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Abstract
The overall aim of this thesis is to study active rock glaciers as sediment sources for the torrential network
systems of high alpine hillslopes. Active rock glaciers act as efficient sediment conveyors in periglacial mountain
environments, transferring large quantities of debris from their rooting zone (upslope area) to their fronts.
Active rock glacier fronts are typically steep, reach up to several tens of meters height and are composed of
coarse elements (pebbles, boulders) embedded in a matrix of finer-grained debris. Because of instabilities
induced by the motion of the landforms, active rock glacier fronts are expected to be frequently affected by
sediment reworking processes. In some cases, mobilized debris can accumulate on subjacent slopes and gullies
where they become available for further transport through the occurrence of gravitational processes (e.g. debris
flows, rock falls, or debris slides). Such a configuration can mainly be encountered when the rock glacier
terminus is located on top of continuous steep slopes allowing sediments to be transported on relatively far
distances (several tens of meters) and thus reach torrential channels. They may then be transported towards the
valley bottom via debris flow events. Rock glaciers can thus represent important sources for torrential sediment
transfer processes. However, still very little is known about the mechanisms governing the erosion of the fronts,
and the transport of sediments downwards in the torrents. In addition, only several cases of rock glaciers
connected to torrents have been observed but no regional scale inventory able to indicate the location and the
number of such type of rock glacier exist. These questions are thus addressed in the present study with a
particular focus on the understanding of the erosion and sediment transfer processes.
For that purpose, the sedimentary connection between rock glaciers and torrential channels was studied into
more details at three study sites located in the western Swiss Alps, namely Dirru, Gugla and Tsarmine between
2013 and 2017. At each site, the occurrence of erosion and sediment transfer processes was observed by the
means of in situ webcams allowing images to be taken at hourly intervals during daytime. Multi-temporal Digital
Elevation Models (DEMs) were obtained using terrestrial laser scanning in order to identify and quantify surface
elevation changes related to sediment transfer activity and thus calculate sediment budgets and sediment
transfer rates. In addition, an inventory of all catchments in which at least one rock glacier (or slope movement
in general) is connected to the torrential network system was developed for a 2000 km 2 region in the southwestern Swiss Alps, including the three previously mentioned sites. The inventory method combines information
from a DInSAR-based (Differential Radar Interferommetry) slope movement inventory and the visual analysis of
aerial images from 2007 and 2010/11 to identify cases of active sedimentary connection. This inventory also
considers the connectivity between torrents and other moving landforms located in periglacial environment (e.g.
push-moraines, landslides) as they also potentially contribute to actively transport sediments downward. From
the knowledge acquired from the site-specific study, a simplified approach to estimate the erosion rate at the
front of rock glaciers based on the geometry of the frontal area and the velocity rate was developed and applied
for all the slope movements previously identified as connected within the inventory. Debris flow simulations
were then performed for selected cases (the most active) as an indicator of potential debris flow runout
distances.
Results from the site-specific study showed that the main erosion processes occurring at the front of rock
glaciers included rock fall, debris slides, superficial flow, and concentrated flow. These processes were induced
by (i) changes of the frontal slope angle produced by rock glacier advance, and (ii) increases in water content of
the sediments at the rock glacier front due to melt processes and rainfall. Erosion almost ceased during winter,
when the front was frozen and snow-covered. The onset of snowmelt triggered an active period of highfrequency erosion events. After the melt period, sediment transfer continued as occasional rock falls, while
other erosion processes occurred only during or following rainfall events. Intense regressive erosion phases that
triggered debris flows were rare and occurred when enhanced snowmelt and/or recurring rainfall induced
substantial groundwater flow on the debris slopes directly below the rock glacier fronts.
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Moreover, DEMs of differences (DoDs), i.e. the result from the subtraction of two DEMs of the same area but
obtained for different dates, were used to map and quantify sediment transfer activity between the front of
these rock glaciers and the corresponding underlying torrential gullies. Sediment transfer rates ranging between
1500 m3/y and 7800 m3/y have been calculated, depending on the sites. Sediment eroded from the fronts
generally accumulated in the upper sectors of the torrential gullies where they were occasionally mobilized
within small to medium sized debris flow events. A clear relation between the motion rates of the rock glaciers
and the erosion rates calculated at their fronts could be highlighted. Along with the size of the frontal areas, rock
glacier creep rates influence thus directly sediment availability in the headwaters of the studied torrents. The
frequency-magnitude of debris flow events varied between sites and was mainly related to the concordance of
local factors such as topography, water availability, sediment availability or sediment type. Therefore, only small
debris flows with short travel distance (ca. 200 m) were observed at Tsarmine while slightly larger events could
be identified at Dirru, where transfer towards the lower parts of the channel occurred on rare occasion. At
Gugla, several medium to large debris flows were observed during the study period and reached the main valley.
At a regional scale, 42 catchments in which at least one moving landform was detected as connected to the
torrential network system were identified out of 659 delimited catchments and interfluve. The main criteria used
to select the connected landforms are the proximity with torrents, the traces of sediment transfer activity within
these torrents and the flow direction of the movement. 52 moving landforms were thus identified as connected
to torrents and corresponded mainly to rock glaciers (69%), but some landslides (25%) and push moraines (6%)
were also inventoried. In addition, the sediment transfer rates between the moving landforms and the torrents
could be estimated for each connected slope movement identified in the study region. A majority of landforms
was characterized by relatively low sediment transfer rate, ranging from 10 to 500 m3/year and only 15 showed
sediment transfer rates of over 500 m3/year.
The general results of this study indicate that only specific topographic conditions lead to the occurrence of a
sedimentary connection between rock glaciers and torrential channels and appear to be relatively rare in the
south-western Swiss Alps. When such type of configuration exists, rock glaciers can act as substantial sediment
sources for torrential transfer processes. At the inter-annual scale, the gradual erosion of the front is mainly
controlled by both weather conditions and the displacement rate of the landform and lead to the recharge of
torrential channels with sediments. The sediment transfer activity is continuous in time as the rock glacier
motion is constantly bringing new sediments forward and occurs mainly through the occurrence of frequent
small-magnitude erosion events. The detachment and the collapse of the whole front of the rock glaciers has not
been observed and appears thus unlikely. Depending on water availability, the sediments eroded from rock
glacier fronts may be remobilized by debris flows. Therefore, better assessment of the potential frequencymagnitude of debris flow events asks for the identification and the characterization of such types of sedimentary
connection. Important site specific parameters to investigate are surface velocity, channel recharge rate and the
potentiality for enhanced water availability in the torrent.
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Résumé
Cette thèse a pour objectif général d’étudier le rôle des glaciers rocheux actifs en tant que sources de sédiments
meubles alimentant les réseaux de chenaux torrentiels qui se développent sur les versants alpins. Dans les
environnements périglaciaires alpins, les glaciers rocheux actifs participent au transfert de larges quantités de
débris sédimentaires depuis leur partie amont (les racines) vers leurs fronts, qui constituent communément leur
limite inférieure. Les fronts de glaciers rocheux actifs correspondent typiquement à des pentes très raides de
plusieurs mètres voire dizaines de mètres de haut et composées de débris rocheux grossiers enchâssés dans une
matrice de sédiments fins. À cause des instabilités liées au mouvement continu de l’ensemble de la langue, le
développement de fréquentes instabilités se produisant à la surface du front des glaciers rocheux peut être
attendu. Dans certains cas, les débris rocheux se détachant de la pente frontale se déposent sur des pentes ou
ravines sous-jacentes où ils peuvent être érodés par d’autres processus de transport tels que les laves
torrentielles. Cependant, ce type de mobilisations des sédiments ne se produit que lorsque les caractéristiques
topographiques du versant le permettent. Pour cela, le front du glacier rocheux doit être situé sur une pente
raide se prolongeant vers l’aval jusqu’à rejoindre un chenal torrentiel, pour permettre le transport efficace des
sédiments jusqu’à ce dernier, et ensuite vers la vallée principale. Les glaciers rocheux peuvent donc représenter
d’importantes sources de sédiments alimentant les parties supérieures des torrents alpins. Cela dit, très peu de
choses sont connues, notamment au sujet des mécanismes responsables de l’érosion des sédiments présents en
surface des fronts, et de leur transport jusque dans les chenaux torrentiels. De plus, seuls quelques cas isolés de
transfert de sédiments entre glaciers rocheux et torrents ont été reportés, et il n’existe à ce jour pas d’étude
régionale recensant le nombre et la localisation de ces glaciers rocheux qui alimentent les torrents en sédiments
meubles en Suisse ou ailleurs. Ces questions sont donc adressées dans ce travail de thèse, avec une attention
particulière portée vers la compréhension des processus participants à l’érosion et au transfert des sédiments
depuis les fronts de glacier rocheux vers les chenaux torrentiels.
Pour obtenir des réponses à ces questions, trois glaciers rocheux situés en Valais, dans la partie ouest des Alpes
suisses ont été étudiés en détail entre 2013 et 2015 : les glaciers rocheux de Dirru, Gugla et Tsarmine.
L’occurrence de processus d’érosion aux fronts de ces trois cas étudiés a été observée de façon quasicontinuelle grâce à l’installation de webcams prenant des photogrphies des fronts tous les jours à intervalle
horaire. Un grand nombre de modèles numériques de terrains (MNTs) ont également été obtenus pour chaque
site suite à l’utilisation d’un LiDAR (Light Detection and Ranging) terrestre et ont permis de cartographier et
quantifier les changements qui se produisent à la surface des fronts entre deux acquisitions de données LiDAR et
donc estimer les taux de transfert de sédiments. De plus, un inventaire de tous les bassin-versants torrentiels
dans lesquels au moins un glacier rocheux (ou mouvement de terrain assimilé) a été réalisé dans une région de
2000 km2 située entièrement dans le canton du Valais au sud-ouest des alpes suisses et incluant notamment les
trois sites d’études. La méthode d’inventaire se base principalement sur un précédent inventaire de
mouvements de terrain réalisé dans la région à l’aide de données DInSAR (Differential Radar Interferommetry)
ainsi que sur l’analyse d’images aérienne de 2007 et 2010/11 pour identifier les cas de connexion sédimentaire
entre glaciers rocheux actifs et torrents. L’inventaire prend également en compte la connexion sédimentaire qui
peut exister entre d’autres mouvements de terrains situés en zone périglaciaire et les torrents, comme par
exemple des glissements de terrains et les moraines de poussées, car ceux.ci sont également susceptibles de
contribuer activement au transfert de sédiments en direction des chenaux torrentiels. Grâce aux connaissances
acquises suite aux observations et mesures menées sur les trois sites d’études, une approche simplifiée ayant
pour objectif l’estimation des taux de transfert sédimentaires entre les glaciers rocheux et les chenaux
torrentiels a pu être développée et appliquée à tous les sites identifiés comme connectés dans l’inventaire. Des
simulations de laves torrentielles ont également pu être produites pour certains sites de l’inventaire (les plus
actifs) et donnent des indications sur les distances potentielles de laves torrentielles qui se déclencheraient dans
les torrents concernés.
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Les résultats des investigations menées sur les trois cas étudiés ont montré que les principaux processus
d’érosion qui se produisent aux fronts des glaciers rocheux sont les chutes de pierres, les glissements
superficiels, les écoulements d’eau superficiels et les écoulements d’eau concentrés. Deux causes principales ont
été mises en évidence pour expliquer le développement de ces processus et correspondent d’un part aux
changements de pente qui affectent régulièrement les fronts suite au mouvement continu des glaciers rocheux,
et d’autre part l’humidification des sédiments lors de la fonte des neiges et lors des événements de pluie. En
termes de variations saisonnières, l’érosion des fronts est pratiquement inexistante en hiver, lorsque la neige
recouvre les glaciers rocheux. Lors de la fonte des neiges, l’occurrence de processus d’érosion est très fréquente
alors qu’ensuite, durant l’été et l’automne, l’érosion des fronts ne se poursuit que par l’occurrence de chutes de
pierres, à l’exception des périodes de pluies qui augmentent la possibilité de développement d’autres processus
d’érosion. Les périodes d’érosion les plus intenses et menant parfois au déclenchement de laves torrentielles ont
toujours été observées consécutivement à des phases de fonte de neige intenses ou de pluies répétées
produisant d’important débits d’écoulement d’eau concentré.
L’analyse des séries de MNT produites pour chacun des trois sites a permis de cartographier et quantifier les
transferts de sédiments se produisant entre les fronts des glaciers rocheux et les chenaux torrentiels auxquels ils
sont connectés. Des taux de transfert variant de 1500 m3/an à 7500 m3/an ont été calculés, en fonction des
sites. Les sédiments érodés depuis les fronts s’accumulent généralement dans les secteurs amont des chenaux
torrentiels, à proximité des glaciers rocheux, où ils ont pu être remobilisés de manière occasionnelle par le
développement de laves torrentielles de petites voir moyennes tailles. Une relation directe entre le mouvement
des glaciers rocheux et le taux de transfert des sédiments vers l’aval a pu être mise en évidence, en plus de
l’influence attendue de la taille du front sur la quantité de matériel sédimentaire érodé. Une grande variabilité
au niveau de la fréquence et de la taille des événements de lave torrentielle mobilisant les sédiments accumulés
sous les fronts a pu également être observée entre les sites. Les facteurs principaux qui expliquent le
développement des laves torrentielles sont la quantité de sédiments disponible, la pente, le type de sédiments
et la disponibilité en eau. Ce dernier paramètre représente la principale cause des différences observées entre
les sites, avec de relativement fréquentes laves torrentielles observées à Gugla, et l’absence de laves
torrentielles de plus de 400 m3 à Tsarmine, avec une situation intermédiaire identifiée dans le cas de Dirru.
À l’échelle régionale, 42 bassins-versants comportant au moins un mouvement de terrain transportant des
sédiments vers le torrent ont été inventoriés sur un total de 659 bassins-versants et interfluves. Les principaux
critères favorisant la connexion sédimentaire sont la proximité entre les mouvements de terrain et les chenaux
torrentiels, la présence de traces de sédiments transportés récemment dans les torrents et la direction du flux
de sédiments au sein des mouvements de terrain. En tout 52 mouvements de terrain ont été identifiés et
correspondent majoritairement à des glaciers rocheux (69%). Une grande partie de ces mouvements de terrain
sont caractérisés par un taux de transfert de sédiment estimé assez faible, entre 10 et 500 m 3/an, alors que des
valeurs supérieures à 500 m3/an n’ont été calculées que pour 15 cas (dont les trois sites d’étude).
Les résultats généraux de cette thèse montrent que la connexion sédimentaire entre glaciers rocheux et
chenaux torrentiels est relativement rare à l’échelle des Alpes valaisannes et ne se produit que dans des
configurations topographiques particulières. Lorsque celles-ci existent, les glaciers rocheux représentent des
sources potentiellement importantes de sédiments pour le développement de laves torrentielles. D’une année à
l’autre, l’érosion des fronts est principalement contrôlée par les conditions météorologiques et par la vitesse de
déplacement du glacier rocheux, et entraine une recharge continuelle des chenaux torrentiels en sédiment. La
mobilisation de ces sédiments lors de laves torrentielles dépend quant-à-elle majoritairement de l’occurrence
d’apports en eau importants. Dans les bassins-versants concernés par la présence de glaciers rocheux connectés
aux chenaux torrentiels, les paramètres tels que la vitesse des glaciers rocheux, le taux de recharge des chenaux
en sédiments et la disponibilité en eau dans les torrents sont donc des paramètres essentiels à investigués pour
pouvoir estimer la fréquence et la taille des potentiels événements de lave torrentielles.

iv | P a g e

Acknowledgments
The achievement of this PhD thesis would not have been possible without the involvement and the support of
numerous people who I sincerely want to thank here.
First of all I want to thank my supervisor Reynald Delaloye for guiding me through the five years of my doctorate.
His knowledge and his endless interest for mountain geomorphology always impressed and inspired me.
Reynald’s both competent and exigent supervision certainly contributed to the good quality of my work. I have
learned a lot during these five years and I am very grateful to Reynald for this experience.
I would also like to acknowledge Dr. Xavier Bodin (Laboratoire Edytem, University of Savoie) and Prof. Lothar
Schrott (University of Bonn) who, with Reynald, completed the jury and evaluated this thesis. Their interest for
my research and their expertise on several aspects of the thesis yielded very relevant discussions and comments
which I appreciated.
I express my sincere gratitude to the numerous people who helped with the data collection, processing and
analysis, as for instance the many courageous students who accompanied me during the often demanding
fieldwork campaigns. I also especially wanted to acknowledge my colleagues Luc Braillard and Benno Staub who
were always very kind to offer advices whenever asked. A warm thank you goes to Christoph Graf (WSL) for the
help with the use of the debris flow simulation model RAMMS. Additionally, I wish to acknowledge the
municipalities of Evolène (Val d’Hérens, VS) and St Niklaus (Mattertal, VS), as well as the Service des Forêts et du
Paysage du Canton du Valais for the logistical and financial support which facilitated the fieldwork campaigns.
During the completion of my PhD thesis, I had the pleasure to spend more than 5 years working at the Unit of
Geography of the University of Fribourg. Since the beginning, I’ve always greatly enjoyed the working
atmosphere and I want to thank all my colleagues, many of whom have become very good friends. They
participated to make me feel very quickly at home both in Fribourg and at the University. Among all the people I
met at the Geography Unit in Fribourg, I wanted to set aside individual acknowledgments to both my “mental
coach” and my “jogging partner” for the important role they played in keeping me healthy and self-confident
during the last and most difficult months of the thesis. A special thank also goes to my “thesis sister” for the
countless occasions shared since our (almost) coinciding start as PhD students in Fribourg.
Acknowledgments also go to my friends from other universities, and in particular from the University of
Lausanne, with whom I always enjoyed spending time at conferences, workshops, thesis defenses, committee
meetings, etc.
Finally, a quick but sincere thank goes to Bruxelles where my family and friends regularly offered me comfort,
encouragement and advices. My often too short trips there always represented important relaxing moments and
were much appreciated.

v|Page

vi | P a g e

Table of content
Abstract ....................................................................................................................................... i
Résumé ...................................................................................................................................... iii
Acknowledgments ...................................................................................................................... v
Table of content ........................................................................................................................vii

PART I: INTRODUCTION AND CONTEXT .............................................................................. 1
Introduction ......................................................................................................................... 3
1.1.

Sediment transfer ..................................................................................................................................... 3

1.2.

The role of rock glaciers ........................................................................................................................... 3

1.3.

Research objectives and hypotheses....................................................................................................... 4

1.4.

Overview of the study region and sites ................................................................................................... 5

1.5.

Outline ....................................................................................................................................................... 6

Scientific background .......................................................................................................... 7
2.1.

Sediment cascade, connectivity and sediment budgets ........................................................................ 7

2.2.

Rock glaciers.............................................................................................................................................. 9

2.3.

Torrential activity ....................................................................................................................................11

2.4.

On the link between rock glaciers and torrential network systems ....................................................14

PART II: EROSION AND SEDIMENT TRANSFER AT THE FRONT OF ROCK GLACIERS ......................... 17
3. Study sites .......................................................................................................................... 19
3.1.

Dirru .........................................................................................................................................................19

3.2.

Gugla........................................................................................................................................................21

3.3.

Tsarmine ..................................................................................................................................................23

4. Methods............................................................................................................................. 25
4.1.

Analysis of webcam images....................................................................................................................25

4.2.

Quantification of the sediment transfer dynamic ................................................................................28

4.3.

Additional data ........................................................................................................................................35

5. Erosion processes at the front of rock glaciers ................................................................. 37
5.1.

Results .....................................................................................................................................................37

5.2.

Discussion ................................................................................................................................................39

5.3.

Synthesis..................................................................................................................................................43

6. Sediment transfer within the sediment cascade section .................................................. 44
6.1.

Overview of the results ..........................................................................................................................45
vii | P a g e

6.2.

Dirru .........................................................................................................................................................48

6.3.

Gugla........................................................................................................................................................54

6.4.

Tsarmine ..................................................................................................................................................59

6.5.

Discussion ................................................................................................................................................64

6.6.

Synthesis..................................................................................................................................................67

PART III: INVENTORY .................................................................................................. 69
7. Inventory of periglacial moving landforms connected to the torrential channels ........... 71
7.1.

Context and settings ...............................................................................................................................71

7.2.

Description of the developed method ..................................................................................................74

7.3.

Results .....................................................................................................................................................80

7.4.

Discussion ................................................................................................................................................84

7.5.

Synthesis..................................................................................................................................................86

PART IV: DISCUSSION AND CONCLUSION......................................................................... 87
8. General discussion ............................................................................................................. 89
8.1.

Main scientific outcomes .......................................................................................................................89

8.2.

Limitations in the sediment transfer assessment .................................................................................96

9. Conclusion ....................................................................................................................... 100
9.1.

Synthesis............................................................................................................................................... 100

9.2.

Outlooks ............................................................................................................................................... 102

References .............................................................................................................................. 105
Appendix I: DEMs of differences ............................................................................................ 119
Appendix II: Final inventory ................................................................................................... 135
Appendix III : Debris flow runout simulations ........................................................................ 139
Appendix IV: Scientific publications ....................................................................................... 171
Appendix V: Curriculum Vitae ................................................................................................ 229

Except when notified, all the pictures are from the author

viii | P a g e

Part I | I n t r o d u c t i o n a n d c o n t e x t

Part I: Introduction and context

1|P a g e

Part I | I n t r o d u c t i o n a n d c o n t e x t

2|P a g e

Part I | I n t r o d u c t i o n a n d c o n t e x t

Introduction
1.1.

Sediment transfer

Geomorphological processes governing the erosion, the transport and the deposition of sediments are
fundamental to explain and understand landscape evolution (e.g. Brunsden and Thornes 1979). Sediment
transfer processes also often relate to natural hazards when transport mechanisms such as rock falls, debris
flows or landslides are encountered in the direct vicinity of human infrastructures. Investigating how
sedimentary materials are being eroded and transported at various spatial and temporal scales can thus help to
understand better past, current and future changes in landscape topography; and to better evaluate natural
hazards potential.
Mountain environments such as the Alps are characterized by steep slope gradients, large bedrock outcrops and
cold air temperature favoring the presence of ice and snow (Troll 1966, Barsch & Caine 1984). These features
emphasize sediment transfer activity by inducing both high bedrock alteration rates related to weathering and
glacial erosion, and high potential energy for gravitational transport (Caine 1974, Otto & Dikau 2004). As a
consequence, high mountain areas and particularly glacial and periglacial environments usually display extensive
accumulations of loose coarse sediments such as moraines, talus screes or rock glaciers. In addition, steep
topography enhances the intensity of the transport processes and favors the occurrence of natural hazards
processes such as avalanches and debris flows.
Debris flows and associated torrential sediment transfer processes play an important role in alpine hillslope
sediment cascade, i.e. the model explaining how sediment storages and sediment transfer processes are
organized as a cascading-like system along the main slope gradient (Caine 1974). They often represent the main
processes linking the sediment storages located in catchment areas to the bottom of the hillslope and the main
valley fluvial system (Otto and Dikau 2004). The occurrence of debris flow results mostly from the concomitance
between water inputs and sediment availability in the headwaters of the torrent system. If water availability is
mostly driven by external meteorological factors, the presence of erodible sediment storages in the catchment
area as well as their spatial organization represents a strong determinant for the development of torrential
sediment transfer processes. Identifying debris inputs in the headwaters of high alpine torrents is thus essential
to assess the magnitude and frequency of debris-flow events (e.g. Bovis and Jakob 1999, Jakob et al. 2005,
Theule et al. 2012). There is however a general lack of consideration about erosion processes in the upper
sections of torrential catchments in hazard assessment studies, often limited to observations made on the
alluvial fans where most infrastructure lie (e.g. Hürlimann et al. 2006, Stoffel 2010). In addition, the
understanding of what controls sediment entrainment in the headwaters of torrential systems is often lacking,
but is necessary to estimate proper sediment budgets (Fryirs 2013) and propose debris flow scenarios (Oggier et
al. 2016).

1.2.

The role of rock glaciers

In the Alps, the most important sediment sources for torrential transfer are found in glacial and periglacial
environments where large amounts of rock debris are produced and stored as vegetation-free debris
accumulations (Zimmermann and Haeberli 1992). Together with other sediment sources (e.g. moraines, talus
slopes and weathering accumulations), rock glaciers can occur in catchments located in mountainous periglacial
terrain. They commonly act as sediment conveyors (Frauenfelder et al. 2003, Delaloye et al. 2010, Gärtner-Roer
2012), transferring large quantities of debris from their rooting zone (upslope area) to their fronts. Active rock
glacier fronts are typically steep, reach up to several tens of meters height and are composed of coarse elements
(pebbles, boulders) embedded in a matrix of finer-grained debris. They are prone to frequent instabilities due to
the motion of the landforms and as a consequence, sediments lying on the frontal slope are gradually renewed.
Depending on the level of connection with the torrential network system, active rock glacier fronts may thus
represent active (frequently renewed or increased) sources of easily erodible sediments for gravitational and
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torrential sediment transfer processes. In addition, rock glaciers creep rate depends - at least on inter-annual
and decennial bases - on temperature (Kääb et al. 2007, Delaloye et al. 2008a, Bodin et al. 2009, KellererPirklbauer and Kaufmann 2012). In response to the recent climatically driven increase of the ground
temperature, a very substantial acceleration of rock glaciers and other permafrost creeping landforms has been
reported especially from the Alps (e.g. Roer et al. 2005, Kaufmann et al. 2007, Ikeda et al. 2008, PERMOS 2016),
but also from other mountain ranges such as the Brooks Range in Northern Alaska (Daanen et al. 2012) or the
Kazakh and Kyrgyz Tien Shan (Sorg et al. 2015, Kääb et al. 2016). The sediment transfer rate of rock glaciers is
hence being modified and will continue – at least up to a certain point – in response to the ongoing air
temperature increase. The availability of unconsolidated sediments downslope from rock glaciers might thus
increase accordingly
If the link between rock glaciers and natural hazards, and particularly the implications of the ground
temperature increase on slope stability is often emphasized in the scientific publications (e.g. Harris et al. 2001,
Kääb et al. 2007, Haeberli et al. 2011), only a limited number of studies have focused directly on the erosion at
the front of active rock glaciers (e.g. Bauer et al. 2003, Avian et al. 2009). In addition, only few studies identified
the presence of a sedimentary connection between rock glaciers and torrential network systems (e.g. Lugon and
Stoffel 2010; Bardou et al. 2011, Delaloye et al. 2013a) and investigated the potential link between rock glaciers
and debris flow occurrence (e.g. Kneisel et al. 2007, Lugon and Stoffel 2010, Bardou et al. 2011). There is thus a
general lack of knowledge about the potential role of rock glaciers as sediment sources for torrential sediment
transfer processes.

1.3.

Research objectives and hypotheses

The present thesis proposes to study active rock glaciers as sediment sources for the development of torrential
sediment transfer processes such as debris flows. The general aim of the research is to better understand how
the sedimentary connection between active rock glaciers and torrential channels works, and what are the
controlling factors and the implications of such a connection. The hypothesis is that moving landforms
developing in frozen terrains such as rock glaciers behave differently in comparison to other typical sediment
sources located in high periglacial mountain environments. The presence of permafrost should theoretically limit
the erosion to the active layer while the motion of the landform is expected to induce a continuous renewal of
the material available for erosion and transport. The sediment availability is thus likely to be controlled by the
active sediment input from the moving landform and dependent to changes in its dynamic.
This work reposes on three main objectives: (1) define and synthetize the theoretical conditions leading to a
sedimentary connection between active rock glaciers and torrential channels (Chapter 2), (2) investigate the
processes and the rates characterizing sediment transfer between rock glacier fronts and torrential channels
(Chapter 3 to 6) and (3) inventory (a) and describe into more details (b) cases of sedimentary connection
between periglacial slope movements and torrential channels at a regional scale (Chapter 7).
The first goal means to clarify and describe the criteria that lead or favor the presence of an efficient
sedimentary connection between active rock glaciers and the torrential network system of alpine hillslopes. It
simply relies on the transposition of literature knowledge about sediment connectivity to the specific case
studied here.
The second objective represents the main core of this thesis. It aims at better understanding how the
sedimentary connection between rock glacier fronts and the underlying slopes and gullies works. For its
achievement, three rock glaciers have been studied during five years to answer a large number of research
questions: what are the processes responsible for the erosion of rock glacier fronts? What are the rates at which
sediments are being transferred? What are the spatial characteristics of the sediment transfer activity? How
does this dynamic differ between sites and how does it evolve over time? What are factors controlling the
erosion of rock glaciers fronts? What is the link between rock glacier and the occurrence of debris flows?
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Finally the third objective intent to answer questions such as: how many catchments concerned by active
sediment inputs from rock glaciers can be identified in a given region? And how the cases of connectivity
between moving landforms and torrents can be identified at a regional scale? What are the sediment transfer
rate characterizing these cases? Are there other types of slope movements located in periglacial environments
and acting as active sediment inputs to torrential channels? Is it possible to evaluate potential runout distances
of debris flow triggered in the identified catchments? The overall goal is to propose a methodology to inventory
slope movements connected to the torrential network system at a regional scale. Given the potential role of rock
glaciers as sediment sources for torrential process, such inventory could represent an interesting datasets for
the management of high mountain torrential catchments.
To address these questions, diverse methods based on remote and in situ observations and measurements were
applied and at different scales (Chapters 3 and 7). The study focuses on a region in the south-western Swiss Alps,
where three main study sites were selected for more detailed investigations.

1.4.

Overview of the study region and sites

Figure 1.1 indicates the location of the study region in the south-western Swiss Alps and localizes the three case
studies. The region is situated between the Italian border for the southern limit, and the main Rhone river valley
for the northern one. It consists of nine different alpine valleys generally oriented in a south-north axis, with
rivers flowing towards the north. The three case studies are the Dirru, Gugla and Tsarmine rock glaciers. They
are all reposing on west-oriented valley sides with fronts located at altitudes ranging from 2450 and 2600 meters
above sea level (m a.s.l.). Dirru and Gugla rock glaciers are both located in the Mattertal valley, while Tsarmine is
situated in the Arolla valley. The whole study region already constitutes the focus of past and ongoing research
conducted by the Unit of Geography of the University of Fribourg, especially concerning rock glacier kinematics
(e.g. Delaloye et al. 2010, Delaloye et al. 2013a,b, Barboux et al. 2014, PERMOS 2016). The study cases were

Figure 1.1: Map of the study region, with indications on the location of the three main study sites
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already known for both their high surface velocity rates and their location, directly adjacent to torrential
channels, favoring an efficient sediment transfer activity that allows observations to be made in only 5 years of
monitoring. Chapter 4 is entirely dedicated to the presentation of these three study sites, while a more detailed
description of the overall study region can be found in Chapter 7.

1.5.

Outline

The present thesis has been segmented into four main parts each presenting one aspect of the research. The
first part is constituted by the introduction, the presentation of the main research objectives and a brief
scientific background including the definitions of the most important notions related to the sedimentary
connection between rock glaciers and torrential network systems and therefore aiding to describe the
configurations in which such connection exists (objective 1). In addition, the notions presented in chapter 2 are
further mobilized in the dissertation and need first to be clarified. The second part is dedicated to the site
specific investigation of the erosion and the sediment transfer occurring between rock glacier fronts and
torrential channels (objective 2). It first describes the three investigated rock glaciers in terms of geographical
context, morphology and recent evolution and presents the main methods applied at the site specific scale. The
main findings resulting from the study of these sites are then reported within two chapters. The first one focuses
specifically on the erosion activity affecting rock glacier fronts, while the second one describes the functioning of
the respective sediment cascade sections linking the fronts to the torrential channels. Each chapter ends with a
synthesis of the main outcomes and a short discussion concerning methodological considerations and issues.
The third part of the manuscript focuses on the regional scale study, which proposes an inventory method
aiming at identifying and characterizing the sedimentary connection linking rock glaciers and other periglacial
slope movements to torrential channels at the regional scale (objective 3). The main core of this third part
reposes on the description of the developed method and the results yielded by its application in the study
region. In the fourth part, a discussion reviewing respectively the main findings and limitations of the presented
work are given before the general conclusion, proposing a synthesis and some outlooks.
Additional data can be found at the end of the thesis in a well-developed Appendix section, mainly compiling
maps and tables that could not be directly included in the manuscript and divided into four main sub-sections.
Appendix I presents all the surface elevation maps produced at each studied site for successive time intervals.
Appendix II is constituted by the table synthetizing the main data and results from the developed inventory and
Appendix III regroups maps of all the debris flow simulations performed for several selected sites identified
within the inventory. Finally, Appendix IV compiles the two main publications issued from this research. They
both concerns the site specific study and are either published or submitted to internationally recognized journals
with peer-review process (Kummert et al. 2018, Kummert and Delaloye 2018). The content of the second part of
this thesis manuscript corresponds either to summary or synthesis of what has been written in the research
articles, or to additional and complementary information that could not be included in the publications.
Additionally, it shall be referred to the co-authored paper Fischer et al. (2016) that relate to this work by parts of
its methodological approach.
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Scientific background
The aim of this second chapter is to define and describe the terms and the notions that will be mobilized in the
rest of the manuscript, and which constitutes thus the theoretical framework on which the following parts of the
thesis repose. The chapter is divided into three main topics: mountain sediment cascade and connectivity; rock
glaciers; and torrential processes and debris flows. The last part is dedicated to the description of the study
object, i.e. the sediment connection between rock glaciers and torrential channels, which englobes thus notions
from the three previously presented subchapters.

2.1.

Sediment cascade, connectivity and sediment budgets

2.1.1. SEDIMENT CASCADE
On mountain slopes, the transport of sediment by geomorphic processes can be understood as a sediment
cascade, as first proposed by Caine (1974) based on the general definition of the cascading system given
previously by Chorley and Kennedy (1971). This conceptual model describes the logical sequence of processes
and landforms along slope profiles (Müller et al. 2014). Geomorphic processes participate to transport sediment
from upslope sources to sediment storages located downslope, and represent thus the links between landforms
(Caine and Swanson 1989, Schrott et al. 2003). Gravity is the main driving force that induces the transfer of rock
debris, and water (and ice) represents the most important transfer agent (water runoff, glaciers, permafrost
creep) (Ballandras 2003).
As the spatial organization of sediment storages is often complex in mountainous environments (Schrott et al.
2002, Otto et al. 2009), a simplified representation of alpine sediment cascade through individualized
toposequences, i.e. sequences of sediment storages and links spanning between the drainage divide to the
bottom of the hillslope (Figure 2.1), has been proposed and is commonly used to synthetize and represent the
spatial structure of sediment transfer on a mountain slope (Otto 2006, Messenzehl et al. 2014). Such approach
allows viewing and analyzing single sections of sediment cascade, for example to characterize the level of
connectivity between two neighboring sediment storages, or to examine sediment flux trajectories (e.g.
Wichmann et al. 2009, Messenzehl et al. 2014).

2.1.2. CONNECTIVITY
The ratio between the amount of sediments exported out of a given basin system and the denudation rate in the
catchment area is known as the sediment delivery ratio (Walling 1983, de Vente et al. 2007). It depends strongly
on the level of connectivity, which refers to the potential transfer of sediment between two compartments of

Figure 2.1: Example of a toposequence representing a typical cascading system for high mountain catchments (reproduced
from Wichmann et al. 2009).
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the sediment cascade via the detachment, the transport and the deposition of sedimentary material transferred
across their respective boundaries (Brierley et al. 2006, Fryirs 2013, Bracken et al. 2015). The term coupling is
also often used and defines the physical linkage between two adjacent sediment storages or landforms (Caine
and Swanson 1989, Harvey 2001, Heckmann and Schwanghart 2013). In the literature, the distinction between
these two notions can be sometimes confused (Bracken et al. 2015). In this thesis, the distinction will not be
emphasized and the word connectivity will be unequivocally used following Fryirs (2013) definition: “connectivity
can be defined as the […] transfer of sediment between two different compartments of the catchment sediment
cascade”.
The connectivity describes thus the potential for sediment to be transported and may operate at different
spatial and temporal scales. For instance, connectivity can occur at a local scale, between adjacent sediment
storages within the hillslope system or between the hillslope and the channel; and at a wider scale, typically
between fluvial systems in a drainage basin as a whole (Harvey 2002). In addition, erosion and transport of
sedimentary material within the sediment cascade depends on the occurrence of various geomorphic processes
whose frequency or rate can vary from hourly and even shorter timescale (e.g. slides, surface runoff, frost-heave
cycles) to the millennia (e.g. glaciation cycles). In the present study, the focus is set on the connectivity between
rock glacier fronts located at the edge of the hillslope system, and torrential channels. The connectivity is here
investigated mostly at short-term time-scale, typically from annual to daily/hourly scales.
In mountainous torrential systems, the sediment delivery ratio is very often unbalanced, as eroded sediments
are in most case being captured within temporary or permanent sediment storages before reaching the outlet
(e.g. Walling 1983). This implies a level of connectivity which is not continuous throughout the sediment
cascade. Discontinuity or (dis)connectivity (Fryirs 2013) results generally from different causes, such as the
spatial organization of sediment storages, topography, channel organization and development, vegetation, land
use and soil properties (Walling 1983, Hooke 2003, Schrott et al. 2002, Schrott et al. 2003, Fryirs et al. 2007,
Bracken et al. 2015). In glacial and periglacial areas, land use and vegetation are often absent and can be
neglected. In such environment, (dis)connectivity can mostly be attributed to sediment type, as well as spatial
and topographical factors like the presence of flat terrains lowering the energy available for sediment transport
and acting as buffers between sediment sources and channels (Harvey 2001, Fryirs et al. 2007). In particular, the
combination between coarse sediment accumulations needing relatively high energy to be transported, and the
common presence of flat formerly glaciated valley floors explains the low sediment delivery observed at the
outlets of alpine catchments (e.g. Otto et al. 2009).

2.1.3. SEDIMENT BUDGETS
Most geomorphological studies dealing with sediment connectivity use geomorphological maps to qualitatively
assess the level of connectivity between landforms or within basins as a whole. The determination of the degree
of connectivity remains thus vastly qualitative (e.g. Caine and Swanson 1989, Harvey 2001, Hooke 2005, Korup
2005). More recently, several studies applied quantitative approaches to determine connectivity within
catchments (Borselli et al. 2008, Cavalli et al. 2013) via the computation of a connectivity index derived from
DEM analyses. Such type of approach can be considered as only semi-quantitative as it gives relative value of
connectivity (Messenzehl 2014). In addition, the sediment budget approach can be defined as the quantification
of the major processes responsible for the generation and transport of sediment (e.g. Rapp 1960, Dietrich and
Dunne 1978) and can help to get insights about sediment connectivity. It aims to provide quantitative
estimations of sediment transfer rates (Dietrich and Dunne 1978, Walling 1983, Fryirs 2013) by measuring the
source to storage relationships within the sediment cascade, or in other words by identifying and quantifying
sediment inputs, outputs, as well as the permanent or temporary storages. Sediment budgets can be assessed at
different scales (Hinderer 2012), for instance at the scale of fluvial sedimentary basins (e.g. Hinderer 2001), small
alpine valleys (Schrott et al. 2006, Otto et al. 2009) small torrential basins (e.g. Johnson and Warburton 2006), or
between individual sediment storages identified within a hillslope cascading sequence (e.g. Morche et al. 2008,
Müller et al. 2014).
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In systems dominated by water transport, i.e. fluvial and torrential systems including high alpine watersheds,
sediment budgets have been traditionally measured at the catchment scale through instrumentation at the
catchment outlet (e.g. Marchi et al. 2002, Mathys et al. 2003, Comiti et al. 2014), or via the measurement of
channel cross and longitudinal sections (e.g. Brasington et al. 2000, Ham and Church 2000, Fuller et al. 2003).
Several studies also focused on the quantification of sediment storages in the catchment areas (Schrott et al.
2003, Otto et al. 2009). The recent emergence of remote sensing techniques (e.g. airborne, terrestrial or UAV
photogrammetry, terrestrial and airborne laser scanning) enabling the production of high resolution multitemporal Digital Elevation Models (DEMs) has enhanced the spatial representativeness of sediment budget
studies (e.g. Lane et al. 1994, Brasington et al. 2003) and allowed sediment budgets to be assessed for areas
where terrestrial surveys are often not possible, e.g. between morphological units located in steep and remote
mountain catchment areas (e.g. Bennett et al. 2012). In particular, DEMs of difference (DoDs), i.e. the result of
the subtraction of two DEMs of the same area but from different dates (e.g. Williams 2012), can be used to map
and quantify surface elevation changes which very often relate to sediment transfer processes. Hence, DoDs
have been successfully used to monitor sediment dynamics and mass wasting processes at different scales (e.g.
Scheidl et al. 2008, Theule et al. 2012, Heckmann et al. 2012, Cavalli et al. 2017), including in mountainous
proglacial (e.g. Abermann et al. 2010, Fischer et al. 2011, Carrivick et al. 2013) and periglacial environments (e.g.
Abermann et al. 2010, Ravanel and Lambiel 2012, Bühler and Graf 2013).

2.2.

Rock glaciers

2.2.1. ROCK GLACIERS - GENERALITIES
The present study focuses on the sedimentary connection that may occur between rock glaciers and torrential
channels as individual compartments of the sediment cascade. Rock glaciers are the visible expression of
mountain permafrost creep on sedimentary material (Haeberli 1985). They consist of tongue-shaped or lobate
landforms composed by a mix of various-size rock particles which, under a few meters of non-permanently
frozen rock debris (i.e. the active layer, Williams and Smith 1989), are cemented by interstitial ice (Barsch 1992).
In most cases rock glaciers surface corresponds to an openwork structure of relatively big boulders (up to several
cubic meters in size) with a matrix of finer sediments usually only visible at the front. Rock glaciers characterized
by a higher ratio of fine-grained sediments (pebbles and cobbles embedded in a sand-to-clay matrix) can also
occur and have been described as “pebbly rock glaciers” in the literature (Matsuoka et al. 2005, Ikeda and
Matsuoka 2006). Rock glaciers commonly originate from high altitude sediment accumulations such as talus
screes, morainic till or in-situ weathering deposits and flow downward following topography. The downslope
movement of a rock glacier can be explained by the deformation of the ice present into the ground (i.e. the rock
glacier creep, e.g. Haeberli et al. 2006) and which concentrates mostly in one main shear horizon (e.g. Arenson
et al. 2002, Buchli et al. 2013), in some cases in several of them (e.g. Kummert et al. 2018). The displacement
rate of rock glaciers is relatively complex and depends on numerous factors. First, a relatively steep topography
is needed to induce the movement (Delaloye et al. 2010). The internal structure of the ice-debris mixture also
controls creep rates. Typically, high percentages of coarse rock debris increases internal frictions and tend to
reduce creep rates (Arenson 2002, Ikeda et al. 2008). The percentage of liquid water content into the frozen
ground also influences the motion rate of rock glaciers for instance by reducing internal frictions (Ikeda et al
2008). Finally, one of the more important controls on permafrost creep rate is temperature. Different studies
show that warm ice (close to the melting point) is easier to deform than cold ice (Davies et al. 2001, Kääb et al.
2007), and thus rock glaciers characterized by ground temperature approaching zero degrees tend to creep at
faster rates. As a large number of parameters influence the movement of rock glaciers, a wide range of surface
velocities can be observed, from several centimeters to several meters per year depending on the sites (Delaloye
et al. 2010, PERMOS 2016). In addition to this high variability between sites, a high spatio-temporal variability in
the creep velocity can usually be observed for each case individually (e.g. Delaloye et al. 2008a, Mihajlovic et al.
2008; Figure 2.2). This is mostly related to decennial, inter-annual and even seasonal changes in air temperature
which influences the thermal conditions into the ground; but also other parameters such as the onset and the
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duration of the winter snow-cover, which strongly influences the interaction between the air and the ground
temperature and varies spatially and temporally (e.g. Staub and Delaloye 2016), or short term changes in the
liquid water content into the ground (Perruchoud and Delaloye 2007, Krummenacher et al. 2008).

2.2.2.

ACCELERATION AND DESTABILIZATION OF ROCK GLACIERS

Mostly located close to the lower limit of mountain discontinuous permafrost, alpine rock glaciers are commonly
“warm” and thus highly sensitive to changes in air temperature (Kääb et al. 2007, Delaloye et al. 2008a). The
current context of climate change associated with warmer air temperature induces higher deformation rates of
permafrost ice, resulting in the acceleration of periglacial creeping landforms. Such acceleration has already
been observed for numerous cases of rock glaciers in the Alps (e.g. Roer et al. 2005, Kaufmann et al. 2007, Ikeda
et al. 2008, Delaloye et al. 2013a), with values of surface velocities reaching several meters per year. The
classification reported for instance by Barsch (1996) describes three main states based on the apparent activity
of a rock glaciers: relict (non-moving and ice-free), inactive (non-moving) and active (moving). Such a
classification fails at differentiating the different states or level of activity that are nowadays observed,
particularly the thermally-induced acceleration of rock glaciers which is expected to occur when the ice
temperature increases and before it starts melting. Therefore, several authors defined as “rapidly moving” rock
glaciers characterized by surface flow rates of several meters per year (Ikeda et al. 2003, Delaloye et al. 2005,
Lambiel et al. 2008). In addition, the term destabilized or surging rock glaciers has been introduced to describe
enhanced displacement rate associated with strong surface morphology changes (e.g. Roer et al. 2008, Delaloye
et al. 2013a).
The more common morphological changes illustrating the destabilization of rock glaciers are the development of
cracks on the surface of the tongue, affecting either some parts (e.g. Avian et al. 2005, Delaloye and Morard

Figure 2.2: Illustration of the spatio-temporal variability of rock glacier creep in the case of the Furggentälti rock glacier,
north-western Swiss Alps (reproduced from PERMOS 2016). In the legend, TGS means Terrestrial Geodetic Survey and AP
stands for Aerial Photogrammetry.
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2011, Ghirlanda et al. 2016) or the whole surface of the landforms (e.g. Roer et al. 2008, Lambiel et al. 2011,
Scotti et al. 2017). These cracks probably indicate the formation of landslide-like movements within the rock
glacier body (Delaloye et al. 2008b, Roer et al. 2008) and may lead in some rare cases to the separation of the
rock glacier body into two parts (e.g. Delaloye and Morard 2011) and even the collapse of a whole part of the
tongue (Krysiecki et al. 2008, Bodin et al. 2016). In addition to the already established response of rock glacier to
the recent air temperature increase, the causes for the destabilization of rock glaciers can be diverse. For
instance, Delaloye et al. (2013a) propose two additional causes, related to either geometrical/topographical or
external mechanical triggers and referring respectively to the advance of rock glaciers over steep convex slopes
favoring higher shear-stress and extensive flow, and the role of external destabilizing factors such as the advance
of a glacier during the LIA pushing frozen sediments or the overloading of an existing rock glacier tongue by
intensified rock fall activity (Delaloye et al. 2013a). The identification of these alternate causes originates from
observations of old aerial images in the south-western Swiss Alps (Delaloye et al. 2013b) which revealed for
instance traces of several (at least one) former destabilization phases at the Grabengufer rock glacier (Delaloye
et al. 2013a,b) and at the Jegi rock glacier (Ghirlanda et al. 2016), probably linked to intensified rock fall activity
enhancing the pressure on the rock glacier tongue and favoring thus the deformation of the ice. In addition, the
advance of the rock glacier over steep convex slope has been identified as an important factor in both
destabilization phases of the Langtalkar rock glacier in Austria (Avian et al. 2005) and the Petit Vélan rock glacier
in Switzerland (Delaloye and Morard 2011). The observation of these different facilitating factors indicates that
the current air temperature increase is not always the only trigger for recent destabilization phases, which often
result from the interaction of various causes. It is however commonly accepted that the observed temperature
increase led to the generally high surface displacement rates observed over the last decade at least, and must
have increased the sediment transfer rates of rock glaciers, and depending on the cases, modified the sediment
availability in the headwaters of high alpine catchments.

2.3.

Torrential activity

2.3.1. TORRENTIAL SEDIMENT TRANSFER PROCESSES AND DEBRIS FLOWS
In the alpine sediment cascade, torrential processes represent the main link between sediment storages located
in the catchments areas and the main valley. Torrential sediment transfer processes and in particular debris
flows can be considered as the interface between fluvial and gravitational transport (Rickenmann 1999), and
designates the distributed flow of debris and earth materials (Varnes 1978) which can occur in a torrential
catchment. In the literature, a relatively large number of different torrential processes have been described (e.g.
channelized debris flows, hillslope debris flows, debris avalanches, earth flows, debris torrents) based on varying
velocity, morphological characteristics, transport mechanism, particle sizes, sediment concentration and
topographical settings (e.g. Slaymaker 1988, Coussot & Meunier 1996, Brayshaw and Hassan 2009, Heiser et al.
2015). Such process classification can be rather complex and in order to simplify, the generic term debris flow
will be used in the following work to cover the whole range of previously cited torrential processes. A debris flow
can generally be defined as the rapid flow of a mix of fine and coarse rock particles (clay-to-boulder size)
saturated with water and behaving like a fluid (Iverson 1997, Easterbrook 1999, Bonnet-Staub 2001). Due to the
high content in coarse debris, it has to be distinguished from mudflows, which denotes the flow of earth
material saturated with water and that contains a majority of fine-grained particles, typically clay and silts
(Varnes 1978). Debris flows are considered as one of the most important natural hazard in mountain areas
because the conjunction between important masses of coarse debris and the relatively high kinetic energy of the
transport confers a high destructive potential to the flow (Zimmermann and Haeberli 1992, Rickenmann 1997).
In addition, the peak discharges of debris flow events often exceed ordinary floods discharges (Hungr 2000) and
are thus more prone to flow out of the main channel, leading to a widespread sediment deposition on the fan
where, depending on the cases, most infrastructures lie (Rickenmann 1999).
Debris flows can be initiated on slope beyond approximately 10 degree, when sedimentary material lying on
hillslopes or torrential channels become unstable due to a combination of gravity and water-driven drag forces
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(Easterbrook 1999, Hungr et al. 2005). The more important the saturation in debris, the more important the
drag forces, resulting in an enhanced entrainment of material. The destabilization of sediments may be due to
erosion at the base of superficial water runoff, but it is also often induced or aided by the in situ liquefaction of
saturated sediments (Sassa 1985). Once initiated, a debris flow may continue to entrain material along its
progression downward due to drag forces at the base of the flow, but also by the potential destabilization of the
stream head and banks through regressive erosion (Zimmermann and Haeberli 1992, Hungr et al. 2005). Debris
flow events are commonly characterized by the occurrence of periodic surges with high coarse debris content
separated by periods of low flow rate and resulting from the longitudinal sorting of debris (Iverson 1997, Coussot
and Meunier 1996, Hungr 2000). These surges also illustrate the complex initiation processes with often several
consecutive destabilization phases. Depending on topography, debris flows can travel over large distances (up to
several kilometers), especially when the flow is concentrated in a steep channel, until they reach low slope
gradients, usually in valley bottoms or at the base of hillslopes/mountain fronts (Varnes 1978).

