected and their accuracy could be compared and checked via the CPs.
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3.4 Accuracy assessment of the photogrammetry products

Before moving on to calculating horizontal displacements and thickness changes, it is necessary to assess the
accuracy of the individual models produced. This is done to determine whether there are systematic errors
in the XY or Z direction, such as doming (convex deformation) or bowling (concave deformation) (James &
Robson, 2014). To do this, as mentioned above, during the photogrammetric process, a few GCPs were not
used to georeference the point cloud but rather to assess the final quality of the results and thus as CPs (Table
3).

Table 3: Summary of the number of GCPs, CPs and CPs RMSE of each drone survey.

n° GCPs n° CPs CPs RMSE,, (cm) CPs RMSE; (cm)
SDL1 10 7 2.15 2.37
SDL 2 7 3 0.9 1.07
SDL 3 7 3 1.43 1.76
PB1 6 3 1.83 2.77
PB 2 7 3 1.22 1.70
PB3 7 3 141 2.64
MP 1 7 3 2.02 2.53
MP 2 7 3 1.36 2.02
MP 3 7 3 1.73 1.77
GA1l 9 3 0.56 1.62
GA2 7 3 1.77 2.02
GA3 7 3 1.07 1.98

Although for almost all the cases only 3 points were used, they were chosen to be representative of the entire
surface of the rock glaciers: one at the bottom, one in the middle and one at the top near the rooting zone.
The Root Mean Square Error (RMSE) derived from these points made it possible to calculate the goodness of

the photogrammetric reconstruction and, thus, to estimate a spatially uniformly distributed error value.

3.5 Calculation of horizontal displacements (CIAS)

To correctly calculate rock glacier displacement vectors as well as the level of detection (LoD), i.e. the distance
threshold that distinguishes between data uncertainties and real geomorphological displacements (Fey &
Krainer, 2020), it was first necessary to assess whether the orthomosaics should be aligned with each other.
The CIAS software (Kddb & Vollmer, 2000) was used to evaluate the quality of the alignment between the two
epochs and thus detect possible systematic errors (bias). It has been used successfully in other studies on

rock glaciers (Klug et al., 2012; Vivero et al., 2021, 2022; Bearzot et al. 2022). This software contains the image
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matching algorithm, which uses the normalised cross-correlation (NCC) function. By comparing a window of
reference pixel values (8-bit greyscale picture) taken from an initial image at time step 1 with a larger search
window area contained in an overlapping image at time step 2, the NCC essentially identifies homologous
points from the moving surface (Vivero et al., 2022). To be able to use this function, orthomosaics must fulfil
three basic requirements: (1) be coregistered with each other and in Geotiff or tiff-world format, (2) have
exactly the same resolution, (3) be single channel (greyscale). Using the NCC function and the Helmert
similarity transform available on CIAS, the systematic error between orthomosaics of different epochs was
calculated on a total of 40-50 points placed on rock outcrops outside the rock glacier and, therefore,
considered stable. Areas outside of the rock glacier with suspected surface displacements or possible
deformations due to their location on the sides of the model were excluded from the alignment quality
analysis. As stated by Vivero et al. (2022), the Helmert similarity transform can detect systematic rotations,
translation (x-y-shift) and differences between two orthomosaics. In the case of the four rock glaciers studied,
no differences in scale and rotation were found, and translation values were all less than 2 cm in both x- and
y-shifts. After a careful qualitative analysis of the orthomosaics, it was concluded that these small shifts were
not uniformly distributed and can, therefore, be seen as random errors. Thus, due to the absence of
systematic errors, it was not necessary to correct/coregister the orthomosaics among themselves for almost
all the pairs. The only exceptions, for which coregistration was necessary, were the 2016-2023 orthomosaic
pairs (Stabbio di Largario and Piancabella) as well as those of August and October 2023 for the Stabbio di
Largario rock glacier. In this case the older orthomosaic was shifted according to the values shown in Table 7

through the "shift" tool in the ArcMap software (Version 10.6.1).

After ensuring the absence of systematic errors, it was possible to proceed with the calculation of the
horizontal displacement vectors using the CIAS software and the NCC function. For the intra-seasonal periods,
a measurement of 32x32 pixels was chosen as the reference window on the oldest ortho mosaic and a search
window of 64x64 pixels for the newer ortho mosaic, while for the calculation of the seasonal displacements
64x64 pixels was chosen as the reference window and 128x128 pixels as the search window. The grid size was
set to 5 m. Having calculated the horizontal displacements and considering the Helmert similarity transform
performed in the first step, it was possible to calculate LoD, i.e. the uncertainty of the displacement
calculation (Redpath et al., 2013). It is represented as standard deviation and is calculated for each individual

displacement vector obtained via CIAS in the following way:
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where:
- 07 : LoD of each single vector
- Ax:Xdisplacement
- Ay:Ydisplacement
- [ : XY displacement (named “length” in the CIAS output)
- 0, :standard deviation in X derived from CIAS taking the stable ground (0,25 = RMS, obtained in the
Helmert similarity transform step)
- 0y, :standard deviation in Y derived from CIAS taking the stable ground (0'32,= RMS, obtained in the

Helmert similarity transform step)

The spatial uncertainty associated with the orthorectification and mosaicking procedures, as well as the
automated image matching via correlation, is represented by the variances 0%, and o2, (Redpath et al., 2013;
Vivero et al., 2022).

The result of the equation was then multiplied by 1.96 (i.e. a confidence limit of 95%) and was used to
establish the minimum detection limit for each displacement vector. In the results, the minimum value, the
maximum value, and the mean of all values were calculated. The latter was rounded to the whole number
and used as the LoD of horizontal displacement vectors. All displacement maps were then produced using

the open source software QGIS.

3.6 Calculation of 3D surface changes

3.6.1 Surface thickness changes using M3C2

Several studies and research have relied on the difference between two digital elevation models (DoD) to
calculate changes in thickness at the surface of rock glaciers (Bollmann et al., 2012; Klug et al., 2012;
Kaufmann et al., 2021). However, according to Ulrich et al. (2021), this technique is limited when representing
vertical changes in steep and complex terrain. For this reason, the Multiscale Model to Model Cloud
Comparison (M3C2) algorithm (Lague et al., 2013) implemented in the CloudCompare software (v. 2.13) and
already widely used for study in the geomorphological domain was used in this work (Clapuyt et al., 2017,
Cook, 2017; Midgley & Tonkin, 2017; Vivero & Lambiel, 2019; Zahs et al., 2019; Ulrich et al., 2021; Bearzot et
al. 2022; Kaiser et al., 2022). Unlike the DoD, it calculates the distances between two point clouds in a
direction perpendicular to the local surface (Ulrich et al., 2021). The results of this 3D Cloud-to-Cloud
comparison between the two surveys are more robust and allow for the measurement of differences between
surface normals (Cook, 2017). In other words, this algorithm finds for each point the most suitable direction

of the normal. Then it calculates the 3D distance between the two point clouds along a cylinder of defined
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radius projected in the direction of the normal (Lague et al., 2013; Cook, 2017) (see Figure 16, part a). In the
case of complex topography (see Figure 16, part b) where the degree of surface roughness is rather high (as
in the case of a rock glacier), the point cloud may possess occlusion patterns (i.e. missing data) that can make
comparisons between them complicated (Lague et al., 2013). Furthermore, according to the same authors,
in the case of a high degree of roughness, it must be considered that the calculation and orientation of surface
normals depends on the scale at which it is performed. In this study, to respect the variation of roughness in
the study areas, the "multi-scale" method was used to calculate the normal, in which the normal for each
core point is calculated on different scales (D, see Figure 16) and the "flattest" one is used (Lague et al., 2013).
To define these values, the "Guess params" option implemented in M3C2 was used, which estimated the
minimum and maximum values of the scale (D) for each rock glacier based on roughness values. The minimum
values varied between 0.16 m at Piancabella and 0.4 m at Monte Prosa, with the maximums ranging between
0.65 m and 1.6 m (i.e. four times the minimum). As a projection value (d, see Figure 16), values between 0.16
m and 1.6 m were used, which were also automatically estimated by the algorithm. To speed up the process,
subsamples of the clouds with a uniform distribution of 0.05 m were used as core points. Finally, the global
registration error (RMSE) calculated during the co-registration of the point clouds was entered to take it into

account during the confidence computation calculated by the algorithm for each point.

a | Principle of the Multiscale Model to Model Cloud Comparison M3C2 ‘ b ‘ M3C2 on complex topography
Step 1: Calculation of normal i Step 2 : Average distance between the two " Normal at scale D, affected by roughness L
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Figure 16: Description of the M3C2 algorithm and the two user-defined parameters D (normal scale) and d (projection scale). For

more detailed description see Lague et al. (2013).

Before using the M3C2 algorithm, the point clouds were co-registered, using one cloud as a reference and
the other as “to be co-registered”. To do this, between 6 and 8 different polygons representing the stable
terrain (equal between the three epochs) were cut out of the rock glacier for each point cloud. The number
of points representing the stable areas varies between 5’000 (for the Piancabella rock glacier, where few are
considered stable) to around 60’000 at Monte Prosa. Then, in these stable areas, the iterative closest point
(ICP) algorithm, also called "fine registration", proposed by Chen and Medioni (1991), was used. To be able
to use this algorithm, the point clouds must fulfil two requirements, namely, they must already be

approximately aligned, and they must depict the same features or shapes (Kaiser et al., 2022). As explained
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by Micheletti et al. (2017), to find the best overall fit with regard to the reference surface, the ICP uses least-
squares minimisation of residuals to adjust the orientation and position of scan points. The distance between
every data point in the cloud being co-registered and its nearest point on the reference surface is known as
its residual. Every time this process is repeated, the nearest point search, as well as the adjustment

parameters, are updated until the best fit is determined (Table 4).

Table 4: RMSE after the coregistration (Iterative closest point ICP) of point cloud pairs over stable terrain.

RMSE Summer (cm) azmsr::?:'my) ':2:\:5;"::;"; RMSE 2016 — 2023 (cm)
SDL 3 3.3 2.9 14.4
PB 2.7 2.6 2.6 145
MP 4.9 4.9 5 -
GA 4.8 4.8 4 )

In this work, the most recent cloud was always used as the reference cloud, and at the same time, both clouds
were always subsampled at 0.05 m minimum point spacing to define the core points. This step is necessary
to make the process faster. The result of the ICP on the stable zones, therefore, includes the residual distances
expressed as RMSE values that are used to determine the quality of the co-registration (registration error), as
well as a matrix containing translation, rotation and scaling values (Vivero & Lambiel, 2019). These values
indicate how much the point cloud has been translated, rotated, and scaled to be accurately recorded with
the reference cloud. The values obtained for the stable zones are then applied to the entire point cloud so

that it is best co-registered with the reference cloud.

After this step, the distance between the two point clouds can be calculated using the M3C2 algorithm
explained previously. It also automatically provides a confidence assessment of the minimum detectable
change, namely the LoD (95%). For each point in the cloud, it calculates LoD following the formula below of

Lague, Brodu and Leroux (2013):

01 (d)? N o, (d)?

LODgco, (d) = £1.96
95/0( ) - ny n,

+reg

where:
- 04(d), g, (d): local roughness for each point measured along the normal direction
- nq, ny:size of the sub-clouds taken to compute the normal

- reg: registration error (RMSE obtained during clouds co-registration)
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This calculation allows the accuracy of the distance measurements between the two point clouds to be
measured locally and is therefore also used to define whether a measured value is statistically significant or
not (also calculated automatically in M3C2). The higher the standard deviation of the residual distances of
the points, the lower the confidence. Conversely, the greater the number of points within the neighbourhood,
the more robust the position of the centroid will be and thus the greater the confidence (Lague et al., 2013).
In order to have a single LoD value to be used when visualising three-dimensional changes between the two
point clouds, the average of all LoD values is taken. This value provides a fairly accurate estimate of the limit

above, which makes it possible to say if there have been real changes in the surface.

3.6.2 Volume change analysis

In contrast to glaciers, in the case of rock glaciers it is difficult to carry out a 'surface mass balance', as the
complex internal structure (consisting of a mix of ice and debris) makes it practically impossible to establish
density values (Kaufmann et al., 2021). However, in order to estimate possible changes in surface thickness
and consequently to calculate possible changes in volume ('surface volume balance'), digital terrain models
or point clouds can be used. Despite the complex dynamics associated with rock glaciers, with superimposed
horizontal and vertical movements, the information extracted from these models can be useful in order to

identify possible ice losses related to permafrost degradation.

The calculation of volume changes has rarely been performed for rock glaciers and a DoD has almost always
been used (Fleischer et al., 2021, 2023; Kaufmann et al., 2021; Vivero et al., 2022). However, effectively
monitoring geomorphological changes in highly complex areas such as rock glaciers requires the development
of change detection algorithms using 3D point clouds (Nourbakhshbeidokhti et al., 2019). This is because the
use of DoD represents a further simplification of the surface caused by the shift to 2.5D and consequently
increases the error of volumetric calculations (Nourbakhshbeidokhti et al., 2019). Furthermore, given the
horizontal displacement of the rock glacier surface, the DoD values could deviate significantly from the actual
ones. For this reason, in order to better estimate intra-annual volume changes, the values obtained via the
M3C2 algorithm were used, without considering the values below LoD. As seen above, they in fact do not
represent vertical distances as in DoDs, but rather consider local surface roughness and local slope variability
and consequently better represent thickness changes (Lague et al., 2013; Clapuyt et al., 2017; Vivero &

Lambiel, 2019). Areas covered by snow during the various periods were excluded from this analysis.

The M3C2 results obtained on CloudCompare were first exported to QGIS. An interpolation was then carried
out using the "Fill nodata" tool in order to obtain values for all cells of the rock glacier. Finally, the rasters
containing thickness changes were exported as a matrix into the MATLAB software. Within it, all values below

LoD were set to zero so they would not affect the calculations. Afterwards, all remaining values were
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multiplied by the pixel area and the results were added together. This resulted in the net volume change. For
the calculation of volume gain and volume loss, the same procedure was performed, resetting the negative
and positive values to zero respectively. The uncertainty values associated with these calculations are
incorporated in the result as the calculation of M3C2 already considers the root mean square error (RMSE)

obtained during the co-registration process (ICP) as well as the roughness of the terrain.

3.7 Statistical analysis

To investigate in detail the displacements obtained through dGNSS measurements on the reference points,
visual representations and statistical tests were carried out using the RStudio software (version 2021.09.0).
Their main objective was to better visualise the data and find out whether there are significant differences in
the displacements on the total of all points, within each rock glacier, and between different sites. Since the
distance between surveys is not identical on a temporal level, absolute displacement values cannot be used
to assess the difference between seasons and between rock glaciers. Consequently, the velocity of each point

was calculated and expressed in cm-month™.

