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Abstract

The mountain cryosphere is currently undergoing substantial modifications in an unusually short period of time. Glaciers in mountain regions are shrinking and consequently becoming less dynamic, and ice-rich permafrost features like rock glaciers have experienced increased creep since the 1990s in parallel with rising ground temperatures and widespread ice loss. Considerable research efforts have been invested to better understand specific cryospheric features that combine debris and ice, e.g., debris-covered glaciers and rock glaciers, but usually following separate research paths (glaciology and geomorphology). However, very little research has focused on areas where these elements are intertwined. In this sense, Alpine glacial and periglacial systems are mainly composed of small ice masses, partially or completely covered by debris, flowing under gravity, locally affected by significant ice melting (although at moderate rates compared to glaciers) and that can be found in permafrost environments.

The dynamics of these glacial and periglacial systems, and the glacier-permafrost interactions are even more rarely studied by the scientific community because their complex behavior is caused by the different elements that coexist. As these systems are partly decoupled from climate due to the effect of the debris cover, many questions arise concerning the fundamental mechanisms that control their dynamics. It has been shown that some of this systemsthem respond mainly to seasonal and interannual timescales. However, their long term behavior is still poorly understood.

To help fill these knowledge gaps, this thesis investigates these complex environments by calling on several disciplines (glaciology, geophysics, geomorphology and remote sensing) to quantify the dynamics (i.e., variations in mass surface and surface velocities) over almost 70 years. By observing and describing the elements visible at the surface, it was also possible to characterize the internal structure and decrypt the landforms that coexist at three sites in the French Alps. Together these results and the literature review provide a comprehensive view of these fascinating systems and of the processes that govern them.

x Large amounts of massive ice under a relatively thick layer of debris were found at all three study sites. The highest concentration of ice, mostly in the upper reaches, suggests a glacial origin, probably during the cold and wet LIA. Conversely, the concentration of ice decreases towards the lower margins, where debris are not efficiently evacuated in downward geomorphic systems. In all cases, relatively small surface velocities were observed with an increase in velocity (i.e., doubling) after the 1990-2000s, suggesting the delayed influence of air temperatures over the entire thickness is the main driver of variations in the creep rate by modifying the internal thermal conditions. Regarding mass changes, a general surface lowering (mass loss caused by ice melting) was observed in all three study sites. Although the debris layer has locally limited the melt rates to a few centimeters a year, mass loss has increased over the last two decades.

At the local scale of the Laurichard rock glacier, I successfully transposed a methodology classically used in glaciology based on the mass conservation or continuity equation to quantify mass balances. I discuss several poorly understood processes that nevertheless shed light on rock glacier dynamics. This method should deserves to be used at other sites to confirm the findings, even though several hypotheses regarding the accumulation of ice and debris and the ablation rate remain to be confirm.

In the other two study sites, the ice content, the thickness of the debris-cover, the development of thermokarst lakes at the surface and the circulation of water inside the landforms, have strongly influenced both their long-term behavior and their current dynamics. One of the study sites has already been the scene of catastrophic events related to a complex combination of topographical predisposition, hydro-meteorological conditions, deformation mechanisms and englacial thermal state raising concerns about the degradation of the mountain cryosphere.

Finally, this thesis provides a new methodological framework to properly address longterm monitoring and better understand changes to Alpine glacial and periglacial systems. We recommend the glaciological and periglacial community adopt a common research line to better understand these systems as a whole. Even though the response of the amount of water stored within these landforms to climate variations is complex, its local implications will increase even more with the expected rapid shrinking of the mountain cryosphere.

Résumé

La cryosphère de montagne subit actuellement des modifications substantielles dans un laps de temps exceptionnellement court. Dans les régions montagneuses, les glaciers deviennent plus petits et donc moins dynamiques et les glaciers rocheux, des formes liées à un permafrost riche en glace, ont vu leur vitesse augmenter après les années 1990, parallèlement au réchauffement des températures et à la perte de glace généralisée. D'importants efforts de recherche ont été entrepris pour mieux comprendre les caractéristiques de ces formes particulières, associant glace et débris, notamment les glaciers couverts de débris et les glaciers rocheux, étudiés généralement selon des approches différentes (glaciologie et géomorphologie). Cependant, très peu de recherches se sont concentrées sur les domaines où ces éléments sont entrelacés. Dans ce sens, les systèmes glaciaires et périglaciaires sont principalement composés de petites masses de glace, partiellement ou totalement recouvertes de débris, s'écoulant sous l'effet de la gravité, localement affecté par la fusion de la glace (mais souvent à des taux modérés comparé aux glaciers) et que l'on peut trouver dans des environnements à permafrost.

La dynamique de ces systèmes glaciaires et périglaciaires et les interactions glacierpermafrost sont encore peu étudiées par la communauté scientifique car elles ont un comportement très complexe causé par la dynamique propre des différentes formes qui coexistent. De nombreuses questions se posent sur les mécanismes fondamentaux qui contrôlent la dynamique de ces formes. Certaines répondent aux forçages climatiques à des échelles de temps saisonnières et interannuelles, d'autres ont un comportement encore mal connu.

Dans le but de contribuer à combler ces lacunes, cette thèse s'intéresse à ces environnements complexes où plusieurs disciplines et approches méthodologiques (glaciologie, géophysique, géomorphologie et télédétection) ont permis de quantifier la dynamique (variations de la masse et des vitesses de surface) sur près de 70 ans. Par ailleurs, l'observation géophysique et la description des formes ont permis de caractériser la structure interne et de décrypter les reliefs qui coexistent sur trois sites des Alpes françaises. Les résultats collectés et la revue de la littérature permettent de xi xii mieux comprendre les processus de ces systèmes fascinants.

Une grande quantité de glace massive sous une couche relativement épaisse de débris a été observée sur chaque site étudié. La plus forte concentration de glace, principalement dans la partie supérieure, suggère une probable origine glaciaire, du Petit ge Glaciaire ou avant. La concentration de glace diminue vers les marges inférieures, où aucun processus ne permet d'évacuer efficacement les débris dans les systèmes géomorphologiques à l'aval. Dans tous les cas, des vitesses de surface relativement faibles ont été observées avec une augmentation (doublement) après la décennie 1990-2000, suggérant une influence retardée de l'élévation des températures de l'air sur toute l'épaisseur des formes étudiées comme principal moteur des variations de vitesse de fluage en modifiant les conditions internes. En ce qui concerne les changements de masse, un abaissement général de la surface (perte de masse par fusion de la glace) a été observé sur tous les sites étudiés. Bien que la couche de débris ait limité la perte de masse, cette dernière a augmenté au cours des deux dernières décennies.

A l'échelle locale, sur le site du glacier rocheux de Laurichard, j'ai réussi à transposer une méthodologie classiquement utilisée en glaciologie basée sur l'équation de conservation de la masse ou de continuité pour quantifier les bilans de masse. Plusieurs processus mal compris sont discutés et ces résultats apportent un nouvel éclairage sur les conditions d'équilibre de ce glacier rocheux. Cette méthodologie mérite d'être testée ailleurs, bien que les hypothèses sur les processus tels que l'accumulation de glace et de débris et l'ablation de glace méritent d'être renforcées.

Dans les deux autres sites étudiés la teneur en glace, l'épaisseur de la couche de débris supraglaciaire, le développement de lacs thermokarstiques en surface et les circulations d'eau internes, ont fortement conditionné leur évolution et la dynamique actuelle. Au site de Chauvet, plusieurs événements catastrophiques se sont déjà produits, liés à une combinaison complexe entre la topographie du site, la structure interne des formes en présence et leur déformation et son état thermique en particulier, et les conditions hydro-météorologiques. Ceci renforce l'intérêt de la problématique de la dégradation de la cryosphère dans les zones de montagne.

Enfin, cette thèse fournit un nouveau cadre méthodologique pour aborder correctement le suivi à long terme et mieux comprendre l'évolution des systèmes glaciaires et périglaciaires. Nous encourageons la communauté glaciologique et périglaciaire à converger vers un axe commun de recherche pour mieux comprendre ces systèmes qui méritent d'être étudiés dans leur ensemble. Même si la réponse de ces systèmes aux variations climatiques est complexe, l'importance locale de la quantité d'eau qu'ils abritent augmentera encore avec la diminution rapide attendue de la cryosphère de montagne.

Mots clés : Alpes françaises, glaciers rocheux, glaciers couverts de débris, télédétection, photogrammetrié, geophysique Part I: Synopsis

INTRODUCTION AND STATE OF THE ART

Motivation and scope

Composed of snow, glaciers and permafrost, the cryosphere is a major compartment of high mountain regions that hosts roughly 10% of the global population [START_REF] Hock | High Mountain Areas[END_REF]. These different components of the cryosphere are part of interconnected environmental systems that are among the most sensitive to global climate change -particularly rapid warming-thus increasing public concern (Haeberli, 2013). However, changes in the cryosphere represent more than a simple 'natural thermometer', because their response is not only related to temperature warming, but also to many other variables (e.g., the duration and thickness of snow cover, precipitation, ground temperature) [START_REF] Vaughan | Observations: Cryosphere in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. Widespread, cryosphere changes affect physical, biological and human systems in the mountains and in the surrounding lowlands, even impacting the oceans.

"High mountain regions share common features, including rugged terrain, a low-temperature climate regime, steep slopes and institutional and spatial remoteness. These features are often linked to physical and social-ecological processes that, although not unique to mountain regions, typify many of the special aspects of these regions. Due to their higher elevation compared with the surrounding landscape, mountains often feature cryosphere components, such as glaciers, snow cover and permafrost, with a significant influence on surrounding lowland areas even far from the mountains". This citation, quoted from the "Special report on the ocean and cryosphere in a Changing Climate" Intergovernmental Panel on Climate Change (IPCC) assessment report (Hock et al., 2019) highlights the complex relation and the fuzzy boundaries of these complex interconnected systems, which is in fact, the central point of this thesis, which focuses on glacial and periglacial areas in Alpine permafrost environments.

Atmospheric warming (Figure 1.1) has increased glacier downwasting (Zemp et al., 2019, Figure 1.1). Glaciers around the world are becoming smaller (Paul et al., 2020) and thinner [START_REF] Hugonnet | Accelerated Global Glacier Mass Loss in the Early Twenty-First Century[END_REF] and consequently less dynamic (Benn et al., 2012;Haeberli, 2013) and they are being progressively restricted to the uppermost elevations where the cold conditions limit ice decay. At the same time, glacier shrinkage has triggered paraglacial activity, increasing rock falls and sediment accumulation, and hence the supply of sediment to glacier systems (Deline et al., 2015), thereby increasing the extent of debris-covered ice in high relief regions [START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF]Kirkbride and Deline, 2013;Knight and Harrison, 2014).

The increased supply of debris could strongly modify the dynamics of the glacial and periglacial systems that usually develop at the margin of the glacial domain and under permafrost conditions [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF]Knight and Harrison, 2014). Indeed, their dynamics are mainly driven by gravity-related processes and the availability of water and energy, which, in turn depend on changes in debris and ice mass fluxes over time as well as on the geographic location of the systems.

According to the few studies that have addressed the complexity of these glacial and periglacial systems (e.g., Bosson et al., 2015;[START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF]Fischer et al., 2015;[START_REF] Humlum | The Climatic Significance of Rock Glaciers[END_REF]Jones et al., 2019a;[START_REF] Monnier | Pluri-Decadal (1955-2014) Evolution of Glacier-Rock Glacier Transitional Landforms in the Central Andes of Chile (30-33 °S)[END_REF][START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF], glacial and periglacial systems are mainly composed of small ice masses, at least partially covered by debris, flowing under gravity and that can be found in permafrost environments (Figure 1.3).

Glacial and periglacial systems have received less attention than glaciers or rock glaciers for different reasons: (i) the debris cover hampers conventional measurement of surface mass balance processes (e.g., ablation stakes or accumulation pits); (ii) most of these landforms are known to respond non-linearly to climate forcing, and are therefore more complex climate indicators than bare-ice systems, partly because their internal structure is thought to be both vertically and laterally heterogeneous and is rarely documented (Capt et al., 2016;[START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF]; and (iii) differentiating the glacial area and debris accumulation landforms (e.g., rock glaciers, push moraines) or periglacial features remains problematic [START_REF] Fischer | The New Swiss Glacier Inventory SGI2010: Relevance of Using High-Resolution Source Data in Areas Dom-inated by Very Small Glaciers[END_REF][START_REF] Janke | Classification of Debris-Covered Glaciers and Rock Glaciers in the Andes of Central Chile[END_REF][START_REF] Pfeffer | The Randolph Glacier Inventory: A Globally Complete Inventory of Glaciers[END_REF].

Several controversial studies focused on the origin of the landforms that associate debris and ground ice, such as ice-cored moraines, push-moraines or rock glaciers (e.g., Berthling, 2011, among others). The glaciological processes that drive upslope glaciers have sometimes been ignored in studies dedicated to these landforms (e.g., Matthews et al., 2014;[START_REF] Monnier | Structure and Genesis of the Thabor Rock Glacier (Northern French Alps) Determined from Morphological and Ground-Penetrating Radar Surveys[END_REF]. One of the consequences is that glacial and periglacial systems in glaciers and rock glaciers inventories or regional studies are not always taken into account; they may be intentionally excluded due to their complexity, or taken into account without having been clearly defined and distinguished from similar landforms (e.g., [START_REF] Azócar | Hydrological and Geomorphological Significance of Rock Glaciers in the Dry Andes, Chile (27°-33°S): Rock Glaciers in the Dry Andes[END_REF][START_REF] Bockheim | Climate Warming and Permafrost Dynamics in the Antarctic Peninsula Region[END_REF]Fischer et al., 2015). ( Delaloye et al., 2018) began writing standard guidelines for rock glacier inventories and promoting the inclusion of permafrost creep rates (i.e., rock glacier velocity) as a new variable associated with Essential Climate Variable (ECV) Permafrost as part of the Global Climate Observing System (GCOS) initiative (see box 1.1). This will probably help characterize changes in mountain permafrost at global scale.

An ECV is a physical, chemical or biological variable or a group of linked variables that critically contributes to the characterization of Earth's climate. GCOS, supported by World Meteorological Organisation (WMO), currently specifies 54 ECV that provide the empirical evidence needed to understand and predict the evolution of future climate, to guide mitigation and adaptation measures, to assess risks and enable attribution of climate events to underlying causes, and to underpin climate services [START_REF] Gcos | Plan for the Global Climate Observing System[END_REF].

Box 1.1: ECV Finally, current warming, which is occurring in an unusually short period of time, has direct consequences for the mountain cryosphere. Glacial and periglacial systems have entered a state of strong disequilibrium with climate (Haeberli et al., 2001). Partial or total change of state from solid to liquid water causes a loss of the ground stiffness, in turn triggering a series of processes and hazards that depend on the type of permafrost involved [START_REF] Haeberli | Global Warming and Mountain Permafrost[END_REF][START_REF] Harris | Climate Change, Mountain Permafrost Degradation and Geotechnical Hazard[END_REF][START_REF] Kneisel | Hazard Assessment of Potential Periglacial Debris Flows Based on GIS-based Spatial Modelling and Geophysical Field Surveys: A Case Study in the Swiss Alps[END_REF] and on the topographical context.

In this PhD thesis, I explore two main characteristics related to these glacial and periglacial systems. First, the long time scale, almost seven decades of observations from 1950 until the present thanks to the availability of historical aerial images of the French Alps, the aim being to find a reliable starting point to document the long-term behavior of these systems before the impacts of climate change on the environment started to dominate (Figure 1.1). Second, starting at regional scale, the focus is on specific study sites to better understand the glaciological and morphological dynamics of these environments and their responses to climate forcing using a multidisciplinary approach combining geophysics, photogrammetry, glaciology and geomorphology.

Glacial and periglacial systems in mountain regions

Mountain landscapes are the product of glacial and periglacial processes whose occurrence, intensity and spatial extent have been fluctuating throughout the Quaternary (Hughes and Woodward, 2008). Glacial processes are defined as those occurring as a result of glacier ice dynamics. In this sense, periglacial zones are sometimes defined as non-glacial areas where the mean temperature is less than 3 °C [START_REF] French | The Periglacial Environment[END_REF]. In addition, periglacial zones are characterized by the morphological effects of perennially or seasonally frozen ground [START_REF] Haeberli | Modern Research Perspectives Relating to Permafrost Creep and Rock Glaciers: A Discussion[END_REF]. By extension, the term periglacial characterizes areas with morphological processes related to cold climate conditions, where frost-and nival-related processes dominate.

However, glacial and periglacial domains are often contiguous and spatially connected, especially in complex terrains like mountains, and their boundaries may be fuzzy. Although their dynamics are influenced by the fluxes of both mass and energy that vary in time and space, glacial land systems are driven by different processes than periglacial land systems, and their response times to climate forcing thus vary from decadal to centennial time scales. For example, when landforms like rock glaciers are connected to a glacier their origin and behavior is complex as glaciers have fluctuated during the Holocene (Figure 1.2) (Kirkbride and Winkler, 2012;[START_REF] Maisch | Lateglacial and Holocene Evolution of Glaciers and Permafrost in the Val Muragl, Upper Engadine, Swiss Alps[END_REF]Maisch, 2000).

According to [START_REF] Black | PERMAFROST: A REVIEW[END_REF], the definition of permafrost is based exclusively on temperature, irrespective of texture, degree of induration, water content, or lithologic character. Following [START_REF] French | The Periglacial Environment[END_REF]: "Permafrost is defined on the basis of temperature, it is ground (i.e., soil and/or rock) that remains at or below 0 °C for at least two consecutive years. (...)" Furthermore, permafrost may not necessarily be frozen since the freezing point of included water may be depressed several degrees below 0 °C (Harris et al., 1988;Harris et al., 2018;van Everdingen, 1998). Additionally, Haeberli et al. (2006, p. 191) argues that permafrost is a "specific ground thermal condition". On this basis it can be concluded that permafrost is not a thing but a state, an invisible phenomenon of a concealed, as it were, nature [START_REF] Dobiński | The Cryosphere and Glacial Permafrost as Its Integral Component[END_REF].

Box 1.2: Permafrost

For instance, during the Holocene climatic optimum, 8000 to 6000 years before present (calendar year BP) glaciers were very likely close to their current extent or even smaller. The advance of glaciers during the second half of the Holocene (the Neoglacial period) could have remobilized sediments deposited during the preceding phase of reduced glaciation or "ice-free period" that resulted from periglacial processes. The succession of Little Ice Age (LIA)-type glacier advances and retreats in the second half of the Holocene (Figure 1.2), as well as the cycles of enhanced/depleted sediment production of periglacial origin, have increased since the Neoglacial period [START_REF] Wanner | Structure and Origin of Holocene Cold Events[END_REF] and likely contributed to the accumulation of sediment as talus slope deposits, talus derived rock glaciers or rock glaciers of glacial origin (Matthews et al., 2014).

Consequently, the genesis of these periglacial landforms has to be envisaged at least in the second half of the Holocene. Even if multiple glacier fluctuations occurred, sediment production was continuous, although its intensity likely varied at this time scale [START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF]. Indeed, the amount of debris accumulated in the periglacial environment and that can be seen in the high mountain catchments today is out of proportion with what would have resulted from the erosion rates over the last centuries [START_REF] Berthling | Beyond Confusion: Rock Glaciers as Cryo-Conditioned Landforms[END_REF]. The accumulations of debris that can be found in periglacial environments are thus very likely a complex and multi-phased legacy of the debris production and glacier fluctuations over at least the second half of the Holocene [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF]Matthews et al., 2014;[START_REF] Monnier | Geomorphology, Internal Structure, and Successive Development of a Glacier Foreland in the Semiarid Chilean Andes (Cerro Tapado[END_REF]. [START_REF] Francou | Les glaciers à l'épreuve du climat[END_REF].

Glacial and periglacial systems, their related processes, and dynamics have long been studied by different scientific communities as two cryospheric sciences that have developed along separate lines [START_REF] Berthling | The Glacial and Periglacial Research Frontier: Where from Here?[END_REF]Haeberli, 2005;[START_REF] Knight | Glaciology". In: Encyclopedia of Snow Ice and Glaciers[END_REF]. The situation changed progressively in recent decades with an increasing number of systemic studies in the context of worldwide glacier shrinkage [START_REF] Zemp | Historically Unprecedented Global Glacier Decline in the Early 21st Century[END_REF] and with the significant changes that are affecting the Alpine cryosphere [START_REF] Deline | The Morphodynamics of the Mont Blanc Massif in a Changing Cryosphere: A Comprehensive Review[END_REF][START_REF] Vaughan | Observations: Cryosphere in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF].

In glacial and periglacial systems, where processes related to permafrost conditions take place and play a major role, the Mean annual air temperature (MAAT) of -3 °C usually serves as the first order threshold to determine the lower limit of discontinuous permafrost and hence delimit permafrost environments (see Box 1.2) [START_REF] Etzelmüller | Aspects and Concepts on the Geomorphological Significance of Holocene Permafrost in Southern Norway". In: Geomorphology[END_REF][START_REF] Gruber | Mountain Permafrost[END_REF].

Figure 1.3: Idealized model of a system located in an Alpine permafrost environment, hereafter called "glacial and periglacial system". The rock wall is less tall on the right-hand part of the system. Hence, the glacier has been subjected to weak topographical control (avalanching, shading, accumulation of debris cover) and has receded considerably since the last cold period. Marginal sediment accumulations are limited and the debris produced in this zone is evacuated towards the hydrosystem by fluvioglacial processes. In contrast, on the left-hand side, topographical control is stronger. Most of the glacier is covered by debris and large amounts of sediments accumulated at its margins. Some of these sediments containing ground ice develop like a rock glacier. This zone is decoupled from the downslope geomorphic system because of the damming effect and the limited production of meltwater by the debris-covered glacier. Supraglacial and proglacial lakes are also present in this system. Reproduced from [START_REF] Bosson | Internal Structure, Dynamics and Genesis of Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF].

Morphological processes related to glacial and periglacial systems take place in locations where specific ranges of temperatures and precipitations only enable the development of relatively small glaciers (Haeberli, 2013;[START_REF] Whalley | On the Interpretation of Discrete Debris Accumulations Associated with Glaciers with Special Reference to the British Isles[END_REF]. Differentiating between glacial and periglacial domains is complex because small ice masses (also called glacigenic sediments) could still be present below thick layers of debris (Figure 1.3). Helped by permafrost conditions, the ice originating from the refreezing of percolating water can be preserved for a long time [START_REF] Harris | Interactions between Glaciers and Permafrost: An Introduction[END_REF]. If the slope is steep enough, the mix of ice and debris can flow downward by gravity, becoming glacigenic rock glaciers that can be progressively disconnected from the strictly glacial upslope zone (e.g., the Milluni rock glacier on the southern flank of the Huayna Potosi in the Bolivian Cordillera Real).

The fact the surface is covered by a thick layer of debris means the response of the glacial and periglacial systems to climate variation is complex and non-linear. For example, small variations in length occur over longer time scales than for glaciers [START_REF] Deline | Les variations holocènes récentes du glacier du Miage (Val Veny, Val d'Aoste) [Late holocène fluctuations of the Miage glacier (Val Veny, Valley of Aosta)[END_REF][START_REF] Thomson | Twentieth Century Surface Elevation Change of the Miage Glacier, Italian Alps: Debris-Covered Glaciers[END_REF]. The accumulation of debris on the surface of these landforms (Figure 1.4) has three other major consequences:

(a) Changes in ablation and in surface area: because the melt rate depends on the thickness of the debris cover. Melt rate is enhanced or reduced if it is respectively below or above a few centimeters [START_REF] Benn | Glaciers and Glaciation[END_REF]. Ablation becomes close to zero in debris-covered zones when the supraglacial layer of debris is thicker than the seasonally thawing layer [START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF], which explains the disconnection from climate variations, and which leads to rather complex interpretations of variations in thickness (Benn et al., 2003;[START_REF] Mayer | Glaciological Characteristics of the Ablation Zone of Baltoro Glacier, Karakoram, Pakistan[END_REF] and sometimes reaches a reversed mass balance vertical profile (Cusicanqui et al., 2021). Moreover, because ablation is limited in the distal zone, these landforms are characterized by a lower accumulation-area ratio than bare ice glaciers [START_REF] Clark | Debris-Covered Glaciers in the Sierra Nevada, California, and Their Implications for Snowline Reconstructions[END_REF][START_REF] Kirkbride | Debris-Covered Glaciers[END_REF].

(b) Motion: the limited thickness (up to a few tens of meters) of these landforms and the limited production of melt water explain their low driving stress and consequently their reduced dynamics (e.g., [START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF][START_REF] Paul | Recent Glacier Changes in the Alps Observed by Satellite: Consequences for Future Monitoring Strategies[END_REF]. This gives these landforms typical behaviors both in space (relatively small in size), with extents restricted by the surrounding topography within the periglacial belt where the cold conditions limit ice decay (Haeberli, 2013). Over time meaning landforms remain active over long periods of time (i.e., decades to centuries) (Matthews et al., 2014;[START_REF] Nakawo | Debris-Covered Glaciers[END_REF], as the ice may persist below the thick debris layer even if the bare ice glacier has disappeared.

(c) Morphology: due to the long term dynamics, many different configurations may coexist, ranging from a clear and well defined debris-covered glacier (e.g., Glacier Noir in the Ecrins massif in the French Alps) and/or a tongue-shape rock glacier (e.g., Laurichard rock glacier also in the Ecrins massif in the French Alps) to combinations of remobilized material like glacial and subglacial sediment accumulations [START_REF] Dusik | Influence of Glacier Advance on the Development of the Multipart Riffeltal Rock Glacier, Central Austrian Alps[END_REF], lateral and frontal sediment accumulations (e.g., [START_REF] Benn | Glaciers and Glaciation[END_REF], ice-cored moraines (Lukas, 2011), pushed moraines (Delaloye, 2004), which interact with one another. For more detailed examples of these kinds of systems see (e.g., [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF]Capt et al., 2016;Jones et al., 2019a;[START_REF] Monnier | Du glacier au glacier rocheux, depuis la fin du Petit Âge Glaciaire, au pied du Mont Thabor (Alpes du Nord, France)[END_REF][START_REF] Monnier | Structure and Genesis of the Thabor Rock Glacier (Northern French Alps) Determined from Morphological and Ground-Penetrating Radar Surveys[END_REF]. Finally, as the temperature of the ice and permafrost depends on the energy exchanges between the ground and the atmosphere (Cuffey and Paterson, 2010), both glaciers and permafrost respond to changing thermal boundary conditions that are largely climatically controlled. For example, the thermal structure of glacier can rapidly evolve (i.e., at decadal scale) linked with changing summer temperatures and winter precipitation (spatial, temporal variations and changes in the thickness of the snow cover) as well as variations in glacier thickness and in the hydrological regime (energy exchange processes related to phase transitions of water) [START_REF] Baelum | Thermal Structure and Drainage System of a Small Valley Glacier (Tellbreen, Svalbard), Investigated by Ground Penetrating Radar[END_REF][START_REF] Gilbert | The Influence of Snow Cover Thickness on the Thermal Regime of Tête Rousse Glacier (Mont Blanc Range, 3200 m a.s.l.): Consequences for Outburst Flood Hazards and Glacier Re-sponse to Climate Change[END_REF]. Regarding permafrost, the internal thermal state is controlled mainly by snow cover, the water content and the thermal properties of the ground, in which the material that makes up the active layer plays a specific role [START_REF] Lachenbruch | Changing Climate: Geothermal Evidence from Permafrost in the Alaskan Arctic[END_REF].

In this sense, three main configurations of thermal regimes have been proposed for glaciers (Etzelmüller and Hagen, 2005): (i) if the temperature of all the ice is below the pressure melting point, the glacier is considered as cold. A glacier can be polythermal (ii) when a cold ice shell surrounds a temperate (at the pressure melting point) basal layer or ice core; or (iii) the cold ice is only present in the marginal zones of the glacier (Figure 1.5). However in permafrost environments, the changes in landforms depend on the thermal state, (Figure 1.5) as well as on glacial-geomorphological processes and on the respective related landforms (Figure 1.5), depending on the availability of the ice (Figure 1.4).

The thermal regime greatly influences the motion of the landforms because it modifies their mechanical and hydrological properties. For example, cold ice has less internal deformation than temperate ice because viscosity increases significantly with cooling (solid line), and between (mountain) permafrost and the thermal regime of the glaciers (modified after Barsch (1996)). Above the solid line, glaciers dominate; below the line permafrost dominates in colder environments due to less precipitation. The permafrost-dominated regions are continuous and become discontinuous/sporadic. The approximate division was set at MAAT < -4 °C and < -1 °C, respectively. These values may be valid in a regional context; but marked local variations are widely reported due to the varying influence of topographic exposure, the kind of superficial material and the distribution of the snow. The rectangles illustrate possible glacier extensions within this diagram. 1. Cold glaciers in continuous permafrost; 2. polythermal glaciers in continuous permafrost (e.g., on Svalbard); 3. polythermal glaciers advancing in discontinuous permafrost (e.g.,, high mountain areas of Scandinavia or the Alps); 4. temperate glaciers advancing through the discontinuous mountain permafrost zone; marginal permafrost at the front due to favorable local climatic conditions (topography, snow drift, etc. e.g.,, MidtdaJsbreen, Norway); 5. temperate glacier (e.g.,, Nigardsbreen). (b) Simplified illustration of the relationship between permafrost zones (indicated with MAAT) and marginal glacial-geomorphological processes. The numbers correspond to the positions of the glacier in (a). Pf = Permafrost. Reproduced from (Etzelmüller and Hagen, 2005). (Cuffey and Paterson, 2010;Mellor and Testa, 1969). Additionally, the availability of water inside the ice and at the interface between the ice and the ground is an important driver of ice dynamics, increasing basal sliding of the glacier (Hodgkins, 1997), which mainly depends on the glacier's thermal regime [START_REF] Waller | The Influence of Basal Processes on the Dynamic Behaviour of Cold-Based Glaciers[END_REF].