2.3.2. DEBRIS FLOWS INITIATION
The triggering of debris flows requires steep slope gradients (over 10 degree; Rickenmann 1997, Hungr et al.
2005), intermittent water sources, unconsolidated fine- and coarse-grained sediments, and sparse or absent
vegetation (Costa 1984). These environmental predispositions are mostly found in small high-mountain basins in
arid, temperate and arctic regions. The water inputs necessary for the triggering of debris flows relate to the
occurrence of hydroclimatic events and may arise from several sources, namely rainfall, snow- and ice-melt, and
dam break failures (Costa 1984, Rickenmann 1999). In a study conducted in Iceland, Decaulne and Saemundsson
(2007) described six types of water origin in the triggering of debris flows: snowmelt, rain-on-snow, long-lasting
rainfall, intense rainfall, long-lasting intense rainfall and unknown. Rainfall events represent the main identified
cause for debris flow initiation, with both intensity and duration being essential criteria to explain the
destabilization of sedimentary material (Zimmermann et al. 1997, Bernhardt et al. 2017). Rainfall thresholds for
slope failure leading to debris flows cannot be described by a simple sum of precipitation nor by instantaneous
event intensity, but as a combination of the two (Caine 1980, Guzzetti et al. 2008). Wieczorek & Glade (2005)
distinguish primary climatic events directly triggering debris flows (namely intense rainstorms or rapid
snowmelt), and secondary factors that can act as preparatory components to the triggering event (e.g.
prolonged but less intense rainfall or snowmelt phases). In high mountain areas, snow – and sometimes – ice
melt represents an important source of moisture and has been recognized as an important triggering factor
(Decaulne et al. 2005, Wieczorek & Glade 2005, Bardou et al. 2011, Legg et al. 2014). Even though less
frequently observed, debris flow may result from the breach of sedimentary dams and thus results at least
partially from the wetting of sediments by lake water (Zimmerman & Haeberli 1992, Chiarle et al. 2007).
Combination of water inputs from diverse origins such as rain-on-snow, or intense rainfall causing a dam break
failure can also occur.
Along with intermittent water inputs, the presence of unconsolidated sediments constitutes an important
prerequisite for debris flow initiation. Sediment sources are usually located either at distinct locations in the
headwater of the torrents, or within the torrent itself (Zimmermann et al. 1997, Jakob et al. 2005). The initial
volume involved in the triggering mechanism can be significantly smaller than the final deposited volume, due to
material entrainment in the channels (Bovis and Jakob 1999). The sediments eroded directly from the channel
can originate from the degradation of the bed, or from accumulation through the occurrence of small magnitude
slope processes regularly recharging the channel with debris (e.g. Iverson et al. 1997, Johnson et al. 2008). Many
studies emphasize the importance of channel recharge rates on the control of debris flow magnitudes (Bovis and
Jakob 1999, Jakob et al. 2005, Veyrat-Charvillon & Memier 2005, Brayshaw & Hassan 2009), for instance via
sediment inputs from slope processes such as gullying, but also slope movements such as shallow and deeper
landslides (e.g. Iverson et al. 1997, Korup 2005, Schuerch et al. 2006, Schlunegger 2009). The vast majority of
these studies focus on low- to mid-altitude and only few evokes the sediment recharge of the channel in
periglacial environments (e.g. Lugon and Stoffel 2010).
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Figure 2.3: Illustration of the two types of torrential basin described by Bovis and Jakob (1999): the supply-limited (up) and
the transport-limited (down). Modified after Bovis and Jakob 1999. In supply-limited torrents, debris flows are triggered only
when sediment availability is reaching a certain threshold intrinsic to each catchment while in the transport-limited systems,
debris flows can be initiated every time a hydroclimatic event is exceeding a given threshold.

2.3.3. MAGNITUDE-FREQUENCY
In individual torrents, debris flow hazards potential is often determined by the magnitude and the frequency of
the process (e.g. Innes 1985, van Steijn 1996, Bovis and Jakob 1999, Marchi and D’Agostino 2004). The
magnitude refers to flow depth, travel distance and affected areas while the frequency relate to the recurrence
interval of such event (Zimmermann et al. 1997, D’Agostino and Marchi 2001). Debris flow magnitude and
frequency are closely a function of both hydroclimatic events and terrain variables, and their assessments
represent a basic step towards the determination of torrential hazards in a given catchment. In that context,
Bovis and Jakob (1999) describe two types of torrential basins contrasting by the sediment availability and thus
by the magnitude-frequency of debris flow events. The transport-limited type corresponds to basins in which an
almost unlimited volume of sediment is available to be entrained within debris flows. The supply-limited type is
characterized by longer rates of sediment recharge and thus longer time periods between debris flow events
(Figure 2.3). In transport-limited systems, debris flows develop each time a certain hydroclimatic threshold is
passed. The frequency of debris flow is thus relatively high and depends mostly on the frequency of occurrence
of sufficiently intense water inputs. In the supply-limited case, the frequency of debris flow strongly depends on
the rate at which the sediments are set available by hillslope processes.

2.3.4.

DEBRIS FLOW STARTING FROM PERIGLACIAL AREAS

In the Alps or in high mountain areas, important sediment sources are located in the glacial and periglacial parts
of the catchments where large amounts of unconsolidated and vegetation-free sediments are stored in steep
slopes, for instance in the form of morainic till, talus screes, weathering accumulation or rock glacier fronts
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(Zimmermann and Haeberli 1992). In addition, the amount of sediment available in these environments is
expected to increase in relation to recent climatically driven glaciers retreat and permafrost degradation
(Zimmermann and Haeberli 1992, Haeberli et al. 1993). If no clear increasing trend in the frequency of debris
flow starting from glacier and permafrost areas could be highlighted on large temporal and spatial scales (e.g.
Rebetez et al. 1997, Jomelli et al. 2007, Sattler et al. 2011), rock glaciers acceleration has been demonstrated at
the local and regional scale by numerous studies (e.g. Roer et al. 2008, Delaloye et al. 2013a, PERMOS 2016).
Rock glaciers represent important masses of moving rock debris which may, depending on the cases, actively
transport sediments towards torrential channels. The recent increase in surface velocity can thus be associated
with higher sediment transfer rates and thus higher recharge rates in the headwaters of torrents.

2.4.

On the link between rock glaciers and torrential network systems

Active rock glaciers fronts are steep accumulations of coarse elements (pebbles, boulders) embedded in a matrix
of finer-grained debris and are usually not permanently frozen down to several meters depth. Because of
instabilities induced by the motion of the landform, active rock glacier fronts are vegetation-free and affected by
frequent sediment reworking processes. Depending on their location within the catchment area, they may thus
represent sources of easily erodible sediments for debris flows and actively contribute to recharge torrents in
sediments. Basically, three principal topographical dispositions can occur and control the potential connectivity
between rock glacier fronts and torrents. They are named here A, B and C (Figure 2.4) and are described
hereafter
When advancing over gently inclined terrain, the sediments mobilized from a rock glacier front by gravity
accumulate at its foot, creating a small talus slope that is soon overridden by the rock glacier (Wahrhaftig and
Cox 1959, Haeberli et al. 1985, Kääb and Reichmuth 2005). As a result, a stiff blocky layer forms at the base of
the deforming ice-rich permafrost (e.g. Haeberli et al. 1998) and the sediments cannot be mobilized further
downslope by debris flows or other gravitational processes (type A on Figure 2.4). Such rock glaciers can be
considered as disconnected from the lower part of the sediment cascade and represent thus sediment traps
(Barsch and Caine 1984, Gärtner-Roer 2012, Müller et al. 2014).
When the front of an active rock glacier reaches a steep convex slope (type B and C on Figure 2.4), the
sediments eroded can be transported and deposited further away from the front, creating what we define here
as a debris slope, i.e. a relatively large depositional area consisting of a mixture of fine to coarse rock debris,
where sediments cannot be overridden by the rock glacier advance. The resulting debris slope can later be the
source for sediment reworking processes, i.e. gravitational and water-driven erosion and transport. In such a
configuration, the connectivity with torrents will depend on the potential presence of buffers between the
debris slope and the torrential network system. Figure 2.4 illustrates two different cases. In type B, sediment
reworking affecting the debris slope will lead to the accumulation of debris on the flat area where sediments will
be permanently stored. In such a case the connectivity with torrents is null.
The type C differs from type B by the occurrence of continuous steep slopes downward from the front allowing
sediments eroded from the debris slope, or even sometimes directly from the front (for instance via long
distance rock fall), to be transported further downward and reach torrential channels. In such a configuration,
the erosion of the front can actively participate to the recharge of the main channel in sediments or can even
directly occur during the triggering of debris flows. Such an efficient sedimentary connection between an active
rock glacier and the torrential network system requires thus specific topographical conditions. The front of the
rock glacier needs to be located near a torrential gully, and separated from it by uninterrupted steep slopes
allowing the sediments to be efficiently guided towards the torrential network. The material entrained by
erosion processes can thus be transported between these two adjacent compartments of the sediment cascade:
the front of the rock glacier and the debris slope, which represents the upper part of the torrential channel
system. The functioning of this specific sediment cascade section represents the focus of this PhD thesis.

14 | P a g e

Part I | I n t r o d u c t i o n a n d c o n t e x t

Figure 2.4: Three simplified types of topographical settings characterizing active rock glaciers. A – no connectivity: the
sediments are stored at the foot of the front and will be overridden by the advancing rock glacier; B – no connectivity: the
sediments can leave the rock glacier system but accumulates downslope on a flat area acting as a buffer; C – efficient
connectivity: the sediments are leaving the rock glacier system and can be transferred downward following uninterrupted
steep slope and/or gullies. In this study, the focus is set on rock glaciers of type C. The investigated area corresponds to the
front and – at least - the upper part of the underlying debris slope/gully. Modified after Kummert et al. (2018).
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Part II: Erosion and sediment transfer at the
front of rock glaciers
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This part compiles the work that has been conducted at the site specific scale between 2013 and 2017. It starts
with a description of the three sites in terms of location, morphology, and (past and current) dynamic, followed
the presentation of the methods that have been applied to all three sites, Dirru, Gugla and Tsarmine,
emphasizing on the two main approaches: the analysis of webcam images and the use of LiDAR to quantify
surface elevation changes. The main insights from the site specific investigations then are given, first with a focus
on the front of the rock glaciers and the sediment mobilization processes that occurs there (Chapter 5), and
secondly in a chapter dedicated to the study of the sediment transfer between the front and the torrential
channels and thus investigating the link between these two compartments of the sediment cascade (Chapter 6).
The erosion processes observed were the same at each site and are thus described without making site specific
distinctions. Conversely, the functioning of the sediment cascade section described in Chapter 6 is differing
between the three sites and is thus detailed separately for each of them after a short introductive section. Both
chapters end by a synthesis pointing out both the main outcomes of the respective detailed investigations and
the most important methodological limitations.

3.

Study sites

The following chapter is divided into three parts dedicated to the description of the main features of each site
respectively. Mainly, information coming from the interpretation of time series of aerial images and recent
dGNSS (differential Global Navigation Satellite System) geodetic surveys (Delaloye et al. 2013a, b, PERMOS 2016)
provides an overview of the past and current evolution of the studied rock glaciers.

3.1.

Dirru

3.1.1. SITE DESCRIPTION
The Dirru rock glacier (46.12° N, 7.81° E) is located on the west-facing side of the Mattertal valley and ranges
from 3000 m (rooting zone) to 2530 m a.s.l. (terminus). The active tongue is more than 1 km long with a rooting
zone located in the outer margins of the Dirru glacier LIA proglacial area. The material transported within the
rock glacier originates thus both from morainic material and from rock fall deposits produced by the alteration of
the Dirrugrat at the southern boundary of the rock glacier. The lower third of the tongue measures about 350 m
long and 50 m wide and is significantly steeper than the upper part of the rock glacier (28° vs 16°). The disrupted
snow cover observed on the frontal slope in winter indicates the presence of one main shear horizon, located
approximately 15 m below the front line. In addition, geophysical investigations (Delaloye et al. 2013b), the
significant summer lowering rate of the surface of the tongue (about 10-20 cm/year) and the observation of
permafrost outcrops occasionally visible at the front suggest a relatively high interstitial ice content beneath the
permafrost table (at least 50% of the total volume). The bedrock source of the rock glacier is mainly composed
of mica-rich gneisses and schists (Bearth 1964). The latter consists of an heterogeneous mix of coarse debris,
including boulders up to several cubic meters and a substantial amount of fine-grained sediments (heavily
weathered debris) that are particularly visible at the front. The front is located approximately 150 m of elevation
upslope on the southern side of the Geisstriftbach torrential channel, and is separated from the torrent by a
large depositional area (the debris slope). The rock glacier motion is directed towards the channel with an
incidence angle of approximately 30 degrees. The connectivity with the torrent is thus lateral, and sediments
may not directly accumulate in the channel. The northern part of the large debris slope that develops between
the front and the main channel takes the form of an important erosion niche almost infilled with sediments and
where traces of torrential activity are visible (Figure 3.1 and Figure 3.3). If the Geisstriftbach torrent collects
water from a relatively big contributing area (more than 4 km 2), surface runoff which can be episodically
observed on the debris slope below the front drains a significantly smaller area (about 0.11 km2). Between the
section where the Geisstriftbach meets the debris slope alimented by the rock glacier and the valley bottom, the
bed of the torrent reposes of gneissic bedrock. At the apex of the debris fan, the channel is characterized by a 90
degrees turn and reaches the main river at the northernmost point of the fan.
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Figure 3.1: Dirru rock glacier: evolution of the front line position since 1969 as derived from the analysis of time series of
aerial images. The lateral edges of the erosion niche developed between 1988 and 1995 are indicated by the white dashed
lines.

3.1.2. PAST AND CURRENT DYNAMIC
The terminal part of the rock glacier (last 350 m) has been rapidly moving since 1969 at least, with 2D
(horizontal) velocities about 3.7 - 4.5 m/y characterizing the period spanning from 1969 to 2001 (Figure 3.2).
Starting from the mid-2000’s, 2D surface velocities oscillated between 5 and 8 m/y (6 and 9 m/y in 3D). A
decreasing trend has been measured by dGNSS since 2014, horizontal velocities dropping from 6.7 m/y to
approximately 4.1 m/y for the period 2016-2017. The TLS measurements documented a recent pronounced
lowering of the surface of the tongue, especially during summer periods. The subsidence movement was
confirmed by dGNSS data. Between 1969 and the beginning of the 1990’s, the front had a typical lobate shape
and was advancing gradually downward towards
the torrent (Figure 3.1). First visible in 1995, a
large erosion niche (~230 m long, 35 m wide and
up to 20 m deep) developed downslope from the
front between 1988 and 1995, enhancing the
connectivity between the rock glacier and the
torrential channel (Figure 3.3). These observations
correlates well with the increased torrential
activity recorded at the catchment outlet during
the 1990’s, with important events in 1992, 1993
and 1997 (Raymond Pralong et al. 2017). The
development of the erosion niche gave a relatively
Figure 3.2: Long term evolution of the horizontal velocity at the
regular linear shape to the front line at a position
front of the Dirru rock glacier derived from series of aerial images
which did not change substantially (maximally a and dGNSS (GPS) surveys.
few meters of fluctuation) since then. Nowadays,
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Figure 3.3: Aerial images from 1988 and 1999 (© Swisstopo), respectively before and after the opening of the main erosion
niche downward from the rock glacier front. The erosion zone is believed to have developed between 1994 and 1995 as the
former path of the Europaweg built in summer 1994 was originally crossing the debris slope below the front, and had to be
moved upward a few years after. The white squares indicate stable blocs and aim at helping the image comparison.

the erosion niche is infilled by sediments and small debris flows reaching the Geisstriftbach torrent but not the
main valley have been observed there in 2013, 2014, 2016 and 2017.

3.2.

Gugla

3.2.1. SETTING
The Gugla (also named Gugla-Bielzug or Breithorn) rock glacier (46.13° N, 7.81° E) is located about 2 km north of
the Dirru rock glacier, on the same valley flank. The geological setting is very similar to Dirru, i.e. mica-rich
gneisses and schists with big boulders and a substantial amount of fine-material visible at the front, but the
morphology, the topographical setting and the dynamic differ. Gugla has a tongue-shaped morphology and flows
towards the west in a small valley between the Breithorn summit on the north side (3178 m a.s.l.) and the Gugla
summit on the south (3377 m a.s.l.). The tongue is about 450 m long and 100 m wide, and ranges in elevation
between 2820 and 2600 m a.s.l. The terminal section of the rock glacier can be divided into a southern part,
which is steeper, thicker (20 to 30 m) and contains several superimposed shear horizons (at least three could be
identified on images in 2012 and 2013); and a northern part, less steep with apparently only one shear horizon
located about 15 m below the front line. Geophysical investigations (Delaloye et al. 2013b), direct visual
observations at the front and the absence of surface lowering during summer indicate that the ice content is
relatively low (presumably less than 50% of the total volume). Both parts of the front are located in the
headwater of the Bielzug torrent and flow directly into a deeply incised gully connected to the main channel
leading to the valley bottom (Kummert and Delaloye 2015). The gully drains water from a contributing area of
approximately 0.64 km2 and no organized surface runoff network is present upslope from the front. The bed of
the torrent reposes directly on gneissic bedrock for the most part of its route. Similarly to the Geisstriftbach
torrent, the Bielzug experience of strong turn towards the north at the apex of the debris fan. Several mitigation
infrastructures are present on the fan to protect the road, the railway and parts of the village of Herbriggen (St
Niklaus, VS). It consists of a big deflection dam located at the apex of the fan, along the southern side of the
channel. In addition, a retention basin is present on the fan, just before the torrent passes under the road and
the railway. These two main infrastructures were renovated in 2016 to enhance the protection. The capacity of
the retention basin changed from about 4000 m3 to almost 10’000 m3, and the height of the dam was increased
by 2 meters. Each year from 2012 to 2016, one to several debris flows triggered from an area immediately
downslope from the rock glacier front reached the main valley and accumulated in the retention basin. The
volumes involved ranged from 500 to more than 5’000 m3 per event (Oggier et al. 2016).
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3.2.2. PAST AND CURRENT DYNAMIC
The Gugla rock glacier has been characterized by
a gradual increase of the surface velocities during
the past decades, especially since the mid-1990s.
The horizontal surface velocities went from less
than 0.5 m/y (period 1968-1982) up to
approximately 1.5 m/y (period 1995-2005), and
reached more than 14 m/y in the most rapid part
in 2013 (Figure 3.4), with a strong destabilization
phase starting in 2010. Since 2008 at least, 2D
surface velocities have been continuously faster
Figure 3.4: Long term evolution of the horizontal velocity at the
on the southern part (~10 m/y) than on the front of the Gugla rock glacier derived from series of aerial images
northern one (~4 m/y) (Delaloye et al. 2013a; and dGNSS (GPS) surveys. The two sets of curves displayed for the
Figure 3.4). The acceleration observed for the Gugla rock glacier show respectively the velocities of the northern
and the southern parts of the front. In addition, the two X indicate
southern part was particularly strong between the fall of the marked boulders on both parts of the front,
2008 and 2013, with horizontal velocities respectively.
increasing from 2.5 m/y up to 14 m/y. Since 2013,
a gradual decrease of the surface 2D displacement rates has characterized the southern front, reaching
approximately 4.5 m/y in 2017. In the same time, the northern front has experienced a gradual increase of the
surface velocities up to 4.5 m/y in 2014, then a decrease to reach a 2D velocity of about 3.8 m/y in 2017. The
direct connectivity between the rock glacier front and the Bielzug torrent has continuously existed at least since
1930 (as observed on old aerial and oblique photographs) as the position of the front line remained constant
(except small local variations) over the last 85 years (Figure 3.5). However, the first recent debris flow event

Figure 3.5: Gugla rock glacier: evolution of the front line position since 1930 as derived from the analysis of time series of
aerial and oblique images. The two scars which appeared as a consequence to the destabilization starting in 2010 are
indicated in white.
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documented as reaching the valley bottom was recorded in 2000 (Raymond Pralong et al. 2017).
Morphologically, the recent crisis which started around 2010 was associated with the opening of at least two
main scars on the rock glacier tongue, respectively on the southern and on the northern part (Figure 3.5). In
addition, the very strong activity recorded on the southern front was associated with an important thinning of
the rock glacier in that area, the thickness decreasing from 30 to 20 m between 2013 and 2017, as observed and
roughly measured on the multi-temporal DEMS and on the derived DoDs (See Chapters 4 and 6). Despite these
observations, both geophysical investigations and surface velocity fields derived from bi-annual geodetic surveys
(dGNSS) indicate that the permafrost body is still coherent and continuous between the rock glacier tongue and
the destabilized frontal part (Delaloye et al. 2013b).

3.3.

Tsarmine

3.3.1. SETTING
Tsarmine (46.04° N, 7.50° E) is a tongue-shaped rock glacier located in the Val d’Arolla. It is about 450 m long
and 100 m wide and ranges between 2680 and 2460 m a.s.l. The material composing the rock glacier originates
from big talus cones developed from the alteration of the rock walls culminating at about 3300 m a.s.l. on the
north-western crest of the Blanche de Perroc (3647 m a.s.l.). The rock glacier surface has an openwork structure
of homogeneous gneiss boulders up to several cubic meters in size. A matrix of finer sediments—apparently
coarser than at the two other sites—issued from the alteration of the gneiss is visible at the front, and probably
underlies the openwork structure. The main shear horizon is situated approximately 15 meters below the front
line, as confirmed by the disrupted snow cover observed on webcam images in winter (Figure 3.6). No specific
information about ice content is available except from geoelectrical soundings performed in the beginning of the
years 2000’s and indicating relatively low resistivity (Lambiel et al. 2004). Together with the absence of
measured or observed summer surface lowering, the geoelectrical data seems to indicate that very high ice
content is probably to exclude. The rock glacier terminus is located on the top of a deep torrential gully
collecting water from a contributing area of about 0.27 km 2 and reaching the valley bottom near the village of
Satarma (Evolène, VS), on the opposite side of the main river. There is no organized surface runoff network
upslope from the rock glacier front, which is directly connected to the gully. The torrential channel bed is mainly
sedimentary and displays a substantial amount of accumulated sediments in its upper sector (between the front
of the rock glacier and approximately 2150 m a.s.l.). Sediments apparently originating from the rock glacier can
be seen in the channel until an altitude of 2050 m a.s.l. The torrent experience then a s-shaped turn where the
channel bed is mainly reposing on bedrock and which may prevent rock falls to progress further downslope.
Below 1960 m a.s.l., sediments are again visible in the channel due to the presence of a small landslide. The
torrent reaches the valley bottom at an altitude of about 1860 m a.s.l. at the apex of a rather flat debris fan

Figure 3.6: Webcam image showing lightly disrupted winter snow cover (yellow arrows) that indicates the presence of the
main shear horizon at the front of the Tsarmine rock glacier (webcam16, 22nd January 2017).
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completely covered by vegetation. Except for a
small event occurring in the 1980s and triggered
from an alternate sediment source (the small
landslide, Figure 4.3), no trace of debris flow
reaching the valley bottom has been observed on
the different aerial and oblique photographs
dating back to 1946.

3.3.2. PAST AND CURRENT DYNAMIC
Very few noticeable changes have affected the
surface of the Tsarmine rock glacier since 1946,
except a small shift of the front line position Figure 3.7: Long term evolution of the horizontal velocity at the
front of the Tsarmine rock glacier derived from series of aerial
during the 1980s. The position of the front line, images and dGNSS (GPS) surveys.
which has been relatively constant between 1967
and 1983, advanced for about 20 meters between 1983 and 1999 before stabilizing up until today (Figure 3.8).
An important accumulation of debris is visible in the gully on all aerial images, indicating that the connection
between the front and the torrential gully has existed at least since 1946 (oldest available image). The Tsarmine
rock glacier has encountered a gradual acceleration during the 1980’s and the 1990’s, horizontal surface
velocities having increased from about 0.5 m/y to 1.5 m/y (Figure 3.7). Since 2011, a continuous acceleration has
been measured by geodetic surveys (Figure 3.7), 2D velocities increasing in the frontal part from about 1 m/y in
2011 to 6 m/y in 2016, with a slight deceleration in 2017 (~5.5 m/y). Despite the high surface velocity resulting
from the recently measured acceleration, no visible morphological modifications of the rock glacier tongue has
been observed so far.

Figure 3.8: Tsarmine rock glacier: evolution of the front line position since 1967 as derived from the analysis of time series of
aerial images.
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4.

Methods

The following chapter details the methodology used to study the sediment transfer activity between the front of
the three studied rock glaciers and their respective connected torrential gully. Basically, time series of webcam
images were obtained and used to identify and follow the erosion processes occurring at the fronts while
terrestrial laser scanning (TLS) campaigns were performed to produce multi-temporal DEMs from which surface
elevation changes could be mapped, quantified and interpreted to yield information about the sediment transfer
dynamic between the front and the torrents. These two complementary approaches were developed within the
frame of this thesis and yielded the main datasets analyzed in Chapters 5 and 6. Additional data acquired or
produced in the context of other research work (e.g. Delaloye et al. 2013b) brought complementary information
on the evolution of surface velocity rates of the three surveyed rock glaciers and are also briefly presented.

4.1.

Analysis of webcam images

The erosion processes occurring at the fronts of the three investigated rock glaciers were characterized for the
period January 2013 to December 2016 from the analysis of year-round time series of webcam images,
complemented by some direct in situ observations. The approach relies on (i) acquiring a time series of images
and (ii) visually identifying erosion processes from them.

4.1.1. ACQUISITION OF THE IMAGES
The three sites were equipped with one or two Mobotix (M12, M15 or M24) webcams. Each webcam ran
autonomously on a battery powered by a solar panel. Images with a resolution of about 3M pixels (2048 x 1536
pixels) were taken at hourly intervals during daylight, occasionally at 15-minute intervals during highly active
periods (e.g. during intense snowmelt). The images were sent via a GSM (Global System for Mobile
Communication) internet connection to a server where the data were stored and accessible. The webcam
system allowed remote live access but did not permit recording of movies. The first camera was installed in 2009
in Tsarmine and the last in 2015 there. Webcam characteristics are detailed in Table 1, and the location of the
five webcams associated with image examples for three of them are shown in Figure 4.2.
Site

Name

Date of
installation

Number of
images
(01.01.201331.12.2016)

Mean distance
to the front
line (m)

Mean
ground pixel
size (cm)

Focal
length
(mm)

Covered
area

Rock glacier
tongue,
Dirru
Cam08
01.07.2011
17636
407
30
65
front and
debris slope
Rock glacier
Cam07
28.06.2011
16874
152
7
32
tongue and
front
Gugla
Rock glacier
Cam14
13.07.2013
17125
387
20
32
front and
debris slope
Rock glacier
Cam01
15.10.2009
16819
78
3
43
tongue and
front
Tsarmine
Rock glacier
Cam16
07.05.2015
9911
172
10
38
front and
debris slope
Table 1: Webcams and images characteristics. The mean distance and the mean ground pixel size are rough
estimates and are calculated in relation to the approximate center of the frontal area.
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Figure 4.1: Images from webcam 07 showing evidence of erosion (arrows) at the front of Gugla rock glacier between 17th
June 2013 (left) and 18th June 2013 (right). Deep incision due to concentrated flow is indicated by the two large red arrows
and by the red dotted line on the right-hand image. The smaller red arrows point out more localized areas where smaller
changes can be detected between the two images, mainly related to small rock falls (two arrows close to the front line) and
to the accumulation of debris eroded from the front (lower small arrow).

Installation of cameras is often challenging in steep and remote environments. The location must allow the
camera to have a good connection to a GSM signal for the data to be regularly sent to the server, and the solar
panel must receive enough sunlight to charge the battery. The location must also be safe from rock falls and
avalanches. The camera should be close enough to the rock glacier front in order to provide images with a
resolution sufficient to detect erosion events of small scale (< ca. 3 m3). At Gugla and Tsarmine, one webcam
was installed near the rock glacier front (cam07 at Gugla, cam01 at Tsarmine; Table 1) to visualize the general
movement there. These webcams provided a good view on the erosion processes at the front but did not cover
the entire area of interest. Therefore, additional webcams were installed later to view the upper part of the gully
adjacent to the rock glacier fronts (cam14 was installed in June 2013 at Gugla and cam16 in May 2015 at
Tsarmine; Figure 4.2). At Dirru, the lack of suitable positions led to only one webcam being installed quite far
from the rock glacier front (Figure 4.2), which offered a good general view of the area of interest but not of
small-scale erosion processes (< ca. 10 m3).

4.1.2.

ANALYSIS OF THE IMAGES

Geomorphological information was extracted from the image series by examining them visually and stored in a
database. By displaying alternatively two or more consecutive images, changes such as the loss or movement of
rock debris at the surface of the front were identified as erosion events and attributed to an erosion process, as
illustrated in Figure 4.1. Although some images could not be analyzed due to bad weather conditions (especially
fog) and some images were missing because of technical issues (e.g. low battery), almost the whole study period
was covered for each site by several images taken every day by at least one webcam (Table 1). The high
temporal resolution of image allowed the almost continuous recording of all erosion events occurring during
daytime between 2013 and 2016. The information collected was stored in tables where each observed change at
the surface of the front of the rock glacier was recorded at a daily resolution and associated with a type of
erosion process (see Chapter 5). For each day of the study period, additional information such as general
weather conditions (i.e. rainfall, snowfall, sun, clouds) or the characteristics of the snow cover at the surface of
the front (i.e. full snow cover, partial snow cover, snow-free) was also inferred from the images and recorded in
the database.
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Figure 4.2: Localization and illustration of the three study sites. The localization of the webcams is given in yellow and black
and the scanning position are indicated by the black and white dots. Scanned surfaces are displayed in red. Areas outlined by
the white dashed-lines correspond to the assumed stable sectors used for the registration and the accuracy assessment of
the LiDAR scans (the delimitation of these stable sectors is further explained in Chapter 3). On the maps, the arrows and the
thin dotted-lines indicate the presence of other moving landforms (landslides and solifluction zones).
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4.2.

Quantification of the sediment transfer dynamic

Multi-temporal DEMs covering the frontal area of the three studied rock glaciers were acquired between 2013
and 2017 using TLS. The DoDs generated from the TLS multi-temporal DEMs allowed to map the spatial patterns
of erosion and accumulation at the rock glacier fronts and the upper part of the torrential systems, which take
either the form of torrential gullies (Gugla and Tsarmine) or steep debris slopes (Dirru). DoDs were also used to
calculate volumetric budgets and thus quantify sediment budgets and sediment transfer rates between these
two spatial components (fronts and debris slopes/gullies) on various time scales.

4.2.1. DATA ACQUISITION AND PROCESSING
Basically, a TLS device calculates the distance of a
targeted surface by measuring the time for the
laser signal reflected by this surface to return to its
source. The result is a dense point cloud which can
then be interpolated into a rasterized DEM (of the
investigated surface). By repeating the operation at
different dates on the same targeted surface, time
series of DEMs can be created. When possible, TLS
campaigns were carried out twice a year between
2013 and 2017 at Gugla and Tsarmine, and
between 2014 and 2017 at Dirru (details in Table
2). The aim was to get information about both the
inter-annual and the seasonal variations of
sediment transfer activity. The number of scanning
campaign was limited to two per year both for
logistic reasons and more importantly because
scanning was only possible once the snow had
completely disappeared from the investigated
areas. Each year, the first scanning campaign
usually took place end of June, while the second
one was generally planned in October before the
first snowfall. Some additional scans were also
acquired occasionally to investigate shorter time Figure 4.3: TLS measurement with the Riegl VZ®-6000 at
periods (Table 2). Running at the lower range of the Tsarmine on the 07.10.2016. The scan position (position 001 on
near infrared, a long-range Riegl VZ®-6000 Figure 3.2) is located at an approximate distance of 2.7 km from
the rock glacier.
terrestrial laser scanner was used here and allowed
fast surveys (up to 222000 measurements per second) to be performed at great distance from the target
(several hundred meters, theoretically up to a maximum of 6000 m). Given the complexity and the steepness of
the terrain, it was difficult to find good and accessible viewpoints on both the fronts of the rock glaciers and the
underlying slopes and gullies. For each study site, 2 or 3 scan positions were used (Figure 4.2) in order to
increase the point clouds density and to make sure that the largest possible part of the area of interest has been
covered (Figure 4.2). Generally, the surface of the fronts could always be entirely included within the scans while
the spatial coverage of the debris slopes and gullies was limited approximately 200 to 400 meters below the
front. At Tsarmine, the use of the VZ®-6000 appeared to be particularly useful as the lack of good positions near
the rock glacier forced us to scan from the other side of the valley (up to 4km, Figure 4.2 and Figure 4.3).
The point clouds time series were registered relatively to each other using the RiSCAN PRO® software. The
registration procedure applied in this study and described hereafter is similar to the one used by Fischer et al.
(2016). Clear outliers were first permanently deleted from the point clouds. Then for each site, one point cloud
was selected and treated as already registered and all the other point clouds were shifted and adjusted on this
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reference following several steps. First, changing surfaces (e.g. the rock glaciers, the fronts, the gullies) were
temporarily removed from the unregistered point clouds in order to keep only assumed stable areas for the
registration (Figure 4.2). In a second step, a manual coarse registration using visually identified matching points
was applied to roughly shift the unregistered point clouds towards the reference one. It was then possible to
apply a multi station adjustment (MSA) algorithm for semi-automatic registration based on iterative closest point
(ICP) techniques to precisely adjust the point clouds to the reference position (e.g. Zhang 1992, Kenner et al.
2011, Carrivick et al. 2013). The quality of the registration procedures can be assessed and quantified using the
standard deviation of error from the point residuals which is provided by the RiSCAN PRO® software. The values
range respectively from ± 0.018 meters to ± 0.035 meters for Dirru and Gugla, and between ± 0.045 meters and
± 0.200 meters for Tsarmine, where the greater distance of acquisition compared to the other sites caused lower
point cloud densities (see details in Table 2). Finally, an octree filter (Perroy et al. 2010) was applied in order to
combine point data from different scan positions, and to obtain new point clouds with a distributed numbers of
points per area. The processed point clouds were interpolated in ArcMap 10.3 in order to obtain DEMs. The high
point density and the regular point distribution over the area of interest justified the use of a simple natural
neighborhood algorithm for the interpolation (Scheidl et al. 2008). The respective resolutions of the TLS-derived
DEM products are given in Table 2 and an example of DEM is shown for each site in Figure 4.4. The created
multi-temporal DEMs were then subtracted from each other to create DoDs for all the time intervals available,
depending on the sites (Table 2 for the dates of the available DEMs). In the resulting DoDs, each cell is
characterized by a value of surface elevation change between the two dates (t1 and t2). Simply multiplying the
sum of surface elevation change over a chosen area (∑Δz) by the surface of one raster cell (d2) (see for example
Heckmann et al. 2012) allows volumetric budgets, i.e. volumes of surface elevation changes in given areas, to be
calculated (equation 1):
(1) ΔV = d2 * ∑Δz
Year

Dirru (8 scans)

Gugla (12 scans)

Tsarmine (9 scan)

DEM resolution: 10cm

DEM resolution: 5cm

DEM resolution: 20cm

Date scan
(dd.mm.yyyy)

Registration
error σ (m)

2013

2014

2015

2016

2017

26.06.2014

± 0.025

09.10.2014

± 0.030

Date scan
(dd.mm.yyyy)

Registration
error σ (m)

25.06.2013

±0.035

10.07.2013

± 0.032

04.10.2013
26.06.2014

± 0.019
± 0.034

09.10.2014
08.06.2015

± 0.023
± 0.025

30.06.2015

±0.024

30.06.2015

± 0.024

06.10.2015
29.06.2016

± 0.018
± 0.028

06.10.2015
29.06.2016

± 0.029
± 0.028

04.10.2016

± 0.027

04.10.2016

± 0.022

26.06.2017

± 0.024

26.06.2017

± 0.027

Date scan
(dd.mm.yyyy)

Registration
error σ (m)

09.07.2013

± 0.140

06.08.2013

± 0.045

23.09.2014

± 0.068

29.06.2015

± 0.181

22.09.2015

± 0.197

01.07.2016

± 0.174

07.10.2016

± 0.168

27.06.2017
05.10.2017

± 0.169
± 0.174

06.10.2017
± 0.024
06.10.2017
± 0.027
Table 2: Dates, characteristics and registration errors of the different LiDAR scans acquired in this study. The difference of
DEMs resolution between the three sites is mainly related to the varying distances between the scanning positions and the
targeted surface.
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Figure 4.4: Example of TLS-derived DEMs produced at Gugla (4th of October 2016), Tsarmine (7th of October 2016) and Dirru
(4th of October 2016). At Gugla, the large smoothed surfaces visible on the rock glacier tongue are due to the uncomplete
coverage of this area by the scans leading to interpolation artefacts. The different morphological units (rock glacier tongue,
front and upper gully) are differentiated by their colors while the limits of the fronts and the upper gullies as used for the
sediment budget calculations are drawn in black.

4.2.2. TARGETED SEDIMENT CASCADE SECTION
The study investigates at each site the transfer of sediment between the front and the debris slope which can be
considered as the upper part of the torrential gully system. This particular link is part of a specific chain of
morphological units and processes following the model of the sediment cascade and was mapped and quantified
thanks to the DoDs obtained from the TLS data. In order to understand the main processes controlling surface
elevation and volume changes in the targeted areas, i.e. the front and the upper part of the torrential gully
system, four main morphological units need to be described (Figure 4.5): the rock glacier tongue; the front of the
rock glacier; the upper gully and the lower gully.
Beginning upward, the first zone consists of the rock glacier tongue which starts upslope in the rooting zone and
is delimited downslope by the front line. The sediments constituting the rock glacier tongue (above the shear
horizon) are continuously transported towards the front by permafrost creep. The front of the rock glacier is
delimited upward by the front line and downward by the location of the main shear horizon. At the front,
surface elevation changes and volumetric budgets (ΔVF) are mainly the result of sediment inputs from the
moving rock glacier body (ΔVFadv) and outputs through erosion and transfer of sediments downward (ΔV Fre). In
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addition, when the interstitial ground ice occupies a greater volume than the porosity, slight volumetric changes
may also be generated by melt processes (ΔVFmelt).
(2) ΔVF = ΔVFadv – ΔVFre (– ΔVFmelt)
Following the sediment cascade, the next unit consists of what we call the upper gully, i.e. the upper part of the
gully system directly subjacent to the front. The area encompassed in the upper gully zone is limited downward
by the observation possibilities (see Chapter 4.2.1). The word gully is used here as a generic term to designate
the debris slope developing downward from the fronts. At Gugla and Tsarmine it corresponds to actual
morphological gullies but at Dirru it takes the form of a talus-slope-like depositional area for which the term
debris slope will be used throughout the following chapters. At the upper gully, surface elevation changes and
volumetric budgets are mainly driven by sediment inputs from the erosion of the front (ΔVFre), and sediment
outputs from the removal and the transport of sediments downward (ΔVGUre). Sediment inputs from lateral slope
processes (e.g. surface runoff erosion, shallow landslides) may also occur but are very likely negligible at our
study sites (ΔVLat).
(3) ΔVUG = a*ΔVFre – ΔVUGre (+ ΔVLat)
An additional factor a was added in equation 3 to take into account the fact that the same amount of sediment
may not occupy the same volume at the front and in the upper gully. Sediments are expected to be more
compacted in the rock glacier body than in the gully due to the compressive action of the permafrost creep
process, and thus to fill a larger space in the upper gully. This factor is however largely unknown and was
neglected in the interpretation of volumetric budgets. Its potential role is further considered in the discussion at
the end of Chapter 6.

Figure 4.5: Systemic sketch of the chain of processes and morphological units that intervenes in the sediment transfer activity
between rock glacier fronts and torrential gullies (right), and their corresponding location in the example of the Tsarmine
rock glacier (left, photo from the 07 July 2013).
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Sediments leaving the upper gully are expected to accumulate within the lower gully or to transit through it. The
lower gully corresponds to the portion of the gully located downward and linking the upper gully to the valley
bottom and the alluvial fan. Note that sediments may sometimes be directly transferred from the rock glacier
fronts toward the lower gully without being temporarily stored in the upper gully, for instance via long distance
rock fall events or debris flows triggered at the front itself. In this study, the focus is set on the sediment transfer
affecting only the fronts and the upper gullies.

4.2.3. DODS TO MAP AND QUANTIFY SEDIMENT TRANSFER DYNAMICS
Except from the potential melt of permafrost ice at the front, values of surface elevation changes obtained by
DEMs differencing are mainly related to actual sediment transport processes (sediment reworking and ground
motion; Figure 4.6). The DoDs created for different time intervals can therefore be visually analyzed as maps of
sediment transfer and the volumetric budgets calculated for both zones respectively (ΔVF and ΔVUG) can be
interpreted as sediment budgets for these two
zones respectively. The limits of each zone were
drawn manually on the DEMs based on the visual
interpretation of the DoDs and of aerial images.
Due to the rock glacier advance, the extent of the
frontal areas varies over time and therefore a fixed
“Zone front” has been defined for each site (Figure
4.4), taking voluntarily a slightly larger area than
the supposed “real” front in order to be sure to
encompass all of it and any of its variation over
time. The “real” frontal area (“Front” in Figure 4.4)
was thus not used for the calculation of volumetric
budgets but only for the estimation of the volume
gain due to the rock glacier advance (equation 5)
Calculating volumetric budgets allows assessing
sediment budgets for each zone separately. In
order to quantify the volume of sediment eroded
from the fronts and transported into the gullies, the
volumetric changes due to sediment reworking
(ΔVFre) needs to be isolated from the overall
sediment budgets of the fronts (ΔVF). For that
purpose, the mean surface elevation change
resulting only from the rock glaciers movement ((3)
in Figure 4.6) was estimated at each site and for
each time interval based on three main parameters
(Figure 4.7): the mean horizontal displacement
(dxy), the mean vertical displacement (dz) and the
fronts mean slope angle (α).
Figure 4.6: Conceptual example of sediment transfer activity
occurring between two scanning campaign (T0 and T3).
Interestingly, this example shows that surface lowering, i.e.
erosion, is often underestimated in the overall budget of the
front (1). To know the amount of sediment eroded from the
front and transferred to the gully (2), it is thus necessary to
estimate the approximate volume of sediments previously
brought forward by the rock glacier motion (3).
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The mean horizontal (dxy) and vertical (dz)
displacements of the rock glaciers were derived
here from the mean 3D surface displacement
measured at the front of each rock glacier using
different techniques. At Dirru and Tsarmine, the
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terminal parts of the rock glacier tongues are
included in the scans. It was possible to identify
boulders (four at each site) located close to the
front line in the TLS-derived DEMs and to track
them with GIS techniques to infer their
displacement. The mean surface 3D displacement
was then obtained for each time interval by taking
the average of displacement values calculated for
the identified boulders. At Gugla, the surface of the
tongue is not sufficiently covered by the scans and
it was not possible to track moving features on the
DEMs. However, we used here a network of dGNSS
points measured in the field at least twice a year
and covering the whole rock glacier providing
values of displacement for several boulders located
near the front line (between 5 and 7) for dates
coinciding approximately with our scanning
campaigns (maximally a few days of difference).
Given the strong differences in velocity observed Figure 4.7: Equation used to estimate the surface elevation
change in the frontal area induced by the rock glacier advance.
between the southern part and the northern part
of the Gugla rock glacier front, a value of 3D displacement was obtained respectively for each part of the frontal
area and for each time interval by calculating the mean of the displacement values measured at the point
locations. In order to take into account the velocity decrease at depth, the measured mean 3D surface
displacement values were reduced by 25% at each site, which corresponds to a 50 % linear reduction of the
velocity from the surface down to the main shear horizon. The obtained values for the mean 3D displacement
(dxyz) were also decomposed into mean horizontal (dxy) and vertical (dz) displacements, which were calculated
for each site and for each time interval.
The mean slope angle (α) of the frontal areas
The mean slope angle of the front was obtained for each site and for each time interval by simple GIS spatial
analysis of the TLS derived DEMs.
By combining these three parameters, a mean surface elevation change strictly due to the calculated advance of
the rock glacier (ΔH) can be inferred using equation 4 (Figure 4.7):
(4) ΔH = (tan α * dxy) – dz
By multiplying this value by the area of the front (obtained by multiplying the number of cells encompassed
within the area (∑c) by the surface of one cell (d2)), it is possible to estimate the mean volume change due to the
advance of the rock glaciers (ΔVFrga).
(5) ΔVFrga = d2 * ∑c * ΔH
ΔVFre, i.e. the volume of sediment eroded from the front, can then be obtained by subtracting the result of
equation 5 (volume of advance of the rock glacier front) from equation 1 (general volumetric budget):
(6) ΔVFre = ΔVF – ΔVFrga = (d2 * ∑Δz)-(d2*∑c* ΔH))
= d2 * (∑Δz-(∑c* ΔH))
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Volumetric budgets could thus be obtained and interpreted as sediment budgets respectively at the fronts and
in the upper gullies (ΔVF and ΔVUG). In the results, both the effect of the ice melt at the fronts (ΔVFmelt) and the
potential sediment inputs from lateral sediment sources in the gullies (ΔVLat) were voluntarily neglected because
their impact on calculated volumes is vastly unknown and is expected to be rather small. Further considerations
are developed in the discussion at the end of chapter 6. In addition to volumetric budgets, the volume of erosion
characterizing the fronts (ΔVFre) were calculated for each site and for each time interval thanks to equation 6.
Erosion rates at the front of each studied rock glaciers respectively for every time interval (ES) and for annual
periods (autumn to autumn, EA) could thus also be obtained. The results along with the main parameters used in
the volume calculations (dxyz and α) are shown in Table 4, Chapter 6.

4.2.4. DATA UNCERTAINTY
Uncertainties concerning the values of surface elevation changes and therefore also volumetric changes exist
and can issue from various sources of errors which need to be further considered. First, errors can result from
the data acquisition by the device itself. A simplified estimate of such error is usually directly provided by the
manufacturer. For the RIEGL VZ®-6000 used in this study, the ranging accuracy and precision are respectively
about ± 0.015 m and ± 0.010 m (RIEGL Laser Measurement System, 2013). In addition, uncertainties can be
induced by the data processing. Errors in the point cloud registration (see Table 2) are often used as an
approximate of the errors of the DEMs (Micheletti et al. 2015). However, data filtering (i.e. the application of the
octree filter) and interpolation also generates some errors (Fischer et al. 2016). To better represent all the
processing errors, we assessed here the uncertainties directly from the created DoDs. For each site and for each
time interval, supposed stable areas were selected from the DoDs (Figure 4.2). The choice of the stable areas
was made difficult by the presence of many other slope movements such as rockslides or solifluction lobes in the
direct vicinity of the investigated rock glaciers (Figure 4.2 and Figure 4.3). The surfaces affected by slope
instabilities were identified and delimited with the help of different data sources available, as for instance an
inventory of slope movement based on SAR (Synthetic Aperture Radar) interferometry (see Delaloye et al.
2007a, 2007b, Barboux et al. 2014), dGNSS monitoring networks in the investigated areas which often
encompass some non-moving control points in stable zones, and the visual interpretation of the terrain through
aerial images and hillshaded DEMs. Along with the zones affected by slope instabilities, densely vegetated areas
(bushes and forests) were excluded from the assumed stable areas. Statistics concerning elevation changes for
the stable areas are given in Table 3. As expected for unchanged terrain, the mean (µ) elevation change is most
of the time very close to zero and remain in a cm-range for Dirru and Gugla, and in a 3 cm-range for Tsarmine.
The standard deviation (σ) of elevation changes over stable terrains gives an approximation of the error over the
whole DoD for a confidence limit of 68% (Lane et al. 2003). To enhance the confidence on our elevation changes
measurements, we multiplied these standard deviation values by a factor of 2 which statistically corresponds to
a confidence limit of 95% (Brasington et al. 2003, Lane et al. 2003, Wheaton et al. 2010, Heckmann et al. 2012)
and used them as a minimum Limit of Detection (LoD) to threshold the individual DoDs. By this mean, all changes
inside this confidence interval (±2σ) are set to zero and are therefore not reflected in the volume calculations
and in the interpretation of the results. In addition, an approximation of the maximal error that may affect the
volumetric budgets can be calculated by multiplying the mean surface elevation change over the stable area ( µ)
respectively by the surface of the fronts (AF) and the upper gullies (AUG). The obtained values are statistically
unlikely to be true but give a maximal range for the volumetric error (Table 3). They are typically larger for the
gullies than for the fronts and are on average higher at Tsarmine due to the coarser resolution of the created
DEMs. The values of maximal error range from almost 0 to more than 400 m 3 and vary strongly between time
intervals.
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µ

σ

LoD=tσ
(t=2)

Dirru

Statistics stable terrains (m)

26.06.2014 – 09.10.2014
09.10.2014 – 30.06.2015
30.06.2015 – 06.10.2015
06.10.2015 – 29.06.2016
29.06.2016 – 04.10.2016
04.10.2016 – 26.06.2017
26.06.2017 – 06.10.2017

-0.007
0.010
-0.004
-0.005
0.000
-0.004
-0.016

0.104
0.092
0.082
0.085
0.094
0.073
0.073

0.207
0.185
0.165
0.169
0.187
0.145
0.147

Gugla

Time interval

25.06.2013 – 10.07.2013
10.07.2013 – 04.10.2013
04.10.2013 – 26.06.2014
26.06.2014 – 09.10.2014
09.10.2014 – 08.06.2015
08.06.2015 – 30.06.2015
30.06.2015 – 06.10.2015
06.10.2015 – 29.06.2016
29.06.2016 – 04.10.2016
04.10.2016 – 26.06.2017
26.06.2017 – 06.10.2017

-0.001
0.002
-0.003
-0.014
-0.002
-0.012
0.003
0.000
-0.016
-0.005
0.000

0.135
0.140
0.196
0.188
0.153
0.137
0.095
0.123
0.115
0.132
0.092

0.270
0.280
0.392
0.376
0.306
0.274
0.190
0.246
0.229
0.264
0.184

Tsarmine

Site

09.07.2013 – 06.08.2013
06.08.2013 – 23.09.2014
23.09.2014 – 29.06.2015
29.06.2015 – 22.09.2015
22.09.2015 – 01.07.2016
01.07.2016 – 07.10.2016
07.10.2016 – 27.06.2017
27.06.2017 – 05.10.2017

-0.029
0.019
0.032
-0.025
0.011
0.034
0.023
0.023

0.157
0.170
0.177
0.174
0.141
0.141
0.138
0.128

0.302
0.341
0.366
0.352
0.283
0.286
0.276
0.157

AF (ha)

0,11

North
0,13

South
0,26

0,30

AUG
(ha)

2,26

1,02

1,24

EFmax (m3)

EUGmax
(m3)

±8
± 12
±5
±5
±0
±4
± 18
N
±1
±4
± 18
±5
±4
±1
± 20
±1
± 20
±6
±0

± 162
± 232
± 91
± 104
±8
± 83
± 352

S
±2
±7
± 36
± 11
±8
±1
± 40
±2
± 40
± 13
±0

± 28
± 95
± 74
± 32
± 28
± 95
± 68
± 67

±7
± 29
± 141
± 43
± 30
±4
± 160
±7
± 160
± 50
±1
± 119
± 401
± 309
± 136
± 419
± 119
± 284
± 280

Table 3: Time intervals covered by the DoDs at each site and statistics computed over supposed stable areas: mean value (µ),
standard deviation (σ) and the derived Limit of Detection (LoD). E Fmax and EUGmax represent respectively the maximum
volumetric error calculated for the fronts and the gully by multiplying the mean elevation change (µ) with the surface of each
zone (SF and SUG).

4.3.

Additional data

4.3.1. GEODETIC FIELD VELOCITY DATA
Within the frame of other research projects conducted at the Unit of Geography of the University of Fribourg,
ongoing rock glacier surface velocities have been regularly measured by geodetic surveys since 2004 for
Tsarmine (Delaloye et al. 2010, PERMOS 2016) and since 2007 for Dirru and Gugla (Delaloye et al. 2013a,b). At
each site, a network of between 50 and 100 marked boulders are measured twice a year by dGNSS to infer the
3D surface displacement rates. The dGNSS technique is based on the use of a static reference receiver placed at
a known point which is assumed to be stable. The reference calculates in permanence its GNSS position and
determines the difference with its attributed point coordinate. It permanently sends this bias value to correct
the position measured by another receiver at individual points marked on the rock glacier surface. This
technique of Real Time Kinematic (RTK), i.e. the permanent state of observation, allows to enhance the precision
of the measured point position down to less than 3 cm (e.g. Lambiel and Delaloye 2004, Krainer and Mostler,
2006). In addition to the dGNSS surveys, permanent GNSS devices installed on Gugla (January 2012 on the
southern part and June 2013 on the northern part of the tongue) and Tsarmine (July 2012) rock glaciers yielded
continuous displacement data for single point locations. Such technology permitted to follow the seasonal
variations affecting the velocity rate of the studied rock glaciers (Figure 4.8). Generally, the lowest velocities are
witnessed at the end of the winter in March or April and the highest displacement rates are reached in October
or November. A strong acceleration of the surface velocities is occurring at the beginning of the snow-melt
period, usually in April or May.
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Figure 4.8: Annual 3D surface velocities measured on the terminal parts of the three studied rock glaciers since 2007 (average
of n selected markers). Continuous smoothed lines represent velocities derived from permanent GNSS sensors. The two sets
of curves displayed for the Gugla rock glacier represent respectively the velocities of the northern and the southern part of
the front. In addition, the X correspond to the fall of marked boulders on both parts of the front, respectively.

4.3.2. PHOTOGRAMMETRIC ANALYSIS
The long-term evolution of both dynamic and morphology of the three studied rock glacier have been assessed
since the 1960s by photogrammetric analysis (Delaloye et al. 2013b). Basically, series of between 2 and 9 old
aerial photographs (Swisstopo) were orthorectified using the photomod photogrammetric software (© Racurs).
For each image, the internal orientation was performed based on the geometrical parameters of the camera
(certificates available from Swisstopo) and the external orientation was achieved by the identification of several
ground control points of known or measured coordinates. Finally the orthoimages were produced by positioning
the image on a reference DEM (Swissalti3D 2 meters resolution, Swisstopo). Geomorphological information on
the evolution of the rock glaciers could then be extracted by visually analyzing the series of orthoimages and by
mapping the respective position of geomorphological features on each image. Additionally, the horizontal
surface displacement characterizing the time interval spanning between two images could be obtained by
measuring the horizontal distance covered by recognizable boulders on the surface of the rock glaciers between
the two images.
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5.