To assess whether the mean value of velocity between more than two groups differs, the analysis of variance
test (ANOVA) is used. To be able to use this test, specific prerequisites must be fulfilled, such as that the
variances between the groups must be homogeneous or that the dependent variable is normally distributed
in all groups. When these prerequisites are not met, the Kruskal-Wallis test, which is the non-parametric
equivalent of the ANOVA test, can be used. The Kruskal-Wallis test can also be calculated in the case of small
samples and outliers (Methodenberatung UZH, n.d.). If the p-value obtained through ANOVA or Kruskal-Wallis
tests is less than 0.05 (95% Cl), there is at least a significant difference between two groups. However, these
two tests do not allow to tell between which groups this difference exists. Therefore, it is necessary to carry
out post-hoc pairwise comparisons, which can be done using various tests, such as Tukey's HSD test. This can
be used to identify between which groups the mean values differ significantly. In the case of a rejected
Kruskal-Wallis test, the most appropriate procedure is a nonparametric pairwise multiple comparison through
a Dunn's test (Dinno, 2015), which can be seen as a test for medians difference. These statistical tests were

carried out using the ggbetweenstats package.

The same tests were conducted to assess possible differences in GST, which in the warm season directly

reflects changes in atmospheric temperature.
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4  Results

4.1 Inter-annual horizontal velocities

Before analysing the intra-annual kinematics in detail, it is worth to observe and comment the kinematics of
the last 15 years for better contextualise the measurements carried out during the warm season 2023. The
annual measurements clearly show that the kinematics of rock glaciers can vary significantly from year to
year (see e.g. Kellerer-Pirklbauer et al., 2024). Figure 17, which illustrates the average annual horizontal
velocity of the four rock glaciers analysed in this thesis, clearly shows that two of them, namely Monte Prosa

and Stabbio di Largario, are generally much faster than those of Piancabella and Ganoni di Schenaddi.
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Figure 17: Graph of the mean annual horizontal velocities of the four rock glaciers since 2009. Data: SUPSI-IST and PERMOS.

The first two have reached speeds of over 1 m-a~"in the past, while the other two have never averaged more
than 0.3 m-a'm-a™. The inter-annual variation of these rock glaciers during the last three decades has been
very large. In the space of a few years, e.g. from 2010 to 2015, velocities have increased significantly, and in
the case of Monte Prosa A and Stabbio di Largario they have practically tripled, from 35 cm and 47 cm in 2009
to 106 cm and 123 cm in 2015 respectively. A close look at the graph shows that in the case of Stabbio di
Largario, there are important differences between the west and east lobes. The trends are very similar, but
the former is always slower. In the first years of measurements and up to 2014, the horizontal velocity

measured on the Piancabella rock glacier also increased, albeit more slowly. It rose from 16 cm in 2008 to 26
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cm in 2015. As far as Ganoni di Schenadti is concerned, it first showed a slowdown on both lobes between
2009 and 2010, falling from 24 cm and 25 cm of the east and west lobes, respectively, to 10 cm and 15 cm,
and then increased slightly until 2015, but without reaching the velocities measured in 2009. This positive
trend of horizontal velocities underwent an abrupt deceleration between the years 2016 and 2018, where all
measured average velocities decreased significantly, between 39% and 64%, especially regarding Stabbio di

Largario and Monte Prosa, with 2017 average velocities being the lowest since 2009 (Scapozza et al., 2020).

As already mentioned, straddling this peak in velocities measured in 2015, two fixed-wing drone (eBee)
surveys were carried out on the rock glaciers of Stabbio di Largario and Piancabella: one in 2014 and one in
2016. Using the photogrammetric process, these surveys made it possible to calculate the displacements over
the entire surface of the two rock glaciers over the two years (Figure 18 and Figure 19). In both cases,
significant variations in surface velocity could be observed depending on the area of the rock glacier. In the
case of Stabbio di Largario, two distinct flows can be observed near the two fronts, with relatively high
velocities precisely at these points (between 0.5 m and 2 m for the west lobe and between 0.5 m and above
2 min the east lobe). In the central and rooting zone, the velocities were more moderate. In the case of the
Piancabella rock glacier, the differences in speed are smaller. In the central part and in the rooting zone, they
were between 0.2 and 0.5 m-a*m-a~". The most remarkable difference was found between the eastern and
western parts of the front. The east side generally showed lower velocities, between 0.1 and 0.2 m-a*m-a”,
while the west side showed relatively high velocities, up to 0.5 to 1 m-a*m-a™". These velocities measured
using the photogrammetry seem to confirm what was measured by dGNSS measurements visible in Figure
17. From the hydrological year 2018-2019 onwards, there was then a second major acceleration, with peak
velocities measured in 2020 and 2021. Velocities returned to the levels measured during the previous peak
in 2015, except for Stabbio di Largario and Monte Prosa, where the 1 m-a™ threshold was not exceeded. All
four rock glaciers studied experienced a new major deceleration in 2022. The latest measurements taken in
October 2023 confirm the deceleration trend for all sites, with horizontal average velocities between 0.13
m-a™" for the west lobe of Ganoni di Schenadii and 0.57 m-a™" for the east lobe of Stabbio di Largario. In
general, when looking at all the lines in the graph, it can be seen that the trend has been similar for all rock
glaciers since the beginning of the measurements. However, the percentage variations can vary significantly

between sites.
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Figure 18: Stabbio di Largario horizontal velocities calculated between 2014 and 2016 using UAV photogrammetry (Scapozza and
Ambrosi 2017).
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Figure 19: Piancabella horizontal velocities calculated between 2014 and 2016 using UAV photogrammetry (Scapozza and Ambrosi
2017).
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4.2 Ground surface temperature (GST) and Mean annual ground surface temperature (MAGST)

4.2.1 Inter-annual evolution of kinematics

The evolution of MAGST since the beginning of the measurements clearly shows four positive peaks in the
years 2015, 2019, 2020 and 2023, which are the cause of the clear warming trend in GST. Indeed, the mean
MAGST of all monitored sites in the southern Ticino Alps (excluding Monte Prosa A) has warmed between 0.8
and 1.1°Cin the decade 2010-2019 (Scapozza et al., 2020). Although there is a warming trend in MAGST, there
are important fluctuations between years. These are mainly due to the effect of cold winters or warm
summers on the soil surface, as well as the presence or absence of winter snow cover, which in winter
prevents the soil from cooling down excessively while, on the contrary, in summer, allows it to insulate it from
external heat. Looking at Figure 20, we can see that the 2015 peak resulted from a previous year with very
high temperatures. Temperatures remained high the following winter, but poor snow cover allowed the
ground to cool and consequently decreased MAGST (Scapozza et al., 2018). Concerning the 2019 peak, it can
be seen that it was due to a combination of two factors: the warming of air temperature that occurred
between September 2018 and May 2019, as well as the presence of snow on the ground that remained until
early summer (Scapozza et al., 2020). The peak recorded in 2020 is most likely the result of the combination
of the very hot summer and autumn 2019 with the very high winter and spring temperatures 2020, with
respective values of 3°C and 1.8°C above the 1981-2010 norm (MeteoSchweiz, 2021). The peak observed in
the summer of 2023, similarly to the one before, also appears to be due to the exceptionally high-temperature
values measured especially in winter and spring, combined with the high temperatures of summer and

autumn 2022, among the hottest since the beginning of measurements (MeteoSchweiz, 2023a, 2024).
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Figure 20: rock glaciers MAGST and MAAT of 2 meteo stations Matro and Robiéi. Data: SUPSI-IST, PERMOS and MeteoSwiss.
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4.2.2 Intra-annual evolution (2022-2023)

To analyse land surface temperature trends in more detail over a year, it makes more sense to look at direct
changes in GST, which reacts directly to changes in external factors such as snow conditions and temperature
variations during the year. The hydrological year 2023 was quite interesting in this respect. Between the
middle and the end of September 2022, there was a major drop in atmospheric temperature, which
immediately affected the ground surface temperatures of all four rock glaciers. This resulted in an important
and early cooling of the ground, with GST values at the end of September dropping below 0°C. Given the lack
of snowfall, the GST trend in October continued to substantially follow that of the air temperature, again
reaching temperatures up to around 4°C. At the beginning of November, there was a sharp drop in GST values,
interspersed with a slight increase, again due to the atmospheric temperatures, which fell steadily below 0°C.
At the same time, the little snow that fell (around 20-25 cm) was not enough to prevent the cold temperatures
from reaching the ground surface, which was already tending to be cold anyway. Between the end of
November and the month of December, partly due to the snowfall at the beginning of the month and the
slight increase in atmospheric temperature in the second half of the month, GST rose slightly. However, the
lack of significant new snowfall and a significant drop in air temperature led to a new drop in GST that lasted
until around mid-February. From that time until the beginning of May, GST continued to increase following
the air temperature trend, although with markedly smaller fluctuations due to the presence of about 50 cm
of snow. The late snowfall in mid-April, which resulted in a snow thickness of over a metre, did not have a
significant effect on GST, which continued to increase as it reached the zero-curtain period, i.e. melting of
snow, where GST remains for several days/weeks almost equal to 0°C due to the latent heat required for the
change of state from snow (solid) to water (liquid).

The snowmelt period, which varied in duration, was not synchronous for the four rock glaciers. It first began
at Stabbio di Largario, located at a slightly lower altitude than the other three, and occurred between 10 May
and 26 May by averaging the temperature loggers. A little later, Piancabella and Ganoni di Schenadiii also
experienced snow disappearance between 15 May and 10 June for the former and between 21 May and 4
June for the latter. The snow remained longer on the rock glacier of Monte Prosa. It disappeared between 24
May and 14 June. This is visible in Figure 21, where, in a staggered manner, the four rock glaciers began to
show GSTs above 0°C. It is important to emphasise that for practically all four rock glaciers, there are areas

where the snow remained much longer, beyond the beginning of summer.

The first summer period saw rather high GSTs, which varied between about 6°C and 15°C, with the greatest
fluctuations found at Ganoni di Schenaddi and Stabbio di Largario. The following period was characterised by
great meteorological variations, alternating short periods with intense rain events and temperatures well
below the seasonal average, with sunny periods also characterised by very high air temperatures (Figure 22 -

Figure 23). There were three periods in particular: the first occurred at the end of July and the first few days
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of August, with air temperatures dropping to daily averages below 5 °C at high altitudes. Subsequently, the
atmospheric temperature rose again to reach very high average values of around 18 °C towards the
middle/end of August. These values then plummeted for a second time due to the sudden change in weather
conditions, which brought a rainfall of around 180 mm (Piora station) within three days. Towards the end of
September, after a rather warm period, another cold front caused a major rainfall event (110 mm in 5 days)
and again brought air temperatures down to around 0°C. These major changes in the weather conditions can
be seen by observing the trend in GST during that period, with daily averages dropping from around 16°C to

as low as 0°C within a few days, as in the case of Ganoni di Schenadyii.
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Figure 21: GST of the four rock glaciers from June 2022 to November 2023. Data: SUPSI-IST and PERMOS.
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Figure 22: Air temperature and snow height from June 2022 to November 2023, SLF meteo station Piano del Simano. Data: WSL.
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Figure 23: Precipitation and air temperature measured by the Piora meteo station between June 2022 and October 2023. Data:
Cantone Ticino, Dipartimento del territorio.

The results of statistical tests performed to assess possible differences in GST (which in summer reflect
atmospheric temperature trends) and precipitation between periods and between rock glaciers are shown
below (Figure 24 - Figure 25 - Figure 26 - Figure 27 - Figure 28 - Figure 29 - Figure 30). This information will be
relevant for discussing possible differences in their kinematics.
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Figure 24: Statistical tests on GST differences between periods for Stabbio di Largario.
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Figure 26: Statistical tests on GST differences between periods for Monte Prosa.
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Starting with the GST statistical tests (Figure 24 - Figure 25 - Figure 26 - Figure 27), the significant differences
are only between cold season and the two periods of the warm season. Regarding the difference between
the latter two, there seems to be a slight decrease during the early autumn, probably due to the alternation

of hot and very cold periods compared to the norm. However, this difference is not statistically significant.

It is interesting to note the differences in GST between individual rock glaciers (Figure 28 - Figure 29 - Figure
30). During the cold season, there is a difference between Piancabella and Ganoni di Schenadiii, with median
values of -3.87 °C and -2.64°C, respectively. During the summer, the medians of GST between Monte Prosa
and Stabbio di Largario are statistically different, with values of 8.55°C for the former and 10.74°C for the
latter. As in the previous case, the only significant difference in the early autumn is observed between Monte

Prosa (5.78°C) and Stabbio di Largario (7.14°C).

Regarding precipitation (Table 5), there are important differences between periods and between rock glaciers.
Since the two meteo stations are located at lower altitudes than the rock glaciers, and since in winter at those
altitudes most of the precipitation falls in the form of snow, only summer precipitation was considered in the
analysis. The large differences between summer and early autumn are mainly due to the timing of the second
survey, which occurred in the middle of a period of heavy precipitation in northern Ticino. This event occurred
between 26 and 28 August. Looking at the dates of the surveys, it can be seen that those of Monte Prosa and
Piancabella had already been carried out, while those of Stabbio di Largario and Ganoni di Schenadiii had not
yet. This is why, for these last two rock glaciers, the period between first and second survey was the one with
the greatest water supply. On the contrary, for the other two, the period with the greatest water supply from

precipitation was the one between the second and third survey of 2023.

Table 5: Cold season, summer and early autumn precipitation for each rock glacier normalized in mm/month. Data: Piora meteo
station, Cantone Ticino, Dipartimento del Territorio.

Cold season L L
precipitation Summer precipitation Early autumn precipitation
[mm/month] [mm/month] [mm/month]

SDL 44 153 144

PB 44 78 281

MP 69 117 222

GA 67 207 114
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4.3 Intra-annual horizontal velocities (based on GNSS surveys only)

4.3.1 Introduction to the results

In the following chapter, based on the RGIK guidelines (RGIK, 2023), comparisons are made between seasonal
(normalised over one year) reference velocities of all rock glaciers and their annual velocities, measured by
dGNSS (Figure 31). These are the periods between the end of September 2022 and the beginning of October
2023. This comparison makes it possible to understand for the sites considered in the study the relationship
between seasonal and overall annual velocities and, thus, to understand the extent to which the seasonal
signal is more or less pronounced than the year-round signal. Furthermore, to better visualise and quantify
these seasonal differences in velocity, Figure 32 was prepared, where on the y-axis, the ratio of seasonal to
annual velocity was plotted in percentages and on the x-axis, the annual velocity in m-a™' (e.g. RGIK, 2023).
Considering all the reference points of all four sites, the mean, median and standard deviation (in percentage
terms) were then extracted. This allows for better quantification and understanding of the kinematics of these
rock glaciers on an intra-annual level. However, the graphs proposed by RGIK (2023) do not allow us to assess
whether the differences between one period and the next are statistically significant. For this purpose,
statistical tests were carried out on the velocities measured in the three periods based on what is explained
in the methods section. In the first step, the results of all four rock glaciers together will be presented, while

in the second step, the variations within and between them will be described.