The thermal state also plays a major role in the motion (i.e., internal deformation) of frozen debris (e.g., rock glaciers). The recent acceleration of rock glaciers throughout the European Alps was initially attributed to an increase in air temperatures (Delaloye et al., 2010). However, temperature alone cannot explain the observed variations in surface motion (Cicoira et al., 2019a). More recently, water availability inside rock glaciers has been suggested to play a major role in kinematics (Cicoira et al., 2019a;Krainer and Mostler, 2002), but more investigation is needed to understand the role of water in the deformation of frozen debris. 1.3 Where are such systems found?

On Earth, glacial and periglacial systems are particularly concentrated in tectonically young high reliefs under continental climates (e.g., High mountainous areas in Asia, the Andes and the European Alps, Figure 1.6). Additionally, as a consequence of glacier shrinkage worldwide [START_REF] Hugonnet | Accelerated Global Glacier Mass Loss in the Early Twenty-First Century[END_REF][START_REF] Zemp | Global Glacier Mass Changes and Their Contributions to Sea-Level Rise from 1961 to 2016[END_REF], the deglaciation of rock walls and the accumulation of lateral sediment, and the degradation of permafrost, the supply of sediment to the glacial and periglacial system is increasing (Benn et al., 2003;[START_REF] Whalley | On the Interpretation of Discrete Debris Accumulations Associated with Glaciers with Special Reference to the British Isles[END_REF]. Consequently the proportion of debris-covered glaciers is increasing in high relief regions [START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF]Kirkbride and Deline, 2013;Knight and Harrison, 2014).

Glacial and periglacial systems are therefore commonly located on steep reliefs in permafrost environments [START_REF] Whalley | On the Interpretation of Discrete Debris Accumulations Associated with Glaciers with Special Reference to the British Isles[END_REF]. Mountain permafrost is only found in high mountain ranges (Figure 1.6) and accounts for a quarter of dry land permafrost. About 70% [START_REF] Bockheim | Organic Carbon Pools and Genesis of Alpine Soils with Permafrost: A Review[END_REF] of this is found on the Tibetan plateau (Hock et al., 2019, Figure 1.6). As temperature is related to elevation, mountain permafrost is more likely at higher elevations, around mountain summits. However, the distribution of mountain permafrost is strongly influenced by other factors like topo-climate, topography, and specific surface conditions that result in marked spatial heterogeneity.

The interaction between specific temperature ranges and precipitation in these mountain regions is complex (Haeberli, 2013). For example, permafrost conditions do not occur in the wettest maritime climates (Figure 1.5) because they cause large accumulation of snow, which, on the one hand, insulates the ground from cooling and on the other hand, favors the development of glaciers below the periglacial area (Figure 1.5), and this is not the case under continental climates, where limited snow accumulation prevents the development of large glaciers [START_REF] Pfeffer | The Randolph Glacier Inventory: A Globally Complete Inventory of Glaciers[END_REF]. Indeed, continental climates are characterized by low precipitation and cloudiness (Figure 1.5), high total solar radiation and high annual/diurnal temperature amplitude (e.g., increased frost cracking due to the diurnal temperature gradient). Under these climatic conditions, the tree line rises along with the summer air temperature and the snowline and hence the limit of glaciation rises in relation with climate aridity [START_REF] King | Prospecting and Mapping of Mountain Permafrost and Associated Phenomena[END_REF].

Figure 1.6: Distribution of mountain areas (orange shading), glaciers (blue) plus regional summary statistics for glaciers and permafrost in mountains. Eleven distinct regions with glaciers, generally corresponding to the primary regions in the Randolph Glacier Inventory, RGI v6.0 [START_REF] Consortium | Randolph Glacier Inventory -A Dataset of Global Glacier Outlines: Version 6.0[END_REF] are outlined. The names of the regions correspond to those in the RGI. Diamonds represent regional glacier area (RGI 6.0) and circles the permafrost area in all mountains within each regional boundary [START_REF] Obu | Northern Hemisphere Permafrost Map Based on TTOP Modelling for 2000-2016 at 1 km2 Scale[END_REF]. Histograms for each region show glacier and permafrost areas in 200 m elevation bins as a percentage of total regional glacier and permafrost area, respectively. The median elevation of the annual mean 0 °C free-atmosphere isotherm over the mountain area in each region is also shown for the period 2006-2015, with 25-75% quantiles in gray. The annual 0 °C isotherm elevation roughly separates areas where precipitation predominantly falls as snow and rain. Areas above and below this elevation are loosely referred to as high and low elevations, respectively. Reproduced from (Hock et al., 2019).

Given the complex mountain topography, glacial and periglacial systems require specific conditions for their formation and long-term development. Glacial and periglacial systems are usually connected with cirques and/or valley floors with gentle slopes that allow ice and debris to accumulate (Figure 1.3). In addition, they are generally located at the transition between discontinuous and sporadic mountain permafrost [START_REF] Etzelmüller | Aspects and Concepts on the Geomorphological Significance of Holocene Permafrost in Southern Norway". In: Geomorphology[END_REF][START_REF] Gruber | Mountain Permafrost[END_REF]. As suggested by [START_REF] Gruber | Mountain Permafrost: Transient Spatial Modelling, Model Verification and the Use of Remote Sensing[END_REF], the distribution of permafrost in mountain areas is influenced by three general factors:

(a) Climate: this factor should be considered as the influence of the regional climate of the entire mountain range. The characteristics of air temperature, precipitation, radiation, etc. are influenced by global atmospheric circulation (i.e., North-Atlantic Current for the European Alps) and regional phenomena such as orographic effects on precipitation, cloudiness, solar radiation or the presence of winter inversions [START_REF] Barry | Mountain Climatology and Past and Potential Future Climatic Changes in Mountain Regions: A Review[END_REF].

(b) Topography: this factor has a major influence at local scales mainly on three aspects:

(i) Topography limits direct solar radiation: insolation geometry (i.e., geometric effects on long-wave radiation and on short-wave solar irradiation) is influenced by the orientation and shadowing. The shadow effect depends on the position and the height of the surrounding relief [START_REF] Gruber | Derivation and Analysis of a High-Resolution Estimate of Global Permafrost Zonation[END_REF]. For example, north exposure increases the accumulation of snow due to very low direct solar radiation (in the Northern Hemisphere), noticeably reducing the ablation rate [START_REF] Sakai | Distribution Characteristics and Energy Balance of Ice Cliffs on Debris-covered Glaciers, Nepal Himalaya[END_REF], which in turn, favors snow accumulation and the formation of sedimentary ice. This topographic characteristic plays a major role in the presence of mainly north facing rock glaciers [START_REF] Janke | Colorado Front Range Rock Glaciers: Distribution and Topographic Characteristics[END_REF].

(ii) Snow redistribution: on the upslope of the topographical basin over slopes greater than 30°, where avalanching activity can considerably increase the amount of snow accumulated. Ice and snow avalanches from hanging glaciers also increase the accumulation of these systems by this redistribution process [START_REF] Dokukin | The Snow-Ice-Rock Avalanche on Bashkara Glacier in the Adyl-Su Valley (Central Caucasus) on April 24, 2019[END_REF]Iturrizaga, 2013), sometimes up to 20 fold [START_REF] Hoffman | 20th-Century Variations in Area of Cirque Glaciers and Glacierets, Rocky Mountain National Park, Rocky Mountains, Colorado, USA[END_REF][START_REF] Rödder | Accumulation Rates and Snow Redistribution Processes at the Ice Chapel, Berchtesgaden Alps[END_REF]. The avalanches may also contain a debris load [START_REF] Janke | Classification of Debris-Covered Glaciers and Rock Glaciers in the Andes of Central Chile[END_REF].

(iii) Debris input: the topographical basins provide large quantities of detritic materials thanks to the influence of gravity, enhanced by the freeze-thaw cycles (e.g., frost-cracking) (Hales and Roering, 2007;[START_REF] Matsuoka | Frost Weathering and Rockwall Erosion in the Southeastern Swiss Alps: Long-term (1994-2006) Observations[END_REF] which influences the numerous but low magnitude and high frequency rock falls (Jomelli and Francou, 2000;Ravanel et al., 2017). Additionally, at long timescales (e.g., Holocene) the typical denudation rates of the headwalls (ranging from 0.5 to 5 mm a -1 ) [START_REF] Godon | The Bossons Glacier Protects Europe's Summit from Erosion[END_REF][START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF][START_REF] Mair | Fast Long-Term Denudation Rate of Steep Alpine Headwalls Inferred from Cosmogenic 36Cl Depth Profiles[END_REF] are found in this kind of environment.

(c) Surface conditions: The often complex heat transfer in the snowpack and in the active layer largely determines temperatures at depth (Cicoira et al., 2019b;Haeberli et al., 1998). The snowpack modifies the surface energy balance determined by the topographically controlled conditions (Evatt et al., 2015;Hoelzle et al., 2001). The factors that influence the temperature at depth are snow-pack characteristics, the properties of the ground material, water content and advective processes.

In high relief environments, permafrost conditions usually play a major role in the accumulation and preservation of ground ice within or under the sediments [START_REF] Lilleøren | The Distribution, Thermal Characteristics and Dynamics of Permafrost in Tröllaskagi, Northern Iceland, as Inferred from the Distribution of Rock Glaciers and Ice-Cored Moraines[END_REF][START_REF] Ribolini | The Internal Structure of Rock Glaciers and Recently Deglaciated Slopes as Revealed by Geoelectrical Tomography: Insights on Permafrost and Recent Glacial Evolution in the Central and Western Alps (Italy-France)[END_REF]. Affected by topography, if the slope and thickness of the accumulations of frozen sediments are sufficient, they can become more complex systems like debris covered glaciers [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF], glacier derived rock glaciers [START_REF] Monnier | Geomorphology, Internal Structure, and Successive Development of a Glacier Foreland in the Semiarid Chilean Andes (Cerro Tapado[END_REF] or a transition between the two [START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF].

What do such systems contain?

Permafrost is associated with glacial and periglacial environments; as a result, it usually produces specific landforms and processes. For example, the structure and density of frozen ground can vary significantly from dirty ice [START_REF] Hooke | Creep of Ice Containing Dispersed Fine Sand[END_REF] to frozen bedrock with ice-filled fractures and joints [START_REF] Davies | The effect of rise in mean annual temperature on the stability of rock slopes containing ice-filled discontinuities[END_REF][START_REF] Matsuoka | Rockfall Activity from an Alpine Cliff during Thawing Periods[END_REF].

Whatever the landform in which permafrost occurs, permafrost is defined as "cold" when its temperature is lower than the melting point (Figure 1.5), while it is defined as "temperate" when it is close to 0 °C (Delaloye, 2004). Temperature plays a major role in the presence of frozen water in the soil matrix (i.e., cold permafrost) and therefore in the quantity of ice in the ground, or in the coexistence of liquid water and ice, which maintains the ground temperature close to melting point (i.e., temperate permafrost) due to the release of latent heat [START_REF] Dobinski | Ice and Environment: A Terminological Discussion[END_REF].

As shown by [START_REF] Williams | Unfrozen Water Content of Frozen Soils and Soil Moisture Suction[END_REF][START_REF] Williams | Unfrozen Water in Frozen Soils: Pore Size-Freezing Temperature-Pressure Relationship[END_REF] and many others (e.g., [START_REF] Anderson | Predicting Unfrozen Water Contents in Frozen Soils from Surface Area Measurements[END_REF][START_REF] Wettlaufer | PREMELTING DYNAMICS[END_REF], water remains unfrozen in frozen soil even at temperatures below 0 °C due to pore water chemistry. Pressure can further decrease the freezing point (Figure 1. [START_REF] Whalley | The Glacier-Rock Glacier Mountain Landsystem: An Example from North Iceland[END_REF]. The presence of unfrozen water and related processes (i.e., hydrostatic pressure and hydrothermal heat transport) is important in controlling the stability of frozen ground (Dobinski, 2011;[START_REF] Terzaghi | Principles of Soil Mechanics: Eng[END_REF].

Permafrost is hidden below the so-called active layer [START_REF] Muller | Rock Glaciers on the Run -Understanding Rock Glacier Landform Evolution and Recent Changes from Numerical Flow Modeling[END_REF]. This layer is characterized by the seasonal occurrence of freeze and thaw cycles due to the thermal exchanges with the atmosphere and it could be commonly found between 2 to 10 m (Giardino et al., 1987;[START_REF] Haeberli | Core Drilling through Rock Glacier Permafrost[END_REF][START_REF] Hanson | The Thermal Regime of the Active Layer at the Murtèl Rock Glacier Based on Data from 2002[END_REF]. The active layer plays a major role in heat exchanges depending, first, on the size of debris and amount of debris accumulated at the surface, that enhance or prevent air circulating within the active layer (Wicky and Hauck, 2020), second, on the circulation and storage of liquid water (Krainer and Mostler, 2002;Wagner et al., 2021), and third, on the establishment, thickness and duration of the snow cover; if the snowpack is established late in the fall or in winter, it increases the cooling effect inside the permafrost body.

On the contrary, if the snowpack is established early (in late summer or early fall) it acts as an insulator, preventing the coolest air temperatures from penetrating the permafrost (Kenner et al., 2017[START_REF] Kenner | How Rock Glacier Hydrology, Deformation Velocities and Ground Temperatures Interact: Examples from the Swiss Alps[END_REF]. [START_REF] Van Everdingen | Unfrozen Permafrost and Other Taliks[END_REF].

Due to the inadequacy of the temperature 0 °C as the limit for the solid/liquid phase transition, permafrost comprises both liquid and solid phases of water at sub-zero temperatures (Dobinski, 2011;[START_REF] Dobiński | The Cryosphere and Glacial Permafrost as Its Integral Component[END_REF].

Given the above context, the distribution of permafrost depends to a large extent on climate conditions and is inherent to the polar and Alpine periglacial domains, which are characterized by freeze-thaw cycles that act at various time scales [START_REF] French | The Periglacial Environment[END_REF][START_REF] Vliet-Lanoë | La Planete Des Glaces Histoire et Environnements de Notre Ere Glaciaire[END_REF]. Permafrost is by nature invisible, but it may exist as:

(a) Rock wall or bedrock permafrost: which concerns headwalls and other surfaces that do not accumulate debris. Massive ice can be found in cracks and joints (Figure 1.8a and b). The characteristics depend mainly on the elevation, geological structure, the degree of fracturing (e.g., frost cracking Hales and Roering, 2007), and snow accumulation areas. However, ice content is generally low, making the active layer thin and the permafrost sensitive to climate variations [START_REF] Gruber | A Mass-Conserving Fast Algorithm to Parameterize Gravitational Transport and Deposition Using Digital Elevation Models[END_REF][START_REF] Harris | Warming Permafrost in European Mountains[END_REF]. However, this kind of permafrost is beyond the scope of this PhD thesis. Extensive explanations about this kind of permafrost can be found in [START_REF] Magnin | Distribution et Caractérisation Du Permafrost Des Parois Du Massif Du Mont Blanc: Une Approche Combinant Monitoring, Modélisation et Géophyqiue[END_REF].

(b) Debris permafrost: This kind of permafrost occurs in loose deposits of mountain sediments (e.g., rock glaciers). Following [START_REF] Arenson | The Rheology of Frozen Soils[END_REF] and BNQ (2017), it can be classified based on ice content. For example, ice-poor soils are characterized by low volumetric ice content, whereby only pore ice exists, and soil grains remain in contact with each other. In these soils, the volumetric ice content is smaller or equal than the porosity of the unfrozen material. Ice-rich soils have volumetric ice contents between 15% and 50%, and soil-rich ice has volumetric ice contents between 50% and 75%. In these soils, the volumetric ice content is larger than the soil porosity in the unfrozen state. The ice in such soils is classified as excess ice. When volumetric ice content exceeds 75%, the frozen ground is considered as soil-poor ice, or dirty ice.

In this sense, the ice present in the debris can be of two main origins:

(i) Glacial: In this case, it is the consequence of a large supply of debris from the rock faces/headwalls above the accumulation and the ablation zones of a glacier located in permafrost conditions (Figure 1.3; Figure 1.9). Once it reaches a few meters in thickness, the debris layer insulates the ice and enables its preservation over a long period of time [START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF].

(ii) Periglacial: The processes that lead to the formation of ice in periglacial conditions are mainly (Delaloye, 2004): (i) Firnification, which involves the compaction of snow when the accumulation of snow and debris is enhanced in permafrost zones (e.g., avalanche cones) [START_REF] Guglielmin | An Old Relict Glacier Body Preserved in Permafrost Environment: The Foscagno Rock Glacier Ice Core (Upper Valtellina, Italian Central Alps)[END_REF]Kneisel, 2006). If the snow is constantly buried under layers of debris produced during spring freeze-thaw cycles, then periglacial ice may form. This avalanche process tends to transport a matrix of snow and sediments, the greater the quantity of snow, the more likely the tendency to produce permafrost with high ice content (Figure 1.8c and d); (ii) Congelation, which consists in the percolation and refreezing of surface snow melt or meteoric water in the debris at below freezing temperatures [START_REF] Clark | Genetic Variability of Rock Glaciers[END_REF][START_REF] Farbrot | Rock Glaciers and Permafrost in Trollaskagi, Northern Iceland[END_REF]. Congelation creates interstitial ice (i.e., ice mixed with fine-grained debris); and (iii) Segregation, which occurs when a region of ground material is porous and relatively permeable [START_REF] Dash | The Physics of Premelted Ice and Its Geophysical Consequences[END_REF][START_REF] Murton | Bedrock Fracture by Ice Segregation in Cold Regions[END_REF]. This phenomena allows the formation of ice lenses (Figure 1.8 c and d). In the following sections, I describe these glacial and periglacial elements one by one.

Debris-covered glaciers

Small debris-covered glaciers can be found in glacial and periglacial systems, [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF]. The debris covered surface can vary in extent. Recently, [START_REF] Janke | Classification of Debris-Covered Glaciers and Rock Glaciers in the Andes of Central Chile[END_REF] classified debris-covered glaciers as semi-or fully debris-buried glaciers with orders of magnitude of 25%, 95% and 100%, debris coverage, respectively. The surface coverage can be discontinuous and its distribution (surface and thickness) changes rapidly over time [START_REF] Stokes | Recent Glacier Retreat in the Caucasus Mountains, Russia, and Associated Increase in Supraglacial Debris Cover and Supra-/Proglacial Lake Development[END_REF], consequently the transition from debris-to icefree parts over time and/or in space is also challenging and considerably complicates detection of their limits using remote sensing [START_REF] Shukla | Synergistic Approach for Mapping Debris-Covered Glaciers Using Optical-Thermal Remote Sensing Data with Inputs from Geomorphometric Parameters[END_REF].

According to [START_REF] Kirkbride | Debris-Covered Glaciers[END_REF] a debriscovered glacier (also known as debrismantled glaciers and/or glaciers noirs) is a glacier where part of the ablation zone has a continuous cover of supraglacial debris across its full width. Some authors apply a stricter definition i.e., a debris cover over at least 50% of the ablation zone.

Box 1.3: Debris-covered glacier However, until recently, these features received limited attention, likely because the proportion of debris-covered ice is relatively low relative to the total glacierized area [START_REF] Shea | Modelling Glacier Change in the Everest Region, Nepal Himalaya[END_REF] and also because debris-covered glaciers are mostly concentrated in specific high mountain regions.

As mentioned by [START_REF] Brun | Impact of the Debris Cover on High Mountain Asia Glacier Mass Balances : A Multi-Scale Approach[END_REF] and [START_REF] Huss | Sensitivity of Very Small Glaciers in the Swiss Alps to Future Climate Change[END_REF], the reaction of debriscovered glaciers to climate variations is complex (i.e., they are generally decoupled), e.g. their weak signal response to climate can be strongly filtered, even sometimes intentionally ignored [START_REF] Huss | A New Model for Global Glacier Change and Sea-Level Rise[END_REF], and interest in these glaciers is often only local (e.g., [START_REF] Jouvet | Modelling the Retreat of Grosser Aletschgletscher, Switzerland, in a Changing Climate[END_REF]. Nevertheless, as mentioned above, debris cover is currently increasing and glaciers partially covered with debris are becoming more and more numerous [START_REF] Janke | Classification of Debris-Covered Glaciers and Rock Glaciers in the Andes of Central Chile[END_REF][START_REF] Mayer | Glaciological Characteristics of the Ablation Zone of Baltoro Glacier, Karakoram, Pakistan[END_REF].

To go into more detail, two main processes govern debris accumulation and act simultaneously. First, as debris-covered glaciers are located in high mountain areas, the overhanging rock walls provide debris that is deposited directly on the glacier surface by rockfalls, rock avalanches and snow/ice avalanches (Benn et al., 2012;[START_REF] Brock | Meteorology and Surface Energy Fluxes in the 2005-2007 Ablation Seasons at the Miage Debris-Covered Glacier, Mont Blanc Massif, Italian Alps[END_REF]. Gradual sorting occurs under the influence of local topography and the size of the material [START_REF] Kirkbride | Ice Flow Vectors on the Debris-Mantled Tasman Glacier, 1957-1986[END_REF] that originates from the rock faces above the upper reaches of the glacier and its lateral borders (Figure 1.9b). Second, the debris deposited on the accumulation area is englacialy transferred downward, covered by the snow, and incorporated in the ice as it forms (Figure 1.9b). The englacial load may also originate from bedrock erosion [START_REF] Godon | The Bossons Glacier Protects Europe's Summit from Erosion[END_REF]. Debris transported englacially finally appears at the surface thanks to the ascending ice-fluxes associated with the compressive flow in the ablation and with progressive ice melt [START_REF] Stokes | Recent Glacier Retreat in the Caucasus Mountains, Russia, and Associated Increase in Supraglacial Debris Cover and Supra-/Proglacial Lake Development[END_REF], which also increases the accumulating supraglacial load [START_REF] Fukui | Dynamics and GPR Stratigraphy of a Polar Rock Glacier on James Ross Island, Antarctic Peninsula[END_REF]Kirkbride and Deline, 2013, Figure 1.9a). The combination of supraglacial debris and emerging englacial load (Figure 1.9) increases the layer of debris on the lower reaches of the glacier [START_REF] Kellerer-Pirklbauer | The Response of Partially Debris-Covered Valley Glaciers to Climate Change: The Example of the Pasterze Glacier (Austria) in the Period 1964 to 2006[END_REF].

The debris cover can be related to the temporal changes of the glacier surface characteristics and climate conditions (Figure 1.2). In this sense, a debris cover can be classified as erosion related (Figure 1.9) when the debris cover is present on the glacier surface regardless of the climate conditions (e.g., Noir and Arsine glaciers in Ecrins massif or Miage glacier on Mont-Blanc massif), suggesting a copious supply of sediment over long periods of time (e.g., [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF][START_REF] Deline | Change in Surface Debris Cover on Mont Blanc Massif Glaciers after the'Little Ice Age' Termination[END_REF][START_REF] Van Woerkom | Sediment Supply from Lateral Moraines to a Debris-Covered Glacier in the Himalaya[END_REF].

When climate conditions favor glaciers (Figure 1.2), transport dynamics dominate debris-covered glaciers because the higher ice accumulation rates allow efficient evacuation of the sedimentary load [START_REF] Kirkbride | Ice-Marginal Geomorphology and Holocene Expansion of Debris-Covered Tasman Glacier, New Zealand[END_REF]. However, when the climate conditions become unfavorable (Figure 1.2), ablation-dominant dynamics increase debris coverage. The ablation related debris coverage (Figure 1.9) spreads and increases in area and thickness. It can be noticeably intensified by paraglacial activity [START_REF] Mercier | La géomorphologie paraglaciaire. Analyse de crises érosives d'origine climatique dans les environnements englacés et sur leurs marges[END_REF][START_REF] Van Woerkom | Sediment Supply from Lateral Moraines to a Debris-Covered Glacier in the Himalaya[END_REF]. Figure 1.9: Possible changes in the system from "glacier-friendly" to "glacier-hostile" climate conditions. a) The glacier tongue becomes thinner, flatter and concave and the driving stress decreases, as illustrated by the red arrows. The generalized downward dynamic causes the spread of the debris that covers the surface of the glacier and the formation of supraglacial lakes/ponds. Reproduced from (Benn et al., 2012). b) Schematic diagram of changes in the Galena Creek debris-covered / rock glacier system. In "glacier-hostile" climate conditions, snow accumulation is restricted and may even be disrupted. The debris cover shelters ground ice, whose presence induces a generalized flow downstream. [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF] suggested that this transitional cycle occurred at least three times during the Neoglacial period to explain the current complex morphology of this system. Reproduced from [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF].

The surface energy fluxes are strongly affected by the thickness of the layer of debris on the surface [START_REF] Bozhinskiy | Role of Debris Cover in the Thermal Physics of Glaciers[END_REF][START_REF] Mattson | Ablation on Debris Covered Glaciers: An Example from the Rakhiot Glacier, Punjab, Himalaya[END_REF] that enhances or prevents ice melt [START_REF] Brock | Meteorology and Surface Energy Fluxes in the 2005-2007 Ablation Seasons at the Miage Debris-Covered Glacier, Mont Blanc Massif, Italian Alps[END_REF][START_REF] Kayastha | Practical Prediction of Ice Melting beneath Various Thickness of Debris Cover on Khumbu Glacier, Nepal, Using a Positive Degree-Day Factor[END_REF][START_REF] Nicholson | Calculating Ice Melt beneath a Debris Layer Using Meteorological Data[END_REF]östrem, 1959). Thus, the response of these landforms to climatic variations is currently questioned by several authors [START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF][START_REF] Debeer | Topographic Influences on Recent Changes of Very Small Glaciers in the Monashee Mountains, British Columbia, Canada[END_REF][START_REF] Scotti | Post-LIA Glacier Changes along a Latitudinal Transect in the Central Italian Alps[END_REF] who argue that the glacier covered surface becomes strongly decoupled from atmospheric temperatures due to the influence of a layer of debris several meters thick (Benn et al., Figure 1.10: Schematic longitudinal profile of the 600-m long Sachette debris-covered glacier/rock glacier complex. The internal structure revealed by Ground Penetrating Radar (GPR) illustrates the lenticular shape of this very small cirque glacier (approximately 300 m long and up to 40 m thick). Today, the glacial zone has no accumulation area and can be considered as an heritage of past climate conditions. Reproduced from [START_REF] Monnier | Evidencing a Large Body of Ice in a Rock Glacier, Vanoise Massif, Northern French Alps[END_REF].

2012) thus altering glacier sensitivity to climate (Zhang et al., 2011). This decoupling is critical in high relief mountain regions because the debris covered glaciers are often connected to effective erosion of the surrounding relief, which allows the development of a thick layer of debris, enhancing the insulating effect [START_REF] Deline | The Morphodynamics of the Mont Blanc Massif in a Changing Cryosphere: A Comprehensive Review[END_REF]Scherler et al., 2011) even in "glacier hostile climate" conditions. However, the spatial distribution of this layer is not homogeneous, consequently it results in particular ablation patterns (Figure 1.9). For example, at the glacier scale, the ablation gradient can be reversed [START_REF] Kellerer-Pirklbauer | The Response of Partially Debris-Covered Valley Glaciers to Climate Change: The Example of the Pasterze Glacier (Austria) in the Period 1964 to 2006[END_REF], the ice melt rate decreases down the glacier and maximum melt rates occur directly below the ELA where the layer of debris covering the glacier is thin [START_REF] Bodin | Status and Evolution of the Cryosphere in the Andes of Santiago (Chile, 33.5°S.)[END_REF][START_REF] Dobhal | Influence of Debris Cover on Terminus Retreat and Mass Changes of Chorabari Glacier, Garhwal Region, Central Himalaya, India[END_REF][START_REF] Pellicciotti | Mass-Balance Changes of the Debris-Covered Glaciers in the Langtang Himal, Nepal, from 1974 to 1999[END_REF].

The presence and behavior of debris-covered glaciers, controlled by the surrounding relief [START_REF] Kuhn | The Mass Balance of Very Small Glaciers[END_REF], and by the ablation patterns at the glacier surface, have direct consequences on glacier geometry. In the case of small glaciers, the relatively thin glacier thickness, volume and limited water production due to low surface melt related to the debris cover explain the limited driving stress of these ice masses and the reduced ice creep rate (Singh et al., 2011). As these debris-covered glaciers are geometrically disproportionate, they usually shift from a convex to a concave longitudinal profile (Figure 1.10 and 1.11 Benn et al., 2012), hence, the capacity to evacuate the sediment load is very limited [START_REF] Grunewald | Europe's Southernmost Glaciers: Response and Adaptation to Climate Change[END_REF][START_REF] Maisch | Occurrence of Rocky and Sedimentary Glacier Beds in the Swiss Alps as Estimated from Glacier-Inventory Data[END_REF].