Erosion processes at the front of rock glaciers

In the following chapter, the erosion processes observed at the front of the three studied rock glaciers thanks to
the image time-series yielded by the in situ webcams are described in terms of process types and temporal
occurrence. Based on these observations, the causes and the general temporal behavior of the processes are
discussed along with the limitation of the method. Note that the content of this chapter has been published for a
large part in Kummert et al. (2018). In addition, supplementary material (sequences of webcam images) can be
downloaded following the link given hereafter:
http://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/KummertMario_Thesis_Supplementary_Material.zip

5.1.

Results

5.1.1. EROSION PROCESSES
Four different types of events were detected from the images, based on categories of erosion processes (e.g.
Varnes 1978, Easterbrook 1999), namely rock fall, debris slides (without rupture), widespread superficial flow
and concentrated flow (including debris flows).
Rock fall consisted of the fall of one or a few boulders from the rock glacier front, and was the most common
erosional process observed. On the image series, rock fall events were detected when boulders moved from
their initial location (Figure 4.1), while no other notable changes affected the surrounding area. Some missing
boulders could be identified downslope in the images while others fell out of the image frame. The fall of small
debris (< ca. 30 cm diameter) was usually not recorded because the associated morphological changes could not
be detected. The fall or collapse of parts of the permafrost body (frozen debris) was not observed.
Debris slides consisted of the translational downward motion of a restricted mass of debris (ca. 3 to 30 m 3) in the
unfrozen superficial layer of the rock glacier front. Sliding events were characterized by the absence of rupture
or fall and were usually traceable on several consecutive images and often over several days. Debris slides
commonly led to a single or multiple ruptures, which then sometimes triggered localized rock falls. Many slides
were therefore associated with rock fall activity, but rock fall events were not necessarily preceded by a slide.
Sliding of frozen debris (permafrost) was not observed.
Widespread superficial flow was associated with low-discharge water circulation at the surface or within the top
few decimeters of the rock glacier front and downstream debris slope. It was typically an areal process
(unconcentrated wash), but did sometimes lead to the development of small linear erosional features such as rill
wash and small mudflows. Superficial flow events were identified by a wet ground surface (during snowmelt or
rainfall), and were commonly associated with the small movement of debris over the entire surface of the rock
glacier front. In addition, water temporarily flowing on the surface of the front and the downstream debris slope
was commonly identified by the presence of small superficial mudflows (Figure 5.1: 1a, 2a and 3a).
Concentrated flow was exclusively associated with significant linear erosion. It was characterized by both greater
water input and incision than superficial flow, mobilizing up to several hundred cubic meters of material, mainly
from the debris slope downstream of the rock glacier front. Concentrated flow events almost always related to
the occurrence of water springs on the debris slopes near the front, which were commonly easy to detect
(Figure 5.1: 1b, 2b and 3b). When discharge was high enough to mobilize large amounts of sediment,
concentrated flow could lead to the occurrence of debris flows. Such events were triggered on the rock glacier
fronts or on the adjacent debris slopes and some travelled for several hundreds of meters up to several
kilometers at Gugla.
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Figure 5.1: Webcam images showing examples of erosional activity resulting from water flow at the front of Dirru (top), Gugla
(middle) and Tsarmine rock glaciers (bottom). Mudflows due to superficial flow (yellow arrows) are shown in 1a for Dirru
(webcam08, 11th May 2015), 2a for Gugla (webcam14, 20th May 2014) and 3a for Tsarmine (webcam16, 3rd June 2015).
Water springs generating concentrated flow erosion (red arrows) are shown in 1b for Dirru (webcam08, 10th June 2014), 2b
for Gugla (webcam14, 23rd June 2016) and 3b for Tsarmine (webcam16, 24th June 2016).

5.1.2. TEMPORAL OCCURRENCE OF THE PROCESSES
The temporal resolution of the observations allowed the seasonal behaviors of the four main erosion processes
at Dirru, Gugla and Tsarmine to be assessed (Figure 5.2). Temporal patterns of the different processes were
similar for each site, though slight differences in timing occurred between some years and sites.
Generally, erosion events did not occur when the rock glacier front was covered by snow (Figure 5.2). Only a few
rock fall events were observed when snow cover was present, mostly in winter 2015-2016 and December 2016.
Erosion events were more frequently observed once snow cover began to melt in March or April. Initially, rock
falls and debris slides involving small amounts of sediments were more common. Widespread superficial flow
began later, typically in late April or May, once the snow had melted from at least part of the front. Initiation of
these three processes was restricted to the rock glacier front (up to the front line). They were most frequent
between May and June, when the front was snow-free but snowmelt was still active further upslope.
Concentrated flow events were associated with intense snowmelt in the upslope catchment, sometimes
coinciding with heavy or repeated rainfall. They were either triggered on the debris slope downstream of the
rock glacier front or on the front itself, depending on the location of water springs.
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Figure 5.2: Summary of the timing of erosion processes at the front of Dirru, Gugla and Tsarmine rock glaciers for the years
2014 to 2016. Debris slides and superficial flow events are associated in one line as they shared similar triggering conditions.
Information about the snow cover on the front of the rock glacier (horizontal light grey lines) and the interpreted occurrence
of rainfall events (vertical dark grey lines) are indicated. Different colors divide each year into three main periods differing in
terms of erosion activity: winter (blue), melting (yellow to red), and summer (green). Periods with no data are due to
technical issues at Dirru and Gugla, and the absence of webcam from which the debris slope could be observed before 2015
in Tsarmine.

The frequency of all processes tended to decrease gradually from the beginning of July until autumn (Figure 5.2
and Figure 5.3). In July and August, rock fall was the most frequent process, and its occurrence was not
necessarily associated with rainfall. Debris slides and widespread superficial flow events occurred more
sporadically between July and October than during snowmelt and were usually associated with rainfall events.
Concentrated flow events were rare during summer and autumn and required intense or long-lasting rainfall. In
autumn, the frequency of erosion events decreased substantially as no autumnal heavy rainfall events occurred
between 2013 and 2016. Erosion event initiation almost completely ceased with the refreezing of the active
layer and the establishment of winter snow covers, generally in October or November.

5.2.

Discussion

5.2.1. CAUSES OF THE EROSION PROCESSES
Two main causes of erosion can be highlighted based on the timing and physical characteristics of each process:
(1) rock glacier advance and (2) water inputs (Figure 5.3). The rock glacier movement, characterized by a higher
displacement rate at the surface than at depth (deformational flow), causes the frontal slope to steepen, which
increases the shear stress on the sediment particles reposing on the front. When a certain threshold is passed,
39 | P a g e

Part II | E r o s i o n a n d s e d i m e n t t r a n s f e r

Figure 5.3: Summary of erosion processes in relation to their cause, type and frequency during a one year cycle (colors). The
graphs on the right show the mean (thick blue lines) monthly frequency of occurrence (in number of days/month) of the
different processes by summarizing information gathered from all sites for all documented years (grey curves).

the rock particles which are not cemented by ice begin to reorganize by gravity (Easterbrook, 1999). This action
causes individual or cascading gravitational movements in the form of isolated rock falls, which usually occur
randomly in space and time. The increasing ice content and the dewatering resulting from the active-layer
freezing in late autumn and winter most likely cements the rock particles and therefore essentially (so far the
motion is not too fast, see Figure 5.5) prevents rock falls during the cold season, even though the rock glacier
still moves.
The decrease in cohesive strength between rock particles, which relates to the second main cause of erosion,
can be triggered by water input from (i) rainfall and/or snowmelt on the rock glacier front, (ii) thaw of the active
layer or upper permafrost, or (iii) lateral groundwater flow in saturated or unsaturated horizons. In the two first
cases, the ground humidification is commonly shallow and mainly results in the occurrence of rock falls, debris
slides, and widespread superficial flow events. Mudflows may also be generated. Conversely to rock falls, debris
slides and superficial flow events affect larger areas on the frontal slope and occur only when water is added.
Subsurface saturation of the ground by shallow (suprapermafrost) or deeper (intra- or subpermafrost)
groundwater flow can initiate water springs at the surface of the rock glacier front or on the debris slope
downstream (Figure 5.1: 1b, 2b and 3b). The consecutive concentrated flow commonly triggers linear regressive
erosion, beginning downstream from the outflow locations. Depending on the total discharge and the location of
the activated water spring, the regressive erosion can mobilize large volumes of sediment and ascend to the rock
glacier front (see video on www.youtube.com/watch?v=0k8OYEvHD_Y), where it may be constrained by the
exposure of resistant frozen ground (permafrost). At the three sites, the initiation of concentrated flow events
required specific weather conditions that provided adequate water infiltration rates into the ground upslope of
the rock glacier fronts. Such conditions occurred relatively infrequently and resulted from intense snowmelt
phases at the catchment scale, heavy or recurring rainfall, or both.

5.2.2. GENERAL EROSIONAL BEHAVIOR DURING AN ANNUAL CYCLE
Observations and measurements allowed identifying an annual cycle within which the timing of erosion events
was similar each year and at all three study sites. The erosion activity at the front of rock glaciers can be
separated into three main periods: winter, melting, and summer (Figure 5.2, Figure 5.3 and Figure 5.4).
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a)

During winter (roughly from November to March), when the active layer was entirely frozen and the
front was covered by snow, very few erosion events were observed. Some rock falls were detected,
however, for instance during winter 2016
and early winter 2017 at all three sites.
These may be explained by the lack of
snow between December 2015 and
February 2016, and between December
2016 and January 2017 which exposed the
surface to direct solar radiation in the
afternoon.
Superficial
thaw
could
therefore have occurred on the fronts,
facilitating small rock fall events. Rapid
rock glacier movement may also enhance
rock fall activity during winter. When rock
glaciers move faster than 10 or 20 m/year,
as recorded during the 2008-2011
destabilization phase affecting the
Grabengufer rock glacier in Mattertal,
Switzerland, rock fall activity may occur
through the cold season (Delaloye et al.
2013; Figure 5.5). Nevertheless, sediment
erosion activity in winter can typically be
considered negligible. However, the rock
glacier still advances in winter, even when
no erosion occurs, moving significant
volumes of material forward and
increasing the slope angle between the
front line and the debris slope below.
b) The transitional melting period (between
March and June) began with the onset of
snowmelt on the rock glacier. During this
period, erosion activity rapidly increased in
response to both the steeper frontal slope
(favoring gravitational instabilities) and the
input of water, first from snowmelt and
active-layer thaw, and later from
permafrost thaw. In the early melting
period (March-May; Figure 5.4), snowmelt
and the active-layer thaw mainly triggered
rock falls, rock slides, and widespread
superficial flow. Later (May-June, Figure
5.4), the removal of debris on the rock
Figure 5.4: Schematic vertical profiles of a rock glacier front
glacier front may expose the permafrost
undergoing different periods of erosion activity within a onetable at the surface or leave it protected year cycle (1 to 3). In winter (1), the rock glacier advances but no
only by a thin layer of debris. Continuous erosion occurs and the frontal slope steepens. During the
adjustment of the permafrost table occurs melting period (2a and 2b), the steep slope angle associated with
water input from snowmelt, active-layer thaw (2a) and
on the rock glacier front, and permafrost permafrost thaw during the readjustment of the permafrost
thaw contributes to the initiation of table (2b) enhances erosion activity, which results in the
further frequent but low-intensity erosion adjustment of the frontal slope. During summer, erosion is less
intense and balances approximately rock glacier advance (3).
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Figure 5.5: Photographs showing the evolution of winter debris production from rock fall activity at the front of the
Grabengufer rock glacier between 2010 and 2013 in relation to surface velocity. Above a velocity of about ~10 m/year (A and
B) winter ground freezing was insufficient to prevent erosion at the front. Below this velocity (C and D), rock fall during winter
almost ceased.

c)

events, which lead to a progressive decrease of the slope angle between the front line and the
downward debris slope. In addition, when snowmelt affects the whole catchment area (usually in June),
substantial water infiltration rate may increase the discharge at the water springs and trigger
concentrated flow events, usually characterized by larger erosion volumes. The timing, duration, and
intensity of the melting period varied from year to year but typically lasted several weeks between late
March and late June (sometimes even early July). For all sites in all years, the highest erosion activity
was in the melting period, due to the increased and unbalanced slope angle and availability of water
inputs.
During summer (roughly from July to October), the active layer usually continued to deepen, but at a
lower rate than earlier in the season. The gradual changes in the frontal slope geometry induced by the
rock glacier advance are almost directly balanced by erosion events (mainly rock fall). Hence, the slope
angle between the front line and the debris slope remains almost unchanged over summer. In general,
the frequency of erosion events decreases gradually until the ground freezes again in October or
November. Rainfall is the main source of ground moisture and can temporary increase erosion intensity
via widespread superficial flow, debris slides, and rock falls. Heavy or recurring rainfall events may allow
sufficient water infiltration to episodically reactivate or increase the discharge of local water springs and
trigger high-magnitude regressive erosion events (concentrated flow).

The most frequently observed erosion mechanism at all sites was thus rock fall, followed by debris slides and
superficial flow, which require wet conditions near the ground surface. All three processes were observed each
year at all study sites and usually involved the transfer of small amounts of sediments per event (typically ca. 3 to
30 m3) over relatively small distances (ca. 10 to 100 m). They were therefore high-frequency but low-magnitude
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events (Figure 5.3). Conversely, erosion triggered by concentrated flow was less frequent but mobilized much
larger volumes of sediment per event (ca. 100 to more than 1000 m3). The groundwater flow discharge must
have been intense enough to induce a major increase in water content within the sediments on the debris slope
downstream from the rock glacier front. Such conditions only rarely developed.

5.2.3. METHODOLOGICAL DISCUSSION
The results of this study relied on observations from webcam images, an approach that has several inherent
limitations which are briefly discussed hereafter. First, the temporal coverage of the images was not always
optimal. Erosion events at night may not leave visible traces and may therefore not all be recorded. Some
images were missing or unusable because of technical problems or fog. The inventory of erosion processes
presented here is therefore not exhaustive due to these data gaps. Moreover, some webcams were installed
only recently to complement existing visual information. For example, at Tsarmine, webcam 16 was set up in
May 2015 (Table 1). Before this, images were only available from webcam 01, which only recorded some parts of
the rock glacier front. At Gugla, the installation of webcam 14 in June 2013 improved observations of some
processes, particularly those related to superficial or concentrated flow (Table 1). The detection of erosion
events and their classification into process types was completed visually. Therefore, some small-scale events
may not have been recorded. The classification of such events is based on several visual clues. Hence, the
inventory of the events and their categorization rely on the subjective judgement of the observer. However, the
possible misinterpretation or non-detection of some events and the lack of usable images for short periods was
somewhat counterbalanced by the relatively long, four-year study period.

5.3.

Synthesis

Quasi-continuous sequences of webcam images revealed four main types of erosion processes at the front of
three active rock glaciers: rock fall, debris slides, superficial flow and concentrated flow. The main causes of
erosion were either changes to the rock glacier front slope angle due to deformational flow, or the increase in
moisture content of the rock debris constituting the fronts. Rock fall, debris slides, and superficial flow were
characterized by low-magnitudes but relatively high-frequencies, which varied between three main periods on
an annual basis: winter (November to March), melting (March to June) and summer (July to October). Winter
was characterized by a very low frequency of erosion events because the ground is usually entirely frozen. Rock
glaciers continue to creep forward in winter, steepening their frontal slopes. Most erosion events were observed
during the melting period in association with the increased front slope angle and water input from snowmelt,
active-layer thaw, and permafrost thaw. In summer, rock glacier movement induces gradual changes of the front
slope angle, which are usually balanced by rock falls. Occasional inputs of water from rainfall can temporarily
increase the frequency of erosion events. Groundwater emerging in the debris slope or at the front of the rock
glacier may cause significant regressive erosion (concentrated flow) and sometimes trigger debris flows.

Figure 5.6: Graph comparing the seasonal variations of surface velocities measured by permanent GNSS with the number of
erosion events observed per month for the same period at Tsarmine. Each year the highest frequency of erosion events
occurs clearly between May and July and coincides with an acceleration of the surface velocities but not with the highest
values which are always measured in late autumn.
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Concentrated flow is generated by water inputs from intense snowmelt and/or heavy or long-lasting rainfall, and
is generally characterized by low-frequency (a few days per year) and relatively high-magnitude, depending on
local factors such as the potential for groundwater discharge. Prolonged wet conditions (several days of
snowmelt or rainfall) represent important predispositions for the occurrence of concentrated flow potentially
leading to debris flows. The rock glacier movement favors the initiation of erosion by continuously changing the
frontal slope, which causes instabilities. It also ensures a continuous renewal of sediments available for erosion.
However, the results showed that at the intra-annual scale the main control on the erosion of the fronts remain
weather conditions, as the peak of erosional activity occurs during the snowmelt period and does not correlate
with the highest surface velocities observed each year in late autumn (Figure 5.6).

6.

Sediment transfer within the sediment cascade section

In the following chapter, a detailed description of the sediment transfer activity which occurs between the
different compartments of the cascade, namely the front, the upper gully and the remobilization of sediments
from the upper gully downward is given. Strong differences in the spatial distribution and rates of the sediment
transfer exist between the studied sites. Therefore, after an introduction giving an overview of the results, three
sub-chapters are proposed, describing respectively the observations and quantifications made thanks to
webcam images and DoDs at Dirru, Gugla and Tsarmine and leading to an understanding of how their respective
sediment cascade section works. Finally, the differences between the sites, the general representativeness of

Figure 6.1: Surface elevation changes recorded between the beginning of the measurements and the date of the last scan at
Gugla (June 2013 to October 2017), Tsarmine (July 2013 to October 2017) and Dirru (June 2014 to October 2017).
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the observed sediment transfer dynamics and the
main methodological uncertainties are being
discussed before a synthesis is given. The main results
and outcomes of this part have been published in
Kummert and Delaloye (2018). Supplementary
material (sequences of DoDs) can be downloaded
here:
http://bigweb.unifr.ch/Science/Geosciences/Geomorpholog
y/Pub/KummertMario_Thesis_Supplementary_Material.zip

6.1.

Overview of the results

6.1.1. SPATIAL CHARACTERISTICS OF EROSION AND

Figure 6.2: Evolution of the annual sediment transfer rate
between the fronts of the three studied rock glaciers and the
respective connected gullies/debris slopes. The rates are
calculated for yearly periods, from autumn to autumn.

ACCUMULATION

The visual analysis of numerous DoDs allowed assessing the spatial patterns and the temporal variability of
sediment transfer at each site. The results showed relatively strong differences between sites but some general
insights can be drawn out. At each site the spatial distribution of surface elevation changes affecting the fronts
was very heterogeneous and variable between time intervals, reflecting the irregular nature of erosion in this
sector. Nevertheless, zones of preferential erosion, i.e. where the cumulative erosion was the most important
between 2013 (2014 at Dirru) and 2017, were identified on the front of each site for the overall period (Figure
6.1). The same zones, except some small variations, very often correspond to the highest values of surface
lowering identified at the front in shorter time intervals. Therefore, sectors of preferential erosion seem to exist
at all sites. In addition, relatively clear and consistent patterns of erosion and aggradation characterized upper
gullies on the DoDs (Figure 6.1). At each site one main sediment accumulation area could be observed directly
below the front (Dirru, Tsarmine) or only a few tens of meters downslope (Gugla) and corresponded to a
temporary or permanent storage. Similarly to what was observed at the front, the spatial behaviors of both
aggradation and sediment reworking occurring in the identified storage zone were variable in time and between
sites. For instance, strong variations between periods of aggradation and periods of erosion were observed in
the upper gully at Gugla between 2013 and 2017 while almost only sediment aggradation was recorded at
Tsarmine during the same period (Figure 6.1). At Dirru, sediment aggradation was generally dominant on the
debris slope over the study period but small amounts of sediments were occasionally remobilized and
transferred towards the lower gully.

6.1.2. VOLUMETRIC BUDGETS
Values of sediment budgets calculated at each site for the front and the upper gully are given by Table 4 and the
temporal evolution of the annual (October to October) erosion rate is illustrated by Figure 6.2. The results show
quite strong variations between positive and negative sediment budgets at the fronts (ΔVF), while mainly volume
gain was calculated in the upper gullies (ΔVUG). In addition, absolute volumes and rates strongly varied between
sites. The range of values for the annual erosion rates (EA) characterizing the fronts of the three rock glaciers was
relatively large, between 1500 m3/y (Dirru) and more than 7500 m3/y (Gugla in 2013-2014). In general,
substantially higher sediment erosion rates was calculated at the front of the Gugla rock glacier in comparison to
the two other sites (Figure 6.2), although the difference has been decreasing since 2013. The calculated values
for the total volume of erosion at the front exceeded 25’000 m 3 at Gugla and reached slightly less than 11’000
m3 at Tsarmine for the same time period (June 2013 to October 2017). At all sites, the general sediment budget
of the whole studied sector (ΔVF + ΔVUG) was unbalanced: slightly negative at Dirru, strongly negative at Gugla
and positive at Tsarmine. These differences may reflect both diverse geomorphological processes and behavior
occurring at the front or in the upper gully, but also remaining uncertainties in the data. They are discussed into
more details for each site in its respective dedicated sub-chapter and further considered in the general
discussion of this chapter.
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Gugla

Dirru

Site

Time interval

Days
(n)

Front

Gully

ΔVF
(m3)

dxyz (m)

α (deg)

ΔVFrga (m3)

ΔVFre (m3)

Cumulative
budget (m3)

ES
(m3/year)

EA
(m3/year)

ΔVUG
(m3)

Cumulative
budget (m3)

-

515

515

1390

1905

457

2362

803

3165

259

3424

746

4169

341

4510

26.06.2014 – 09.10.2014

105

-206

1.77

43.2

631

-837

-837

-2909

09.10.2014 – 30.06.2015

264

399

3.76

43

1388

-990

-1827

-1368

30.06.2015 – 06.10.2015

98

-18

1.56

43.3

633

-652

-2479

-2428

06.10.2015 – 29.06.2016

267

280

3.15

45.1

1291

-1011

-3490

-1382

29.06.2016 – 04.10.2016

97

82

1.32

43.2

561

-479

-3969

-1803

04.10.2016 – 26.06.2017

265

187

3.04

43.9

1002

-816

-4784

-1124

26.06.2017 – 06.10.2017

102

-227

1.52

43.6

442

-669

-5453

-2393

25.06.2013 – 10.07.2013

15

-474

N
0.17

S
0.63

N
47.6

S
44.4

204

-678

-678

-16450

-

480

480

10.07.2013 – 04.10.2013

86

-961

0.94

3.41

43.7

43.5

1380

-2341

-3019

-9936

-

2376

2856

04.10.2013 – 26.06.2014

265

-671

2.48

6.76

43.5

43.5

3247

-3918

-6937

-5396

1108

3964

26.06.2014 – 09.10.2014

105

-2101

1.21

3.20

43.7

43.5

1886

-3987

-10924

-13859

-4453

-489

09.10.2014 – 08.06.2015

242

1225

2.31

4.74

44

43

3251

-2026

-12949

-3055

1244

755

08.06.2015 – 30.06.2015

22

-1134

0.21

0.43

44

43

311

-1445

-14394

-23976

-1840

-1085

30.06.2015 – 06.10.2015

98

-627

1.20

2.54

46

44

1809

-2436

-16831

-9073

506

-579

06.10.2015 – 29.06.2016

267

6

2.47

4.01

52

48

4523

-4517

-21348

-6175

-289

-869

29.06.2016 – 04.10.2016

97

820

1.15

2.66

48.3

45.7

1964

-1144

-22492

-4305

714

-155

04.10.2016 – 26.06.2017

265

14

3.03

3.51

47.3

44.6

2044

-2029

-24521

-2795

2006

1851

26.06.2017 – 06.10.2017

102

-113

1.57

2.15

977

-1089

-25611

-3898

1038

2889
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-1494

-1477

-7798

-5904

-5676

-3102

Part II | E r o s i o n a n d s e d i m e n t t r a n s f e r

Tsarmine

Site

Time interval

Days
(n)

Front

Gully

ΔVF
(m3)

dxyz (m)

α (deg)

ΔVFrga (m3)

ΔVFre (m3)

Cumulative
budget (m3)

ES
(m3/year)

09.07.2013 – 06.08.2013

28

-1390

0.24

44.43

101

-1490

-1490

-19429

06.08.2013 – 23.09.2014

413

1543

2.75

43.3

2360

-817

-2307

-722

23.09.2014 – 29.06.2015

279

1500

2.62

44.6

2601

-1100

-3408

-1440

29.06.2015 – 22.09.2015

85

-516

0.97

43.6

329

-853

-4261

-3664

22.09.2015 – 01.07.2016

283

1949

3.28

46.8

3200

-1251

-5512

-1614

01.07.2016 – 07.10.2016

98

-752

1.37

43.8

1932

-2684

-8196

-9997

07.10.2016 – 27.06.2017

262

1899

3.97

44.9

3381

-1482

-9678

-2064

27.06.2017 – 05.10.2017

100

-334

1.49

43.7

974

-1308

-10986

-4772

EA
(m3/year)
-1888

-1958

-3770

-2812

ΔVUG
(m3)

Cumulative
budget (m3)

1100

1100

1694

2794

1963

4730

596

5326

3347

8673

2241

10913

2748

13662

626

14288

Table 4: Main input data and results obtained from the volume calculations using LiDAR DEMs differencing for each successive time interval. ΔVF = front sediment budget, dxyz = 3D surface
displacement of the rock glacier terminus, α = front slope angle, ΔVFrga = volume gain due to the rock glacier advance at the front (sediment input), ΔVFre = volume of erosion at the front
(sediment output at the front, corresponding also to the sediment input in the upper gully), Cumulative budget (front) = sum of the sediment budgets from individual periods, ES = front erosion
rate specific to each time interval, EA = front erosion rate for annual time intervals (autumn to autumn), ΔVUG = upper gully sediment budget, Cumulative budget (upper gully) = sum of the
sediment budgets from individual periods
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6.1.3. TEMPORAL VARIATIONS
All three sites were characterized by differing temporal evolution of the annual erosion rates between 2013 and
2017, with a quite stable rate at Dirru, a decreasing trend at Gugla and an increasing trend at Tsarmine (Figure
6.2). At the seasonal scale, the calculated specific erosion rates of the fronts were commonly higher during the
interval spanning from July to October at all sites. On the DoDs, more significant erosion zones were observed at
the fronts for the summer periods as well, while slight gain in surface elevation were often characterizing winter
time intervals at all sites, with a less pronounced trends at Gugla especially for the southern front. However, an
important part of the winter time intervals is characterized by the snow-covered period. It corresponds to a long
period in which erosion only occurs during short phases, i.e. before the ground freezing and after the snowmelt
started. The erosion rates calculated for these time intervals are therefore reflecting the mean activity over the
whole period and are not representative of the real erosion activity occurring shortly before and after the winter
ground freezing. At Gugla, additional TLS campaigns were conducted in 2013 and 2015 in order to produce DoDs
covering the very beginning of the summer (respectively from June 25 to July 10, 2013; and from June 8 to June
30, 2015; Table 4). The values of specific erosion rates for these two intervals were the highest measured
suggesting that erosion was higher in early summer, shortly after snowmelt. It was particularly the case in 2013,
the scanning campaigns of June and early July covering a destabilized period following intense erosion events.

6.2.

Dirru

6.2.1. FRONT
The annual erosion rate (EA in table 4) calculated for the frontal zone of the Dirru rock glacier oscillated around
1500 m3/year over the study period (Figure 6.3). The volumes eroded from the front were relatively constant
over time even if a slight decreasing trend characterized the study period, from 1656 m3 in 2014-2015 to 1477
m3 in 2016-2017 (Figure 6.3). The decrease in the erosion rate was however not proportionate to the more
pronounced deceleration of the rock glacier observed since 2014 (Figure 6.3). Specific erosion rates (ES) were
also quite constant in time, with commonly higher values of erosion in time intervals covering the period
between July and September. The erosional activity characterizing the front was generally concentrated in a
preferential erosion zone located in the center of the front but whose position slightly varied between the
center and the northern limit of the front, depending on the time interval (Appendix I). On the overall period
(2014-2017) the strongest surface elevation loss was observed slightly northward from the center of the front
(Figure 6.1), indicating where the erosion was the most active. Over the same overall period, other areas of the
front, typically the south-western half and the extreme northern parts generally experienced small gains in
surface elevation. These areas were thus mostly characterized by volumetric increase but experienced still
elevation decrease during some of the time intervals as for instance the strong surface elevation loss which was
identified between October 2016 and June 2017 on the extreme northern side of the front. Interestingly, the
very same area experienced a surface elevation
increase in summer 2017, indicating an
alternated erosion and accumulation behavior
from one time interval to another (Appendix I).

6.2.2. UPPER GULLY
The erosion rate calculated for the front
contributed mainly to the accumulation of
sediments on the debris slope separating the
rock glacier from the torrential channel. For
each time interval, the sediment budget was
positive there, indicating an accumulation- Figure 6.3: Temporal evolution of the annual sediment transfer
rate and the 3D surface velocity at Dirru between 2014 and
dominant behavior.
2017.
48 | P a g e

Part II | E r o s i o n a n d s e d i m e n t t r a n s f e r

Figure 6.4: Surface elevation changes at Dirru for two selected time interval (dates appear in the top-center of the images).
They illustrate the occurrence of debris flow events triggered in the direct vicinity of the front and leading to the
accumulation of material in the main channel of the Geisstriftbach torrent.
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Since June 2014, about 4500 m3 of sediments have been stored on the debris slope (cumulative budget of the
debris slope). A vast majority of the sediment aggradation occurred in the former erosion niche (Figure 4.4)
which is nowadays infilled with sediments. Some small patches of accumulated debris could be identified out of
the niche, usually near the front in the southern part of the debris slope (Figure 6.1) and representing less than
10% of the total volume gain calculated between June 2014 and October 2017 on the debris slope. The former
niche concentrated thus approximately 90% of the accumulation. At the seasonal scale, surface elevation gain
recorded on the debris slope, i.e. sediment aggradation, was more important in both area and volumes during
winter time intervals (October to June), than in summer time. For most time intervals, the comparison between
sediment budgets calculated for the front and for the debris slope showed unbalanced negative values, meaning
that the eroded volume did not match the accumulated one.

6.2.3. SEDIMENT REWORKING ON THE DEBRIS SLOPE
Two types of sediment reworking were observed on the debris slope at Dirru. First, erosion corresponding to
limited volumes was identified at localized areas on each time interval but corresponded only to small volumes
(few cubic meters per event) and can probably be linked to shallow humidification of the sediments by water
inputs such as rainfall and snowmelt. It resulted in widespread patterns of surface elevation changes
characterized by low magnitudes, similarly to what was observed at the front (see Chapter 5).
Substantial remobilization events, ca. > 50 m3, were sometimes observed (e.g. Figure 6.4) and could always be
linked to the occurrence of debris flows. Table 5 summarizes the most important debris flow events observed at
Dirru thanks to images from webcam 08. They were all related either to intense snowmelt phases occurring at
the scale of the whole catchment (sometimes associated with rainfall), or to long-lasting or repeated rainfall
events (Table 5). With one exception originating from the southern side of the front and triggered by superficial
runoff, they were all initiated in the upper area of the main niche near the front of the rock glacier and related to
the activation of a water spring at the front (Figure 6.5).

Figure 6.5: Photograph of the front of the Dirru rock glacier during a melting period (17th June 2013). Substantial removal of
debris during the first part of the melting period exposed the permafrost table at the ground surface. Intense snowmelt
activated two water springs visible on the image. Photo: R. Delaloye
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Even though short lateral migration could be noticed (Figure 6.6), the spring was generally located at a specific
location in the north-eastern part of the front and seemed to be emerging from intra-permafrost flow (Figure
6.5). The discharge generated from the water spring usually led to the increase of the sediment water content
and triggered small debris flow events. Depending on the exact location of the water outflow, and on the route
taken by the water on the debris slope, the location of the main erosion zones varied between events but always
developed on the northernmost side of the debris slope (Figure 6.4). In general, the debris flows were of small
magnitude (ca. 50-500 m3) and led to the accumulation of material on the lower half of the debris slope,
sometimes until the Geisstriftbach torrent (e.g. Figure 6.4). In some of the reported events, it is possible that
small volumes of sediments were transported further downward in the torrent. The total amount is unknown
but should not exceed a few hundred cubic meters, and has apparently not been recorded in the valley bottom
(Raymond Pralong et al. 2017). Estimated initiation volumes could be assessed from the DoDs for three events or
series of events occurring respectively in June 2014, June 2016 and August 2017 (see Table 5). Figure 6.6 shows
the extension of the different erosion zones related to these events. A missing volume of approximately 600 m 3
was measured near the front on the DEM from the 26th of June 2014. It resulted apparently from both series of
events from the 10th/13th and from the 20th/21st of June, the latter re-opening or deepening an erosion scar
previously developed. On the DoD covering the interval between October 2015 and June 2016 (Figure 6.4), 250
m3 of erosion were measured relatively far from the front on the extreme northern side of the niche. This
volume could be associated with the early June 2016 series of events from the observation of webcam images.
In addition, 200 m3 of erosion were calculated in a sector located near the front and linked to the events of late
June 2016 (Figure 6.6). On the same time interval, 708 m 3 of accumulated debris were measured in the lower
sector of the niche and in the Geisstriftbach torrent. The difference in obtained volumetric changes, and
especially the higher volume of accumulation indicates that some eroded zones were probably already partly
refilled by sediments at the time of the scan. Finally, the event of August 10, 2017 left traces visible on the DoD
covering summer 2017 (Figure 6.4), as about 425 m3 of volume loss could be measured near the front (Figure
6.6) and approximately 500 m3 of accumulated sediments characterized the debris slope and the Geisstriftbach
torrent.
(series of) events

Hydroclimatic trigger

Water spring

Distance?

Valley
bottom?

9-19 June 2013

Snowmelt

Yes, north-east

Geisstriftbach

?

22 June 2013

Snowmelt + rainfall

Yes, north-east

Geisstriftbach

No

10-13 June 2014

Snowmelt

Yes, north-east

Geisstriftbach

No

20-21 June 2014

Snowmelt

Yes, north-east

Debris slope

No

2 June 2015

Snowmelt

Yes, far north-east

Debris slope

No

13 June 2015

Repeated rainfall +
snowmelt?

No

Debris slope

No

14 August 2015

Repeated rainfall

Yes, north-east

Debris slope

No

3-7 June 2016

Snowmelt

Yes, north-east

Geisstriftbach

?

22-24 June 2016

Snowmelt

Yes, center

Geisstriftbach

?

31 May – 03 June
2017

Snowmelt & rainfall

Yes, center/ north-east

Geisstriftbach

No

28 June 2017

Repeated rainfall +
snowmelt?

Yes, center

?

No

10 August 2017

Repeated rainfall

Yes, center/ north-east

Geisstriftbach

No

Table 5: Recapitulative table compiling the information about the main debris flow events observed at Dirru. Only events
propagating at least further than the lower limit of the webcam images were selected here as the biggest events. On the
period, no debris flows were recorded reaching the main valley (Raymond Pralong et al. 2017). We however believe
sediments may have been transported to the valley on occasion; hence the question marks in column “valley bottom?”
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Figure 6.6: Extension of different erosion zones developed very close to the rock glacier front during the initiation of debris
flow events. The circles identify the position of the main water spring during these respective events. Orthoimage: Swisstopo

6.2.4. SYNTHESIS
The gathered observations allowed to understand better the functioning of sediment transfer between the front
and the debris slope, and then with the main torrent. The front represents the main sediment input to the
system, through the gradual erosion of the material brought forward by the movement of the rock glacier. The
erosion of the front concentrates in a central area (A on Figure 6.7) located upslope – and a little bit to the south
- from where the main water spring sometimes activates (Figure 6.5). The distal sectors of the front, as for
instance the south-western part, experienced a slight gain in elevation between 2014 and 2017 and were thus
affected by less pronounced erosion. At a seasonal scale, it seems that several months are needed to
completely, or almost completely, erode the volume that has been brought forward by the rock glacier
movement during winter. Therefore, at the time of the June scanning campaigns, the front has usually not yet
recovered its regular slope angle and a gain of elevation is usually measured for winter time intervals. Such
effect is also reflected in the higher slope angle measured for the front during the October-June intervals (Table
4).
The erosion of the front aliments mainly a relatively limited zone on the debris slope (zone B on Figure 6.7), with
a concentration of the accumulation in the former erosion niche. Zone B is limited downward at an altitude of
approximately 2450 m a.s.l. and is fed in sediments by the occurrence of small-magnitude and high frequency
events. Debris flows result mainly from concentrated flow events and participate in the remobilization of the
sediments stored in zone B (Figure 6.7). Depending on their magnitude, they contribute thus to link the upper
part of the debris slope and the main torrent. These debris flow events were characterized by relatively small
volumes, maximally ca. 600 m3, which were each time eroded in the former niche by the activation of the main
water spring and deposited in the lower sector of the debris slope or in the Geisstriftbach torrent (Zone C on
Figure 6.7), as demonstrated by the different debris flow lobes visible in blue on Figure 6.7. High magnitude
events evacuating large amount of sediments into the torrent and to the valley bottom did not occur during the
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study period even though both observations of old aerial images and records of events reaching the valley
bottom indicate that such type of events are possible in the Geisstriftbach (Raymond Pralong et al. 2017). The
sediment transfer between the front and the torrent operates thus via several steps as most debris accumulate
first close to the front, before being potentially transported further downward. The remobilization occurring
through debris flow events concerns mainly sediments that are stored in the niche, in the potential trajectories
of the flow generated from the activation of the water spring. Some areas, especially the sectors located outside
the niche, are very unlikely to be affected by important reworking processes and represents thus areas of
permanent sediment storage, at least at the decadal time-scale. In addition, the northern sector of the niche was
more prone to the development and the propagation of debris flow over the study period. This may indicate that
even within the niche, some areas are more efficiently, or more frequently subject sediment reworking and
transfer towards the channel. This illustrates the impact of the general spread of the sediment over a relatively
large debris slope leading to limited connectivity.
At Dirru the whole cascading system (front and debris slope) is characterized by a general negative volumetric
budget (ΔVF + ΔVUG < 0) which might be the result of several causes. For instance, the transport of sediments
downward in the torrent (out of the scanned area) can be an explanatory factor for general negative volumetric
balance but is expected to concern relatively small volumes. More probably, interstitial ice loss could induce a
slight volumetric decrease at the front which would add up to the one caused by erosion and lead to the
overestimation of erosion there. The observations indicating high ice content at Dirru point out for a relatively
important role of this cause.

Figure 6.7: Cumulative surface elevation changes for the period June 2014 – October 2017 measured by differencing DEMs at
Dirru. Indications on the general sediment transfer behavior are given by the black arrows, whose sizes refer to a qualitative
estimation of the transfer magnitude. In addition, three main zones could be delimited in the cascading system. A –
preferential erosion area detected at the front for the study period; B – area which is directly alimented in sediment by the
gradual erosion of the front, mainly through rock fall and superficial runoff; C – area which is mainly alimented in sediment by
debris flow activity initiated in zone B.
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6.3.

Gugla

6.3.1. FRONT
The observations of sediment transfer activity
were initiated in 2013 at Gugla, and relied
strongly on both the installation of webcam 14
on the 13th of June, and the TLS monitoring
started on the 25th of June. The values of
annual erosion rate at the front ranged roughly
between 7800 m3/year and 3100 m3/year
(Table 4), with a decreasing trend since 2013 Figure 6.8: Temporal evolution of the annual sediment transfer
(Figure 6.8). The decrease in eroded volumes rate and the surface 3D velocity at Gugla between 2013 and
was
associated
with
a
pronounced 2017.
deceleration and surface lowering occurring at the southern part of the rock glacier terminus (Figure 6.1 and
Figure 6.8). The specific erosion rates calculated at the front (E S in table 4) were relatively variable in time, with
generally higher erosion rates calculated between June and October. Two DoDs obtained for shorter time
periods and covering the very beginning of the summer (June/July) were characterized by specific erosion rates
of respectively 16’500 m3/y (25.06.2013 to 10.07.2013) and 24’000 m 3/y (08.06.2015 to 30.06.2015) and
corresponded to the highest rates calculated. Between June 2013 and October 2017, the front of the Gugla rock
glacier was mainly affected by erosion, especially in its southern part (Figure 6.1) which experienced strong and
generalized surface lowering over the study period. At the northern front, elevation changes occurring at the
front displayed a relatively strong variability at the seasonal time scale (Appendix I). Interestingly, zones that
were characterized by erosion on one specific time interval corresponded often to aggradation areas during the
next time interval, indicating a tendency of the frontal slope to reach equilibrium. On the overall study period,
surface lowering was mainly observed in one preferential area in the center of the northern front.

6.3.2. UPPER GULLY
In the upper gully, a sector ranging between approximatively 2600 m and 2540 m a.s.l. was commonly
characterized by low magnitude surface changes (Appendix I). Varying between time intervals, some small
erosion and accumulation zones appeared but involved apparently small volumes of sediments. Below 2540 m
a.s.l., substantial changes, i.e. either strong surface lowering or strong uplift often characterized a y-shaped
sector separated in the middle by the main bedrock outcrop (Figure 4.4). The sediment budget calculated in the
gully confirmed this variability, with periods characterized by negative budgets and periods of positive budgets,
measured for time intervals covering either summer or the period spanning from October to June. For instance,
during the summer 2013 (between June and October), an important accumulation of rock debris was recorded
(ca. 2850 m3, Figure 6.9). Conversely, mostly erosion was observed in this sector during the summer 2014 (June
to October; Figure 6.9). This area corresponds thus to a temporary sediment storage. Generally, higher volumes
of erosion and accumulation (depending on the time interval) were measured for the northern part of this
sector, which is alimented by both fronts while the southern sector of the upper gully only receive sediments
from the erosion of the southern front. Negative balance between budgets calculated for the front and for the
upper gully (ΔVF + ΔVUG) characterized a majority of time-intervals (Table 4) except the summer period 2013, as
well as the time interval spanning from October 2016 to June 2017, and the one covering summer 2017.

6.3.3. SEDIMENT REWORKING IN THE UPPER GULLY
The volume of sediment stored in the upper gully fluctuated thus through the study period (Table 4) in relation
to the recurrence of sediment reworking events. Between June 2013 and October 2017, approximately 2900 m 3
of sediments were accumulated in the upper gully while at the same time, the calculated volume of erosion at
the front reached 25’600 m3, indicating that a volume of about 22’700 m3 disappeared from the system.
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Figure 6.9: Surface elevation changes recorded at Gugla for the summer 2013 (up) and 2014 (down) (specific dates in topcenter of the images). A dominance of accumulation can be observed in the channel in 2013 (blue), while in 2014, the same
area is characterized mainly by erosion (red).
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The most part of this volume loss can be explained by the transport of sediments further downward towards the
lower gully via debris flow events. It can however not be excluded that a small part of this volume loss may also
be related to the melt of permafrost ice at the front. In the upward sector of the upper gully, sediment
reworking occurred mainly through low magnitude events related to superficial water inputs. They were
therefore eroding and transporting small volumes downward, towards the downslope part of the upper gully
where more substantial changes of surface elevation were observed. Sediment accumulated in the lower sector
of the upper gully where relatively frequently eroded and transported downward through the occurrence of
debris flow events. The most important debris flows that were triggered in the upper gully or even at the front
are reported in Table 6. The main causes for the triggering were either intense snowmelt period (e.g. June 2013,
2014, 2016), or long-lasting rainfall events (July 2014, June 2015, June 2017). These hydroclimatic events
triggered the activation of several water springs leading to the occurrence of concentrated flow. Two main water
emergences were observed in the upper gully, respectively at 2550 m a.s.l. in the southern sector and 2580 m
a.s.l. in the northern sector of the upper gully (North and South on Figure 6.10). Sometimes, when external
water inputs were particularly important, other secondary springs could be activated higher up in the northern
part of the gully and at the northern front (North up and uppermost on Figure 6.10). The discharge at the water
springs locations generally mobilized sediments along the generated stream but also triggered regressive erosion
which sometimes ascended upward towards the front, as for instance in June 2013 when several debris flow
events (occurring between the 13th and the 17th) led to the opening of a well incised erosion niche on the
northern front (Figure 4.1). Such a behavior was not observed in the southern part of the upper gully where
erosion is only observable downward from the spring location. The events reported in Table 6 reached for the
most part the valley bottom and were recorded there (Raymond Pralong et al. 2017). In addition, numerous
cases of smaller debris flow occurred, usually triggered by superficial humidification in the uppermost part of the
gully and delivering sediments to the main storage zone located below (Figure 6.11). Only hinds about the
magnitude of the more important debris flow can be obtained from the DoDs and webcam image observations.
This can be explained by the fact that debris flow events were often associated with erosion occurring at both
upper gully and front, but also because the debris flow of large magnitude generally propagated downward
leaving no measurable accumulated volumes in the upper gully.

Figure 6.10: Localization of the main water springs at Gugla. Both north and south springs are quickly activated by snowmelt
and repeated rainfall events while north up and the uppermost northern spring only occur when the groundwater discharge
is very important.
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Water spring?
(series of) events

Hydroclimatic trigger

South

North

North
up

North
uppermost

Valley bottom?

13-18 June 2013

Snowmelt

yes

yes

yes

yes

yes

20-22 June 2013

Snowmelt + rainfall

yes

yes

no

no

yes

29 June 2013

Intense rainfall

yes

no

no

no

no

6-13 June 2014

Snowmelt

Yes

Yes

Yes

Yes

no

7 July 2014

Repeated rainfall

Yes

Yes

No

no

yes

20 July 2014

Repeated rainfall

Yes

Yes

Yes

no

yes

29 July 2014

Repeated rainfall

Yes

Yes

Yes

yes

yes

16 June 2015

Repeated rainfall +
snowmelt?

Yes

Yes

Yes

Yes

?

9 August 2015?

Repeated rainfall

?

?

?

?

no

5-9 June 2016

Snowmelt + rainfall

Yes

Yes

Yes

No

yes

21-24 June 2016

Snowmelt

Yes

Yes

Yes

No

yes

15 June 2017

Repeated rainfall

No

Yes

No

no

Yes

Table 6: Recapitulative table compiling the information about the main debris flow events observed at Gugla. Only events
propagating at least further than the lower limit of the image from webcam 14 were selected here as the biggest events.

Figure 6.11: Accumulation of sediments in the northern sector of the main storage zone via the occurrence of small debris
flow events. The debris flow lobe represents a superposition of deposited debris from several events while the levees result
from the last event, occurring on the 3rd June 2015, 4 days before the scanning campaign.
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However, estimations could still be produced for some events. Between the 13th and the 18th of June 2013,
several medium to large magnitude debris flows occurred, transporting an overall volume of between 10’000
and 15’000 m3 (Raymond Pralong et al. 2017) to the valley bottom. These events were related to a particularly
high intensity snowmelt phase in the upper sectors of the catchment leading to the activation of the different
water springs in the upper gully and at the front of the rock glacier. Since June 2013, the volumetric changes
calculated for specific areas affected by surface lowering could be used as an indicator of debris flow occurrence
and magnitude. Several time intervals were characterized by strong erosion zones in the upper gully, with
calculated volume losses of between 5000 m3 (summer 2014) and 1500 m3 (June 2015).

6.3.4. SYNTHESIS
At Gugla, the front of the rock glacier represents the main sediment source to the system and is separated
between a southern and a northern sector (A in Figure 6.12). During the studied period, the erosional activity
was very pronounced in the southern front which experienced strong and generalized volume loss on its entire
surface (Figure 6.12). The progressive decrease of both its thickness and velocity explains the decrease in
sediment transfer activity since 2013. The northern front experienced more regular erosion since 2013, with an
almost constant erosion rate. Surface lowering was more pronounced in its center, while adjacent sectors were
characterized by slight elevation gain between 2013 and 2017 (Figure 6.12).

Figure 6.12: Cumulative surface elevation changes for the period July 2013 – October 2017 measured by differencing DEMs at
Gugla. Indications on the general sediment transfer behavior are given by the black arrows, whose sizes refer to a qualitative
estimation of the transfer magnitude. In addition, four main zones could be delimited in the cascading system. A –
preferential erosion area detected at the fronts for the study period; B – transition area which is characterized by relatively
low magnitude and spatially unorganized surface elevation changes with small volumes of erosion and accumulation
measured; C – main storage area which is directly alimented in sediment by the erosion of the front and by small magnitude
debris flows and were sediments can be temporary stored, Cn and Cs indicate respectively the northern and southern parts
of this storage zone; D: Start of the lower gully.
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The sediments eroded from the front immediately accumulate in the torrential channel. Parts of it transit
through a sector located between 2600 m and 2540 m a.s.l. and characterized by relatively low magnitude
changes in elevation (B in Figure 6.12). However, the majority of the debris issued from the erosion of the front
directly deposited below 2540 m a.s.l. where an area characterized by a strong sediment storage capacity (C in
Figure 6.12) is located, divided into northern sub-sectors with a more important storage capacity and directly
alimented by the erosion of both southern and northern fronts (Cn in Figure 6.12), and a southern sub-sectors
only connected to the southern front (Cs in Figure 6.12). In the storage zone, sediments are concentrated and
can be easily mobilized when the main water springs are activated upstream, leading to the triggering of debris
flows. Because of the high concentration of sediments in the upper gully, high volumes can easily be eroded at
once when available. The position of the springs also aid the direct erosion of the front during events, adding up
sediments to the volume available in the upper gully and favoring thus the occurrence medium to large
magnitude events. Debris flows triggered there propagated through the lower gully (c in Figure 6.12) and often
reached the valley bottom, depicting a relatively well connected system. The functioning of the system explains
the overall negative budget between the front and the upper gully (ΔVF + ΔVUG < 0) for a vast majority of time
intervals. The occurrence of at least one debris flow event transporting sediments downward in the Bielzug
torrent and thus exiting the studied area was observed for a majority of time intervals and explains negative
budgets for the whole area. As a comparison, almost balanced budget (ΔVF + ΔVUG ≈ 0) were obtained between
the front and the upper gully for the summer period 2013, as well as the time interval spanning from October
2016 to June 2017, and the one covering summer 2017. These time intervals represents the only one during
which no substantial sediment transport via debris flow were observed, indicating that the main factor
explaining unbalanced budget at Gugla is the export of sediment further downward.

6.4.

Tsarmine

6.4.1. FRONT
At the front of the Tsarmine rock glacier, the measured annual erosion rate (EA in Table 4) fluctuated during the
study period, ranging between 1900 and 3800 m3/year (Table 4). It has been increasing since the start of the
measurements in 2013 to reach a maximum in 2016 (Figure 6.13), and decreased in 2016-2017 with a transfer
rate of 2800 m3/y measured between October 2016 and 2017. The temporal changes of the annual erosion rate
followed closely the evolution of the 3D surface velocities, which exhibits the same type of comportment over
the same period of time (increase until 2015-2016 and then decrease; Figure 6.13). The specific erosion rate (ES)
at the front was quite variable between the different time intervals and was systematically higher during
summer periods than during periods spanning from October to June. In any case, the highest specific rates
measured occurred during summer 2013 (July to August) and summer 2016 (July to October) with rates
exceeding or reaching 10’000 m3/y respectively. Interestingly, the front generally experienced a dominant gain in
elevation during winter time intervals and a dominant surface elevation loss during summer time intervals,
similarly to what was observed at Dirru (Appendix I). Figure 6.1 shows the cumulative surface changes between
2013 and 2016 and displays mainly surface
elevation gain at the front, except for one
preferential surface lowering zone on its
southern side. This zone was usually larger and
well visible on time intervals covering summer
periods, and less pronounced or even absent in
winter periods (Figure 6.14). On longer time
intervals (covering one or several years as in
Figure 6.1 for instance) surface lowering was
often well present in this area.
Figure 6.13: Temporal evolution of the annual sediment

transfer rate and the surface 3D velocity at Tsarmine between
2013 and 2017.
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Figure 6.14: Erosion and accumulation patterns in the upper gully for two time intervals at Tsarmine (Dates are indicated in
the top-center of the images). These examples illustrate the occurrence of sediment reworking in the gully. Sediments
deposited in 2015-2016 were eroded and transported a few tens of meters downward in 2016-2017.
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6.4.2. UPPER GULLY
In the upper gully, a large area characterized by surface elation gain was observed between approximately 2450
and 2250 meters a.s.l. (see Figure 6.1). Conversely, only very localized erosion was measured, and only for some
of the time intervals (Figure 6.14). In the beginning of the studied period (2013-2014), only isolated
accumulation patches could be observed below 2300 m a.s.l. (Appendix I) Then between 2015 and 2017,
sediment aggradation became more important in lower areas of the upper gully, for instance between 2300 and
2250 m a.s.l. (Figure 6.14). Below that altitude, only very little accumulation was recorded between 2013 and
2017 and only consisted in small and much localized surface elevation gain. The cumulative budget calculated in
the upper gully for the whole study period (2013-2017) reflected the strong aggradation-dominant behavior
characterizing this area, with a continuous increase of the volume accumulated there. Within approximately five
years, about 14’500 m3 of new sediments were stored in the upper gully.