4.3.2 All the rock glaciers together

The first graph of Figure 31 shows cold season velocities versus annual velocities and is very close to the 2022-
2023 yearly trend. Almost all points lie close to the dashed line representing the bisector, suggesting that
most of that season's velocities are in line with the annual ones. However, while there are elements above
and below the line, there seems to be a slight tendency towards lower speeds, with some points lying well
below the line representing the 1:1 speed ratio. In fact, looking at the corresponding graph in Figure 32, the
one representing the deviation of the cold season speed ratio from the annual one, one can see that there is
generally a variability between the different points, with values ranging from +90% to -75%. This variation is
evident at points with rather low annual velocities, i.e. up to 0.1-0.2 m-a™". Moving to the right in the graph,
i.e. towards the points with the most significant annual movements, this variability decreases significantly.
Considering all points together, the average value is -3% (median of -6%), which indicates an overall average

cold season velocity slightly lower than the annual one.

The distribution of points during the summer is somewhat different from the previous period, i.e. less uniform
and more distant from the bisector. This generally indicates a greater difference between the velocities

measured during this period and those measured throughout the year. The graph can be divided into two
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parts. In the first one, where there are the points with lower velocities, about up to 0.2 m-a™, the seasonal
velocities in summer are higher than the annual ones. In the second part, where the points have shifted the
most, summer velocities average below annual velocities. The graph representing the deviation of the
summer velocity ratio from the annual one shows significantly higher values than those seen above. As in the
previous case, the most significant variability is observed at points with annual movements below 0.2 m-a™
with some values above 400%, i.e. four times the annual velocity. Looking at the points with larger
displacements, a lower variability is also observed in this case. Moreover, most of the values are negative in
that portion of the graph. This confirms what is seen in Figure 31, where the seasonal velocity of the slowest
points is much greater than the annual one, while that of the fastest points is slightly slower. The median
value of 70% is influenced by the very high value of a few points (see SD of 121%) and would indicate a rather
high seasonal speed of the first part of summer. On the other hand, looking at the median value of 22%, one
can see that it is definitely lower and seems to represent the speeds of this period better than the annual

one.

The early autumn, between the second and third survey, clearly shows that the horizontal velocities are in
the vast majority of cases above the annual velocities. Only a few points show values below the annual speed.
This can also be seen very clearly in the graph showing the deviation of the seasonal/annual ratio. It shows a
similar trend to the previous one but with higher values, some between 400% and 1000%, indicating speeds
of 4 to 10 times the annual speed. Variability also decreases here, moving towards the largest movements,
where most points are below 200%. The mean of 120% and the median of 75% indicate an early autumn

velocity about twice as fast as the annual one.

In the graph showing the points over the entire summer period, most of the points are above the bisector,
indicating higher summer speeds compared to the annual ones. The trend is similar to that of the early
autumn. However, the velocities over the warm season are lower than during that period, as they are
balanced by a season start with velocities several points below the annual ones. The graph in Figure 32
illustrates very well how, in contrast to the two separate summer periods, the deviation of the values (SD of
72%) is significantly lower. However, the trend remains similar, with higher values for points with smaller
movements and lower values for points with higher speeds. Looking at the mean and median values, it can
be stated that generally, the velocity over the entire summer is about 30-50% higher than the annual velocity,

again considering all four rock glaciers together.
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The result of the non-parametric Kruskall-Wallis test, visible in Figure 33, statistically confirmed the difference
between the velocities, expressed in cm-month™, of at least two periods (p = 1.16e-05). This was already
relatively clear from what we saw earlier. What is interesting to note, however, from the pairwise comparisons
using Dunn's test, is that the significant differences are only between summer and early autumn (p = 1.58e-
03) and between cold season and early autumn (p = 1.21e-05). Surprisingly, the differences observed between
cold season and summer cannot be regarded as statistically significant. Therefore, considering the reference
points of all four rock glaciers combined, although a trend is observed, it cannot be rejected the fact that cold

season velocity is equal to the summer one.

Xeruskawans(2) = 22.72, p = 1.16e-05, £

ordinal

= 0.08, Closs; [0.04, 1.00], ngps = 273

Prom-aq. = 1.58e-03

PHalm-adj. = 1.21e-05

[
'

Velocity [cm - month™ 1]
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fimecian = 3.42
‘ ﬁmkdlﬂ" = 237
Timectan = 1.65 ‘

Cold season Summer Early autumn
(n=91) (n=91) (n=91)
Period

Figure 33: Statistical test to check for seasonal velocity differences between periods for all the reference points together.

4.3.3 Differences between and within rock glaciers

This chapter shows the differences in seasonal contributions to the annual total and, consequently, the
differences in velocity between periods of the year for each rock glacier (Figure 34 - Figure 35 - Figure 36 -
Figure 37) and between the four rock glaciers (Figure 38 - Figure 39 - Figure 40). Table 6 clearly shows how,
depending on the season, the seasonal displacement contribution to the annual total can vary between sites.
It refers to the average displacement contribution from one survey to the next, expressed as a percentage of
the total displacement. This allows a better comparison between different periods between different rock
glaciers. In addition, as done in the previous chapter, statistical tests were carried out to quantify these

differences. Since data do not meet the assumptions for an ANOVA test (not normally distributed or absence
51



of homogeneity of the variances), Kruskal-Wallis tests were carried out, resulting in Dunn's pairwise

comparisons.

Starting with the cold season, Stabbio di Largario shows displacements that account for about 60% of the
total, with median velocities of 2.67 cm-month™". The contribution of the first part of the summer, until the
end of August, is rather limited to the total, about 14%. The Kruskal-Wallis statistical test performed on the
velocities showed no significant differences between cold season and summer. On the other hand, a
significant increase (p = 1.77e-08) is observed in the latter part of summer and early autumn, with a higher
percentage contribution in a shorter period. Although the trend of the two lobes is somewhat similar, it is
interesting to note that in the case of the year 2022-2023, during the cold season, the west lobe contributes
more to the total displacement than the east lobe. The contribution was virtually identical in the warm season

and increased more in the east lobe during the early autumn.

The Piancabella rock glacier also shows a cold season contribution of about 60%, with a median velocity of
1.38 cm-month™. The beginning of summer seems to cause an increase in speed, which contributes about
25% of the total, with a median value of 2.14 cm-month™'. However, the differences in velocities between
these two periods are not statistically significant. The second part of the summer also sees a further increase
in the median velocity to 2.58 cm-month™". Still, as in the previous case, this cannot be regarded as statistically
significant. It should be noted that the result of the Kruskal-Wallis test for Piancabella gave a p-value of 0.07,
i.e. very close to the significance level of 0.05. These are, therefore, non-significant differences that, however,

suggest a trend.

The cold season contribution of Monte Prosa is high compared to the other three rock glaciers, with almost
80% of the annual contribution and a median rate of 3.54 cm-month™". Consequently, the contribution of the
two warm season periods is relatively small in the total. Another peculiarity from the statistical tests is that
the summer rate is significantly slower (p = 8.25e-04) than the cold season rate, with a median value of 2.36
cm-month™ and 3.54 cm-month™, respectively. This is the only case among the four analysed. Early autumn

velocities, on the other hand, are on par with cold season velocities with no significant differences.

Ganoni di Schenadiii also represents a very interesting case, which is opposite to what we have just seen. It
shows a much lower cold season contribution of between 45% and 58% (east and west lobes). This means
that the contribution of the nine months of the cold season period is roughly equivalent to the three summer
months between July and the beginning of October. In the first part of summer, it shows significantly higher
velocities than in the cold season (p=1.70e-06), with a median value of 2.45 cm-month™ compared to 0.73
cm-month™. Even in the early autumn, the velocity values remain significantly higher than in the cold season

but do not differ much from those of the summer.
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Table 6: Seasonal contribution on the total horizontal displacement (expressed in %).

Cold season [%]

Summer [%]

Early autumn [%]

SDL West 68.5 14.2 17.3
SDL East 57.0 144 28.6
PB 60.5 24.4 15.1
MP 78.1 10.1 11.8
GA West 58.3 26.0 15.7
GA East 45.6 32.7 21.8
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Figure 34: Statistical test on possible seasonal velocity differences for the reference points of Stabbio di Largario (SDL).
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Figure 35: Statistical test on possible seasonal velocity differences for the reference points of Piancabella (PB).
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Figure 36: Statistical test on possible seasonal velocity differences for the reference points of Monte Prosa (MP).
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Figure 37: Statistical test on possible seasonal velocity differences for the reference points of Ganoni di schenadiii (GA).

The differences in seasonal velocities between the four rock glaciers were also calculated to see whether
there was a regular pattern or whether they behaved differently from each other throughout the year (Figure
38 - Figure 39 - Figure 40). The cold season shows a clear difference between the rock glaciers of Stabbio di
Largario and Monte Prosa and those of Piancabella and Ganoni di Schenadiii (see p-values in the graph). The
median cold season velocities of the first two are just over 3.5 cm-month™, while those of the latter are 1.38
and 0.73 cm-month™, respectively. In contrast, summer shows no difference in velocities between the rock
glaciers, with median values ranging from about 2 to 2.5 cm-month™. The last period, early autumn, shows a
clear difference in velocity between Stabbio di Largario and the other three sites. In contrast, among the latter

the differences visible in the graph are not statistically significant.
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Figure 38: Statistical test to check for cold season velocity differences between rock glaciers.
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Figure 40: Statistical test to check for early autumn velocity differences (normalized in cm-month~") between rock

4.4  dGNSS vs UAV-derived horizontal velocities

4.4.1 Inter-annual comparison

This chapter deals with comparing point measurements performed using GNSS and measurements derived
from the products of UAVs, i.e. orthomosaics. By comparing the image feature tracking method performed
using the CIAS software on the orthomosaics produced in 2016 and 2023 with the dGNSS measurements
taken in those years, it can be seen that the values obtained by the two methods are highly correlated (Figure
41). The differences between the two methods vary between -18 cm per year and 6 centimetres per year,
with most values between -3 and 3 centimetres per year. The determination value R? of 0.98 indicates an
almost perfect correlation between the two methods over the seven-year period between 2016 and 2023.
The slope of the straight line indicates that for slower points, the image feature tracking method produces
results with slightly lower speeds than those measured by GNSS. On the contrary, the generally faster points

show slightly higher values.
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Figure 41: Comparison between Drone-based and dGNSS measured displacements from 2016 to 2023 for the reference points of
Stabbio di Largario and Piancabella rock glaciers together.

Considering the same type of analysis but performed individually on the two rock glaciers, it can be seen that
the result is slightly different (Figure 42). The rock glacier of Stabbio di Largario appears to have small
variations between dGNSS and drone measurements, especially with regard to points with medium-high
velocities. The determination value R? equal to 0.98, however, confirms that the two methods return very
similar values. As far as the Piancabella rock glacier is concerned, it can be seen that the results obtained
using the drone even better represent those obtained using dGNSS. The points lie almost perfectly along the
bisector. The value of the slope of the straight line, which is equal to 1, as well as the value of the coefficient

of determination, which is also equal to 1, confirm the agreement between the two methods.
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Figure 42: Comparison between Drone-based and dGNSS measured displacements from 2016 to 2023 for the reference points of
Stabbio di Largario (SDL) and Piancabella (PB) rock glaciers.

Although there are minor differences between individual cases, given the R? determination values very close
to 1, it can be confirmed that over a 7-year time span, the measurements made using drone-produced

orthomosaics mirror those made in the field using dGNSS equipment.

4.4.2 Intra-annual comparison

After confirming the strong correlation between measurements obtained by drone orthomosaics (using CIAS
software) and dGNSS measurements over a 7-year period, the aim was to determine whether similar results
could also be obtained over shorter periods. In this case, the two methods were compared over three periods:
summer, early autumn and the entire warm season. This was done for all the reference points of the four

study sites (Figure 43).
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Figure 43: Comparison between drone-based and dGNSS measured displacements of summer , early autumn and warm season for
the reference points of all rock glaciers together.

The first graph, representing the period between the first and second survey, shows that there is a direct
positive correlation between the two variables, with a slope of the line of 0.95. However, the value of R? equal
to 0.52 indicates that the values obtained by the CIAS software only partially match those obtained by dGNSS.
The same trend is also clearly visible during the early autumn, between the second and third survey. The two
methods have a positive correlation but with highly variable data and an R? value equal to 0.47. This indicates
that the difference between the two methods is slightly greater in the early autumn than in the previous

period, but they are still comparable.

Combining both periods, and thus comparing the two methods over the entire summer (between the first

and third survey in 2023), the correlation between the two methods clearly improves, with the slope of the
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straight line equal to 1 and an R? value of 0.86. This value indicates a very good correlation between the
measurements obtained through the two methods.

Based on the result of Figure 43, and considering the one between 2016 and 2023 (Figure 41), it seems
evident that for these rock glaciers, over a short period (approximately under two months), the comparison
between the two measurement methods leads to less good results in terms of correlation. This indicates that
there are sometimes important differences between the one and the other. As the time elapsed between the
two surveys increases, the correlation increases considerably until it is almost perfect over the 7 years since

the previous drone survey.

4.5 Evaluation of UAV-derived displacement accuracy (based on CIAS)

Table 7 and Table 8 show the accuracy values for horizontal displacements as well as thickness changes. These
values confirm the high quality of the photogrammetric products as well as their coregistration. LoD of the
horizontal displacements is 2 cm for all four rock glaciers and for all three periods: summer, early autumn and
warm season. As expected, for 2016-2023, LoD is slightly higher, probably due to the lower quality of the
older orthophotos. The standard deviations derived through CIAS analysis on the stable terrain are very
similar if not identical, which means the almost complete absence of anisotropy in the resulting displacement
uncertainties. Regarding the LoDs of the thickness changes, we see that they are certainly higher than the
horizontal ones and lie between 6 cm at Piancabella and around 12 cm at Monte Prosa. These differences are
mainly due to the different recording errors (RMSE on the stable ground after the ICP) incorporated into the
LoD calculation using the M3C2 algorithm. This means that the LoD values tend to be large and therefore
conservative, as confirmed by Lague et al. (2013). Again, as could be expected, the LoD value between 2016
and 2023 is higher, i.e. by 31 cm. The main reason for this is the lower density of the point cloud in 2016, as

well as the different types of drones and procedures in the creation of the photogrammetric products.

Table 7: Assessment of the horizontal displacement accuracy of orthoimage pairs over stable terrain.

n° stable

points x-shift (cm)  y-shift (cm) ox (cm) oy (cm) LoD (cm)
SDL 1-2 59 -1 -2 5 3 2
SDL 2-3 50 1 3 3 3 2
SDL1-3 49 0 1 4 4 2
SDL 16-23 14 1 -3 10 13 4
PB 1-2 47 0 0 2 1 2
PB 2-3 50 0 0 2 1 2
PB 1-3 48 0 0 2 1 2
PB 16-23 48 2 1 29 19 5
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n° stable

points x-shift (cm) y-shift (cm) ox (cm) oy (cm) LoD (cm)
MP 1-2 50 -1 2 2 2 2
MP 2-3 42 -2 2 2 3 2
MP 1-3 48 1 0 3 2 2
GA 1-2 47 1 1 2 2 2
GA 2-3 44 -1 0 3 2 2
GA1-3 48 0 1 2 2 2

Table 8: Assessment of the M3C2 displacement accuracy of point cloud pairs over stable terrain. MP and GA have no LoD between
2016 and 2023 because drone surveys were not conducted in 2016

LoD Early autumn LoD Warm LoD 2016 - 2023
LoD Summer (cm)
(cm) season (cm) (cm)
SDL 7.6 6.8 7 31
PB 6.1 6.1 6.3 31
MP 11.5 11.8 11.6 -
GA 11 9.6 11 -

4.6 Inter-annual horizontal velocities through image correlation

This chapter presents the results of the horizontal velocities obtained using the image feature tracking
algorithm with the CIAS software on the orthomosaics produced in 2023 with that of 2016 for the rock glaciers
of Stabbio di Largario and Piancabella. This will make it possible to understand and quantify kinematic trends

at these two sites over the past seven years and compare them with those observed during the summer 2023.