Debris is transported and deposited at the margins of the ablation areas. If the surface Figure 1.11: Schematic diagrams illustrating (a) the effect of emerging supraglacial debris along a debris profile and (b) the formation of a debris cone or ridge (cross-sectional view with ice flow away from the viewer). (c) Longitudinal view of the effect of a number of englacial debris septa emerging near a glacier margin and the effect of this (d) on the formation of a continuous debris cover and "controlled moraines". Reproduced from (Lukas, 2011).

geometry does not change significantly over time, the accumulation of debris leads to the formation of lateral and frontal moraine ridges (e.g., [START_REF] Benn | Glaciers and Glaciation[END_REF]. In some cases, the latero-frontal accumulation may constrain glacier flow (Shroder et al., 2000, Figure 1.10). Glacier ice can be incorporated in these marginal sediment accumulations thereby forming ice-cored moraines (also known as push moraines, Figure 1.11) (e.g., Lukas, 2011;Matthews et al., 2014;Schomacker and Kjaer, 2007, and references therein) deposited during a phase of glacial retreat. This kind of moraine is sometimes now disconnected from the glacier (Kirkbride and Deline, 2013;[START_REF] Schomacker | What Controls Dead-Ice Melting under Different Climate Conditions? A Discussion[END_REF] (often associated with reworked material) by mass wasting and meltwater circulation [START_REF] Evans | Ice-Marginal Terrestrial Landsystems: Active Temperate Glacier Margins[END_REF]. These landforms may be preserved thanks to permafrost conditions (considered as indicators of permafrost) [START_REF] Harris | Climate Change, Mountain Permafrost Degradation and Geotechnical Hazard[END_REF], leaving complex patterns throughout the glacial and periglacial system [START_REF] Monnier | Structure and Genesis of the Thabor Rock Glacier (Northern French Alps) Determined from Morphological and Ground-Penetrating Radar Surveys[END_REF]. Backward rotational movements can also affect these landforms [START_REF] Monnier | Evidencing a Large Body of Ice in a Rock Glacier, Vanoise Massif, Northern French Alps[END_REF], enhanced by the weight exerted by debris accumulation, and the common concave bed geometry [START_REF] Kuhn | The Mass Balance of Very Small Glaciers[END_REF].

Rock glaciers

As mountain permafrost is one of the most sensitive Earth's cryosphere components to increasing temperatures, it is currently experiencing strong warming and thawing, posing hazards both to nature and human activities (Biskaborn et al., 2019;[START_REF] Chadburn | An Observation-Based Constraint on Permafrost Loss as a Function of Global Warming[END_REF][START_REF] Harris | Warming Permafrost in European Mountains[END_REF][START_REF] Karjalainen | Circumpolar Permafrost Maps and Geohazard In-dices for Near-Future Infrastructure Risk Assessments[END_REF]Romanovskii et al., 1996). In mountain regions, rock glaciers (see Box 1.4) have recently received increasing attention from the international scientific community due to their scientific interest for geomorphology, climatology, geotechnical engineering, hydrology and social relevance [START_REF] Bolch | Status and Change of the Cryosphere in the Extended Hindu Kush Himalaya Region[END_REF][START_REF] Duvillard | Risk Assessment of Infrastructure Destabilisation Due to Global Warming in the High French Alps[END_REF]Haeberli et al., 2006;[START_REF] Humlum | The Climatic Significance of Rock Glaciers[END_REF][START_REF] Jones | Mountain Rock Glaciers Contain Globally Significant Water Stores[END_REF]Marcer et al., 2020). Growing evidence indicates that the amplified rates of atmospheric warming in mountains [START_REF] Pepin | Elevation-Dependent Warming in Mountain Regions of the World[END_REF] is being accompanied by striking changes in the extent and the dynamics of mountain permafrost (Haeberli et al., 1989;Mollaret et al., 2019). The evaluation of future effects of climate change within the periglacial environment, the development and implementation of adaptation measures to reduce the impacts require a better understanding of the mechanisms [START_REF] Arenson | Chapter 2 -Physical, Thermal, and Mechanical Properties of Snow, Ice, and Permafrost[END_REF][START_REF] Romanovsky | Permafrost Temperature Records: Indicators of Climate Change[END_REF], the dynamics (e.g., [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]Cusicanqui et al., 2021;[START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF] and the recent overall accelerations of rock glaciers (Kellerer-Pirklbauer et al., 2018).

Following [START_REF] Barsch | Permafrost Creep and Rockglaciers[END_REF], a rock glacier is a lobate or tongue-shaped body of perennially frozen debris supersaturated with interstitial ice and ice lenses or even with bodies of massive ice, which move downslope by creep as a consequence of the deformation of the ice contained in them and which are thus features of cohesive flow.

Box 1.4: Rock glaciers

Although creeping permafrost was already known more than a century ago [START_REF] Capps | Rock Glaciers in Alaska[END_REF][START_REF] Spencer | A Peculiar Form of Talus[END_REF], the first comprehensive study that focused only on rock glaciers was presented by [START_REF] Lliboutry | Internal Moraines and Rock Glaciers[END_REF] and [START_REF] Wahrhaftig | Rock Glaciers in the Alaska Range[END_REF] in the 1950s, with interest increasing in the late 1970s [START_REF] Barsch | Nature and importance of mass-wasting by rock glaciers in alpine permafrost environments[END_REF]Haeberli, 1985), and even more so today. In the mountain permafrost literature, rock glaciers have been given many names: glacigenic rock glaciers (Clark et al., 1998;[START_REF] Potter | Galena Creek Rock Glacier Revisited-New Observations on an Old Controversy[END_REF], glacier derived rock glaciers (Humlum, 1998, Figure 1.12), moraine derived rock glacier [START_REF] Lilleøren | The Distribution, Thermal Characteristics and Dynamics of Permafrost in Tröllaskagi, Northern Iceland, as Inferred from the Distribution of Rock Glaciers and Ice-Cored Moraines[END_REF], debris rock glacier (Barsch, 1996), ice-cored rock glacier [START_REF] Berger | Dynamics of an Active Rock Glacier (Ötztal Alps, Austria)[END_REF][START_REF] Potter | Ice-Cored Rock Glacier, Galena Creek, Northern Absaroka Mountains, Wyoming[END_REF] or ice-cemented rock glacier [START_REF] Giardino | Movement of Ice-Cemented Rock Glaciers by Hydrostatic Pressure: An Example from Mount Mestas, Colorado[END_REF] describing the genetic origin of a rock glacier.

Nonetheless, this descriptive terminology including a genetic classification may add confusion because, even today, the distinction between glacial and periglacial ice remains very challenging [START_REF] Haeberli | Modern Research Perspectives Relating to Permafrost Creep and Rock Glaciers: A Discussion[END_REF]Haeberli et al., 2006) and rock glaciers of both periglacial and glacial origin (Figure 1.12) can have an ice-cored or ice-cemented structure. In addition, the core of ice is assumed to be of glacial origin (i.e., sedimentary ice), whereas the interstitial ice (which cements the sediments) is interpreted as being of periglacial origin [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF]. Here, we use the term "rock glacier" without distinguishing between different classification systems.

The downward flow of rock glaciers is related to a combination of several factors: (i) the presence of ground ice in the accumulated debris. The presence of an internal ice body (e.g., ice-cored or ice-cemented) influences the mechanical properties of the landform which becomes a cohesive material that behaves like pure ice bodies, flowing under gravity as a viscous fluid by creeping (Delaloye, 2004;[START_REF] Lambiel | Le glacier rocheux déstabilisé de Tsaté-Moiry (VS) : caractéristiques morphologiques et vitesses de dépla-cement[END_REF]. Many authors agree that the ice content is typically between 40% and 90% (e.g., Bodin et al., 2009;[START_REF] Burger | Engineering Geomorphology of Rock Glaciers[END_REF][START_REF] Cremonese | Brief Communication: "An Inventory of Permafrost Evidence for the European Alps[END_REF][START_REF] Hausmann | Internal Structure and Ice Content of Reichenkar Rock Glacier (Stubai Alps, Austria) Assessed by Geophysical Investigations[END_REF] and the slow viscous deformation movements at the surface usually range from centimeters to meters per year (e.g., Delaloye et al., 2008;Kääb et al., 1997;[START_REF] Strozzi | Monitoring Rock Glacier Kinematics with Satellite Synthetic Aperture Radar[END_REF]. However, the presence of ground ice in the accumulated sediment alone is not sufficient to allow its generalized internal deformation [START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF]. Indeed, in a temperate environment, rapid ground ice melt prevents the development of these landforms. So, a second factor is the (ii) occurrence of permafrost conditions (Berthling, 2011), with temperature ranges and precipitation that allow (Figures 1.5 and 1.7) the preservation of the ground ice (Etzelmüller and Hagen, 2005) whatever its origin (Haeberli, 2005;[START_REF] Ribolini | The Internal Structure of Rock Glaciers and Recently Deglaciated Slopes as Revealed by Geoelectrical Tomography: Insights on Permafrost and Recent Glacial Evolution in the Central and Western Alps (Italy-France)[END_REF][START_REF] Whalley | Rock Glaciers and Protalus Landforms: Analogous Forms and Ice Sources on Earth and Mars[END_REF]. The other two interrelated conditions that allow the motion are minimum geometric thresholds: (iii) the topographic slope angle; and (iv) the thickness of the landform. In the literature, typical slope angles steeper than 3°to 10°have been found to trigger movements of these frozen bodies, whose thicknesses commonly range from 15 to 30 m (e.g., [START_REF] Barsch | Permafrost Creep and Rockglaciers[END_REF][START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]GärtnerRoer and Nyenhuis, 2010, among others).

Figure 1.12: Idealized models of a glacier derived rock glacier and a talus derived rock glacier. RILA: rock glacier initiation line altitude. Note the progressive downward transition of the glacier from bare ice, debris covered ice to the rock glacier zone. Reproduced from [START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF].

In glacial and periglacial systems, it is very common to find rock glaciers coexisting with the above-mentioned landforms (glaciers, debris covered glaciers, etc.). However, rock glaciers have received little attention in glaciology, probably for four main reasons, (i) the study of glacier-permafrost interactions has been carried out in two separate domains [START_REF] Dobiński | The Cryosphere and Glacial Permafrost as Its Integral Component[END_REF]French, 2017, and reference therein). Indeed, glaciers are excluded from most permafrost definitions and a glacier does not need permafrost conditions to develop; (ii) as the ice remains invisible from the surface (i.e., covered by a thick layer of debris), rock glaciers could not be monitored using classical glaciological measurements, thus limiting their monitoring to topographic and geophysical surveys (e.g., Hauck and Kneisel, 2008); (iii) their dynamics (e.g., surface motion and changes in geometry) are very small in scale compared to bare ice glaciers; and (iv) the lack of consensus about the origins of rock glaciers (e.g., [START_REF] Berthling | Beyond Confusion: Rock Glaciers as Cryo-Conditioned Landforms[END_REF][START_REF] Hamilton | Rock Glacier Nomenclature: A Re-Assessment[END_REF][START_REF] Potter | Ice-Cored Rock Glacier, Galena Creek, Northern Absaroka Mountains, Wyoming[END_REF] has led to some inconsistencies in the morphological continuum between glaciers and rock glaciers (e.g., Anderson et al., 2018;Haeberli et al., 2006;[START_REF] Janke | Rock Glaciers[END_REF] leading to even more confusion within the community [START_REF] Berthling | The Glacial and Periglacial Research Frontier: Where from Here?[END_REF].

Morphological characteristics of rock glaciers

Due to their relatively slow dynamics, and the associated processes (e.g., production of debris and ice, flow, erosion processes, etc.), rock glaciers can develop over millennial time scales, thereby representing remarkable climate archives [START_REF] Clark | Old Ice in Rock Glaciers May Provide Long-Term Climate Records[END_REF][START_REF] Humlum | The Climatic Significance of Rock Glaciers[END_REF]. The long-term sediment accumulations of multiple origins that occurred over the Holocene during several phases of glacial advances/retreat (see section 1.2 and Figure 1.2) have progressively modified the morphology of the landscape [START_REF] Berthling | The Concept of Cryo-Conditioning in Landscape Evolution[END_REF]. From a morphological point of view, rock glaciers are composed of two principal areas, the upslope rooting zone and the downslope creeping lobe (Figure 1 .13). Ice and debris accumulate in the rooting zone where debris is enriched in ice until downstream creep is triggered (Delaloye, 2004). Rock glaciers typically stand out from the surroundings thanks to their particular tongue-like shape and a thickness of up to several tens of meters. Lateral and frontal talus can be up to 40°-45°s teep, at the repose angle and depending on the creeping activity. The creep characteristics give these landforms geomorphological features typical of "lava-stream-like" cohesive flows (e.g., ripples and undulations) (Barsch, 1996;Haeberli, 1985), which are caused by the compression and extension forces to the creeping landform and confer the typical ridge and furrow appearance and high and steep fronts (Figure 1. 13 Janke and Frauenfelder, 2008;[START_REF] Matsuoka | Geologicalcontrolonthedistributionandcharacteristicsoftalus-Derived Rockglaciers[END_REF].

The lithology of the debris supply zone plays a role in the morphology of these landforms. [START_REF] Ikeda | Pebbly versus Bouldery Rock Glaciers: Morphology, Structure and Processes[END_REF] suggest that densely jointed headwalls, like those typically found in schists and platy limestone, produce fine debris that tend to host permafrost with lower ice content (i.e., pebbly rock glaciers). Conversely, crystalline headwalls tend to be more resistant to mechanical weathering (Draebing and Krautblatter, 2019;[START_REF] Matsuoka | Frost Weathering and Rockwall Erosion in the Southeastern Swiss Alps: Long-term (1994-2006) Observations[END_REF] and to produce coarser debris that feeds bouldery rock glaciers. The latter are generally characterized by higher ice content, which may be found in massive bodies.

All these aspects of the surface morphology of rock glaciers have led to a classification that is often used for mapping and identification throughout the landscape. Historically, regional inventories have been based on geomorphological approaches (Figure 1.14), in which the activity was conceptually and classically categorized with respect to the presumed flow behavior and, thus the presence of ice (e.g., [START_REF] Azócar | Hydrological and Geomorphological Significance of Rock Glaciers in the Dry Andes, Chile (27°-33°S): Rock Glaciers in the Dry Andes[END_REF]. As few kinematic data were available [START_REF] Haeberli | On the Morphodynamics of Iceldebris-Transport Systems in Cold Mountain Areas[END_REF], the highly subjective identification and attribution of activity depended on the skills of the operator [START_REF] Brardinoni | Evaluating sources of uncertainty and variability in rock glacier inventories[END_REF].

Rock glaciers were commonly classified in two categories: intact rock glaciers, comprising both active rock glaciers that contain ice and are in effective motion, and inactive rock glaciers that remain almost motionless yet still contain ice; and relict rock glaciers, which stopped moving, often several hundred or several thousand years ago, due to the loss of (almost) all their ice content (RGIK, 2021).

The IPA recently refined this typology to clarify the classification based on rock glacier activity [START_REF] Rgik | Towards Standard Guidelines for Inventorying Rock Glaciers: Baseline Concepts (Version 4.2.1)[END_REF]. The proposed classification is summarized in Table 1.1, it only refers to the efficiency of sediment conveyance (expressed by surface movement) at the time of observation, and should not be used to infer any ground ice content. The categories are still based on geomorphological indicators, but also on available kinematic data, which need to be adapted regionally or contextually RGIK (2021). For more details, the reader should refer to (RGIK, 2021) and to their supporting information for detailed examples.

Physical characteristics of rock glaciers

According to the most recent works on the topic (Buchli et al., 2018;Cicoira et al., 2019a;Kenner et al., 2017), rock glacier movement is governed by two main processes: ice "creep" (i.e., internal deformation of the ice-rich matrix), and shearing or sliding that often occurs in a thin and deep horizon within the rock glacier (Figure 1.15). It is in fact, in this zone where most of the overall deformation takes place (Arenson et al., 2002). This was deduced first from geomorphological observations by [START_REF] Wahrhaftig | Rock Glaciers in the Alaska Range[END_REF] and confirmed in recent years by direct borehole observations (e.g., Buchli et al., 2018;Haeberli et al., 1998, among others).

Although limited direct observations exist around the world (e.g., PERMOS, 2019), borehole data show a recurrent structure and behavior of all the landforms investigated (Arenson et al., 2002;Buchli et al., 2018;Krainer et al., 2015, among others) and recently summarized by [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]. Based on this knowledge, rock glaciers are typically divided into three distinct structural and dynamic units, which are, from the surface to deeper ground: (i) the active layer; (ii) the ice-rich core; and (iii) the shear horizon (See Figure 1.15. These units are briefly described below.

(i) The active layer: On the surface of the rock glacier, a blocky layer a few meters thick represents the interface between the ice-rich permafrost body and the atmosphere. This layer, seasonally frozen, is mainly composed of rocks, ice, water 

Undefined

Inadequate data to distinguish between activity classes. and air, and displays complex thermodynamic behavior [START_REF] Hanson | The Thermal Regime of the Active Layer at the Murtèl Rock Glacier Based on Data from 2002[END_REF]Wicky and Hauck, 2020). Nevertheless, during summer, this layer insulates the underlying permafrost, reducing the thawing process (Anderson et al., 2018). Although melt rates in rock glacier sites are usually limited to a few centimeters per year (Bodin et al., 2009;Kääb and Vollmer, 2000;[START_REF] Krainer | A 10,300-Year-Old Permafrost Core from the Active Rock Glacier Lazaun, Southern Ötztal Alps (South Tyrol, Northern Italy)[END_REF][START_REF] Pruessner | A Framework for Modeling Rock Glaciers and Permafrost at the Basin-Scale in High Alpine Catchments[END_REF], the influence of increasing air temperature can significantly impact the creep rates of the underlying rock glacier by a complex combination of increase in the temperature of the ice body and water availability (Arenson and Springman, 2005a;[START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF]. The deformation of the active layer should not be considered as representative of the state of the creeping underlying permafrost. First, because the surface motion of this layer is mostly linked to tilting or sliding of the boulders located on top of the permafrost body [START_REF] Ikeda | Pebbly versus Bouldery Rock Glaciers: Morphology, Structure and Processes[END_REF][START_REF] Janke | Colorado Front Range Rock Glaciers: Distribution and Topographic Characteristics[END_REF]. Boulders can move quickly for a short time due to tilting. In fact, when a boulder tilts close to a step in the terrain, it may become unstable and quickly roll downslope, as constantly happens close to the active front (Buchli et al., 2018;[START_REF] Kummert | Erosion and Sediment Transfer Processes at the Front of Rapidly Moving Rock Glaciers: Systematic Observations with Automatic Cameras in the Western Swiss Alps[END_REF]. Secondly, when surface velocities are measured, the magnitude of the displacement of this layer relative to the total vertically integrated velocity is smaller (i.e., between 10-20%). Furthermore, the active layer is essential for the surface mass and energy balances (Hoelzle et al., 2001) of a rock glacier and consequently has a fundamental influence on rock glacier creep, notably under the long-term warming or cooling of the inner permafrost body (Bodin et al., 2009) and its permeability (Wicky and Hauck, 2020).

(ii) The ice-rich core: The inner core of a rock glacier is composed of a mixture of ice and rocks with a typical thickness of 10 to 30 m [START_REF] Cicoira | On the Dynamics of Rock Glaciers[END_REF]. The ice component may be polygenetic and include significant meteoric, superficial, and ground-water components [START_REF] Haeberli | On the Characteristics and Possible Origins of Ice in Rock Glacier Permafrost[END_REF]. Borehole observations on active rock glaciers indicate volumetric ice contents above 50% (Haeberli et al., 2006;PERMOS, 2019), except in the case of degrading permafrost where the values may be lower (Arenson et al., 2002;[START_REF] Hausmann | Internal Structure and Ice Content of Reichenkar Rock Glacier (Stubai Alps, Austria) Assessed by Geophysical Investigations[END_REF][START_REF] Monnier | Interrogating the Time and Processes of Development of the Las Liebres Rock Glacier, Central Chilean Andes, Using a Numerical Flow Model[END_REF]. The rocky component of the ice-rich core typically originates from snow avalanches (heavily loaded with debris) and long-lasting rockfall activities [START_REF] Clark | Genetic Variability of Rock Glaciers[END_REF][START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF], usually containing smaller size blocks than those in the active layer. This structural difference is the consequence of the processes that contribute to the supply of debris (fall sorting and washing away [START_REF] Kirkbride | Ice Flow Vectors on the Debris-Mantled Tasman Glacier, 1957-1986[END_REF] and of the motion of the rock glacier itself (kinetic sieving) (Haeberli et al., 2006). The thermal regime of the inner core is mainly controlled by heat conduction [START_REF] Lachenbruch | Permafrost Temperature and the Changing Climate[END_REF]Mellor and Testa, 1969). Therefore, the phase of the temperature signal from the surface (i.e., seasonally oscillating) is linearly delayed and its amplitude exponentially attenuated with depth [START_REF] Carslaw | Current Behaviour and Dynamics of the Lowermost Italian Glacier (Montasio Occidentale, Julian Alps)[END_REF]. The seasonal temperature signal influences the frozen ground down to the zero amplitude, which is usually found at a depth of 15-30 m (Cicoira et al., 2019b). Thermal changes below this point require temperature forcing to act at longer time scales (e.g., decades) (Cicoira et al., 2019b;Cusicanqui et al., 2021). Regarding water flow, the ice-rich core may initially be considered impermeable. However, water availability can significantly affect the inner core especially under conditions of permafrost degradation within talik, when temperatures close to melting point (Cicoira et al., 2019a, Figures 1.5 and 1.8) lead to highly variable structure (Krainer and Mostler, 2002) and preferential flow pathways and interstitial water content could increase (Jones et al., 2019b;Kenner et al., 2017). Deformation of the ice-rich core is mainly determined by the time-dependent creep of its ice component [START_REF] Arenson | The Rheology of Frozen Soils[END_REF]. Like pure ice (Mellor and Testa, 1969), the creep of the inner core is sensitive to temperature variations and depends to a great extent on the structure of the rock glacier itself (Figure 1.15 [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]. In fact, the creep behavior of a debris-ice mixture and even its stress-strain behavior (e.g., ductile, dilatant and brittle) can vary substantially depending on the applied strain rate, on the volumetric ice content and on the size of the component parts of the debris [START_REF] Arenson | The Rheology of Frozen Soils[END_REF]. For a homogeneous ice-rich matrix, it can be described as a creeping viscous material, as confirmed by the classical deformation profiles observed from inclinometer readings (see Figure 1.15). However, for more heterogeneous structures, the debris component and the ice structure can strongly influence the deformation profile (Buchli et al., 2018;[START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]. Finally, 10-30% of total displacement takes place within the ice-rich core and is determined by variations in ice temperature (Arenson et al., 2002).

(iii) The shear horizon: The shear horizon is a shallow layer a few meters thick (see Figure 1.15), where high shear rates are observed and where 60-90% of the deformation occurs (Arenson et al., 2002). It is located below the inner permafrost body. However, the thickness and shape of the layer can vary considerably depending on the site (e.g., [START_REF] Guillemot | Seismic Monitoring in the Gugla Rock Glacier (Switzerland): Ambient Noise Correlation, Microseismicity and Modelling[END_REF]Monnier et al., 2009). Despite the extremely sparse observations, borehole investigations showed a decrease in volumetric ice content (20-50%) and in the debris size within this layer (Arenson and Springman, 2005b;[START_REF] Haeberli | Core Drilling through Rock Glacier Permafrost[END_REF]. Due to the depth of the shear horizon, the influence of surface temperature forcing is limited and considerably delayed in time (Cicoira et al., 2019b;Kääb et al., 2007). Moreover, at longer time scales, the changes in temperature, especially when close to the melting point, can cause significant variations in the mechanical properties of the material, also at the depth of the shear horizon [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]. While the ice-rich core can be assumed to be mostly impermeable to water flow, pressurized water has been observed within the shear horizon during borehole perforations, suggesting a strong influence of unfrozen water on the behavior of this unit (Buchli et al., 2018;Cicoira et al., 2019a;Guillemot et al., 2021;[START_REF] Ikeda | Fast Deformation of Perennially Frozen Debris in a Warm Rock Glacier in the Swiss Alps: An Effect of Liquid Water[END_REF]. Conversely, debris-ice mixtures are usually more resistant to deformation at low temperatures than their pure ice components [START_REF] Moore | Deformation of Debris-Ice Mixtures[END_REF]. Consequently, the apparent viscosity of rock glacier material is higher than that of pure ice at the same temperature and stress [START_REF] Monnier | Interrogating the Time and Processes of Development of the Las Liebres Rock Glacier, Central Chilean Andes, Using a Numerical Flow Model[END_REF][START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF]. However, especially when close to melting conditions, the growth of unfrozen water films at this horizon may reduce the strength of the mixture and even lead to substantial weakening [START_REF] Moore | Deformation of Debris-Ice Mixtures[END_REF] thereby enhancing the movement of the rock glacier (Cicoira et al., 2019a). In agreement with this consideration, as mentioned by [START_REF] Ikeda | Fast Deformation of Perennially Frozen Debris in a Warm Rock Glacier in the Swiss Alps: An Effect of Liquid Water[END_REF] and [START_REF] Bucki | The Flow of Fireweed Rock Glacier, Alaska, U.S.A[END_REF] the effective viscosity of the shear horizon material has been estimated to be up to seven times lower than that of pure ice in similar conditions. As mentioned by different authors (e.g., Arenson et al., 2002;Cicoira et al., 2019a), the contribution of the shear horizon to the total surface displacement is between 60-90% and also accounts for most of the interannual and seasonal variations in rock glacier creep. Field observations and theoretical studies have shown that at relatively short time scales (from months to a few years), these variations are mainly controlled by pore water pressure within the shear horizon (Buchli et al., 2018;Cicoira et al., 2019a;Ikeda et al., 2008). However, changes in the structure of the shear horizon at longer time scales driven by the combined influence of permafrost creep and ground temperature, are still poorly understood but are expected to play an important role in the long-term evolution of rock glaciers and their dynamics (Kääb et al., 2007;[START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF][START_REF] Seppi | Decoupled Kinematics of Two Neighbouring Permafrost Creeping Landforms in the Eastern Italian Alps[END_REF].

Figure 1.15: Graphical illustration and textual description of (conceptualized) vertical profiles of a typical rock glacier. From left to right the internal structure, the temperature variations, the composition and the displacement profiles of a typical rock glacier. The concept is based on the most relevant publications on borehole investigations on rock glaciers (Arenson et al., 2002;Arenson and Springman, 2005a;Krainer et al., 2015, among others). For a detailed description refer to [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF].

Despite the relevance and the increasing number of recent studies on the diverse aspects of rock glacier research, knowledge of the fundamental mechanisms underlying permafrost creep and the relationships with climatic forcing remain limited to specific local sites [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]PERMOS, 2019, an references therein). Regional patterns and changes in rock glacier dynamics over time have emerged in the scientific literature in recent years thanks to advances in remote sensing technologies and particularly in the increasing availability of regional/global data (e.g., [START_REF] Brencher | InSAR-based Characterization of Rock Glacier Movement in the Uinta Mountains, Utah, USA[END_REF][START_REF] Groh | Rock Glacier Kinematics in the Kaunertal, Ötztal Alps, Austria[END_REF][START_REF] Strozzi | Monitoring Rock Glacier Kinematics with Satellite Synthetic Aperture Radar[END_REF].

The recently observed acceleration in parallel with increasing air temperature anomalies (e.g., Marcer et al., 2021), and the onset of rock glacier destabilization at many sites worldwide have reinforced the interest in rock glacier dynamics and in its links with the climate system [START_REF] Bodin | Recent Collapse of Rock Glaciers: Two Study Cases in the Alps and in the Andes[END_REF]Delaloye et al., 2010;Eriksen et al., 2018;[START_REF] Frauenfelder | Impacts of Climate Change on Permafrost in MidLatitude Mountain Regions[END_REF][START_REF] Roer | Rockglacier Acceleration in the Turtmann Valley (Swiss Alps): Probable Controls[END_REF].

Emerging hazards related to glacial and periglacial systems in the French Alps

Temperature increases in the European Alps have been estimated to be above the global average (Gobiet et al., 2014). Indeed, since 1960, mean temperatures have increased by 1.5 °C in the French Alps (Durand et al., 2009). The increase in temperature is not uniform across altitudes [START_REF] Beniston | Mountain Weather and Climate: A General Overview and a Focus on Climatic Change in the Alps[END_REF][START_REF] Pepin | Elevation-Dependent Warming in Mountain Regions of the World[END_REF]. Despite large uncertainties due to the complex interactions between global climate trends and local scale phenomena, models unanimously suggest persistence in this warming trend of 1.2 °C to 1.6 °C by 2050 [START_REF] Heinrich | Expected Climate Change and Its Uncertainty in the Alpine Region: Extended Uncertainty Assessment of the Reclip: c Entury and ENSEMBLES Multi-Model Dataset[END_REF] and by 2.7 °C to 3.8 °C by the end of this century (Gobiet et al., 2014).

Such changes in environmental conditions are already triggering, and will continue to trigger hazards related to the presence of the cryosphere in high mountain catchments.

Here we describe two main types of hazard that have already been encountered in glacial and periglacial systems in the French Alps: thermokarst lakes and rock glacier destabilization.

Mountain thermokarst lakes

Thermokarst lakes (also called thaw lakes in the literature) result from thawing of permafrost in the surface of the ground (Harris et al., 2018). Thermokarst processes can be used as indicators of permafrost degradation, and more precisely as the response of ice-rich permafrost to temperature changes in cold regions (Lin et al., 2010). As mentioned by Kääb and Haeberli (2001), these features are rarely found in mountain regions (Figure 1.16a), because to form, they need very specific conditions like icerich sediments and/or massive ice and flat topographical configurations (e.g., closed depressions) [START_REF] Grosse | Thermokarst Lakes, Drainage, and Drained Basins[END_REF]. Even small surface disturbances can trigger thermokarst processes and create related lakes (Kääb and Haeberli, 2001, (Figure 1.16b, c and d)). As the underlying permafrost or ice prevents percolation, water remains trapped until the lake drains. These lakes are thought to migrate slowly, and have little potential for increasing their depth, but are known to drain rapidly [START_REF] Lachenbruch | Temperatures in Permafrost[END_REF]. When a lake forms, it is a major source of heat for the surrounding permafrost (Ling and Zhang, 2004). Thermokarst lakes that retain a supply of liquid water all year round provide a positive heat flux into the surrounding frozen ground causing the adjacent permafrost to warm and degrade (Lin et al., 2011b, 2010, Figure 1.16). This heat transfer may accelerate the development of talik (i.e., year-round unfrozen ground in permafrost areas), increase the depth of the lake, and even eliminate underlying permafrost [START_REF] Grosse | Thermokarst Lakes, Drainage, and Drained Basins[END_REF]Williams and Smith, 1989).