6.4.3. SEDIMENT REWORKING
Due to the strong accumulation-dominant behavior observed on the DoDs and the absence of webcam images
for the median and lower sectors of the upper gully, relatively few information was obtained concerning the
potential reworking of sediments there. However, some traces of erosion could be observed in the upper gully
for several time intervals and pointed out that small magnitude reworking events occurred there. For instance,
the downward extension of the main accumulation area between 2015 and 2017 was associated with traces of
erosion observed in the higher and intermediate sectors of the upper gully (Figure 6.14). Except for localized
small erosion zones probably related to the occurrence of low-magnitude reworking processes, most of the
erosion observed in the upper gully was linked to the occurrence of debris flows, which could be observed since
the installation of webcam 16 in 2015, offering a better view on the uppermost part of the gully. Table 7
summarizes the most important events, which were in appearance smaller than what could be observed at
Gugla, and to a lesser extent at Dirru, even though no precise quantification could be provided. It is thus
important to note that the events reported in Table 7 are the most important observed at Tsarmine but would
probably not have been highlighted in Gugla for instance, where substantially higher magnitude events were
identified.
At Tsarmine, the occurrence of debris flows was mainly caused by intense snowmelt at the scale of the whole
catchment, long-lasting rainfall or the concomitance of both. Debris flows were not always related to the
activation of water springs in the upper gully as some events were apparently related to enhanced surface runoff
(16th of June 2015, 17th of June 2017 and 8th August 2017). However, two main water emergence locations could
be observed and played a role in the triggering of several debris flows reported in Table 7. The first water spring
was located upslope, very close to the front, and the second one was generally active at approximately 2420 m
a.s.l. near the southern boundary of the upper gully (Figure 6.15). When discharges are the highest, the water
stream initiated from the upper spring usually propagates downslope flowing over the downward water
emergence. It is rather unclear if the two springs are in fact connected or if they work independently but the
observations seem to indicate that they are positioned along a same preferential flow path. The erosion caused
by the activation of these water sources was concentrated along the initiated surface flow and was sometimes
also accompanied by regressive erosion ascending upslope for several meters up to several tens of meters.
The erosion resulting from such events was thus mostly concentrated in the southern side of the upper gully,
while the deposition was apparently more widespread in the upper gully (Figure 6.14). Usually, the activation of
the upward spring led to the mobilization of sediments directly from the front or on the upper gully very near
the front and was characterized by relatively short travel distances (ca. 100 m). The events related to the
activation of the downward spring were triggered lower in the gully and seem to propagate further downward
(ca. 200 m), even if it is difficult to estimate travel distance from the lack of data in the lower zones of the gully
In any case, the lack on important aggradation zone below approximately 2250 m a.s.l. indicate that these events
did not propagate further downslope.
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Figure 6.15: Water spring activated in relation to intense snowmelt at the front of the Tsarmine rock glacier on the 27 May
2017. Two main water emergences are visible, but may communicate directly in the case of very high discharge (dashedline).

(series of) events

Hydroclimatic trigger

Water spring?

Distance?

Valley
bottom?

16 June 2015

Repeated rainfall +
snowmelt?

no

Upper gully

No

14 August 2015

Repeated rainfall

Yes, up

Upper gully

No

29 May 2016

Rain on snow

Yes, up and down

Upper gully

No

22-24 June 2016

Snowmelt

Yes, up

Upper gully

No

22 July 2016

Rainfall

Yes, down

Upper gully

No

24-27 May 2017

Snowmelt

Yes, up and down

Upper gully

No

14 June 2017

Repeated rainfall

no

Upper gully

No

8 August 2017

Repeated rainfall

No (very low?)

Upper gully

No

Table 7: Recapitulative table compiling the information about the main debris flow events observed at Tsarmine. Only events
propagating at least further than the lower limit of the image from webcam 16 were selected here as the biggest events.
Note that they still represent smaller events than the ones described in the case of Gugla and Dirru.

In addition, most events were characterized by relatively low water discharge at the water springs compared to
Gugla and Dirru, and a relatively fast spread of the flow on the sedimentary slope, leading to the transport of
small amounts of sediments (maximally ca. 500 m3) and for short distances. For instance, the most pronounced
erosion zone was observed in the upper gully on the DoD covering the summer period 2017. The volume loss
that could be quantified corresponded to approximately 400 m3 and was located directly upslope from an
accumulation-dominant sector characterized by an aggradation of about 470 m 3 probably primarily alimented by
the erosion observed upslope. These results of surface elevation changes might be related, at least partially, to
the debris flow event observed from the webcam images on the 8th of August and which was initiated by
repeated rainfall events.
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Figure 6.16: Cumulative surface elevation changes measured by differencing DEMs for the period July 2013 – October 2017 at
Tsarmine. Indications on the general sediment transfer behavior are given by the black arrows, whose size refers to a
qualitative estimation of the transfer magnitude. In addition, four main zones could be delimited in the cascading system. A –
preferential erosion area detected at the fronts for the study period; B – part of the upper gully strongly affected by the
accumulation of sediments eroded at the front; C – part of the upper gully were only isolated boulders have accumulated
during the study period; D: inactive part of the gully where no traces sediment transfer were observed between 2013 and
2017.

6.4.4. SYNTHESIS
The front of the rock glacier represents the source of sediment to the torrential system. A preferential erosion
zone is present in the south-western side, directly upslope from the upper water source (A in Figure 6.16).
Except from that specific area, the front experienced mainly surface elevation gain which apparently also
characterized the rock glacier tongue directly upslope from the front line. This probably illustrates a slight
advance of the front during the study period, as well as an increase in the size of the rock glacier sections being
transferred towards the front. These two effects can be explanatory factors for the overall positive sediment
budget calculated between the front and the upper gully (ΔVF + ΔVUG > 0). In addition, it is possible that the
volume occupied by the big gneiss boulders is higher in the gully where they repose in an unorganized way in
comparison to the front where they are compacted into a fine-grained matrix by the rock glacier flux.
Sediments originating from the erosion of the front accumulate relatively randomly in the upper gully often
depending of their sizes. A large majority of sediments are deposited in the upper part of the gully between
approximately 2450 m and 2350 m a.s.l. (B in Figure 6.16) where they can be remobilized by small magnitude
debris flows which may transport sediments for small distances (maximally ca. 100 m), until about 2250 m a.s.l.
(at least between 2013 and 2017). Debris flows are characterized by a low magnitude and frequency, probably
due to the relatively rare activation and the low discharge at the water springs. Intense hydroclimatic events
triggered more frequently large magnitude rock falls (10 to 50 m3) than debris flows and led to the deposition of
debris sometimes relatively far in the upper gully, down to below 2220 m a.s.l., were the accumulation of only
isolated boulders with long travel distance was observed on the DoDs (C in Figure 6.16). Starting from 2150 m
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a.s.l., almost no sediment transfer activity was observed between 2013 and 2017 (D in Figure 6.16). That lower
part of the gully can thus be considered as inactive, at least during the studied period.

6.5.

Discussion

6.5.1. COMPARISON BETWEEN THE SITES
If at all sites the rock glacier front represents the only sediment input to the upper gully where sediments can be
stored (permanently or temporarily), sediment reworking and evacuation towards the lower gully and the valley
bottom operates differently at each sites. Figure 6.17 shows a reconstruction of the amount of sediment stored
in the upper gully/debris slope for the three sites in comparison with the original state, which corresponds to the
first TLS scan, and illustrates well the differing behaviors in terms of sediment remobilization. At Tsarmine, the
accumulation was gradual in time. The erosion affecting the front led to the concentration of the sediments
within the upper gully where only “internal” remobilization was observed. No transport of sediments downward
from the identified storage zone was measured or observed. Interestingly, changes in the steepness of the curve
illustrate the changes in the erosion rate characterizing the front of the Tsarmine rock glacier from 2013 to 2017.
At Dirru, the erosion of the front also contributed to increase the volume stored on the debris slope. The storage
area is nonetheless morphologically different than for Tsarmine as the sediments are not concentrated in a
narrow channel but spread on a debris slope. At Dirru, sediment reworking was observed on the debris slope,
especially through the occurrence of small debris flows. It seemed however that only a very small amount of
sediment really exited the system during the studied period (a few hundred cubic meters, see Figure 6.17), as
most of the debris flow resulted in the accumulation of sediments in the lower part of the debris slope or in the
Geisstriftbach torrent. All these reworking events affected the erosion niche on the northern side of the debris
slope, where the connectivity with the main torrent is more efficient. Finally at Gugla, a general concentration of
sediments characterized the channel, similarly to what was observed at Tsarmine. However the reworking of
these sediments stored in the upper gully and the transfer further downward was quite frequent during the

Figure 6.17: Evolution of the amount of sediment stored in the upper gully for each site in relation to the original state which
corresponds to the date of the first TLS scan, respectively the 26.06.2014 at Dirru, the 25.06.2013 at Gugla and the
09.07.2013 at Tsarmine. The black X correspond to the measured values and therefore to the TLS campaigns, while the
shapes of the curves between these points are a best guess of what happened based on observations of webcam images.
The question marks are added to suggest that there are a lot of uncertainties about the filling rate of the gullies between two
scans.
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investigated period. Indeed, negative sediment budgets were measured in the upper gully for several time
intervals covering both winter and summer time periods (Figure 6.17). At Gugla, the upper gully was
characterized by an alternate occurrence of sediment buildup periods and erosion/emptying periods, depending
on the timing of the occurrence of debris flow events which tended to empty the gully. In addition, debris flow
events of lower magnitude occurred in 2015 and 2016 due to both the high frequency of events emptying
regularly the upper gully and the progressively weaker erosion activity at the front (especially the southern front)
since 2013. However, a long time period characterized by an aggradation-dominant behavior could eventually
occur and enhance substantially the sediment availability in the upper gully. Such development is currently
occurring as no significant debris flow occurred at Gugla since spring 2016, leading to the accumulation of
approximately 4000 m3 in the upper gully between June 2016 and October 2017.
Dirru, Gugla and Tsarmine differs thus by the rates at which sediments are being transferred between the front
and the upper gully, by the shape of the storage zone located in the upper gully where sediment may be
concentrated (Gugla and Tsarmine) or widespread (Dirru) and by the frequency-magnitude of the sediment
reworking processes and especially debris flows which may participate to transfer sediments towards the lower
gully and the valley bottom. These three cases illustrate thus the complexity that may characterize such type of
cascading sequence and renders relatively difficult the calculation of sediment transfer rates and sediment
budgets. However, other types of configuration may exist and be even more complex, especially if several
sediment sources characterized by varying levels of activity supply the torrent with sediments. The size and the
type of storage fed by these sediment sources may also be more complex, making it more difficult to track
sediment transfer between the different compartments of the cascade.
A very good example of such complex cascading system is the Grabengufer rock glacier located in the Mattertal,
3 km southward form Dirru on the same valley side (see Bühler and Graf 2013, Delaloye et al. 2013a&b, PERMOS
2013). At the Grabengufer, the rock debris eroded from the front are spread on a debris slope more than 3 times
larger than at Dirru and which is also fed by occasional rock fall starting at the front of a landslide located
upslope from the rock glacier (Figure 6.18). In addition, another temporary storage area is located downslope, in
the main channel of the Dorfbach torrent. The sediment accumulated in that area results from different origins,
as for instance long distance rock fall events from the landslide or the rock glacier, sediment reworking which
may affect some sectors of the debris slope especially via debris flows, or sediments issued from other parts of
the catchment. Finally the whole system is connected to the main valley through the occurrence of medium to
large magnitude debris flows occurring each year. These events can be for instance triggered close to the rock
glacier front and mobilize sediments from the different sediment storage zones located along the flow.
The three studied cases may thus not be representative for all types of cascading system linking rock glaciers
with torrential channels. It seems however valid to consider that they illustrate well some common features such
as the gradual erosion of the front which often occurs at some preferential zones and the buildup of
accumulation sectors in the upper gully, near the front where sediments may be remobilized depending on
water availability. They also illustrate the complexity of such cascading system and how site specific investigation
may help to understand its functioning.

6.5.2. METHODOLOGICAL DISCUSSION
The presented results show that the sediment transfer rates and budget values can be highly variable. The
correspondence between volumes eroded from the fronts and aggradation rates in the upper gullies is also not
perfectly balanced. If this illustrates real geomorphologic activity, as described for each site, these unbalanced
budgets can also partially reflect remaining uncertainties which are both numerous and difficult to estimate.

65 | P a g e

Part II | E r o s i o n a n d s e d i m e n t t r a n s f e r

Figure 6.18: Aerial view on the Grabengufer system, with the different compartments of the sediment cascade circled in
white, and the different sediment transfer represented by the arrows, respectively green for debris flows, yellow for the
erosion of the front and orange for long distance rock fall from the landslide. This example illustrates a relatively complex
cascading system with different sediment sources and different storages zones, namely the rock glacier itself, the debris
slope, and the channel. Othoimage 2015 © Swisstopo

Despite our efforts to limit the impact of DEMs errors in our volume calculations, some uncertainties linked to
the data processing can still be present. In addition, uncertainties can arise from the interpretation of the
calculated volumetric budget as sediment budgets. As mentioned, not only sediment transfer processes can
affect volumetric changes in our studied areas. For instance, varying size of the rock glacier sections advancing
towards the front, or the melt of permafrost ice (occupying a larger volume than the sediment porosity) can
occur and impact volumetric budget at the fronts. In the upper gullies, occasional and localized snowmeltinduced surface changes may also be present in some of the DoDs, for instance at Gugla where the narrowness
and the steepness of the gully sometimes allow some small snow patches to remain present until end of June.
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These processes could however not be quantified. Their impact on the values of volumetric budget is expected
to be small but they need to be kept in mind while analyzing the results.
Finally, errors can also derive from the calculations of the volume gain from the rock glacier advance (ΔVFrga). In
our calculations we used the mean 3D velocities measured at 3 to 4 points located close to the fronts to
estimate the rock glaciers movements. The spatial representativeness of this mean value is possibly not ideal. As
already mentioned, we reduced this mean value by a factor of 25% to better represent the velocity decrease at
depth. By doing so we assume that the velocity at the shear horizon is about half the one measured at the
surface, and that the velocity decrease in depth is linear. These two assumptions represent simplifications of the
reality and therefore can lead to uncertainties. In addition, the same amount of sediment could occupy different
volumes in the upper gully and at the front. In the rock glacier body, a part of the volume corresponds to ice
which is not present in the sediments lying in the gully. On the other hand, the sediments might be more
compacted in the rock glacier body than in the gully due to the compressive action of the permafrost creep
process. This could be an important explanatory factor for the unbalanced (too positive) values of total
volumetric budgets at Tsarmine for instance.
All these remaining sources of uncertainties were not quantified. Therefore, the absolute values of volume
changes presented here should not be interpreted as true values but more as best approximations. Additionally,
as the same methodology has been applied for each time interval and at each site, one can argue that relative
changes in erosion and transfer within one site or differences recorded between the sites are representative of
real geomorphological differences in sediment transfer activity. More than the single absolute values, orders of
magnitude and both temporal variations within one site and differences between the sites are the main
elements that should be emphasized and discussed. In any case, the high values of volume changes generally
calculated for the three studied rock glaciers lower the potential impact of errors, which range between almost 0
and 400 m3. The applied methodology might be affected by higher uncertainties if applied for rock glaciers
characterized by significantly lower magnitudes of surface changes over similar time scales.

6.6.

Synthesis

TLS derived DoDs have shown good applicability to map and quantify sediment fluxes between the front of
rapidly moving rock glaciers and gullies. However, small but various causes of uncertainty remain present and
the quantitative results presented here should be analyzed as orders of magnitude more than as absolute
values. They however allow numerous conclusions to be drawn. The fronts of the investigated rock glaciers act
as substantial sediment inputs to the underlying torrential channels. Erosion rates measured at the fronts range
from about 1500 m3/y at Dirru to more than 7800 m3/y measured in 2013-2014 at Gugla. Among other
controlling factors, the annual sediment transfer rate between the rock glacier fronts and the torrential channels
was directly related to the sizes of the frontal areas and the creep velocity rates. In most cases, the erosion of
the fronts participate to the buildup of important accumulation areas in the upper sectors of the gullies and
debris slopes, where sediment may be concentrated (Gugla and Tsarmine) or widespread (Dirru). Once stored on
the slopes, the sediments may then be remobilized within debris flow events of various sizes, depending on the
sediment availability but also on the concordance of other controlling factors such as topography and water
availability (Kummert et al. 2018). The frequency and the magnitude of debris flow events varied thus strongly
between sites and was almost always related to the occurrence of water springs with high discharge in the upper
gullies near the fronts. The activation of these water springs was relatively rare and associated with either
intense snowmelt phases or heavy/long-lasting rainfall events, or a combination of both. Debris flows
remobilizing significant amounts of sediments (> 500 m3) towards the lower gully and the valley bottom have
only been observed at Gugla between 2013 and 2017.
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7. Inventory of periglacial moving landforms connected to the
torrential channels
7.1.

Context and settings

7.1.1. CONTEXT OF THE STUDY
The previous chapters have demonstrated that in some topographical configurations, active rock glaciers can
continuously deliver sediments to torrential channels. Such (almost) continuous sediment transfer activity, which
depends in particular on the rock glacier displacement rate, guarantees a certain level of sediment availability for
debris flows and represents thus a valuable information for the management of concerned torrents. If such type
of sedimentary connection have already been identified for some specific sites in the Alps (e.g. Lugon and Stoffel
2010, Delaloye et al. 2013a, Kummert et al. 2018), very little information exist at the regional scale, for instance
about (i) the number and (ii) the location of torrential catchments characterized by the presence of rock glaciers
connected to channels, but also (iii) the rates at which sediments are being transferred. To address these
questions, a methodology aiming at inventorying the cases of slope movements connected to the torrential
network system at the regional scale has been developed.
If the present thesis focuses generally on the sedimentary connection that may occur between rock glaciers and
torrents, other types of landforms resulting from ground motion may regularly transport sediment towards
channels, as for example solifluction slopes, debris-covered ice bodies, landslides and push-moraines. Occurring
only at shallow depth (maximally ca. 1 m), solifluction is expected to have a limited impact in terms of
transported volume. Movements related to debris-covered massive ice bodies are generally characterized by a
stronger vertical component compared to the horizontal one due to ice-melt especially during summer periods
(e.g. Bosson et al. 2016). Even though their content in rock debris can be important, their dynamic renders them
weakly efficient in transporting sediments downward (Shroder et al. 2000, Benn et al. 2003). Conversely,
landslides and push-moraines represent often important volumes of sediment transported and may contribute
to feed torrents with sediment in a similar way rock glaciers do. Push-moraines are quite difficult to distinguish
from rock glaciers as they consist of frozen sediments moving through permafrost creep (Haeberli 1985,
Delaloye 2004). They are thus often comparable to rock glaciers in terms of size, surface morphology, and
internal structure. Push-moraines are always found in the periphery of glacier forefiled and their movement
results mainly from the disturbance caused by a former glacier advance. For that reason, their motion is
generally oriented towards the center of the area formerly occupied by the glacier (back-creeping). Landslides
located in permafrost environments may affect large volumes and surfaces and their movement is likely to occur
at larger depth than for rock glaciers (up to ca. 100 m ?). Their internal content is vastly unknown and may be
highly variable but recent studies focusing on their dynamic seem to indicate that their kinematical behaviors
share similarities with the ones of rock glaciers (e.g. Delaloye et al. 2013b). For these reasons, landslides and
push-moraines have been included in the inventory of connected slope movements described hereafter.
The overall goal of the method is to provide a map where all the catchments concerned by the presence of
moving landforms connected to torrential channels are identified and associated with estimations of the
sediment transfer rate. Such a map would then constitute an indicative layer pointing out sites where more
detailed site specific investigations could potentially be launched if judged necessary. It is important to note that
the method differentiates itself from debris flows hazards assessments by investigating only the presence and
the activity of slope movements without considering other sediment sources. In addition, the developed
methodology wants itself simple and applicable at a regional scale without needing important and timeconsuming preparatory data gathering or processing. After presenting the study region, the datasets and the
methodology, this chapter reports the results yielded from its application in a test study region in the southwestern Swiss Alps.
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Figure 7.1: Map of the study region, with the delimitation of the nine lateral valleys. The delimited catchments and interfluves
are represented as well as DInSAR polygons (color) representing slope movements (rock glaciers, push-moraines and
landslides). Basemap © Swisstopo

7.1.2. STUDY REGION
The study region is located in the south-west of Switzerland and is entirely comprised in the Valais canton. It
encompasses eight and a half lateral valleys (see the names in Figure 7.1) generally oriented in a south-north
axis, with rivers flowing towards the north into the Rhone River (Figure 7.1). The western half of the Entremont
valley was excluded from the study region because it is not covered by the slope movement inventory used as
input data. The overall study region is about 2000 km2, 54% located above 2500 m a.s.l. which can be considered
as the local approximate for the lower limit of discontinuous permafrost. Higher altitudes are commonly
glaciated (above 3000 m a.s.l.) and constitutes the drainage divides found in the southern halves of the
respective valleys, the highest point being reached at 4634 m a.s.l. at the summit of the Pointe Dufour (Monte
Rosa) in the south eastern limit of the Mattertal valley. The flanks of each valley correspond to relatively steep
slopes divided into numerous torrential systems linking high altitude glacial and periglacial areas with the
respective bottom of the valleys (Figure 7.1). This general area constitute the common focus of research projects
conducted at the Unit of Geography of the University of Fribourg since several years and therefore a large
amount of data exists, especially concerning the detection and the monitoring of slope instabilities such as rock
glaciers, landslides and push-moraines. For instance ongoing projects using dGNSS (differential Global Navigation
Satellite System) or TLS (Terrestrial Laser Scanning) surveys at specific site locations were helpful for the
validation of the developed method (Delaloye et al. 2010, Delaloye et al. 2013a, PERMOS 2016, Kummert and
Delaloye 2015, Kummert and Delaloye 2018).
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7.1.3. DATA
The developed methodology is based on the exploitation of various already available datasets: (i) a slope
movement inventory, (ii) a digital elevation model (DEM) and (iii) series of aerial images covering the study
region.
7.1.3.1.

Slope movement inventory

A slope movement inventory based on the analysis of DInSAR (Differential Synthetic Aperture Radar
Interferometry) scenes mainly from ERS 1/2 satellites (European Radar Satellites 1 and 2, half-wavelength = 2.8
cm) and dating back to the 1990’s (1993-2000) was used in this study to localize moving landforms present in
the study region. This inventory recorded all the areas located between the upper limit of the forest and the
glaciated areas and where ground movement was detected on DInSAR scenes. More details about the inventory
method and results can be found in Delaloye et al. (2007a,b), Lambiel et al. (2008) and Barboux et al. (2014). The
final inventory takes the form of a shapefile in which each moving area detected on DInSAR interferograms
(ground displacement maps) is represented by a polygon and linked to an attribute table where information
about the localization, landform type and velocity rate is stored. The contours of the DInSAR polygons are
indicative, as they delimitate areas affected by ground deformation as observed from 25 m resolution
interferograms and does therefore not necessarily correspond to real morphological limits. In the frame of this
DInSAR inventory, orthophotos were visually interpreted to attribute a landform type to each polygon (e.g. rock
glacier, debris-covered glaciers, push-moraines, moraine, gelifluction, debris mantle and landslides) but were not
used to modify the contours of the polygons in order to fit to landform boundaries. The inventory also provides
orders of magnitudes for the detected movement following four main classes, depending on the time interval
characterizing the DInSAR scenes on which the movement was detected (Delaloye et al. 2007b): cm/day
(coherent displacement signal for 1-day intervals), dm/month (decorrelated displacement signal for 35 days
intervals), cm/month (coherent signal for 35-days intervals) and cm/year (coherent signal for >300-days
intervals).
The DinSAR inventory gave indications about the presence of slope movements but remains non-exhaustive.
Approximately 10% of the region was not covered by the interferograms due to layover and shadow effects
(Barboux et al. 2014) and as a result some moving landforms might be undetected. In addition, the inventory
reposes on data from the 1990’s and changes in ground motion activity is likely to have occurred in the past 20
years, as for instance the development of new moving zones, the deactivation of others or simply changes in the
magnitude of the movements. Nevertheless, such dataset was here used to facilitate the application of the
methodology by indicating the location of a majority of slope movements present in the study area. Given the
purpose of the study, only landforms that may actively transfer large amounts of rock debris downward, namely
rock glaciers, landslides and push-moraines were kept as a base-inventory. Polygons representing either shallow
ground movements (typically solifluction slopes) or massive ice related moving landforms (glaciers, debris
covered glaciers and dead-ice bodies) were excluded.
7.1.3.2.

Digital elevation model

A DEM of 2 meters resolution (SwissAlti3D; © Swisstopo) was used as a base map (hillshade), as well as to
calculate some required morphometric variables. The map of all catchments and interfluves segmenting each
valley flank (Figure 7.1) was produced by applying basic spatial analysis tools on the DEM (flow direction and
flow accumulation algorithms) and by defining manually the outlets of each torrent as the target for the flow
accumulation computation. The DEM was also used as the base topographical input for debris flow simulations.
7.1.3.3.

Aerial images

Series of orthorectified aerial images covering the whole region for different years between 1999 and 2015 were
used as visual information on the state and the evolution of the studied catchments and landforms. The
orthorectification of the images was performed directly by the Swiss federal office of topography (Swisstopo)
73 | P a g e

Part III | I n v e n t o r y

and its quality has not been assessed in the frame
of the present study. Deformations or potential
shifts between images from different dates are
thus possible depending on the presence of
shadow or on technical issues. In general, older
images are characterized by lower quality. In any
case, the important number of images available (4
to 5 depending on the location in the study region)
secures usually at least one good image pair (20072010/11, generally) from which to extract of
information about landform dynamics.

7.2.

Description of the developed
method

Given the multiplicity of goals, the methodology
was established following several steps (Figure 7.2).
First, the level of connectivity between moving
landforms and torrential channels is assessed.
Then, sediment transfer rates are estimated for the
slope movements identified as connected to the Figure 7.2: Systemic scheme representing the different steps of
torrential network. Finally, simulations of debris the developed methodology
flows are performed for the sites where a particularly important sediment transfer activity has been highlighted
in the previous steps.

7.2.1. CONNECTIVITY ASSESSMENT
The first step reposes on checking whether a slope movement is connected to a torrential channel in each
catchment and interfluve located in the study region. The sedimentary connection between moving landforms
and torrents was assessed by evaluating the level of both structural and functional connectivity (Lexartza-Artza
and Wainwright 2009, Messenzehl et al. 2014) from the identification of visual clues on recent aerial images
(2010-2015).
a)

Structural connectivity

The structural connectivity corresponds to the physical contact between two adjacent sediment storages. In our
cases, it can be assessed by examining whether each polygon representing a moving landform is adjacent to a
torrential channel. This proximity can be lateral or frontal, in the sense that the landform can be located
alongside the channel or upslope in the continuity of the flow direction (Figure 7.3).
b)

Functional connectivity

The functional connectivity refers to the actual active sediment transport between two sediment storages or
two morphological units. On the images, it was assessed by looking at traces of recent (2007 – 2012) sediment
transfer activity between the moving landform and the channel, and in the channel itself (Figure 7.3). For
instance, the presence of fresh sedimentary material within the channel indicates an active connectivity with the
main sediment sources.
c)

Classification method

For each torrential catchment or interfluve, a score of respectively structural and functional connectivity is given.
The score can be 0, if the respective connectivity is apparently non-existent; or 1, if the visual analysis of the
images indicates that there is an efficient connectivity, respectively. The score 0.5 is only given for structural
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Figure 7.3: Examples of connection between slope movements and torrential channels. On the left, the Perroc landslide is
located alongside the main channel (structural connectivity = 1), and traces of sediment transfer activity characterize the
whole length of the channel (functional connectivity = 1). On the right, the Bonnard rock glacier is located upslope from the
head of the main channel (structural connectivity = 1) but traces of sediment transfer can be seen only in the upper section
of the channel, reducing the score of functional connectivity (functional connectivity = 0.5). Orthoimages © Swisstopo

connectivity when the slope movement is located near the channel but not directly adjacent; and for functional
connectivity when the traces of sediment transfer activity concerns only localized sectors of the channel. The
scores of connectivity are then used to classify the
catchments using the matrix shown in Figure 7.4.
The classification procedure allows identifying the
catchments characterized by a high probability of
active sediment transfer between a slope
movement and a torrential channel, namely classes
A and B. It aims at reducing the number of
catchments in which more investigations can be
undertaken. Basically, the classes A and B should
correspond to all catchments where at least one
slope movement is suspected to be connected to a
torrential channel, and where traces of recent
sediment transfer activity are at least present in
some segments of the channel. Catchments C are
characterized by the direct proximity between at
least one slope movement and an inactive channel.
It encompasses typically torrents characterized by
important flat channel segments close to which
Figure 7.4: Matrix used to classify the catchments following the
some moving landforms may develop. Catchments level of connectivity between slope movements and torrential
D correspond to active torrents exhibiting recent channels
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traces of sediment transfer activity but where
no connected slope movement is identified in
the vicinity of the channel network. Finally
catchments classified as E show no traces of
sediment transfer activity in the channels and
are characterized by the absence of slope
movements in the direct proximity of the
torrential network system. The described
classification method is based on the rapid
interpretation of visual clues on the aerial
images, and the connectivity assessment is still
very basic. In catchments classified as A or B, a
more “in-depth” check is thus performed for
each moving landform identified as potentially
connected to a torrential channel.
d)

Detailed connectivity check

The proximity between a slope movement and
the main channel does not guarantee
sediment transfer between the two
Figure 7.5: Two moving landforms located in the Torrent de Perche
morphological units. The motion of a given
catchment in Val d’Entremont. The horizontal displacements
slope movement could be parallel or divergent calculated by image correlation are represented by the arrows and
regarding the main runoff flow direction, even dots. From this map, both slope movement can be considered as
though the landform is identified as directly connected as detected displacements are close to active channels,
and directed towards it. Furthermore, this example illustrates nicely
adjacent to the main channel. In such a the sometimes inaccurate delimitation of DinSAR polygons compared
configuration the moving landform does not to real geomorphological landforms and activity. Orthoimage ©
actively contribute to transport sediments Swisstopo
towards the channel and is thus not corresponding to the scope of the present research. As the DinSAR polygons
were delimited based on identified moving areas and not on the morphology of the terrain, their boundaries
may not always be following the outer limit of real geomorphological objects. In addition, the resolution of the
interferograms used to identify moving features is relatively coarse (25 meters) and does not allow precise
contour to be drawn (see Figure 7.5). Finally, traces of sediment transfer observed in channels does not
necessarily indicate that an active sediment transfer from the moving landform exist, as they could originate
from the presence of other sediment sources in the catchment. For these reasons, the occurrence of actual
sediment transfer towards torrents is systematically verified in catchments classified as A or B. The main
elements that are checked are the movement flow field, the presence of previously unidentified topographical
buffers between the landforms and the channels, and the existence of recent traces of sediment transfer activity
between the margins of the slope movements and the torrential channels.
Most of these elements can be checked by observing into more details time series of orthoimages. For instance,
the direction of the movement and its precise location within the DInSAR polygon can be assessed by simply
displaying one image after the other and checking whether the blocks on the surface of the landforms move in
the direction of the channel. In the cases of unclear flow direction, image correlation algorithm can be used to
produce displacement vectors which indicate more accurately the main movement flux (Figure 7.5). In the
present study, the SAGA GIS software which includes an image correlation tool was successfully tested to obtain
displacement vectors based on pair of images at several sites. However, the displacement flow fields was usually
relatively easy to identify by simple visual analysis of images series and the computation of displacement vectors
was not required for most of the cases. Based on these more detailed observations, the previous classification
can be refined and the confidence in the connectivity assessment is increased. As a result, an inventory of all
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catchments in which at least one slope movement contributes to transfer sediment towards the torrential
network can be produced.

7.2.2. ESTIMATION OF SEDIMENT TRANSFER RATES
Once identified, the approximate sediment transfer which characterizes slope movements connected to the
torrential network can be assessed using a simple approach, based on previous work for instance by Delaloye et
al. (2013b). This estimation method is based on the hypothesis that the sediment transfer occurs through a
constrained transit section, namely the front of the moving landform. If we assume that the position of the front
does not change in time, as observed for several cases in the study region (Delaloye et al. 2013b, Kummert et al.
2018), the annual sediment transfer rate between a moving landform and the torrential network corresponds to
the volume of sediment which passes through this transit section each year and can be assessed roughly by
multiplying the surface of the transit section by the annual displacement rate of the landform.
a)

Transit section

The transit section, i.e. the contact area between the moving landform unit and the channel, was visually
identified on the aerial images. It corresponds in most cases to a well-defined front located at the lowermost
end of the moving landform and whose dimensions can be measured on the DEM in a GIS software. The width
can usually be estimated as the distance between the lateral limits of the frontal area, while the height could be
approximatively assessed by measuring the elevation difference between the mean altitude of the front line
(measured on the DEM for several points), and the mean altitude of the foot of the front (e.g. Humlum 2000,
Gärtner-Roer and Nyenhuis 2010). In cases where the transit section does not correspond to a well-defined
front, typically for landslides, other morphological clues such as changes of slope angle or the presence of
bedrock outcrops could be taken as indicators of the lower limit of the transit section. The estimated thickness
value is generally more prone to errors than the width as the lower limit of the movement is not necessarily
coinciding with a morphological limit and cannot always be identified on aerial images. Very often, the main
shear horizon is located above the foot of the front, but it can also be located well below in the case of deepseated landslides. We however assume that the errors in defining this lower limit are in most cases relatively low
(maximally a few meters) compared to the overall surfaces of the transit sections which often range between a
few hundred to several thousand square meters. The area for the transit zone is obtained by multiplying the
section width with the depth of the motion. As the width of the moving section is often shorter at depth than at
the surface (Figure 7.6), the measured value is reduced by 20%, which represents a width at the shear horizon
approximately 40% shorter than at the surface.
b)

Surface velocity

Horizontal surface displacement values can be obtained from the tracking of moving features (at least 4
boulders) on the surface of the landforms from pairs of relatively recent aerial images (2007 and 2010/11/12
depending on the area). These values were then confronted to classes of displacement rates obtained from an
update of the DInSAR inventory performed with new interferograms covering a period spanning from 2008 to
2012 (Barboux et al. 2014). In case of significant differences in orders of magnitude detected between the two
datasets, velocity values estimated from the image pairs could be double-checked for potential errors. In some
rare cases, time series of geodetic surveys (dGNSS) were available and could validate values obtained from the
analysis of the pairs of aerial images. For each identified connected slope movement, the 2D surface velocity
estimated from aerial images was reduced by a 25% factor in order to take into account the velocity decrease
with depth. The chosen value of 25% is based on the assumption that the displacement rate at the shear horizon
is approximately half the one measured at the surface. Applying such factor allowed to calculate a mean annual
displacement rate taking into account the changes of velocity with depth.
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Figure 7.6: Schematic view of a rock glacier with the different dimensions (a. to e.) used to estimate the annual sediment
transfer rate. In this method, it is assumed that all the sediments brought forward by the rock glacier advance are mobilized
and transferred towards the gully (adapted from Kummert and Delaloye 2018).

c)

Transfer rate estimation

The annual sediment transfer rate can be roughly estimated by multiplying the dimensions of the transit section
and the value of mean annual velocity (Figure 7.6). The yielded results correspond to an estimation of the
amount of material crossing the frontal area each year. The developed approach does not take into account the
porosity of the material, mostly because such information is not available. It is simply assumed that the
difference in porosity between debris encompassed in the moving landform body and slope deposits reposing in
the channel are relatively small and their impact can be neglected. In addition, the presence of interstitial
ground ice occupying possibly a larger volume than the porosity (supersaturation) has to be expected in these
periglacial moving landforms. The melt of this “ice excess” could induce a variation in the volume occupied by
the same sediments within the slope movement and in the torrents but was also neglected as the role it may
play is still vastly unknown and might be highly variable between sites depending on the ice content.

7.2.3. DEBRIS FLOW SIMULATION
Once set available at the front or in the torrential channels, sediments may be remobilized and transported
further downward via debris flow events (e.g. Kummert et al. 2018). A first evaluation of the travelling distance
of debris flows triggered from areas located near the identified slope movements was carried out by the use of a
debris flow model. The aim of such approach is to evaluate the results of debris flows entraining the material
transferred into the torrents by the connected moving landforms. Therefore, the simulation procedure applied
here was adapted to represent debris flow initiated in the higher sectors of the channels, close to the location of
the connected moving landforms and entraining volumes of sediments corresponding to what could be
accumulated in a few years by the estimated sediment transfer activity.
a)

RAMMS

Debris flow runout distances were simulated using the RAMMS modelling system. The RAMMS model was
developed for natural hazards research and practice and allows simulation of snow avalanches, debris flows and
rock falls (Graf and McArdell 2011). It is based on the Voellmy relation (Voellmy 1955) describing the rheology of
flowing debris through two main coefficients: the Dry-Coulomb friction (µ) that scales with the normal stress;
and the viscous-turbulent friction (ξ) that reports for the turbulent flow (Hussin et al. 2012). They represent the
two main parameters to tune the model (Christen et al. 2010). In addition, the RAMMS model offers two
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different starting conditions: block release and input hydrograph (Deubelbeiss and Graf 2013). The block release
mode assumes that a total volume of debris material is released at once from the initiation zone. This volume
progresses then towards the alluvial fan depending on the slope and the friction parameters. In the input
hydrograph mode, a hydrograph curve representing the inflow of material into the system from a given location
within the channel is fed into the model. The construction of such hydrograph usually requires knowledge about
parameters such as cross-sections, flow velocities or flow heights characterizing previous events (Deubelbeiss
and Graf 2013). As most of the inventoried torrents do not have documented debris flow records, very few data
are available in terms of debris flow runout characteristics. However, potential triggering areas and initial
volumes are known or can be approximately defined thanks to the previous steps of the presented
methodology. Therefore, in the frame of this study the block release mode was preferred.
b)

Simulation Strategy

Debris flow runout distances were simulated for the torrential catchments characterized by relatively high
estimated sediment inputs from the connected slope movements. The DEM (2 meter resolution) represents the
main input to feed the model. For some of the torrents, GIS manipulations were needed to remove obstacles
such as bridges on the original DEM. In addition, a calculation domain which englobes the whole channel from
the triggering area to the outlet needs to be defined, as well as the release area, i.e. the surface and the height
of material that are released during a debris flow triggering. The release area was delimited in the direct vicinity
of the connected slope movement, assuming that the sediment inputs from slope movements led mainly to the
buildup of sediment storage zones near the landform fronts, in agreement with the observations made within
the site specific study (Kummert and Delaloye 2018; see Chapter 6). In addition, the release volumes were
determined according to the estimated transfer rates. As no historical events could be used to calibrate the
model and therefore define values for the two main tuning parameters (µ and ξ), a range of three values was
attributed for each parameter. For the parameter µ, the chosen values are the same for all catchments: 100, 150

Figure 7.7: Main result map showing the identified catchments and connected landforms, the circle size indicating the class of
sediment transfer activity and the color referring to the landform type. Basemap © Swisstopo.
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and 200 m/s. These numbers originate from the literature and were chosen to represent debris flow involving
mostly coarse sediments (C. Graf, personal communication). The lower the value of µ, the more granular the
simulated debris flow is. The mean value of ξ used for the simulations was defined for each site by calculating
the tangent to the slope angle of the main deposition area, i.e. the alluvial fan (C. Graf, personal
communication). Simulations were then produced at each site using the mean as well as values respectively 0.05
m/s2 higher and 0.05 m/s2 lower (e.g. if the mean was 0.20, the values used for the simulations were 0.15, 0.20,
and 0.25). In the study region, the highest value of ξ used for the simulations was 0.50 (steep alluvial fan), and
the lowest was 0.10 (very flat alluvial fan), depending on the cases. At each selected site and for a given initial
volume, 9 simulations were thus performed with varying values of µ and ξ.

7.3.

Results

7.3.1. CHARACTERIZATION AND CLASSIFICATION OF THE CONNECTIVITY
Out of 642 delimited catchments (n=323) and interfluves (n=319), the detailed connectivity assessment applied
in the study region allowed the identification of 42 catchments/interfluves classified as A or B (~6 % of the total)
and in which at least one slope movement is connected to the torrential network system (Figure 7.7). In terms of
spatial distribution, 52% of the inventoried catchments are located in only two of the investigated valleys
(Mattertal and Saastal), while 31% are located in the Mattertal only. A vast majority of these catchments develop
on west-oriented slopes, probably in relation to the overall orientation of the local geological ensembles which
are generally dipping to the south-east, favoring the establishment of both gentle south-east-oriented and steep
north-west-oriented slopes, the latter favoring direct sediment connectivity. Amongst the 42 catchments, 52
slope movements have been identified as connected to the torrents (~8%). A large majority are rock glaciers
(69%), followed by landslides (25%) and push-moraines (6%). The overall number of connected slope

Figure 7.8: Example of a moving landform directly adjacent to the main torrential channel but whose movement is oriented
perpendicular to the main flow direction (white arrow). In this case, the slope movement was identified as connected in the
first assessment and was ruled out following the more in-depth connectivity check. Orthoimage © Swisstopo

80 | P a g e

Part III | I n v e n t o r y

movements has been reduced by 28 % from the original connectivity assessment by applying the more in-depth
analysis of movement flux direction (72 slope movement before, and 52 after). The slope movements that have
been identified as unconnected during this second phase of the assessment were essentially ruled out due to
their inadequate flux direction or due to clear topographic buffering (e.g. flat terrain). It consisted for instance of
push-moraines located close to channels in the outer edges of Little Ice Age (LIA) glacier forefields but backcreeping towards the center of the forefield (Figure 7.8). In addition, the spatial extent of some DInSAR polygons
was too large, giving the misleading impression that the moving landforms were directly adjacent to the
torrential channel while the real moving parts were located at a sufficient distance to be disconnected for
instance by the presence of flat areas between them and the channel (Figure 7.8). Finally, several deep-seated
landslides were classified as not connected as no clear sediment transit section could be identified and defined.
In such a case, the movement usually affected entire hillslopes but no traces of loose sediments transfer could
be specifically observed between the landslides and the torrents.

7.3.2. SEDIMENT TRANSFER RATE
The estimated sediment transfer rates calculated for each connected landform are mapped in Figure 7.7 and can
be found in more details in Table 8 (selection of the most active landforms) and in the Appendix (Appendix II) for
all the catchments. A relatively wide spectrum of values has been obtained, ranging roughly from 6500 m3/year
to almost zero. A majority (71%) of slope movement is characterized by moderate transfer rates, typically lower
that 500 m3/year, and only nine exceed 1000 m 3/year, with a median sediment transfer rate of 238 m2/y. In
terms of landform type, mostly rock glaciers were associated with high sediment transfer rates, with only two
landslides and no push-moraine yielding more than 500 m3/year. In general, rock glaciers were characterized by
higher flow rates but smaller transit sections than landslides, while push-moraines commonly displayed very
small transit sections. The spatial distribution shows a strong concentration of moving landforms characterized
by high sediment transfer rates in the west-oriented side of the Mattertal. Aside from that specific case, no
definite spatial patterns can be observed.
Catchment name (class)

Bielzug 1 (A) - Gugla
Dorfbach 1 (A)
Furggbach 1 (B)
Zinal – Bordon (B)
Geisstriftbach (A) - Dirru
T. de Viau (B) - Tsarmine
T. de Tracuit (B)
T. de la Maresse (A)
T. de Pétérey 1 (A)
T. de la Cassorte 1 (A)
Ritigraben (A)
Wildibach 1 (A)
Mittelberg (B)
GrosseGrabe 1 (A)
Evolène - La Niva (B)

Valley

Mattertal
Mattertal
Saastal
Anniviers
Mattertal
Hérens
Anniviers
Hérens
Anniviers
Heremence
Mattertal
Mattertal
Mattertal
Mattertal
Hérens

Landform type

Rock Glacier
Rock Glacier
Rock Glacier
Landslide
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Landslide

Sediment
transfer
rate (m3/y)

Sediment
transfer rate
(class) (m3/y)

6480
5760
2160
2025
1872
2400
1440
1260
1080
810
710
621
585
546
540

>1500
>1500
>1500
>1500
>1500
>1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500

Debris flow runout
distance evaluation
1’000
(m3)
!
!
!!
!!
!!
!!
!
!!
!
!
!
!

5’000
(m3)
!!!
!!
!!
!!!
!!
!!!
!!!
!!
!
!!
!!!
!!

10’000
(m3)
!!!
!!!
!!
!!!
!!
!!!
!!!
!!
!
!!
!!!
!!!

Table 8: Synthesis of the results for the catchments classified as A and B and with estimated transfer rate exceeding 500
m3/y. Exclamation marks indicate if the debris flows simulated for each site reached the valley bottom (!) overflowed out of
the main channel (!!) or reached infrastructures (!!!). The estimated sediment transfer rates proposed in this table reposes
on values of surface velocities measured on aerial images dating back from 2007 and 2011/12, and are thus only valid for
that period. More details in Appendix II.
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Figure 7.9: Example of simulated debris flow deposition for a starting volume of 5’000 m3 initiated near the front of the
Tsarmine rock glacier. Orthoimage © Swisstopo

7.3.3. DEBRIS FLOW POTENTIAL DISTANCE
Debris flow simulations were performed for the 15 sites characterized by estimated sediment transfer rates
exceeding 500 m3/y. Given the values of estimated sediment transfer rates, starting volumes of 1’000, 5’000 and
10’000 m3 were defined, representing for most sites sediment accumulated for a few years up to about 20 years
(except for the moving landforms characterized by very high surface velocity and sediment transfer rates). In
total, 27 simulations were performed at each site, with 9 simulations per starting volume. In the frame of the
present study, the interest was mainly to map debris flow runout distances. Therefore, at each site and for each
starting volume, the results from the 9 simulations were combined to map the mean height of deposited
material, as well as the outlines for the maximum and minimum runout distances (Figure 7.9, 7.10 and Appendix
III). In addition, debris flow deposition patterns were classified qualitatively following a code of exclamation
marks: one exclamation mark indicates that the simulated debris flow reached the main alluvial fan but stayed in
the main channel (e.g. Figure 7.10), two exclamation marks correspond to debris flow overflowing from the main
channel and starting to spread on the fan (e.g. Figure 7.9), and three exclamation marks represent simulated
debris flow spreading on the alluvial fan and reaching or overlapping with infrastructures such as roads, railways
or buildings (Table 8).
For a large majority of sites (12 out of 15), the simulated debris flow reached the alluvial fan in the main valley.
The cases where simulated debris flow did not reach the main valley are explained either by the presence of flat
sections in the main channel lowering the propagation dynamic (e.g. Furggtal, Figure 7.10), or by the absence of
a continuously well incised channel leading to the spread of the debris flow higher up in the catchment (e.g.
Mittelberg, Mont de l’Etoile, Appendix III). However, the presence and the location of infrastructures strongly
vary between sites. For instance, debris flows initiated within the torrent de la Cassorte always reached the main
valley and spread on the fan but no potentially affected infrastructure is present.
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Figure 7.10: Two examples of simulated debris flow deposition illustrating two different cases in the proposed classification.
Up: runout distance for a 10’000 m3 debris flow initiated in the Fuggbach torrent. The debris flow propagates in the primary
channel but stops when reaching the main trunk channel and does not continue further down towards the main valley (to
the north-west on the map). Down: debris flow resulting from a starting volume of 1'000 m3 at the front of the Grosse Grabe
rock glacier. In this case, the sediments reach the alluvial fan in the main valley but apparently stay in the main channel and
the torrent is thus classified with one ! Orthoimages © Swisstopo
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Conversely, debris flows triggered in the vicinity of the Mitterlberg rock glacier apparently do not reach the main
valley floor but may still enter in contact with houses and small roads (see Appendix III). Therefore, the
classification of debris flow runout distance is indicative and each case should be separately looked into detail. In
most cases, 1’000 m3 debris flows are not overflowing out of the main channel. For starting volumes of 5’000
and 10’000 m3, a spread over the alluvial fan is relatively frequent but with highly variable patterns of deposition
and distances depending on the topographic characteristics of the alluvial fan and the presence, or not, of
existing mitigation measures (retention basins or deflection dams for instance). It should however be noted that
obstacles able to slow down the dynamic of debris flows such as trees and buildings and generally absent from
the DEM and therefore, runout distances are in most cases exaggerated.

7.4.

Discussion

The developed method is relatively simple and allows a fast survey over a relatively large study area. It seems
well suited to regional studies as far as good input datasets are available for the whole area. It is also relatively
easy to update, for instance if new information about the displacement rates of moving landforms become
available. Sediment transfer rates can be regularly recalculated with more recent data, which makes sense given
the temporal variability of permafrost creep rates and its dependency to climatic conditions. The application of
the method can thus quickly provide a map of connected moving landforms with respect to their sediment
transfer activity based on estimated values that can easily be updated. The methodology is however based on
several steps for which uncertainties and limitations exist. In general, the aim of proposing a relatively easily
applied approach asked for simplifications from which several questions can arise.

7.4.1. SUBJECTIVITY OF THE METHOD
The applied methodology relies strongly on the visual analysis of aerial images and is dependent on the
interpretation of the observer. The visual indicators for the connectivity assessment are clearly defined in order
to lower the subjectivity but in some cases, the choice between two scores of connectivity can be difficult. To
overcome this problem, the determination of the connectivity between slope movements and torrential
channels was performed by two users separately for about half of the study region, i.e. in the valleys of
Entremont, Bagnes, Nendaz, Heremence, Herens and Anniviers. The strong similarity in the obtained results
indicated that subjectivity had a limited impact.

7.4.2.

DEFINITION OF THE TRANSIT SECTION

Estimations of sediment transfer rates were obtained using a simple geometrical approach whose application
implies some difficulties and uncertainties. For instance, the transit section is not always easy to identify and
delimitate. In some cases, especially for landslides, there is no clear front between the moving landform and the
torrential channel. For these landforms, the delimitation of a transit section is based on very uncertain
morphological clues observed on the images. In addition, landslides are here treated as if their behavior in terms
of sediment transfer is comparable to the one of rock glaciers. However, conversely to rock glaciers (Kummert et
al. 2018, Kummert and Delaloye 2018), the potential sedimentary connection between high altitude landslides
and torrents has never been properly observed and measured. Existing studies focusing on landslides located at
lower altitudes (not in periglacial environments) seem to indicate that the connectivity between landslides and
fluvial systems is highly variable spatially. For instance, Korup (2005) defines five types of coupling interface (i.e.
transit section): area, linear, point, indirect and null. In comparison to rock glaciers, landslides usually affect
entire hillslopes and are characterized by a less concentrated sediment flux, featuring spatially variable flow
directions. However, compared to lowlands, high altitudes landslides share attributes with rock glaciers, as for
example a high fraction of coarse debris, at least at the surface, and a kinematical behavior which is influenced
by permafrost conditions (Delaloye et al. 2013b). In terms of sediment yield characteristics, high altitudes
landslides are assumed to behave partly as lowlands landslides and partly as permafrost creep landforms.
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However, high altitude landslides have been poorly studied and further investigations would be needed in order
to understand better their dynamic and their potential sedimentary connection with torrents.