Stabbio di Largario

The period between 2016 and 2023 shows velocities ranging from a few centimetres per year to about one
metre in the fastest areas (Figure 44). The slower areas are mainly found in the upper part of the rock glacier,
where the terrain morphology is less steep, as well as in the more marginal areas, such as the eastern margin.
The area between the two lobes, where the two lobes diverge, also shows velocities that do not exceed one
decimetre per year. Unlike the other parts of the front, the lower part of the underlying front shows a
coherent flow with very low velocities. This is synonymous with the relative stability of that area. In general,
there is anincrease in velocity as one moves down the rock glacier, and especially in the central part, velocities
tend to be higher than in the margins. The front of the small west lobe (located longitudinally roughly in the
centre of the rock glacier) shows slightly greater displacements than the surrounding area, between 20 and

30 cm-a™". The same displacements are found moving further west on the central body at approximately the
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same height. Within a few tens of metres, there are major changes in velocity, with values ranging from 5-10
cm-a~"' to around 30-40 cm-a™", especially in the area of the longitudinal crevasse in the centre. The steep area
between the divergence zone connecting the central part to the west lobe is devoid of arrows as the terrain,
being very steep, must have undergone major changes. The software was not able to calculate any
displacement or wrong displacements were calculated and, therefore, eliminated. Only the lower part of the
lobe, near the front, appears to have had a homogeneous and consistent movement over the last seven years,
with velocity displacements of around 60-80 cm-a™". On the other hand, the east lobe was found to have had
more or less consistent movement along its entire length, with values near the front being higher than the
west lobe, i.e. between approximately 80 and 110 cm-a™. It is interesting to note that in much of the east
front, as well as the west front, no values are present. This is synonymous with great instability, which is very
visible with the presence of small channels and levees at the base of the front caused by the sliding/collapse
of parts of the front. The same, although to a lesser extent, is also visible on the western margin. It should be
noted that in the upper-west part of the rock glacier, there is an area where the directions of the vectors point
towards the rock face. This is a depression that was probably caused by the presence of a glacier during the

Little Ice Age (LIA) (Scapozza et al., 2014a).
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Figure 44: Horizontal velocities of the Stabbio di Largario rock glacier from 2016 to 2023 measured using CIAS software.
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Piancabella

The Piancabella rock glacier shows great spatial heterogeneity in its velocity from 2016 to 2023 (Figure 45).
The slowest parts are the eastern part of the lobe as well as the central western margin. The first part turns
out to have velocities below the LoD. However, the adjacent parts of the lobe are rather slow, with maximum
values of around 1-4 cm-a™. In that area, some vegetation indicates a substantial stability of the rock glacier.
The central part of the western margin also shows displacement values of less than 4 cm-a™". The upper part
of the rock glacier shows velocities varying between 10-17 cm-a™" up to circumscribed areas with 25-34
cm-a™'. Looking in detail, one can see that the slightly higher velocities in the upper part correspond to small
lobes developed above the main body. Interestingly, a large part of the central sector flows with rather
homogenous velocities of around 17-25 cm-a™". However, moving northwards, within a few tens of metres,
there is a rapid change to very homogeneous velocities of 45-60 cm-a™, while moving north-eastwards, these
velocities tend to decrease just as rapidly until they reach values close to 0. It is evident that there is an area

where the measured velocities clearly outweigh all other values.
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Figure 45: Horizontal velocities of the Piancabella rock glacier from 2016 to 2023 measured using CIAS software.
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4.7 Inter-annual thickness changes and volume balances

In this chapter, the results of the thickness changes, in the form of 3D displacements, will be shown. They
were obtained using the CloudCompare software and the M3C2 algorithm on the point clouds produced in
2023 and in 2016 for the Stabbio di Largario and Piancabella rock glaciers. In addition, an approximate volume
balance was calculated from these values, which should be taken with great caution given the complexity of
these geomorphological forms and their relative movement. In fact, over long timescales and especially in
the part of the front, apparent volume gain could result from the latter advancing downstream, thus from the
occupation of what was previously air by the rock glacier. On the other hand, apparent volume loss could

result from the significant horizontal movement along a steep slope.

Stabbio di Largario

Figure 46 shows the M3C2 displacements, which essentially illustrate the thickness changes between the
point clouds obtained in 2016 and early autumn 2023. It shows how most of the surface has subsided. The
values range from -5 to -10 cm-a~" to over -30 cm-a™. It must be emphasised that many of them lie between
about -5 and -15 cm-a™". There are also several areas where displacements are below the LoD of 4.5 cm-a™.
For example, there appears to be a demarcated zone in the upper part where no significant thickness changes
have occurred. The same can be said of much of the eastern margin and a small part of the east lobe. The
most significant thickness loss values are near the front, especially in the east lobe, where they even exceed
30 cm-a™. This confirms what was already hypothesised in the description of Figure 44, i.e., a partial collapse
of that part of the front, which caused a significant loss of material. Material that then descended further
downstream, creating furrows and levees. The areas where thickness has increased are mainly at the foot of
steeper parts and are mainly areas of accumulation of material that has slipped from those areas. An
interesting area, however, is the one between the two lobes, where velocities already showed very low values
over the 7 years. In that area, there seems to be a slight upward trend of about 5-10 cm-a™" (between 20-50
cm). The most significant uplift is seen at the foot of the western face and is caused by the deposition of
eroded material. These thickness changes result in a net volume change of about 24’000 m3, resulting from a

loss of about 31’000 m? and a gain of about 77000 m3.
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Piancabella

The changes in the thickness of the Piancabella rock glacier between 2016 and 2023 are quite marked (Figure
47), especially in the central and northern parts of the front. In the central part, it can be seen that there is
generally a loss in thickness of between -5 and -10 cm-a™. There is, however, a circumscribed zone, some 30
metres long, where the thickness loss values are decidedly higher and even exceed -20 cm-a™. In contrast,
the northern part of the front shows an apparent increase in thickness, ranging from about 5 cm-a™ to more
than 20 cm-a™. The values calculated for the upper part and the lateral margins are below the LoD of 4.5
cm-a”, so it cannot be said that there has been any change in thickness in those areas. The same applies to
the eastern part of the lobe, near the front, where, as with the horizontal movements, vertical movements
are also absent over the 7 years. Looking in more detail at the spatial patterns of the coloured areas, it appears

that these follow the direction of the ridges and furrows. In fact, in a couple of places, a slight increase in
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thickness can be seen at the front of the transverse ridges, while negative changes are predominantly found

at the back of these ridges. This indicates the advance of the rock glacier especially in those areas.

Analysing these surface changes in detail through the approximate calculation of volume changes, it can be
seen that the volume gain and loss are pretty similar over the 7 years, i.e. 2’100 m®and 3’000 m3. This results

in a net volume change of approximately -850 m3.
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Figure 47: Thickness changes of the Piancabella rock glacier from 2016 to 2023 measured using the M3C2 algorithm.

4.8 Intra-annual horizontal velocities through image correlation

This chapter shows the results obtained through the image feature tracking algorithm performed by the CIAS
software between the orthophotos created in the 2023 summer season for all four rock glaciers. In order to
compare the results obtained for summer and early autumn, the displacements of the two periods were
normalised, thus obtaining velocities expressed in cm-month™". The first figure of each rock glacier shows the

horizontal velocities between the first and second drone surveys, i.e. between late June/early July and late
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August. The second figure shows the horizontal velocities between the second and third drone survey, namely
between late August and beginning/middle October. The displacements in the third figure have not been
normalised, and therefore, it gives an idea of what the displacement rates were throughout the warm season.
The fact that an intermediate survey was carried out around mid-summer made it possible to observe the

sometimes important differences between the first and the second part of the summer.

Stabbio di Largario

In Figure 48, it can be clearly seen that this rock glacier has two distinct lobes in the lower part, as well as a
third, smaller lobe located in the western part of the central area. The latter is characterised by the presence
of a longitudinal furrow about a hundred metres long. The flow directions, which in the rooting zone and up
to the central part are similar, split just near the end of the crevasse and the beginning of the two lobes,
showing an interesting diffluence. In the rooting zone, the highest values are found in the part closest to the
rock face, where the gradient is greatest. In that area, velocities also exceed 10 cm-month™. In the area with
no displacement vectors at the end of June, there was still the presence of snow, as there is a basin (where a
small glacier/snowfield was present during the LIA), and the displacements could not be calculated. Instead,
the central part of the rock glacier shows rather little displacements, in many cases with very low velocities,
approximately 1-2 cm-month™, with even several values below the LoD. However, some interesting areas
show higher velocities than the surrounding area. This is, for example, the western part of the central area,
where the third lobe is present, which shows velocities of up to 10 cm-month™. In addition, two small areas
to the west and east of the crevasse also show rather high velocities between 4 and 10 cm-month™. The most
interesting parts are the two lobes, east and west. The west one reaches velocities of up to 14 cm-month™,
especially in the very steep part that connects it to the central part of the body. On the other hand, the front
of the lobe shows smaller but more regular values over the entire area, ranging from 4-7 cm-month™, with
slightly higher values near the front. The eastern lobe, on the other hand, shows a progressive increase in
velocities as it approaches the front as well as from the margins towards the centre. It goes from 2-4
cm-month™"to gradually reaching values of 7-10 cm-month™" and even higher near the front. When comparing
the two orthomosaics, it is interesting to note that the western part of the front has partially collapsed during
between July and August, with the material being carried further downstream. For this reason, the
displacement vectors are not present. The same applies to the western lobe, where various material was
carried downstream and where snow persisted at the end of June (thus it was impossible to calculate

displacements).
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Figure 48: Horizontal velocities of the Stabbio di Largario rock glacier from 21.06.2023 to 31.08.2023 measured using CIAS software.

The second period (Figure 49), between 31 August and 12 October 2023, shows more homogenous velocities
across the rock glacier, although important differences remain. Also in this case, the upper part of the rooting
zone shows some rather high values. In the central part, the same areas described in Figure 48 are still slightly
faster, with values of around 7-10 cm-month™. It is interesting to note that in the central part, at the beginning
of the longitudinal furrow, the rock glacier shows velocities between 4 and 10 cm-month™, whereas in the
previous period, the movement had been almost zero. As in the previous case, the two lobes show the highest
velocities. This time, however, the east front shows more vectors with values around 10 to 14 cm-month™ in
the front area, while the west front shows values between 2 and 10 cm-month™. The steep part connecting
the central part to the west lobe front remains very fast, with a good portion showing values of around 10-

14 cm-month™.

Looking at the entire summer period (Figure 50), from 21 June to 12 October, one can see very clearly the
consistency of the shifts and the most interesting areas seen above. The small lobe to the west of the central
zone shows greater displacements, with values between about 15 and 25 cm. The same can be said for the

two areas east and west of the longitudinal furrow, which show greater values than the surrounding areas.
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The two lobes experienced the most significant displacements, up to about 50 cm. The western one has
experienced the greatest displacements especially at the junction between the front and the central part,
where the terrain is very steep. The eastern one, especially near the front, where the partial collapse and

thus the removal of material could have caused an acceleration.
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igure 49: Horizontal velocities of the Stabbio di Largar)'o roc Figue 50: Tota/ horizontal displacements of the Stabbio di
glacier from 31.08.2023 to 12.10.2023 measured using CIAS Largario rock glacier from 21.06.2023 to 12.10.2023 measured
software. using CIAS software.

Piancabella

Figure 51 shows the horizontal velocities of the Piancabella rock glacier between the end of June and August
2023, more precisely between 26 June and 24 August. Unlike Stabbio di Largario, this rock glacier shows
several ridges and furrows, especially in the eastern part. The first part of the summer shows relatively low
velocities (between 1 and 8 cm-month™), with many values below LoD. This means that many areas have not
moved. This is the case in the rooting zone, the central part up to the eastern part of the front. Where
displacements have been observed, the velocities do not exceed 2 cm-month™. The most interesting area is
the northwest of the front, with significantly higher velocities and maximum values between 6 and 8

cm-month™ and 20 cm, and the entire area above 4 cm-month™".
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Figure 51: Horizontal ve
from 26.06.2023 to 24.08.2023 measured using CIAS software  from 24.08.2023 to 05.10.2023 measured using CIAS software.

In the second period between 24 August and 5 October 2023 (Figure 52), the velocities measured in the
fastest part of the lobe remained similar to those of the previous period. However, the velocities of the rooting
zone and the central part increased significantly, with values averaging between 2 and 6 cm-month™. The
western and eastern parts of the lobe, which were already almost stable in the previous period, did not show
any significant movement. This could be the reason for the formation of ridges and furrows in the central part
of the lobe. Figure 52 shows that there appears to be a central band that exhibits significantly higher velocities

than the outermost edges.

The warm season from 26 June to 5 October 2023 confirms the trend seen in the two separate periods, i.e.
greater displacements in the western part of the front of around 25 cm to values around 30 cm (Figure 53).
In the rest of the rocky foreland, displacements are between 2 and 15 cm, with values below the LoD in the
eastern part of the front and the western lateral margin in the central part. Comparing Figure 53 with Figure
45, which represents the displacements between 2016-2023, it can be stated that the areas with greater or

lesser displacements match almost perfectly.
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Figure 53: Total horizontal displacements of the Piancabella rock glacier from 26.06.2023 to 05.10.2023 measured using CIAS
software.

Monte Prosa

Between the first and second survey, the rock glacier of Monte Prosa exhibits velocities between
approximately 1 and 10 cm-month™ (Figure 54). Displacements are greatest in the rooting zone, as well as in
the central part of the body near a longitudinal furrow and in the lower part before reaching the front. The
lateral margins, especially the western ones, show rather low values, between 1-2 cm-month™, and several

values below the LoD.

The period between 25 August and 3 October 2023 shows very similar velocities to the previous period
(summer), with the fastest area still being the root, with values up to about 10 cm-month™ (Figure 55). The
western edge has no vectors, as they were removed due to a random error resulting in contrary arrow
directions. In general, the velocities recorded during this period do not show any clear patterns except for the

upper part, somewhat like in the previous case.