Although these lakes are commonly found in regions with permafrost (e.g., Siberia), in high mountain regions, thermokarsts are generally located on large debris-covered glaciers like in the Himalayan mountain range (e.g., [START_REF] Benn | Rapid Growth of a Supraglacial Lake, Ngozumpa Glacier, Khumbu Himal, Nepal[END_REF]Lin et al., 2011a) or European Alps [START_REF] Duvillard | Evolution of Thermokarst over Seven Decades on an Alpine Ice-Rich Complex Rock Glacier[END_REF]Kääb and Haeberli, 2001). The morphology (i.e., crater-like shape) sometimes containing large volumes of stored water, and also possibly massive ice on the sides, may enhance permafrost thaw, triggering positive feedback in thermokarst growth. However, as they are generally located over dead-ice bodies, in some cases they may evolve into dammed lakes, and are thus considered as a potential natural hazard for human infrastructures (Assier and Evin, 1995;[START_REF] Duvillard | Evolution of Thermokarst over Seven Decades on an Alpine Ice-Rich Complex Rock Glacier[END_REF]Gärtner-Roer et al., 2021;Haeberli et al., 2001).

Figure 1.17: Example of risk mitigation with artificial drainage of the proglacial lake at the Arsine Glacier (Massif des Ecrins, French Alps). This proglacial lake has developed since 1950 (left panels) and small mitigation measures (right panel) were carried out in 1989 to prevent future outburst floods [START_REF] Vallon | Evolution, Water Balance, Potential Hazards, and Control of a pro-Glacial Lake in the French Alps[END_REF]. Left aerial images reproduced from IGN Géoportail and the photograph on the left reproduced from Altituderando.

In the French Alps, thermokarst lakes are typically located between 2,500 and 3,200 m a.s.l., with a preferential north-east orientation over recently deglaciated and debriscovered areas (Gardent, 2014, Figure 1.16) and on the fuzzy frontier between permafrost conditions. Until today, most were not considered as potential hazards because they are not directly connected with human activities and relatively few cases of thermokarst lake events and Glacial Lake Outburst Floods (GLOFs) have been documented in the European Alps to date.

The most notable case is Grubengletscher, Valais, in the Swiss Alps where hazard mitigation schemes were designed in collaboration with local authorities to prevent the future occurrence of a dangerous situation (Haeberli et al., 2001). In France, one example of risk mitigation can be found on the heavily debris-covered Arsine Glacier (Figure 1.17), although in that case, the hazard originated from a proglacial rather than from a thermokarst lake, but nevertheless show engineering works that were undertaken for artificial drainage of the lake [START_REF] Vallon | Evolution, Water Balance, Potential Hazards, and Control of a pro-Glacial Lake in the French Alps[END_REF].

Due to their rapid development (Figure 1.16 and 1.17) thermokarst lakes have become a major concern in recent decades, notably for high mountain ski resorts (Duvillard et al., Submitted) or even GLOFs. The latest are evaluated in detail in a case study of Chauvet glacial and periglacial system where several outburst have already resulted in GLOFs since 1930 (Cusicanqui et al.,Submitted,Figure 1.18). 

Rock glacier destabilization

Increasing temperatures linked to ongoing climate change tend to increase the kinematics of active rock glaciers (Marcer et al., 2021). Given that the mean annual temperature to a large extent influences the landform displacement rates of active rock glaciers, it was suggested by Delaloye et al. (2008) that the creep rate peak in 2004 was the consequences of a decadal scale warming trend peaking in a heat wave in 2003. However, temperature alone cannot explain the increase in the creep rates (Cicoira et al., 2019b), as other factors (e.g., topography, water availability, snow cover) also have a strong influence (Cicoira et al., 2019a;Kenner et al., 2017[START_REF] Kenner | How Rock Glacier Hydrology, Deformation Velocities and Ground Temperatures Interact: Examples from the Swiss Alps[END_REF]. All the above mentioned processes, together with long-term future temperature warming (Hock et al., 2019, and Figure 1.1) raise concerns about the fate of these landforms.

Warming temperatures may also increase the tendency of rock glaciers to destabilization (Marcer et al., 2019). The destabilization process has been described in several different ways, underlining the complex behavior of these phenomena that are still not completely understood [START_REF] Avian | Recent and Holocene Dynamics of a Rock Glacier System: The Example of Langtalkar (Central Alps, Austria)[END_REF][START_REF] Bodin | The 2006 Collapse of the Bérard Rock Glacier (Southern French Alps)[END_REF]Eriksen et al., 2018;[START_REF] Ikeda | Fast Deformation of Perennially Frozen Debris in a Warm Rock Glacier in the Swiss Alps: An Effect of Liquid Water[END_REF][START_REF] Kofler | When Do Rock Glacier Fronts Fail? Insights from Two Case Studies in South Tyrol (Italian Alps)[END_REF]Marcer et al., 2020;[START_REF] Scotti | Destabilisation of Creeping Permafrost: The Plator Rock Glacier Case Study (Central Italian Alps)[END_REF]. The process can be recognized at early stages because of the development of atypical geomorphological features [START_REF] Roer | Observations and Considerations on Destabilizing Active Rock Glaciers in the European Alps[END_REF] linked to strong longitudinal stress inside the rock glacier and consequently to an increase in creep rates (Figure 1.19).

Figure 1.19: Creeping pattern and changes in geomorphological features (crevasses, scarps and cracks) of a destabilized rock glacier in the Swiss Alps. Reproduced from [START_REF] Roer | Observations and Considerations on Destabilizing Active Rock Glaciers in the European Alps[END_REF].

Based on the few studies mentioned above, these features may take the form of crevasses, deep incisions in the rock glacier surface that cut the body of permafrost (Figure 1.19); normally the crevasses are isolated and can reach several meters in depth; cracks, gen-erally shallower, possibly affecting only the active layer (Figure 1.20a); and scarps, steep shear planes that dislocate the rock glacier in two different bodies that are completely disconnected, these generally occur perpendicular to creep flow (Figure 1.19 and 1.20c).

In addition, these destabilized rock glaciers have a peculiar creeping pattern that is characterized by "normal" creeping movements in the upper portion of the rock glacier while the downstream part moves remarkably faster (Figure 1.20b and c). The difference in velocity between upper and lower parts in the same landform causes strong longitudinal traction resulting in surface disturbances [START_REF] Roer | Observations and Considerations on Destabilizing Active Rock Glaciers in the European Alps[END_REF]. The destabilization process is currently poorly known, but factors like local topography and rock glacier structure [START_REF] Kofler | When Do Rock Glacier Fronts Fail? Insights from Two Case Studies in South Tyrol (Italian Alps)[END_REF] probably determine the tendency of the site to become destabilized (i.e., convex slopes Marcer et al., 2019). et al., 2021). b) Displacement rates of upstream and downstream landforms. These results are plotted together with movements of Laurichard rock glacier to enable comparison with a non-destabilized landform (Thibert et al., 2018). The destabilized mass starts moving faster than the upslope areas, creating a strongly discontinuous deformation pattern and the landform is dynamically disconnected from the corresponding surface disturbances. While the upslope area behaves like the (non-destabilized) Laurichard rock glacier, the downslope mass is still accelerating and reaching much higher displacement rates. c) Destabilization onsets between 1990 and 1995 in relation to the rapid development of crevasses.

Crevasses were already visible in the area in 1990 but belong to an earlier destabilization phase that occurred in the late 1940s. Reproduced from (Marcer et al., 2021).

Some authors (e.g., Kenner et al., 2017;[START_REF] Springman | Rock Glacier Degradation and Instabilities in the European Alps: A Characterisation and Monitoring Experiment in the Turtmanntal, CH[END_REF] suspect that basal sliding can contribute to destabilization processes through the formation of a water saturated layer that reduces shear resistance [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF]. Permafrost degradation (Eriksen et al., 2018) and water infiltration (through surface disturbances) [START_REF] Ikeda | Fast Deformation of Perennially Frozen Debris in a Warm Rock Glacier in the Swiss Alps: An Effect of Liquid Water[END_REF] could also further accelerate displacement rates. Destabilization itself can be triggered when a certain threshold of velocity or water content is reached, caused by abnormal acceleration regardless of climatic forcing (Marcer et al., 2021). Reproduced from [START_REF] Bodin | The 2006 Collapse of the Bérard Rock Glacier (Southern French Alps)[END_REF].

The destabilization process can be interpreted as a crisis phase (Figure 1 in Marcer et al., 2021). After a period of increasing creep rate, destabilized rock glaciers tend to slow down and restabilize. A cycle that may repeat itself at intervals of several decades (Delaloye et al., 2013). However, when destabilization is exceptionally severe, the landform may collapse through the sudden detachment of the principal body. In such a catastrophic event, an entire portion of the rock glacier detaches and slides downslope (Figures 1.20c and 1.21 Marcer et al., 2021), involving volumes of several hundred thousand cubic meters. Until now, such extreme events have been quite rare and have only been documented in a limited number of sites, for instance in the Andes [START_REF] Bodin | Recent Collapse of Rock Glaciers: Two Study Cases in the Alps and in the Andes[END_REF] or in the French Alps [START_REF] Bodin | The 2006 Collapse of the Bérard Rock Glacier (Southern French Alps)[END_REF].

In the French Alps, the Berard rock glacier, an active landform located in geologi-cal terrains made of schists in the Parpaillon range (southern French Alps), suddenly collapsed in summer 2006 (Figure 1.21) after a rainfall event of mild intensity. The collapse caused a 250,000 m 3 landslide. Analysis of historical orthoimages revealed that already in the 1960s, a crevasse cut the permafrost body transversally. [START_REF] Bodin | The 2006 Collapse of the Bérard Rock Glacier (Southern French Alps)[END_REF] suggests that the collapse was due to a complex combination of warm summers, high meltwater availability and natural predisposition to failure due to the local topography, which may have compromised the stability of the landform. Recently, two slope failures at the Lou rock glacier front (Mont Cenis range, in Savoie) were triggered after several days of heavy rain caused a debris flow (Figure 1.22c), which joined the Arcelle Neuve stream. Due to the availability of loose sediments in the bed of the torrent (Figure 1.22d), a debris flow developed and reached the town of Lanslevillard (Figure 1.22a), located at the confluence with the Arc river [START_REF] Ribeyre | La lave torrentielle du 24 août 2015 (Lanslevillars, Savoie) : un cas de dégradation du pergélisol dans le contexte du réchauffement climatique ? Étude de l'évolution des dynamiques du glacier-rocheux du col du Lou entre 1970 et 2016 : approche par photogrammétrie[END_REF]. The Arcelle Neuve watershed was known to produce debris flows, but the river infrastructures proved to be incapable of containing the debris flow. The volume of debris that reached part of the town was estimated at 15,000 m 3 (Figure 1.22c), causing damage evaluated at several hundred thousand euros (Marcer et al., 2020). Finally, the French service for restoration of mountain terrains conducted an inventory of rock glaciers in the French Alps [START_REF] Echelard | Détection de mouvements de glaciers rocheux dans les Alpes françaises par interférométrie radar différentielle (D-InSAR) dérivée des archives satellitaires ERS[END_REF]Marcer et al., 2017;Roudnitska et al., 2017) during which destabilized rock glaciers and destabilization susceptibility were identified (Marcer et al., 2019). In addition, the inventory highlighted the increase in creep rates of many rock glaciers after the 2000s as a consequence of climate warming. A very recent study by Marcer et al. (2021) suggests that 11.7% (46 rock glaciers) of the active landforms in the regions (among 259 rock glaciers) could become destabilized in the future. Of these 46 rock glaciers, 33 show cracks in their surface.

The study by Marcer et al. (2021) not only provides an overview of rock glacier destabilization and the recent evolution of rock glaciers in the French Alps, but also underlines the fact that 75% of creeping permafrost is almost insensitive or only mildly sensitive to destabilization (Figure 1.23). With our current knowledge it is difficult to provide a convincing explanation for this phenomenon (Marcer et al., 2021). Some authors suggest investigating the relationship between the characteristics of the snow cover, the supply of meltwater and destabilization mechanisms to obtain more insights into this issue [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF][START_REF] Ikeda | Fast Deformation of Perennially Frozen Debris in a Warm Rock Glacier in the Swiss Alps: An Effect of Liquid Water[END_REF]Kenner et al., 2017). The methodology we used to estimate the surface velocities of individual rock glaciers in this study, based on single point tracking using multiple orthoimagery interpretation, has some limitations, particularly the subjective selection of the points and the analyst's experience could also be a source of uncertainty.

Research objectives

The research objectives of this thesis are presented in the following and summarized in Figure 1.24. As explained in the previous sections, our knowledge of glacial and periglacial systems, the physical processes involved, their long-term behavior, etc. is incomplete. This is partly due to the fact that very few authors have tried to understand these systems holistically, and most relied on qualitative and geomorphological approaches (e.g., [START_REF] Berthling | The Glacial and Periglacial Research Frontier: Where from Here?[END_REF][START_REF] Berthling | The Concept of Cryo-Conditioning in Landscape Evolution[END_REF]Etzelmüller and Hagen, 2005, among others), disregarding glaciological approaches (e.g., Anderson et al., 2018;[START_REF] Bucki | The Flow of Fireweed Rock Glacier, Alaska, U.S.A[END_REF][START_REF] Konrad | Steady-State Flow Model of Debris-Covered Glaciers (Rock Glaciers)[END_REF].

Based on surface observations, changes in periglacial systems take place relatively slowly compared to glaciers. The fact glacial and periglacial Alpine systems need to be monitored over long periods of time means accurate historical data are required to interpret the surface and underground behavior and infer the characteristics inside and below the debris layer. This PhD work focuses on understanding the long-term dynamics of glacial and periglacial systems using a multidisciplinary approach based on long-term observations and field surveys. Our approach was chosen to enable us to decipher each component of systems where glacial and periglacial morphodynamics are taking place and are responding to the current climate changes (Gärtner-Roer et al., 2021;Hock et al., 2019;Whalley, 2021).

We investigated changes in surface characteristics (elevation and velocity) and the internal structure at several study sites in the French Alps. For that purpose, new data were obtained using various techniques (photogrammetry, geophysics) and combining conceptual approaches from two different disciplines (glaciology, geomorphology).

The main methodologies used in this work are described in Section 2, and a summary of the main results and related discussion are presented in Section 3. The specific objectives of this work were to answer the following research questions:

1. How do glacial and periglacial systems have changed over the last decades?

To answer this question, we assessed the processes involved in the observed or measured dynamics, and quantified their orders of magnitude, and how they changed over time, by analyzing surface kinematics and changes in elevation at decadal timescales. For this purpose, we went back in time and used historical aerial photographs, combined these historical data with recent high resolution airborne and spaceborne imagery to investigate the long-term dynamics that took place before the major shift experienced by glaciers and permafrost in the late 1980s. Field observations including differential Global Navigation Satellite System (GNSS) monitoring were also used to achieve these objectives.

2. How these changes are related to the internal structure? As mentioned in the state-of-the-art, many features of glacial and periglacial origins coexist within these complex land systems. To document and understand their behavior, we characterized their internal structure, the distribution of thickness and the presence of water using field observations, Electrical Resistivity Tomography (ERT) and GPR techniques and geomorphological mapping.

3. What are the consequences in terms of natural hazards? Although the interaction between glacial and periglacial features is complex and likely site-dependent, we focused on different sites where evidence of recent permafrost degradation showed the presence of natural hazards with the aim of documenting changes in hazard-related processes in the context of climate change.

METHODOLOGY

In this part of the manuscript, I present the overall multidisciplinary workflow applied at the different study sites (see Section 3) for my PhD. First, I present the Structure from Motion Multi-View Stereo (SfM-MVS) photogrammetry techniques that served as the base for the estimation of changes in surface elevation and surface velocity using different types of data (i.e., airborne and spaceborne images) (see Section 2.1.1 and 2.1.2). These data were then used to quantify changes in mass fluxes by applying the "ice-flux method", a widely used approach in glaciology, see Section 2.3). Finally, I briefly explain the main geophysical methods used during field surveys and their relevance for the study of glacial and periglacial systems (see Section 2.4). The overall methodological framework applied in my research is summarized in Figure 2.1. The American Society for Photogrammetry and Remote Sensing (ASPRS) defines photogrammetry as "the art, science, and technology of obtaining reliable information about physical objects and the environment, through processes of recording, measuring, and interpreting imagery and digital representations of energy patterns derived from non-contact sensor systems" [START_REF] Colwell | History and Place of Photographic Interpretation, in Manual of Photographic Interpretation[END_REF].

Box 2.1: Photogrammetry The main principle behind photogrammetry is to use the difference in perspective of two or more consecutive images taken from different positions to compute 3dimensional information [START_REF] Roos | On the Definition of Fundamental Concepts in Photogrammetry[END_REF]. In geosciences, this technique is applied to extract three-dimensional measurements from two-dimensional data.

However, like in many other geoscience disciplines, photogrammetry has been influenced by several factors, particularly those directly linked to technological advances in photography, airplanes, computers and electronics [START_REF] Schenk | Introduction to Photogrammetry[END_REF]. The technique has also been widely used for cartography and military reconnaissance [START_REF] Ruffner | Corona: America's First Satellite Program[END_REF], and has gradually gained in accuracy and precision, as well as ease of use. For a synthesis of spaceborne photogrammetry capabilities, we refer the reader to [START_REF] Toutin | Elevation Modelling from Satellite Visible and Infrared (VIR) Data[END_REF] and for an illustrated, detailed and comprehensive description of photogrammetry techniques and their development, to [START_REF] Girod | Improved Measurements of Cryospheric Processes Using Advanced Photogrammetry[END_REF].

In parallel, the rapid development of computer vision techniques (e.g., [START_REF] Boufama | Euclidean Constraints for Uncalibrated Reconstruction[END_REF][START_REF] Spetsakis | A Multi-Frame Approach to Visual Motion Perception[END_REF][START_REF] Szeliski | Recovering 3D Shape and Motion from Image Streams Using Nonlinear Least Squares[END_REF], of automatic feature-matching algorithms (e.g., [START_REF] Förstner | A Feature Based Correspondence Algorithm for Image Matching[END_REF][START_REF] Harris | A Combined Corner and Edge Detector[END_REF] and the automation of a number of other processes made photogrammetry a cost-effective methodology [START_REF] Collier | Photogrammetry and Aerial Photography[END_REF] that is widely applied in geosciences [START_REF] Carrivick | Structure from Motion in the Geosciences[END_REF].

In modern photogrammetry, SfM-MVS has made photogrammetry more accessible to a wider public with relatively cheap tools such as Scale Invariant Feature Transform (SIFT) by [START_REF] Lowe | Distinctive Image Features from Scale-Invariant Keypoints[END_REF]. Presented for the first time by [START_REF] Koenderink | Affine Structure from Motion[END_REF] and implemented in efficient publicly available code by [START_REF] Snavely | Photo Tourism: Exploring Photo Collections in 3D[END_REF] and [START_REF] Snavely | Bundler: Structurc from Motion for Unordered Image Collections[END_REF], the development of soft-copy triangulation and image-based terrain extraction algorithms radically and rapidly enhanced the quality of the data that can be derived from overlapping stereo pairs [START_REF] Chandler | Effective Application of Automated Digital Photogrammetry for Geomorphological Research[END_REF][START_REF] Lane | Application of Digital Photogrammetry to Complex Topography for Geomorphological Research[END_REF].

Structure from Motion (SfM) approaches differ fundamentally from conventional photogrammetry in that (i) features can be identified automatically and matched with other images acquired at differing viewing angles, orientations, and even scales (Skarlatos and Kiparissi, 2012); (ii) the camera positions can be obtained without ground control points (GCPs), although GCPs can be added for improved reconstruction and scale of the 3D model (Westoby et al., 2012); (iii) the camera can be automatically calibrated and/or refined during the SfM process [START_REF] Fonstad | Topographic Structure from Motion: A New Development in Photogrammetric Measurement[END_REF]. For a very good synthesis and presentation of diverse applications we refer the reader to Carrivick et al. (2016). The first step consists in detecting automatic features on the images to extract key points (i.e., sets of pixels with clearly contrasting textures). These key points are then matched in all the images (Figure 2.2) in which they appear [START_REF] Carrivick | Structure from Motion in the Geosciences[END_REF]. The number of images and their quality are very important for this step because the more information we have about the object to be mapped, the more key points we will have for 3D reconstruction.

Once sufficient key points are obtained, SfM performs a highly redundant, iterative bundle adjustment procedure (Figure 2.2), based on key points matched in multiple overlapping images [START_REF] Snavely | Scene Reconstruction and Visualization from Internet Photo Collections[END_REF]. These features are tracked from image to image, enabling initial estimates of camera positions and relative coordinates that are then refined iteratively using non-linear least-squares minimization (Shum et al., 1999) (Figure 2.2). For this task, it is highly recommended to use GCPs to georeference sparse point clouds and to give a proper scale to the model. Previous knowledge of the camera calibration parameters helps constrain the geometric reconstruction.

The information provided by SfM can then be used to robustly and automatically compute accurate and dense 3D models using Multi-View Stereo algorithms (Figure 2.2) [START_REF] Furukawa | Accurate, Dense, and Robust Multiview Stereopsis[END_REF]. A dense point cloud with spectral information derived from the input images is the primary output of the SfM-MVS workflow. However, geosciences typically involve the production of Digital Surface Model (DSM) and orthomosaics as second and third derivative products. Finally, recent implementations have taken the form of commercial software (for instance Agisoft Metashape (LLC, 2017), which was used in this PhD thesis) or Pix4D [START_REF] Sa | Professional Photogrammetry and Drone Mapping Software[END_REF]) and open-source projects such as MicMac [START_REF] Pierrot-Deseilligny | Micmac, Apero, Pastis and Other Beverages in a Nutshell[END_REF][START_REF] Rupnik | MicMac -a Free, Open-Source Solution for Photogrammetry[END_REF] or ASP [START_REF] Moratto | Ames Stereo Pipeline, NASA's Open Source Automated Stereogrammetry Software[END_REF]Shean et al., 2016), which was also used in this work.

SfM-MVS applied to historical and modern aerial images

For this PhD thesis, we took advantage of a photo library belonging to the IGN, the French public establishment in charge of producing and maintaining geographical information concerning French territories. The IGN began with data collection through aerial photographs of the main cities during the first and second world wars and then expanded to the entire national territory beginning in the mid-1950s with the aim of mapping the country and its urban expansion at 5-10 year intervals.

Recently, the IGN made 3.8 million high resolution (1000 dpi) scanned aerial photographs available to the public through the portal "Remonter le temps". However, even if these data are publicly available, the quality of some of the data is limited. For example, to calculate changes in surface elevation, high accuracy is required, which is the main weakness of historical aerial photographs. Indeed, although many aerial photograph acquisition campaigns were carried out between 1950 and 1970, i.e., at the beginning of aerial photogrammetry, there were many limitations, for example, in the geometry of the images, because at that time, the cameras were neither metric nor previously calibrated in a laboratory. In addition, conservation of these photographs (whether on glass plates at the beginning or later on negatives) was not always optimal (e.g., serious scratches can be observed in some photographs). After the 1970s, a new generation of high-quality cameras appeared, greatly improving the geometric quality of acquisition and logically also of the derived products (personal communication, E. Jordan, 2015). In this sense, disposing of the calibration certificate of the cameras used at that time could help reduce/correct the distortions. However, in the case of the IGN in France, there was no continuity in keeping these documents (personal communication, R. Blanc, 2018), which consequently could not all be retrieved for the present work.

Another major limitation is that the photographs were intended for national mapping not for glaciology. For this reason, some sectors were not acquired at the appropriate time (mid/end of summer and early fall), and in many photos there is so much snow on the ground that it is difficult to build a digital elevation model. Sometimes even the quality of the photographs themselves is not adequate, extreme saturation, or extremely dark areas due to inappropriate planning of the flights. However, despite all these limitations, this database is a precious source of information for long-term diachronic studies of mass movements and changes in the landscape. For data processing, I also took advantage of recent advances in Agisoft Metashape and Python programming capabilities to automate some steps of the SfM-MVS workflow including import/export products (photographs, DSMs and orthomosaics), the SfM process chain (alignment, production of a sparse point cloud) and production of dense point clouds. However, even with these technological and computer advances, 100% automation of the photogrammetric process is still not possible because the photogrammetric model and related products need to be scaled and georeferenced. For the moment, this stage is still only possible with GCPs.

Regarding GCPs, our methodology consisted in identifying GCPs in stable areas over time. Therefore, a large proportion of time was dedicated to this time-consuming process which determines the quality of the georeferencing in planimetry and altimetry of the 3D model depending on the distribution of these points. Regarding planimetry, here we also took advantage of the Web Map Services (WMS) distributed by the IGN, that allows access to different historical images acquired in the period 1950-1965 and to more recent ones, acquired after 2000. In this way, also assisted by geomorphological interpretations, we were easily able to identify the GCPs over time consistently, by observing places that have not undergone significant morphometric changes.

Most of the difficulties we encountered concerned the source of the altimetry data for the GCPs, because as we were dealing with high resolution photographs, we also needed highly accurate Digital Elevation Model (DEM) from which to extract the data we needed. When Light Detection And Ranging (LiDAR) DEMs were available for the study site, they were used to extract the elevation of the GCPs. Otherwise, a 5-m resolution DEM from IGN was used, preferably selecting our GCPs over flat areas. The GCPs were first selected on an "outer ring" that covered the entire object of study (and even farther, Figure 2.3) after which we concentrated on the "inner ring" close to the object of study (Figure 2.3).

After the first alignment process was complete and the first sparse point clouds produced, the tie points with uncertainties greater than 1 pixel were removed to compute a dense point cloud. At this stage, major differences were found notably between the oldest aerial images and the modern aerial images, because as the old images have less contrast and quality, we used "Mild depth filtering" and "Aggressive depth filtering", respectively, to compute dense point clouds. However, even when we used the same GCPs on multitemporal images over time, we identified some slight shifts (i.e., between 0.5-1.5 m in both, planimetry and altimetry) notably on the oldest photographs, caused mainly by the less accurate identification of GCPs due to poor contrast and fewer details visible on the old photographs. To solve these shifts, we used co-registration techniques, as explained in Section 2.1.3. Once a dense cloud was produced for each study site, the two main photogrammetric outcomes, DEMs and orthomosaics, were obtained. To guarantee consistency between multi-temporal products, we produced them at the maximum resolution enabled by the software and then homogenized all the products in a single common grid, 0.5 m for orthomosaics and 1 m for DEMs. Figure 2.4 lists all (i.e., 107 aerial block of at least 3 photos each one) the aerial images processed during my PhD.

Thanks to the efforts made to automate the photogrammetric workflow as much as possible, the results were included in the three papers presented in this thesis. This effort was enhanced by collaboration with different colleagues and on their respective papers, including Marcer et al. (2021), Le Roy et al. (In prep.) and [START_REF] Lehmann | Alpine rock glacier activity over Holocene to modern timescales (western French Alps)[END_REF].

SfM-MVS applied to spaceborne images

For this PhD, we also took advantage of the very high resolution satellite images available from the Kalideos Alpes program a French Space Agency (CNES) system aimed at promoting and demonstrating the use of space data through specific sites and applications in French territory. Kalideos Alpes focuses on understanding the physical processes in mountain areas and the impacts of climate change on these environments. In this rich dataset produced by the Kalideos Alpes project, we decided to focus on very high resolution satellite images acquired from the Pléiades constellation because these are high quality images (i.e., 0.5 m of spatial resolution in panchromatic mode and 2 m in multispectral mode (CNES, 2012;[START_REF] Jacobsen | Radiometric and Geometric Characteristics of Pleiades Images[END_REF]). In addition, the derived products (i.e., DEMs and ortho-images) have already shown high quality results (i.e., relative uncertainties < 1m) in mountain areas and glaciological studies (e.g., [START_REF] Belart | Winter Mass Balance of Drangajökull Ice Cap (NW Iceland) Derived from Satellite Sub-Meter Stereo Images[END_REF][START_REF] Berthier | Glacier Topography and Elevation Changes Derived from Pléiades Sub-Meter Stereo Images[END_REF][START_REF] Brun | Ice Cliff Contribution to the Tongue-Wide Ablation of Changri Nup Glacier, Nepal, Central Himalaya[END_REF][START_REF] Kääb | Massive Collapse of Two Glaciers in Western Tibet in 2016 after Surge-like Instability[END_REF].

These images were processed using the open-source SfM Ames Stereo Pipeline (ASP) [START_REF] Beyer | Ames Stereo Pipeline Documentation Release 3[END_REF] developed by the Intelligent Robotic Group (IRG) from the U.S. National Aeronautics and Space Administration (NASA). This software, which was originally developed for planetary exploration (e.g., Mars and Lunar Reconnaissance) [START_REF] Broxton | 3D Lunar Terrain Reconstruction from Apollo Images[END_REF][START_REF] Moratto | Ames Stereo Pipeline, NASA's Open Source Automated Stereogrammetry Software[END_REF] is capable of generating high quality, dense, texture-mapped 3D surface models from stereo image pairs (Figure 2.5). The automatic stereo pipeline developed by the ASP group (Figure 2.6) is capable of generating high quality DSM with minimal human intervention. Recently, it was adapted by Shean et al. (2016) to process a variety of Earth planetary images (e.g., SPOT, World-View, ASTER) from stereo pairs captured from space (i.e., spaceborne photogrammetry).