7.4.3. ESTIMATION OF THE SURFACE VELOCITY
The determination of the surface velocity rates is also subject to uncertainties. First, no accuracy assessment has
been done concerning the orthoimages and some deformations and lateral deviations may occur and alter the
obtained velocity values. In addition, the manual tracking of boulders on the orthoimages only allows the 2D
velocity to be assessed. These values of 2D velocity are understandably lower than 3D values but were anyway
used for the estimations of sediment transfer rates, arguing that it would certainly avoid overestimations. As
future developments, values of 3D velocity could be obtained combining 2D values with the general slope angle
that can be extracted for instance from the DEM. More advanced feature tracking procedures based on image
correlation algorithm and coupled with pairs of DEM can also provide 3D surface velocities but are more timeconsuming. For a large majority of cases, both velocities derived from aerial images and from DInSAR yielded
very similar results (Appendix II). The differences that remains between the two velocity estimation methods is
mainly due to small scale local variations of surface velocity which could be observed on the images but not on
the interferograms. The DInSAR-derived velocity class represents often the displacement rate of the whole
landform while the value of surface velocity issued from the analysis of orthophotos is determined at the front,
where the velocity might be slightly different than for the rest of the landform (e.g. Figure 7.5). However,
Barboux et al. (2014) mention the possibility to get more detailed classes of deformation rates from the new sets
of data used for the update of the inventory (mainly TerraSAR-X, 10 m resolution, half-wavelength = 1.55cm).
Such approach was not applied her but more precise evaluation of velocity rate could theoretically be gained
from the available DInSAR interferograms and enhance the confidence over the velocity estimations.
Both values of surface velocities and transit sections contain uncertainties and for these reasons the resulting
estimations of sediment transfer rates should be taken as order of magnitudes more than as absolute values.
The sediment transfer rates estimated for Dirru Gugla and Tsarmine, which were identified in the inventory,
were compared to the values of erosion rate obtained from the LiDAR surveys (Chapter 6). LiDAR derived values
of annual sediment transfer rates and a comparison with values obtained from the same simplified approach
used in the present paper can be found in Kummert and Delaloye (2018) and are displayed in Figure 7.11. The
orders of magnitude yielded by these two different studies are similar and indicate that, even if the simplified
approach cannot represent temporal variations, it can be used as a good first estimation. Given the aim of the
developed methodological framework, such a simplified approach represents a good compromise to quickly
obtain reliable orders of magnitude of sediment transfer rates for a relatively large number of landforms. Values
of surface velocity used to produce these estimations are however valid for a period spanning from 2007 to
2012 and represent thus a state of activity which may not be representative of current dynamic. Some sites may
have encountered a strong destabilization since 2012, or on the contrary, may have slowed down or even
deactivated. The inventory remains thus indicative and further investigations would be needed to assess the
current
sediment
transfer
activity
characterizing identified sites.

7.4.4.

REPRODUCIBILITY OF THE METHOD

One of the main objectives of the study was to
develop an easily reproducible methodology.
The same type of problematic occurs most
likely in other alpine regions as well as in other
mountain ranges and such connectivity
assessment could be of interest in other areas.
Figure 7.11: Temporal evolution of LiDAR based sediment transfer
Therefore, the method reposes on relatively rates (plain lines) in comparison to values estimates form the
simple input data: a high resolution DEM, high approach used in the present paper (dashed lines).
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resolution aerial images, and a slope movement inventory based on DInSAR interferometry. The availability of
these three datasets is mandatory for the application of the methodology, but not especially in the same format
and quality. For instance, the connectivity assessment can be accomplished with lower resolution DEM and
aerial images. In most cases, the second “in-depth” connectivity check can be done via detailed
geomorphological mapping and should not necessarily repose on the availability of time series of orthoimages.
Finally, the key issue is probably the availability of an initial inventory that can be used to localize the slope
movements in the study region. The inventory does not have to be inferred from SAR interferometry and can be
based for instance on field surveys or interpretation of aerial images and DEMs (e.g. Delaloye et Morand 1997,
Lambiel et Reynard 2003, Kellerer-Pirklbauer et al. 2012). Though, in the absence of such inventory, a
preparatory step should be undertaken at least to localize the moving landforms in the chosen perimeter of the
study.
The second step of the methodology, i.e. the estimation of sediment transfer rates between moving landforms
and torrents, could be more difficult to apply in data scarce areas as both high resolution DEM and surface
velocity data are needed. Finally the debris flow simulation procedure can be performed providing that an input
DEM is available. However up to a certain point, higher resolution DEMs are expected to produce more reliable
results. The methodology should certainly be tested in other regions with slightly different input data in order to
better estimate its reproducibility.

7.5.

Synthesis

The methodology developed here aimed at identifying at the regional scale torrential catchments in which one
or several slope movement(s) located in periglacial environment is(are) connected to the torrential network
system. It was designed to be quickly applicable and reproducible and therefore reposes on the analysis of
relatively basic data (aerial images, DEM). The goal of producing a relatively simple approach asked for several
simplifications in both the connectivity assessment, which is basically done through visual observation of aerial
images, and in the estimation of sediment transfer rates. The results are thus indicative and the values of
sediment transfer rates produced in this study should be taken as orders of magnitudes rather than as absolute
numbers. Nevertheless, the outcomes of the application of this method are valuable as they represent the first
inventory of slope movement connected to torrents produced at a regional scale. In general the results showed
that in the studied region, the cases of connectivity between periglacial slope movements and torrents are quite
rare (6% of all torrents/interfluves and about 8% of all moving landforms). In addition, most of these cases of
connectivity (about 70%) are characterized by relatively low estimated sediment transfer, below 500 m3/year.
However, a few (17%) of the slope movement identified as connected to the torrential network system showed
quite high sediment transfer rates (above 1000 m3/year), indicating that such landforms can in some cases
represent significant active sediment sources for the torrents. As the sediment transfer rates are directly related
to the rates at which these landforms move, the level of sediment transfer activity may change according to
inter-annual and decadal evolution of surface velocity. The developed methodology and the results yielded are
thus essential to highlight the sites where slope movements actively transport sediment into torrents. Such
information can then be used to better manage the concerned catchments and to point out the sites where
additional investigations can be launched if judged necessary.
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8. General discussion
8.1.

Main scientific outcomes

8.1.1. CONTROLLING FACTORS ON THE EROSION OF ROCK GLACIER FRONTS
Both observations and measurements conducted at the front of the three studied rock glaciers allowed to
highlight the main influencing factors on the occurrence of erosion processes and on the sediment transfer
rates. These controlling factors can be external, as for instance weather conditions, or inherent to the landform,
i.e. related to the size, the dynamic and the internal content (percentage of ice, rock debris, porosity) of the rock
glaciers. This research emphasized mainly the predominant role of both weather conditions and the rock glacier
dynamic as controls on the erosion because they represent the main drivers for the two main identified causes
of erosion, i.e. water inputs and the rock glacier advance. The study also underlined the important influence of
permafrost and ground ice on the potentially eroded volumes. In addition, other factors such as the sediment
type or ground water circulation seem to be important as well, although the applied research methodology did
not allow to investigate in detail their contribution in the varying erosional activity observed between sites.
a)

Weather conditions

Differences in the timing or frequency of erosion events observed both between sites and years underlined the
role of weather conditions as a controlling factor. In particular, a direct relation between water inputs from
rainfall and snowmelt, and increased frequencies of erosion events has been observed. These hydroclimatic
events can be highly variable in time and represent major factors influencing erosion rates at inter-annual and
seasonal time-scales. Depending on their intensity and duration, water inputs can have different impacts on the
erosion of the fronts. Observations showed that short term humidification of the front surface tend to trigger
the occurrence of small magnitude superficial erosion events. Depending on the intensity of the water input, the
amount of sediment eroded can vary but remain usually small. On the contrary, the repetition of humidification
events either from repeated rainfall or prolonged snowmelt favors water infiltration at the front but also higher
up in the catchment. Such type of conditions lead to the frequent occurrence of small scale superficial erosion
events but also participate to increase the water content within the active layer at the front both from direct in
situ infiltration and groundwater circulation at shallow depth. Such situation may generate the erosion of more
important volumes of sediments at the front as the depth of potentially destabilized sediments is increased.
These periods of enhanced water infiltration can also be associated with the occurrence of strong water release
at spring locations in the channel and thus trigger concentrated flow events. These events are typically initiated
by intense water inputs following a period of frequent water infiltration into the ground at the front but also
upward in the catchment. Concentrated flow events have thus mostly been observed in three types of
situations: (i) during intense snowmelt phases occurring at the end of the melting period, (ii) during concomitant
snowmelt and rainfall events and (iii) when high sums of precipitations occur over several days. The present
study highlighted thus the importance of preparatory conditions for the occurrence of high magnitude erosion
events.
Weather conditions act thus as a strong driver controlling the occurrence and the intensity of the erosion of the
front at a seasonal and inter-annual time scale. For instance, depending on the timing and the length of the
snowmelt period, the erosion of the front might be more or less important. The early melt of a thin snow cover
would for instance represent the least favorable case for erosion, enhancing low-magnitude events only for a
short time period without allowing important groundwater infiltration and circulation. Conversely, the
occurrence of a slow and progressive melt of a thick snow cover ending with a very intense melting phase at the
scale of the whole catchment represents the most erosion-prone conditions concerning the impact of snowmelt
on the erosion of the fronts. A similar distinction can be made for water inputs originating from rainfall events.
Up to a certain (unknown) intensity, isolated rainfalls tend to increase temporarily the frequency of superficial
low-magnitude erosion events by generating superficial runoff. On the contrary, long-lasting (several consecutive
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hours) or repeated (several days) rainfalls may generate important water infiltration rates and lead to the
initiation of concentrated flow associated with higher erosion magnitude. These two types of situations
contribute to enhance erosion activity but summer periods with higher frequencies of rainfall events are
potentially characterized by higher erosion rates. A good example could be observed during summer 2014 at the
front of the Gugla rock glacier. Substantially higher values of precipitations were measured at the nearest
meteorological station (Grächen, 1605 m a.s.l.) during summer 2014 in comparison to summer 2013 (139.5 mm
measured between July and September 2013 versus 221 in 2014), leading to an absolute increase of about 1000
m3 of erosion at the front compared to what was calculated during summer 2013, right after the large erosion
events of June. The enhanced erosion activity in 2014 was related to the relatively frequent activation of water
springs in the upper gully especially in July, while these water emergences stayed inactive throughout summer
2013, even though some isolated rainfall events occurred.
b)

The movement of the rock glacier

The movement of the rock glacier favors the erosion of the front by constantly changing the angle of the frontal
slope. The displacement rate of the rock glacier controls the rhythm at which these changes occur and
influences the amount of sediment which is brought forward and set available each year. For instance, the
frontal sections of Gugla and Tsarmine rock glaciers have similar dimensions, however, the creep velocities
measured at Gugla were higher than the ones measured at Tsarmine and partly explains the higher sediment
transfer rates obtained for Gugla. Figure 8.1 shows for each site the evolution of the frontal erosion rates (EA in
Table 4, see Chapter 6) compared to the evolution of the surface velocities measured by differential GNSS at the
fronts. The relation between these two variables is quite clear and confirms the hypothesis that, as the positions
of the front lines are approximately constant in time, higher creep velocity rates favor higher sediment transfer
rates. This effect is particularly visible in Gugla (southern front) and Tsarmine where relatively important changes
in creep velocity were correlated to a decrease and an increase in erosion rate, respectively (Figure 8.1). At
Dirru, the decrease in surface velocity measured since 2015 seems to be related to a corresponding smaller
decrease in sediment transfer activity. Figure 8.1 also shows that the relation between velocity and erosion rate
is not linear, probably in association with the high number of other factors influencing erosion and thus
controlling annual erosion rates.
c)

Permafrost conditions

The presence of frozen sediments cemented by
interstitial ice in the rock glacier body is expected to
limit the volume of erodible sediments at the front.
This assumption could be confirmed by our
observations as the erosion of frozen debris has not
been observed at the three sites and for the 5 years
of investigations. Only unfrozen debris constituting
the active layer were mobilized through the
occurrence of erosion processes. However,
important removal of material from the front
especially observed during snowmelt periods
sometimes led the permafrost table to be exposed
at the surface. In such a case, further erosion can
only happen after the readjustment of the
permafrost table leading to the re-establishment of
an active layer from which sediment can, again, be
eroded. The presence of permafrost controls thus
mainly the amount of sediments that can be eroded
in one event.
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front and the measured velocity rate for each studied rock
glacier. The rates (both erosion rates and velocity rates) are
calculated for one year periods (October to October).
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Figure 8.2: Example of the Torrent des Rousses, Val d’Hérémence, where the topographical setting induces a divergence in
the rock glacier flow (black arrows). The northern part of the landform flows until the top of the rock step where it gets
eroded (thick white arrows), while the southern part flows on gentler slopes and seems to be disconnected from the
torrential activity (light whit arrows). This rock glacier might originate from the burial of glacier ice, as suggested by the
surface morphology and the cirque located in the rooting zone. Orthoimage © Swisstopo

d)

The size of the front

Differences in sediment transfer rates between the three sites (Figure 6.2) can be partly attributed to the
morphology and the size of the frontal area which impacts the potential amount of sediment eroded from the
front. For example, the tongue of the Dirru rock glacier has an approximately two times smaller width than the
two other sites (respectively 50 m at Dirru and about 100 m both at Gugla and Tsarmine). Therefore, the section
of the rock glacier advancing and then being eroded (frontal area) is smaller and explains the generally smaller
erosion rates calculated. In addition, the fronts of the three studied cases are directly flowing towards the
torrents. Therefore, sediments eroded from the whole surface of the fronts contribute to feed the upper gully
(Gugla, Tsarmine) or the debris slope (Dirru). This might not always be the case depending on the topography, as
observed in the inventory. Rock glacier fronts may be located on top of a complex topography with bedrock
steps dividing the flow into different directions and thus leading to the transport of sediments in different
directions (Figure 8.2). In such case, the identification of the transit section whose erosion participates in the
channel recharge is thus important in order to understand the sediment transfer rate between the rock glacier
and the torrential channel.
e)

Sediment type

The type of sedimentary material lying on the frontal slope influences the type and frequency of erosion
processes affecting the front. For instance, erosion from widespread superficial flow was more frequently
observed at Gugla and Dirru than at Tsarmine because their fronts contain finer sediments, enhancing the
cohesion of the sedimentary material and favoring the development of superficial mudflows. It is also expected
to favor the occurrence of debris flows, as a certain amount of finer-grained debris is also needed to support the
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transport of boulders by the flow. At Tsarmine, important rock fall events were more common than debris flows
or mudflows in relation to the important fraction of coarse boulders on the frontal slope, especially close to the
front line.
Despite the mentioned difference in the fraction of fine-sediment exposed at the front, the three investigated
sites are characterized by a steep front showing fine sediments and a tongue composed of an openwork of big
boulders with a low fraction of fine material. They correspond to the bouldery rock glacier type defined by
Matsuoka et al. (2005), by opposition to pebbly rock glaciers, i.e. composed mainly by pebbles and cobbles
embedded in a fine sediment-matrix and characterized by a low frontal slope gradient (Ikeda and Matsuoka
2006). In pebbly rock glaciers, the erosion of the front may be dominated by slightly different processes. The
cohesive strength of the material is generally enhanced by the important fraction of fine sediments and favors
the occurrence of debris slides and solifluction-like movements at the surface of the front compared to rock fall
activity (Ikeda and Matsuoka 2006). The entrainment of material at the front of pebbly rock glaciers may thus be
less frequent and more dependent to sediment humidification, lowering of the cohesion between wetted earth
particles and generating superficial flow and debris slides. Concentrated flow potentially leading to debris flow
might occur similarly than for bouldery rock glacier, as observed for instance in the debris flow event initiated at
the front of the Col du Lou pebbly rock glacier and reaching the village of Lanslevillard (Savoie, France) on the
14th of August 2015 (Schoeneich et al. 2017). However, more detailed observations of erosion processes
affecting the front of such type of rock glaciers are lacking and could represent an interesting development, as
several pebbly rock glaciers are present in the developed inventory of connected slope movements.
f)

Water circulation in the ground

The occurrence of debris flows was almost always related to concentrated flow and depended on site-specific
factors. Local groundwater circulation governing the number and the location of water springs strongly
influenced the occurrence of concentrated flow. These local variations explain some of the differences observed
between sites, such as the frequency and magnitude of debris flows. At Tsarmine, two water emergences were
visible, one located close to the front and the other slightly downward on the southern limit of the upper gully.
The uppermost one corresponds probably to intra- or suprapermafrost flow, while the alimentation of the
lowermost one is unknown but might originate from the same ground water flow path circulating longer under
the debris before emerging. These two water springs were rarely active and usually characterized by a low
discharge, inhibiting the development of high-magnitude debris flows. At Dirru, one main spring was identified
each year during intense snowmelt periods, and also sometimes as a consequence of rainfalls. It seemed to be
linked to intrapermafrost flow and sometimes coincided with emergence of low-discharge suprapermafrost
water (Figure 6.5). When the discharge was highest at the main spring, the concentrated flow triggered debris
flows, which sometimes reached the main channel of the Geisstriftbach torrent. At Gugla, several water springs
were often visible either during intense snowmelt periods and/or during persistent rainfall events and seemed to
gather water from supra- and subpermafrost flows. No evidence of intrapermafrost flow was observed at Gugla.
Most of the discharge generated at these springs was concentrated in the upper gully and propagated across the
main sediment storage zone, favoring the remobilization of sediments. The notably larger catchment area at
Gugla than at the two other sites may have favored higher discharge at the springs. Concentrated flow leading to
debris flows was thus most frequent at Gugla, where the largest magnitude debris flow events were observed
(several thousands of cubic meters). At Dirru, only small-size debris flows were recorded (up to ca. 800 m3), and
sediments rarely reached the lower gully. In Tsarmine, only very small events restricted to the upper part of the
gully were observed (up to ca. 400 m3). The presence of temporary water emergences in the upper gully, very
near the rock glacier front influences thus strongly the occurrence of concentrated flow and therefore the
erosion of the front. It also plays a very important role on the remobilization of sediments stored in the upper
gully. The characteristics and mainly the size of the catchment area upslope from the rock glacier may constitute
an indicator for the potential discharge that can be observed at the water springs. The occurrence of such a
spring also depends on the preferential path water can follow into the ground, which are difficult to
characterize. The identification of water springs near rock glacier fronts and the observation of their functioning
92 | P a g e

Part IV | D i s c u s s i o n a n d C o n c l u s i o n

represent thus important information to better understand the triggering of debris flows in concerned
catchments.
g)

Synthesis

All these different factors influence the occurrence and the magnitude of erosion processes at the front of active
rock glaciers and control the rates at which sediments are being transferred downwards. They introduce a
relatively high temporal and spatial variability in the erosional behavior observed at the front. Except
extraordinary cases affected by rapid morphology changes, such as the Bérard rock glacier (southern French
Alps) in 2006 (Krysiecki et al. 2008, Bodin et al. 2016), the size, the morphology and the sediment type are not
expected to change at a pluri-annual time scale. Changes in the groundwater circulation may occur, as it
apparently did during the 1990’s at Dirru when the erosion niche formed (Figure 3.3), but are very difficult to
assess and predict as very little is known on the hydrological regimes and the groundwater flow paths within
active rock glaciers (e.g. Krainer and Mostler 2002). In our cases, no significant changes in the location of water
springs and in the conditions leading to their activation could be observed between 2013 and 2017. At the interannual to decennial scale, the main observed controls on the erosion rates and their temporal evolution are
related to both changes in surface velocity and external weather conditions. It could also be shown that the
seasonal variations of displacement rates do not directly impact the erosion of the front. At the seasonal time
scale, changes in the erosion rates are thus mostly related to weather conditions (annual cycle).

8.1.2. SEDIMENT EXPORT RATES
Values of sediment transfer rates varying from insignificant (~10 m 3/y) to 6500 m3/y have been estimated for the
different slope movements documented as connected to torrents in the inventory. Erosion rates ranging
between 1500 and 7800 m3/y were calculated at the front of the three study sites. As expected, these sites
correspond thus to the highest class of sediment transfer rates defined from the inventory. As mentioned in the
introduction, only a very limited number of studies discuss the erosion occurring at rock glacier fronts, and even
less provide quantitative estimations. Most of the existing studies looking at rock glaciers as sediment transfer
agents in mountainous terrains propose estimations of sediment transfer rates for rock glaciers expressed in
tons per years and take into account the whole mass of the rock glaciers rather than the transfer occurring at
the front or at a given section of the landform (e.g. Barsch 1977, Humlum 2000, Gärtner-Roer and Nyenhuis
2010, Müller et al. 2014). These approach represents very interesting inputs to better understand the link
between rock glaciers development and rock walls recession rates for instance. They usually do not consider
sediment outputs at the front of the landforms and in that sense, they are not comparable to our approach. The
present thesis represents to our knowledge the furthest development achieved on that specific topic, detailing
the sediment transfer activity at the front of three rock glaciers during 5 years periods with high resolution
observations and measurements, and identifying rock glaciers connected to torrential channels at a regional
scale. Therefore, very few points of comparison are available.
In one of the few examples where sediments eroded from rock glacier fronts are considered, Micheletti et al.
(2017) presented results of volumetric changes at the front of the Tsarmine rock glacier. They compared
volumes calculated with a conventional method using DoDs, similarly to the one applied here, to volumes
directly extracted from TLS point clouds. However, their study was strongly method-oriented. Micheletti et al.
(2017) did not calculate sediment transfer rates nor sediment budgets but only volumes of accumulation and
erosion on the whole area without differencing the front and the gully. Furthermore, no specific methodology to
estimate the volumetric changes due to the rock glacier advance is proposed. It is therefore not possible to
directly relate their results to the ones presented here. Lugon and Stoffel (2010) calculated sediment transfer
rates between the front of the Ritigraben rock glacier (Mattertal) and a torrential channel for different time
periods by multiplying the annual surface velocity with the surface width and depth of the rock glacier front.
Compared to what was applied in our inventory, their method did not consider the velocity decrease at depth
but was based on the same assumption that the volume brought forward annually by the motion of the rock
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glacier corresponds to the volume eroded and transported each year towards the gully. They calculated annual
transfer rates ranging between 300 and 400 m3/y at the front of the rock glacier in association with surface
velocities varying between 30 and 40 cm/y. These values of transfer rate are lower than the one estimated in the
inventory for the same site (about 700 m 3/y). The difference can mainly be explained by the significant increase
in surface velocity (1.3 m/y between 2007 and 2011) and by slightly lower values used here for the width and
the thickness. Their approach is however very similar to the one used for the inventory and share similar
limitations, as it does not capture inter-annual and seasonal variations and rely on the subjective interpretation
of visual clues to determine the geometrical parameters. Such type of approach remain still very helpful to get
first quantitative approximations of the sediment transfer activity at the front of active rock glaciers connected
to torrential gullies. These two previous studies represent the only known assessment of sediment transfer
activity at the front of rock glaciers, and strongly lack at providing detailed geomorphological analysis. They
illustrate how knowledge about that specific topic remains limited.
As a comparison, several publications present calculation of sediment yield derived from landslides (e.g. Korup et
al. 2004, Korup 2005, Schwab et al. 2008, Clapuyt et al. 2017). These studies highlight the role of landslides as
active sediment sources for torrents and propose strongly varying values of sediment yield. For instance, Korup
et al. (2004) calculated apparent erosion rates in the order of ca. 100’000-300’000 m3/y for large landsliding
masses located in the New Zealand Alps. These values report to large linear contact areas, ranging between 1
and 5 km and participating mainly to the sediment input into large river basins. Schwab et al. (2008) proposed
sediment yield values varying between 850 m3/y and 23’850 m3/y for a landslide located in the Swiss alpine
forelands and feeding the main river system through a capillary network of several channels frequently
recharged by the landslide activity. Both examples originating from landslide studies are difficult to relate to our
results, given the strong differences in size, movement mechanisms and material characteristics (finesediments). In addition, the connectivity of large landslides is generally complex, as more diffuse than for rock
glaciers (Korup 2005). However, they underline the role of landslides as active sediment sources, similarly to
what was observed here concerning rock glaciers. In addition, the values of sediment yields display an important
variability but remain in a similar range of values, even though commonly higher than the values of sediment
transfer calculated for fast moving rock glaciers characterized by smaller transit section (up to ca. 100 m) but
higher flow rates.

8.1.3. SIGNIFICANCE OF ROCK GLACIERS FOR CATCHMENT-SCALE TORRENTIAL ACTIVITY
The observed patterns of erosion and accumulation show for each of the three studied sites the presence of a
sediment storage zone in the upper gully very near the rock glacier fronts. We can thus assume that the erosion
activity occurring at the front of rock glaciers participates in most cases to recharge the torrential channels in
sediments in nearby areas. Torrents fed by active rock glaciers can therefore be considered as supply-limited as
the channel is only recharged gradually by the erosional activity at the front (e.g. Bovis and Jakob 1999).
Depending on the velocity rate, the recharge may however be rapid, as for instance at our study sites, and
ensure a certain level of sediment availability at an annual time scale.
Once lying in the channel or on the debris slope, the sediments are potentially available for torrential transport,
and therefore for the development of debris flows. If we follow the volumetric classification of debris flows
proposed by Jakob (2005) in the case of British Columbia (Canada), the orders of magnitude for annual sediment
supply by the rock glaciers calculated here correspond, if mobilized within one event, to the volumes of very
small and small (respectively class 1, <100 m3 and class 2, <1000 m3) to medium sized debris flows (class 3, 100010’000 m3). According to Jakob (2005), the potential consequences of debris flow sizes 1 and 2 are only localized
damages. These debris flow magnitudes are most of the time ignored from impact studies as they represent very
low hazards potential and are also difficult to record. Medium sized debris flows (size 3), however, are described
as destructive enough to deteriorate buildings, damage concrete bridge piers and block or damage highways and
railways. Most inventoried slope movements are characterized by relatively low annual sediment transfer rates,
in the orders of magnitude corresponding mainly to debris flows of class 1 and 2. Only few cases, including our
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study sites, transfer sediments at a rate which would allow the development of class 3 debris flows almost each
year. This classification justifies thus the choice for proposing debris flow runout simulations in the cases of the
more active sites, as they represents the highest potential for the development of relatively destructive debris
flow events. In addition, the sediment input from rock glaciers may be continuous over several years or decades
as long as the level of activity of the latter remains constant. If no remobilization events occur, the sediment
supply from the rock glacier front can lead in a few years to the progressive storage of larger amounts of rock
debris in the gully, which are then potentially available for the triggering of larger magnitude debris flows, as
long as enough water is available. As nicely highlighted by the present study, the availability of sediments in the
channel does not guarantee the occurrence of debris flow because other parameters mainly linked to water
availability are needed to mobilize the sediments. The occurrence of debris flows at the three studied rock
glaciers illustrates well the fact that the presence of a rapidly moving rock glacier connected to a torrential
channel does not necessarily imply high frequency and magnitude debris flow events. For example, at Dirru, the
dispersion of the sediments on the slope seems to currently lower the overall magnitude of debris flow events.
These events were in addition less frequent than in Gugla due to factors such as water availability and
topography (slope), which are at least as important as the presence of sediments in the gullies to explain the
debris flow susceptibility of the catchments. The best example is the case of Tsarmine, where only very smallsize debris flows were observed in the past decades (maximally up to a few hundred cubic meters) despite the
substantial sediment availability in the upper gully (14’500 m 3 accumulated in only 5 years). The sediment input
from the rock glacier only participates to the buildup of the important sediment storage area in the upper gully,
and factors such as the small size of the catchment area inducing a relatively low water availability or the
relatively coarse sediment size has prevented so far large debris flows from being triggered. Therefore, the
occurrence of debris flow events relies not only on sediment availability, but also on topography, sediment type
and water availability, emphasizing the importance of site specific investigations once such type of rock glacier
connected to the torrential network is identified.
Finally, it is important to mention that the rock glacier may not always be the only sediment source present in
the catchment. Therefore, the potential volumes of debris flows reaching the valley bottom do not only rely on
the sediment recharge rate from the rock glacier but also on the amounts of sediment which can be mobilized in
other areas of the catchments, as well as along the channel. The erosion of rock glacier fronts may sometimes
represents only a small portion of the sediment availability at the catchment scale and therefore proper debris
flow hazard assessment need to take into account all the components of the torrential catchment system. In two
different studies conducted in the Valais Alps, both Raymond Pralong et al. (2015) and Micheletti et al. (2016)
investigated the sediment export from bedload transport in torrential catchments characterized by the presence
of proglacial areas. They beneficiated from the presence of water intakes managed by hydropower companies
(Grande Dixence SA) facilitating measurements of accumulated sediment volumes and water discharge at the
intake locations. These two studies yielded results oscillating from a few tens of cubic meters per years to ca.
300 m3/y for annual bedload sediment export. In these torrential systems, rock debris are mainly transported
downward during flushes, i.e. the opening of the water intakes performed every now and then to lower the level
of sediments stored at the intakes. Micheletti et al. (2016) showed that the values of sediment export are
relatively low and reflect strongly the relatively poor level of connectivity within the catchments, especially
between both periglacial and proglacial areas and the catchment outlet. For comparison, Delaney et al. (2017)
calculated sediment export rates reaching up to 20’000 m3/year from a well-connected recently deglaciated
proglacial area located in the central Swiss Alps. Given the estimated values of high mountain catchments total
sediment export, sediment transfer rates from many rock glaciers can potentially represent substantial parts
(when > ca. 100-500 m3) in the total sediment availability of the concerned catchments as long as they really are
efficiently connected to the catchment outlet. These examples emphasize the role of connectivity in the
sediment export characterizing mountainous catchments. They also underline the relative character of
connectivity, depending on the time-scale and the distance between the sediment source and the targeted
storage and therefore highlight the importance of connectivity study such as developed in the present work.
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8.2.

Limitations in the sediment transfer assessment

8.2.1. EVALUATION OF THE RESEARCH METHODOLOGY
The limitations inherent to the methods used or developed in this thesis have already been considered at the
end of Chapter 5 (webcams), 6 (TLS) and 7 (inventory) respectively. The point here is to discuss the general
approach, especially concerning the investigation of the sediment transfer activity at the site specific scale, and
how it compares and complement the inventory method. At the site specific scale, mainly high temporal
resolution observation via in situ webcam images and multi-temporal DEM creation from TLS surveys were
implemented. We assume that the acquisition of multi-temporal DEMS from remote sensing represents the best
method to quantify surface changes and thus sediment transfer processes at the front of rock glaciers. It allows
remote data gathering with a high spatial representativeness and permits the study of spatially complex systems
with high resolutions (e.g. Lane et al. 1994, Brasington et al. 2003). The two main methods appeared to be
satisfyingly complementary, yielding respectively visual information at hourly time-scale, and quantitative data
at a bi-annual time scale. Webcam images were useful to document the generally short-term occurrence of
erosion and transfer processes and aided the interpretation of changes visually identified from the DEM
differencing. The combination of these two approaches allowed us to achieve our objectives and can be judged
as efficient in that sense. However, their performance in regard to the study purpose comprehends some issues
or limitations. Potential adaptations could also improve the investigation of some aspects of the sediment
transfer activity between rock glaciers and torrents and can therefore be discussed.
a)

Issues concerning spatial coverage and resolution

Both approaches suffer from the necessity to be deployed near, and with a good view on the investigated areas,
i.e. the front of the rock glaciers. These requisites are important but often challenging given the remoteness and
the complexity of the studied terrains. At our sites, the surfaces visible on webcam images are strongly differing
depending on the positions of each camera. Webcam images obtained at Dirru illustrate the limitations of such
approach in the absence of potential viewpoints at less than approximately 200 meters from the front. There,
only large scale erosion events could be identified and the monitoring of short-term and low-magnitude erosion
activity was only possible to a certain extent, limiting the level of detail in the observations compared to the
other sites. Important rock fall events or debris flows could still be observed at Dirru and nevertheless represent
very valuable targeted information observable from larger distance (> 500 m).
Considering survey distances, the long-ranged Riegl VZ®-6000 device used for this research offered a relatively
high flexibility, being able to acquire reliable point clouds at a (theoretical) distance of 6 km. However, the
resolution-difference between the DEMs produced at Tsarmine (from a distance of 2.7 to 3.8 km) compared to
DEMs obtained from closer range at Gugla and Dirru (between 220 and 480 m) yielded relatively significantly
lower quality data with higher potential errors (5 cm resolution at Gugla vs 20 cm at Tsarmine) especially
because coarse debris accumulations with high surface roughness require high point density to be correctly
represented in the interpolated DEM (e.g. Sailer et al. 2014).
In addition, the accessibility of good viewpoints represents an important limitation of both TLS and in situ
webcams data acquisition. The complex topography characterizing the studied environments, especially the
steep and narrow channels developing downward from Gugla and Tsarmine diminishes the possibilities to
observe the targeted areas. For that reason, several scan positions and webcams were generally used, to limit to
a maximum the presence of unseen or uncovered area. It however increases either the time needed for the
acquisition (TLS), or the cost if several webcams have to be deployed. In addition, the multiplication of
viewpoints is often not unlimited. Therefore, choices were made to privilege the coverage of the fronts and
usually led to a restricted inclusion of the torrential channels in both images and scans. As a consequence, the
size of the investigated areas differed between the sites, with for instance a restricted spatial coverage of the
gully at Gugla; a very good scope of the gully in the TLS scans at Tsarmine but a lack of visual information from
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the webcam for the lower part of the gully, and a relatively good overall view at Dirru, even though too far to
observe small erosion events from the images. The combination of the methods was thus particularly efficient to
survey the fronts, but was more limited for the investigation of reworking processes occurring in the upper
gullies.
b)

Issues concerning temporal resolution

The webcam images were acquired at a very high temporal resolution which allowed very detailed observation
of erosion processes and represented an efficient way to investigate the frequency of erosion processes
occurring almost every day, even several times a day during certain periods of the year. The identification of
events frequency was based on daily intervals for simplification and synthetizing reasons even if it could have
been done at a finer temporal resolution. Some processes such as superficial and concentrated flow often
happened during several consecutive hours, supporting the choice for a daily recording interval. We however
argue that acquiring one image every hour or every other hour represents the best temporal resolution
compared, for instance, to daily acquisitions. The increased number of images enhances the probability to have
at least one picture of good quality (without fog for example) and avoid having too many changes occurring
between pairs of images and limiting the possibility to identify single erosion events.
The temporal coverage of the bi-annual TLS surveys is relatively coarse but seems suitable for monitoring
purposes and thus to fulfil the objectives of this research. It brings for instance regular information about the
recharge level in the channel, which represents a valuable indication on sediment availability for debris flows.
However, it does not allow the quantification of single erosion processes for instance, nor the monitoring of
erosion rates at the seasonal scale. Nevertheless, increasing the number of scanning campaigns conducted each
year appears to be somehow difficult at the study sites for logistical, costs and field conditions (presence of snow
for half a year) reasons, not to mention the time needed for the post-processing of larger amounts of data. An
increased scanning frequency could however be easier to implement for study sites with better accessibility,
even at Tsarmine for instance. Field campaigns could also theoretically be organized to perform hourly scans
from one given position during a one-day period. Such a development would allow the quantification of single
erosion events to be performed, but was beyond the scope of the presented research.

8.2.2. ON THE DIFFICULTY TO QUANTIFY THE EROSION RATE AT THE FRONT
One of the main limitations concerning the study of the sediment transfer activity occurring between the front
of rock glaciers and torrential channels rely on the difficulty to achieve precise and reliable quantifications of
erosion rates. Aside from the potentially delicate interpretation of volumetric changes measured by DEM
differencing at the fronts and which is discussed in Chapter 6, estimating the contribution of the rock glacier
advance on volumetric changes remains the main challenge. It asks for data about (i) the size of the advancing
section and (ii) an accurate quantification of the movements affecting the frontal section, which remains
unresolved. The two method used in this thesis to quantify the volumetric equivalent of the rock glacier motion
at the fronts define the size of the advancing section differently, either by considering the section as a geometric
form whose area can be calculated knowing values of width and thickness, or by visually identifying the area
affected by the movement from pairs of hillshaded DEMs and DoDs. These two approaches are based on the
visual interpretation of spatial data and may deviate from the reality. We however argue that the latter method
represents the best option in the lack or the impossibility to get ground truth information. A clear slight volume
gain related to the rock glacier advance could be observed and delimited on at least onetime interval at each site
(e.g. Figure 8.3). In addition, the relatively good correspondence between the values obtained from the two
methods indicate that the very precise definition of the advancing section does not have a very significant
impact of the resulting calculated volume, at least for fast moving rock glaciers. Estimating accurately the
advance rate of the rock glacier also represents difficult task. Here, velocities measured at some point locations
on the rock glacier terminus were averaged to represent the surface advance of the front line. The velocity
decrease at the shear horizon was then approximated at 50%. Using such estimation simplifies the calculations
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Figure 8.3: 3D view of the terminal part of the Gugla rock glacier, with surface elevation changes calculated between the 25th
of June and the 10th of July 2013 indicated by the color code. On this image, the front appears in light blue (slight surface
elevation gain) and can be relatively precisely delimited.

but might not represent both lateral and vertical variations of velocities which may occur. For instance, works
with inclinometers placed in boreholes drilled within rock glaciers showed that the relation between depth and
velocity is not linear, and that the ratio between the velocities measured at the surface and at the shear horizon
varies between sites and even between boreholes on one site (e.g. Arenson et al. 2002, Buchli et al. 2012). In
addition, several studies highlighted a relatively large spatial variability of displacement rates on the surface of
rock glaciers (e.g. Kääb and Vollmer 2000, Kaufmann and Ladstädter 2003). A better representativeness of the
movements affecting the frontal slope could thus be improved by taking into account small-scale spatial
variations. If better distributed surface velocity values can be obtained for instance using feature tracking
techniques on multi-temporal aerial images or DEMs, estimations of the velocity decrease ratio at the shearhorizon remains problematic in the absence of boreholes measurements, which are both costly and not well
suited for fast moving terrains. These uncertainties concerning the estimation of the rock glacier advance, and
thus the quantification the erosion rate at the fronts are difficult to overcome. In addition, the relatively good
correspondence between results issued from the two different approaches used here seems to indicate that our
estimations are reliable.

8.2.3. POTENTIAL ALTERNATIVES AND IMPROVEMENTS
The main issues emerging from the applied methods are thus: (i) the limited spatial coverage of both webcam
images and TLS surveys, (ii) the relatively coarse resolution of the TLS survey when applied at long distance and
(iii) the low flexibility of TLS in terms of temporal resolution. These considerations lead to the questioning about
alternative data gathering procedures. This PhD thesis being oriented towards a process-understanding
approach, the investigation of different methods was not included into the objectives. Data were thus gathered
with the use of different methods whose careful and rigorous application yielded satisfying results. Therefore,
other types of data acquisition techniques were not investigated and are shortly discussed here.
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For instance, better spatial coverage of the whole front-gully system could be achieved by the help of airborne
and aerial remote sensing techniques (airborne LiDAR, airborne photogrammetry, UAV photogrammetry). Both
relatively coarse resolution (~50 cm and more) and high costs (even though relatively cheap possibilities
developed recently) limits the applicability of airborne surveys in the context of our study. They also often
require to operate via private companies which offer less flexibility concerning flights planning for instance. In
addition, the recent developments of UAV photogrammetry allow high resolution orthoimages and DEMs to be
obtained and would represent an interesting solution to overcome the issue of finding good viewpoints for
terrestrial surveys. However, some limitations exist in steep and complex mountainous topography and might
lower the interest of such a method compared to TLS. For instance, strong contrast in terms of luminosity lowers
the quality of the final orthoimage and DEM. As steep torrential gullies are often in the shade during day time,
images would need to be acquired at specific times, for instance before sunrise, depending on the specific
topography of each site. In addition, UAVs usually need some space to follow their planned flight route, which
might be difficult if steep rock walls are present in the area. Similarly, this implies that UAVs cannot perfectly
follow topography, resulting in lower resolution data at the bottom of steep gullies. Finally, wind and other
perturbations such as birds (oral communication, U. Morra di Cella) may occur and increase the difficulty for
data gathering (e.g. Dall’Asta et al. 2017). For these reasons, the use of both TLS and UAV photogrammetry are
characterized by limitations and issues and none is clearly more suited to the survey of erosion processes at the
front of rock glaciers. In addition, the use of UAVs still needs testing in such complex environments while TLS is
now relatively commonly used in high mountain (e.g. Kenner et al. 2013, Fisher et al. 2016). A comparison of the
respective performance of each method to produce DEMs at rock glacier fronts could however be of interest but
was not covered by the objectives of this research.
Concerning webcam images, the use of better quality cameras allowing the acquisition of images with higher
resolution could represent a solution to expand a little bit the maximal distance for the observation of small
scale erosion events, but probably not by much. This would increase in some cases the number of suitable
viewpoints on the area of interest. It may however encounter some technical problems related to the
installation of high quality camera in a high alpine setting where it is exposed to rough weather conditions (cold,
wet, windy), and sometimes limited battery supply. In that context, some recent developments are being made,
with the successful installation of higher resolution cameras to survey glacial, periglacial and gravitational
processes in mountainous terrain (e.g. Neyer 2016, Kenner et al. 2017). The progresses made in the quality of
webcam images, coupled with recent studies developing approaches of terrestrial photogrammetry and
structure-from-motion techniques for the acquisition of high resolution DEMs (e.g. Bodin and Trombotto 2015,
Piermattei et al. 2016) represent probably the more promising development for the study of short term
geomorphological changes in remote environments. It could theoretically open the possibilities to produce high
resolution DEMs from pairs of webcam images acquired at daily time intervals, and allow overcoming issues
related to the logistically complicated and time-consuming character of terrestrial measurements (TLS,
Terrestrial and UAV photogrammetry).
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9. Conclusion
9.1.

Synthesis

Sedimentary connection between active rock glaciers and torrential channels is relatively uncommon, at least in
the investigated region. Such connection occurs only in given topographical configurations where the rock
glacier is located near a torrential channel and is flowing towards it. In addition, the rock glacier terminus has to
be located on top of continuous steep slopes, allowing sediments to be transported on relatively far distances
(several tens of meters) and thus reach the torrential channel. The connectivity with the valley bottom can then
be ensured by the steepness and the morphology of the main channel.

REGIONAL SCALE INVENTORY
In the study region, only 6% of all catchments and interfluves are concerned by this type of connectivity, which
represent a large minority. In these catchments, orders of magnitudes ranging from 10 to 6500 m3/year
characterized the estimated sediment transfer between slope movements and torrential channels. The
sedimentary material is then expected to be available for torrential sediment transport processes such as debris
flows and may represent an important part of the overall amount of easily mobilized sediment in the concerned
torrents, depending on the cases.

EROSION PROCESSES AT THE FRONT OF ACTIVE ROCK GLACIERS
The investigations conducted in the frame of this thesis allowed characterizing better the erosion and sediment
transfer activity affecting the front of rock glaciers connected to torrential channels. Four types of erosion
processes could be identified from the analysis of quasi-continuous sequences of webcam images: rock fall,
debris slides, superficial flow and concentrated flow. The occurrence of erosion events related to these four
types of processes involved only sediments located within the active layer. No erosion of frozen sediments
(permafrost body) was observed at the three investigated sites. The main causes of erosion were either changes
to the rock glacier front slope angle due to deformational flow characterizing rock glaciers creep, or the increase
in moisture content of the rock debris constituting the fronts. Rock fall, debris slides, and superficial flow were
characterized by low-magnitude but relatively high-frequency, which varied between three main periods on an
annual basis: winter (November to March), melting (March to June) and summer (July to October). Winter was
characterized by a very low frequency of erosion events because the ground is usually entirely frozen. Rock
glaciers continue to creep forward in winter, steepening their frontal slopes. Most erosion events were observed
during the melting period in association with the increased front slope angle and water input from snowmelt,
active-layer thaw, and permafrost thaw. In summer, rock glacier movement induced gradual changes of the
front slope angle, which were usually balanced by rock falls. Occasional inputs of water from rainfall could
temporarily increase the frequency of erosion events. Groundwater emerging in the debris slope or at the front
of the rock glacier may cause significant regressive erosion (concentrated flow) and sometimes trigger debris
flows. Concentrated flow was generated by water inputs from intense snowmelt and/or heavy or repeated
rainfall, and was generally characterized by low-frequency (a few days per year) and relatively high-magnitude,
depending on local factors such as the potential for groundwater discharge.

THE SPECIFICITIES OF ROCK GLACIERS AS SEDIMENT SOURCES AND CONTROLLING FACTORS ON THE EROSION
The frequency-magnitude of these erosion processes related closely to both the presence of permafrost and the
rock glacier dynamic. The occurrence of frozen ground explains the lack of erosion during winter when the active
layer is frozen, and the high-frequency events during snowmelt and active-layer thaw due to the frequent supply
of water to the sediments lying on the frontal slope. During the 5 years of investigation, no observations
indicated that erosion, detachment or even collapse of parts of the permafrost body (frozen sediments)
occurred. Moreover, detachment and collapse of frozen debris was also absent at the Grabengufer rock glacier
even when the surface velocities exceeded momentarily 50 m/year during its strong destabilization phase of
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2009/2010. These evidences seem to indicate that the presence of permafrost also controls the magnitude of
the erosion events as it limits the volume of available thawed, erodible sediment. In addition, the rock glacier
dynamic generates instabilities on the frontal slope which allow a high frequency of small sediment
reorganization movements such as rock fall events. The progressive steepening between the front line and the
debris slope downstream during winter promotes high erosional activity during the melting season. The
magnitude of rock glacier movement controls the rate at which sediments are being renewed and set available
at the front. The erosion of the front is thus gradual in time due to the continuous movement of the landform.
Finally, relatively high variability of calculated erosion rate existed between the investigated sites, but also
temporally. This can be explained by the high number of influencing factors controlling the rates at which fronts
are being eroded, namely weather conditions, sediment type, spatial characteristics of water availability, the
front size, the velocity rate and the presence of permafrost. Within the time frame of this research (5 years),
variations of erosion rates occurring at the inter-annual or decadal scale could be mainly correlated to changes
in surface velocity, while seasonal to inter-annual changes mainly reflected variations of weather conditions.

THE LINK WITH TORRENTIAL SEDIMENT TRANSFER PROCESSES
In most cases, eroded sediments accumulated in the upper sectors of the gullies or on the slopes situated just
underneath the fronts. They led either to the formation or the recharge of a storage zone whose morphology
may strongly vary between sites, from concentrated accumulations located in a narrow gully to vast debris
slopes. These storage zones represented important sources for further sediment transfer, for instance by debris
flow. Sediment remobilization was however strongly dependent on water availability and occurred mostly when
important hydroclimatic events such as intense snowmelt or long-lasting and repeated rain fall events triggered
enhanced water release at spring locations, and may not occur at each site. Rock glaciers can thus transfer
important amounts of sediment towards torrential channels. They can be distinguished from non-active
sediment sources (non-moving sediment sources such as for instance morainic till, talus screes) by the
continuous renewal of the available sediments and should therefore be considered with a particular interest.
The impact of such type of active sediment source on the development of torrential processes can be highly
variable in time as the level of the channel recharge is constantly modified by the continuous erosion of the
front. The temporally variable rates at which sediments are being transferred renders estimations of available
volumes relatively complicated. In addition, the frequency-magnitude of debris flow remobilizing sediments is
also strongly varying between sites, depending on water availability and on the morphological characteristics of
the storage zone.

THE SIGNIFICANCE OF THE STUDY FOR THE MANAGEMENT OF TORRENTIAL CATCHMENTS
The identification of the catchments in which such type of active sediment input is present in a given region is
thus important in the perspective of torrential hazard assessment. In that context, the inventory method
designed in the frame of this research represents and interesting development and successfully highlighted 42
catchments in the study region. However, the strong variability observed in the functioning of the sediment
cascade segments at the three studied sites points out the importance of site specific surveys in order to better
evaluate sediment availability and magnitude-frequency of debris flows in the torrents. Both inventory and site
specific approaches are thus complementary, the former pointing out specific cases where the latter can be
launched if judged necessary. For the development of site specific investigations, we recommend both the
monitoring of surface velocities, which gives indications on the evolution of the transfer rate, and the
identification of potential water springs in the channel near the front, which indicate if important sediment
remobilization processes leading to debris flows may occur. In addition, the present study has proven that the
level of sediment recharge in the main channel represent a key information to estimate debris flow potential
magnitudes and can be assessed from repeated high resolution DEM acquisition. These site specific
investigations help to better estimate the sediment availability in concerned torrential systems and can thus aid
catchment managements.
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9.2.

Outlooks

The results yielded by the present study allow to satisfactorily evidence the functioning of sediment transfer at
all three studied sites. It also permitted to identify similar sites at a regional scale and answered thus the main
objectives of the thesis. However, several questions arise from the present work, while others were not directly
addressed here but are of interest in the general research topic. These questions represent open doors for
further research.

COMPLEMENTARY METHODOLOGICAL APPROACHES
One of these questions is already considered in the discussion and refers to the development of alternative or
complementary methodological approaches. As mentioned, the use of a combination of webcam images and TLS
surveys for the study of the sediment transfer at the front of active rock glaciers has several limitations,
especially in terms of spatial and temporal coverage. Their performance was judged satisfactory for the present
work but difficulties may appear for instance if no good viewpoints are accessible in the field. In addition, they
were limited to the upper parts of the torrential channels systems and could therefore be extended. For these
reasons, testing the performance of UAVs in these complex environments represents an interesting future
development. It would potentially allow to complement the findings of this thesis by offering a larger view on
the sediment cascade system. The acquisition of DEMs for shorter time spans would also be worth of interest to
study into more detail single erosion and transfer processes, are quantify pre- and post-debris flows topography
and thus better assess the volumes entrained by intense transfer events.

CONSIDERING CONNECTIVITY IN ROCK GLACIERS INVENTORIES
To our knowledge, the inventory methodology developed here is the first to specifically introduce the
connectivity as a valuable attribute for rock glaciers or landslides. Nevertheless, we argue that such information
is of particular interest in high mountain regions given the implication for the torrential hazards in the concerned
catchments. The approach developed in the frame of this study showed that relatively simple morphological
clues such as the proximity with the main torrent, the traces of fresh sediments in the channel or the landform
flow direction can be assessed from the visual analysis of aerial images and are sufficient to give first qualitative
connectivity values which can be then refined by more in-depth surveys. Therefore, we argue that a connectivity
assessment could be either implemented in future rock glaciers or moving landforms inventory, or developed
and added in areas where such inventory already exists. By doing so, the primarily information about the
connectivity is available for future more detailed investigations.