Looking at the displacements over the summer season (Figure 56), between 10 July and 3 October (84 days),

the trend of higher velocities in the rooting zone (up to 50-60 cm displacement) is confirmed, as well as in
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the central part along the entire rock glacier (up to 20-25 cm). As already seen, especially in the first part of
the summer, it is interesting to note that in the central part, there are a couple of circumscribed regions with
slightly greater displacements than in the surrounding areas. It is also noticeable that the western margin

tends to be slower, especially in the central part.
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Figure 54: Horizontal vlociﬁes of the Monte Prosa rock lacier Figure 55: Hoizonta/ velocies of the Monte Prosa rock glacier
from 10.07.2023 to 25.08.2023 measured using CIAS software.  from 25.08.2023 to 03.10.2023 measured using CIAS software.
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Figure 56: Total horizontal displacements of the Monte Prosa rock glacier from 10.07.2023 to 03.10.2023 measured using CIAS
software.

Ganoni di Schenadiii

During the warm season, this rock glacier shows a very interesting trend. The period between 11 July and 1
September 2023 (51 days) shows large differences in velocity, with values between 1 and about 20
cm-month™. In the west margin in the central part and in the east lobe, the measured displacements
remained below the LoD value (Figure 57). In the central part of the west lobe, velocities were also low,
ranging between 1 and 4 cm-month™. On the other hand, it is interesting to note that in the lower part of the
rooting zone and in the central part, there is an area with significantly greater displacements than the
surrounding area, with velocities of around 8-10 cm-month™. The upper part of the rooting zone is also very
fast, around 10-14 cm-month™, with values of up to 20 cm-month™. The mobile part of the eastern lobe, for

the most part, shows velocities between 1 and 4 cm-month™.

The early autumn, i.e. from 1 September to 10 October, shows a decrease in the speed of the west lobe and

an increase in that of the east lobe (Figure 58). In the front area, the central and left parts of the west lobe
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are almost stationary, as is the entire western margin, with values often below LoD or only a few cm-month™".
On the other hand, the right part of the west lobe shows almost unchanged velocities. Above all, the part of
the east lobe front increases its speed, with values up to about 6-8 cm-month™. The central area, which
previously differed significantly due to high velocities, shows slightly lower values (around 4-8 cm-month™),
in line with the velocities of the entire central part. Again, the rooting zone records the highest velocities, in

line with the previous period, between 10-20 cm-month™.

Looking at the entire summer period from 11 July to 10 October 2023, it can be seen that the fastest part was
the rooting zone, with total displacement values of up to 50 cm (Figure 59). However, the central zone of the
rock glacier was also relatively fast, with values of up to 25 cm. It can be seen that especially the front part of
the east lobe has moved more than that of the west lobe. In addition, the right side of the west lobe was
slightly faster than the left, with values of 5-9 cm and 2-5 cm, respectively. Together with the left part of the

west lobe, the upper part of the east lobe was also slower, with most displacements between 2 and 5 cm.
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Figure 57: Horizontal velocities of the Ganoni di Schenadiii rock  Figure 58: Horizontal velocities of the Ganoni di Schenadiii rock
glacier from 11.07.2023 to 01.09.2023 measured using CIAS glacier from 01.09.2023 to 10.10.2023 measured using CIAS
software. software.
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4.9 Intra-annual thickness changes and volume balances (2023)

This chapter shows the results of the thickness changes obtained using the CloudCompare software

(algorithm M3C2) on the point clouds produced in summer 2023 for the four rock glaciers. In addition,

approximate volume balances of the four rock glaciers and for all the periods ware calculated from these

values and summarized in Table 9.

Table 9: Approximation of the volume changes of the four rock glaciers during summer 2023 derived using the M3C2 algorithm in
CloudCompare.

Stabbio di Largario

Volume gain (m3)

Volume loss (m3)

Net volume (m3)

Summer 1200 -4’600 -3'400
Early Autumn 100 -500 -400
Warm season 1000 -6'600 -5'600

Piancabella
Volume gain (m3) Volume loss (m3) Net volume (m3)
Summer 20 -22 -1
Early Autumn 20 -10 11
Warm season 80 -50 33

Monte Prosa

Volume gain (m3)

Volume loss (m?)

Net volume (m3)

Summer 62 -978 -917
Early Autumn 57 -610 -553
Warm season 119 -2'547 -2'428

Ganoni di Schenadiii

Gain volume (m?3)

Loss volume (m?3)

Mass balance (m3)

Summer 17+3 -590 + 163 -573 + 166
Early Autumn 61 -99 + 29 -93+31
Warm season 19+4 -1'185 + 295 -1'165 + 299
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Stabbio di Largario

During summer, several areas of the rock glacier Stabbio di Largario underwent significant changes in
thickness (Figure 60). Starting from the rooting zone, it can be seen that in parts of its western side, the
thickness decreased between 3-10 cm-month™. Apart from that rather circumscribed area, there were no
other changes in the upper part (note that some areas covered with snow at the end of June have been
removed from this calculation). Two rather pronounced orange/red areas can be seen towards the central
part, one on the front of the small western lobe, the second a little further down on the western margin. The
surface subsidence in these areas appears to be several tens of cm-month™. Slightly further downstream, a
blue zone is present in both cases, with accumulations of more than 30-50 cm-month™". This suggests rapid
erosion of those areas, with consequent transport and deposition of material in the area below. Also on the
west side, more precisely on the front of the west lobe, as in the previous case, material was removed (about
50 cm-month~) in some places and deposited a little further downstream. The probably most interesting part
is the east lobe front, where there were large changes in thickness over the first two months of the summer.
A good portion of the right side of the front collapsed and, as In the previous case, carried material further
downstream. The thickness loss at this point is the greatest in the entire rock glacier, with values exceeding
one metre per month in some places. The material transported downstream has created furrows that are

more than 1 m deep along the front.

The second part of the summer shows a quiet situation, in which, unlike the first period, no major events
significantly changed the thickness of the rock glacier surface (Figure 61). The areas with small losses in
thickness (between -7 and -20 cm-month™) are found in the eastern part of the rooting zone and in the small
lobe to the west. The area that had previously been the one with the most changes in thickness is still
unstable, with erosion upstream and accumulation a little further downstream, albeit with much lower

values.

Figure 62, which shows the sum of the two intra-seasonal periods, clearly emphasises the abovementioned
areas. However, it can be seen that over the entire surface of the rock glacier, especially in its upper part and
rooting zone, there is a slight tendency towards a decrease in thickness, between 7 and 20 cm. Again, for
interpretation, it is important to know that the strange shapes visible in the upper part can be traced back to
the polygons representing the snow patches present in the early summer, which were removed to calculate

thickness changes.
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Figure 60: Thickness changes of the Stabbio di Largario rock  Figure 61: Thickness changes of the Stabbio di Largario rock
glacier from 21.06.2023 to 31.08.2023 measured using the glacier from 31.08.2023 to 12.10.2023 measured using the
M3C2 algorithm. M3C2 algorithm.

Figure 62: Thickness changes of the SDL rock glacier from 21.06.2023 to 12.10.2023 measured using the M3C2 algorithm.
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Piancabella

In contrast to the rock glacier of Stabbio di Largario, the vertical displacements of Piancabella were similar
throughout the summer. Starting with the first period, i.e. between 26 June and 24 August, it can be seen
that thickness changes are practically absent (Figure 63). The only three points with significant changes are
on the front and refer to minor episodes of collapse, with the material detached and deposited a few metres
further down. In the second period (Figure 64), the situation does not change; practically all the calculated

values are below the LoD, i.e., below 3 cm-month™.

Adding up the two periods gives the result of Figure 64, where, although still very limited, a couple of
interesting areas can be glimpsed, with significant changes over the summer period between 26 June and 5
October. These are the same zones already seen in the calculation of vertical shifts between 2016 and 2023,
namely the northern part of the front and an area of the central part of the lobe. In the former, there are

increases in thickness of around 10 cm; in the latter, there is a decrease in thickness of around 10 cm.
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Figure 63: Thickness changes of the Piancabella rock glacier Figure 64: Thickness changes of the Piancabella rock glacier
from 26.06.2023 to 24.08.2023 measured using the M3C2 from 24.08.2023 to 05.10.2023 measured using the M3C2
algorithm. algorithm.
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Figure 65: Thickness changes of the Piancabella rock glacier from 26.06.2023 to 05.10.2023 measured using the M3C2 algorithm.

Monte Prosa

The Monte Prosa rock glacier represents a very interesting case regarding the changes in thickness that
occurred in the summer of 2023. In the 45 days between the first and second survey, the thickness of the
front, as well as the central part of the rock glacier, remained unchanged (Figure 66). The only area with
significant changes in thickness was the upper and rooting zone. Observing in more detail, it can be seen that
in a small area near a topographic concavity, the thinning of the surface was greater than in the rest of the

area, with values even exceeding -20 cm-month™.

The following period also showed similar behaviour in the same areas but with a smaller reduction in

thickness, to around -16 and -20 cm-month~" (Figure 67).

The entire summer showed, as before, a very pronounced zone of thickness decrease, with values up to about
-50 cm, which continues along the right side of the concavity until it reaches the central part of the rock

glacier (Figure 68). Interestingly, there were hardly any significant changes in thickness below the middle of
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the body during the three summer months. The only changes were those visible through the red and blue
patches on the front, caused by the fall of a few boulders during the summer. This result, therefore, shows a
clear difference between the middle and lower parts of the rock glacier, which are essentially stable in terms
of vertical displacements, in comparison to the upper part and the rooting zone, which are much more
dynamic with changes in thickness up to about -50 cm in the centre of the concavity that extends from the
rooting zone to the middle part of the body. These thickness changes led to probable volume changes visible

in, with a net volume over the entire summer of about -2’400 m3.
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Figure 66: Thickness changes of the Monte Prosa rock glacier  Figure 67: Thickness changes of the Monte Prosa rock glacier

from 10.07.2023 to 25.08.2023 measured using the M3C2 from 25.08.2023 to 03.10.2023 measured using the M3C2
algorithm. algorithm.
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Figure 68: Thickness changes of the Monte Prosa rock glacier from 10.07.2023 to 03.10.2023 measured using the M3C2 algorithm.

Ganoni di Schenadiii

The behaviour of the Ganoni di Schenadii rock glacier in Schenadyii is partly reminiscent of the behaviour of
the Monte Prosa rock glacier in terms of thickness change. In the first part of the season, the greatest changes
seemed to occur, especially in the rooting zone and the upper part, with reductions in thickness of between
-7.5 and -16 cm-month™ (Figure 69). There were no substantial changes in the lower part. The only exception
is the fall of a boulder on the west side of the front, clearly visible through the two red and blue spots. In the

upper part, the areas that were covered by snow during the first survey were removed.

The period between the beginning of September and mid-October shows a stable situation (Figure 70), where
only a tiny portion of the upper part shows a decrease in thickness between 6-12 cm-month™.

Figure 71, representing the period between the first and the third survey shows what has already been stated
above, with a thinning of 25 and 40 cm in the rooting zone, which continues in a small portion of the central

part with values of up to approximately -25 cm.
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glacier from 11.07.2023 to 01.09.2023 measured using the glacier from 01.09.2023 to 10.10.2023 measured using the
M3C2 algorithm. M3C2 algorithm.

Figure 71: Thickness changes of the GA rock glacier from 11.07.2023 to 10.10.2023 measured using the M3C2 algorithm.
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5 Discussion

5.1 Inter-annual kinematics

In recent decades, a large number of studies have analysed and monitored the kinematics of many rock
glaciers scattered throughout the Alps (Scapozza et al., 2014a; Cusicanqui et al., 2021; Kaufmann et al., 2021;
Gartner-Roer et al., 2022; Kellerer-Pirklbauer et al., 2024). The results showed that, since the early 1990s,
there has been a significant acceleration in the horizontal velocities of active rock glaciers on the European
continent (Haberkorn et al., 2021; Roer et al., 2008). Such acceleration has also been documented for the
rock glacier Stabbio di Largario (Scapozza et al., 2014a). This long-term change in kinematics was mainly
caused by two factors: environmental changes (such as temperature increase) that led to a degradation of
the permafrost (lkeda, 2004; Kellerer-Pirklbauer et al., 2024) and an increase in the amount of water from
precipitation, snowmelt and ground ice (Roer et al., 2008). As already seen, these factors are directly linked
to the two known processes that lead to the deformation of rock glaciers. The first is shearing, which occurs
mainly at depth in the so-called shear horizon, while the second is the plastic deformation within the body of
the rock glacier due to the viscosity of the material (permafrost ice) of which it is partially composed. As
Harbor (1997) argued, the shearing process is influenced by the supply of water as well as its pressure, which
controls the frictional resistance in the shear horizon. On the other hand, the plastic deformation that occurs
within the body depends mainly on the mechanical characteristics of the ice contained within it. An increase
in temperature can cause important changes in viscosity and hardness and the shear and crush resistance of
polycrystalline ice (Arenson & Springman, 2005). This can lead to an acceleration of the rock glacier. The
theory that the shearing process is mainly controlled by water input is also confirmed by stratigraphic data
from a borehole of the Ritigraben rock glacier in a study by Kenner et al. (2017) in which it is shown that the
shear horizon is located in a very wet transition zone between the frozen body of the rock glacier and the
unfrozen part below, containing different water horizons. The authors, therefore, hypothesise that it is a
partially water-saturated continuum between the ice-rich permafrost and the ice-free rock debris. The climate
change-induced increase in temperature not only warms the permafrost body but is also responsible for the
increasingly late freezing of the active layer in the early winter as well as increasingly early snowmelt in the
spring period (Haberkorn et al., 2021), thereby increasing the period in which water can reach the shear
horizon. The long-term acceleration observed in recent decades, however, seems to be due not so much to
the amount of water entering the system but rather to the efficiency with which water manages to reach the
shear horizon (base flow) rather than running off along the permafrost table (quick flow) (Haberkorn et al.,
2021; Kenner et al., 2017; Kenner et al., 2019). The flow of water is controlled by the development of channels

within the rock glacier. The fact that permafrost is approaching 0°C is synonymous with greater ice plasticity,
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but it also means the development of more runoff channels towards the shear horizon. This could increase

base flow at the expense of quick flow (Kenner et al., 2019).

As already reported in several reports on permafrost in the Ticino Alps (Scapozza et al., 2020, 2018), the
relationship between velocity of rock glaciers and MAGST trend is also very clear, reflecting atmospheric
temperature variations, but also snow cover variations such as thickness and duration, ground surface
characteristics and subsurface heat transfer processes. This relationship was very well observed during the
positive MAGST temperature anomalies recorded in 2015, 2019 and 2020, which led to an increase in the

horizontal velocity of all monitored rock glaciers in those years.

The effect of water, as well as the warming of the land surface, also seems to influence the properties of ice
and debris mixtures. In fact, it was noted that 2015 and 2019, in addition to being very warm, were the two
years with the largest water stock of the entire decade (Scapozza et al., 2020). However, given the complexity
of the mechanisms and the absence of information on the internal composition of Ticino's rock glaciers, it is

difficult to draw conclusions.