However, as we were dealing with very high resolution data (raw stereo and sometimes tri-stereo pairs, depending on the site), processing was nevertheless challenging in terms of computational resources. Fortunately, as we had access to the Grenoble Alpes Recherche Infrastructure de Calcul Intensif et de Données (GRICAD) (https://gric ad.univ-grenoble-alpes.fr/), all the data was processed efficiently. As shown in Figure 2.5, the ASP pipeline is very similar to the SfM photogrammetry workflow (identification of tie points, bundle adjustment, generation of sparse and dense point clouds), but with three major differences:

(i) Images are acquired using a digital scanner (i.e., pushbroom cameras) [START_REF] Gupta | Linear Pushbroom Cameras[END_REF] instead of frame cameras. However, this concept no longer applies to modern photogrammetry in which digital scanners are also used.

(ii) The use of GCPs is replaced by the use of Rational Polynomial Coefficients (RPC) which allows relatively accurate georeferencing with a few meters of slight shifts.

As mentioned by [START_REF] Singh | Rational Polynomial Modelling for Cartosat-1 Data[END_REF], RPCs provide a compact representation of a ground-to-image geometry, allowing photogrammetric processing without requiring a physical camera model. By using RPCs, it was possible to reduce human intervention during this particular photogrammetric process to a minimum. However, the use of GCPs is also possible, which considerably improves the results [START_REF] Dille | When image correlation is needed: Unravelling the complex dynamics of a slow-moving landslide in the tropics with dense radar and optical time series[END_REF].

(iii) Geometry acquisition could be considered as perfect with no optical distortions and no high altitude perturbations [START_REF] Baillarin | Pleiades-HR Imaging System: Ground Processing and Products Performances, Few Months before Launch[END_REF]. However, the latter can be questioned because when we made detailed comparison of many Pléiades products (i.e., DEMs Beraud et al., 2021, Submitted), we identified satellite undulations that introduce an external source of uncertainty (approximately ±1 m in elevation) that we were able to minimize but not completely correct (Deschamps- [START_REF] Deschamps-Berger | Snow Depth Mapping from Stereo Satellite Imagery in Mountainous Terrain: Evaluation Using Airborne Laser-Scanning Data[END_REF].

The workflow used to process the Pléiades satellite images was largely inspired by other works [START_REF] Berthier | Glacier Topography and Elevation Changes Derived from Pléiades Sub-Meter Stereo Images[END_REF] adapted to our needs. Here again, I developed an external Python workflow to completely automate the process of treatment of these images and to enhance the use of different correlation algorithms (i.e., block-matching, semi-global matching) within ASP (e.g., [START_REF] Brun | Ice Cliff Contribution to the Tongue-Wide Ablation of Changri Nup Glacier, Nepal, Central Himalaya[END_REF][START_REF] Deschamps-Berger | Snow Depth Mapping from Stereo Satellite Imagery in Mountainous Terrain: Evaluation Using Airborne Laser-Scanning Data[END_REF].

However, although ASP is a powerful tool for DEM generation, it still has some limitations, for example, in the image stereo correlation. Indeed, saturation in bright areas, shadows, and clouds can hamper the stereo correlation, generating "No data" values in the derived products. In the specific case of DEM, as done by [START_REF] Berthier | Glacier Topography and Elevation Changes Derived from Pléiades Sub-Meter Stereo Images[END_REF] in the ASP workflow (Figure 2.5), different DEMs at different resolutions were derived from the workflow (Table 2.1) with the goal of filling the "No data" gaps using a coarse DEM, and obtaining a final DEM with as few gaps as possible.

Additionally, as mentioned above, as we no longer had to depend on GCPs, the images produced by ASP are shifted from their real location to a greater or lesser extent. This shift is random from one acquisition to another and can reach several meters in planimetry and altimetry. To solve this problem, I used "co-registration" techniques (explained in detail in Section 2.1.3) to shift the products horizontally and vertically to enhance their quality. Given the efforts invested in automating the workflow, I decided to process the entire Pléiades archive acquired in the framework of the Kalideos-Alpes project (Figure 2.6). 

DEM_blend_shiftH-V

Geo-reference corrected DEM using (Nuth and Kääb, 2011). ORTHO (forward, backward and nadir if tristereo) Full resolution panchromatic (0.5 m) and multi-spectral (2 m) orthoimages. ORTHO_shiftH-V Georeference corrected images using co-registration values.

In addition to my own research, this allowed me to collaborate with other colleagues who were keen to use such data but who lacked the necessary skills, computational resources, or time to do so, for example, for the computation of surface velocities using very high resolution over Mont-Blanc massif using Pléiades images (Millan et al., 2019), surface velocities combining historical aerial images and recent Pléiades acquisition [START_REF] Lehmann | Alpine rock glacier activity over Holocene to modern timescales (western French Alps)[END_REF], computing glacier-wide seasonal and annual surface mass balances (Beraud et al., 2021, Submitted), identifying changes in ice-aprons (Kaushik et al., 2021) and an ongoing study of vegetation in the pro-glacial areas in the Alps led by Anais Zimmer from Texas University (U.S.). As mentioned above, slight differences ranging from 0.5-1.5 m (i.e., planimetrical and vertical shifts) were identified by comparing recent photogrammetric products with the oldest ones. In the case of airborne photogrammetry, these differences were mainly caused by the less accurate identification of GCPs due to the limited resolution and contrast of older aerial images, as well as by the use of uncalibrated cameras. In the case of spaceborne photogrammetry, this is mainly caused by the use of RPCs. Even if the image geometry is correct, the absence of GCPs prevents correct georeferencing. As we were quantifying mass changes based on the comparison of DEMs, highly accurate DEMs were needed to avoid under/over estimating changes in mass. A very good example of the consequences of under/over estimation could be found in [START_REF] Berthier | Volume Loss from Bering Glacier, Alaska, 1972-2003: Comment on Muskett and Others (2009)[END_REF].

DEM co-registration using Nuth and Kääb (2011) method

To reduce this systematic bias, we used the "universal" methodology proposed by Nuth and Kääb (2011) that aims to remove DEM shifts using statistical error modeling. This model was implemented through different Python workflows by Shean et al. (2016) Demcoreg and in more recent Glacio-Hack projects contributors (2021) to which I made small contributions.

Briefly, the methodology I used consisted in comparing all the generated DEMs with a high quality reference DEM (e.g., LiDAR or modern photogrammetry), which serves to correct the others based on the stable areas in which no significant changes in elevation are assumed. In the present study, the stable areas were delineated semi-automatically using the following criteria: (i) slopes greater than 30°are masked; (ii) areas already known to be moving (i.e., glaciers, rock glaciers) and forested areas are also masked. For the second criterion, the rock glacier inventory was used (Marcer et al., 2017) and forested areas were collected from the IGN database (BD Forêt). This technique uses the relationship between the difference in elevation error (of compared DEMs) and terrain aspect to obtain shift values (e.g., Gorokhovich and Voustianiouk, 2006, Figure 2.7).

Figure 2.8: Summary of the co-registration stage, with the reference DEM, the "source DEM" that needs to be aligned, and the surface used for co-registration (upper panel, from left to right), as well as elevation difference products before and after co-registration, and a plot showing the improvement in the results (lower panels, from left to right). Figure adapted from (Shean et al., 2016) and (Nuth and Kääb, 2011).

However, this technique is only useful when the geometry of acquisition is the same (e.g., ASTER, Pléiades). Sometimes with aerial photogrammetry products, this technique is not enough to reduce/correct the uncertainties because there is also a bias due to the geometry of acquisition (e.g., a change in scale, rotation, tilt). To solve this problem, we used another method of co-registration using Iterative Closest Point (ICP) (Besl and McKay, 1992).

Co-registration has been widely applied in cryospheric studies to accurately assess volumetric changes in glaciers at local (e.g., Beraud et al., 2021, Submitted;Kaushik et al., 2021) to regional (e.g., [START_REF] Brun | A Spatially Resolved Estimate of High Mountain Asia Glacier Mass Balances from 2000 to 2016[END_REF][START_REF] Dussaillant | Two Decades of Glacier Mass Loss along the Andes[END_REF] to global scale (e.g., [START_REF] Hugonnet | Accelerated Global Glacier Mass Loss in the Early Twenty-First Century[END_REF]. In periglacial research, this technique is currently attracting increasing interest due to data availability and the recent interest of the periglacial community in computing mass changes (Cusicanqui et al., 2021;[START_REF] Robson | Glacier and Rock Glacier Changes since the 1950s in the La Laguna Catchment, Chile[END_REF]. Figure 2.8 is a didactic example of the co-registration stage applied for this project.

Quantification of uncertainties on the surface elevation

Although systematic bias could be reduced/removed by applying co-registration methods, Normalized Median Absolute Deviation (NMAD) is only a statistical indicator about the variability of a univariate sample of quantitative data (Höhle and Höhle, 2009). Thus, a validation step by using other independent dataset is expected to estimate uncertainties.

Figure 2.9: DSM validations using to spatial approaches. A) Hillshade of reference DEM acquired on August 17, 2012 showing the location of profiles (each 100 m long) and stable area used for validation (green polygon). The stable area represents 20% of the DSM. This area was selected after detailed visual inspection of the orthoimages, ensuring that no significant geomorphological changes hasoccurred over the entire study period. Slopes greater than 30°, rock glaciers and screes around were masked. The right-hand part of the Laurichard rock glacier was excluded because morphodynamic changes were detected (snow avalanches, bad reconstruction of the DSM). B) Boxplot of Z values before and after co-registration over the entire stable area (green polygon). C) Differences in elevation between the generated DSM and the reference LiDAR DSM for each of the four profiles located on the stable terrain (red lines).

For the three study sites of this thesis, we estimated the uncertainties of elevation by analyzing the elevation over the "stable terrain" on the surrounding areas of the rock glaciers. Those "stable terrain" have been chosen semi-automatically during the co-registration stage (Section 2.1.3). We evaluated the uncertainty first by comparing elevation changes for all DSM using always the same reference (i.e., the 2012 LiDAR DSM, with a pixel size of 50 cm, Figure 2.9a).

Within the same stable areas where we designed several profiles to evaluate more in detail the local surface changes variations (Figure 2.9b). From these profiles, elevation changes shown a random distribution (between -2 and +2 m), which is less important on recent DSM; i.e., between -0.5 and +0.5 m (e.g., due to the better reconstruction during SfM processing) and more pronounced on the older DSM, respectively (i.e., some artefacts due to poor-contrasted images and/or snow patches). The global average uncertainty of the entire dataset ranges from ±0.5 to ±1.1 m.

Then, a supplementary validation step has been carried out within the rock glacier area to validate the observed surface elevation changes. For this stage, we take advantages of the 40-yr "in situ" dataset of topographical measurements over the Laurichard rock glacier (Thibert et al., 2018). These results are reported in Figure 2.10 and show an averaged accuracy of ±1 m with an average median value of +0.2 m. As expected, highest deviations are present on the oldest DSM. These values are in agreement with the accuracy previously established on the stable terrain and give us confidence on the computed surface elevation changes between several DSM. 

Surface displacements and feature tracking techniques

Spaceborne and airborne technologies have revolutionized geosciences by allowing us to monitor and study changes in the Earth's surface. In cryospheric sciences, these technologies enable quantification of glacier extents (e.g., [START_REF] Gardent | Inventaire et retrait des glaciers dans les alpes françaises depuis la fin du Petit Age Glaciaire[END_REF]Paul et al., 2020), changes in volume (e.g., [START_REF] Brun | A Spatially Resolved Estimate of High Mountain Asia Glacier Mass Balances from 2000 to 2016[END_REF][START_REF] Dussaillant | Two Decades of Glacier Mass Loss along the Andes[END_REF] and surface velocities at regional (e.g., [START_REF] Dehecq | Deriving Large-Scale Glacier Velocities from a Complete Satellite Archive: Application to the Pamir-Karakoram-Himalaya[END_REF]Scambos et al., 1992) and local (e.g., [START_REF] Heid | Evaluation of Existing Image Matching Methods for Deriving Glacier Surface Displacements Globally from Optical Satellite Imagery[END_REF][START_REF] Kaab | Photogrammetry for Early Recognition of High Mountain Hazards: New Techniques and Applications[END_REF] scales.

In glaciology, glacier velocity has mostly been measured using different remote sensing techniques (i.e., optical and/or Synthetic Aperture Radar Interferometry (InSAR)) and at different spatial scales (e.g., [START_REF] Millan | Ice Flow and Thickness of the World's Glaciers[END_REF][START_REF] Rignot | Ice Flow of the Antarctic Ice Sheet[END_REF] that have made it possible to track changes on the surface and to address important questions about ice dynamics; for example, the seasonality or the complex relationships between surface velocity, internal deformation [START_REF] Berthier | Relative Contribution of Surface Mass-Balance and Ice-Flux Changes to the Accelerated Thinning of Mer de Glace, French Alps, Over1979-2008[END_REF], basal sliding and deformation of subglacial sediments. Kääb and Vollmer (2000).

However, this technique has only been used very rarely in periglacial studies, mainly because: (i) as mentioned in Section 1.2, periglacial landforms (i.e., rock glaciers) are small in size and their dynamics are relatively low compared to glaciers. Thus, global optical remote sensing datasets (e.g., Landsat and even more recently Sentinel-2) do not have enough spatial resolution to observe these landforms and hence to quantify surface displacements on such small and slow moving bodies. High resolution images are needed to monitor their dynamics; (ii) High resolution images could help solve this first limitation (e.g., [START_REF] Kaab | Photogrammetry for Early Recognition of High Mountain Hazards: New Techniques and Applications[END_REF]. However, both photogrammetric and InSAR data are generally only available for specific regions and/or sites (e.g., European Alps, some regions in the Andes). On the one hand, it is not always possible to obtain the corresponding digital version of aerial photographs that were acquired on physical film negatives. On the other hand, InSAR data provide very good results for rock glacier monitoring (e.g., [START_REF] Barboux | Inventorying Slope Movements in an Alpine Environment Using DInSAR[END_REF][START_REF] Barboux | Surveying the Activity of Permafrost Landforms in the Valais Alps with InSAR[END_REF], but have not become popular because of the complex data structure and the need for strong computational data processing capacity.

More recently, interest shown by the scientific community has increased due to the availability of historical aerial archives that have been made publicly available thanks to some government initiatives (e.g., France and Switzerland), as well as high-resolution satellite images (e.g., SPOT, Pléiades, World-view). Further, thanks to the European Spatial Agency (ESA) and the Sentinel-1 program, monitoring of rock glaciers has become possible and has started to produce results at regional scales [START_REF] Brencher | InSAR-based Characterization of Rock Glacier Movement in the Uinta Mountains, Utah, USA[END_REF][START_REF] Strozzi | Monitoring Rock Glacier Kinematics with Satellite Synthetic Aperture Radar[END_REF]. Deriving surface velocity fields using optical images is an efficient and low-cost method that emerged in the mid-1980s with objects manually identified on several images [START_REF] Lucchitta | Antarctica: Measuring Glacier Velocity from Satellite Images[END_REF]. [START_REF] Bindschadler | Satellite-Image-Derived Velocity Field of an Antarctic Ice Stream[END_REF] and Scambos et al. (1992) were the first to apply this methodology on glaciers in the 1990s using image matching algorithms based on normalized cross-correlation (NCC) [START_REF] Kääb | Monitoring High-Mountain Terrain Deformation from Repeated Airand Spaceborne Optical Data: Examples Using Digital Aerial Imagery and ASTER Data[END_REF], which have since evolved in complexity with, for instance, NCC in the Fourier domain [START_REF] Rolstad | Visible and Near-Infrared Digital Images for Determination of Ice Velocities and Surface Elevation during a Surge on Osbornebreen, a Tidewater Glacier in Svalbard[END_REF], least squares matching [START_REF] Kaufmann | Quantitative Analysis of Rock Glacier Creep by Means of Digital Photogrammetry Using Multi-Temporal Aerial Photographs: Two Case Studies in the Austrian Alps[END_REF], phase correlation [START_REF] Leprince | Monitoring Earth Surface Dynamics With Optical Imagery[END_REF][START_REF] Scherler | Glacier-Surface Velocities in Alpine Terrain from Optical Satellite Imagery-Accuracy Improvement and Quality Assessment[END_REF], and orientation correlation [START_REF] Fitch | Orientation Correlation[END_REF]. All these algorithms were developed using different commercial and/or open-source software. An overview of different algorithms and related software can be found in Van Wyk de [START_REF] Van Wyk De Vries | Glacier Image Velocimetry: An Open-Source Toolbox for Easy and Rapid Calculation of High-Resolution Glacier Velocity Fields[END_REF].

The main principle behind the feature tracking approach is the comparison of two images (orthophoto time 1 and 2, respectively in Figure 2.11) when the georeference, pixel size and grid size are known. The images are divided into three main components: (i) first the so-called 'search block' (or test area in Figure 2.11); (ii) the 'reference block' (generally smaller than search block, Figure 2.11) which has the function of searching for the correlation on the search block; and (iii) a constant 'step or grid spacing' which serves to move the reference block, generally by a constant distance, within the search block and to locate the correlation peak. The reference block contains information concerning the characteristics of the feature, which are subsequently compared with the second image (Figure 2.11). If the same feature (high correlation values) is found, the difference in the central pixel coordinates gives the horizontal displacement between time 1 and 2. Some difficulties arise when surface velocity fields need to be computed using low contrast images (e.g., glaciers, Figure 2.12). In these cases, statistical low pass and high pass filters (e.g., Lee multi directional filter [START_REF] Lee | A New Technique for Noise Filtering of SAR Interferometric Phase Images[END_REF]) are applied to the correlated images to enhance the variations in contrast (Scambos et al., 1992), to obtain traceable elements during image matching (e.g., crevasses) (Millan et al., 2019), as well to clean noisy values.

Choosing the correct parameters makes it possible to compute coherent displacement fields (Figure 2.12). However, these parameters have a strong influence on the resolution of the displacement field and should be chosen as a function of the object under study and of the expected range of velocities. For example, very small search windows generate noise because they are highly sensitive to small variations in contrast, which do not really move, whereas bigger windows can better track the features within the images, but with coarser pixels.

The feature tracking approach has strong limitations when the contrast between two or more images of the same location changes abruptly. There are two major sources of uncertainties: (i) meteorological conditions, specifically, clouds and snow patches. The latter entirely prevents image correlation as the features cannot be found on both images; (ii) geometric configuration of the acquisition (e.g., altitude, orientation of the sensor), which has a marked influence on shaded areas; and (iii) the resolution of the images, which depends on the object studied.

These uncertainties were relatively easy to identify when the acquisition configuration was similar in time (i.e., the same sensor satellite, e.g., Landsat and Sentinel-2) because, as the orbits are sun-synchronous, the images are acquired at almost the same time and the sunshine conditions do not cause significant changes [START_REF] Dehecq | Deriving Large-Scale Glacier Velocities from a Complete Satellite Archive: Application to the Pamir-Karakoram-Himalaya[END_REF].

However, where surface velocities are computed from aerial images, the above mentioned limitations are more difficult to deal with. Firstly, because the photogrammetric campaigns are not always undertaken during the same periods of time (e.g., summer or early fall) as they depend on meteorological conditions. For example, when the images are acquired in early fall and the shadows have the relative same orientation as the flow, this can introduce some false displacements and consequently lead to overestimation of surface velocity, or mismatches in the feature tracking correlation. Second, when surface velocities are computed from high resolution images (aerial orthomosaics, Pléiades or UAV), the details and resolution extend computation time. Finally, changes in surface state and rugosity related to the time of the acquisition and due to the growth of grass, shrubs, and trees, etc. may also strongly influence the quality of the correlation results on the stable ground used as a reference to align the images and quantify the errors.

In this work, after testing several algorithms including Cosi-Corr [START_REF] Leprince | Co-Registration of Optically Sensed Images and Correlation (COSI-Corr): An Operational Methodology for Ground Deformation Measurements[END_REF], CIAS (Kääb and Vollmer, 2000), and ImCORR (Scambos et al., 1992), we chose the latter because the results were more consistent particularly when old aerial photographs were used. IMCORR produced more consistent results in terms of magnitude and directions of the displacements. IMCORR results are exported using two shapefile data-types, the correlation points and the direction of movements, respectively. Both contain the magnitude and direction of displacements, as well as an estimation of correlation quality (called strength) and related uncertainties.

One other aspect that stands out in comparison to other algorithms is the possibility to compute 3D surface velocities by introducing a DEM during the correlation process (Conrad et al., 2015;Scambos et al., 1992). However, in this study, DEMs produced by SfM photogrammetry were not used because of their relatively high uncertainties particularly in the oldest DEMs (Bodin et al., 2018). Additionally, as the surface of rock glaciers and debris-covered glaciers is often chaotic, coarser blocks can also lead to false (under-or overestimated) 3D displacement values.

To assess the uncertainties of the feature tracking approach, we used the areas that were assumed to be stable in the vicinity of the landforms under study. The delimitation of these stable areas is similar to that used in the co-registration stage. Once the results were obtained, a filtering process was applied to remove any anomalous correlation values and outliers; the procedure is detailed in Publication I.

In addition to my own research (Publications I, II, and III), this work allowed me to collaborate with other colleagues who were keen to use such data particularly to quantify surface velocities on destabilized rock glaciers (Marcer et al., 2021), long-term evolution of rock glaciers [START_REF] Lehmann | Alpine rock glacier activity over Holocene to modern timescales (western French Alps)[END_REF] and to compute glacier surface velocities using UAV data (Vincent et al., 2020).

Quantification of uncertainties on the surface displacements

Regarding the uncertainties on the surface displacements, the image correlation procedure was carried out over the entire image in order to measure displacement on moving areas (i.e., rock glaciers) but also over supposed "stable terrain". This procedure allows having confidence in the coherence and uncertainty (i.e., range with which the velocities were estimated) on the image feature tracking, and thus, the computed surface displacement.

As made for surface elevation changes, we applied the same procedure to quantify uncertainties on the surface displacements by using the same "stable terrain" defined in the co-registration stage (Section 2.3). The surface displacements uncertainty is thus estimated using the averaged values on the stable terrains. For all study sites, we consider enough stable areas, between 20-40% of the entire study area to obtain robust estimates of the uncertainty.

As expected, the uncertainty is more important for the oldest aerial images because, due to the low contrast and texture on the orthomosaics, the feature tracking algorithms are unable to find correlation. This creates "no data" values on those areas, thus, less value are computed/compared (Figure 2.13 shows an example of surface displacements quantification). From a general point of view, feature tracking image uncertainties quantified over stable areas ranges between 0.1 to 0.25 m a -1 even for the oldest periods (i.e., 1950-1980). Additionally, as made as for surface elevation changes, we compared the surface velocities from feature tracking image correlation to in situ GNSS measurements of blocks location on the rock glaciers (Thibert et al., 2018). This comparison allowed estimating the quality of quantified surface flow velocities. As shown in Figure 2.14, a good agreement between those two data sources could be noted, with an average correlation of 96% for 5 of 9 periods over the entire landform, from where surface displacements could be quantified. The rest 4% correlation-off corresponds to outliers, which are mainly located on the edges of the rock glacier (i.e., blocks with prefix names "O" and "A" in names of Figure 2.14). Finally, this comparison shows that the surface velocities estimated with feature tracking are coherent with those measured by GNSS, giving more confidence on estimated values. 

Quantification of mass fluxes: transposing an approach commonly used on glaciers to rock glaciers

Understanding changes in the dynamics of cryospheric landforms requires quantifying changes in mass and flow velocity. For example, in glaciology, the surface mass balance observed in situ is the most relevant variable to link climate change and surface changes [START_REF] Gcos | Plan for the Global Climate Observing System[END_REF]Hock et al., 2019); or in the case of permafrost, the permafrost ground temperature and the thickness of the active layer are relevant variables [START_REF] Gcos | Plan for the Global Climate Observing System[END_REF]. However, acquiring such data requires considerable effort for example, field work every year (installing stakes for glaciology) or drilling boreholes in permafrost bodies (e.g., PERMOS, 2019).

As mentioned previously, "rock glacier velocity" was recently proposed by the IPA as an essential climate variable of mountain permafrost (RGIK, 2021), but some questions remain concerning the quantification of permafrost degradation, and thawing of ground ice and its relationship with ongoing climate warming (e.g., Biskaborn et al., 2019;[START_REF] Harris | Warming Permafrost in European Mountains[END_REF]Marcer et al., 2021;[START_REF] Romanovsky | Permafrost Temperature Records: Indicators of Climate Change[END_REF]. The few works that attempted to calculate the mass balance of rock glaciers by [START_REF] Konrad | Steady-State Flow Model of Debris-Covered Glaciers (Rock Glaciers)[END_REF] and [START_REF] Bucki | The Flow of Fireweed Rock Glacier, Alaska, U.S.A[END_REF] relied heavily on glaciological methods (e.g., calculation of flows and emergence velocities), drawing parallels with and making as-sumptions about the behavior of glaciers to partially describe the complex behavior of rock glaciers [START_REF] Konrad | Steady-State Flow Model of Debris-Covered Glaciers (Rock Glaciers)[END_REF]. For the present study, we chose to quantify the mass flux changes over a 70-year period on a well investigated rock glacier, where the availability of other datasets facilitated such an approach. Our methodology consisted in quantifying the fluxes between successive cross-sections (Figure 2.15) to better understand the processes responsible for the observed changes. We also computed emergence velocities -a variable that is rarely studied or used in studies of glacier dynamics (e.g., [START_REF] Berthier | Relative Contribution of Surface Mass-Balance and Ice-Flux Changes to the Accelerated Thinning of Mer de Glace, French Alps, Over1979-2008[END_REF][START_REF] Holmlund | Is the Longitudinal Profile of Storglaciaren, Northern Sweden, in Balance with the Present Climate?[END_REF][START_REF] Kääb | Modelling Mass Balance Using Photogrammetric and Geophysical Data: A Pilot Study at Griesgletscher, Swiss Alps[END_REF][START_REF] Rasmussen | Bed Topography and Mass-Balance Distribution of Columbia Glacier, Alaska, U.S.A., Determined from Sequential Aerial Photography[END_REF][START_REF] Reeh | Three-Dimensional Surface Velocities of Storstrømmen Glacier, Greenland, Derived from Radar Interferometry and Ice-Sounding Radar Measurements[END_REF] (Figure 2.16). As mentioned by Cuffey and Paterson (2010, p. 286), estimated emergence velocity can be used to link surface mass balance to changes in thickness. Emergence velocity refers to the upward or downward flow of the ice/rock relative to the surface of the glacier or rock glacier (Figure 2.16).

This method requires three main inputs: (i) changes in area-wide surface elevation over time identified by accurate quantification of differences in DEMs (see Section 2.1.1); (ii) area-wide surface velocities computed from multitemporal orthomosaics using feature tracking techniques (see Section 2.1.2); and (iii) bed topography (see Figure 2.16), which, in this case, was obtained from the combination of the topographic dataset and the interpretation of GPR measurements by [START_REF] Guillemot | Seismic Monitoring in the Gugla Rock Glacier (Switzerland): Ambient Noise Correlation, Microseismicity and Modelling[END_REF]. This approach requires solving the continuity equation (Cuffey and Paterson, 2010, p. 286 and p. 333) in which the change in surface elevation over time (∂h/∂t) can be expressed as the difference between the surface mass balance (b s ) and the flux between two sections (∂q/∂x). Methodological steps and related uncertainties are described in detail in Cusicanqui et al. (2021). Applying this method makes it possible to reconstruct the surface mass balance and to evaluate its associated uncertainty using geometric measurements (surface topography and velocities) obtained by d-GNSS measurements, aerial photographs or satellite images and to at least partially avoid very heavy work in situ.

However, using the term "surface mass balance" raises other questions notably concerning the underlying processes. For example, quantification of accumulation and ablation processes, which can be easily measured on glaciers by installing ablation stakes, is not straightforward in the case of rock glaciers. These questions are discussed in Section 3.1

Geophysical prospecting using Electrical Resistivity Tomograms (ERT)

The surface and subsurface conditions of periglacial environments can vary considerably [START_REF] French | The Periglacial Environment[END_REF]. However, as most of the processes occur below the surface, using remote sensing data alone does not provide a complete understanding of such phenomena (e.g., complex internal structure). The heterogeneous surface and subsurface conditions call for methods able to characterize the subsurface structures at scales of a few meters, like boreholes; but due to the high cost and the logistical difficulties of such direct observation methods, they can only be used as point information at specific sites, consequently information remains scarce (Hauck and Kneisel, 2008). This is where geophysics plays its biggest role. Geophysical methods are able to characterize the subsurface continuously over relatively large areas, often down to a depth of several hundred meters (Hauck and Kneisel, 2008). These methods are consequently used to obtain information about the physical properties and the structure of the subsurface [START_REF] Kneisel | Advances in Geophysical Methods for Permafrost Investigations[END_REF][START_REF] Scapozza | Stratigraphie, morphodynamique, paléoenvironnements des terrains sédimentaires meubles à forte déclivité du domaine périglaciaire alpin[END_REF].

In recent decades, significant progress has been made in developing geophysical methods and their scope for use in geomorphology (e.g., [START_REF] Gilbert | A Handbook of Geophysical Techniques for Geomorphic and Environmental Research[END_REF], for example, to study ground ice and to characterize areas of permanently frozen ground (e.g., [START_REF] Vonder Mühll | Mapping of Mountain Permafrost Using Geophysical Methods[END_REF], 2001) originally for engineering purposes [START_REF] Scott | Geophysics in the Study of Permafrost[END_REF] but more recently to investigate, describe and map the two-and three-dimensional spatial extent of frozen bodies from surface measurements [START_REF] Ishikawa | Bent Glacier Tongues: A New Look at Lliboutry's Model of the Evolution of the Crooked Jatunraju Glacier (Parón Valley, Cordillera Blanca, Perú)[END_REF][START_REF] Scapozza | Prospection géophysique multi-méthodes du pergélisol alpin dans le sud des Alpes suisses[END_REF] and their relationship with the recent climate warming (Duvillard et al., 2021;[START_REF] Nelson | Climate Change and Hazard Zonation in the Circum-Arctic Permafrost Regions[END_REF].