DEVELOPING THE STUDY OF LANDSLIDES LOCATED IN PERMAFROST ENVIRONMENTS
The developed inventory method was here applied for rock glaciers as well as for other moving landforms
located in periglacial environments, and in particular landslides. If the understanding of the sediment transfer
occurring between rock glaciers and torrents has been investigated in detail in the present work, numerous
questions remain for landslides. The main limitations lie in the estimation of erosion rates and are due to the
difficulty to define clearly the transit section in the absence of a well visible front. In addition, landslides located
in high mountain context are not necessarily composed by accumulated debris but may encompass relatively
large bedrock pieces. Their movement is also expected to be associated with slide planes that may occur at
relatively great depths (several tens of meters). In addition, knowledge about their dynamical behavior is up to
now very scarce as they have been substantially less studied than rock glaciers. For all these reasons, landslides
located in permafrost environments should represent the focus of future study projects. Research should also be
continued for rock glaciers, for instance to investigate the erosion affecting the fronts of pebbly rock glaciers,
which may be different than what was observed here about bouldery rock glaciers.
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CONSIDERING THE SPECIFIC ROLE OF ACTIVE ROCK GLACIERS AS SEDIMENT SOURCES IN TORRENTIAL HAZARD
ASSESSMENTS

Finally, this research aided to widen the knowledge about the role of rock glaciers or other moving landforms as
active sediment transfer agents feeding torrents with sediments. The information yielded here associated with
the (rare) previous studies addressing this topic should be taken into account in the future management of high
mountain torrential catchments. Identifying the presence of moving landforms connected to the channels
should be recognized as an important step in the assessment of sediment sources and the dynamical behavior of
such landforms leading to a continuous sediment supply to torrents must definitely be considered in debris flow
hazards assessments.
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Appendix I: DEMs of differences
DEMs of Differences for successive time
intervals at the three study sites
In addition, supplementary material (sequences of DoDs) can be downloaded here:
http://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/KummertMario_Thesis_Supplemen
tary_Material.zip
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Tsarmine
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Appendix II: Final inventory
List of all slope movements identified as
connected to the torrential network system
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Landform location :
coordinate lat/long (link)

Catchment name (class)

Valley

Landform type

Width
(m)

46°08′20.157″N 7°49′03.571″E

Bielzug 1 (A) - Gugla
Dorfbach 1 (A)
Grabengufer

Mattertal

Rock Glacier

100

Surface
Velocity
20072012
(m/y)
6

Mattertal

Rock Glacier

120

10

120

2

90
40
100
150
70
90
90
70
45
65
70
200
200
50
250
50
120
150
50
70
45
85
40
50
65
55
65
65
80
250
30
40
50
60
50
50
30
55
25
30
45
40
40
60
45
40
30
15
20

2.5
6
2
0.8
2
1
1
1.3
2.3
1
1.3
0.3
0.2
1.1
0.3
1
0.4
0.6
1.2
1
1
0.5
0.8
0.6
0.8
0.8
0.4
0.6
0.8
0.1
0.8
0.9
0.9
0.5
0.5
0.6
0.5
0.35
0.4
0.8
0.3
0.2
0.3
0.25
0.3
0.4
0.25
0.4
0.2

46°05′44.493″N 7°48′24.317″E

-

46°04′53.968″N 7°59′22.753″E

Furggbach 1 (B)

Saastal

46°06′54.290″N 7°36′39.761″E

Zinal – Bordon (B)
Geisstriftbach (A) - Dirru
T. de Viau (B) - Tsarmine
T. de Tracuit (B)
T. de la Maresse (A)
T. de Pétérey 1 (A)
T. de la Cassorte 1 (A)
Ritigraben (A)
Wildibach 1 (A)
Mittelberg (B)
GrosseGrabe 1 (A)
Evolène - La Niva (B)
T. de Perroc (B)
Triftbach (B)
Fallzug (A)
Rochers de Paris (B)
Furggbach 2 (B)
Bielzug 2 (A)
Schweibbach (A)
Täschbach 1 (B)
TeiffeGrabu (B)
T. de Pétérey 2 (A)
T. Perche 1 (A)
T. de Bajin (A)
Dorfbach 2 (A)
Eistbach (B)
T. de la Cassorte 2 (A)
Wildibach 2 (A)
Birchbach (B)
T. de Lourtier (B)
Rittmal (alpage) (B)
Feevispa (B)
Wanne (Mittelgrat) (B)
T. des Rousses (A)
T. de Gourga (B)
Täschgufer (B)
T. de la Roussette (B)
Mettelzug 1 (A)
T. Perche 2 (A)
Zmuttbach (B)
Mettelzug 2 (A)
T. de la Lire Rose (A)
Glacier de Zinal (B)
GrosseGrabe 2 (A)
Brandgrabe (A)
Friliwäng (B)
Täschbach 2 (B)
T. Perche 3 (A)
T. de la Croix (B)

Anniviers
Mattertal
Hérens
Anniviers
Hérens
Anniviers
Heremence
Mattertal
Mattertal
Mattertal
Mattertal
Hérens
Hérens
Saastal
Mattertal
Moiry
Saastal
Mattertal
Saastal
Mattertal
Saastal
Anniviers
Entremont
Heremence
Mattertal
Saastal
Heremence
Mattertal
Mattertal
Bagnes
Saastal
Saastal
Saastal
Heremence
Moiry
Mattertal
Hérens
Mattertal
Entremont
Mattertal
Mattertal
Bagnes
Anniviers
Mattertal
Saastal
Turtmanntal
Mattertal
Entremont
Entremont

46°07′19.369″N 7°48′57.528″E
46°02′46.809″N 7°30′23.357″E
46°08′02.134″N 7°39′27.034″E
46°04′28.453″N 7°27′31.966″E
46°08′04.645″N 7°39′22.758″E
46°01′50.165″N 7°25′40.280″E
46°10′31.108″N 7°50′54.776″E
46°04′52.797″N 7°48′26.533″E
46°09′17.273″N 7°49′18.031″E
46°09′03.438″N 7°49′11.546″E
46°06′09.681″N 7°28′03.929″E
46°02′39.486″N 7°30′13.940″E
46°07′58.834″N 7°58′35.434″E
46°08′06.966″N 7°48′52.402″E
46°07′50.230″N 7°35′12.477″E
46°04′53.342″N 7°59′31.450″E
46°08′36.906″N 7°49′16.229″E
46°09′49.139″N 7°52′39.588″E
46°03′59.615″N 7°50′12.454″E
46°09′04.058″N 7°57′06.774″E
46°08′01.203″N 7°38′53.482″E
45°53′33.998″N 7°13′16.624″E
46°07′01.595″N 7°25′05.028″E
46°05′40.743″N 7°48′44.838″E
46°10′55.014″N 7°52′41.610″E
46°01′52.600″N 7°25′35.249″E
46°05′02.462″N 7°48′35.990″E
46°06′32.301″N 7°49′19.883″E
46°03′56.940″N 7°16′58.726″E
46°09′02.935″N 7°57′07.229″E
46°05′08.485″N 7°55′13.850″E
46°03′14.201″N 7°58′45.830″E
46°02′39.180″N 7°25′10.707″E
46°06′12.703″N 7°35′52.740″E
46°04′32.791″N 7°48′16.245″E
46°01′15.807″N 7°29′49.604″E
46°03′37.228″N 7°44′52.098″E
45°53′31.553″N 7°13′01.756″E
45°59′34.321″N 7°40′36.284″E
46°03′30.677″N 7°44′52.945″E
45°58′09.782″N 7°22′29.799″E
46°04′57.149″N 7°38′33.517″E
46°09′08.255″N 7°49′02.600″E
46°05′20.322″N 7°56′41.610″E
46°10′09.054″N 7°40′21.932″E
46°04′06.127″N 7°48′54.488″E
45°53′34.094″N 7°13′15.853″E
45°57′15.099″N 7°14′33.805″E

Rock
Glacier/Landslide
Landslide
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Landslide
Landslide
Rock Glacier
Landslide
Rock Glacier
Landslide
Landslide
Rock Glacier
Push-Moraine
Rock Glacier
Landslide
Rock Glacier
Rock Glacier
Landslide
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Landslide
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Landslide
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Rock Glacier
Push-Moraine
Rock Glacier
Landslide
Rock Glacier
Landslide
Landslide
Rock Glacier
Push-Moraine

Velocity
InSAR
(20082012)

Thickness
(m)

Transit
section
(m2)

Sediment
transfer
rate
(m2/y)

Sediment
transfer
rate (class)
(m2/y)

cm/d
cm/d

18

1440
768

6480

>1500

5760

>1500

2160

>1500

2025
1872
1800
1440
1260
1080
810
710
621
585
546
540
480
462
450
450
432
432
432
420
405
383
288
270
250
238
234
234
230
225
216
194
189
180
150
144
135
92
90
86
81
72
72
63
49
48
27
22
7

>1500
>1500
>1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
500-1500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
100-500
0-100
0-100
0-100
0-100
0-100
0-100
0-100
0-100
0-100
0-100
0-100
0-100

dm/m
dm/m
cm/d
cm/d
dm/m
cm/d
dm/m
cm/d
dm/m
cm/d
cm/d
cm/d
dm/m
cm/m
dm/m
cm/m
cm/d
cm/m
cm/m
dm/m
dm/m
dm/m
dm/m
dm/m
cm/m
dm/m
cm/m
dm/m
dm/m
dm/m
cm/m
dm/m
dm/m
dm/m
dm/m
dm/m
dm/m
dm/m
cm/m
dm/m
dm/m
cm/m
dm/m
cm/m
cm/m
cm/m
cm/m
cm/m
dm/m
dm/m

8
15
15
13
15
20
15
20
15
13
10
15
10
15
20
14
10
15
15
8
12
10
15
15
15
15
8
9
15
10
6
15
15
9
7
10
10
8
15
8
10
6
10
15
10
7
6
5
6
6
3

1440
1080
416
1200
2400
840
1440
1080
728
360
780
560
2400
3200
560
2000
600
1440
960
480
560
540
1020
480
600
416
396
780
520
384
3000
360
288
280
480
400
320
360
352
200
144
360
480
320
336
216
160
144
72
48
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Appendix III : Debris flow runout simulations
Results from the debris flow runout
simulations
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Bielzug (Gugla) – Mattertal
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Dorfbach (Grabegufer) – Mattertal
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Abstract
When connected to torrential channels, the fronts of active rock glaciers constitute important
sediment sources for gravitational transfer processes. In this study, a 2013–16 time series of in
situ webcam images from the western Swiss Alps was analyzed to characterize the erosion processes responsible for sediment transfer at the front of three rapidly moving rock glaciers and
their temporal behavior. The main erosion processes comprised rock fall, debris slide, superficial
flow and concentrated flow. These processes were induced by (i) changes of the frontal slope
angle produced by rock glacier advance, and (ii) increases in water content of the sediments at
the rock glacier front due to melt processes and rainfall. Erosion almost ceased during winter,
when the front was frozen and snow‐covered. The onset of snowmelt triggered an active period
of high‐frequency erosion events. After the melt period, sediment transfer continued as occasional rock falls, while other erosion processes occurred only during or following rainfall events.
Intense regressive erosion phases that triggered debris flows were rare and occurred when
enhanced snowmelt and/or recurring rainfall induced substantial groundwater flow on the debris
slopes directly below the rock glacier fronts.
KEY W ORDS

debris flow, erosion processes, rock glacier, sediment transfer, temporal variability
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I N T RO D U CT I O N

downslope may have increased substantially, potentially affecting the
sediment transfer rate within the sediment cascade.

Rock glaciers on mountain slopes can constitute a significant source of

The sediment supply from the upper part of mountainous water-

loose debris available for gravitational transfer processes within the

sheds strongly influences the development of torrential hazards but

sediment cascade.1 The efficiency of the transport defines the level

its study is commonly neglected.10 There is a general lack of informa-

of connectivity between the different compartments of the cascade

tion about erosion processes in the upper sections of torrential catch-

(eg, 2) and strongly relies on both the presence of uninterrupted steep

ments, as hazard assessment is often limited to observations on the

slopes and channels guiding the sediments downslope, and the avail-

alluvial fans where most infrastructure is located (eg, 11,12). Identifying

ability of unconsolidated sediments. Debris delivered to the rock gla-

sediment storage and active debris inputs in the headwaters of high

cier front can be mobilized further downslope, mainly via rock falls,

alpine catchments is essential to assess the magnitude and frequency

surface runoff and debris flows. As many rock glaciers have acceler-

of debris flow events (eg, 13–15). Along with the quantification of sed-

ated considerably in recent decades—for example in the European Alps

iment fluxes16, understanding what controls erosion from the main

(eg,

3–6

7

), the Brooks Range in northern Alaska and the Kazakh and
—the availability of unconsolidated sediments

8,9

Kyrgyz Tien Shan

sediment sources is the key to estimate sediment budgets17 and to
identify debris flow scenarios.18
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Together with other sediment sources (eg, moraines, talus slopes

The present study aims to (i) identify and classify the processes that

and weathering accumulations), rock glaciers can occur in catchments

erode rock glacier fronts that are efficiently connected to torrential

located in mountainous periglacial terrain. In the case of a rock glacier

gullies or steep slopes, (ii) investigate the temporal variability of their

advancing over gently inclined terrain, the sediments mobilized from

dynamics and (iii) identify their controlling factors. For this, an extensive

the front by gravity accumulate at its foot, creating a small talus slope

database of in situ webcam images has been collected for three study

19–21

that is soon overridden by the rock glacier.

As a result, a stiff

sites located in the Swiss Alps. Images from January 2013 to December

blocky layer forms at the base of the deforming ice‐rich permafrost

2016 were qualitatively analyzed and interpreted to reveal both the

22

) and the sediments cannot be mobilized further downslope by

types and the temporal behaviors of erosion processes occurring at

debris flows or other gravitational processes (type A on Figure 1). Thus,

the front of the rock glaciers and within the uppermost part of their

(eg,

23–25

rock glaciers of type A represent traps in the sediment cascade

, as

connected torrential systems (“area of interest” on Figure 1).

there is no sediment connectivity with further down the slope. In contrast, an efficient connectivity occurs when the front of an active rock
glacier reaches a torrential channel or a steep, often convex slope (type

2

STUDY SITES

|

B on Figure 1). The sediments eroded from such a rock glacier front
create what we define here as a debris slope, ie, a relatively large depo-

The three investigated rock glaciers (Dirru, Gugla and Tsarmine) are

sitional area consisting of a mixture of fine to coarse rock debris

located in the southwestern Swiss Alps (Figure 3). They all face west, with

(Figure 1), where sediments can be remobilized later, for instance by

a terminus developing over a steep convex slope and dominating a torren-

debris flows. For the largest boulders, a rock fall with travel distance

tial gully, allowing an efficient sediment connectivity with torrents. The

of tens to hundreds of meters may even be triggered directly from

adjacent torrential channels collect water from contributing areas of

the rock glacier front (Figure 2). Although type B rock glaciers appear

0.11 km2 at Dirru, 0.64 km2 at Gugla and 0.27 km2 at Tsarmine. None

to be less frequent than type A ones21, several examples of the former

of the three sites displays an organized surface runoff network upslope

). However, few

from the rock glacier front. Along with their topographical setting, the

studies have focused on the erosion of the front of active rock glaciers

rock glaciers were selected because of their high current flow rate, favor-

have been observed in the European Alps (eg,

26,27

for type B) or on the relation between rock gla-

ing a substantial sediment transfer between the fronts and the torrential

ciers and debris flow occurrence (eg, 26,31). To our knowledge, no study

gullies, and thus allowing observations to be made within only a few

has detailed the processes eroding rock glacier fronts, their temporal

years. During the documented period (January 2013 to December

behavior and their controlling factors.

2016), each rock glacier was characterized by mean displacement rate

(

28,29

for type A; and

30

of several meters per year (m/y) (Figure 4). In addition, webcam images
showed that the position of the respective front lines, ie, the erosion border of the rock glacier surface (Figure 1), did not change much during the
study period, while the total movements of the rock glaciers are estimated
to have reached approximately 28 m at Dirru, 18 to 53 m at Gugla (18 m
for the northern front and 53 m for the southern front) and 17 m at
Tsarmine. Therefore, the advance of the three rock glaciers must have
been balanced approximately by erosion of their fronts.

2.1

|

Dirru

The Dirru rock glacier (46.12° N, 7.81° E) is located in the Mattertal
valley (Figure 3). The elevation of the active tongue ranges from
3000 to 2530 m a.s.l. The lower half of the tongue is more than
350 m long and about 50 m wide. The front is located approximately
150 m upslope on the southern side of the Geisstriftbach torrential
channel. The disrupted snow cover observed at a specific horizon of
the front in winter indicates the presence of one main shear horizon,
ie, the horizon where most of the deformation occurs32, located
~15 m below the front line. During the past 10 years, the terminal part
of the rock glacier tongue has moved continuously at an annual velocity of ~6–8 m/y.27 The bedrock source of the rock glacier is mainly
FIGURE 1

Two scenarios that schematically show the connectivity
between an active rock glacier and the downward slope. A—No
connectivity: The sediments are stored at the foot of the front and will
be overridden by the advancing rock glacier; B—Efficient connectivity:
The sediments are leaving the rock glacier system. The area of interest
corresponds to the front and—at least—the upper part of the adjacent
debris slope [Colour figure can be viewed at wileyonlinelibrary.com]

composed of mica‐rich gneisses and schists.33 The latter consists of a
heterogeneous mix of coarse debris, including boulders of up to several cubic meters and a substantial amount of fine‐grained sediments
(heavily weathered debris) that are particularly visible at the front.
Around 1995, a large erosion niche (~230 m long, 35 m wide and up
to 20 m deep) developed downslope from the front, strongly

KUMMERT
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FIGURE 2

Images of long travel distance rock fall events triggered from the front of the Tsarmine rock glacier in July 2015 (left) and from the front
of the Grabengufer rock glacier (Mattertal, Switzerland) in June 2009 (right). Both falling boulders exceeded 10 m3 in volume and traveled several
hundred meters downslope [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3

Images of the three study sites indicating the rock glacier outlines (white dashed lines), their front lines (white dotted lines), the location
of in situ webcams (black and white dots) and examples of webcam images [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Time series of annual three‐
dimensional surface velocities of the terminal
parts the three rock glaciers, measured by
differential global navigation satellite system
(dGNSS) since 2007 (average of n selected
markers). The two sets of curves displayed for
the Gugla rock glacier represent the velocities
of the northern and the southern part of the
front, respectively. The two crosses
correspond to the fall of marked boulders on
both parts of the front

enhancing the connectivity between the rock glacier and the torrential

structure of gneiss boulders up to several cubic meters in size. A matrix

channel. The niche has been progressively infilled by debris supplied by

of finer sediments—apparently coarser than at the two other sites—is

the rock glacier since then. Small debris flows reaching the

visible at the front, and probably underlies the openwork structure.

Geisstriftbach main channel were triggered in the niche during the

The main shear horizon is approximately 15 m below the front line

snow melt season in June 2013, 2014 and 2016.

according to webcam images in winter (Figure 5). The rock glacier ends
on the top of a deep torrential gully where debris has accumulated since

2.2

|

Gugla

at least 1946 (oldest available aerial photograph). During the last 5 years,
the annual rock glacier velocity has continuously accelerated from

The Gugla (also named Gugla‐Bielzug or Breithorn) rock glacier (46.13°

about 1 m/y in 2011 to more than 5 m/y in 2016 (Figure 4).6 No evi-

N, 7.81° E) is located about 2 km north of the Dirru rock glacier, on the

dence of debris flow triggered from the front or adjacent debris slope

same valley flank (Figure 3). The geological setting is very similar to

and reaching the main valley has been observed since 1946.

Dirru but the morphology, the topographical setting and the dynamics
differ. Gugla has a tongue‐shaped morphology and flows toward the
west in a small valley between the Breithorn summit on the north side

3
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METHODS

(3178 m a.s.l.) and the Gugla summit on the south (3377 m a.s.l.). The
tongue is about 450 m long and 100 m wide, and ranges in elevation

The erosion processes linking the front of the rock glaciers to the adja-

between 2820 and 2600 m a.s.l. The terminal section of the rock gla-

cent debris slopes were characterized from year‐round time series of

cier can be divided into a southern part, which is steeper, thicker

webcam images obtained from January 2013 to December 2016,

(20–30 m) and contains several superimposed shear horizons (the

complemented by some direct in situ observations. The approach relies

disrupted snow cover observed on webcam images from winter

on (i) acquiring a time series of images and (ii) visually identifying ero-

2011/12 and 2012/13 indicated three superimposed shear horizons);

sion processes from them.

and a northern part, less steep with apparently only one shear horizon

The three sites were equipped with one or two Mobotix (M12,

located about 15 m below the front line. Since 2008 at least, the sur-

M15 or M24) webcams. Each webcam ran autonomously on a bat-

face velocities have been continuously faster on the southern part (~

tery powered by a solar panel. Images with a resolution of about

10 m/y) than on the northern part (~ 4 m/y; Figure 4).27 Both parts flow

3 megapixels (2048 × 1536 pixels) were taken at hourly intervals

directly into the Bielzug torrential gully, supplying it with rock debris.

during daylight, occasionally at 15‐min intervals during highly active

Such efficient sediment connectivity has been continuously active

periods (eg, during intense snowmelt). The images were sent via a

since at least 1930 (as observed on aerial photographs). Each year from
2012 to 2016, one to several debris flows triggered from an area immediately downslope from the rock glacier front reached the main valley
close to the village of Herbriggen (St Niklaus, VS). The volumes involved
ranged from 500 to more than 5000 m3 per event.18

2.3

|

Tsarmine

The Tsarmine rock glacier is located about 25 km west of the two other
sites (46.04° N, 7.50° E), in the Val d'Arolla (Figure 3). It is tongue‐
shaped, about 450 m long, 100 m wide and ranges in elevation between
2680 and 2460 m a.s.l. The rock glacier surface has an openwork

FIGURE 5

Webcam image showing lightly disrupted winter snow
cover (arrows) that indicates the presence of the main shear horizon
at the front of the Tsarmine rock glacier (webcam16, January 22 2017)

KUMMERT
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GSM (Global System for Mobile Communication) internet connec-

two or more consecutive images, changes such as the loss or move-

tion to a server where the data were stored and accessible. The

ment of rock debris at the surface of the front were identified as ero-

webcam system allowed remote live access but did not permit recording

sion events and attributed to an erosion process, as illustrated in

of movies. The first camera was installed in 2009 in Tsarmine and the

Figure 6. The high frequency of image acquisition also allowed moni-

last in 2015 there. Webcam characteristics are detailed in Table 1, and

toring of erosion events through time. Although some images could

image examples for each webcam are shown in Figure 3.

not be analyzed due to poor weather conditions (especially fog) and

Installation of cameras is often challenging in steep and remote

some images were missing because of technical issues (eg, low bat-

environments. The location must allow the camera to have a good con-

tery), almost the whole study period was covered for each site by sev-

nection to a GSM signal for the data to be regularly sent to the server,

eral images taken every day by at least one webcam (Table 1). The

and the solar panel must receive enough sunlight to charge the battery.

information collected was stored in tables where each observed change

The location must also be safe from rock falls and avalanches. The cam-

at the surface of the front of the rock glacier was recorded with its date

era should be close enough to the rock glacier front to provide images

and associated with a type of erosion process. For each day of the study

with a resolution sufficient to detect erosion events of small scale (<

period, additional information such as general weather conditions (ie,

3

ca 3 m ). At Gugla and Tsarmine, one webcam was installed near the

rainfall, snowfall, sun, clouds) or the characteristics of the snow cover at

rock glacier front (cam07 at Gugla, cam01 at Tsarmine; Table 1) to visu-

the surface of the front (ie, full snow cover, partial snow cover, snow‐free)

alize the general movement there. These webcams provided a good

was also inferred from the images and recorded in the database.

view on the erosion processes at the front but did not cover the entire
area of interest. Therefore, additional webcams were installed later to

4

RESULTS

|

view the debris slope adjacent to the rock glacier fronts (cam14 was
installed in June 2013 at Gugla and cam16 in May 2015 at Tsarmine).
At Dirru, the lack of suitable positions led to only one webcam being

4.1

|

Erosion processes

installed quite far from the rock glacier front, which offered a good gen-

Four different types of events were detected from the images, based

eral view of the area of interest but not of small‐scale erosion processes.

on categories of erosion processes (eg,

Geomorphological information was extracted from the image
series by examining them visually and stored in a database. Between
TABLE 1

34,35

), namely rock fall, debris

slide (without rupture), widespread superficial flow and concentrated
flow (including debris flows).

Webcams and images characteristics

Site

Name

Date of
installation

Number of images
(01.01.2013–31.12.2016)

Distance to the
front line (m)

Focal length
(mm)

Covered area

Dirru

Cam08

01.07.2011

17 636

407

65

Rock glacier back, front and debris slope

Gugla

Cam07
Cam14

28.06.2011
13.07.2013

16 874
17 125

152
387

32
32

Rock glacier back and front
Rock glacier front and debris slope

Tsarmine

Cam01
Cam16

15.10.2009
07.05.2015

16 819
9911

78
172

43
38

Rock glacier back and front
Rock glacier front and debris slope

FIGURE 6

Webcam images showing evidence of erosion (arrows) at the front of Gugla rock glacier between June 17 2013 (left) and June 18 2013
(right). Deep incision due to concentrated flow is indicated by the two large red arrows and by the red dotted line on the right‐hand image. The
smaller red arrows point to more localized areas where smaller changes can be detected between the two images, mainly related to small rock falls
(two arrows close to the front line) and to the accumulation of debris eroded from the front (lower small arrow) [Colour figure can be viewed at
wileyonlinelibrary.com]
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Rock fall consisted of the fall of one or a few boulders from the

at least part of the front. Initiation of these three processes was

rock glacier front, and was the most common erosional process

restricted to the rock glacier front (up to the front line). They were

observed. On the image series, rock fall events were detected when

most frequent between May and June, when the front was snow‐

boulders moved from their initial location (Figure 6), while no other

free but snowmelt was still active further upslope. Concentrated

notable changes affected the surrounding area. Some missing boulders

flow events were associated with intense snowmelt in the upslope

could be identified downslope in the images. The fall of smaller debris

catchment, sometimes coinciding with heavy or repeated rainfall.

(< ca 30 cm in diameter) was usually not recorded because the associ-

They were triggered either on the debris slope downstream of

ated morphological changes could not be detected. The fall or collapse

the rock glacier front or on the front itself, depending on the loca-

of parts of the permafrost body (frozen debris) was not observed.

tion of water springs.

Debris slide consisted of the translational downward motion of a

The frequency of all processes tended to decrease gradually from the

restricted mass of debris (ca 3–30 m3) in the unfrozen superficial layer

beginning of July until autumn. In July and August, rock fall was the most

of the rock glacier front. Sliding events were characterized by the

frequent process, and its occurrence was not necessarily associated with

absence of rupture or fall and were usually traceable on several con-

rainfall. Debris slides and widespread superficial flow events occurred

secutive images and often over several days. Debris slides commonly

more sporadically between July and October than during snowmelt and

led to a single or multiple ruptures, which then sometimes triggered

were usually associated with rainfall events. Concentrated flow events

localized rock falls. Many slides were therefore associated with rock

were rare during summer and autumn and required heavy or repeated

fall activity, but rock fall events were not necessarily preceded by a

rainfall. In autumn, the frequency of erosion events decreased substan-

slide. Sliding of frozen debris (permafrost) was not observed.

tially as no heavy rainfall occurred. Erosion event initiation almost

Widespread superficial flow was associated with low‐discharge
water circulation at the surface or within the top few decimeters of

completely ceased with the refreezing of the active layer and the establishment of winter snow cover, generally in October or November.

the rock glacier front and downstream debris slope. It was typically
an areal process (unconcentrated wash), but did sometimes lead to
the development of small linear erosional features, such as rill wash

5

INTERPRETATION

|

and small mudflows. Superficial flow events were identified by a wet
ground surface (during snowmelt or rainfall), and were commonly associated with the small movement of debris over the entire surface of the

5.1

|

Causes of the erosion processes

rock glacier front. In addition, water temporarily flowing on the surface

Two main causes of erosion can be highlighted based on the timing and

of the front and the downstream debris slope was commonly identified

physical characteristics of each process: (i) rock glacier advance and (ii)

by the presence of small superficial mudflows (Figure 7: 1a, 2a and 3a).

water inputs (Figure 9). The rock glacier movement, characterized by a

Concentrated flow was exclusively associated with significant linear

higher displacement rate at the surface than at depth (deformational

erosion. It was characterized by both greater water input and incision

flow), causes the frontal slope to steepen, which increases the shear

than superficial flow, mobilizing up to several hundred cubic meters of

stress on the sediment particles reposing on the front. When a certain

material, mainly from the debris slope downstream of the rock glacier

threshold is passed, the rock particles which are not cemented by ice

front. Concentrated flow events always related to the occurrence of

begin to reorganize by gravity.35 This action causes individual or cas-

water springs, which were commonly easy to detect (Figure 7: 1b, 2b

cading gravitational movements in the form of isolated rock falls, which

and 3b). When discharge was high enough to mobilize large amounts of

usually occur randomly in space and time. The increasing ice content

sediment, concentrated flow could lead to the occurrence of debris flows.

resulting from the active‐layer freezing in late autumn and winter most

Such events were triggered on the rock glacier fronts or on the adjacent

likely cements the rock particles and therefore essentially prevents rock

debris slopes and some traveled for several kilometers.

falls during the cold season, even though the rock glacier still moves.
The decrease in cohesive strength between rock particles, which

4.2

|

Temporal occurrence of the processes

relates to the second main cause of erosion, can be triggered by water
input from (i) rainfall and/or snowmelt on the rock glacier front, (ii) thaw

The temporal resolution of the observations allowed the seasonal

of the active layer or upper permafrost, or (iii) lateral groundwater flow

behaviors of the four main erosion processes at Dirru, Gugla and

in saturated or unsaturated horizons. In the two first cases, the ground

Tsarmine to be assessed (Figure 8). Temporal patterns of the different

humidification is commonly shallow and mainly results in the occurrence

processes were similar for each site, though slight differences in timing

of rock falls, debris slides and widespread superficial flow events. Mud-

occurred between some years and sites.

flows may also be generated. Conversely to rock falls, debris slides and

Generally, erosion events did not occur when the rock glacier

superficial flow events affect larger areas on the frontal slope and occur

front was covered by snow (Figure 8). Only a few rock fall events

only when water is added. Subsurface saturation of the ground by shallow

were observed when snow cover was present, mostly in winter

(suprapermafrost) or deeper (intra‐ or subpermafrost) groundwater flow

2015/16 and December 2016. Erosion events were more fre-

can initiate water springs at the surface of the rock glacier front or on

quently observed once snow cover began to melt in March or April.

the debris slope downstream (Figure 7: 1b, 2b and 3b). The consecutive

Initially, rock falls and debris slides involving small amounts of sed-

concentrated flow commonly triggers linear regressive erosion, beginning

iments were more common. Widespread superficial flow began

downstream from the outflow locations. Depending on the total dis-

later, typically in late April or May, once the snow had melted from

charge and the location of the activated water spring, the regressive

KUMMERT
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FIGURE 7 Webcam images showing examples of erosional activity resulting from water flow at the front of Dirru (top), Gugla (middle) and
Tsarmine rock glaciers (bottom). Mudflows due to superficial flow (yellow arrows) are shown in 1a for Dirru (webcam08, may 11 2015), 2a for
Gugla (webcam14, may 20 2014) and 3a for Tsarmine (webcam16, June 3 2015). Water springs generating concentrated flow erosion (red arrows)
are shown in 1b for Dirru (webcam08, June 10 2014), 2b for Gugla (webcam14, June 23 2016) and 3b for Tsarmine (webcam16, June 24 2016)

erosion can mobilize large volumes of sediment and ascend to the rock

can be separated into three main periods: winter, melting, and summer

glacier

(Figures 8–10).

front

(see

video

at

http://www.youtube.com/watch?v=

0k8OYEvHD_Y), where it may be constrained by the exposure of resistant frozen ground (permafrost). At the three sites, the initiation of con-

1. During winter (roughly from November to March), when the

centrated flow events required specific weather conditions that

active layer was entirely frozen and the front was covered by

provided adequate water infiltration rates into the ground upslope of

snow, very few erosion events were observed. Some rock falls

the rock glacier fronts. Such conditions occurred relatively infrequently

were detected, however, for instance during winter 2016, at all

and resulted from intense snowmelt phases at the catchment scale, heavy

three sites. These may be explained by the lack of snow between

or recurring rainfall, or both.

December 2015 and February 2016, which exposed the surface
to direct solar radiation in the afternoon. Superficial thaw could

5.2 | General erosional behavior during an annual
cycle

therefore have occurred on the fronts, facilitating small rock fall
events. Rapid rock glacier movement may also enhance rock fall
activity during winter. When rock glaciers move faster than 10

During an annual cycle, the timing of erosion events was similar at all

or 20 m/y, as recorded during the 2008–11 destabilization phase

three study sites. The erosion activity at the front of rock glaciers

affecting the Grabengufer rock glacier in Mattertal, Switzerland,
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FIGURE 8

Summary of the timing of erosion processes at the front of Dirru, Gugla and Tsarmine rock glaciers for the years 2014–16. Debris slides
and superficial flow events are associated in one line as they shared similar triggering conditions. Information about the snow cover on the front of
the rock glacier (horizontal light grey lines) and the interpreted occurrence of rainfall events (vertical dark grey lines) are indicated. Different colors
divide each year into three main periods differing in terms of erosion activity: Winter (blue), melting (yellow to red) and summer (green). Periods
with no data are due to technical issues at Dirru and Gugla, and the absence of webcam from which the debris slope could be observed before 2015
in Tsarmine
rock fall activity may occur through the cold season (Figure 11).27

only by a thin layer of debris. Continuous adjustment of the perma-

Nevertheless, sediment erosion activity in winter can typically be

frost table occurs on the rock glacier front, and permafrost thaw

considered negligible. However, the rock glacier still advances in

contributes to the initiation of further frequent but low‐intensity

winter, even when no erosion occurs, moving significant volumes

erosion events, which lead to a progressive decrease of the slope

of material forward and increasing the slope angle between the

angle between the front line and the debris slope. In addition, when

front line and the debris slope below.

snowmelt affects the whole catchment area (usually in June), sub-

2. The transitional melting period (between March and June) began

stantial water infiltration rate may increase the discharge at the

with the onset of snowmelt on the rock glacier. During this period,

water springs and trigger concentrated flow events, usually charac-

erosion activity rapidly increased in response to both the steeper

terized by larger erosion volumes. The timing, duration and inten-

frontal slope (favoring gravitational instabilities) and the input of

sity of the melting period varied from year to year but typically

water, first from snowmelt and active‐layer thaw, and later from

lasted several weeks between late March and late June (sometimes

permafrost thaw. In the early melting period (March–May; Figure

even early July). For all sites in all years, the highest erosion activity

10), snowmelt and the active‐layer thaw mainly triggered rock falls,

was in the melting period, due to the increased and unbalanced

rock slides and widespread superficial flow. Later (May–June,

slope angle and availability of water inputs.

Figure 10), the removal of debris on the rock glacier front may

3. During summer (roughly from July to October), the active‐layer

expose the permafrost table at the surface or leave it protected

usually continued to deepen, but at a lower rate than earlier in
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FIGURE 9

Summary of erosion processes in relation to their cause, type, timing and intensity during the three main periods (colors and circle). The
graphs on the right show the timing and intensity of the different processes and summarize information gathered from all sites for all documented
years
the season. The gradual changes in the frontal slope geometry

groundwater flow discharge must have been intense enough to induce

induced by the rock glacier advance are directly balanced by

a major increase in water content within the sediments on the debris

erosion events (mainly rock fall). Hence, the slope angle

slope downstream from the rock glacier front. Such conditions only

between the front line and the debris slope remains almost

developed when intense snowmelt affected a large part of the catch-

unchanged over summer. In general, the frequency of erosion

ment area, during substantial or repeated rainfall over a period of up

events decreases gradually until the ground freezes again in

to a few days, or a combination of both. In the latter case, the amount

October or November. Rainfall is the main source of ground

of rainwater necessary to trigger a major debris flow was less impor-

moisture and can temporarily increase erosion intensity via

tant, because the debris had already been wetted from snowmelt.

widespread superficial flow, debris slides and rock falls. Heavy

Small differences in the timing or frequency of erosion events

or recurring rainfall events may allow sufficient water infiltra-

existed between the sites, mostly related to weather conditions con-

tion to episodically reactivate or increase the discharge of local

trolling rainfall and snowmelt, which can be highly variable in space.

water springs and trigger high‐magnitude regressive erosion

For example, thunderstorms may affect very small areas, whereas

events (concentrated flow).

snow cover development can differ at a local and regional scale
depending on wind exposure and location within the mountain range.
Other parameters such as the material erodibility on the frontal slope
also play a role. Erosion from widespread superficial flow was more

6

|

DISCUSSION

frequently observed at Gugla and Dirru than at Tsarmine because their
fronts contain finer sediments, favoring the development of small

6.1 | Differences between the sites and controlling
factors.

mudflows. In addition, the occurrence of debris flows was always

The most frequently observed erosion mechanism at all sites was rock

location of water springs influenced the occurrence of concentrated

fall, followed by debris slide and superficial flow, which require wet

flow. These local variations explain some of the differences observed

conditions near the ground surface. All three processes were observed

between sites, such as the frequency and magnitude of debris flows.

each year at all study sites and usually involved the transfer of small

At Tsarmine, there was only one visible spring close to the front

amounts of sediments per event (typically ca 3–30 m3) over relatively

(Figure

small distances (up to ca 50 m). They were therefore high‐frequency

suprapermafrost flow and was rarely active. It was usually characterized

related to concentrated flow and depended on site‐specific factors.
Variations in local groundwater circulation and the number and

7:

3b),

which

probably

corresponded

to

intra‐

or

but low‐magnitude events (Figure 9). Conversely, erosion triggered

by a low discharge, inhibiting the development of high‐magnitude

by concentrated flow was less frequent but mobilized much larger vol-

debris flows. At Dirru, one main spring was identified each year during

umes of sediment per event (ca 100 to more than 1000 m3). The

intense snowmelt periods. It seemed to be linked to intrapermafrost
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during intense snowmelt periods and/or during persistent rainfall
events. Most of the discharge from these springs was concentrated on
the debris slope downstream from the rock glacier front and seemed
to gather water from supra‐ and subpermafrost flows (Figure 7: 2b).
No evidence of intrapermafrost flow was observed at Gugla. The notably larger catchment area at Gugla than at the two other sites may have
favored higher discharge at the springs. Concentrated flow leading to
debris flows was thus most frequent at Gugla, where the largest magnitude events were observed (several thousand cubic meters). At Dirru,
only small to medium‐sized debris flows were recorded (up to several
hundred cubic meters), and rarely reached the main valley. At Tsarmine,
only very small events restricted to the upper part of the debris slope
were observed (several tens of cubic meters).

6.2 | Significance of rock glaciers as sediment
sources
Despite differences related to local and external factors, the erosion
processes observed at the three sites were the same and their occurrence followed similar temporal patterns. At each site, the frequency–magnitude of the erosion processes was closely related both
to the presence of permafrost and to the rock glacier dynamics. The
presence of frozen ground explains the lack of erosion during winter
when the active layer was frozen, and the high‐frequency events during snowmelt and active‐layer thaw due to the frequent supply of
water to the sediments. Frozen ground also controls the magnitude
of the erosion events as it limits the volume of thawed, erodible sediment. These temporal considerations are also important in other sediment accumulations such as moraines and talus slopes in mountain
permafrost environments. However, the rock glacier dynamics generate instabilities on the frontal slope, which allow a high frequency of
rock fall events. The progressive steepening between the front line
and the debris slope downstream promotes high erosional activity during the melting season. Finally, the magnitude of rock glacier movement controls the continuous renewal of sediment available at the
front. At the three study sites, the high surface velocity rates ensure
a substantial availability of new sediment for further gravitational
transfer by debris flows.30 Torrents fed by rapidly moving rock glaciers
can therefore be considered as supply‐unlimited at an annual time
scale, given that the sediment supply is renewed and sometimes even
increased each year (eg, 13).
FIGURE 10

Schematic vertical profiles of a rock glacier front
undergoing different periods of erosion activity within a 1‐year cycle
(1‐3). In winter (1) the rock glacier advances but no erosion occurs and
the frontal slope steepens. During the melting period (2a and 2b), the
steep slope angle associated with water input from snowmelt, active‐
layer thaw (2a) and permafrost thaw during the readjustment of the
permafrost table (2b) enhances erosion activity, which results in the
adjustment of the frontal slope. During summer, erosion is less intense
and balances approximately rock glacier advance (3)

6.3

|

Limitations of the method

The results of this study relied on observations from webcam images,
an approach that has several inherent limitations. First, the temporal
coverage of the images was not always optimal. Erosion events at
night may not leave visible traces and may therefore not all be
recorded. Some images were missing or unusable because of technical
problems or fog. The inventory of erosion processes presented here is

flow and sometimes coincided with emergence of low‐discharge

therefore not exhaustive due to these data gaps. Moreover, some

suprapermafrost water (Figure 12). When the discharge was highest at

webcams were installed only recently to complement existing visual

the main spring, the concentrated flow triggered debris flows, which

information. For example, at Tsarmine, webcam16 was set up in May

sometimes reached the main channel of the Geisstriftbach torrent

2015 (Table 1). Before this, images were only available from web-

(Figure 7: 1b). At Gugla, several water springs were often visible either

cam01, which only recorded some parts of the rock glacier front. At
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FIGURE 11 Photographs showing the evolution of winter debris production from rock fall activity at the front of the Grabengufer rock glacier
between 2010 and 2013 in relation to surface velocity. Above a velocity of about ~10 m/y (a, b) winter ground freezing was insufficient to
prevent erosion at the front. Below this velocity (c, d), rock fall during winter almost ceased [Colour figure can be viewed at wileyonlinelibrary.com]

The detection of erosion events and their classification into process types was completed visually. Therefore, some small‐scale events
may not have been recorded. The classification of such events is based
on several visual clues. Hence, the inventory of the events and their
categorization rely on the subjective judgment of the observer. However, the possible misinterpretation or nondetection of some events
and the lack of usable images for short periods was somewhat
counterbalanced by the relatively long, 4‐year study period.

7

|

CO NC LUSIO N

Quasi‐continuous sequences of webcam images revealed four main
types of erosion processes at the front of three rapidly moving rock
FIGURE 12

Photograph of the front of the Dirru rock glacier during a
melting period (June 17 2013). Substantial removal of debris during the
first part of the melting period exposed the permafrost table at the
ground surface. Intense snowmelt activated two water springs visible
on the image [Colour figure can be viewed at wileyonlinelibrary.com]

glaciers: rock fall, debris slide, superficial flow and concentrated flow.
The main causes of erosion were either changes to the rock glacier
front slope angle due to deformational flow, or the increase in moisture
content of the rock debris constituting the fronts. Rock fall, debris slide
and superficial flow were characterized by low magnitudes but rela-

Gugla, the installation of webcam14 in June 2013 improved observa-

tively high frequencies, which varied between three main periods

tions of some processes, particularly those related to superficial or

annually: winter (November to March), melting (March to June) and

concentrated flow (Table 1).

summer (July to October). Winter was characterized by a very low
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frequency of erosion events because the ground is usually entirely frozen. Rock glaciers continue to creep forward in winter, steepening
their frontal slopes. Most erosion events were observed during the
melting period in association with the increased front slope angle and
water input from snowmelt, active‐layer thaw and permafrost thaw.
In summer, rock glacier movement induces gradual changes of the
front slope angle, which are usually balanced by rock falls.
Occasional inputs of water from rainfall can temporarily increase
the frequency of erosion events. Groundwater emerging in the debris
slope or at the front of the rock glacier may cause significant regressive
erosion (concentrated flow) and sometimes trigger debris flows. Concentrated flow is generated by water inputs from intense snowmelt
and/or heavy or repeated rainfall, and is generally characterized by
low frequency (a few days per year) and relatively high magnitude,
depending on local factors such as the potential for groundwater
discharge.
Compared to other high‐mountain sediment sources, the fronts of
rapidly moving rock glaciers connected to torrential channels show
high erosion and sediment transfer activity. Rock glacier movement
favors the initiation of erosion by continuously changing the frontal
slope, which causes instabilities. It also ensures a continuous renewal
of sediments available for erosion. Erosion intensity can vary substantially within and between years, controlled by weather conditions and
by the kinematical behavior of the rock glacier. Although quantifications of erosion rates are still lacking, the observations showed that
higher rock glacier velocities can be expected to increase the sediment
renewal rate at their fronts and favor sediment transfer between rock
glaciers and torrential systems. The recent increase in rock glacier
velocities therefore implies substantial modification of the sediment
cascade by locally increasing sediment availability in the headwaters
of high‐mountain torrential catchments.
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a b s t r a c t
The sedimentary connection which may occur between the front of active rock glaciers and torrential channels
is not well understood, despite its potential impact on the torrential activity characterizing the concerned
catchments. In this study, DEMs of difference (DoDs) covering various time intervals between 2013 and 2016
were obtained from LiDAR-derived multitemporal DEMs for three rapidly moving rock glaciers located in the
western Swiss Alps. The DoDs were used to map and quantify sediment transfer activity between the front of
these rock glaciers and the corresponding underlying torrential gullies. Sediment transfer rates ranging between
1500 m3/y and 7800 m3/y have been calculated, depending on the sites. Sediment eroded from the fronts generally accumulated in the upper sectors of the torrential gullies where they were occasionally mobilized within
small to medium sized debris ﬂow events. A clear relation between the motion rates of the rock glaciers and
the sediment transfer rates calculated at their fronts could be highlighted. Along with the size of the frontal
areas, rock glacier creep rates inﬂuence thus directly sediment availability in the headwaters of the studied
torrents. The frequency-magnitude of debris ﬂow events varied between sites and was mainly related to the
concordance of local factors such as topography, water availability, sediment availability or sediment type.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Active rock glaciers act as efﬁcient sediment conveyors in periglacial
mountain environments (Frauenfelder et al., 2003; Delaloye et al., 2010;
Gärtner-Roer, 2012), transferring large quantities of debris from their
rooting zone (upslope area) to their fronts. Active rock glacier fronts
are typically steep, reach up to several tens of meters height and are
composed of coarse elements (pebbles, boulders) embedded in a matrix
of ﬁner-grained debris. Because of instabilities induced by the motion
of the landform, active rock glacier fronts are affected by frequent
sediment reworking processes (Kummert et al., 2017). In some cases,
mobilized debris accumulate on subjacent slopes and gullies where
they become available for further transport, for instance via debris
ﬂow events. The amount of easily erodible sediments which can be
mobilized by debris ﬂows depends on the erosion rate (reworking
rate) characterizing the front of rock glaciers, which can be expected
to depend on the rock glaciers kinematical behavior, and on the spatial
re-distribution of the sediments on the slopes. In this contribution, both
mapping (spatial characteristics) and quantiﬁcation (erosion rates)
of the sediment transfer activity between the front of some selected
active rock glaciers and their respective connected torrential gullies
are presented.
⁎ Corresponding author.
E-mail address: mario.kummert@unifr.ch (M. Kummert).
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Active rock glaciers are composed of a mix of various-size rock particles which, under a few meters of non-permanently frozen rock debris
(i.e. the active layer), are cemented by interstitial ice. The deformation
of the ice explains the downslope movement of a rock glacier (i.e. the
rock glacier creep, e.g. Haeberli et al., 2006) and concentrates mostly
in one main shear horizon (e.g. Arenson et al., 2002; Buchli et al.,
2013), in some cases in several of them (e.g. Kummert et al., 2017).
The deformation rate within rock glaciers depends on numerous factors
such as topography (slope angle), internal structure (percentage of ice,
rock debris and water content into the ground) and ground temperature (e.g. Arenson et al., 2002; Ikeda et al., 2008; Delaloye et al., 2010).
In the current context of global warming, the dependency of rock glaciers creep rates on temperature - at least on an annual basis - (Kääb
et al., 2007; Delaloye et al., 2008) is of particular importance. In response
to the climatically driven increase of the ground temperature, a very
substantial acceleration of rock glaciers and other permafrost creeping
landforms has been reported especially from the Alps (e.g. Kaufmann
et al., 2007; Ikeda et al., 2008; Roer et al., 2008; PERMOS, 2016), but
also from other mountain ranges such as the Brooks Range in Northern
Alaska (Daanen et al., 2012) or the Kazakh and Kyrgyz Tien Shan (Sorg
et al., 2015; Kääb et al., 2016). The sediment transfer rate of rock glaciers
is hence being modiﬁed and will continue – at least up to a certain point –
in response to the ongoing air temperature increase. The availability
of unconsolidated sediments downslope from rock glaciers might thus increase accordingly and in some cases inﬂuence the frequency-magnitude
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of torrential sediment transfer processes such as debris ﬂows (e.g. Gobiet
et al., 2014).
The occurrence of an efﬁcient sedimentary connection between an
active rock glacier and the torrential network system requires speciﬁc
topographical conditions. Fig. 1 represents sketches of two slope conﬁgurations leading to differing sediment connectivity, i.e. differing probability for sediments to be transferred from a sediment source (here the
rock glacier) to a downward target storage zone (torrential channels) in
a given timeframe (e.g. Bracken et al., 2015). If the rock glacier terminus
reposes on a gentle slope, sediment reworking simply creates a debris
accumulation at the foot of the front where sediments have a very low
probability to be mobilized further downslope and will most likely be
overridden by the landform (type A on Fig. 1). Rock glaciers of type A
represent thus sediment traps (Wahrhaftig and Cox, 1959; Barsch and
Caine, 1984; Gärtner-Roer, 2012). Conversely, if the front of a rock glacier is located on top of a steep slope, sediments eroded from the latter
can be transferred downward and are available for further mobilization,
for instance by torrential sediment transfer processes (type B in Fig. 1).
Although they appear to be less frequent than the type A (Kääb and
Reichmuth, 2005), several rock glaciers corresponding to the conﬁguration of type B (Fig. 1) have been observed in the Alps (e.g. Lugon and
Stoffel, 2010; Delaloye et al., 2013; Kummert and Delaloye, 2015;
Kummert et al., 2017; Krysiecki et al., in prep.). In catchments concerned
by the latter type, quantitative data about the sediment ﬂuxes between
the rock glaciers and the downstream slopes and gullies is needed to
estimate proper sediment budgets and debris ﬂow scenarios (Oggier
et al., 2016).
The sediment budget approach aims to provide quantitative estimations of sediment transfer rates (Dietrich and Dunne, 1978; Walling,
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1983; Fryirs, 2013) by measuring the source to storage relationships
within the sediment cascade (Caine, 1974). The recent emergence of remote sensing techniques (e.g. digital photogrammetry, terrestrial and
airborne laser scanning) enabling the production of high resolution
multi-temporal Digital Elevation Models (DEMs) has enhanced the
spatial representativeness of sediment budget studies (e.g. Lane et al.,
1994; Brasington et al., 2000) and allowed sediment budgets to be
assessed for areas where terrestrial surveys are often not possible,
i.e. steep mountain catchment areas (e.g. Bennett et al., 2012). In particular, DEMs of difference (DoDs), i.e. the result of the subtraction of two
DEMs of the same area but from different dates (e.g. Williams, 2012),
can be used to map and quantify surface elevation changes which very
often relate to sediment transfer processes. Hence, DoDs have been
successfully used to monitor sediment dynamics and mass wasting
processes (e.g. Scheidl et al., 2008; Theule et al., 2012; Heckmann
et al., 2012; Cavalli et al., 2017), including rock glacier dynamics
(e.g. Abermann et al., 2010; Kenner et al., 2013). However, only few
studies focus on changes at rock glacier fronts (Bauer et al., 2003,
Avian et al., 2009, Bodin and Trombotto, 2015 for rock glaciers of type
A, Micheletti et al., 2017 for type B) and none proposes sediment budgets between the front of active rock glaciers (sources) and torrential
gullies (temporary or permanent storages).
Our study aims to provide insights about the rates and the spatiotemporal behavior characterizing the sediment transfer between rapidly moving rock glaciers (of type B) and their respective downstream
subjacent slopes and gullies. For that purpose, multi-temporal DEMs
covering the frontal area of three rock glaciers located in the western
Swiss Alps (Dirru, Gugla, and Tsarmine) were acquired between 2013
and 2016 (study period) using terrestrial laser scanning (TLS). The
DoDs generated from the TLS multi-temporal DEMs allowed (i) to
map the spatial patterns of erosion and accumulation at the rock glacier
fronts and the upper part of the gullies and (ii) to calculate both sediment budgets and sediment transfer rates between these two spatial
components (fronts and upper gullies).
2. Study sites and study object

Fig. 1. Two types of connectivity between an active rock glacier and the downward slope.
A – No connectivity: the sediments are stored at the foot of the front and will be
overridden by the advancing rock glacier; B – efﬁcient connectivity: the sediments are
leaving the rock glacier system. In this study, the focus is set on rock glaciers of type B.
The study area corresponds to the front and – at least – the upper part of the underlying
debris slope/gully.
Modiﬁed after Kummert et al. (2017).