The two rapid decelerations observed following the velocity peaks of 2015 and 2019-2020, which continued
into 2023, would appear to be due to falling ground surface temperatures during those periods (Kellerer-
pirklbauer et al., 2024). The cause of this decrease is the low autumn and winter precipitation, which allowed
the soil to cool down significantly compared to years with abundant precipitation. Hanson and Hoelzle (2004)
and Luetschg et al. (2008) argue that, depending on the roughness of the surface, a snow cover of at least
0.6-0.8 mis required to thermally isolate the active layer from the atmosphere. Looking at winter 2022-2023
(Figure 22), for example, we see that the snow cover was practically absent until the beginning of December
and then settled right around 0.5-0.6 m. Only in late winter and for a short-time period did the coverage

increase slightly, which was too late to allow good insulation from the atmosphere.

However, it seems clear that the increase in the temperature of the permafrost body has as a consequence
not only the alteration of the rheology of the ice but also a change in the ratio of debris to ice, where the
latter sees a decrease in its volume to make room for air and water in liquid form (Scapozza et al., 2015). The
changes within the rock glacier body cause a spatially heterogeneous alteration of viscosity as the effects of
ice melt are not uniform but vary depending on the amount of ice as well as the slope of the rock glacier

(Arenson & Springman, 2005; Mdiller et al., 2016).
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5.2 Intra-annual horizontal velocity variations

5.2.1 General trend

The results from GNSS measurements clearly show variations in horizontal velocities depending on the time
of the year. Such seasonal differences have already been observed in several studies and show an acceleration
in summer, with peak speeds reached between autumn and early winter, as well as a deceleration leading to
a minimum speed in late spring (Delaloye et al., 2010; Wirz et al., 2016). It has also been shown how the
seasonal velocity signal, depending on the rock glacier, can show a time lag of up to several months with
respect to peak air and ground temperatures. This is because the temperature signal needs time to propagate
within the permafrost cover (Haeberli et al., 2006; Kaab et al., 2007). However, confirming what has already
been discussed above, Cicoira et al. (2019b) and Wirz et al. (2016) showed that the sole influence of
temperature through heat conduction on rheology cannot explain the seasonal and inter-annual changes
observed in reality. They indicate that the short- to mid-term velocity changes of rock glacier flow can only be
explained by the advection of surface water into the glacier and its interaction over pore-water pressure with
the creep rheology. Furthermore, Kenner et al. (2020) showed how the acceleration of the rock glacier they
studied during the spring period occurred when the ground surface temperatures were still decreasing. In
addition, they saw how the snow water equivalent in spring showed no significant effect on the magnitude
of the acceleration, while the sum of summer precipitation had a barely considerable influence on the
movements of the rock glacier. This would confirm the theory of the importance of the amount of water that

reaches the shear horizon, thus the importance of base flow, as opposed to quick flow.

Seasonal velocity fluctuations can be high, up to and exceeding 50% of the annual average (Delaloye et al.,
2010). The results of this thesis show that warm season velocities are indeed higher than annual ones. The
values for the reference points of all four rock glaciers over the entire summer are roughly between +30%
and +50% of the annual velocities. However, taking summer and early autumn individually, it is interesting to
note how these velocities differ. In fact, during the summer, the median value of the horizontal velocities is
+70% compared to the annual value. However, the large standard deviation indicates a large difference
between the values. Taking the median value of +22%, the result still shows the higher speeds of the summer
compared to the annual ones. The early autumn period, which reflects the September and early October
movements, shows an increase in horizontal velocity compared to the previous period, with a median value
of +75%. What has been discussed is also confirmed by the statistical tests on the differences in velocity
between the different periods (Chapter 4.3), in which a significant difference was found between summer
and early autumn. This is in line with other studies (Wirz et al., 2016; Kenner et al., 2017; Ulrich et al., 2021),
which have shown a clear seasonal pattern in the horizontal velocities, with the peak reached between August

and January, i.e. in the period between the second and third survey until late winter. The cold season, with
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the average value of the seasonal to annual velocity ratio of -3%, suggests a slight decrease in velocity during
this period. However, it must be carefully evaluated, considering it is a nine-month period, i.e. between the
measurements in September 2022 and those at the end of June/beginning of July 2023. Following what has
already been discussed, what is observed is, therefore, an average between the usually high-velocity values
in the autumn and early winter months and the lower values measured in late spring, before the onset of
snowmelt. However, it is remarkable the fact that there is no significant difference between cold season and

summer velocities, although there is an apparent trend of increasing speed.

What is noticeable when looking at the deviation between the seasonal and annual velocity ratios (Figure 32)
is how the standard deviations are clearly more significant at the points where the velocities are lower. This
is undoubtedly due to the fact that the measured movements are normalised over the entire year. This means
that even just 1 cm of error (about the instrument's accuracy) in the measurement of the coordinates can
lead to significant deviations when comparing the velocities over the whole year. The points particularly
affected by this 'problem' are those that move below about 10 cm annually. As one moves towards greater

movements, the ratio deviation also decreases almost exponentially.

5.2.2 Within and between rock glaciers

Seasonal fluctuations do not always occur simultaneously for all rock glaciers (Delaloye et al., 2010). The
results of this thesis also confirm this point. Observing the summer period, the velocities of Stabbio di Largario
are below the annual ones. Comparing this period with the cold season, however, there is no statistically
significant difference, although there does appear to be a slight slowing trend in summer. The substantial
increase in velocity measured in early autumn suggests a general seasonal increase in velocity that is
progressive and delayed in time, as also observed in the case of the Muragl rock glacier (Delaloye et al., 2010).
Interestingly, the two lobes show different seasonal contributions. The fact that the west lobe shows a lower
contribution during the early autumn and a higher one during the cold season would suggest a slower
reaction than the other lobe. In fact, the latter sees a threefold increase in early autumn speed compared to
the previous period, while the west lobe only doubles. Possible causes could be the different ice content, the
slope of the bedrock, or the fact that the west lobe is almost separated from the rest of the body, with a very
uniform sliding movement rather than creeping, interpretable as a translational slide over a shear horizon
(like a debris slide sensu Varnes, 1978), containing ice. Without the help of geophysical information, however,
it is difficult to interpret these differences. In general, despite the slightly lower altitude compared to the
other three sites, this could be a rock glacier still containing a good amount of ice, with an underdeveloped
drainage system, where meltwater flows mainly on the surface and, therefore, does not lead to a sudden

increase in velocity.
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In contrast to Stabbio di Largario, Ganoni di Schenadii has been showing seasonal velocities well above
annual velocities since summer, with practically all values above 0% up to about +400%. The almost threefold
and fourfold increase in mean summer velocity (east and west lobes respectively) compared to the cold
season indicates a probable connection between surface velocity and snowmelt phase, as already observed
for other rock glaciers such as Becs-de-Bosson and Gemmi/Furggentélti (Krummenacher, et al., 2008;
Perruchoud & Delaloye, 2007). Although there is a slight downward trend in early autumn, the difference
between the two summer periods is not statistically significant. The difference between the two lobes is again
quite marked. Cold season speeds are higher in the main (western) lobe. However, in the two summer
periods, the eastern one seems to be more active. These differences confirm how microtopography and
internal thermal conditions can affect the kinematics of an individual rock glacier in different ways (Jorgenson
et al., 2010). Overall, this very seasonal behaviour indicates that this rock glacier reacts importantly as a result
of water input due to snow melt. This means that most likely, the main processes influencing the velocities of
this rock glacier occur primarily at the surface and not at depth, effectively excluding permafrost temperature
as a predominant direct factor (Kenner et al., 2019). Following the reasoning of Cicoira et al. (2021), the fact
that water flow has such a significant influence on the velocities of this rock glacier would suggest high
structural heterogeneity, preferential flow paths and an increase in interstitial water content. Considering the
time between snowmelt from 21 May to 4 June (recorded by the GST loggers), and taking into account the
survey carried out on 11 July, the velocities had likely already increased during June and therefore a large part
of that month's contribution was incorporated into the 'cold' period. If this were the case, this would indicate
a further imbalance of movements over the year, with winter movement virtually absent, at the expense of
a large (proportionally) late spring and summer movement. There would also be the possibility of a delayed
snowmelt reaction of a few weeks. This could be due to the time needed for water to reach the basal zone of

the rock glacier or the time required for the seasonal ice formed deeper in the permafrost table zone to melt.

In the case of Monte Prosa, the speed seems to be much more constant over time than in the others. Indeed,
what is surprising is how the cold season contribution to the total displacement is almost 80%, roughly 15-
20% more compared to the other sites. In summer, it is interesting to note that snowmelt does not seem to
create the conditions for a marked increase in surface velocity. On the contrary, the speed in summer is
significantly lower than in the cold season, a fact that has also been observed in other cases (Lambiel et al.,
2005). The following period sees an increase in velocities, which can nevertheless be compared to cold season
velocities. Despite the increased precipitation in the second summer period, given the lack of response to the
water supply from the snowmelt in the previous period, it is very likely that this acceleration (delayed in time)
is a response to the increase in temperature. What was observed during the summer of 2023 seems to
confirm what the study by Mari et al. (2012) reported, in which a comparison was made between summer

velocities of Monte Prosa and Ganoni di Schenadiii. Concerning the former, they noted that it shows relatively
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small seasonal variations in velocity. In contrast, the latter shows well-defined seasonal variations with
marked accelerations in the summer period, with higher velocities measured on the right side of the west
lobe. Again, similar to Stabbio di Largario, Monte Prosa would appear to have a significantly delayed reaction
in time, showing an increase in velocities only in the early autumn, and then probably peaking in the late
autumn and winter. The low velocities in summer could result from the slow reaction of this rock glacier to
external changes. This would suggest an internal condition that is still favourable to the presence of ice, with
a rather homogenous structure and fewer preferential channels, which allow less water to penetrate it and

reach the shear horizon.

Although Piancabella shows no significant difference in velocity between the three periods (Figure 35), it
appears to have a rather similar trend to that of the western lobe of Ganoni di Schenadii. Summer velocity
tends to increase, with substantial stability in the warm season. Again, the effect of increased rainfall during

early autumn would appear not to lead to increased velocities.

If in the cold season and summer the speeds of Stabbio di Largario and Monte Prosa are comparable, in early
autumn that of the former is almost double. This difference could be attributed to the difference in GST
between the two rock glaciers. However, Piancabella and Ganoni di Schenadiii also show lower velocities in
that period, without their GST being significantly lower. This difference could therefore be due to different

response times caused by the different geometries and internal thermal conditions.

The fact that differences in the seasonal contributions to the total are quite marked both within the same
rock glacier and between different rock glaciers indicates the great complexity of these geomorphological
forms related to high mountain permafrost. What has been observed would thus seem to indicate a complex
interaction between external climatic factors, especially snow cover and its duration, as well as temperature,
with local factors related to the individual rock glacier, such as microtopography and the thermal state of the
permafrost, which may first favour the development of surface deformation mechanisms and then influence
deeper processes, such as the development of channels that bring water down to the shear horizon. These
factors and their interactions appear to determine both the seasonal course of rock glacier kinematics and its

inter-annual trend, which is smoother over time (Buchli et al., 2018; Ulrich et al., 2021).

5.3 Spatialisation of information

Displacement vector maps produced by orthophotos and CIAS software help to spatialise the information
measured by dGNSS, so that a global view of movements across the entire surface of rock glaciers can be
obtained, thus aiding interpretation and discussion of the possible causes of such movements. This product
also makes it possible to understand whether the position of the dGNSS measurement points is

representative of surface movement. Thanks to the surveys carried out during the summer of 2023, several
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interesting movements could be observed for all four rock glaciers. As seen above, the speed of these
movements can vary greatly depending on the time of year. In addition, it was noted that within each rock
glacier, there are large differences in speed, even within a few tens of metres.

What was measured for Stabbio di Largario by dGNSS is also found in the CIAS products, with more spatial
information. As already discussed, horizontal velocities appear to increase in the latter part of the summer.
However, the maps show that this increase occurs mainly in the middle and upper parts of the rock glacier,
where, in the first two months of summer, many values are below LoD. The same does not apply to the parts
very close to the front. In fact, their velocities are similar to those of the second period. Interestingly, the only
area in which the velocity decreased significantly during the early autumn is the steep area joining the central
part from the western lobe. Looking at the entire summer period, the consistent movement can be seen very
clearly, and high-speed zones can be seen next to much slower zones. For example, the central part shows
two high-speed zones to the east and west of the longitudinal crevasse. The latter is especially limited in
terms of area, yet the differences in speed are remarkable. Another interesting zone is the one between the
two lobes. There is a substantial shift from 20-25 cm summer displacements to displacements below 5 cm, if
not below LoD within 30-40 m. These very low displacements are probably due to the dynamics in that area.
This is, in fact, a point where there is a diffluence between the east and west lobes. It could be that this
diffluence somehow balances the displacements on either side, resulting in minimal movements. Another
possible factor could be a particular conformation of the bedrock, which could slow down its advance in that
area. The general increase in movements during the early autumn, especially in the middle and upper part,
seems to confirm that this rock glacier is less affected by snowmelt than others and, therefore, reacts more

slowly over time.

Piancabella, excluding its rooting zone, rather than showing great temporal differences in velocity, shows
great spatial variability. Interestingly, its central zone, near the front, has significantly higher velocities than
all the other zones. Furthermore, the transition from fast zones to relatively slow or almost stationary zones
appears to take place over a period of only a few metres, about 10-15. It seems evident that the high speed
of the central/frontal part of the rock glacier, as well as the substantial stalling of the lower part of the lobe
(to the east) cause the formation of ridges and furrows in the central part. The fact that there a fast and a
slow part means that these ridges and furrows are not perpendicular to the flow but tend to elongate and
take a more longitudinal direction. The greater displacements of the upper part during the early autumn
could be due to both the late reaction to the temperature increase as well as the increased water supply from

precipitation.

The CIAS result for Monte Prosa once again confirms what has already been reported by Mari et al. (2012),
with greater velocities in the central part of the rock glacier. In this case, too, for example when observing the
western lateral margins, the transition from almost no summer displacements to displacements of 10-20 cm
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happens within a few tens of metres. Although the differences in velocity within the rock glacier are smaller
than in the other two, the three areas with higher velocities show that uneven internal thermal conditions

probably exist.

The low summer velocities measured on the west lobe of Ganoni di Schenadiii are mainly attributable to the
lobe's slope, which is rather low. It ends in a flat area, which is not conducive to downstream movement.
However, there seems to be a slight difference between the west and east sides of the lobe, with the latter
being slightly faster, as also reported by Mari et al. (2012). The most interesting part, however, is the central
part, which shows greater displacements than the surrounding area. This is the beginning of an area with a
rather marked slope, which could cause the observed increase in speed. It is difficult to understand why
neighbouring areas with similar or steeper slopes do not show equal velocities. The most widely accepted
interpretation is that several factors overlap, which may favour increased velocities in one area of the rock
glacier over another. For example, in the case of Ganoni di Schenadii, the fastest zone is located at the
beginning of a depression, and therefore, it is possible that the flow of meltwater as well as rainwater is
concentrated there. This factor, combined with that of the slope and likely favourable internal thermal
conditions, could result in a higher velocity. However, looking at the entire rock glacier, especially its main
lobe, as well as the two margins, one can see that the velocities are very low, if not below LoD. This could
suggest a possible transition to an inactive state. However, thanks to the historical series of dGNSS
measurements, the above cannot be stated, as in 2017 and 2018, the velocities were, on average, lower than

those measured in 2023.