Geophysical approaches are based on the measurement of differences and contrasts in the physical properties of subsurface components [START_REF] Dubois | Géophysique-5e Éd[END_REF]. The aim is to deduce the nature and characteristics of the terrain from observations, measurements, and possible interpretations. Geophysical prospecting uses either passive methods, which detect variations in the Earth's natural fields, such as gravity or the magnetic field, or active methods, when measurements are based on an artificial signal transmitted to the subsurface (Reynolds, 2011). [START_REF] Dubois | Géophysique-5e Éd[END_REF] suggested other distinctions, based on potential methods, i.e., the study of gravity, magnetic, electric or electromagnetic fields, and methods based on wave propagation, such as seismic or geological radar.

Each geophysical method has its own characteristics and is based on the prospection of a well determined physical property. All prospecting methods are based on the detection of anomalous structures (i.e., a marked deviation from the theoretical reference model) relative to the theoretical reference structure of the physical property concerned [START_REF] Chapellier | Géophysique et Archéologie[END_REF]. Any interpretation of geophysical measurements should be constrained, and geological and geomorphological consistency is required.

In this section, I describe the ERT method used during this thesis. The ERT method was used from planning the field campaigns up to and including data processing and interpretation in two study sites to understand the internal structure of complex permafrost environments related to the activity of thermokarst lakes at the surface (see Papers II and III).

Electrical resistivity was the main physical property studied in this work. It is defined as the resistance (R) of a unit cube (1 m 3 ) for a current of intensity (I) and potential (U) flowing between two opposite faces of the cube. In accordance with Ohm's law (Equation 2.1):

U = R × I ⇔ R = U /I (2.1)
with U in Volts (V), R in Ohm (Ω) and I in Amperes (A); resistance R is the relationship between the electric potential U and the current intensity I. The resistivity of a solid body can therefore be expressed as a function of the resistance as Equation 2.2:

ρ = R × (s/l) (2.2)
where ρ is resistivity (Ω m); R is resistance (Ω); s is body section (m 2 ); l is body length (m).

When a direct electric current of intensity I is generated between two electrodes A and B, A being the injection electrode and B the reception electrode (respectively, positive and negative), placed on the surface of a theoretically homogeneous soil with a flat surface (called half-space), a half-spherical electric field is created characterized by threads of current that go deeper and deeper with an increase in the distance between A and B and in equipotential lines perpendicular to the current (see Figure 2.17). If two potential electrodes M and N are added to the two existing electrodes thereby enabling measurement of the potential difference (∆ V) due to the combined action of A and B, then, with the resulting quadrupole, it is possible to measure the apparent resistivity of the subsurface using Equation 2.3 proposed by [START_REF] Kunetz | Principles of Direct Current-Resistivity Prospecting[END_REF] 

ρ a = (∆V /I) × k (2.3)
where ρ a is apparent resistivity (Ω m); ∆ V is potential difference (mV); I is current intensity (mA); and k is a geometric factor (m). The latter mainly depends on how the electrodes are arranged in the field. For any quadrupole where the electrodes follow each other along the same line, it can be calculated as Equation 2.4.

k = [(AM × AN )/MN ] × π (2.4)
As mentioned by (Reynolds, 2011), there are several possible arrangements of quadrupoles depending also on the object to be studied, but the most commonly used in periglacial prospection are Wenner, Wenner-Schlumberger and dipole-dipole (see Figure 2.18). ERT has become a "standard" method in Alpine permafrost studies. Introduced in the late 1970s (e.g., [START_REF] Barker | Signal Contribution Sections and Their Use in Resistivity Studies[END_REF][START_REF] Barker | The Offset System of Electrical Resistivity Sounding and Its Use with a Multicore Cable[END_REF]Dahlin and Zhou, 2004;[START_REF] Edwards | A Modified Pseudosection for Resistivity and IP[END_REF] ERT rapidly replaced one-dimensional Vertical Electrical Soundings (VES) (e.g., [START_REF] Assier | Prospection Électrique Sur Les Glaciers Rocheux Du Cirque de Sainte-Anne (Queyras, Alpes Du Sud, France)[END_REF]Delaloye and Lambiel, 2008;[START_REF] Fisch Sr | Electrical D.C. resistivity soundings with long profiles on rock glaciers and moraines in the Alps of Switzerland[END_REF] as the best method to study permanently frozen soils (e.g., Hauck and Kneisel, 2008;Hilbich et al., 2009;[START_REF] Ishikawa | ERT Imaging for Frozen Ground Detection[END_REF][START_REF] Kneisel | Advances in Geophysical Methods for Permafrost Investigations[END_REF]. Indeed, the ability of ERT profiles to estimate the distribution of electrical resistivities in both dimensions and because electrical resistivity is a physical parameter that varies greatly with temperature and ice content, means ERT profiles are a particularly suitable method for permafrost prospecting (Figure 2.20). In the field campaigns conducted for my thesis, we only used the Wenner configuration, in which the electrodes follow each other along the same line and the interelectrode interval is constant (Figures 2.17 2.18). This arrangement is a good compromise between depth investigation and a good vertical resolution of the subsurface structures [START_REF] Barker | Signal Contribution Sections and Their Use in Resistivity Studies[END_REF]. A comprehensive comparison between these three methods is presented in [START_REF] Scapozza | Stratigraphie, morphodynamique, paléoenvironnements des terrains sédimentaires meubles à forte déclivité du domaine périglaciaire alpin[END_REF].

To obtain more details about ERT data acquisition and processing, all ERT profiles were acquired using ABEM terrameter SAS4000 which is a highly competent geophysical instrument designed for simultaneous ERT and induced polarization (IP) measurements (Duvillard et al., 2018). This device has pre-installed workflows (listed in Figure 2.18, among others) but offers the possibility to modify and even create specific measurement protocols (e.g., Coperey et al., 2019;Revil, 2012).

The configuration of electrodes and ABEM devices will differ depending on the object to be studied. For example, when a standard "Wenner" configuration is used (Figure 2.18), the device is connected half way between the cables connected to the electrodes (Figure 2.19c). These are generally 64 (32 on each side) with equidistant spacing (Figure 2.19d). The space between electrodes is a critical factor in ERT acquisition and is configured depending on the object to be studied because the longer the distance (20-50 m, Figure 2.19d), the greater the acquisition depth. However, the acquisition resolution is reduced. Conversely, at a shorter distance (1-5 m) the depth of investigation is reduced but the resolution is higher (Reynolds, 2011).

The stainless steel electrodes used for our study were 10 mm thick and 40 cm long (Figure 2.19a), penetrating the shallow surface (Figure 2.19b). To improve the electrical contacts between the electrodes and the ground, we used salted water and bentonite during acquisition (Maurer and Hauck, 2007). In general, acquisition takes 2-3 hours because electrical conductivity and induced polarization are measured simultaneously.

Data were processed using commercial software RES2DINV (https://www.geometri cs.com/software/res2dinv/) to produce ERT tomograms to investigate and characterize subsurface structures. Briefly, the processing of ERT data consists firstly of cleaning the data to remove any values that are not consistent. This stage is important because depending on how the data are filtered, the results will differ (Figure 2.20a). It is strongly recommended to filter out anomalous values (Figure 2.20a), as later during the inversion process, the filtered data will be filled/interpolated Figure 2.20b). Nevertheless, this stage is a good compromise between data that needs to be removed and the user's expertise in identifying anomalous points (Figure 2.20a and b).

During this process, it is important to introduce the topography terrain. By introducing this data (usually measured using d-GNSS), the software automatically constrains the depth investigation and later on, the interpretation of the tomogram (Figure 2.20b). Finally, after this stage, the software performs the inversion process, where a "robust inversion" and a 3% error threshold were used for all ERT tomograms (Figure 2.20b). Caution is advised in interpreting the results, because they will depend on the nature of the object under study, on the user's experience in adequately filtering raw data, the correct choice of parameters during data processing, and the level of contrast in resistivity, in this case, non-frozen areas, to enable comparison of the results. Further, it is strongly recommended to dispose of previous information about the study site and to think about what is to be expected from these data, because, as mentioned above, the arrangement of electrodes and the geometry of the terrain play a determining role in the resolution and hence, in the results.

Finally, in addition to my own research (Publications II and III), this work allowed me to collaborate with other colleagues who were keen to use such data particularly to identify and quantify water and ice content in permafrost bodies (Revil et al., In prep.). 

RESULTS AND DISCUSSION

The main results of this thesis are reported in three research papers that are either already published in, submitted to peer-reviewed scientific journals, or in preparation.

The articles aim to answer the research questions posed to reach the overall aim of my thesis, i.e., advance our knowledge of the long-term dynamics of glacial and periglacial systems based on multi-approaches and observations of several sites, over a period of almost 70 years. The same methodology was used at all the study sites, it was based on diachronic studies and quantification of changes in surface elevation and in surface velocity, through historical and modern DEMs and orthomosaics, as well as geophysical soundings to better understand internal structure.

This section is divided into two subsections in which I provide an extended summary of each publication that illustrates and discusses the main outcomes. The first subsection addresses the past and current dynamics of the Laurichard rock glacier, the rock glacier in the French Alps that has been monitored over the longest period (Publication I) and the application of the fluxes approach classically used in glaciological studies to disentangle the effects of mass and changing dynamics in the observed changes in surface elevation. In the second subsection (Publications II and III), the focus is on two glacial and periglacial systems: Chauvet and Col des Ves, where the long-term evolution of thermokarst/supraglacial lakes has raised concerns about the natural hazards that may affect human activities.

3. The choice of this study site was guided by its relatively easy accessibility, but also because the availability of historical data allowed us to go further in understanding rock glacier processes. Indeed, the Laurichard rock glacier is the most studied rock glacier in the French Alps (e.g., Bodin et al., 2009;Francou and Reynaud, 1992, among others), with, in particular, one of the longest annual surface velocity measurements in the European Alps (e.g., [START_REF] Kaufmann | The Evolution of Rock Glacier Monitoring Using Terrestrial Photogrammetry: The Example of Äusseres Hochebenkar Rock Glacier (Austria)[END_REF][START_REF] Pellet | State of the Climate in 2020[END_REF]. In addition, recent GPR surveys were carried out to obtain information about rock glacier bed geometry (Guillemot et al., 2021). By combining historical aerial images from the IGN photolibrary (from 1952-2013) and recent Unmaned Aerial Vehicule (UAV) acquisitions, I was able to build several DEMs and orthoimages (at least one per decade) to quantify changes in surface elevation and in surface velocity at decadal time scales.

To enable further research, we transposed a methodology typically used in glaciology, based on the "mass conservation or continuity equation" (Cuffey and Paterson, 2010, p. 331) to a rock glacier (Section 2.3). This methodology requires three main inputs: one, changes in surface elevation, two, surface velocities and three, bedrock geometry to quantify flux variations, emergence velocities and then mass balance estimations (Section 2.3). Reproduced from (Cusicanqui et al., 2021).

This paper highlights the promising results obtained on two main aspects:

1. The use of historical aerial images for long-term rock glacier monitoring that enabled the quantification of changes in surface elevation and in surface velocity of high quality and that are spatially quasi-complete. To fully understand the dynamics of rock glaciers, we must first observe changes that occur both internally and at the surface. Long-term observations are indispensable not only to understand the processes involved in permafrost degradation and the factors that govern its dynamics, but also because the observed changes are relatively small (compared for instance to glaciers), and long periods of observation are thus required to get rid of uncertainties. What is more, long-term observations make it possible to define how far from steady state the Laurichard rock glacier is, and hence, to quantify the imbalance with current climate conditions and future consequences.

2. A new approach to quantify changes in mass inside rock glaciers. This is another crucial aspect of this research since, as stated in the literature review, changes in the surface of rock glacier are not easy to detect. This study produced strong and reliable evidence for significant changes related to the recent acceleration in and accentuation of mass changes inside rock glaciers (hereafter 'surface mass balance').

This study is, to our knowledge, the first to compute mass balances for a rock glacier by calculating emergence velocities. Regarding mass fluxes, [START_REF] Bucki | The Flow of Fireweed Rock Glacier, Alaska, U.S.A[END_REF] and [START_REF] Konrad | Steady-State Flow Model of Debris-Covered Glaciers (Rock Glaciers)[END_REF] used a similar approach on rock glaciers in Alaska for short time periods. The small changes in surface elevation we found at Laurichard rock glacier (Figure 3.2a) are in agreement with those found in the few other studies that also investigated this variable (e.g., Abermann et al., 2010;Bodin et al., 2009;Kääb and Vollmer, 2000).

We divided the overall study of Laurichard rock glacier into three distinct sub-periods (1952-1971,1971-1994 and 1994-2019). We also distinguished three sectors (upper, middle and lower) on the rock glacier. This was justified by the fact that the changes observed in each sector during the three sub-periods were homogeneous. Figure 3.2 provides an overview of changes in thickness, emergence velocities and mass balances for each of the three sectors and in the three sub-periods.

Surprisingly, during the first sub-period, the upper part of the rock glacier showed a mass loss whereas the lower sector showed gains, i.e., a reversed mass balance gradient compared to alpine glaciers. During the second and third sub-periods, the usual mass balance gradient was observed close to equilibrium in the upper sector and negative in the lower one. This shift in the mass balance gradient appears to be significant when considering uncertainties. Regarding the emergence velocities, a pattern of downward-flow (submergence) was observed in the upper sector while upward (emergence) flow velocities were quantified in the lower sectors, consistent with what is found on glaciers.

The term "surface mass balance" we use in this paper, can be questioned. Indeed, we transposed it from glaciological terminology in the absence of adequate terminology in the rock glacier community. The mass balance involves two main processes: accumulation and ablation, which may not occur at the surface stricto sensu in rock glaciers, but rather in the subsurface (below the layer of debris). However, to date little is known about such processes for rock glaciers, and the distinction between internal and surface processes in our study therefore relies on assumptions reported in the literature.

Accumulation processes occur within the uppermost reaches of the Laurichard rock glacier with the input of snow (fed by precipitation but also avalanches) and liquid water refreezing at depth (from melt or precipitation) and debris from the rock wall (by frost-cracking (Hales and Roering, 2007;[START_REF] Matsuoka | Frost Weathering and Rockwall Erosion in the Southeastern Swiss Alps: Long-term (1994-2006) Observations[END_REF])) as a result of which cemented ice is formed [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF][START_REF] Petersen | New Insights into Ice Accumulation at Galena Creek Rock Glacier from Radar Imaging of Its Internal Structure[END_REF]. The few studies on longterm debris inputs from rock walls overhanging rock glaciers indicate that debris supply responds to temperature pulses over several decades (Anderson and Anderson, 2016;Anderson et al., 2018;[START_REF] Kellerer-Pirklbauer | Monitoring Nourishment Processes in the Rooting Zone of an Active Rock Glacier in an Alpine Environment[END_REF]. ) for the three sub periods (1952-1971, 1971-1994 and 1994-2019) and three sectors (PT10-PT7, PT7-PT3, and PT3-PT1). The colored rectangles correspond to the uncertainty estimated after uncertainty propagation analysis. Reproduced from (Cusicanqui et al., 2021).

On the other hand, ablation is only linked to ice melt within the rock glacier. Ablation has generally been observed through the thickening of the active layer [START_REF] Colombo | Rainfall as Primary Driver of Discharge and Solute Export from Rock Glaciers: The Col d'Olen Rock Glacier in the NW Italian Alps[END_REF][START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF][START_REF] Pruessner | A Framework for Modeling Rock Glaciers and Permafrost at the Basin-Scale in High Alpine Catchments[END_REF]. At Laurichard, we provide substantial evidence that the general spatial pattern of surface lowering of the rock glacier is linked to ice melt (Figure 4i in Cusicanqui et al., 2021).

As recently pointed out by [START_REF] Pruessner | A Framework for Modeling Rock Glaciers and Permafrost at the Basin-Scale in High Alpine Catchments[END_REF], quantifying ice melt inside rock glaciers is not easy. It remains challenging today because melt rates are most probably very low, as suggested for instance by the limited water outflow from rock glacier snouts, if such outflow even occurs.

Regarding the limitations of this study:

(a) To apply the "mass conservation approach", it is necessary to know the bedrock geometry. This is a major limitation because even if precise data concerning changes in surface velocity and in surface elevation could be obtained for the entire surface area of the rock glacier, still greater uncertainties concern bedrock estimations using GPR or ERT surveys. By contrast, drilling boreholes is the best way to determine the depth of the bedrock, but this technique requires considerable field work and the information obtained is thus sporadic (i.e., puntual). Moreover, as evidenced by the few available boreholes in rock glaciers (summarized in [START_REF] Cicoira | A General Theory of Rock Glacier Creep Based on In-Situ and Remote Sensing Observations[END_REF], Figure 1.15), the body of a rock glacier may lie on a layer of debris or on bedrock. Laurichard rock glacier may locally lie over bedrock (most probably in the steepest central zone) as well as on top of debris;

(b) As no information about the internal thermal regime is available on Laurichard rock glacier, we were unable to address the influence of changes in internal temperature over the past 70 years. This has a major impact on our understanding of the processes, since deformation conditions differ in a cold or temperate ice body (e.g., Glen, 1955;Mellor and Testa, 1969). On the other hand, the temperature of the ice has an impact on the internal accumulation (refreezing of percolating meltwater from the snowpack and/or of liquid precipitation) and ablation processes.

(c) Ice content and distribution within the rock glacier. This aspect played a limited role in our calculations of mass changes because no density assumption was possible due the very high heterogeneity of the components of the internal structure. This is a critical point, not only in the case of Laurichard, because ice content can only be determined at a single point by drilling (as made by [START_REF] Haeberli | Core Drilling through Rock Glacier Permafrost[END_REF] or by ERT profiles. Furthermore, as the ice content varies from one site to another, we believe that by introducing arbitrary density values, we could introduce uncertainties on the results. It should be noted that the only evidence available at Laurichard rock glacier for the presence of massive ice was through a crevasse formed in the rooting zone and small ice lenses close to rock glacier terminus that were observed once in the past (Bodin et al., 2009).

Finally, publication I provides recommendations for future research based on the gaps identified during this work, as well as some possible ways to advance our understanding of long-term rock glacier dynamics that are summarized in Section 4.2 (Conclusion and outlooks).

3.2 Insights into the multi-decadal changes in glacial and periglacial systems and related thermokarst -supraglacial lakes as potential natural hazards.

Paper II: Investigating the multi-decadal Paper II focusses on understanding of glacier-permafrost interactions at the Chauvet glacial and periglacial system (Figure 3.3b) and the dynamics of a surface thermokarst lake that was the scene of several outburst floods in the 20 th and early 21 th centuries, whose drivers are still unknown. Using the strategy presented in Paper I, we applied a multidisciplinary approach involving SfM-MVS of historical aerial photographs and modern high resolution satellite and UAV acquisitions. In addition, several ERT profiles and a geomorphological survey were carried out to quantify and describe morphometric changes and explain the observed dynamics.

The study site is located in the upper Ubaye valley in the southern French Alps (44.85°N, 6.84°E, Figure 3.3a). This site has become particularly relevant in terms of natural hazards because at least six outburst floods have occurred since 1930, recurring every 15-20 years on average. Based on photographic evidence (Figure 3.4) collected by Assier and Evin (1995) and the RTM, at each outburst flood, the thermokarst lake was drained through a 4-m diameter tunnel (hereafter called englacial conduit) located in the central part of the Chauvet glacial and periglacial system (Figure 3.4c, e). As suggested by the elongated superficial talweg, most probably caused by the collapse of this englacial conduit (e.g., Figure 3.4b, e), it extends about 350 m inside the ice, downstream of the lake and emerges before the talus front (Figure 3.4a).

The combined results of geomorphological surveys (Figure 3.3b) and ERT profiles (Figure 3.5) highlight the complexity of the glacial and periglacial system with the coexistence of features of glacigenic origin e.g., (i) debris covered glaciers (DCG) that have been strongly impacted by high volume loss rates between -0.5 to -1.1 m a -1 , particularly in the vicinity of the thermokarst zone (TK) (Figure 3.3b); (ii) rock glaciers (RG); and (iii) back creeping push-moraines (BC-PM) that showed less pronounced changes in elevation (between -0.1 to -0.5 m a -1 ). The variability in surface elevation changes is also reflected in the dynamics of each landform, notably with well-marked differences in the surface velocities on the righthand (RG and BC-PM in Figure 3.3b) showing homogeneous and almost constant surface velocities of 0.5 m a -1 over the whole study period, with slight accelerations after 2000's. On the other hand, the left-hand zone (DCG in Figure 3.3b) experienced very limited movement in the first part of the study period (0.25 m a -1 ) followed by a marked acceleration (from 0.25 to 0.8 m a -1 ) after the 2000s. Moreover, a peculiar spatial pattern in the direction of displacements is worth noting, which converge in the central zone where the thermokarst lake is located. The change in the size and spatial location of the depression where the lake is located (with a predominantly concave form, see the location of P5 in profile 1 in Figure 3.5) is controlled by both changes in the surface topography (related to ice melt) and in the ice flow velocities (mostly creeping).

The geophysical profiles shed light on the internal structure of the landforms and reveal a strong contrast between the left and right-hand sides (profiles 1 to 4 in Figure 3.5). Indeed, very low conductivities on the left-hand side (-7 S m -1 ) suggest the presence of massive ice a few meters below the surface, whereas conductivities on the right-hand side also suggest a massive ice body, but deeper and probably including liquid water (-5 S m -1 ). In addition, based on the difference in conductivity, hypotheses on the thermal regime can be inferred, with likely cold ice on the left-hand side and temperate ice on the right-hand side of the complex. However, in-situ temperature measurements would be required to confirm these hypotheses. The contrast between the two sides of the complex, with this difference in conductivity, matches the location of the thalweg at the surface quite well and strongly suggests the thalweg is in fact the collapsed roof of the englacial conduit. Further, the englacial conduit is likely influenced by a thermal regime probably located at the limit between the temperate and the cold ice areas (e.g., [START_REF] Sugiyama | Triggering and Drainage Mechanisms of the 2004 Glacier-Dammed Lake Outburst in Gornergletscher, Switzerland[END_REF]. As can be seen in Profile 2 in Figure 3.5, we identified a 5-m circular anomaly (with high conductivities, -4.1 S m -1 ) a few meters below the surface, suggesting the presence of liquid water. We could hear running water continuously throughout our field work but were unable to locate the entrance of the englacial tunnel, which was probably hidden under the ice and debris.

Based on the findings inferred by the ERT profiles and from changes in the surface (reflected by ∂h/∂t and velocities), it is likely that the lake outbursts are the conse-quence of a complex combination of several factors driven by the process of opening and closing of the englacial conduit by creep, hydro-meteorological conditions and the topographic conditions (local depression, Figure 3.5). Regarding the limitations of this study:

(a) Although this site has been identified as a potential hazard for almost a century, few or no monitoring data exist (other than the extensive photographic archive and yearly visual surveys) that could be used to validate our hypotheses. This makes our study the first to quantify and describe the processes involved in the changing landforms. The limited number of observation and monitoring to date can be explained by the difficult accessibility to the site. The few studies that have been carried out [START_REF] Buckel | Etude de la stabilité du glacier rocheux du fond de Chauvet[END_REF]Guibert, 2013) mainly focused on the collapse of the glacier front, and concluded that no risk exists. However, no studies analyzed a possible future lake outburst linked to the rapid changes in the water storage capacity of the thermokarst zone.

(b) Even with the acquired ERT profiles, it was only possible to identify the entrance of the englacial conduit and not follow its course through the system. This suggests that the conduit is small and that the configuration and/or resolution of the profiles was not sufficient to detect it. More appropriate geophysical surveys (at higher resolutions) and combined with other techniques (e.g., GPR and seismic) remain to be carried out to characterize the size, depth and development of the englacial conduit.

Finally, paper II provides recommendations for further research to fill the gaps identified during this work. The paper calls for more in-depth monitoring of the site, to test the different hypotheses presented in this study.

Paper III: Evolution of thermokarsts over seven decades in an Alpine ice-rich rock glacier / dead ice complex This study site is part of a complex glacial and periglacial system characterized by the juxtaposition of several landforms, ranging from a remnant of a debris-covered glacier (at the foot of a 200 m-high rock face called the Pointe de Pramecou that culminates at 3,009 m a.s.l.), to patches of dead ice buried below several meters of debris going through a rock glacier. In the center of the system, a large hilly area hides a massive ground ice body, covered with boulders and some depressed parts show longitudinal features resulting from glacial overriding. Massive ice is observed under a thin debris cover (<0.5 m) suggesting a glacial origin. On both sides, two main fronts exhibit a rock glacier like shape with a steep frontal talus and some concentric ridges. All these features suggest a transitional and complex landform.

Geomorphological analysis revealed that the glacial and periglacial system was formerly covered by a glacier that developed at the foot of the Pointe de Pramecou. In fact, maps dated 1865 and 1929 show a debris-free glacier probably extending over half the complex. However, the accuracy of the 1865 maps in representing the debris coverage can be questioned. Aerial photographs taken in 1948, 1956 and 1967 show that a large portion is covered by debris, suggesting a secular-trend transition from what was possibly a debris-free glacier during the LIA to the very complex glacial and periglacial system visible today.

Regarding multidecadal changes, very negative changes in surface elevation are mainly concentrated in the central part over the entire period (yellow circles in Figure 3.6) where the biggest and oldest lake was visible in aerial photographs acquired in 1945.

The marked lowering of the surface (-10 m, on average) tends to divide the entire landform into sub-landforms with specific behavior/dynamics. The lowering of the central sector of the landform shows a heterogeneous pattern of converging surface flow velocities. This is not the case for the steep rock glacier fronts that flow according to the slope but are not subject to surface lowering. In addition, these rock glaciers also experienced an acceleration in surface velocities after the 1990s (from 0.2 to 0.5 m a -1 ), likely linked to hydrological activity (emptying and drainage) of the thermokarst lakes that could have triggered local increases in surface velocities.

Historical aerial images made it possible to trace changes in the thermokarst lakes.

The depressions where the lakes increased in size seem to have developed over a time span of 1-2 decades, filled with water in some years and completely drained in others.

Except for the lowermost lake that was likely drained before the 1950-1960 decade by an natural overflow channel eroded in the proglacial margin, no surface outflow feature is visible for the other lakes. This strongly suggests that the water has infiltrated somewhere, upslope from the terminus.

Based on the ERT profile, a conductivity anomaly was indentified under depression N • . 1 (Figure 3.7 and 3.6). This suggests a water-saturated zone or drainage space where the water is stored and then evacuated through the subsurface. In addition, given the geological context, the water could drain away through the limestone karst.

Water drainage could also be explained by the presence of a fault in the substratum, because this fault presumably crosses depressions 1 and 2 (yellow circles in Figure 3.6) and could have contributed to the concentration of a karstic drainage. The outlet has not yet been located but, following the orientation of the fault, is probably in the valley to the west of the Col des Vés.

Although the largest lakes have disappeared (locations 1, 2 and 3), the formation of new ones (N • 4 and N • 5 in Figure 3.6) suggests that a new thermokarst lake is currently developing, or will develop in the coming years/decades. The probable drainage through the limestone karst and the absence of any outflow and outburst features strongly suggest that these thermokarst lakes do not represent a threat for the Tignes ski resort. However, given the current surface acceleration and their respective heterogeneous spatial distribution, this could represent a risk for the pylons of the chair-lift positioned on the dead ice, with possible destabilization of the pylons in the future. Regarding the limitations of this study:

(a) Many questions arise concerning the hydrological regime of the system and a probable internal drainage network that connects the lakes with the karstic network that evacuates the water. The current resolution of the ERT profiles does not allow us to shed light on internal drainage network.

(b) Regarding the anomaly identified in the ERT profiles, more detailed data are needed to better characterize the anomaly and quantify its dimensions to establish if this cavity represents a potential risk.

Finally, paper III provides recommendations for further studies to fill the knowledge gaps identified during this work. The paper recommends establishing a monitoring system at this site to test the different hypotheses developed during this study.

CONCLUSIONS AND OUTLOOKS

This contribution summarizes three years of research on glacial and periglacial systems, a peculiar assemblage of Alpine cryospheric landforms that has received relatively little attention, as it is generally studied in two separate lines (i.e., glaciology and geomorphology) even though it deserves to be studied as a whole.

Thanks to the combination of several disciplines and methodological approaches (glaciology, geomorphology, geophysics and remote sensing) and a large dataset collected at multiple sites in the French Alps, I was able to shed light on these complex systems, to quantify their dynamics over the last seven decades and to identify the main components that coexist and interact in glacial and periglacial environments.

First, a holistic approach was necessary to fully understand the landforms found in glacial and periglacial systems. Large amounts of ice of different origins can be found in these systems that are expressed as different landforms (e.g., debris covered glaciers, rock glaciers). Whatever the origin, the viscoplastic creep property of ice, confers a special behavior that facilitates their recognition from the surface and the creation of, or transformation into, new landforms such as rock glaciers, covered glaciers, intermediate transition landforms, that facilitate their identification as part of the cryosphere as a shared element between glacial and periglacial environments. This work shows that both communities can find common ground and shed light on these questions that are still unresolved.

Three scientific publications present the findings of my PhD work, revealing the benefits of a multidisciplinary approach that could serve as a motivation for future studies. Below, the main conclusions of my work are organized according to the research questions.

Main scientific highlights

How do glacial and periglacial systems have changed over the last decades?

As stated in the three scientific publications, thanks to the availability of historical aerial photographs and high-resolution satellite imagery over the French Alps, several components of the dynamics of glacial and periglacial systems could be traced over almost seven decades.