The three studied rock glaciers Dirru, Gugla and Tsarmine are
located in the southwestern Swiss Alps (Fig. 2). They all face west and
their fronts lie on steep convex slopes dominating torrential gullies. In
their respective torrential catchment, each rock glacier represents the
most important sediment source for the main channel. The three sites
were chosen because of their topographical setting and their high
current ﬂow rate which favors high sediment transfer activity and
allows observations to be made in only 4 years. Some additional sitespeciﬁc features can be found in Kummert et al. (2017). Ongoing rock
glacier surface velocities have been regularly surveyed by differential
Global Navigation Satellite System (dGNSS) since 2004 for Tsarmine
(Delaloye et al., 2010; PERMOS, 2016) and 2007 for Dirru and Gugla
(Delaloye et al., 2013), while the long-term evolution of their dynamic
since the 1960s has been assessed by photogrammetric analysis
(Delaloye et al., Unpublished; Fig. 3). The three rock glaciers have
been characterized by displacement rates of several meters per year
(m/y) between 2013 and 2016 (study period) and are therefore considered as rapidly moving. The photogrammetric analysis has shown that
the position of each rock glacier front line, i.e. the erosion border of
the rock glacier surface (Fig. 1), has not moved signiﬁcantly since at
least the mid-1990s while surface displacement rates have tended to
increase, meaning that over at least two decades the advance of the
rock glaciers must have been approximately balanced by the erosion
of their fronts.
2.1. Dirru
The Dirru rock glacier (46.12° N, 7.81° E) is located on the west-facing
side of the Mattertal valley (Fig. 2). The current active tongue measures
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Fig. 2. Localization and illustration of the three study sites. Scanned surfaces are displayed in red. Areas outlined by the white dashed-lines correspond to the assumed stable sectors used
for the registration and the accuracy assessment of the LiDAR scans (the delimitation of these stable sectors is further explained in the Data and methods). On the maps, the arrows and the
thin dotted-lines indicate the presence of other moving landforms (landslides and soliﬂuction zones).

about 1 km long and 50 m wide (on the lower half of the tongue). The
front is located at about 2530 m a.s.l., 150 m upslope on the southern
side of the Geisstriftbach torrential channel. The disrupted snow cover
observed at a speciﬁc horizon of the front in winter indicates that the
Dirru rock glacier is characterized by one main shear horizon situated
approximately 15 m below the front line. In addition to geophysical
investigations (Delaloye et al., Unpublished), the signiﬁcant summer
lowering rate of the surface of the tongue (about 10 cm/year) and the
observation of permafrost outcrops occasionally visible at the front

suggest a relatively high interstitial ice content beneath the
permafrost table (at least 50% of the total volume). The terminal part
of the rock glacier (last 350 m) has been moving rapidly since 1969 at
least, with 2D (horizontal) velocities about 3.7–4.5 m/y at that time
(Fig. 3). From 2007 to 2016, 2D surface velocities have been oscillating
between 5 and 8 m/y (6 and 9 m/y in 3D) with a slight decreasing
trend. Since the development of a deeply-incised erosion niche downslope from the front in the mid-1990s (Fig. 6), the position of the
front line has not changed substantially (maximally a few meters of
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morphologies and dynamics. The southern part of the front is
steeper, thicker (20 to 30 m) and characterized by the occurrence
of several distinct shear horizons (at least three could be identiﬁed
on images in 2012 and 2013). The northern part of the front is less
steep and has only one main shear horizon located about 15 m
below the front line. Geophysical investigations (Delaloye et al.,
Unpublished), direct visual observation at the front and the
absence of surface lowering during summer indicate that the ice
content is relatively low (presumably less than 50% of the total
volume). Surface horizontal velocities also differ between the two
parts of the front, with averages of respectively 10 m/y for the southern
front and 4 m/y for the northern one. The velocities have gradually increased during the past decades, especially since the mid-1990s. In the
most rapid part of the terminal tongue, the horizontal surface velocities
went from less than 0.5 m/y (period 1968–1982) up to approximately
1.5 m/y (period 1995–2005), and reached more than 15 m/y in 2013
(Fig. 3), with a strong destabilization phase starting in 2010. The whole
frontal part of the rock glacier is directly ﬂowing into the Bielzug torrential
gully providing the torrent with rock debris. This sediment connectivity
has apparently existed since at least 1930 as the position of the front
line identiﬁed on old aerial images remained constant (except small
local variations) over the last 85 years (Delaloye et al., Unpublished).
Several signiﬁcant debris ﬂows (ranging from 500 to more than 5000 m3
per event) reaching the valley bottom have been each year from 2012
to 2016 (Oggier et al., 2016).
2.3. Tsarmine

Fig. 3. Long-term evolution of the horizontal velocities in the terminal part of the three
investigated rock glaciers. The thin lines represent the results from a photogrammetric
analysis of old aerial images while the thick lines are values derived from geodetic surveys
(average of several markers measured each year by dGNSS). The two sets of curves
displayed for the Gugla rock glacier show respectively the velocities of the northern and
the southern parts of the front. In addition, the two X indicate the fall of the marked
boulders on both parts of the front, respectively.

ﬂuctuation). Nowadays, the erosion niche is inﬁlled by sediments and
small debris ﬂows reaching the Geisstriftbach torrent have been
observed there in 2013, 2014 and 2016.
2.2. Gugla
The Gugla (also named Gugla-Bielzug or Breithorn) rock glacier
(46.13° N, 7.81° E) is located about 2 km north from Dirru, on the
same valley ﬂank (Fig. 2). Gugla is a tongue-shaped rock glacier about
350 m long and 100 m wide. Its terminus, with a front line located at approximately 2620 m a.s.l., can be divided in two sectors with different

Tsarmine (46.04° N, 7.50° E) is a tongue-shaped rock glacier located
in the Val d'Arolla (Fig. 2). It is about 450 m long and 100 m wide and its
front line is located at about 2460 m a.s.l. The main shear horizon is
situated approximately 15 m below the front line, as conﬁrmed by the
disrupted snow cover observed on webcam images in winter. No
speciﬁc information about ice content is available but the absence of
measured or observed summer surface lowering seems to indicate
that very high ice content is probably to exclude. The Tsarmine rock
glacier has encountered a gradual acceleration since 1967 which has intensiﬁed since the mid-1990s (Fig. 3). From 2011 to 2016, a continuous
acceleration has been measured by geodetic surveys (Fig. 3), 2D velocities ﬂuctuating in the frontal part from about 1 m/y in 2011 to more
than 5 m/y in 2016. The rock glacier terminus is located on the top of
a deep torrential gully where rock debris have accumulated since at
least 1946 (oldest image available). Even though the torrential channel
displays a substantial amount of accumulated sediments, the debris fan
is rather ﬂat and completely vegetated. Except for a small event occurring in the 1980s and triggered from an alternate sediment source
(a small landslide, Fig. 2), no trace of debris ﬂow reaching the valley
bottom has been observed on the different aerial and oblique photographs dating back to 1946.
2.4. Sediment cascade
In their respective torrential systems, each of the studied rock glacier
belong to a chain of processes which links high altitude sediment
accumulations (e.g. talus slopes, moraines) to the main valleys. In
order to understand the sediment transfer between the rock glaciers
and the torrential gullies as well as the sediment budget of each zone individually, four main morphological units need to be described (Fig. 4).
Starting upward, the ﬁrst zone consists of the rock glacier tongue which
is delimited downslope by the front line. The sediments constituting the
rock glacier tongue (above the shear horizon) are continuously creeping
towards the front. The front of the rock glacier is delimited upward by
the front line and downward by the location of the main shear horizon.
At the front, the sediment budget (ΔVF) is mainly the result of sediment
inputs from the moving rock glacier body (ΔVFadv) and outputs through
erosion and transfer of sediments downward (ΔVFre; Eq. (1)). If the
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Fig. 4. Systemic sketch of the chain of processes and morphological units that intervenes in the sediment transfer activity between rock glacier fronts and torrential gullies (right), and their
corresponding location in the example of the Tsarmine rock glacier (left, photo from July 7, 2013).

position of the front line remains constant in time, the sediment budget
of the front should be close to zero.

the fronts and in the upper gullies. The DoDs were computed by
comparing multi-temporal DEMs derived from TLS point clouds.

ΔV F ¼ ΔVFadv −ΔVFre

3.1. Data acquisition and processing

ð1Þ

Following the sediment cascade, the next unit consists of what we
call the upper gully, i.e. the part of the gully directly subjacent to the
front and which is comprised in the TLS scans (Fig. 2). The area
encompassed in the upper gully zone is thus limited downward by the
scanning possibilities (see Data and methods). The word gully is used
here as a generic term to designate the steep slopes developing downward from the fronts. At Gugla and Tsarmine it corresponds to actual
morphological gullies but at Dirru it takes the form of a talus-slopelike depositional area. The sediment budget of the upper gully is mainly
driven by sediment inputs from the erosion of the front (ΔVFre), and
sediment outputs from the removal and the transport of sediments
downward (ΔVUGre; Eq. (2)). Sediment inputs from the erosion of
lateral slopes (e.g. surface runoff, shallow landslides) may occur but
are very likely negligible at our study sites (ΔVLat).
ΔVUG ¼ ΔVFre −ΔVUGre ðþΔVLat Þ

ð2Þ

The sediments leaving the upper gully are expected to accumulate
within the lower gully or to transit through it. The lower gully corresponds to the portion of the gully located downward from the scanned
area and which links the upper gully to the valley bottom and the alluvial fan. Note that sediments may sometimes be directly transferred
from the rock glacier fronts towards the lower gully without being temporarily stored in the upper gully, for instance via long distance rock fall
events or debris ﬂows triggered on the front itself. The focus of the study
is here set on the sediment transfer activity between the rock glacier
fronts and the upper gullies, and therefore only the sediment transfer
activity and the sediment budgets characterizing these two zones are
investigated.
3. Data and methods
At each site, DoDs covering successive time intervals were produced
to map surface elevation changes and calculate volumetric changes at

Basically, a TLS device calculates the distance of a targeted surface by
measuring the time for the laser signal reﬂected by this surface to return
to its source. The result is a dense point cloud which can then be interpolated into a rasterized DEM (of the investigated surface). By repeating
the operation at different dates on the same targeted surface, time series
of DEMs can be created. When possible, TLS campaigns were carried out
twice a year between 2013 and 2016 at Gugla and Tsarmine, and
between 2014 and 2016 at Dirru (details in Table 1). The aim was to
get information about both the inter-annual and the seasonal variations
of sediment transfer activity. The number of scanning campaign was
limited to two per year both for logistic reasons and more importantly
because scanning was only possible once the snow had completely
disappeared from the investigated areas. Each year, the ﬁrst scanning
campaign usually took place end of June, while the second one was generally planned in October before the ﬁrst snowfall. Some additional
scans were also acquired occasionally to investigate shorter time
periods (Table 1). Running at the lower range of the near infrared, a
long-range Riegl VZ®-6000 terrestrial laser scanner was used here
and allowed fast surveys (up to 222,000 measurements per second) to
be performed at great distance from the target (several hundred meters,
theoretically up to a maximum of 6000 m). Given the complexity and
the steepness of the terrain, it was difﬁcult to ﬁnd good and accessible
viewpoints on both the fronts of the rock glaciers and the underlying
slopes and gullies. For each study site, 2 or 3 scan positions were used
(Fig. 2) in order to increase the point clouds density and to make sure
that the largest possible part of the area of interest has been covered
(Fig. 2). Generally, the surface of the fronts could always be entirely included within the scans while the spatial coverage of the gullies was
limited 200 to 400 m downslope. At Tsarmine, the use of the VZ®6000 appeared to be particularly useful as the lack of good positions
near the rock glacier forced us to scan from the other side of the valley
(up to 4 km, Fig. 2 and Fig. 5).
The point clouds time series were registered relatively to each other
using the RiSCAN PRO® software. The registration procedure applied in
this study and described hereafter is similar to the one used by Fischer
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Table 1
Dates, characteristics and registration errors of the different LiDAR scans acquired in this study. The difference of DEMs resolution between the three sites is mainly related to the varying
distances between the scanning positions and the targeted surface.
Year

Dirru (6 scans)
DEM resolution: 10 cm
Date scan (dd.mm.yyyy)

Gugla (10 scans)
DEM resolution: 5 cm
Registration error σ (m)

2013

2014

Date scan (dd.mm.yyyy)

Registration error σ (m)

25.06.2013

±0.035

10.07.2013

±0.032

04.10.2013
26.06.2014

±0.019
±0.034

26.06.2014

±0.025

09.10.2014

±0.030

09.10.2014
08.06.2015

±0.023
±0.025

30.06.2015

±0.024

30.06.2015

±0.024

06.10.2015
29.06.2016

±0.018
±0.028

06.10.2015
29.06.2016

±0.029
±0.028

04.10.2016

±0.027

04.10.2016

±0.022

2015

2016

Tsarmine (7 scans)
DEM resolution: 20 cm

et al. (2016). Clear outliers were ﬁrst permanently deleted from the
point clouds. Then for each site, one point cloud was selected and
treated as already registered and all the other point clouds were shifted
and adjusted on this reference following several steps. First, changing
surfaces (e.g. the rock glaciers, the fronts, the gullies) were temporarily
removed from the unregistered point clouds in order to keep only
assumed stable areas for the registration (Fig. 2). In a second step, a
manual coarse registration using visually identiﬁed matching points

Date scan (dd.mm.yyyy)

Registration error σ (m)

09.07.2013

±0.140

06.08.2013

±0.045

23.09.2014

±0.068

29.06.2015

±0.181

22.09.2015

±0.197

01.07.2016

±0.174

07.10.2016

±0.168

was applied to roughly shift the unregistered point clouds towards the
reference one. It was then possible to apply a multi station adjustment
(MSA) algorithm for semi-automatic registration based on iterative
closest point (ICP) techniques to precisely adjust the point clouds to
the reference position (e.g. Zhang, 1994, Kenner et al., 2011, Carrivick
et al., 2013). The quality of the registration procedures can be assessed
and quantiﬁed using the standard deviation of error from the point
residuals which is provided by the RiSCAN PRO® software. The values
range respectively from ±0.018 m to ±0.035 m for Dirru and Gugla,
and between ±0.045 m and ±0.200 m for Tsarmine, where the greater
distance of acquisition compared to the other sites caused lower point
cloud densities (see details in Table 1). Finally, an octree ﬁlter (Perroy
et al., 2010) was applied in order to combine point data from different
scan positions, and to obtain new point clouds with a distributed numbers of points per area. The processed point clouds were interpolated in
ArcMap 10.3 in order to obtain DEMs. The high point density and the
regular point distribution over the area of interest justiﬁed the use of a
simple natural neighborhood algorithm for the interpolation (Scheidl
et al., 2008). The respective resolutions of the TLS-derived DEM
products are given in Table 1 and an example of DEM is shown for
each site in Fig. 6. The created multi-temporal DEMs were then
subtracted from each other to obtain DoDs for all the time intervals
available, depending on the sites (Table 1 for the dates of the available
DEMs). In the resulting DoDs, each cell is characterized by a value
of surface elevation change between the two dates (t1 and t2). Simply
multiplying the sum of surface elevation change over a chosen
area (∑Δz) by the surface of one raster cell (d2) (see for example
Heckmann et al., 2012) allows volumetric budgets, i.e. volumes of
surface elevation changes in given areas, to be calculated (Eq. (3))
2

ΔV ¼ d  ∑Δz

ð3Þ

3.2. DoDs to infer sediment transfer dynamic

Fig. 5. TLS measurement with the Riegl VZ®-6000 at Tsarmine on October 7, 2016. The
scan position (position 001 on Fig. 2) is located at an approximate distance of 3 km from
the rock glacier.

Both at the fronts and in the upper gullies, the values of surface
changes are mainly related to actual sediment transport processes
(sediment reworking and ground motion; Fig. 7). The DoDs created
for different time intervals can therefore be visually analyzed as maps
of sediment transfer (see Results), and the volumetric budgets calculated for both zones respectively (ΔVF and ΔVUG) can be interpreted
as sediment budgets. The limits of each zone were drawn manually on
the DEMs based on the visual interpretation of the DoDs and of aerial
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Fig. 6. Example of TLS-derived DEMs produced at Gugla (October 4, 2016), Tsarmine (October 7, 2016) and Dirru (October 4, 2016). At Gugla, the large smoothed surfaces visible on the
rock glacier back are due to the uncomplete coverage of this area by the scans. The different morphological units (rock glacier tongue, front and upper gully) are differentiated by their
colors while the limits of the fronts and the upper gullies as used for the sediment budget calculations are drawn in black.

images. Due to the rock glacier advance, the extent of the frontal
areas varies over time making it difﬁcult to delimitate. A ﬁxed front
zone has therefore been deﬁned for each site, taking voluntarily a
slightly larger area than the supposed “real” front in order to be
sure to encompass all of it and any of its variation over time (see difference between the “zone front” and the “front” as a morphological
unit in Fig. 6).
Calculating volumetric budgets allows assessing the sediment transfer dynamic of each zone separately. In order to quantify the sediment
transfer activity between the fronts and the gullies, the volumetric
changes due to sediment reworking (ΔVFre) needs to be isolated from
the overall sediment budget of the fronts (ΔVF). For that purpose, the
mean surface elevation change resulting only from the rock glaciers
movement ((3) in Fig. 7) was estimated at each site and for each time
interval based on three main parameters (Fig. 8): the mean horizontal
displacement (dxy), the mean vertical displacement (dz) and the fronts
mean slope angle (α).
3.2.1. The mean horizontal (dxy) and vertical (dz) displacements of the
rock glaciers
The mean horizontal (dxy) and vertical (dz) displacements of the
rock glaciers were derived here from the mean 3D surface displacements measured at the front of each rock glacier using different

techniques. At Dirru and Tsarmine, the terminal parts of the rock glacier
tongues are included in the scans. It was possible to identify boulders
(four at each site) located close to the front line in the TLS-derived
DEMs and to track them with GIS techniques to infer their displacement.
The mean surface 3D displacement was then obtained for each time interval by taking the average of displacement values calculated for the
four identiﬁed boulders. At Gugla, the surface of the tongue is not sufﬁciently covered by the scans and it was not possible to track moving features on the DEMs. However, we used here a network of dGNSS points
measured in the ﬁeld at least twice a year and covering the whole
rock glacier providing values of displacement for several boulders
located near the front line (between 5 and 7) for dates coinciding
approximately with our scanning campaigns (maximally a few days of
difference). Given the strong differences in velocity observed between
the southern part and the northern part of the Gugla rock glacier
front, a value of 3D displacement was obtained respectively for each
part of the frontal area and for each time interval by calculating the
mean of the displacement values measured at the point locations. In
order to take into account the velocity decrease at depth, the measured
mean 3D surface displacement values were reduced by 25% at each site,
which corresponds to a 50% linear reduction of the velocity from the
surface down to the main shear horizon. The obtained values for the
mean 3D displacement (dxyz) were also decomposed into mean
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Fig. 8. Eq. (4) (in text) used to estimate the surface elevation change in the frontal area
induced by the rock glacier advance.

ΔVFre, i.e. the volume of sediment eroded from the front, can then be
obtained by subtracting the result of Eq. (5) (volume of advance of
the rock glacier front) from Eq. (3) (general volumetric budget), as in
Eq. (6):

 

2
2
ΔVFre ¼ ΔV F −ΔVFadv ¼ d  ∑Δz − d  ∑c  ΔH
2

¼ d  ð∑Δz −ð∑c  ΔHÞÞ

Fig. 7. Conceptual example of sediment transfer activity occurring between two scanning
campaigns (T0 and T3). Interestingly, this example shows that surface lowering,
i.e. erosion, is often underestimated in the overall budget of the front (1). To know the
amount of sediment eroded from the front and transferred to the gully (2), it is thus
necessary to estimate the approximate volume of sediments previously brought forward
by the rock glacier motion (3).

ð6Þ

Sediment budgets could thus be obtained respectively at the fronts
and in the upper gullies (ΔVF and ΔVUG). In addition, erosion volumes
and erosion rates at the front of each site respectively for every time
interval (ES) and for annual periods (autumn to autumn, EA) were calculated. The results along with the main parameters used in the volume
calculations are described in the Results section of this paper.
3.3. Data uncertainty

horizontal (dxy) and vertical (dz) displacements, which were calculated for each site and for each time interval.
3.2.2. The mean slope angle (α) of the frontal areas
The mean slope angle of the front was obtained for each site and for
each time interval by simple GIS spatial analysis of the TLS derived
DEMs.
By combining these three parameters, a mean surface elevation
change strictly due to the calculated advance of the rock glacier (ΔH)
can be inferred using Eq. (4) (Fig. 8):
ΔH ¼ ð tan α  dxyÞ−dz

ð4Þ

By multiplying this value by the area of the front (obtained by multiplying the number of cells encompassed within the area (∑c) by the
surface of one cell (d2)), it is possible to estimate the mean volume
change due to the advance of the rock glaciers (ΔVFadv).

2

ΔVFadv ¼ d  ∑c  ΔH

ð5Þ

Uncertainties can issue from errors in the surface elevation changes
data or from the interpretation of the calculated volumetric budgets as
sediment budgets. If the latter could not be quantiﬁed and are further
considered in the discussion part of this paper, uncertainties concerning
the values of surface elevation changes were assessed here. First, errors
can result from the data acquisition by the device itself. A simpliﬁed estimate of such error is usually directly provided by the manufacturer.
For the RIEGL VZ-6000 used in this study, the ranging accuracy and precision are respectively about ±0.015 m and ±0.010 m (RIEGL Laser
Measurement Systems, 2013). In addition, uncertainties can be induced
by the data processing. Errors in the point cloud registration (see
Table 1) are often used as an approximate of the errors of the DEMs
(Micheletti et al., 2015). However, data ﬁltering (i.e. the application of
the octree ﬁlter) and interpolation also generates some errors (Fischer
et al., 2016). To better represent all the processing errors, we assessed
here the uncertainties directly from the created DoDs. For each site
and for each time interval, supposed stable areas were selected from
the DoDs (Fig. 2). The choice of the stable areas was difﬁcult due
to the presence of many other slope movements such as rockslides or soliﬂuction lobes in the direct vicinity of the investigated rock glaciers
(Figs. 2 and 5). The surfaces affected by slope instabilities were identiﬁed
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and delimited with the help of different data sources available, as for instance an inventory of slope movement based on SAR (Synthetic Aperture
Radar) interferometry (see Delaloye et al., 2007a, 2007b; Barboux et al.,
2014), dGNSS monitoring networks in the investigated areas which
often encompass some non-moving control points in stable zones, and
the visual interpretation of the terrain through aerial images and
hillshaded DEMs. Along with the zones affected by slope instabilities,
densely vegetated areas (bushes and forests) were excluded from the
assumed stable areas. Statistics concerning elevation changes for the
stable areas are given in Table 2. As expected for unchanged terrain,
the mean (μ) elevation change is most of the time very close to zero
and remain in a cm-range for Dirru and Gugla, and in a 3 cm-range for
Tsarmine. The standard deviation (σ) of elevation changes over stable terrains gives an approximation of the error over the whole DoD for a conﬁdence limit of 68% (Lane et al., 2003). To enhance the conﬁdence in our
elevation changes measurements, we multiplied these standard deviation
values by a factor of 2 which statistically corresponds to a conﬁdence limit
of 95% (Brasington et al., 2003; Lane et al., 2003; Wheaton et al., 2010;
Heckmann et al., 2012) and used them as a minimum Limit of Detection
(LoD) to threshold the individual DoDs. By this mean, all changes inside
this conﬁdence interval (±2σ) are set to zero and are therefore not
reﬂected in the volume calculations and in the interpretation of the
results. In addition, an approximation of the maximal error that may affect
the volumetric budgets can be calculated by multiplying the mean surface
elevation change over the stable area (μ) respectively by the surface of the
fronts (SF) and the upper gullies (SUG). The obtained values are statistically unlikely to be true but give a maximal range for the volumetric
error (Table 2). They are typically larger for the gullies than for the fronts
and are on average higher at Tsarmine due to the coarser resolution of the
created DEMs. The values of maximal error range from almost 0 to more
than 400 m3 and vary strongly between time intervals.
4. Results
As DoDs could be interpreted in two different ways, the results are
divided into two parts. First, the spatial patterns of surface elevation
changes are presented qualitatively and in a second part the results
from the quantitative analysis (sediment budgets) are given. In addition, as relatively strong differences characterize the three studied
rock glaciers, the results are described separately for each site.

4.1. Spatial characteristics of surface elevation changes
At each site the spatial distribution of surface elevation changes
affecting the fronts was very heterogeneous and variable throughout
the study period, reﬂecting the irregular nature of erosion in this sector.
The zones of preferential erosion or aggradation observed at the fronts
were thus less pronounced than in the upper gullies where relatively
clear and consistent patterns emerged on the DoDs (Fig. 9). At Dirru,
sediment aggradation was largely dominant on the debris slope subjacent to the front. Only small amounts of sediments were occasionally
remobilized from the slope and transferred towards the lower gully.
At Gugla, the patterns of surface changes were more variable in the
upper gully. Strong sediment aggradation was recorded during some
time intervals while sometimes substantial sediment reworking and removal was observed. Finally at Tsarmine, only sediment aggradation
was recorded in the upper gully.
At Dirru, a preferential erosion area was strongly detectable in the
central sector of the front during summer time intervals while it was
less localized in time intervals covering the rest of the year (Fig. 9). On
the debris slope underneath the front, accumulation predominated
over the study period and showed a certain tendency towards the
dispersion of the sediments on the slope. This accumulation-dominant
behavior was particularly important in the former erosion niche
(Fig. 6), while outside this niche, only some small sectors experienced
a bit of accumulation, mostly near the front (Fig. 9). The accumulation
areas on the debris slope were usually more important over winter
time intervals (October to June). Erosion was detected downslope
from the front but it mostly represented very limited areas and
corresponded to low incision. Between October 2015 and June 2016
(Fig. 10), an increased remobilization of sediments occurred on the
upper part of the debris slope causing an aggradation zone on the
lower part of the slope.
The front of the Gugla rock glacier was mainly affected by erosion,
especially in its southern part (Fig. 9). On the northern part of the
front, one main erosion area was observed. Below the front, a sector
ranging between approximatively 2600 m and 2540 m a.s.l. was commonly characterized by low sediment transfer activity. Depending on
the time interval, some small erosion and accumulation zones appeared
but involved apparently small volumes of sediments. Below 2540 m,
substantial changes, i.e. either strong surface lowering or strong uplift

Table 2
Time intervals covered by the DoDs at each site and statistics computed over supposed stable areas: mean value (μ), standard deviation (σ) and the derived Limit of Detection (LoD). EFmax
and EUGmax represent respectively the maximum volumetric error calculated for the fronts and the gully by multiplying the mean elevation change (μ) with the surface of each zone (SF and
SUG).
Site

Time interval (dd.mm.yyyy)

Statistics stable terrains (m)
μ

σ

LoD = tσ (t = 2)

Dirru

26.06.2014-09.10.2014
09.10.2014-30.06.2015
30.06.2015-06.10.2015
06.10.2015-29.06.2016
29.06.2016-04.10.2016

-0.007
0.010
-0.004
-0.005
0.000

0.104
0.092
0.082
0.085
0.094

0.207
0.185
0.165
0.169
0.187

Gugla

25.06.2013-10.07.2013
10.07.2013-04.10.2013
04.10.2013-26.06.2014
26.06.2014-09.10.2014
09.10.2014-08.06.2015
08.06.2015-30.06.2015
30.06.2015-06.10.2015
06.10.2015-29.06.2016
29.06.2016-04.10.2016
09.07.2013-06.08.2013
06.08.2013-23.09.2014
23.09.2014-29.06.2015
29.06.2015-22.09.2015
22.09.2015-01.07.2016
01.07.2016-07.10.2016

-0.001
0.002
-0.003
-0.014
-0.002
-0.012
0.003
0.000
-0.016
-0.029
0.019
0.032
-0.025
0.011
0.034

0.135
0.140
0.196
0.188
0.153
0.137
0.095
0.123
0.115
0.157
0.170
0.177
0.174
0.141
0.141

0.270
0.280
0.392
0.376
0.306
0.274
0.190
0.246
0.229
0.302
0.341
0.366
0.352
0.283
0.286

Tsarmine

SF (ha)

SUG (ha)

EFmax (m3)

EUGmax
(m3)

0,11

2,26

±8
±12
±5
±5
±0
N
±1
±4
±18
±5
±4
±1
±20
±1
±4
±28
±95
±74
±32
±28
±95

±162
±232
±91
±104
±8

North
0,13

0,30

South
0,26

1,02

1,24

S
±2
±7
±36
±11
±8
±1
±40
±2
±7

±7
±29
±141
±43
±30
±4
±160
±7
±29
±119
±401
±309
±136
±419
±119
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Fig. 9. Surface elevation changes recorded between the beginning of the measurements and the date of the last scan at Gugla (June 2013 to October 2016), Tsarmine (July 2013 to October
2016) and Dirru (June 2014 to October 2016).

(or both), often characterized a y-shaped sector separated in the middle
by the main bedrock outcrop (Fig. 6). For instance, during the summer
2013 (between June and October), an important accumulation of rock
debris was recorded (Fig. 11). Conversely, mostly erosion was observed
in this sector during the summer 2014 (June to October) in relation to
the occurrence of several debris ﬂows events in July 2014 (Fig. 11).
The strong variations in sediment transfer dynamics characterizing the
upper gully underlined the fact that sediments were apparently
frequently transported towards the lower gully during the study period.
At Tsarmine, the situation in terms of sediment ﬂuxes and accumulation/erosion patterns was quite simple during the study period. Fig. 9
shows the cumulative surface changes between 2013 and 2016. Most of
the maps produced for other time intervals exhibit the same patterns,
even though often less pronounced because of the shorter time spans
covered. An erosion zone was observed at the front, and more speciﬁcally on the southern side of the front. This zone was usually larger
with more pronounced erosion on time interval covering summer
periods than winter periods. On longer time intervals (covering one or
several years as in Fig. 9 for instance), surface lowering was often well
present in this area. In other sectors of the front, increase in elevation
change was dominant. In the upper gully, only very little erosion was
measured, and only in some of the different time intervals. An important accumulation area was observed in the upper gully, between
approximately 2450 and 2250 m a.s.l. (see Fig. 9). This accumulation

area extended gradually downslope during the study period. At lower
altitudes (less than 2250 m), no erosion occurred and only very little
accumulation was recorded. This accumulation corresponded mainly
to very small and localized areas.

4.2. Sediment budgets
In general the orders of magnitude of the sediment transfer rates
differ between the sites. Higher sediment erosion rates have been calculated at the front of the Gugla rock glacier in comparison to the two
other sites (Fig. 12). In addition, the temporal variations of the erosion
rate are different at each site.
Since 2014, the annual transfer rate (EA) calculated between the
front of the Dirru rock glacier and the underlying debris slope was
about 1500 m3/year (Table 3, Fig. 12). The volumes transferred were
relatively constant over time even if a small decreasing trend seemed
to characterize the study period (Fig. 12). Speciﬁc erosion rates (ES)
were also quite constant in time, even if slightly higher values characterized time intervals covering the period between July and September.
For each time interval, the sediment budget of the upper gully is
positive, indicating an accumulation-dominant behavior on the debris
slope. Since June 2014, about 3500 m3 of sediments have been stored
in the upper gully (cumulative budget of the gully area).
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Fig. 10. Surface elevation changes (DoD) at Dirru for a period spanning from October 6, 2015 to June 29, 2016. The erosion and accumulation patterns on the debris slope (arrows) are
evidences of a small debris ﬂow which occurred on June 22, 2016.

Fig. 11. Surface elevation changes recorded at Gugla for the summer 2013 (up) and 2014 (down) (speciﬁc dates in top left corners). A dominance of accumulation can be observed in the
channel in 2013 (blue), while in 2014, the same area is characterized mainly by erosion (red).
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of sediment stored in the upper gully. About 11,000 m3 accumulated
between July 2013 and October 2016.
4.3. Spatio-temporal variations

Fig. 12. Evolution of the annual sediment transfer rate between the fronts of the three
studied rock glaciers and the respective connected debris slopes. The rates are calculated
for yearly periods, from October to October.

At Gugla, values of annual sediment transfer rate between the front
and the gully ranged roughly between 7800 m3/year and 5600 m3/year
(Table 3), with a decreasing trend since 2013 (Fig. 12). The speciﬁc erosion rate at the front (ES) was relatively variable in time, with generally
higher erosion rates calculated between June and October. Two DoDs
obtained for shorter time periods and covering the very beginning of
the summer (June/July) were characterized by speciﬁc erosion rates of
respectively 16,500 m3/y (25.06.2013 to 10.07.2013) and 24,000 m3/y
(08.06.2015 to 30.06.2015) which correspond to the highest rates calculated. The sediment budget calculated in the gully showed also a strong
variability, with periods characterized by a negative budget and periods
of positive budget, measured for time intervals covering either summer
or the period spanning from October to June. The volume of sediment
stored in the upper gully ﬂuctuated through the study period due to
the recurrence of debris ﬂow events and in October 2016, the level of
aggradation was very similar to the one measured by the end of June
2013 (a few hundred cubic meters of difference).
At Tsarmine, the measured annual transfer rates at the front ranged
between 1900 and 3800 m3/year (Table 3). This range depicts important variations in the sediment transfer dynamic between the front
and the gully during the study period. The erosion rate has been increasing since the start of the measurements in 2013 to reach a maximum in
2016 (Fig. 12). The speciﬁc erosion rate (ES) at the front was also quite
variable between the different time intervals and was systematically
higher during summer periods. The cumulative budget for the whole
study period (2013–2016) showed a constant increase of the volume

At all the sites, the calculated speciﬁc erosion rates of the fronts were
higher during the interval spanning from July to October. On the DoDs,
more signiﬁcant erosion zones were observed at the fronts for the
summer periods as well. However, an important part of the winter
time intervals is characterized by the snow-covered period. It corresponds to a long time period in which erosion only occurs during
short phases, i.e. before the ground freezing and after the snowmelt
started (Kummert et al., 2017). The erosion rates calculated for these
time intervals are therefore reﬂecting the mean activity over the
whole period and are not representative of the real erosion activity
which can occur shortly before and after the winter ground freezing.
At Gugla, two time intervals cover short time periods at the very beginning of the summer (respectively from the 25th of June to the 10th of
July 2013, and from the 08th to the 30th of June 2015, Table 1). The
values of speciﬁc erosion rates for these two intervals are the highest
measured and suggest that erosion was higher in the early summer,
shortly after the snowmelt occurred on the whole catchment area. The
erosion rate may be even more important during intense snowmelt
phases in the catchment area upslope from the rock glaciers, as it has
been observed for instance at Gugla between the 10th and the 26th
of June 2013 when up to 10,000 m3 were eroded from the front and
the upper gully (see video at http://www.youtube.com/watch?v=
0k8OYEvHD_Y). At Dirru and Tsarmine, the fronts are usually depicting
gain in surface elevation over winter time intervals. This also reﬂects the
fact that when the scans are performed in the beginning of the summer
(June or July), the part of the front which advanced during the winter
was not yet completely eroded. This accumulation is therefore mainly
due to the advance of the rock glaciers.
The observed patterns of erosion and accumulation show the
presence of a sediment storage zone in the upper gully at each study
site. This is conﬁrmed by the sediment budget calculated for the gullies.
However, in each site this storage area appears to behave differently.
Fig. 13 shows the evolution of the amount of sediment stored in the
upper gully for the three sites in comparison with the original state,
which corresponds to the ﬁrst LiDAR scan. At Tsarmine, the accumulation was gradual in time. No mobilization of sediments from this storage
zone was measured or observed in the DoDs. In this case, the erosion

Table 3
Main results obtained from the volume calculations using LiDAR DEMs differencing for each successive time interval.
Site

Dirru

Time interval
(dd.mm.yyyy)

Days
(n)

26.06.2014–09.10.2014
09.10.2014–30.06.2015
30.06.2015–06.10.2015
06.10.2015–29.06.2016
29.06.2016–04.10.2016

105
264
98
267
97

Front
dxyz (m)

α (deg)

ΔVFadv
(m3)

ΔVFre
(m3)

Cumulative
budget
(m3)

ES
(m3/year)

−206
399
−18
280
82

43.2
43
43.3
45.1
43.2
N
45.3
43.5
43.7
44
46
52
48.3

631
1388
633
1291
561

−837
−990
−652
−1011
−479

−837
−1827
−2479
−3490
−3969

−2909
−1368
−2428
−1382
−1803

1620
3247
1886
3732
1809
4523
1964

−2988
−3918
−3987
−3420
−2436
−4517
−1144

−2988
−6906
−10,893
−14,313
−16,749
−21,266
−22,410

−10,797
−5396
−13,859
−4729
−9073
−6175
−4305

2454
2601
329
3200
1932

−2281
−1100
−853
−1251
−2684

−2281
−3381
−4234
−5485
−8169

−1888
−1440
−3664
−1614
−9997

25.06.2013–04.10.2013
04.10.2013–26.06.2014
26.06.2014–09.10.2014
09.10.2014–30.06.2015
30.06.2015–06.10.2015
06.10.2015–29.06.2016
29.06.2016–04.10.2016

101
265
105
264
98
267
97

−1367
−671
−2101
312
−627
6
820

1.77
3.76
1.56
3.15
1.32
N
1.10
2.48
1.21
2.52
1.20
2.47
1.15

09.07.2013–23.09.2014
23.09.2014–29.06.2015
29.06.2015–22.09.2015
22.09.2015–01.07.2016
01.07.2016–07.10.2016

441
279
85
283
98

173
1500
−516
1949
−752

2.99
2.62
0.97
3.28
1.37

Gugla

Tsarmine

Gully

ΔVF
(m3)

S
4.00
6.76
3.20
5.17
2.54
4.01
2.66

43.3
44.6
43.6
46.8
43.8

S
43.7
43.5
43.5
43
44
48
45.7

EA
(m3/year)

ΔVUG
(m3)

Cumulative
budget
(m3)

−1656

515
1390
457
803
259

515
1905
2362
3165
3424

2863
1108
−4453
−564
506
−289
714

2863
3971
−482
−1045
−540
−829
−115

2918
1963
596
3347
2241

2918
4854
5450
8798
11,038

−1494

−7798
−5904
−5676
−1888
−1958
−3770
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Fig. 13. Evolution of the amount of sediment stored in the upper gully for each site in relation to the original state which corresponds to the date of the ﬁrst TLS scan, respectively June 26,
2014 at Dirru, June 25, 2013 at Gugla and July 09, 2013 at Tsarmine. The black X correspond to the measured values and therefore to the TLS campaigns, while the shapes of the curves
between the black X are a best guess of what happened based on observations of webcam images (Kummert et al., 2017). The question marks are added to suggest that there are a lot
of uncertainties about the ﬁlling rate of the gullies between two scans.

affecting the front led to the concentration of the sediments within the
upper gully. Interestingly, the increasing steepness of the curve in Fig.
13 illustrates the increase in the erosion rate characterizing the front
of the Tsarmine rock glacier from 2013 to 2016. At Dirru, the erosion
of the front also contributed to increase the volume stored in the
upper gully. The storage area is nonetheless morphologically different
than for Tsarmine as the sediments are not concentrated in a narrow
channel but spread on a debris slope. At Dirru, partial sediment
reworking was observed on the debris slope, for example between
October 2015 and June 2016. This was due to the occurrence of a
small debris ﬂow which was initiated close to the front on the 22th of
June 2016. The material eroded by the latter was for the most part
deposited a little bit downward on the slope and in the Geisstriftbach
torrent (Fig. 10). It seemed however that only a very small amount of
sediment exited the system during this event (maximally one hundred
cubic meters). At Dirru, some larger events were observed in June 2013
(before the measurements started). They induced a transfer of sediments further down in the Geisstriftbach torrent. All these reworking
events affected the erosion niche on the northern side of the debris
slope, where the connectivity with the main torrent is more efﬁcient. Finally at Gugla, there was a concentration of sediment in the channel,
similarly to what was observed at Tsarmine. However the results
showed that the reworking of these sediments stored in the upper
gully and their transfer further downward was quite frequent during
the investigated period. Indeed, negative sediment budgets were measured in the upper gully for several time intervals covering both winter
and summer time periods. Fig. 13 illustrates quite well this dynamic. At
Gugla, the upper gully was characterized by an alternate occurrence of
sediment buildup periods and erosion/emptying periods, depending
on the timing of the occurrence of debris ﬂow events which tended to
empty the gully. In addition, the volumes involved in this alternate activity have been decreasing since the beginning of the measurements
in June 2013, showing a decreasing trend in the sediment transfer magnitude. However, a long time period characterized by an aggradationdominant behavior could eventually occur and enhance substantially

the sediment availability in the upper gully, as it was for instance the
case later, in 2017.
5. Discussion
5.1. Controls on the sediment transfer rate
The results show differences in sediment transfer rate between the
three sites (Fig. 12). These differences can be attributed to different
factors which act as controls on the sediment transfer rates between
the fronts and the underlying gullies/debris slopes. First, the morphology and the size of the frontal area impacts the potential amount of sediment eroded from the front. For example, the tongue of the Dirru rock
glacier has an approximately two times smaller width than the two
other sites (respectively 50 m at Dirru and about 100 m both at Gugla
and Tsarmine). Therefore, the section of the rock glacier advancing
and then being eroded (frontal area) is smaller and explains the generally smaller erosion rates calculated. In addition, the velocity of the rock
glacier inﬂuences the amount of sediment which is brought forward
and set available each year. For instance, the frontal sections of Gugla
and Tsarmine rock glaciers have similar dimensions, however, the
creep velocities measured at Gugla are higher than the ones measured
at Tsarmine and partly explains the higher sediment transfer rates obtained for Gugla. Fig. 14 shows for each site the evolution of the frontal
erosion rates compared to the evolution of the surface velocities
measured by differential GNSS at the fronts. The relation between
these two variables is quite clear and conﬁrms the hypothesis that, as
the positions of the front lines are approximately stable in time, higher
creep velocity rates favor higher sediment transfer rates. This effect is
particularly visible in Gugla (southern front) and Tsarmine where relatively important changes in creep velocity are correlated to respectively
a decrease and an increase in sediment transfer rate from the rock glacier into the upper gully (Fig. 14). At Dirru, the slight decrease in surface
velocity measured since 2015 seems to be related to a corresponding
slight decrease in sediment transfer activity. Finally, the erosion
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Fig. 14. Comparison between the annual transfer rate and the velocity rate for each studied
rock glacier. The rates (both transfer rates and velocity rates) are calculated for one year
periods (October to October).
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debris ﬂow events which occurred in 2015 and 2016. The largest events
occurred between the 13th and the 18th June 2013 at Gugla, shortly
before the start of the TLS surveys (Oggier et al., 2016). The amount of
sediment transferred during these repeated events were therefore not
quantiﬁed but exceeded the ones measured ever since and were most
likely involving sediments that have accumulated in the upper gully
for several consecutive years. At Dirru, the dispersion of the sediments
on the slope seems to currently lower the overall magnitude of debris
ﬂow events. These events were in addition less frequent than in Gugla
due to factors such as water availability and topography (slope),
which are at least as important as the presence of sediments in the
gullies to explain the debris ﬂow susceptibility of the catchments
(Kummert et al., 2017). It is important to note that the presence of a rapidly moving rock glacier connected to a torrential channel does not necessarily imply frequent occurrence of debris ﬂow events. The best
example is the case of Tsarmine, where only very small-size debris
ﬂows were observed in the past decades (maximally up to a few hundred cubic meters) despite the substantial sediment availability in the
upper gully (11,000 m3 accumulated in only 4 years). The sediment
input from the rock glacier only participates to the buildup of the important sediment storage area in the upper gully, and factors such as the
small size of the catchment area inducing a relatively low water availability or the relatively coarse sediment size has so far prevented large
debris ﬂows from being triggered.
5.3. Comparison with other studies

susceptibility of the sediments lying at the front, as well as water availability in the gully can vary both in time and/or between the sites and
can inﬂuence the erosion rates (see Kummert et al., 2017). For example,
Gugla is characterized by a substantially larger catchment area upslope
from the rock glacier than the two other sites. During intense snowmelt
or repeated rainfall events, greater runoff discharge can be observed in
the gully, increasing the magnitude of erosion events (Kummert et al.,
2017). In addition, at Dirru the development of the main erosion niche
in the mid-1990s was apparently associated with the occurrence of intense torrential transfer events (Raymond Pralong et al., Unpublished),
and might have been related to a change in water availability enhancing
regressive erosion.
5.2. Signiﬁcance of the transfer rate for torrential activity
Sediment transfer rates ranging between 1000 and 7800 m3/y were
calculated. We can assume that similar orders of magnitude apply for
rock glaciers characterized by comparable sizes, dynamics and topographical conﬁgurations. Once lying in the channel, the sediments are
potentially available for torrential transport, and therefore for the
development of debris ﬂows. If we follow the volumetric classiﬁcation
of debris ﬂows proposed by Jakob (2005) in the case of British Columbia
(Canada), the orders of magnitude for annual sediment supply by the
rock glaciers calculated here are sufﬁcient, if mobilized within one
event, to produce medium sizes debris ﬂows (class 3 in Jakob, 2005).
According to Jakob (2005), such debris ﬂow size is enough to destroy
buildings, damage concrete bridge piers and block or damage highways
and railways. In addition, the sediment input from the rock glacier
may be continuous over several years or decades as long as the level
of activity of the latter remains constant. If no remobilization events
occur, the sediment supply from the rock glacier front can lead in a
few years to the progressive storage of larger amounts of rock debris
in the gully, which are then potentially available for the triggering of
larger magnitude debris ﬂows, as long as enough water is available.
For example, at Gugla the sediment supply by the rock glacier contributed to the triggering of repeated debris ﬂow events emptying the
upper gully between 2012 and 2016 (Fig. 13). The decrease of the sediment transfer rate since 2013 associated with the high frequency of
events constitute explanatory factors for the lower magnitude of the

Many studies (e.g. Barsch, 1977; Humlum, 2000; Gärtner-Roer and
Nyenhuis, 2010) propose estimations of the sediment transfer rates of
rock glaciers. However, the results are usually expressed in tons per
years and take into account the whole mass of the rock glaciers rather
than the transfer occurring at the front or at a given section of the landform. They are therefore not comparable to our approach. As already
mentioned, very few studies focusing on the quantiﬁcation of sediment
transfer at the front of active rock glaciers exist. In one of the few examples, Micheletti et al. (2017) presented results of volumetric changes
at the front of the Tsarmine rock glacier. They compared volumes calculated with a conventional method using DoDs, similarly to the one
applied here, to volumes directly extracted from TLS point clouds.
However, Micheletti et al. (2017) did not calculate sediment transfer
rates nor sediment budgets but only volumes of accumulation and erosion on the whole area, including the front and the gully. Furthermore,
no speciﬁc methodology to estimate the volumetric inputs from the
rock glacier advance is proposed. It is therefore not possible to directly
relate their results to the ones presented here.
Lugon and Stoffel (2010) calculated sediment transfer rates between
a rock glacier front and a torrential channel for different time periods by
multiplying the annual surface velocity with the surface width and
depth of the rock glacier front. Their method did not consider the velocity decrease at depth and was based on the assumption that the volume
brought forward annually by the motion of the rock glacier corresponds
to the volume eroded and transported each year towards the gully. They
calculated annual transfer rates ranging between 300 and 400 m3/y at
the front of a rock glacier characterized by a surface velocity varying
between 30 and 40 cm/y. These values are about ten times lower that
the ones we calculated at our sites and can be explained by the surface
velocity, which is also approximately ten times lower. As a comparison,
a similar approach adapted to take into account the velocity decrease
at depth (Fig. 15) was applied for all the rock glaciers located in the
west-oriented side of the Mattertal valley, including Dirru and Gugla
(Delaloye et al., Unpublished), as well as at Tsarmine. The values of annual sediment transfer obtained with this alternate simpliﬁed method
(method 2) are shown in Table 4, where they are compared to the
values of annual erosion rates (EA) presented in this paper. The two
methods estimated sediment transfer rates of the same magnitude.
The results presented in this paper indicate however that the erosion
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Fig. 15. Schematic view of a rock glacier with the different dimensions (a. to e.) used in method 2 to estimate the annual sediment input at the front of active rock glaciers. In this method, it
is assumed that all the sediments brought forward by the rock glacier advance are eroded and transferred towards the gully. The annual sediment input corresponds thus to the annual
erosion rate at the front.

of the front does not only follow the variations of movement of the rock
glacier, but depends also on external factors such as the weather conditions. Therefore, even though the front line position seems stable at a
decadal scale, the erosion of the front is characterized by inter-annual
and seasonal variations that are not captured by the second approach.
The comparative table shows nevertheless that method 2 can be helpful
to get ﬁrst quantitative approximations of the sediment transfer activity
at the front of active rock glaciers connected to torrential gullies.
5.4. Remaining uncertainties over the data
The presented results display certain variability in the sediment
transfer rates and budget values. The correspondence between volumes
eroded from the fronts and aggradation rates in the upper gullies is also
not perfectly balanced. If this can illustrate the transfer of sediments
towards the lower gullies and the valley bottoms, it can also reﬂect
uncertainties and errors in our estimations. At Tsarmine and Dirru for
instance, there is almost no remobilization of sediments out of the
scanned area. The budgets calculated at the fronts should then be
balanced by the volume changes obtained for the upper gullies for
each time period and for both sites. However, results show in most
cases slightly unbalanced total budgets, generally positive at Tsarmine
and negative at Dirru. These unbalanced budgets point out remaining
uncertainties which are both numerous and difﬁcult to estimate.
These uncertainties are discussed hereafter.

Table 4
Data comparison between sediment transfer rates calculated with the methodology
described and applied in this study, and an alternative method (method 2) adapted from
Lugon and Stoffel (2010) and used by Delaloye et al. (Unpublished).

Dirru
Gugla

Tsarmine

Time interval
(dd.mm.yyyy)

Transfer rate
(EA) (m3/y)

Transfer rate method
2 (m3/y)

09.10.2014-06.10.2015
06.10.2015-04.10.2016
04.10.2013-09.10.2014
09.10.2014-06.10.2015
06.10.2015-04.10.2016
23.09.2014-22.09.2015
22.09.2015-07.10.2016

-1642
-1494
-7798
-5904
-5676
-1958
-3770

-1811
-1520
-6860
-5599
-4986
-2823
-3656

Despite our efforts to limit the impact of DEMs errors in our volume
calculations, some uncertainties linked to the data processing can still
be present. In addition, uncertainties can arise from the interpretation
of the calculated volumetric budget as sediment budgets. As mentioned,
in our cases the values of surface changes are mostly reﬂecting sediment
transfer activity; either sediment reworking through aggradation
and erosion, or the movement of the rock glacier which participates to
transport sediments downward. However, other processes might inﬂuence the values of surface changes within the DoDs and therefore be
reﬂected in our sediment budget values. At the front, the ice content
within the advancing sections of the rock glaciers may vary spatially
and impact calculated volumetric budgets. In addition, the melt of
permafrost ice which in some cases occupies a larger volume than the
overall porosity can also affect values of surface elevation changes at
the fronts. This effect could for instance explain part of the unbalanced overall sediment budget calculated at Dirru, where relatively
high ice content is expected. In the upper gullies, occasional and localized snowmelt-induced surface changes may also be present in
some of the DoDs, for instance at Gugla where the narrowness and
the steepness of the gully sometimes allow some small snow patches
to remain present until end of June. These processes could however
not be quantiﬁed. Their impact on the values of volumetric budget
is expected to be small but they need to be kept in mind while analyzing the results.
Finally, errors can also derive from the calculations of the volume
gain from the rock glacier advance (ΔVFadv). In our calculations we
used the mean 3D velocities measured at 3 to 4 points located close
to the fronts to estimate the rock glaciers movements. The spatial
representativeness of this mean value is possibly not ideal. As already
mentioned, we reduced this mean value by a factor of 25% to better
represent the velocity decrease at depth. By doing so we assume that
the velocity at the shear horizon is about half the one measured at the
surface, and that the velocity decrease in depth is linear. These two
assumptions represent simpliﬁcations of the reality and therefore can
lead to uncertainties. It might however counterbalance the effect of
the melt of interstitial ice on volume changes, especially at Gugla and
Tsarmine where the ice content is expected to be low. In addition,
the same amount of sediment could occupy different volumes in the
upper gully and at the front. In the rock glacier body, a part of the
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volume corresponds to ice which is not present in the sediments lying in
the gully. On the other hand, the sediments might be more compacted
in the rock glacier body than in the gully due to the compressive action of the permafrost creep process. Moreover, ﬁne material occupies often an important part of the front surface but is generally
less visible in the gully where it can be leached. These differences
can also explain unbalanced values of total budgets even if no sediments were transferred outside the scanned areas. This is most likely
he case at Tsarmine, where ﬁne sediments occupy a relatively large
portion of the front surface but are almost non-visible in the upper
gully.
All these remaining sources of uncertainties were not quantiﬁed.
Therefore, the absolute values of volume changes presented here should
not be interpreted as true values but more as best approximations.
Additionally, as the same methodology has been applied for each time
interval and at each site, one can argue that relative changes in erosion
and transfer within one site or differences recorded between the sites
are representative of real geomorphological differences in sediment
transfer activity. More than the single absolute values, orders of magnitude and both temporal variations within one site and differences
between the sites are the main elements that are emphasized and
discussed in this paper.
6. Conclusion
TLS derived DoDs have shown good applicability to map and
quantify sediment ﬂuxes between the front of rapidly moving rock
glaciers and gullies. However, uncertainties remain present due to the
post-processing of the LiDAR data and the difﬁculty to estimate the
volume changes due to the rock glacier movements. These sources of
uncertainties seem unfortunately difﬁcult to overcome. However,
more advanced procedures of TLS post-processing routines as well as
better local knowledge about the depth of the main shear horizon, the
velocity decrease at depth or the internal structure (e.g. porosity, ice
content) could improve our estimations. Given the remaining uncertainties, the quantitative results presented here should be analyzed as
orders of magnitude more than as absolute values. They however
allow numerous conclusions to be drawn. The fronts of the investigated
rock glaciers act as substantial sediment inputs to the underlying torrential channels. Sediment transfer rates measured between the fronts
and the torrential gullies range from about 1500 m3/y at Dirru to more
than 7800 m3/y measured in 2013–2014 at Gugla. In most cases, these
transfer rates participate to the buildup of important accumulation
areas in the upper sectors of the gullies or on the slopes situated just underneath the fronts, as shown by the DoDs. Once stored on the slopes,
the sediments may then be remobilized within debris ﬂow events of
various sizes, depending on the sediment availability but also on the
concordance of other controlling factors such as topography and water
availability (Kummert et al., 2017). In addition to these factors, the
annual sediment transfer rate between the rock glacier fronts and the
torrential channels is mainly controlled by the sizes of the frontal
areas and the creep velocity rates. A clear relation between the motion
rates of the rock glaciers and the sediment transfer rates calculated at
their fronts could be highlighted here. We can therefore afﬁrm that a
substantial sediment transfer activity must characterize rock glaciers
lending similar topographical and kinematical conﬁgurations as the
ones studied here. The values presented here are thus only representatives for rapidly moving rock glaciers. In the case of slow moving rock
glaciers, values of sediment transfer rates are expected to be much
lower. However, in the current context of climate change, the potential
acceleration of such steep and connected rock glaciers could increase
sediment transfer rates and enhance the sediment availability within
the headwaters of high alpines watersheds. The identiﬁcation of the
cases corresponding to this conﬁguration should therefore be a priority
for future work.
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Abstract. Due to the relative lack of empirical field data,
the response of very small glaciers (here defined as being
smaller than 0.5 km2 ) to current atmospheric warming is not
fully understood yet. Investigating their mass balance, e.g.
using the direct glaciological method, is a prerequisite to fill
this knowledge gap. Terrestrial laser scanning (TLS) techniques operating in the near infrared range can be applied
for the creation of repeated high-resolution digital elevation
models and consecutive derivation of annual geodetic mass
balances of very small glaciers. This method is promising,
as laborious and potentially dangerous field measurements
as well as the inter- and extrapolation of point measurements can be circumvented. However, it still needs to be validated. Here, we present TLS-derived annual surface elevation and geodetic mass changes for five very small glaciers
in Switzerland (Glacier de Prapio, Glacier du Sex Rouge, St.
Annafirn, Schwarzbachfirn, and Pizolgletscher) and two consecutive years (2013/14–2014/15). The scans were acquired
with a long-range Riegl VZ® -6000 especially designed for
surveying snow- and ice-covered terrain. Zonally variable
conversion factors for firn and bare ice surfaces were applied to convert geodetic volume to mass changes. We compare the geodetic results to direct glaciological mass balance
measurements coinciding with the TLS surveys and assess
the uncertainties and errors included in both methods. Average glacier-wide mass balances were negative in both years,
showing stronger mass losses in 2014/15 (−1.65 m w.e.)
compared to 2013/14 (−0.59 m w.e.). Geodetic mass balances were slightly less negative but in close agreement with
the direct glaciological ones (R 2 = 0.91). Due to the dense
in situ measurements, the uncertainties in the direct glaciological mass balances were small compared to the majority

of measured glaciers worldwide (±0.09 m w.e. yr−1 on average), and similar to uncertainties in the TLS-derived geodetic
mass balances (±0.13 m w.e. yr−1 ).