From a general perspective, the rapid reaction and acceleration of a rock glacier during the snow melt period
or following heavy precipitation events is probably due to the greater amount of water reaching the shear
horizon (Kenner et al., 2017). This could be the case for the Ganoni di Schenadii rock glacier. This increase in
water at depth could be due to the gradual increase in ground temperature measured in recent decades and
consequently to permafrost degradation. Temperatures close to 0°C do not allow water to refreeze, and
consequently, percolating water adds energy and contributes to ice melt. These conditions are optimal for
forming taliks in the form of runoff channels, which promote the passage of water from the surface to the

base (Kenner et al., 2017).

Other rock glaciers, such as Stabbio di Largario and Monte Prosa, react less abruptly, suggesting a lower water
supply in the shear horizon zone. This could mean that the thermal conditions of the ice within these two
rock glaciers are less favourable for the development of channels within their bodies. Despite the similar
water supply (normalised over 1 month) between the two summer periods for Stabbio di Largario and the
larger one for Monte Prosa, as well as an apparent decrease in GST (not statistically significant) during the

second part, both rock glaciers showed a significant increase in their velocity. This would confirm the delayed
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reaction in time of these two rock glaciers, which would not appear to be directly related to changes in water

supply but rather to the time it takes for heat to penetrate into the ground.

As recently argued by Bast et al. (2024), the lowering of the water content within rock glaciers is crucial for
their deceleration in the short term. What has been observed in Southern Swiss Alps would seem to confirm
this, with a deceleration in the last two years caused by two winters with little snow and below-average
precipitation. Due to the snow-poor winter of 2022-2023, and thus a significant cooling of the ground surface,
the recorded summer heat peaks had a more limited impact on the surface velocities of these rock glaciers.
The general warming of the ground surface, and consequently that of the permafrost, is having and will have
an impact on the rheological properties of the material of rock glaciers, which will see a change in the energy
and mass balance (Cicoira, 2020). Rock glaciers approaching 0°C will experience major structural changes due
to higher temperatures, increased water content, increased creep rates and the onset of degradation. Hydro-
mechanical processes are therefore likely to become more important than thermal mechanisms and will take

greater control over short-term changes in rock glacier kinematics (Cicoira, 2020).

5.4 Intra-annual thickness (and volume) changes

Seasonally, there can also be short-term velocity peaks/thickness changes (episodes of a few seconds/hours),
which are often related to overturns or boulder slides, thus mainly linked to the active layer of the rock glacier
(Wirz et al., 2014). These types of displacements have been recorded on all four rock glaciers, with some
boulders falling or sliding in the foreland area, where the stability of the boulders is lower due to the change
in slope. They are visible by observing the figures representing the changes in thickness (Figure 62 - Figure 65
- Figure 68 - Figure 71). In the case of Ganoni di Schenadii, Monte Prosa and Piancabella, these are mainly
rockfall events, i.e. caused by the fall of one or a few boulders without any other particular changes in the
surrounding area (Kummert et al., 2018). These events thus modify, albeit slightly, the shape of the rock
glacier. However, there can be more important erosional events that significantly change the surface and its
thickness. In this sense, the most important event was that occurred on the front of the east lobe of Stabbio
di Largario between the end of June and the end of August (Figure 60). A large amount of material (approx.
2’000 m?), mainly from the active layer, slipped and ended up further downstream. This is visible by observing
the changes in thickness and the graph representing the profiles plotted along the digital terrain models
(Figure 73). As already observed in other rock glaciers with fast movements and steep fronts (Buchli et al.,
2018; Kummert et al., 2018), this would be a seasonal failure, a mix between a widespread superficial flow
and a concentrated flow (Kummert et al., 2018). The former has been associated with low-flow water
circulation at the surface or in the first few decimetres of the rock glacier front and downstream debris slope,

sometimes causing small linear erosional events such as rill washes and small mudflows. These surface flow
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events have been identified in the presence of a wet surface due to snowmelt or precipitation. The second
process, on the other hand, is characterised by much more pronounced linear erosion, linked to a greater
water input and incision, and mobilises up to several hundred cubic metres of material. In their study,
Kummert et al. (2018) always identified the presence of water sources during concentrated flow events.
Widespread superficial flow events were typically linked to rainfall events and happened less frequently
between July and October than during snowmelt. In the summer and autumn, concentrated flow events were
uncommon and required frequent or severe rainfall. In the case of Stabbio di Largario, the lack of webcams
near the front does not allow to reliably confirm the cause of what was observed. However, it can be assumed
an event caused by heavy rainfall at the end of August, a few days before the second survey. Observing the
values measured at nearby weather stations, approximately 190 mm of rain fell over four days, with the peak
rainfall on 27 August (101 mm). Marcer et al. (2020) also identified the infiltration of meteoric water as an
important preparatory and triggering factor for frontal instabilities. Therefore, it is highly probable that this
was the triggering event, as other areas of the rock glacier also underwent rather significant changes, albeit

to a lesser extent. These events can be explained as high-frequency signals superimposed on a more regular

velocity pattern, which better represents the real movement of the rock glacier or part of it (Cicoira et al.,

2019).
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Other thickness changes, however, linked to different processes, occurred in particular on the Monte Prosa
rock glacier. It can be seen that in the upper part of the rock glacier, in the rooting zone, there was an area
along a longitudinal furrow with a lowering of the surface by up to 50-60 cm over 3 months, between the

beginning of July and the beginning of October (Figure 74).
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Figure 74: Subsidence area of the Mont

Theoretically, subsidence could result from ice melt, reduced ice and sediment input, acceleration of the
entire landform, or most likely a combination of these factors (Miller et al., 2016), but the understanding of
the processes and models linking them to external forces is still rather limited (Scherler et al., 2014).
Generally, the theory of ice-melt-related subsidence seems to find consensus (Haeberli et al., 2024; Harris et
al., 2001; Ikeda & Matsuoka, 2002; Kadb et al., 1997). As already discussed in other studies (Miiller et al.,
2016; Ulrich et al., 2021), given the prevalence of surface subsidence compared to the downward movement
of the rock glacier during a short period, it is very likely that a real thaw settlement is taking place . In favour
of the permafrost degradation theory, Del Siro et al. (2023b) showed how, generally, during the summer
period, the springs emerging from the rock glacier increase their electrical conductivity as well as their ion
concentration and are enriched in isotopes of 0. This physicochemical change of water would justify the
probable melting of the ice within the rock glacier. However, observing the difference between the first and
second part of the summer, it would seem that the lowering of the surface is more pronounced in the first
part when the effect of temperature should not yet affect the inner ice so markedly. This gives rise to a second
possible process that could play a role, namely a deformation due to overloading in the region affected by

this subsidence (Kenner et al., 2017).
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Figure 75: Longitudinal height profile along the subsidence area Figure 76: Transversal height profile along the subsidence area
of Monte Prosa rock glacier. X-axis: profile length (m). Y-axis: of Monte Prosa rock glacier. X-axis: profile length (m). Y-axis:
Terrain elevation (m). Red: first survey (10.07.2023). Blue: third  1orrgin elevation (m). Red: first survey (10.07.2023). Blue: third
survey (03.10.2023). survey (03.10.2023).

To better understand these phenomena, one must return to the definition of a rock glacier and its
components. The rock boulders of the lower part of the rock glacier carapace, which includes the active layer,
are also present below the permafrost table and are firmly frozen within the creeping mass ( Haeberli et al.,
2023). Generally, temperatures below the permafrost table are below 0°, causing these boulders to be firmly
anchored to the ground and also transmitting the movement of the perennially frozen mass to the surface.
However, the interlocking effect between rock components at the surface is weakened by extending flow with
tensile stresses where movement speeds increase along the flow direction, particularly in steep root zones of
rock glacier flow. This process frequently results in partially diffuse surface structures or longitudinal rather

than transverse ridge-and-furrow structures (Haeberli et al., 2023).

The surface heating seen above causes an increase in the thickness of the active layer, as it is thermally
defined, which adapts to near-equilibrium conditions (Haeberli et al., 2023; Noetzli & Pellet, 2022). This
temperature increase above 0°C in the underlying frozen mixture of ice and rock causes the release of debris,
which results in the thickening of the active layer (Harris et al., 2001). The resulting subsidence is caused by
thaw settlement due to the melting of excess ice within the frozen debris (Figure 77). In other words, it is due
to the melting of ice that occupies a space within the subsurface ice matter greater than the naturally
available pore space (Bollmann et al., 2015; Haeberli et al., 2023). This coupling process seems to be among
the main reasons for the relatively low subsidence rates measured over the past decades (Gartner-Roer et
al., 2022). The increased thermal protection of permafrost due to the thickening of the active layer together
with the effects of the latent heat required to melt the ice means that the degradation of ice-rich permafrost
due to climate change occurs very slowly ( Haeberli et al., 2023). In addition, increasing the thickness of the
active layer enhances air circulation and consequently allows greater cooling of the ground surface through

air convection (Wicky & Hauck, 2020, 2017).

96



Suface _

Active N
layer e

== Permafrost
table

Surface ___ {subsidence

Active
layer

== Permafrost
table

Figure 77: Ice-debris coupling and adjustment to warming effect for perennially frozen debris supersaturated in ice. Adapted from
Haeberli et al. (2023).

Negative thickness changes, such as those measured almost exclusively in the upper/rooting zone on Monte
Prosa, have already been observed in the past for other rock glaciers (Cusicanqui et al., 2021; Fleischer et al.,
2021; Gartner-Roer et al., 2022; Kaab et al., 1998; Kaufmann et al., 2021). Kenner et al. (2017) gave a possible
interpretation for this phenomenon, essentially dividing the rock glacier into two parts: the rooting zone and
the remaining part of the rock glacier. In the rooting zone, they argue that the prevailing type of deformation
is the plastic one. This internal deformation of the viscous material corresponds to a power-law fluid
influenced by gravity. Deformation increases near the surface, resulting in subsidence in the overburden
zones. In the lower part, due to the thinning of the mobile layer, the surface plastic deformation decreases,
and the dominant process becomes basal deformation (Figure 78). In the case of Monte Prosa, this process
could indeed be the case since the subsidence zone is located at the beginning of the longitudinal furrows,
where the material load appears to be greater than in neighbouring areas (see horizontal displacement

vectors).
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This mechanism, combined with the subsidence explained by Haeberli et al. (2023), could be behind the
thickness changes seen in the rooting zone of Monte Prosa and perhaps also in part of Ganoni di Schenaddii.
This suggests that the upper part of these two glaciers is rich in ice, a fact confirmed during the early July
survey carried out on the Monte Prosa, where seasonal ice was seen between boulders in the subsidence
zone. The somewhat surprising fact is that in the most affected area of Monte Prosa, the surface subsidence
reached up to 50-60 cm (equivalent to about -2’400 m?) in a little less than three months, a very short period.
By checking the relevant literature, such a rate of susbidence not directly caused by direct erosion has never

been observed.

In favour of the above is the Piancabella rock glacier, which shows no apparent signs of subsidence in the
rooting zone, both in the warm period of 2023 and during the seven years from 2016 to 2023. In addition,
the horizontal velocities recorded in those zones tend to be low, averaging around 20 cm-a™". These two pieces
of information indicate that the rooting zone and the upper part of Piancabella undergo minimal plastic
deformation due to the likely lower presence of ice in the permafrost and the limited material load. In contrast
to the other three rock glaciers, the Piancabella rock glacier does not have a steep rock face behind it. Bearzot
et al. (2022) obtained a similar result, i.e. almost no subsidence at the upper part of the Gran Sometta rock
glacier, and this is due to the absence of subsurface ice as measured by Electrical Resistivity Tomography (ERT)
profiles. The same could also be the case at Stabbio di Largario, in a well-defined area of the western part of
the rooting zone. No significant subsurface subsidence was also seen over a 7-year period. As for Bearzot et
al. (2022), this could be attributable to very little or no permafrost occurrence due to the presence of a small

glacier during the LIA, which probably provided for the degradation of the former permafrost.
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The lowering of the surface visible at Piancabella between the first and third survey and more markedly
between 2016 and 2023 would appear to be caused by a different process from that described above for
Monte Prosa, namely a 3-dimensional effect of extensional and compressional flow (Kdab et al., 1997). In the
front area, in fact, a raising of the surface can be seen. This would appear to be caused by the front approach
to a counter-slope area. At that point, the surface tends to 'swell' because it cannot compensate for the
relatively high velocities downstream with material transport. Considering that the velocities above the
downslope zone are considerably slower, the amount of material transported there is likely to be less than
that transported towards the front. Consequently, the rock glacier may react by lowering its surface to
compensate for this lack of material. This mechanism would seem to be confirmed by the calculation of the
net volume, which was only about -800 m? in seven years between 2016 and 2023 and almost zero in summer

2023.

These case studies clearly show how specific surface changes can be caused by complex and diverse processes
that are not yet fully understood. The triggering factors are manifold, such as the thermal state of the
permafrost, microtopography, liquid water intrusion, as well as the input of sediments that influence the load
exerted on the rock glacier body (Mduller et al., 2016). In the case of Monte Prosa, but also for Ganoni di
Schenadiii, there seems to be a general tendency for permafrost degradation in the upper part, accentuated
precisely near the longitudinal furrows, where the topography is steeper and where the water supply during
snowmelt and precipitation events is greater. The superposition of these factors, combined with the likely
high amount of ice, could, therefore, be the cause of these subsidence rates, which are less visible on the

Piancabella and Stabbio di Largario rock glaciers.
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5.5 M3C2vs. DoD

As already explained in the methods section, to estimate distance differences in the elevation of point clouds
and thus to evaluate possible thickness changes, in this thesis it was opted for the use of the M3C2 algorithm.
It should better represent thickness changes than a DoD, especially in more complex and steep surfaces such
as those of a rock glacier, as it operates directly on the point cloud without meshing or gridding, reducing the
uncertainty (Nourbakhshbeidokhti et al., 2019; Bearzot et al. 2022). To assess how well this algorithm works,
a DoD for Monte Prosa was created for comparison (Figure 79). What immediately strikes is the difference
between the two LoDs of M3C2 and DoD, about 12 cm and 4 cm, respectively. This allowed to state that M3C2
tends to be more conservative (Lague et al., 2013). Furthermore, the values obtained via DoD turned out to
be slightly higher, probably due to the horizontal displacement component. The calculation of volume
changes is a very complex issue in the case of rock glaciers, as there are multiple displacement components
and the volume is occupied by rock, ice, water, air and other components. For this reason, the use of M3C2
should be more robust in these cases and, at the same time, allows to remain more conservative given the
tendentially higher LoD value and the surface change values in the direction of the normals. This would also
seem to be the case in this thesis. For example, for Monte Prosa, a net volume change via M3C2 of -2’400 m?

was calculated for the entire summer period, while via DoD, it resulted in -4’100 m3.