(a) There is a attenuated response to increasing temperatures, which highlights the resilience of these systems to climate warming. While glaciers around the world are retreating abruptly and rapidly, these systems can preserve significant ice masses for a very long time thanks to the layer of debris covering their surface.

Evidence shows that glacial and periglacial systems has responded to the influence of temperature over a few decades. For example, cold periods in the European Alps contributed to periods with zero mass loss or even slight mass gain at the different study sites, in agreement with the general behavior of glaciers in the European Alps (Huss, 2012;Huss et al., 2010). However, ongoing climate warming is strongly affecting these cryospheric systems, as evidenced by the small but constant ice-mass thinning observed in each system over the last three decades, suggesting differentiated ice-melt rates in different landforms in glacial and periglacial systems.

(b) A marked acceleration of the flow (i.e., doubling) was observed in each system after the decade 1990-2000, in agreement with the increase in the surface velocities of other rock glaciers throughout the European Alps (Delaloye et al., 2018;[START_REF] Pellet | State of the Climate in 2020[END_REF]. The evidence collected at our study sites suggests a strong correlation between air temperature (then propagated within permafrost landforms (Mollaret et al., 2019) and likely water availability. Indeed, temperature alone cannot explain the observed acceleration, and recent studies have proposed that the flow of water within permafrost bodies also explains the observed acceleration at seasonal-yearly scales (Cicoira et al., 2019a;Wagner et al., 2021).

As current climate change is strongly affecting hydro-meteorological conditions (e.g., air temperature, liquid and solid precipitations) the observed and quantified processes (ice melting, ice-rich permafrost creeping) appear to be closely linked to the concentration and depth of ground ice, through the influence of temperature and water at the decadal timescales, which -for instance -control internal characteristics like viscosity [START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF] and hence ice deformation.

How these changes are related to the internal structure?

Glacial and periglacial systems are very dynamic systems in which small glaciers may be spatially and functionally associated with accumulations of frozen sediment. Many features of these systems are the result of a long morphodynamic history, from the Holocene (at least) glacier advance to the present accelerated retreat, which have reworked the accumulated debris [START_REF] Berthling | Beyond Confusion: Rock Glaciers as Cryo-Conditioned Landforms[END_REF].

A relatively large amount of ice (stagnant or buried inherited remnants) was detected notably on the upper reaches of the study sites, under a thin layer of debris that gradually increased downward, to reach a thickness of several meters. This debris layer has consequences, notably that of limiting glacier thinning in recent decades. Thanks to geophysical surveys and geomorphological observations, locally, we were able to clarify the contact between the landforms, better characterize their internal structure, and shed light in their thermal state and even to detect water saturated anomalies within permafrost bodies.

Due to the heterogeneous thickness of the debris cover at the surface, ground ice may have been preserved for long periods of time even in unfavorable climatic conditions.

As is typical of the landforms present in these systems, slow surface kinematics (i.e., a few decimeters per year) were observed at the surface of these debris-covered glaciers -rock glacier complexes [START_REF] Bosson | Internal Structure and Current Evolution of Very Small Debris-Covered Glacier Systems Located in Alpine Permafrost Environments[END_REF][START_REF] Monnier | Reconsidering the Glacier to Rock Glacier Transformation Problem: New Insights from the Central Andes of Chile[END_REF]. These landforms perfectly illustrate the continuum that may exist between heavily debris-covered glaciers and rock glaciers in permafrost environments [START_REF] Ackert | A Rock Glacier/Debris-Covered Glacier System at Galena Creek, Absaroka Mountains, Wyoming[END_REF][START_REF] Humlum | The Geomorphic Significance of Rock Glaciers: Estimates of Rock Glacier Debris Volumes and Headwall Recession Rates in West Greenland[END_REF].

What are the consequences in terms of natural hazards?

Substantial evidence has already shown that Alpine glacial and periglacial systems have entered a state of strong disequilibrium with climate (Haeberli et al., 2001). Partial changes in state from solid to liquid water cause loss of the ground stiffness, triggering a series of processes such as an increase in mass movements (e.g., rock glacier acceleration) and leading to hazards (rock glacier destabilization and/or debris floods) that depend on the type of permafrost involved as well as on the local topographical context [START_REF] Haeberli | Global Warming and Mountain Permafrost[END_REF][START_REF] Harris | Climate Change, Mountain Permafrost Degradation and Geotechnical Hazard[END_REF][START_REF] Kneisel | Hazard Assessment of Potential Periglacial Debris Flows Based on GIS-based Spatial Modelling and Geophysical Field Surveys: A Case Study in the Swiss Alps[END_REF].

In the particular case of Laurichard rock glacier (Publication I), this does not represent a threat for human activities because even with high mass loss and recent flow acceleration, the landform shows no signs of destabilization (e.g., fractures). In addition, the current topographic characteristics (e.g., slopes of the landform and surrounding terrains) do not suggest destabilization in the short term. However, applying a multidisciplinary methodology could shed light on the long-term dynamics and interpret its recent behavior linked with climate and mass budget to understand the dynamics of rock glaciers, and then cases of destabilization.

Regarding the other two study sites, (Publication II), the Chauvet glacial and periglacial system, has all the important features (i.e., bucket shape topographic conditions, thermokarst lake at the surface, massive ice and permafrost currently under degradation) needed to be considered as a threat. Although it is still difficult to understand the exact processes that link the outburst flood events to ongoing climate change, it should be noted that given the current context of glacier shrinkage and accelerated dynamics, these extreme events could become more pronounced in the future.

On the other hand, although our study shed light on the behavior of this system, the causes of the outburst floods are still poorly understood and more research is required to answer what are the drivers of the occurred GLOFs. Very few studies have tried to understand the drivers of past extreme events that have been showing signs of degradation for almost a century now.

The Col de Vés study site (Publication III) is not a high risk site because the water produced by melting ice, stored in the thermokarst lakes, likely enters a karstic drainage network and is probably evacuated several km away from the site. However, accelerated flow in several sectors of this site could destabilize the pylons that support the chairlift, which could locally jeopardize skiing. Further investigations of the stability of the pylons should be carried out to foresee possible destabilization.

Finally, my work contributes to deciphering the complexity of Alpine glacial and periglacial systems through the investigation of the related landforms (i.e., debris-covered glaciers and rock glaciers) and their relationship with climate over long periods of time. The consequences of the current climate conditions on these systems are currently poorly known, but the role of these systems in terms of water availability will gain importance in high mountain regions where rapid worldwide deglaciation is forecast for the 21 st century.

Future outlook

Future investigations are required to overcome the limitations, take up the challenges and answer the remaining questions, but also to exploit the full potential of the methodological advances made in the context of this thesis:

Extend the multi-decadal rock glacier monitoring network

• Thanks to the availability of historical aerial photographs in France and neighboring countries at the scale of the European Alps, it is strongly recommended to extend the multi-decadal observations of rock glaciers described in this work to other sites. During the course of this PhD thesis, many questions arose notably concerning the processes that govern the dynamics (i.e., accumulation, ablation as well as mass and energy transfers), for example how to measure accumulation (snow and debris) at different time scales (from one season to several decades)? How to accurately measure the melting process on rock glaciers? Regarding accumulation processes: for the debris, multi-temporal terrestrial laser scanning of the rock face overhanging the rock glaciers is one possibility that is currently being used on the Laurichard rock glacier. For snow, pits can be dug like those used on glaciers, but questions necessarily arise regarding the spatial variability of the snow cover and the coarse debris surface that have a major impact on measurements of thickness, as well as how much of this snow finally contributes to the ice accumulation within the rock glacier body [START_REF] Humlum | Avalanche-Derived Rock Glaciers in Svalbard[END_REF]. Additionally, we also need to consider the refreezing of surface water on contact with internal cold ice and all the processes that lead to the creation and accumulation of ice below the debris layer. For ablation, direct measurements can not be made, except at sites with very specific conditions (such as the presence of a clear water outflow from the rock glacier) and modeling is likely the best approach, but in this case the calibration/validation of the model becomes problematic because the ice content and its temperature are major unknowns. Although an expensive solution, instrumented boreholes can provide crucial information, especially on the thermal and hydrological regime inside the landforms.

• Mass-flux conservation methods should be tested in other study sites where similar data (or even internal structure profiles) are available and could constrain the open questions raised by our analysis (e.g., bedrock geometry and internal temperature). Observations over long periods of time can shed light on the steadystate conditions [START_REF] Konrad | Steady-State Flow Model of Debris-Covered Glaciers (Rock Glaciers)[END_REF] and help better understand the past dynamics and the current strong disequilibrium state induced by climate warming.

• Extend observations at regional scale. An extended annual survey of selected rock glaciers in the French Alps is highly recommended to monitor kinematics and improve assessment of rock glacier dynamics. This could be included in the PermaFrance monitoring network, in addition to the in-situ measurements already made.

• Enhance multi-sensor approach by coupling the high spatial resolutions of optical products (e.g., Pléiades, SPOT) with high temporal resolutions of radar systems (e.g., InSAR) to improve the monitoring of kinematics of glacial and periglacial systems, especially those that are considered to be potential geohazards (e.g., debris flows, glacier lake outburst floods, rock falls) that deserve more attention and specific studies.

Improvement of knowledge of the internal structure

• More investigations are needed to enhance our knowledge of the internal structure of these systems. Many questions remain on the amount of ice, debris and water these systems contain. How do they vary in time and space (including vertically)? Which mechanisms are involved? What is the origin of the ice and how can we differentiate it? ERT and GPR profiles could help to shed light on these issues.

• More investigation is also needed on the thermal state and the water component of glacial and periglacial systems. How does the water circulate within and at the base of the landforms? And how long does the transfer take? What is the thermal effect of liquid water flowing into frozen terrain (talik)? Observations obtained by drilling could answer these questions, but drilling is very infrequent. Recent advances in ERT imagery combined with electrical measurements of laboratory samples (Duvillard et al., 2021) could shed light on the thermal regime within rock glaciers and debris-covered glaciers.

Advancing our understanding of transitional landforms

• Due to rapid glacier shrinkage, many questions arise concerning the future of these ice masses that are progressively covered with debris. Due to the rapid increase in observational data (i.e., airborne or spaceborne imagery) these sites are becoming more and more numerous around the world. More studies combining geomorphology, glaciology and geophysics are needed to properly characterize these transitional landforms, to better characterize the role of paraglacial activity, changes in the coarse debris layer of these small ice masses.

Part II: Research publications

PUBLICATION I

Interpretation of volume and flux changes of the Laurichard rock glacier between 1952 and 2019, French Alps Main findings: The main added value of this publication:

• We used historical and modern aerial images to document changes in thickness, flow velocities, and the ice/rock flux of the rock glacier.

• This is the first time that emergence velocities and the surface mass balances have been reconstructed for a rock glacier.

• A marked acceleration of the entire rock glacier after the 1990s, likely as a consequence of changes in the basal conditions.

My contribution: Design of the conceptual and the numerical experiment with substantial contributions from Antoine Rabatel, Christian Vincent and Xavier Bodin. Processing, analysis and interpretation of the photogrammetry data, as well as of data collected in the field with Xavier Bodin and Emmanuel Thibert. Preparation of the manuscript and the figures. All the co-authors contributed to the interpretation of the data and the preparation of the manuscript.

Introduction

Glacial and periglacial environments are highly sensitive to climate change (e.g., [START_REF] Dyurgerov | Twentieth century climate change: Evidence from small glaciers[END_REF][START_REF] Trenberth | Observations: Surface and atmospheric climate change[END_REF]. In mountains, perennial cryosphere features like glaciers and permafrost are highly impacted by climate forcing and have undergone rapid changes in recent decades [START_REF] Haeberli | Mountain permafrost and climatic change[END_REF]Hock et al., 2019;[START_REF] Oerlemans | Extracting a climate signal from 169 glacier records[END_REF]. In the European Alps, glacier retreat (e.g., [START_REF] Beniston | The European mountain cryosphere: A review of its current state, trends, and future challenges[END_REF][START_REF] Davaze | Region-wide annual glacier surface mass balance for the European Alps from 2000 to 2016[END_REF]Huss, 2012;[START_REF] Huss | Toward mountains without permanent snow and ice[END_REF] and permafrost thawing (e.g., Harris et al., 2001;[START_REF] Haeberli | Mountain permafrost: Development and challenges of a young research field[END_REF][START_REF] Marmy | Semi-automated calibration method for modelling of mountain permafrost evolution in Switzerland[END_REF]Mollaret et al., 2019) have destabilized mountain slopes, thereby threatening human infrastructures and inhabitants (e.g., Deline et al., 2015;Duvillard et al., 2019;[START_REF] Huggel | The high-mountain cryosphere: Environmental changes and human risks[END_REF]Marcer et al., 2020Marcer et al., , 2021;;Schoeneich et al., 2015). In such mountainous environments, the interaction between different processes related to snow, ice, permafrost, and water availability, often intensified by the steepness of the terrain, may lead to cascading and chain reaction phenomena, that are occasionally transformed into catastrophic events, such as the Piz Cengalo landslide cascade in summer 2017 [START_REF] Walter | Direct observations of a three million cubic meter rock-slope collapse with almost immediate initiation of ensuing debris flows[END_REF].

Measuring and interpreting surface kinematics of rock glaciers has been an important research field for several decades, the scales ranging from multiannual (e.g., Barsch, 1996;Bodin et al., 2009Bodin et al., , 2018;;[START_REF] Hartl | Recent speed-up of an Alpine rock glacier: An updated chronology of the kinematics of Outer Hochebenkar rock glacier based on geodetic measurements[END_REF][START_REF] Kääb | Analysing the creep of mountain permafrost using high precision aerial photogrammetry: 25 years of monitoring Gruben rock glacier, Swiss Alps[END_REF]Kääb et al., , 1997;;Kellerer-Pirklbauer et al., 2018) to seasonal (e.g., Buchli et al., 2018;PERMOS, 2016) and short-term (daily) scales (e.g., Kenner et al., 2017;Wirz et al., 2016). Rock glacier kinematics are widely considered to be a key variable of the relationships between climate and mountain permafrost (Delaloye et al., 2018). The internal deformation of rock glaciers has been investigated less frequently, using borehole inclinometers (e.g., Arenson et al., 2002;Buchli et al., 2018;Kenner et al., 2017). These studies have shown that deformation has two main components: Internal plastic deformation of the ice-rich permafrost body and shearing concentrated in a horizon a few meters thick located at a depth of Abstract Rock glaciers are creeping bodies of ice and rock that account for an important part of the mountain cryosphere. In this study, we investigated long-term changes of the Laurichard rock glacier (French Alps), to understand how this rock glacier is responding to climate change. Using feature-tracking and photogrammetric measurements between 1952 and 2019, we quantified changes in thickness, flow velocities and from which we derived the ice/rock flux of the rock glacier at a decadal time scale. This is the first time that emergence velocity and surface mass balance changes have been reconstructed for a rock glacier. Our results reveal a very small surface mass balance ranging from -0.1 m a -1 to +0.05 m a -1 , reflecting the role of debris in damping the melt rate of the underlying ice. Surprisingly, we found a more negative surface mass balance in the upper part than in the lower part of the rock glacier during the 1952-1971 cold period, likely due to a reduction in rock and snow mass accumulation. Our study shows that thickness changes are mainly driven by changes in surface mass balance except during the most recent period in the lower part of the rock glacier, which was also influenced by a compressive flow related to a protrusion that prevented the rock glacier from advancing. We conclude that the period 1994-2019 witnessed a marked acceleration in rock glacier flow, in agreement with the observations of other rock glaciers in the European Alps. This strong increase in surface speed is likely a consequence of changes in the basal conditions.
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between 15 and 30 m, where it has been documented to produce 60%-90% of the total deformation recorded at the surface [START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF][START_REF] Springman | Multidisciplinary investigations on three rock glaciers in the Swiss Alps: Legacies and future perspectives[END_REF].

Recent studies recorded an acceleration of the flow of many Alpine rock glaciers at an interannual scale in the last two to three decades, resulting in increasing surface displacement rates ranging from decimeters up to several meters per year (e.g., Delaloye et al., 2008;Eriksen et al., 2018;[START_REF] Hartl | Recent speed-up of an Alpine rock glacier: An updated chronology of the kinematics of Outer Hochebenkar rock glacier based on geodetic measurements[END_REF]Kellerer-Pirklbauer et al., 2018;[START_REF] Kenner | How rock glacier hydrology, deformation velocities and ground temperatures interact: Examples from the Swiss Alps[END_REF]. Several hypotheses have been proposed to explain this acceleration.

One is the dependence of ice viscosity on temperature (Mellor & Testa, 1969). This hypothesis suggests that changes in rock glacier deformation would be influenced by variations in air temperature (e.g., Kääb et al., 2007;Delaloye et al., 2010;[START_REF] Wagner | Creep of alpine permafrost, investigated on the Murtel rock glacier[END_REF]. Air temperature influences the internal temperature of the rock glacier and consequently the viscosity of the ice-debris mixture (Cicoira, Beutel, Faillettaz, Gärtner-Roer, & Vieli, 2019). However, a recent work concluded that the effect of heat conduction alone cannot explain an increase in viscosity that would have led to the observed changes in surface velocities (Cicoira, Beutel, Faillettaz, Gärtner-Roer, & Vieli, 2019).

To complete and go beyond the limited effect of temperature, several recent studies emphasize the influence of the water drainage system on the deformation rate of rock glaciers, especially within the shear horizon (Buchli et al., 2018;Cicoira, Beutel, Faillettaz, & Vieli, 2019;[START_REF] Jansen | Rock glacier dynamics: Stick-slip motion coupled to hydrology[END_REF]Kenner et al., 2017;Wirz et al., 2016). The presence of water in rock glaciers has been suspected (Zenklusen Mutter & Philips, 2011) or observed in deep taliks (a layer of unfrozen material in the permafrost) in rock glaciers (Buchli et al., 2018). It has been suggested that when snow-melt water percolates into the shearing layer through taliks, it could cause a drastic increase in the deformation recorded at the surface in spring (Kenner et al., 2017). More recent works by Cicoira, Beutel, Faillettaz, and Vieli (2019) used a process-based model and successfully reproduced the seasonal variation in velocity. Overall, these results suggest that particularly in the shear horizon where shearing occurs, the effect of pore water pressure on rock glacier flow is greater than the effect of ice temperature on viscosity or shear resistance. In contrast to temperate Alpine glaciers where basal sliding is a major component of the observed surface displacements, no such basal sliding has been reported in rock glaciers to date. This may be partly explained by the roughness of the interface between the rock glacier and its bed, although other mechanical properties of rock glaciers may also play a role.

As mentioned above, changes in rock glacier dynamics are reflected in changes at the surface [START_REF] Whalley | Rheological models of active rock glaciers: Evaluation, critique and a possible test[END_REF]. However, volumetric changes (i.e., variations in thickness and in surface area) have received less attention. Some authors (e.g., Abermann et al., 2010;[START_REF] Bollmann | A rock glacier activity index based on rock glacier thickness changes and displacement rates derived from airborne laser scanning[END_REF] suggest that these volumetric changes are related to rock glacier dynamics (i.e., mass advection in the frontal part of the rock glacier).

On the other hand, overall thinning of a rock glacier is frequently attributed to ice melt (Harris et al., 2001), although changes in effective debris production of rock wall weathering and the relative area of active versus inactive portion of the rock wall during cooler climates may also play a role [START_REF] Refsnider | Rock glaciers in Central Colorado, U.S.A., as indicators of holocene climate change[END_REF]. Despite all the above hypotheses, very few studies have been dedicated to rock glacier dynamics (e.g., Anderson et al., 2018;[START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF][START_REF] Frehner | Furrow-and-ridge morphology on rock glaciers explained by gravity-driven buckle folding: A case study from the Murtèl Rockglacier (Switzerland)[END_REF][START_REF] Jansen | Rock glacier dynamics: Stick-slip motion coupled to hydrology[END_REF][START_REF] Olyphant | Computer simulation of rock-glacier development under viscous and pseudoplastic flow[END_REF]. Many questions thus remain concerning the factors that drive changes in rock glacier dynamics at the time scale of a few decades. Analyses of surface displacement alone are not sufficient to understand the behavior of rock glaciers. In the present study, we therefore propose to rely on the continuity equation for ice flow in order to analyze and understand the changes in the rock glacier dynamics. This approach, detailed in Section 3.5 (Equation 4) and taken from Cuffey and Paterson (2010, Chapter 8) is applied on the 67-year data set of measurements made on the Laurichard rock glacier (French Alps). For that, we used photogrammetric measurements and feature tracking image correlation techniques to analyze changes in surface elevation, surface velocities, rock glacier thickness, and volume fluxes. In addition, we reconstructed the emergence velocities and surface mass balance to provide insights into the causes of the behavior of this rock glacier.

the summit down to ∼2,600 m a.s.l. at the rooting zone of the rock glacier. The elevation and the predominant northern orientation of the site allow the presence of permafrost (inner map in Figure 1 adapted from Marcer et al., 2017).

The Laurichard rock glacier has a rather simple tongue-shaped morphology (500 m long and 100-200 m wide) typical of the rock glaciers in the region according to existing inventories (Marcer et al., 2017). It extends from 2,620 m a.s.l. at the rooting zone where the rock glacier is in contact with the rock wall and ends at 2,430 m a.s.l. at the terminus. The mean elevation of the rock glacier (2,556 m a.s.l.) is ∼100 m lower than the mean elevation of other North-facing active rock glaciers (2,655 m a.s.l.) inventoried in the French Alps (Marcer et al., 2017).

The main source of debris is the rock wall above the rock glacier that supplies relatively large boulders (decimetric to metric), mostly during the snow melting period [START_REF] Coutard | Rock temperature measurements in two alpine environments: Implications for frost shattering[END_REF]. In addition to the supply of debris, the rock wall topography, with several corridors (couloirs) that cross it, is also responsible for an important avalanche activity. This is evidenced in the field by typical deposits (Jomelli & CUSICANQUI ET AL.
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Francou, 2000), and the snow accumulated by avalanches often covers large parts of the rooting zone of the rock glacier down to about 2,550 m a.s.l.

The steepest surface slope of the rock glacier (∼45°) is found in the upper section of the frontal talus and the least slope (∼35-37°) in the middle section of the rock glacier, at an elevation ranging from 2,490 to 2,550 m a.s.l.

In situ topographical measurements on blocks distributed along rectilinear profiles started in the late 1970s in order to quantify the annual surface velocities of the rock glacier (Francou & Reynaud, 1992). This monitoring continues today (Thibert et al., 2018), and these in-situ data were used for validation purposes in our study. Several vertical electrical soundings (Francou & Reynaud, 1992) and electrical resistivity tomography (Bodin et al., 2009) enabled the estimation of the internal composition of the rock glacier as: (a) An ice-free 1 to 6-m thick upper layer composed of coarse blocks, except on the ridges where a finer matrix is also locally visible at the surface; (b) high resistivity values in the rooting zone suggesting the presence of an ice-rich layer, between 15 and 30 m thick, that corresponds to a core of massive ice also observed in 2003 in a "rimaye" (also known as the "bergschrund"). More detailed information can be found in Bodin et al. (2009) and Francou and Reynaud (1992). Low resistivity values measured in the tongue suggest the presence of a discontinuous ice layer and the presence of water. Finally, beneath this ice-rich layer is found (c) the interface with the bedrock.

To assess the climatology of the area, time series of temperature, and snow depth on the Laurichard site (elevation 2,400 m a.s.l., northern exposure, 20° slope) for the period 1958-2018 (Figure 2) were retrieved from the S2M data set that provides weather reanalyses (SAFRAN data from Durand, Giraud, et al., 2009;Durand, Laternser, et al., 2009;Vernay et al., 2020). Marked year-to-year variability characterized both air temperature (annual average for period 1958-2018: 1.3 ± 0.76°C at 2,400 m a.s.l.) and snowfall (791 ± 169 mm yr -1 ). Snowfall showed no particular trend or change over the 60-year period, although the mean number of days of snow cover during winter decreased from 221 in the period 1958-1990 to 200 in the period 1990-2018.

The reverse applies to air temperature, which was significantly higher after the early 1990s than before (average for the 1958-1990 period, 1.0 vs. 1.7°C for the period 1991-2018), that is, a change of +0.23°C per decade (Figure 2).

Data and Method

The method used in this study was based on digital surface models (DSMs) and orthorectified images, both generated from historical aerial images using photogrammetry. From this multiannual data set, we derived: (a) surface displacement maps through the correlation of pairs of orthorectified images; (b) maps of changes in surface elevation quantified from differences in DSM (DoD); and (c) we quantified changes in CUSICANQUI ET AL.

10.1029/2021JF006161

4 of 21 thickness and fluxes by estimating bedrock geometry using ground-penetrating radar (GPR) measurements and surface mass balances.

Aerial Imagery and UAV Acquisitions

We obtained historical aerial photographs dated ∼1950-2013 from the aero-photography library run by the "French National Institute for Geographic information" (French acronym, IGN: https://remonterletemps. ign.fr/) (Plu & Ducher, 1988;Rodríguez et al., 2008). The 10 campaigns listed in Table 1 were used in this study: seven aerial photograph surveys, one aerial LiDAR survey, and two uncrewed aerial vehicle (UAV) surveys. The aerial surveys were selected based on the following criteria: (a) a minimum of three photographs available per campaign covering the sector; (b) the scale of the images had to be better than 1:50,000; (c) limited snow cover, given the aspect and high altitude of the rock glacier (snow patches may persist for several years); and (d) a long enough time interval (∼8-10 years), which is needed to obtain a significant signal-to-noise ratio to quantify the surface displacement (considering the typical 1 m of annual movements of this rock glacier; Thibert et al., 2018). For the current study, we processed 31 aerial images (from seven sets covering 60 years) of varying quality, scale, and overlap (details are listed in Table 1).

Because no aerial photographs of the Laurichard rock glacier are available after 2013, for 2017 and 2019, we used images acquired by a UAV. For 2017, we used a UAV survey (DJI Phantom 4 quadcopter) made on October 5, 2017 for a previous study [START_REF] Goetz | Accounting for permafrost creep in high-resolution snow depth mapping by modelling sub-snow ground deformation[END_REF]. For 2019, we used a UAV image acquired on July 23, 2019 using a DJI Phantom 4 real-time kinematic (RTK). For these two acquisitions, independent ground control points (GCPs) were measured along the sides and on the surface of the rock glacier (see Table 1 for details) using a Trimble SPS351 differential global positioning system/Beacon (DGPS) receiver using a local permanent GPS station located at the Joseph Fourier Alpine station (SAJF, https://www.jardinalpindulautaret.fr/) close to the Col du Lautaret at 2,080 m a.s.l. and less than 2 km from the study site. Additionally, two permanent GNSS stations belonging to the RGP network (http://rgp.ign.fr/) were used in the post-processing stage. Vertical and horizontal precision better than ±0.05 m was found for all GCPs.

For the processing of the IGN aerial photo, an aerial laser scanning image acquired on August 16 and 17, 2012 was used as reference data for altimetry and planimetry. The accuracy of the point cloud was estimated at ±0.1 m in planimetry and ±0.25 m in altimetry, and a density of 7 points/m 2 was available to build the final DSM with a spatial resolution of 0.5 m (SINTEGRA, 2012). This DSM was also used to extract additional GCPs for photogrammetric processing of the aerial photographs. To select these GCPs, all the aerial photographs used were first examined visually to select a stable area common to all images. We then selected features according to a single requirement: all GCPs must be visible on the images of each survey. Once the features were selected, their XYZ coordinates were extracted from the LiDAR reference DSM (Table 1 Journal of Geophysical Research: Earth Surface

Rock Glacier Thickness and Bedrock Estimation

GPR is a geophysical technique commonly used to document the internal structure and thickness distribution of rock glaciers (e.g., [START_REF] Gruber | Application of ground penetrating radar in glaciology and permafrost Prospecting[END_REF][START_REF] Jol | GPR in sediments: Advice on data collection, basic processing and interpretation, a good practice guide[END_REF][START_REF] Monnier | Ground penetrating radar survey and stratigraphic interpretation of the Plan du Lac rock glaciers, Vanoise Massif, northern French Alps[END_REF]Monnier et al., , 2009;;Reynolds, 2011). GPR data for the Laurichard rock glacier were acquired at the end of June 2019, when remnants of snow on the terrain facilitated the survey. The specifications for this acquisition are detailed in Guillemot et al. (2021). Briefly, processing of the GPR data included normal moveout corrections (NMO) to compensate for the source-receiver offset of 6 m on 25 MHz RTA antennas, migration, and time-to-depth conversions. For the latter processes, a mean 12 cm ns -1 velocity was used, estimated from a single common Middle Point 100 MHz velocity analysis. The data were then analyzed in different frequency bands, which helped to select the main basal reflector. Based on velocity and selection, uncertainties, and the wavelength, Guillemot et al. ( 2021) estimated the reflector accuracy to be maximum ± 3 m.

Figure S1 illustrates the 260-m long longitudinal GPR profile along the central flow line between 2,580 and 2,460 m a.s.l. This profile allowed us to estimate the geometry of the interface between the rock glacier and its bed, which we call "bedrock," even though it may be either bedrock or debris. These data enabled the quantification of the thickness along the central flow line. Based on these thickness values and on the contour lines on the stable terrain on each side of the tongue of the rock glacier, the bedrock was manually interpolated over the entire rock glacier. For that purpose, we first masked the rock glacier area, and then drew the contour lines starting from the surrounding stable terrain and the elevation of the bedrock interface at the level of the central flow line quantified using the GPR data (Figure S1).