1

Introduction

Around 80 % of the number of glaciers in the European Alps
(Fischer et al., 2014, 2015a; Gardent et al., 2014; Smiraglia
et al., 2015), and in mid- to low-latitude mountain ranges in
general (Pfeffer et al., 2014), are smaller than 0.5 km2 and
hence belong to the size class of very small glaciers according to the definition by Huss (2010). Despite their predominance in absolute number, very small glaciers have so far
received little attention in glaciological research, and empirical knowledge is mainly based on studies focusing on the
Mediterranean Mountains (e.g. Grunewald and Scheithauer,
2010). However, due to their vast number and short response
time, very small glaciers are even relevant at larger scales,
as they impact on the hydrology of certain catchments (Jost
et al., 2012) and, at least over the next one or two decades,
notably contribute to global sea-level rise (Huss and Hock,
2015). Even if an increasing interest in very small glaciers
of the European Alps could be observed in recent years (e.g.
Hagg et al., 2008; Huss, 2010; Gilbert et al., 2012; Carturan
et al., 2013; Bosson et al., 2015), field measurements are still
sparse, meaning that there is considerable uncertainty in the
response of very small glaciers to atmospheric warming. It is
likely that currently medium-sized or even large glaciers become very small glaciers due to disintegration and substantial area loss over the next decades in areas like the European
Alps (Zemp et al., 2006). A better understanding of their dy-
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namics and sensitivity to climate change is thus important
(Huss and Fischer, 2016).
Measuring glacier mass balance is important to understand
the glacier-climate interaction as it directly reflects the climatic forcing on the glacier (e.g. Vincent et al., 2004). In
contrast to annual field measurements on individual glaciers
using the direct glaciological method (Østrem and Brugman,
1991; Cogley et al., 2011), mass balance can also be reconstructed from the comparison of two different digital elevation models (DEMs) of the glacier surface topography using
the geodetic method (e.g. Rignot et al., 2003; Zemp et al.,
2013). Until a few years ago, the accuracy of such DEMs, for
instance derived from photogrammetry, mostly limited the
time resolution of reliable geodetic mass balance measurements to a multi-annual to decadal scale (Cox and March,
2004; Thibert et al., 2008). Today, light detection and ranging (lidar) techniques from aircraft, so-called airborne laser
scanning (ALS), allows derivation of dense point clouds and
hence creation of high-resolution DEMs over snow and ice
and the computation of glacier surface elevation, volume and
geodetic mass changes on an annual or semi-annual basis
(Arnold et al., 2006; Joerg et al., 2012; Helfricht et al., 2014;
Colucci et al., 2015; Piermattei et al., 2016).
Even though the initial costs of the scanner and software
license are high, terrestrial laser scanning (TLS) techniques
are generally easier and more cost-efficiently applied to individual sites and on the annual to seasonal timescale compared to ALS techniques (Heritage and Large, 2009). As often nearly the entire surface of very small glaciers is visible
from one single location (e.g. from a frontal moraine, an accessible mountain crest or summit, or from the opposite valley side), TLS is particularly appropriate to generate highresolution DEMs, as well as to derive annual geodetic mass
balances of very small glaciers. Thus, laborious and timeconsuming in situ measurements could be circumvented, and
the spatial inter- and extrapolation of point measurements
over the entire glacier surface avoided, which is known as an
important source of uncertainty in direct glaciological mass
balances (e.g. Zemp et al., 2013).
Since 2000, TLS has evolved into a method which is able
to capture changes of the high-mountain cryosphere at very
high spatiotemporal resolution (Ravanel et al., 2014). However, because the typical wavelengths emitted from former
devices were absorbed by surfaces of fresh snow and bare
ice, the application of TLS surveys in cryospheric sciences
was first restricted to monitor the dynamics of rock walls
(Rabatel et al., 2008; Abellán et al., 2009), rock glaciers
(Bodin et al., 2008; Avian et al., 2009; Kummert and Delaloye, 2015), or debris-covered glaciers (Conforti et al.,
2005; Avian and Bauer, 2006). A few years ago, DEM creation of snowy and icy terrain using a new generation of terrestrial lidar devices operating in the near infrared range became possible (Prokop et al., 2008; Schwalbe et al., 2008;
Grünewald et al., 2010; Egli et al., 2012). To our knowledge,
Carturan et al. (2013) were the first to compute both seasonal
The Cryosphere, 10, 1279–1295, 2016

and annual geodetic mass balance of a very small glacier
(Montasio Occidentale, 0.07 km2 , Julian Alps, Italy) from
the differencing of repeated high-resolution TLS-derived
DEMs. Similar studies were to follow (e.g. López-Moreno et
al., 2016, for the Monte Perdido Glacier in the Spanish Pyrenees). In the meantime, ground or unmanned aerial vehicle
(UAV) based close-range photogrammetry combined with
computer vision algorithms such as structure-from-motion
(SfM) has evolved into a valuable, cost-efficient, and safe
method to derive annual specific geodetic mass changes of
small Alpine glaciers of similar quality compared to TLS
or ALS techniques (Piermattei et al., 2015, 2016). Although
area-averaged geodetic mass balances calculated with highresolution remote sensing survey techniques showed close
agreement with glacier-wide direct glaciological balances
(Piermattei et al., 2016), validation of these emerging new
methods through comparison to in situ measurements has so
far been pending. It is, however, needed to assess the quality
and applicability of close-range high-resolution remote sensing techniques for glacier mass balance monitoring (Tolle et
al., 2015).
In this paper we present a new data set of annual geodetic mass balances for five very small glaciers in the Swiss
Alps and two consecutive years (2013/14–2014/15) calculated from the differencing of repeated TLS-derived DEMs.
The lidar surveys were performed with a long-range terrestrial laser scanner (Riegl VZ® -6000) enabling the acquisition
of surface elevation information over snow and ice of enhanced quality and over larger areas than with previous devices working in the near infrared (Deems et al., 2015; Gabbud et al., 2015). We compare our results to direct glaciological mass balances from dense in situ measurements and
perform an in-depth uncertainty assessment of both the TLSderived geodetic and the direct glaciological mass changes.

2

Study sites

The five study glaciers are located in the western, central,
and eastern Swiss Alps (Fig. 1d). They are all smaller than
0.5 km2 , generally north-exposed, and range from 2600 to
2900 m a.s.l. for the most part (Fig. 1, Table 1). To better understand the response of very small glaciers in the
Swiss Alps to climate change, the studied glaciers have
been subject to detailed scientific research since 2006 (Pizolgletscher), 2012 (Glacier du Sex Rouge, St. Annafirn), and
2013 (Schwarzbachfirn), and a comprehensive set of empirical field data is now available for these sites.
Glacier de Prapio is a steep and crevassed cirque glacier
situated below the headwalls of a rock ledge which confines
a nearby and flat valley glacier (Glacier de Tsanfleuron; see
Hubbard et al., 2003) to the west (Fig. 1a and 1-1). Observed
area losses were smaller than for the other studied glaciers
during past decades (Table 1).
www.the-cryosphere.net/10/1279/2016/
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Figure 1. Overview of study sites. (a) Glacier de Prapio and Glacier du Sex Rouge, (b) St. Annafirn and Schwarzbachfirn, and (c) Pizolgletscher. The locations of the surveyed glaciers in the Swiss Alps is given in (d). Scan positions and horizontal view angles of the TLS
surveys are shown by red dots and red dashed lines. Red numbers (on left side) correspond to individual photographs of the study glaciers
(on right side) which were taken from the respective scan positions. Red triangles on the photographs refer to summits mentioned in the text.
Black dashed areas indicate lidar shadow, and black crosses the locations of ablation stakes.
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Table 1. Different parameters describing the characteristics of the five study sites listed from west to east: location, surface area in 2010
(A2010 ), relative area change between 1973 and 2010 (1A1973−2010 ), elevation range (1z2010 ) and length (L2010 ) in 2010, and dominant
aspect from the Swiss Glacier Inventory 2010 (Fischer et al., 2014). In addition, the dates of the field surveys are given.
Parameters
Location
A2010 (km2 )
1A1973−2010 (%)
1z2010 (m a.s.l.)
L2010 (km)
Dominant aspect

Glacier de Prapio

Glacier du Sex Rouge

St. Annafirn

Schwarzbachfirn

Pizolgletscher

7.206◦ E 46.319◦ N

7.214◦ E 46.327◦ N

8.603◦ E 46.599◦ N

8.612◦ E 46.597◦ N

0.21
−24.6
2558–2854
0.70
NW

0.27
−60.9
2714–2867
0.64
NW

0.22
−50.6
2596–2928
0.68
N

0.06
−66.7
2686–2832
0.34
NE

9.391◦ E 46.961◦ N
0.09
−69.7
2602–2783
0.42
NE

14.09.∗
22.09.∗
21.09.∗

14.09.
22.09.
21.09.

06.09.
26.09.
28.09.

07.09.
26.09.
28.09.

23.09.
20.09.
09.09.

Dates of field surveys
Autumn 2013
Autumn 2014
Autumn 2015
∗ only TLS surveys

Glacier du Sex Rouge lies west of the prominent Oldehore/Becca d’Audon (3123 m a.s.l.) (Figs. 1a and 1-2). Over
a flat ice divide, the glacier is connected to Glacier de Tsanfleuron (Fig. 1a). Since 1961, the glacier lost half of its volume (Fischer et al., 2015b). Apart from pronounced area and
mass loss, the glacier surface flattened over recent decades.
Today, no major crevasses exist at the glacier surface, meltwater runs off in meandering supraglacial or glacier marginal
channels, and downglacier horizontal surface displacement
rates measured with differential global positioning system
(dGPS) amount to 0.7 m yr−1 .
St. Annafirn is a cirque glacier protected by steep rock
walls connecting St. Annahorn (2937 m a.s.l.) with Chastelhorn (2973 m a.s.l.) (Fig. 1b and 1-3). Kenner et al. (2011)
studied the erosion of these recently deglaciated rock walls
using TLS, and Haberkorn et al. (2015) their thermal regime
and its relation to snow cover. By 2010, St. Annafirn shrank
to half its surface area in 1973, and lost about two-thirds of
its volume since 1986 (Table 1, Fischer et al., 2015b).
Schwarzbachfirn is situated at the foot of the north face of
Rothorn (2933 m a.s.l.) (Fig. 1b and 1-4). Between 1990 and
2010, the glacier lost about 85 % of its total volume (Fischer
et al., 2015b). Since 1973, it retreated back to one-third of its
initial surface area (Table 1).
Pizolgletscher is located below the eastern headwalls of
Pizol summit (2844 m a.s.l.) and is surrounded by rock walls
on three sides (Figs. 1c and 1-5). Huss (2010) pointed out
the remarkable small-scale variability in accumulation and
melt processes, and referred to the importance of snow redistribution and the influence of albedo feedback mechanisms
on the mass balance of this very small glacier. Pizolgletscher
showed rapid retreat and lost 70 % of its initial surface area
between 1973 and 2010. Compared to 1961, a volume loss
of 63 % was observed (Table 1, Fischer et al., 2015b).
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3

Data and methods

3.1
3.1.1

TLS-derived surface elevation and mass changes
The Riegl VZ® -6000 terrestrial laser scanner

TLS is an active lidar technique, which measures the target
distance based on the time-of-flight principle, i.e. the time
of an emitted laser signal required to return to its source
(Deems et al., 2013). The long-range Riegl VZ® -6000 terrestrial laser scanner was used here to produce annually repeated dense point clouds of the investigated glacier surfaces and adjacent areas, which were subsequently used to
create high-resolution DEMs. Using common TLS devices
with wavelengths around 1500 nm, i.e. with low reflectance
but high absorption over snow and ice, the possible scanning
distance is limited to a maximum of only ∼ 150 m (Deems
et al., 2013). These systems are therefore rather unsuitable
for applications related to glacier monitoring. Compared to
the former generation of TLS systems operating also at the
lower range of the near infrared but with shorter wavelengths
(so-called Class 1 laser scanners, e.g. Carturan et al., 2013),
the Riegl VZ® -6000 Class 3B laser scanning system allows
faster surveys (up to 222 000 measurements s−1 ) of larger areas and targets at greater distances (up to > 6000 m) with
previously unprecedented accuracy and precision. Operating
at 1064 nm, the TLS system is particularly well suited for
measuring snow- and ice-covered terrain (Table 2; RIEGL
Laser Measurement Systems, 2013).
3.1.2

Lidar surveys

Starting in September 2013, TLS surveys of the study
glaciers were performed on an annual basis, coinciding with
in situ measurements on the same days to determine the direct glaciological mass balances (Table 1). Our approach to
orient and tie subsequent scans of the same study site into a
www.the-cryosphere.net/10/1279/2016/
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Table 2. Parameters and values of the Riegl VZ® -6000 terrestrial
laser scanner used for this study (RIEGL Laser Measurement Systems, 2013), and typical survey parameters chosen for the individual
annual field surveys.
System parameters

Figure 2. TLS survey of St. Annafirn in September 2014 with the
Riegl VZ® -6000 terrestrial laser scanner.

common coordinate system was to use the relative orientation of the scans and to define one scan as the reference to
which the subsequent scan was registered (cf. Sect. 3.1.3).
Therefore, and also because nearly the entire glacier surface
areas were visible from selected scan locations, it was adequate to perform the lidar surveys from only one single scan
position for every site (in Fig. 1). Additional measurements
of ground control points (GCPs) with dGPS were omitted on
purpose, as the potential of the long-range lidar system to remotely monitor surface elevation and mass changes of very
small glaciers was also to be tested with the aim of reducing
laborious and potentially dangerous in situ measurements to
a minimum here.
Prior to the laser scanning, the Riegl VZ® -6000 was
mounted on a tripod placed on stable surface in order to
prevent ground motion and enhance data acquisition quality (Fig. 2). Because Class 3B laser scanners operate at
wavelengths not inherently eye-safe, important precautions
needed to be taken, including safety measures for the operators as well as people potentially moving within a predefined
ocular hazard distance (RIEGL Laser Measurement Systems,
2012).
The scan parameters were chosen as a compromise between maximizing resolution (point density) over the measured area and minimizing data acquisition time (Table 2,
Supplement Table S1). In order to avoid range ambiguity and
associated possible uncertainty due to several laser pulses simultaneously in the air (Rieger and Ullrich, 2012), the pulse
repetition frequency was always set to 30 kHz. From the experience of the first TLS surveys in autumn 2013, it was
shown to be safe enough to decrease the vertical and horizontal angle increments, i.e. increase the measurement time,
by one order of magnitude. This enhanced the ground resolution of target reflections (point density) to an important exwww.the-cryosphere.net/10/1279/2016/

Value (range)

Measuring range for
– good diffusely reflective targets
– bad diffusely reflective targets
Ranging accuracy, precision
Measuring point frequency
Measuring beam divergence
Laser wavelength
Scanning range:
– horizontal
– vertical
Power supply
Temperature range:
– operational
– storage
Weight
Dimensions

> 6000 m
> 2000 m
± 15 mm, ± 10 mm
23 000–222 000 s−1
0.12 mrad
Near infrared (1064 nm)
0 to 360◦
−30 to 30◦
11-28V DC
0 to 40 ◦ C
−10 to 50 ◦ C
approx. 14.5 kg
236 × 226.5 × 450 mm

Chosen survey parameters

Parameter range

Pulse repetition frequency
Vertical angle increment
Vertical angle range
Horizontal angle increment
Horizontal angle range

30 kHz
0.08◦ (2013)/0.008◦ (2014, 2015)
60–120◦ from zenith
0.08◦ (2013)/0.008◦ (2014, 2015)
0–120◦

tent. For all scans, average point density was 30 m−2 (range 1
to 95 points m−2 ; cf. Supplement Table S1). The vertical angle range was often fully utilized, while the horizontal angle
range (Fig. 1a–c) had to be wider than the area of interest,
i.e. the horizontal glacier extents, in order to use reflections
from stable terrain outside the glaciers for the point cloud
registration.
3.1.3

TLS data processing

Relative registration of the TLS point clouds was performed
using RiSCAN PRO® v 2.1 (RIEGL Laser Measurement
Systems, 2015). First, reflections outside the area of interest, as well as clear outliers originating from atmospheric
reflections due to moisture or dust, were selected and permanently deleted. One point cloud of two consecutive scans
was treated as registered. Changing surfaces (mostly reflections from snow and ice in our case) of the second, unregistered point cloud were selected and temporarily removed
until it only consisted of stable terrain, i.e. preferably planar
and snow- and ice-free features as rock walls or rock outcrops and large boulders outside the glacier. Manual coarseregistration was performed in order to approximatively shift
the unregistered point cloud into the local coordinate system of the registered one. Therefore, a sufficient number of
spatially matching points (at least four) were identified by
eye on both point clouds over stable terrain. Finally, a multiThe Cryosphere, 10, 1279–1295, 2016
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station adjustment (MSA) algorithm for semi-automatic fine
registration using iterative closest point (ICP) techniques
was performed (e.g. Zhang, 1992; Carrivick et al., 2013, cf.
Sect. 4.1). An octree filter (e.g. Perroy et al., 2010) was applied to the registered scans to remove noise and generate
point clouds with equal numbers of reflections per area.
3.1.4

Calculation of surface elevation and geodetic
mass changes

Interpolation of the processed point data sets to regular
grids and calculation of surface elevation and geodetic mass
changes was performed in ArcMap v 10.1. For each study
site and individual time step, surface elevation changes
1hTLS were calculated by differencing of the TLS-derived
DEMs. No extrapolation of 1hTLS was performed for areas with lidar shadow as it would have introduced unnecessary uncertainty. This did not hamper a direct comparison between glaciological and geodetic mass balances because the relative proportions of lidar shadow over the glacier
surface areas were minor (0.7 % for Glacier du Sex Rouge,
7.9 % for Glacier de Prapio, 3.3 % for St. Annafirn, 1.2 %
for Schwarzbachfirn, and 15.8 % for Pizolgletscher, Fig. 1).
Glacier volume changes 1V (m3 ) for individual sites and
years were derived by multiplying the area of the TLSderived DEM of difference (DoD) A (m2 ) with the mean surface elevation changes of all individual grid cells 1hTLS .
Three basic approaches exist to convert geodetic volume
to mass changes (e.g. Huss, 2013): (1) Application of a density of volume change of 900 kg m−3 based on Sorge’s law
(Bader, 1954). This implies that neither changes in the mean
firn density nor in the firn thickness and extent occur over
time; (2) estimation of an average density of volume change
to 850 kg m−3 based on typical changes in firn and ice volume over time (e.g. Zemp et al., 2013; Andreassen et al.,
2016); (3) use of zonally variable conversion factors for firn
and bare ice surfaces (e.g. Schiefer et al., 2007; Kääb et
al., 2012). Based on information collected during field surveys (Supplement Table 2) and limited ice dynamics, approach (3) was applied here. Areas of bare ice, annual or
multi-annual firn were manually defined for each glacier and
survey date by considering repeated aerial and oblique photographs as well as direct observations. Corresponding densities of 900 kg m−3 for ice ρice , 550 kg m−3 for annual firn
ρaf , and 700 kg m−3 for multi-annual firn ρmf (e.g. Sold et
al., 2015) were applied to calculate a glacier-wide volumeto-mass change conversion factor f1V as

f1V =

1Vice · ρice 1Vaf · ρaf 1Vmf · ρmf
+
+
,
1V
1V
1V

(1)

where 1Vice , 1Vaf and 1Vmf correspond to the measured
volume changes over areas of bare ice, annual or multiannual firn. The TLS-derived specific geodetic mass balances
The Cryosphere, 10, 1279–1295, 2016

BTLS (m w.e. yr−1 ) were then derived by
BTLS =

1V · f1V
,
A · ρw

(2)

where ρw is the density of water. Neither firn compaction
nor ice dynamics were considered to estimate the f1V values. Due to field observations and repeated oblique and aerial
orthoimagery, the spatiotemporal evolution of the firn thicknesses and extents during and prior to the measured years
2013–2015 could be assessed, and firn compaction assumed
to be negligible as a result. Ice dynamics were likely negligible for the study glaciers as measured surface displacement
rates (in the order of a few m yr−1 ) were always smaller than
the resolution of the lidar DEMs (several metres), and dynamic thickening and thinning apparently smaller than the
uncertainty in differences between TLS-derived and in situ
measured elevation changes at ablation stakes (cf. Sect. 5.2
below).
If there was a significant amount of fresh snow at the time
of the annual lidar surveys, additional snow depth measurements had to be carried out. Late summer snowfall events
were recorded just a few days prior to the lidar surveys for
Glacier de Prapio, Glacier du Sex Rouge (average of 0.18 m
of fresh snow) and Pizolgletscher (0.20 m) in 2013 as well as
for St. Annafirn and Schwarzbachfirn (both 0.30 m) in 2015.
Snow probings on the glaciers with a complete spatial coverage and a median density of about 200 measurements km−2
were performed on the same days as the lidar surveys, and
measured snow depth values inter- and extrapolated to the
entire glacier surfaces. No snow depth measurements exist
for Glacier de Prapio in 2013 due to difficult field site access. Average snow depth measured for the adjacent Glacier
du Sex Rouge was therefore adopted. The final snow distribution grids were subtracted from the TLS-derived DoDs in order to calculate the actual annual volume and geodetic mass
changes corrected for fresh snow.
3.2
3.2.1

Glaciological mass balance
In situ measurements

Direct glaciological mass balance monitoring programmes
including seasonal field observations started in 2006 (Pizolgletscher), 2012 (Glacier du Sex Rouge, St. Annafirn), and
2013 (Schwarzbachfirn) (Supplement Table S2). Usually in
April, the spatial distribution and snow-water equivalent of
the end-of winter snowpack accumulated on the glacier was
determined through dense manual snow probings and density measurements in snow pits (Supplement Fig. S1, Supplement Table S2). To quantify the amount of estival mass loss
through snow and ice melt and to determine the annual mass
balance, 4 m ablation stakes were drilled into the glaciers
with a steam drill (Fig. 1), and read out at the end of the melting season (September). Where mass gain through firn and
snow accumulation occurred, respective heights were conwww.the-cryosphere.net/10/1279/2016/
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4.1

Uncertainty assessment
TLS-derived geodetic mass changes

Uncertainty in the TLS-derived surface elevation changes
presented here can be attributed to two main sources: (1) lidar data acquisition errors, and (2) data processing errors and
DEM creation. In the following, important aspects of these
errors relevant to our methodological approach are assessed
first. Then, we describe how we quantify the effective uncertainty in the TLS-derived surface elevation and geodetic
mass changes.
Provided that the Riegl VZ® -6000 used here operated reliably and ground motion was prohibited while scanning, errors in the acquired lidar point clouds of the surveyed glacier
surfaces and surrounding areas are either terrain-induced or
originate from the TLS system itself. Even though they vary
in reality, for instance with the distance to the target, manufacturers commonly provide simplified and constant values
for the ranging accuracy and precision of their TLS systems.
For the purpose of this study, the respective values given
in Table 2 for the Riegl VZ® -6000 are assumed to apply.
Terrain-induced or geometric errors arise from the surface
characteristics and orientation of the target relative to the
scanner, i.e. slope and aspect, and from the laser-beam divergence, i.e. size of the laser-beam footprint at the target
(Schürch et al., 2011; Deems et al., 2013; Hartzell et al.,
2015).
Fine registration of two consecutive point clouds is an important lidar post-processing step and primarily enhances the
quality of TLS-derived surface elevation changes (Prokop
www.the-cryosphere.net/10/1279/2016/
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An accumulation and distributed temperature-index melt
model (Hock, 1999; Huss et al., 2009) was applied to derive the spatial surface mass balance distribution of the four
glaciers with direct measurements in daily resolution. Using a semi-automated procedure, the model was calibrated
for each glacier and year individually to optimally match all
seasonal field data. Taking into account the principal factors
governing the accumulation and melt processes, the model
can thus be regarded as a statistical tool for the spatiotemporal inter- and extrapolation of seasonal point mass balance measurements. In addition to the field measurements,
required model inputs included updated glacier extents and
DEMs of the glacier surfaces, as well as daily air temperature and precipitation data from nearby MeteoSwiss weather
stations. A detailed description of the methodology to infer
distributed mass balance is given in Huss et al. (2009) or Sold
et al. (2016).
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Figure 3. Comparison of annual surface elevation changes over stable terrain obtained by differencing of TLS-derived DEMs from
two consecutive years. Spatial and corresponding frequency distributions of these changes for (a, b) St. Annafirn (2013/14) and (c,
d) Pizolgletscher (2014/15). The black curves in (b) and (d) are
normal fits over the data. In addition, the mean (µ) and median (e
x)
elevation differences, as well as corresponding standard deviations
(σ ) and interquartile ranges (iqr) are given.

and Panholzer, 2009). For our study, fine registration using
MSA/ICP algorithms is indispensable as no absolute registration via GCPs is performed but only selected areas of the
point clouds over stable terrain are used for the relative orientation of the scans. RiSCAN PRO® delivers error statistics
of the final MSA results, including a full set of fitted point
residuals. The standard deviation of errors from the point
residuals (σMSA ) can be used to quantify the quality of the
registration process and to define limits of detection for the
TLS-derived surface elevation changes (Gabbud et al., 2015).
σMSA ranged from ±0.05 to ±0.18 m (±0.12 m on average)
over stable terrain surrounding the five glaciers in individual years (Table 3). Reliable results require use of some 104
points for the MSA/ICP fine registration techniques applied
here, the mean error to be zero and random errors to be Gaussian and pairwise uncorrelated (Riegl, personal communication, 2013). The latter two conditions are always fulfilled,
whereas, due to the lower resolution (lower point densities)
of the 2013 scans (Supplement Table 1) and hence the lower
number of points n used for the fine registration of consecutive point clouds (Table 3), MSA results and accordingly also
registration quality have to be handled with some reservation
for the observation period 2013/14.
The Cryosphere, 10, 1279–1295, 2016
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Table 3. Limits of detection for the TLS-derived surface elevation changes (σMSA ) and number of points used for the Multi-Station Adjustment fine registration of consecutive point clouds (n) for both observation periods and the surveyed Glacier de Prapio, Glacier du Sex Rouge,
St. Annafirn, Schwarzbachfirn, and Pizolgletscher. In addition, the mean (µ), median (e
x ), standard deviation (σ ) and interquartile range (iqr)
of elevation differences from the comparison of TLS-derived annual surface elevation changes over stable terrain (all in m) are given.
Hydrological
year

σMSA

n

µ

e
x

σ

iqr

0.07
0.14

2940
62 902

−0.18
−0.05

−0.20
−0.03

0.49
1.11

−0.74 to −0.07
−0.79 to 0.72

0.18
0.05

1628
48270

−0.02
−0.04

−0.12
−0.05

0.35
0.62

−0.39 to 0.34
−0.51 to 0.48

0.07
0.09

2486
20896

−0.01
0.17

0.03
0.18

0.36
0.59

−0.07 to 0.12
−0.08 to 0.42

0.17
0.08

7320
11567

−0.01
0.22

−0.01
0.20

0.37
0.34

−0.17 to 0.19
0.01 to 0.24

0.07
0.14

1931
10766

0.01
0.00

−0.04
−0.12

0.73
1.05

−0.21 to 0.11
−0.30 to 0.15

Glacier de Prapio
2013/14
2014/15
Glacier du Sex Rouge
2013/14
2014/15
St. Annafirn
2013/14
2014/15
Schwarzbachfirn
2013/14
2014/15
Pizolgletscher
2013/14
2014/15

Finally, point cloud filtering and gridding for DEM creation induces smoothing of the terrain information and additional error (Prokop and Panholzer, 2009; Deems et al.,
2015). The quality of the TLS-derived DEMs is dependent
on the lidar data acquisition and processing and the respective errors mentioned above. It increases with higher densities of points reflected from the surveyed terrain, which in
turn depends on the chosen survey parameters (Table 2), surface characteristics, type and flatness of the terrain (Carrivick
et al., 2013).
The accuracy of the TLS-derived surface elevation
changes and possible trends in elevation differences are assessed by comparison of consecutive DEMs over stable
terrain outside the glaciers (examples for St. Annafirn in
2013/14 and Pizolgletscher in 2014/15 in Fig. 3). Except for
Glacier de Prapio in 2013/14 (probably due to poor registration) as well as St. Annafirn and Schwarzbachfirn in 2014/15
(due to significant amounts of fresh snow in autumn 2015),
the deviations from zero regarding the mean (µ) and median
(e
x ) offsets over stable terrain between consecutive DEMs are
always smaller than the limits of detection (σMSA ) (Table 3,
Fig. 3b, d). A significant trend towards higher biases in DEM
differencing with steeper slopes is found (linear correlation
coefficient r = 0.96). Remarkable elevation differences over
comparably gently sloping terrain can be attributed to changing surfaces such as snow patches (e.g. left of St. Annafirn;
cf. Fig. 2 vs. 3a). For the steep rock walls confining St. AnThe Cryosphere, 10, 1279–1295, 2016

nafirn to the south, mean 2013/14 elevation differences are
−0.23 m (standard deviation ±0.63 m) (Fig. 3a). This corresponds to 3.5 times the mean annual erosion rates measured
by Kenner et al. (2011) and hence points to the limitations
of TLS-derived elevation differences over very steep terrain
(> 50◦ ) using our approach. Elevation differences outside Pizolgletscher for the period 2014/15 are also largest for the
steep rock walls surrounding the glacier (Fig. 3c). Furthermore, probably some systematic error in one of the TLSderived DEMs of Pizolgletscher results in a slight surface tilt
(e.g. Lane et al., 2004) in lower left to upper right direction,
which we, however, do not correct for.
The uncertainty in the average TLS-derived surface elevation changes (σ1hTLS ) for individual glaciers and years is
assessed according to a simple implementation of Rolstad et
al. (2009), and calculated with
r
Acor
2
,
(3)
σ1hTLS = ± σ1h
·
TLS 5 · A
where Acor is the range over which errors in DEM differencing are spatially correlated, conservatively estimated by
Acor = A. σ1hTLS is the standard deviation of errors in TLSderived glacier surface elevation changes, area-weighted for
classes of equal surface slope, for which values are derived
by taking the standard deviation of elevation differences per
slope class from individual DoDs over stable terrain. Values
for σ1hTLS range from ±0.26 m for the flatter glaciers like
www.the-cryosphere.net/10/1279/2016/
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Uncertainty in both point and glacier-specific annual mass
balance from direct field observations has often been estimated as ±0.2 m w.e. yr−1 (e.g. Dyurgerov, 2002). In-depth
assessments of random and systematic errors in glaciological
mass balances of selected measured glaciers showed, however, that the actual uncertainty can significantly deviate from
such static estimates (Thibert et al., 2008; Zemp et al., 2013;
Beedle et al., 2014).
Uncertainty in the direct glaciological method either originates from measurement errors at individual point locations,
from the representativeness of the measurement sites for their
close surroundings, from the spatial inter- and extrapolation
and averaging of these results over the whole glacier, or
from changes in the glacier geometry (Zemp et al., 2013).
The latter is assumed to be negligible here as annually updated glacier outlines derived from high-resolution aerial imagery and in situ GPS measurements are used. All stakes
were located in the ablation areas of the glaciers in autumn
2014 and 2015. The uncertainty in the direct glaciological
mass balance arising from measurement errors at individual stakes σabl (m w.e. yr−1 ) is estimated
following Thib√
ert et al. (2008) by σabl = 0.14/ Nabl , where Nabl is the
number of ablation measurements for individual glaciers and
years. Uncertainty from the spatial inter- and extrapolation
of point measurements σint/ext (m w.e. yr−1 ) can arise from
a non-representative spatial distribution and/or insufficient
density of stakes over the glacier, but is also related to the
method chosen for extrapolating the mass balance to the entire glacier. σint/ext is assessed by rerunning the mass balance
model by Huss et al. (2009) used for calculating glacier-wide
mass balance (cf. Sect. 3.2.2) by closely constraining it with

0

2014/15

2013/14

2660

4.2

(b)

285

0

2825

(a)

00
28

26

where 1hTLS is the glacier-wide mean of TLS-derived surface elevation changes, and σs the uncertainty in correcting
measured surface elevation changes for fresh snow, which is
estimated by ±20 % of the average measured snow depth.
Resulting values for σBTLS are listed in Table 4 and discussed
in Sect. 6.
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Finally, the uncertainty in the TLS-derived annual geodetic mass balance σBTLS (m w.e.) is calculated following Huss
et al. (2009) as
q
σBTLS = ± (1hTLS · σf1V )2 + (f1V · σ1hTLS )2 + σs 2 , (5)
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00
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1Vice · σρice 1Vaf · σρaf 1Vmf · σρmf
+
+
.
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Glacier du Sex Rouge to ±0.35 m for steeper glaciers like
Glacier de Prapio.
The uncertainties in the densities for ice σρice (estimated
as ±20 kg m−3 here), annual and multi-annual firn σρaf and
σρmf (both assumed as ±100 kg m−3 ) are used to estimate the
uncertainty in the glacier-wide conversion factor σf1V by
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Figure 4. Spatial distribution of TLS-derived annual surface elevation changes 1hTLS for (a, b) Glacier de Prapio, (c, d) Glacier du
Sex Rouge, (e, f) St. Annafirn, (g, h) Schwarzbachfirn, and (i, k) Pizolgletscher in 2013/14 and 2014/15. The numbers indicate the differences (in m) between TLS-derived and in situ measured annual
elevation changes at ablation stakes (1hTLS minus 1hdirect ). White
areas correspond to lidar shadow.
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0.0

Table 4. Glacier-wide mean of TLS-derived surface elevation
changes (1hTLS ) (in m) as well as specific geodetic (BTLS ) and direct glaciological (Bdirect ) annual mass balance variables with corresponding uncertainties (in m w.e.) for Glacier de Prapio, Glacier
du Sex Rouge, St. Annafirn, Schwarzbachfirn, and Pizolgletscher,
and the two observation periods 2013/14 and 2014/15.

Sex Rouge
St. Anna
Schwarzbach
Pizol

-0.5

Hydrological
year

-1.0

2013/14
2014/15

-2.0

Bdirect

−0.01
−3.19

0.02 ± 0.53
−2.58 ± 0.15

–
–

−0.66
−2.41

−0.55 ± 0.10
−2.01 ± 0.12

−0.63 ± 0.07
−2.21 ± 0.10

−0.49
−1.07

−0.46 ± 0.11
−1.37 ± 0.13

−0.89 ± 0.05
−1.47 ± 0.09

−0.55
−1.13

−0.45 ± 0.13
−1.19 ± 0.14

−0.54 ± 0.12
−1.26 ± 0.15

−1.40
−1.40

−1.23 ± 0.15
−1.41 ± 0.14

−1.27 ± 0.06
−1.46 ± 0.11

Glacier du Sex Rouge

R2 = 0.91
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-0.5

2013/14
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0.0

Figure 5. Direct glaciological vs. TLS-derived glacier-wide mass
balances for Glacier du Sex Rouge, St. Annafirn, Schwarzbachfirn,
and Pizolgletscher for the years 2013/14–2014/15. Error bars indicate the uncertainty ranges of both methods.

the seasonal field data for each site and observation period
but melt parameters and temperature lapse rates that differed
from the reference values by predefined ranges (cf. Kronenberg et al., 2016). In our approach, also the uncertainty in
the measured winter snow accumulation distribution influences the spatial patterns of evaluated annual direct glaciological mass balance. It originates from both snow accumulation measurement errors σacc (m w.e. yr−1 ) and errors in
measured density of the winter snowpack√σρs (m w.e. yr−1 ).
The former is estimated by σacc = 0.21/ Nacc (Thibert et
al., 2008), where Nacc is the number of winter snow depth
measurements for individual glaciers and years, the latter by
rerunning the mass balance model with values for σρs that
differ by ±10 % from the measured ones. Finally, the uncertainty in the annual direct glaciological mass balance σBdirect
(m w.e.) is calculated with
q
2 +σ2
2
2
σBdirect = ± σabl
(6)
int/ext + σacc + σρs .
Resulting values for σBdirect are listed in Table 4 and discussed in Sect. 6.

5.1

BTLS

Glacier de Prapio

-1.5

Direct glaciological mass balance (m w.e. yr-1)

5

1hTLS

Results
TLS-derived surface elevation and geodetic mass
changes

Except for Glacier de Prapio in 2013/14 with balanced average conditions, all of the investigated glaciers showed
The Cryosphere, 10, 1279–1295, 2016

St. Annafirn
2013/14
2014/15
Schwarzbachfirn
2013/14
2014/15
Pizolgletscher
2013/14
2014/15

clearly negative surface elevation and geodetic mass changes
for the hydrological years 2013/14–2014/15 (Fig. 4, Table 4). Measured mass losses were remarkably higher for
the second time period (−1.65 m w.e. in 2014/15 averaged
for the four glaciers measured with both methods compared
to −0.59 m w.e. in 2013/14), which agrees well with the different prevailing atmospheric conditions (especially in summer) recorded during the observed years (MeteoSwiss, 2015,
2016). Moreover, clear differences in glacier changes could
be observed for individual sites in both years. In 2013/14, resulting surface elevation and mass changes of Pizolgletscher
situated in the eastern Swiss Alps were significantly more
negative compared to St. Annafirn and Schwarzbachfirn in
the central Swiss Alps and Glacier de Prapio and Glacier du
Sex Rouge in the western Swiss Alps. In 2014/15, though,
the glaciers of the western Swiss Alps showed by far the
strongest mass losses. Measured changes were also more
negative for glaciers of the central Swiss Alps, but only
slightly more negative for Pizolgletscher compared to the
precedent year. These regional differences in observed mass
balances are consistent with those reported for all monitored
glaciers in Switzerland in 2013/14 and 2014/15 (Huss et al.,
2015). The very small glaciers investigated here thus showed
a similar response to the observed climatic forcing compared
to larger glaciers, demonstrating that they are valuable indicators of mass balance variability despite their limited size.
www.the-cryosphere.net/10/1279/2016/
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Figure 6. Differences between TLS-derived (1hTLS ) and observed
(1hdirect ) annual surface elevation changes at ablation stakes vs.
normalized elevation range for Glacier du Sex Rouge, St. Annafirn,
Schwarzbachfirn, and Pizolgletscher for 2013/14 and 2014/15.
Dashed vertical lines indicate the uncertainty ranges of 1hTLS minus 1hdirect relative to zero. Grey quadrants mark the theoretical
ranges of 1hTLS minus 1hdirect vs. normalized elevation range for
glaciers in equilibrium.

A remarkably high small-scale variability in the spatial
distribution of TLS-derived annual surface elevation changes
is unveiled in Fig. 4. Independent of the glacier-wide mean
values varying for individual sites and years (Table 4), the
variance in the TLS-derived surface elevation changes expressed by its 1σ standard deviation was similar for all
glaciers (±0.81 m on average evaluated over the elevation
ranges of about 100–300 m for individual glaciers). Moreover, a two-sample t test showed that the magnitude of the
spatial variability in 1hTLS did not significantly change between 2013/14 and 2014/15, either.
5.2

Comparison to direct glaciological mass balances

The TLS-derived geodetic mass balances showed a close
match with the direct glaciological mass balances extrapolated from in situ measurements. Observed geodetic mass
changes were slightly but systematically less negative compared to direct glaciological ones (Fig. 5, Table 4). Applying the statistical tests and approach proposed by Zemp et al.
(2013), we validated the geodetic against the direct glaciological mass balances, and found that the differences in the
resulting values between both methods were, except for St.
Annafirn in 2013/14, not significant (95 % confidence level).
Corresponding uncertainties in the annual mass balances did,
according to the results of a two-sample t test, not differ significantly between both methods, either.
www.the-cryosphere.net/10/1279/2016/
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The most prominent patterns in the observed spatial distribution of annual direct glaciological mass balances were
captured by the TLS-derived surface elevation changes (Supplement Fig. S1 vs. Fig. 4). The high-resolution lidar DEMs,
however, allowed uncovering a level of detail in annual surface elevation changes unequalled by the direct mass balance
observations.
In order to directly compare the extrapolated local mass
balances from in situ measurements to TLS-derived elevation changes, we multiplied the distributed direct glaciological mass balances with the reciprocal values of respective
zonal conversion factors. Self-evidently, such confrontations
of TLS-derived surface elevation changes to surface mass
balances are only valid under the assumption that internal and
basal mass balance components as well as dynamic thickening and thinning are negligible or absent. For larger glaciers,
this is clearly not true (Fischer, 2011; Sold et al., 2013; Beedle et al., 2014). The comparison of differences between
TLS-derived (1hTLS ) and in situ measured (1hdirect ) annual surface elevation changes at individual ablation stakes
of Glacier du Sex Rouge, St. Annafirn, Schwarzbachfirn, and
Pizolgletscher indicated, however, that dynamic thickening
and thinning was minor and negligible for the very small
glaciers studied here. The differences in surface elevation
changes were close to zero for the majority of the point measurements (Fig. 6). Furthermore,
qthe uncertainties in 1hTLS

2
2 were mostly
+ σabl
minus 1hdirect calculated as ± σ1h
TLS
greater than the measured differences themselves (Fig. 6),
which would hamper inferring dynamic thickening and thinning from these data. We therefore argue that applying reciprocal zonal conversion factors to the surface mass changes
and hence also the spatial patterns of differences in 1hTLS
and 1hdirect (Fig. 7) are presumably robust enough for qualitative but direct comparisons of both methods with respect
to very small glaciers.
For Glacier du Sex Rouge and Pizolgletscher, mean (µ)
and median (e
x ) differences between 1hdirect and 1hTLS were
slightly negative on average, indicating that direct glaciological elevation changes were more negative than those based on
the lidar DEMs (Fig. 7b, e). Over most of the glacier surface,
both methods showed very similar results. On the other hand,
remarkable differences in surface elevation changes were
found for distinct, mostly steeper and/or glacier-marginal areas (Fig. 7a, c, d, f). For Glacier du Sex Rouge in 2014/15,
such disagreements were quite restricted to areas with no in
situ measurements. Furthermore, surface elevation changes
over areas influenced by anthropogenic activity like a glacier
walk maintained by snowcats (Fig. 7a) showed clear differences between 1hTLS and 1hdirect .
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Figure 7. Difference between TLS-derived surface elevation changes and extrapolated glaciological mass balances which were converted
to surface elevation changes by multiplication with the respective reciprocal values of zonal conversion factors. Spatial and corresponding
frequency distributions as well as distributions of these changes vs. surface hypsometry for (a, b, c) Glacier du Sex Rouge (2014/15) and (d,
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maintained by snowcats. The black curves in (b) and (e) are normal fits over the data. In addition, the mean (µ) and median (e
x ) elevation
differences, as well as corresponding standard deviations (σ ) and interquartile ranges (iqr) are given.

6

Applicability of the TLS system for mass balance
monitoring of very small Alpine glaciers

On average, the uncertainty in the TLS-derived annual specific geodetic mass balances σBTLS of the four very small
glaciers in Switzerland measured with both methods is
±0.13 m w.e. yr−1 (Table 4). The accuracy of our results is
thus similar to geodetic mass changes computed over pentadal to decadal time periods based on high-resolution source
data (e.g. Andreassen et al., 2016; Magnússon et al., 2016).
Even though we consider our approach to quantify both
σBTLS and σBdirect as robust and promote its application to similar studies in the future, we want to remind the reader that it
is generally difficult to give exact numbers of such uncertainties, and that each component of σBTLS and σBdirect is based on
assumptions that are, to some extent, uncertain themselves.
By its nature, the stochastic uncertainty in the glacier-wide
The Cryosphere, 10, 1279–1295, 2016

TLS-derived geodetic mass balance σBTLS is much lower than
the potential error in the observed surface elevation changes
for single pixels, as estimated for instance from the comparison of DoDs over stable terrain (Fig. 3).
Uncertainty in the glacier-wide annual direct glaciological
mass balances σBdirect of Glacier du Sex Rouge, St. Annafirn,
Schwarzbachfirn and Pizolgletscher is ±0.09 m w.e. yr−1 on
average (Table 4), and hence comparable to the mean σBTLS .
Resulting values for σBdirect presented here are similar to
those reported for Storglaciären (Jansson, 1999), but significantly smaller compared to the majority of all measured
glaciers worldwide (e.g. Thibert et al., 2008; Beedle et al.,
2014; Andreassen et al., 2016). This can be attributed to the
higher density and more complete coverage of winter and
summer point measurements for our study glaciers than for
most other glaciers (Supplement Table S2; WGMS, 2013).
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Their very small surface area and the absence or minor fractions of very steep and/or heavily crevassed zones are, of
course, optimal preconditions to accurately measure direct
glaciological mass balance.
Hence, the quality of both the geodetic mass balances
derived by repeated terrestrial lidar surveys and the direct
glaciological mass balances extrapolated from dense in situ
measurements is very good. As resulting values of BTLS for
individual glaciers and years do not significantly differ from
the respective values of Bdirect , we recommend the application of terrestrial laser scanning for future mass balance
monitoring of very small Alpine glaciers. From our experience, however, a number of prerequisites needs to be fulfilled
in order to obtain reliable results, including (1) the absence
of significant amounts of firn or fresh snow at the moment
of the lidar survey at the end of the melting season; (2) the
abundance and visibility of sufficient areas of stable terrain
surrounding the entire glacier in order to achieve a good quality of the relative registration of consecutive lidar scans; and
(3) good weather conditions (dry atmosphere). Frontal scan
settings further increase the data quality.
Significant amounts of fresh snow or firn on the glacier results in more error-prone conversions of TLS-derived volume
to mass changes, even more if no additional in situ measurements of their area fraction and density are performed. On the
other hand, from field evidence we know that along with the
recorded atmospheric conditions (especially in summer) and
the continuously negative mass balance context in the Swiss
Alps over the last decade (WGMS, 2012; Huss et al., 2015),
the studied very small glaciers hardly exhibit significant ratios of annual to perennial snow and firn anymore. This is
of course in favour of reliable TLS-based geodetic mass balance monitoring. Considerable firn extents and volumes can,
however, rebuild on very small glaciers within a short time
(e.g. over only one year) (Kuhn, 1995), which would again
induce higher uncertainty in BTLS .
Disadvantages of using the long-range TLS system and
our approach to derive annual surface elevation and geodetic
mass changes of very small Alpine glaciers are the high costs
for the purchase of the device itself and licenses for the data
analysis software provided by the manufacturer, as well as
the complex and time-consuming post-processing of the lidar
data. The required level of expertise and experience with TLS
data acquisition and processing is likely higher than for direct glaciological mass balance monitoring (see e.g. Ravanel
et al., 2014). In addition, the possibility to ensure safety, i.e.
guarantee that no person other than the instrument operators
wearing protection glasses moves within a predefined ocular
hazard distance, often proves to be non-trivial, especially in
well-developed areas like the Alps.
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Conclusions

Despite their global predominance in absolute number, empirical field data on very small glaciers, here defined as being
smaller than 0.5 km2 , are currently sparse. In consequence,
our understanding of their response to changes in the climatic forcing is still unsatisfactory. Monitoring surface elevation and mass changes of very small glaciers at high spatiotemporal resolution is a prerequisite to solve this problem.
Terrestrial laser scanning has evolved into a method which
is able to fulfil these requirements. Because often almost the
entire surface of very small glaciers is visible from one single
location, it is a highly promising technique to create repeated
high-resolution DEMs and subsequently compute geodetic
surface elevation and mass changes of the smallest glaciers.
Here, we presented the application of a long-range terrestrial laser scanner (Riegl VZ® -6000) especially designed
for surveying snow- and ice-covered terrain. We derived annual surface elevation and geodetic mass changes of five
very small glaciers in Switzerland (Glacier de Prapio, Glacier
du Sex Rouge, St. Annafirn, Schwarzbachfirn, and Pizolgletscher) over two consecutive years (2013/14–2014/15).
Because validation of geodetic mass changes derived from
repeated TLS surveys or other emerging close-range highresolution remote sensing techniques is still pending, we
compared our results to direct glaciological mass balances
from dense in situ measurements coinciding with the lidar
surveys and performed an in-depth accuracy assessment of
both methods.
Resulting surface elevation and geodetic mass changes
were generally negative, showing different regional mass
balance patterns but stable and high small-scale variability
in both years. Remarkably stronger mass losses were measured for the second time period (−1.65 m w.e. in 2014/15
averaged for the four glaciers measured with both methods
compared to −0.59 m w.e. in 2013/14). TLS-derived specific
geodetic mass balances were slightly less negative but did not
vary significantly compared to direct glaciological mass balances extrapolated from in situ measurements (R 2 = 0.91).
Uncertainty in the TLS-derived surface elevation changes
can be attributed to lidar data acquisition errors, data processing errors and DEM creation. For geodetic mass changes,
additional uncertainty results from the conversion of volume
to mass changes. Mean uncertainty in the TLS-derived annual specific geodetic mass balances σBTLS was ±0.13 m w.e.
Uncertainty in the direct glaciological annual mass balances
was similar (±0.09 m w.e. on average) and, due to the dense
in situ measurements, rather small compared to the majority
of measured glaciers worldwide.
Our results show that, under some restrictions, the TLSbased monitoring approach presented in this paper yields accurate results and is therefore suitable for repeated mass balance measurements of very small Alpine glaciers. The most
important shortcomings of our approach are related to the
abundance of snow and firn at the time of the TLS surveys.
The Cryosphere, 10, 1279–1295, 2016
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They are insignificant in a highly negative mass balance context, as observed for instance for most of our field sites over
recent years. Under these circumstances, laborious, timeconsuming, and potentially dangerous field measurements
may be circumvented and the uncertain spatial inter- and extrapolation of point measurements over the whole glacier surface avoided.
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