3

Figure 79: Comparison between thickness changes derived from the M3C2 (left) algorithm and from the DoD (right).
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5.6 Advantages of using drones to monitor rock glacier kinematics

Large spatial differences can be seen when observing the horizontal and vertical displacements of the
individual rock glaciers. In this respect, the drone was of great help, as it made possible to spatialise the point
information obtained through dGNSS and to identify in all four rock glaciers areas with major changes, both

in terms of horizontal and vertical displacements.

Figure 80: Position of the dGNSS measuring points on A) Stabbio di Largario B) Piancabella C) Monte Prosa D) Ganoni di Schenadliii.
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Indeed, looking at Figure 80, it can be seen that the dGNSS points are generally well distributed over the
entire area of the rock glacier. However, because they were generally placed on large boulders that should be
accessible even with a few dm of snow, steep and most depressional areas, as well as rooting zones (which
often have topographical concavities), are not represented. For example, in the case of Stabbio di Largario,
the point measurements taken on the east lobe do not go as far as the front (also due to the impervious
terrain). The points alone would not capture the gradual increase in velocity as the front approaches, just as
they would not have captured the major erosion events between the end of June and the end of August.
There is also a lack of points in the area between the central part and the western lobe due to the lack of
large boulders caused by the steep slope and instability. Also, in the case of Piancabella, the points are
generally well distributed, but in the area where the highest velocities were measured by the drone, the
points are missing (because of the very steep terrain). For Monte Prosa, the part affected by the marked
subsidence of the surface is not covered by dGNSS points. Here too, the drone was able to show a process
that otherwise would not have been detected. The same can be said for the small area in the centre, where
the horizontal velocities are slightly higher but no dGNSS points are present. Last but not least, at Ganoni di
Schenadiii, like at Monte Prosa, the part of the rooting zone, which has the greatest displacements, is

uncovered by points.

The differences observed between drone and GNSS are sometimes relatively high over short periods. These
differences can be attributed to several factors:

1. Theinstrumental error related to the measurement method, both drone and dGNSS. Considering that
LoD is around 2 cm with the product of photogrammetry and around 1 cm for that of dGNSS, the
differences between the two methods, especially in the case of points with minimal displacements,
could be very large. This also influences photogrammetric reconstruction.

2. The presence of shadows between boulders, which in some areas resulted in a significant degradation
of the CIAS analysis (Vivero et al., 2022).

3. The Triangulated Irregular Network (TIN) interpolation method used on QGIS to calculate velocities
is sensitive to possible errors in calculating vectors by CIAS and to areas without vectors, as they are

deleted when being wrong. This resulted in values being under- or overestimated in some areas.

By increasing the period between the two surveys, there appears to be a marked improvement in the
comparison between drone and dGNSS. The comparison over the entire period shows a good correlation
between the two methods with an R-value? of 0.86. In a study carried out by Bearzot et al. (2022), over three
consecutive years, the comparison between drone and dGNSS resulted in a coefficient of determination of
0.99, while Scapozza et al. (2018), over the two years between 2014 and 2016 obtained an R-value? of 0.98.
Also, in the case of Stabbio di Largario and Piancabella, taking the displacements measured by drone and by
dGNSS between 2016 and 2023, the value of R?is in line with previous studies, i.e. 0.98.
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However, despite these differences in part due to the reasons explained above, it has been ascertained by
many studies that the use of UAV-photogrammetry has great potential and makes an important contribution
to a better understanding of the kinematics of rock glaciers and landslides (Dall'Asta et al., 2015; Peternel et
al., 2022; Vivero et al., 2021; Westoby et al., 2012; Zhang et al., 2019). This also occurs at the intra-seasonal
level. Comparing the fastest zones of the 2016-2023 surveys with the intra-seasonal 2023 surveys shows that
they coincide very well. However, the displacements measured using dGNSS remain extremely important,
both to validate the displacements measured by photogrammetry and to continue the long-term monitoring

of the rock glacier kinematics of Canton Ticino that began about fifteen years ago.

5.7 Limitations and methodological teaching

The main limitations encountered during the thesis are the following:

- There are no direct observations or information on the internal structure of these rock glaciers.

Consequently, the hypothesis regarding kinematics discussed above cannot be confirmed.

- In terms of absolute values, the CIAS software is mainly accurate over the long term. In the short
term, the values are strongly influenced by the quality of the photogrammetric product (even random
errors of a few cm) and the variation of light and shadow conditions due to terrain roughness and

weather conditions.

- The M3C2 algorithm overcomes the problem of loss of information when converting 3D data into a
2.5D representation. In general, it is more suitable for complex terrains. However, it still has
limitations, with possible errors in the calculation of normals, which can affect the accuracy (Yang et

al., 2024).

- dGNSS measurements between September 2022 and June 2023 represent the movement of 8-9
months, including the autumn period, which, especially for Monte Prosa and Stabbio di Largario,
could contribute a great deal in terms of movement. If within the warm season it is relatively easy to
have data on kinematics, for the cold season it is extremely complicated due to the presence of snow
and less favourable conditions. It is, therefore, very difficult to separate late autumn/early winter

kinematics from late winter and spring kinematics.

- The use of six or seven CPs would have allowed a more robust indication of the quality of the

reconstructions. However, only 10 GCPs were available
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Methodological teachings

- Inorder to obtain quality photogrammetric products, planning accurate drone missions in advance is
necessary. In this respect, the DroneHarmony software proved to be a good choice due to its ease of
use. However, for Ganoni di Schenadiii and Monte Prosa, the drone flew too high compared to what
had been planned while maintaining the same number of pictures. For this reason, we obtained more
than 2000 images in some cases, which was the cause of the slow photogrammetric processing. The
cause of the flights being too high was a higher take-off point than planned. The difference in altitude
was not compensated for, so the drone flew at the planned height of 50 metres plus the difference
in altitude between the planned and real take-off point. This means that if the starting point is
changed, the plan must be changed (this can be done directly from the drone controller, although

rather inconvenient due to the size of the screen).

- It would have been possible to fly higher, around 80 metres. The quality of the results would still have
been very good, and by doing so, less time would have been needed for missions on the ground, less
battery power consumed, and fewer photographs taken, which would also have reduced the time
required to create point clouds and orthophotos. In this way, a larger area could have been
considered, which would have been helpful to identify more stable areas, for example, for the

coregistration of the point cloud or possibly that of the orthomosaics.

- As terrain models vary more in areas with very complex topography, to avoid geomorphic
interpretation bias, we used additional oblique images as well as an overlap between photos greater

than 5 (>80%) and during the creation of the terrain model a medium quality (Hendrickx et al., 2019).

- The PPK method alone without ground control points is less accurate than integrating GCPs (at least
in those regions). To obtain accurate terrain models without major deformations and comparable

with the reference points measured on the boulders, 7 GCPs were sufficient.

- CPs are essential to validate the absolute accuracy of the models, especially in mountainous areas ,

where satellite coverage is not always optimal.

- Itis important during the photogrammetric process to "check" the point confidence calculation box
before creating the dense point cloud. This allows at the end of the process to clean the point cloud

and thus eliminate noise, keeping only points with very high confidence.
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- Itis always good to bring a power bank to recharge the tablet required for dGNSS measurements or

the drone battery in case of problems.

6 Conclusion and future studies

Pressing climate change is having a major impact on high mountain environments. In such a context, with the
rapid disappearance of glaciers and decreasing snowfall, studying Alpine permafrost, which visibly manifests
itself in the form of rock glaciers, becomes extremely important. The hydrological potential of these complex
geomorphological forms is now recognised and will become increasingly important in the future, but the
reduced understanding of the processes and factors influencing their reactions makes it necessary to study
them in greater depth. Globally, the relatively small number of studies on seasonal displacements has not yet
made it possible to clearly break down short-term versus annual processes and exactly understand the
influence of various external and internal factors. To this end, the main objective of this thesis was to
calculate, analyse and better understand the intra-annual kinematics of four rock glaciers located in the
Southern Swiss Alps using two techniques: dGNSS and UAV-photogrammetry. More precisely, the aim was to
calculate the horizontal displacements as well as the thickness changes visible at the surface that occurred
between September 2022 and October 2023, in order to better understand the seasonal kinematics of these
rock glaciers and assess possible permafrost degradation. The results of this thesis allowed some interesting

conclusions to be drawn.
From a geomorphological point of view:

- The four rock glaciers show a similar trend in their inter-annual kinematics between 2010 and 2023,
which closely follows the MAGST trend. This means that, over a medium to long period, they react
similarly to changing external factors such as temperature and water supply especially from

snowmelt.

- Onanintra-annual level, significant velocity differences were found depending on the rock glacier. In
general, the average velocities recorded over the entire warm season were higher than those of the
cold season (which includes late autumn 2022, winter 2022/2023 and spring 2023). Ganoni di
Schenadii proved to be reactive and experienced a rapid increase in its speed following snowmelt
during summer. In contrast, Monte Prosa (and partly Stabbio di Largario) saw a decrease in velocities
during that period. For the latter, there was a marked increase in velocities during the second part of
the summer, synonymous with a delayed reaction of at least 2-3 months. Monte Prosa, on the other
hand, showed late-summer velocities in line with cold season velocities, synonymous with an even
more delayed reaction in time and likely rather limited annual variations in kinematics.
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At the intra-annual level, significant displacement differences were found between the four rock
glaciers. Stabbio di Largario and Monte Prosa showed similar cold season velocities and significantly
higher than the other two. In summer, no significant differences were found. In the early autumn,
only Stabbio di Largario was significantly faster than the other three sites. Given the geographical
proximity, these different reactions could indicate different internal thermal states. The rapid
responses of Ganoni di Schenadii in summer could indicate a permafrost temperature probably
closer to zero degrees, favouring the development of channels carrying water towards the shear
horizon. With the gradual degradation of permafrost, on an intra-annual level, hydro-mechanical

processes may become increasingly more important than thermal ones (Cicoira, 2020).

The measured displacements are not evenly distributed over the surface of the four rock glaciers.
Speeds can change from zero to several decimetres per month within a few tens of metres. The cause
is probably the microtopography and the difference in ice quantity, along with the structure of the

rock glacier itself.

The spatialisation of kinematic information using photogrammetry made it possible to identify
interesting surface movements, probably related to different processes, which also gave insight into
the possible internal conditions of these rock glaciers. The most pronounced surface movements,
recorded in the rooting zone (where dGNSS measurement points are missing) of Monte Prosa and
partially Ganoni di Schenaddi, suggest a probable great amount of ice, which in turn suggests a
process of surface deformation. On the contrary, given the limited displacements in the rooting zone
of Piancabella and Stabbio di Largario, less ice and therefore less surface deformation in that area are
assumed. The result of the M3C2-alorithm on Monte Prosa showed significant subsidence in the
upper part, which could result from the melting of the ice contained just below the permafrost table
and, therefore, from permafrost degradation but also from the deformation caused by the
overloading of material in that area. Stabbio di Largario also showed changes in thickness, especially
in the area of the east lobe front. The loss of thickness exceeded 2 metres in some places, leading to
a material loss at around 2000 m3. The probable cause was the heavy rainfall at the end of August, a
few days before the second survey. This would suggest an erosion event lasting a few minutes to a

few hours.
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From a methodological point of view:

- The integration of dGNSS measurements and photogrammetry using the DJI Mavic 3E drone proved
to be very interesting for the purposes of spatialising the information obtained through point
measurements alone. However, the latter remains fundamental for continuing the historical series
that began about 15 years ago in Canton Ticino and for having reference points measured on the
ground and used in the photogrammetric process to georeference the point cloud, digital terrain

models as well as orthomosaics.

- The software used in this study, including Agisoft Metashape photogrammetric software, CIAS (image
feature tracking algorithm) and CloudCompare (M3C2 algorithm), has proven to be not only suitable
but also highly reliable. These tools played a crucial role in identifying areas of both horizontal
movement and thickness changes, which would have been undetectable through dGNSS points

alone. Their reliability and effectiveness underline their value in future studies of this nature.

- The comparison between displacements obtained using dGNSS and those obtained using the CIAS
software on orthomosaics showed a direct relationship between the concordance of the two results
and the distance elapsed between the surveys. In other words, the greater the time between surveys,
the greater the concordance between the two methods and vice versa. This is because, over a very
short period of time and given the relatively low displacement rates, the result is more influenced by
instrumental errors (e.g. related to satellite coverage), as well as uncertainties related to
photogrammetric reconstruction, shadows present in the orthomosaics (which disturb the feature
tracking process) and the interpolation method used to extract the velocity values obtained by CIAS

at the exact point measured by dGNSS.

Future studies

The presence of changes in horizontal displacements and thickness during the two summer periods and
variations between seasonal velocities measured by dGNSS shows that their drivers vary seasonally (e.g.
Ulrich et al., 2021). In the case of the four rock glaciers studied in this thesis, by increasing the frequency of
seasonal or intra-seasonal surveys, as well as by expanding the spatial information through the use of drone
and photogrammetry, it was possible to capture interesting surface processes. However, surface information
alone (dGNSS + drone) does not provide a complete view of the structure of the rock glaciers and the internal
conditions of the permafrost. In the future, to better understand the annual and intra-annual kinematics of
these rock glaciers and to analyse the findings of this thesis in more detail, it will be necessary to continue

research on these sites and to carry out further analyses that could include:
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Continue monitoring through photogrammetry. Alternatively, given the rather costly methodology in
terms of time and resources, kinematics could be monitored through the use of other remote sensing
techniques such as interferometry (InSAR). Despite some limitations, this technique provides

accurate data without the need of in-situ measurements.

Developing more efficient algorithms that can help to understand kinematic changes even better, and
thus calculate with greater precision and a higher degree of reliability horizontal displacements, but
especially vertical ones, on which many open questions still remain today. Geodetic measurements
form the basis of models and simulations that predict changes in creep rates as the climate changes.

The more reliable the measurements, the better these models will be.

Continuing the physicochemical analyses of rock glacier sources, which were already undertaken by
Chantal del Siro during her Master Thesis (Del Siro, 2021; Del Siro et al., 2023b) and are currently
going on during her PhD. This has already allowed and will allow a clearer idea of the origin of the
water in the springs (snow, seasonal ice, ice within the permafrost) at a very high temporal resolution.
It will, therefore, be possible to understand if and when the ice melts and at what point in the season

the degradation of the permafrost begins.

Further hydrological measurements, such as tracing (planned by Del Siro for summer 2024), are
needed to try to understand the time it takes for water to flow over, into, or at the base of rock
glaciers. This could help to confirm or disprove hypotheses about internal ice conditions or at least

give some indication of possible reaction times.

Analysis of a fixed GPS antenna in Stabbio di Largario. This antenna has existed for several years and
records movements at a very high temporal resolution (a few hours). It would be interesting to
analyse these movements to assess possible movement patterns of this rock glacier over very short
periods of time and relate them to, for example, extreme precipitation events or the period of

snowmelt.

Geophysical measurements would allow us to understand the internal composition of the rock
glaciers and monitor their condition over time. Combined with geodetic measurements and physico-
chemical and hydrological measurements of the sources, this would provide a much clearer picture

of the processes that influence rock glaciers kinematics.
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