This way of establishing the Digital Terrain Model (DTM) of the bedrock, although partly subjective, was allowed by: (a) the high quality of the topographical data available for the stable area (LiDAR DSM); (b) the narrow and elongated shape of the rock glacier with well-defined boundaries; and (c) the availability of the longitudinal GPR profile, which covered 60% of the total length of the rock glacier. The results obtained by Guillemot et al. (2021) on a transverse profile of the tongue of the Laurichard rock glacier locally suggest good agreement between the DTM of the bedrock (which these authors also used) and the inverted thickness retrieved from the modal analysis of the independent seismic data set.

Digital Elevation Models and Orthoimagery

All the aerial photographs used for the DSMs and orthoimagery production were processed using structure-from-motion (SfM) techniques [START_REF] Smith | Structure from motion photogrammetry in physical geography[END_REF] with Agisoft Metashape software (version 1.6). This popular software provides workflow for DSM and orthomosaic generation and has been shown to perform well for DSM production on high-alpine rock glaciers (e.g., Mertes et al., 2017;[START_REF] Mölg | Structure-from-motion using historical aerial images to analyse changes in glacier surface elevation[END_REF][START_REF] Piermattei | Analysis of glacial and periglacial processes using structure from motion[END_REF].

However, in the present study, one challenge was processing historical aerial photographs that are usually of low quality not only in terms of resolution but also of geometry (i.e., radial distortion, rectangular frames in the case of the oldest photographs dating from ∼1950). Additionally, the texture and contrast of the images, which are often a limitation considerably influence the accuracy of the final DSMs and orthoimages [START_REF] Micheletti | Application of archival aerial photogrammetry to quantify climate forcing of alpine landscapes[END_REF].

The DSMs and orthoimages for each survey were generated at the maximum resolution allowed by the software (high resolution point cloud) and "Moderate depth filtering" (except for surveys conducted in 1952, 1960, and 1971 for which "Mild depth filtering" was used). Because the resulting resolution of the products of the different surveys was not the same, we resampled the resolution to 1 m for all the DSMs and to 0.5 m for all the orthoimages except those acquired in 1952 and 1960, which we resampled at 1.5 m.

To improve the consistency of the products, we performed a co-registration using the method of Nuth and Kääb (2011) by assuming that the terrain surrounding the rock glacier is stable. The stable area used for co-registration, although limited to 0.9 km 2 , was selected on the basis of a detailed visual check of the photographs and geomorphological evidence gathered during field campaigns to be sure no important morphological changes had occurred over the entire study period (details of this step are provided in Table S1).

To assess the quality of the resulting DSMs, each was compared with our reference 2012 DSM generated by LiDAR. First, the stable terrain area in front of the rock glacier was used to quantify the uncertainties CUSICANQUI ET AL.
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(Figure S2a). As expected, the mean differences between each DSM and the reference data showed that the DSMs established based on the oldest data (DSMs from 1952 until 1986) had the highest uncertainties, ranging from 0.5 to 1.1 m in elevation. An uncertainty of less than 0.25 m was found for the other DSMs from 1994 to 2019 (for details, see Table S2).

We also used four profiles located in the stable area (Figure S2c) where uncertainties for the DSMs from 1952 to 1986 were between 0.4 and 1.2 m and those for the other DSMs were less than 0.3 m. The biggest differences were found at the beginning of "Profile V1", where some artifacts were identified, likely due to the poor contrast and low resolution of the images, and in "Profile V3", where the slope increases (Figure S2c). The biggest differences (+6 and -4 m) were found for the year 1952 and correspond to the presence of snow patches close to the border of the rock glacier and to artifacts due to poor contrast and quality.

As shown in Figure S2b, the co-registration step allowed us to reduce the uncertainties of DSMs by ∼15% for the years 1952, 1960, 1971, and 1986 (equivalent to 0.10 m, i.e., reducing the difference from ±1.16 m to ±1.06 m for 1952), by ∼5-10% for DSMs generated using the data collected between 1994 and 2013 (equivalent to 0.05 m), and by ∼30% for the UAV acquired in 2017 and 2019, that is, equivalent to ∼0.12 m, after co-registration.

A final validation was conducted using independent data from the total station and d-GNSS measurements of block coordinates, and the final co-registered DSMs were made to evaluate the quality of the data inside the rock glacier (Thibert et al., 2018). These values are reported in Figure S6 and show that the accuracy of the DSMs is within a ±1 m interval (the oldest DSMs had the highest deviations) with an average median value of 0.2 m, consistent with the accuracy limits previously established for the stable area. Part of this deviation from d-GNSS positions is probably due to the block geometry that may not be accurately reproduced by the photogrammetric DSMs, because of their size (decimetric to metric) and shape (steep with sharp angular facets). However, overall, this comparison gave us sufficient confidence to calculate the differences in the DSMs.

Quantification of Horizontal Surface Displacements

We computed spatial fields of 2D surface displacements using feature-tracking image correlation techniques. The data were processed using the IMCORR algorithm in SAGA-GIS software (e.g., Conrad et al., 2015;Scambos et al., 1992). Several parameters of the algorithm were tested, and finally, we used the following: search chip size = 128 pixels; pattern chip size = 64 pixels; and grid interval = 5 pixels. This configuration allows the feature-tracking step to produce the most coherent results in terms of spatial distribution and displacement values. However, for the oldest period, due to the coarser resolution of the data, we adapted the size of the search chip to 64 pixels and that of the pattern chip to 32 pixels, while keeping the same grid interval. This involved a 30% reduction in the density of points.

Subsequently, we applied a semiautomatic filtering procedure with the following requirements: (a) direction of the displacement must be consistent between neighboring vectors (difference < 30°); (b) correlation points were eliminated in areas where snow patches and shadows are present on at least one of the two DSMs (these areas represent up to about 15% of the rock glacier area, mainly in the upper part); and (c) outlier displacement values (defined as 2D displacements >20 m per period) were directly removed. The remaining outliers were removed manually after a visual inspection and checking consistency with their neighbors. Finally, between 55% and 70% of the original points were conserved and used for the interpolation of the surface flow velocities. The interpolation was performed using the inverse distance weighted method on a 3-m resolution grid (Figure 5).

The uncertainties of the image correlation step were estimated based on the stable terrain (Figure S2) surrounding the rock glacier, which represented an area of 0.1 km 2 (Table S3).

To validate the surface displacements, we used in-situ topographical measurements of individual marked blocks that started in the early 1980s (Francou & Reynaud, 1992). These blocks are located along a central longitudinal profile and two transverse profiles in the upper and lower reaches (Bodin et al., 2009;Thibert et al., 2018). As shown in Figure S3, the overall agreement between in-situ measurements and correlation results is very good (mean RMSE of 0.01 m a -1 and r 2 varying between 0.94 and 0.98 for the five different CUSICANQUI ET AL.
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Journal of Geophysical Research: Earth Surface periods). The main differences are due to the velocities quantified close to the rock glacier edges (low velocity areas), where differences reached 0.30 m a -1 in the worst cases (Figure S3). Note that some of the difference may result from the time interval between the aerial and field surveys, which was 23 days on average (but up to 109 days in 2019); considering that the rock glacier flows close to 1 m a -1 , this gives a difference of 0.06 m a -1 (up to 0.4 m a -1 for 2019).

Fluxes and Surface Mass Balance Quantification

We quantified the surface mass balance in several sectors of the rock glacier using volumetric fluxes through cross sections and changes in surface thickness. For this purpose, we delineated 10 transverse profiles at 30-40 m intervals numbered from the terminus (PT1) to the upper reaches (PT10) (Figure 3). The flux was calculated for each of these cross sections down to the bedrock. Note that the fluxes are expressed in m 3 a -1 (volume flux) and that no assumptions were made concerning the density of the material to provide a mass flux as discussed above.

The flux of volume Q (m 3 a -1 ) through each cross section was calculated using the cross-sectional area S c (m 2 ) and depth-averaged horizontal velocity U d (m a -1 ).

,

d c Q U S  (1) 
U d was derived from the mean surface velocity, U s . According to [START_REF] Nye | The flow of a glacier in a channel of rectangular, elliptic or parabolic cross-section[END_REF], the ratio F between the depth-averaged horizontal velocity and the mean surface velocity varies from 0.8 to 1 (no sliding and maximum sliding) for a glacier. Here, we assume that the rheology of this rock glacier is similar (no sliding) and consider that F = 0.85, such that U d = 0.85 × U s . This value of F was also used in previous studies that used data on vertical deformation collected in boreholes (Arenson et al., 2002;Arenson & Springman, 2005;[START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF][START_REF] Springman | Multidisciplinary investigations on three rock glaciers in the Swiss Alps: Legacies and future perspectives[END_REF]. Equation 1 can be written as:

, s m Q U F L H  (2)
where H m is the mean depth of the cross section and L is the width of the cross section. Assuming that the random errors on U s , F, and H m are not correlated, the uncertainty related to the flux Q can be expressed as: 
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We assume that the uncertainty on F is roughly 10% (Anderson & Anderson, 2016;[START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF][START_REF] Nye | The flow of a glacier in a channel of rectangular, elliptic or parabolic cross-section[END_REF]. The uncertainties on H m and U s are assumed to be 3 m and 0.08 m a -1 , respectively. The average width of the cross sections is 150 m, leading to an uncertainty of 476 m 3 a -1 , which corresponds to about 28% of the calculated flux Q. 

      h t b q x s / / , ( 4 
)
where q is the flux of volume per unit width across-flow, that is, q = Q/L, b s the surface mass balance expressed in meters of a creeping mixture of rock and ice (m a -1 ), ∂h/∂t is the average rate of change in thickness obtained between the cross sections.

The term ∂q/∂x represents the down-glacier gradient in ice discharge per unit width across-flow between two sections. ∂Q/∂x/A, is the emergence velocity, and A is the surface area between the two cross sections.

In glaciology, emergence velocity is a standard way to link surface mass balance to changes in thickness.

Emergence velocity represents the upward or downward flow of the ice relative to the glacier surface. Under steady-state conditions, this flow exactly compensates the surface mass balance (Cuffey & Paterson, 2010, p. 286). Finally, the uncertainties related to the surface mass balance can be calculated using Equation 5:

2 2 2 , bs h Q        (5) 
Use of the term "surface mass balance" can be questioned for several reasons. Surface mass balance (which represents accumulation and ablation processes) is a standard in glaciology, but some major differences have to be taken into account for rock glaciers. First, the accumulation processes differ given that both ice and rocks accumulate in the upper reaches of the rock glacier. Ice originates from the compaction of snow (when overlaid by rock falls and/or the snowfall in successive winters, Giardino et al., 1987) but may also originate from the refreezing of surface melt water at depth (i.e., internal accumulation) if the internal temperatures are negative. In addition, large quantities of debris originating from the rock falls accumulate on the surface (Haeberli et al., 1998). On the other hand, ablation processes not only occur at the surface only but also in the sub-surface under the layer of debris (Anderson et al., 2018;Evatt et al., 2015;Harris et al., 2001).

Using the term "surface mass balance" raises another question regarding density values that need to be taken into consideration to estimate changes in mass. Due to the complex and peculiar internal structure of a rock glacier (mixture of ice and debris, different proportions of more or less uniformly distributed massive ice depending on where the ice is located within the rock glacier) the density of the material that comprises the rock glacier varies considerably in space and is in fact unknown. A few studies addressed this issue using borehole data (e.g., Haeberli, 1985;Haeberli et al., 1998Haeberli et al., , 2006) ) and showed that the density of the mixture of ice and debris typically found in a rock glacier is close to that of nonfrozen soils (1,500-1,800 kg m -3 ).

In the present study, we chose not to account for density structure or how it may change because no information is available on ice content and ice distribution of Laurichard rock glacier and consequently quantified changes in surface volume rather than changes in mass. Thus, the term "surface mass balance" normally used for glaciers is not perfectly appropriate in the present case, but, as there is no adequate term for "rock glacier mass balance" (Cogley et al., 2011, p. 95); we therefore decided to use the same term for rock glaciers. It should also be noted that we did not convert the volume into water equivalent balance and that the unit of measure is therefore meters per year.
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Thickness Distribution Map

Figure 3 shows the distribution of estimated rock glacier thickness. It is worth recalling that from the surface down to the interface with the bedrock (or the debris that forms the base of the rock glacier, as defined in Section 3.2), starting from the surface, the internal structure of the rock glacier is likely composed of a shallow layer of blocks (generally called the "active layer" in the definition of permafrost) that contains no ice; followed by an ice-rich layer containing varying amounts of ice (Bodin et al., 2009). As shown in Figure S5, most of the rock glacier is concave at the interface with the bedrock (PT4-PT10). In the lowermost profiles (PT1-PT3), the shape of the bedrock morphology changes due to a change in the surrounding topography, that is, the tongue of the rock glacier flattens out as the slope decreases (see the longitudinal profile in Figure 3).

The average thickness of Laurichard rock glacier is 20 ± 3 m, in good agreement with previous estimates made using electrical resistivity (Bodin et al., 2009) and with modal analysis of seismic data (Guillemot et al., 2021). Some general features in Figure 3 can be highlighted. First, the upper area is noticeably thicker, reaching 30 ± 4 m between PT10 and PT8. The same pattern is also visible in a small portion of the rock glacier between PT4 and PT5 in the center and close to the terminus below PT1, the average thickness of both sections is 24 ± 4 m. Finally, the total volume of the rock glacier is estimated at 1,361,377 ± 280,000 m 3 .

Changes in Surface Area and Elevation

Laurichard rock glacier has a well-defined shape with clear boundaries that help identify changes in geometry. The general shape of the rock glacier did not undergo any drastic changes between 1952 and 2019 except in its frontal sector, which advanced 13 m horizontally on average over the period (corresponding to 0.21 m a -1 ) representing a 5% increase in the total surface area (the purple and red lines in the right panel in Figure 3). The increase in surface area was not even over the study period. Almost no changes were observed in the periods 1952-1960 and 1986-1994. Figure 4 illustrates the DSMs that differentiate each sub-period (Figures 4a-4h), and for the entire study period 1952-2019 (Figure 4i). Changes in elevation in the upper part of the rooting zone were not used for analysis due to the higher uncertainties on this part of the rock glacier caused by shadow and/or persistent snow cover in some years. The general pattern over the whole study period (1952-2019) (Figure 4i) was a decrease in the thickness (a lowering of the surface) of the whole body of the rock glacier, representing a total loss of 45,000 ± 550 m 3 . Contrasted spatial patterns are also indicated: (a) lowering of the surface in the upper reaches of the rock glacier in red; (b) a thickening and an increase in surface elevation in the lower reaches in blue; with (c) in between, a mixed pattern, with thinning on the right and thickening on the left.

Considering the subperiods, there was a continual decrease in the overall rock glacier volume from 1952 to 1986 (Figure 4j) followed by an increase in volume from 1986 to 2003, and a further decrease after 2003. Note that, concomitantly with the increase in surface area, the surface elevation of the frontal sector (Figures 4a-4i, below PT1) increased by 10-15 m between 1986 and 2003.

Changes in Surface Velocities

Figure 5 illustrates the changes in surface velocity over each sub-period. The spatial pattern of velocity remained stable in the first four subperiods up to 1994 (Figure 5, upper panels). Over the 1952-1994 period, the average surface velocity calculated for the entire study area was 0.5 ± 0.09 m a -1 , with small patches where it reached 1.2 ± 0.09 m a -1 close to 2,500 m a.s.l. in the central part of the rock glacier tongue where the slope is the steepest (35°). During the following sub-period, 1994-2003, a major acceleration occurred throughout the landform, with 70% of the rock glacier surface presenting values higher than 0.5 ± 0.09 m a -1 , even the upper reaches of the rock glacier. The highest surface velocities, with displacement rates reaching between 1.5 and 2 ± 0.08 m a -1 on the central flow line, were recorded in the period 2013-2017. Finally, over the whole period, the average surface flow velocity doubled from 0.5 to 1 ± 0.09 m a -1 . The velocities obtained on each transverse profile for each period are shown in Figure 6b.
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It is noteworthy that, on the one hand, the above mentioned surface flow velocities are rather low (less than 1 m a -1 over most of the landform) and that, on the other hand, when considering the average thickness and slope of the rock glacier and applying the Glen's (1955) flow law for polycrystalline ice, the computed velocities are of the same order of magnitude as the observed ones. This would suggest that the Laurichard rock glacier behaves as if its internal creeping structure was mainly composed of ice. This would deserve to be confirmed by geophysical measurements and drilling data.

Fluxes Calculated for Each Cross Section

Considering the area of the cross sections (Figures 3 andS5) in each transverse profile (from PT1 to PT10) combined with surface velocities (Figure 5), we calculated the volume fluxes according to Equation 1. These fluxes are reported in Figure 6c. As mentioned in Section 3.5, the ratio F between the mean cross section CUSICANQUI ET AL. 
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velocity and the mean surface velocity is assumed to be 0.85. The uncertainties related to F are discussed later. Some general features can be highlighted in Figure 6. First, the thickness decreased in the upper part of the rock glacier over the whole period (1952-2019) (Figure 6a), in contrast to the rock glacier tongue that almost continuously increased in thickness. Second, except for the marked acceleration after 1994, the fluctuations in surface velocities were similar throughout the rock glacier in the different periods (Figure 6b), although the increase in the surface velocities over the whole period was slightly more pronounced in the lower part. The fluxes were thus subject to the following variations over time (Figure 6c): an increase between 1952 and 1971, a decrease between 1971 and 1994, another increase between 1994 and 2017, and finally a decrease in the last two years of the observation period.

CUSICANQUI ET AL.

10.1029/2021JF006161

12 of 21 

Reconstruction of Emergence Velocities and Surface Mass Balance

The calculated fluxes were used to reconstruct the surface mass balance between cross sections according to Equation 4. Given that the changes in elevation, surface velocity, and fluxes in the two consecutive periods were mostly close to or in the range of the uncertainties (Figure 6), a difficulty arose when we wanted to reconstruct the surface mass balance.

To identify signals that are larger than uncertainties, in the following analysis we considered three regions and homogeneous periods of time for which changes in elevation, surface velocities, and fluxes were very similar as described below:

1. The upper region of the rock glacier, located between cross sections PT10 and PT7. In this region, the thickness decreased continuously over the whole period. The fluctuations in velocity were very similar, with a marked acceleration after 1994. 2. The intermediate region, located between PT7 and PT3. In this region slight changes in elevation occurred that were very similar throughout the period. Like in the upper region, the fluctuations in velocity also remained very similar from one period to another. 3. The lower region located between PT3 and the terminus. Here, there was a notable increase in thickness. Like in the two previous regions, fluctuations in velocity were very similar, with a marked acceleration after 1994.

Overall, the changes that occurred in each of the regions during each of the selected periods, 1952-1971, 1971-1994, and 1994-2019 were thus similar. However, thickening and acceleration over the last period were much more pronounced close to the terminus. This point somewhat contradicts our assumption of similar changes in all three regions and this point is discussed later. Finally, this differentiation between the thickening and acceleration allowed us to reconstruct emergence velocities and changes in the surface mass balance that exceed the uncertainties.

Figure 7 provides an overall picture of reconstructed emergence velocities and surface mass balance. First, the upper region (from PT10 to PT7) shows negative reconstructed emergence value (or submergence) velocities up to -3 ± 2 cm a -1 . The intermediate and lower sectors show increasingly positive values toward the rock glacier terminus that reached 2 ± 2-13 ± 2 cm a -1 in the lower sector, in agreement with the emergence of the ice flow lines. These values are also consistent with downward flow in the upper region and upward flow in the lower region often found in Alpine glaciers (Cuffey & Paterson, 2010, p. 233). In addition, the very similar emergence velocities obtained over the three observation periods mean we have confidence in our results. Note that the marked increase in the emergence velocity in the lower sector during the most recent period likely results from the compressive flow related to the terminus, when it encountered a protrusion that prevented the rock glacier terminus from advancing.

On the other hand, the reconstructed surface mass balance (Figure 7c) ranged from -0.1 m a -1 to +0.05 m a -1 , which is very low compared to mass balances reported for Alpine glaciers at similar altitudes [START_REF] Vincent | Common climatic signal from glaciers in the European Alps over the last 50 years[END_REF]. It should be noted that the surface mass balance computed on Laurichard rock glacier is expressed in m a -1 and not in m w.e. a -1 (meter water equivalent per year) as used in glaciology, because it concerns changes in the overall volume of ice and rocks.

Finally, the reconstructed surface mass balance revealed a standard pattern in the second and third periods with a surface mass balance close to zero in the upper region and more negative values at lower elevations. In the first period (1952)(1953)(1954)(1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971), the pattern was a surprising reversed surface mass balance gradient, with negative values (-6 ± 4 cm a -1 ) in the upper region and positive ones (+4 ± 4 cm a -1 ) in the lower part. CUSICANQUI ET AL. The X-axis corresponds to the distance in meters from profile #10 (PT10) down to the terminus; each colored dot corresponds to the location of a transverse profile along the X-axis (Figure S4), except for the last point of the flux curves, which is set outside. The vertical dashed gray lines correspond to the location of PT7 and PT3 (from left to right, which correspond to the sub-sections defined later and shown in Figure 7). Note that, in all panels, the semi-transparent colored areas behind each curve correspond to the uncertainty estimated after uncertainty propagation analysis (Tables S2 andS3 and Equation 3, respectively).
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Considering the uncertainties in the quantified mass balances, the shift in surface mass balance gradient appears to be significant. This is discussed in the following section.

Discussion

The reconstruction of the surface mass balance of the Laurichard rock glacier provides interesting and original insights into the complex behavior of such landforms. Although little is known about the mechanisms that drive inputs of debris and ice in rock glaciers or the melting rates inside rock glaciers, here we discuss possible hypotheses to explain the results obtained at Laurichard.

Altitudinal Gradient of Surface Mass Balance

The reconstructed surface mass balance of the rock glacier for the period 1952-1971 includes one striking feature, that is, more negative values in the upper part than in the tongue. Because the oldest DSMs are less accurate, caution is called for when interpreting the values during this period than the values of more recent periods; we propose two hypotheses to explain the negative surface mass balance in the upper part of the rock glacier.

The first hypothesis concerns the accumulation of snow. Although snowfall assessed using meteorological data revealed no important changes over this period (Figure 2), some authors have reported that the regional avalanche activity was lower during the period ∼1955-1970 [START_REF] Naaim | Impact du réchauffement climatique sur l'activité avalancheuse et multiplication des avalanches humides dans les Alpes françaises[END_REF] and in parallel, that the lowest altitudes reached by the avalanches were higher. This suggests that less snow may have accumulated at the surface of the rock glacier, compared to the following subperiods, leading to the observed lower surface mass balance.

The second hypothesis concerns variations in rock falls onto the surface of the rock glacier from the dominating rock wall named "Roc Noir de Combeynot." Indeed, according to the results of several numerical CUSICANQUI ET AL. 1), (b) emergence velocities (m a -1 ), and (c) surface mass balances (m a -1 ) for the three subperiods (1952-1971, 1971-1994, and 1994-2019) and three sectors (PT10-PT7, PT7-PT3, and PT3-PT1). The colored rectangles correspond to the uncertainty estimated after uncertainty propagation analysis (Equation 5).

modeling experiments of frost cracking simulating both volumetric expansion and ice segregation (Draebing & Krautblatter, 2019;Hales & Roering, 2007), colder temperatures in the decade 1950-1960 could have kept the rock wall frozen at low enough temperatures to prevent large rock falls (Hales & Roering, 2007). In this case, the negative surface mass balance would be explained by a deficit of debris accumulation. This hypothesis is supported by colder air temperatures recorded during the first period (1952)(1953)(1954)(1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971): The mean positive daily temperature increased from 0.3°C to 0.7°C between the first two periods (1952-1971 and 1971-1994) and the third period . Higher rockfall from frozen rock walls recorded in the Alps also increased during the recent warmer period [START_REF] Huggel | Is climate change responsible for changing landslide activity in high mountains? Earth Surface Processes and Landforms[END_REF][START_REF] Ravanel | Climate influence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif) since the end of the 'Little Ice Age[END_REF]Ravanel et al., 2017).

The positive surface mass balance in the lowest sector over the period 1952-1971 is more problematic, it cannot be explained by an increase in debris accumulation as this region is located far from the rock wall and is not impacted by rockfall. Regarding the balance of the ice component, it is known that Alpine glacier melting rates were reduced during the period 1952-1971 (Huss et al., 2010;[START_REF] Vincent | Influence of climate change over the 20th Century on four French glacier mass balances[END_REF]. Given the large uncertainty on the estimated value, one can therefore hypothesize that ice melt inside the rock glacier was close to zero at this altitude over this period.

Over the following periods, the reconstructed surface mass balance returned to the usual pattern with a positive altitudinal gradient. In the last period , the surface mass balance decreased slightly particularly in the lower sector to reach -0.10 m a -1 . This period corresponds to marked climate warming (Figure 2) and hence, an important increase in glacier ice melt throughout the Alps [START_REF] Davaze | Region-wide annual glacier surface mass balance for the European Alps from 2000 to 2016[END_REF]. At Laurichard, ice melt was clearly very low compared to that observed in surrounding glaciers where the surface mass balance dropped by several meters over the period [START_REF] Vincent | Common climatic signal from glaciers in the European Alps over the last 50 years[END_REF] versus a few centimeters of thawing that affected the tongue of the Laurichard rock glacier. However, inside the rock glacier, the ice is covered by a thick layer of debris that acts as a strong insulator and consequently damping melt (e.g., Anderson et al., 2018;Evatt et al., 2015;Hoelzle et al., 2001;Jones et al., 2019;[START_REF] Pruessner | Near-surface energy balance on an alpine rock glacier: Murtèl-Corvatsch[END_REF].

Influence of Internal Accumulation and Internal Ablation on Surface Mass Balance Assessment

As mentioned previously, the reconstructed surface mass balances obtained from the emergence velocities and the thickness did not account for internal accumulation and internal ablation.

Internal accumulation can occur when the water that percolates into the rock glacier freezes when it comes into contact with massive ice or rocks at negative temperatures. Because these phenomena are still poorly understood in rock glaciers, internal accumulation was calculated following [START_REF] Trabant | Estimation and effects of internal accumulation on five glaciers in Alaska[END_REF] and [START_REF] Thibert | Glaciological and volumetric mass-balance measurements: Error analysis over 51 years for Glacier de Sarennes, French Alps[END_REF] assuming that cold internal conditions exist inside the rock glacier. Relying on the studies by [START_REF] Gerbaux | Surface mass balance of glaciers in the French Alps: Distributed modeling and sensitivity to climate change[END_REF] on Saint-Sorlin Glacier, we considered a mean sensible heat flux of 5,000 kJ m -2 that cools the snowpack during winter. This value was estimated using the Crocus snow model [START_REF] Brun | An energy and mass model of snow cover suitable for operational avalanche forecasting[END_REF]. In addition, we used a specific latent heat of fusion of 335 kJ Kg -1 [START_REF] Hobbs | Ice physics[END_REF]. This gave an internal accumulation of 5.6 mm a -1 , thus accounting for 37 cm over the 67-year study period. Considering the uncertainties on the reconstructed surface mass balance, this accumulation can be disregarded.

The internal ablation of the ice inside the rock glacier can be linked to different sources of energy: (a) geothermal heat; (b) conversion into heat of energy lost from water originating from snowmelt at the surface of the rock glacier or from summer rainfall flowing through and under the glacier; and (c) the change in air convection within the coarse blocky layer associated with a change in the temperature gradients due to a change in the temperature of the air above the surface of the rock glacier and the permeability in the active layer. According to [START_REF] Gable | Carte du flux géothermique[END_REF], a maximum value of ∼90 mW m -2 of the geothermal flux can be considered in this part of the Alps; this results in a maximum value of basal melting of 9 mm a -1 . Regarding ablation from water flow, [START_REF] March | Mass balance, meteorological, ice motion, surface altitude, and runoff data at Gulkana Glacier, Alaska, 1993 balance year[END_REF] described their principle of calculation related to two main sources. The first is runoff originating from the 0.14 km 2 catchment above the rock glacier. If we assume that the winter snowpack in this part of the catchment melts completely in summer and that all the melt water circulates at the base of the rock glacier, this would result in 7 mm a -1 of ice melt due to the conversion of the potential energy loss of this water flow into heat. The second source of energy is water flow from the melting of the rock glacier itself (over an area of 0.07 km 2 ), which would account for only 1 cm over the 67 years and can therefore be disregarded. Regarding the energy related to air convec-CUSICANQUI ET AL.
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15 of 21 tion, Wicky and Hauck (2020) showed that this process would only be efficient if both permeability and the temperature gradient are high in the upper blocky layer that covers the ice-rich core of rock glaciers. Note that although air convection has a cooling effect, it has limited impact on the mass balance. The theoretical approach presented by Evatt et al. (2015) already underlined the role of the porosity of the debris layer in modulating the melt process under the debris.

To sum up, both internal accumulation and ablation seem to play a negligible role in the changes in volume and mass in Laurichard. This gives us confidence in the approach we used to quantify changes from observations at the rock glacier surface (elevation, velocities) to retrieve the surface mass balance from the emergence velocity (Equation 4).

Acceleration of Flow

Another important feature of the behavior of this rock glacier is the marked increase in flow velocities over the most recent period . This acceleration has been visible in in-situ observations since the 1990s (Figure 5) (Bodin et al., 2009;Thibert et al., 2018). Similar acceleration has been reported in many rock glaciers in the Alps (Delaloye et al., 2008(Delaloye et al., , 2018) ) as well as in other mountain chains in the world (e.g., [START_REF] Kääb | Analysing the creep of mountain permafrost using high precision aerial photogrammetry: 25 years of monitoring Gruben rock glacier, Swiss Alps[END_REF][START_REF] Sorg | Contrasting responses of Central Asian rock glaciers to global warming[END_REF]. Several hypotheses have been proposed to explain this acceleration: (a) the change in rheological properties and internal temperatures with an impact on the viscosity and rheology [START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF][START_REF] Müller | Rock glaciers on the run: Understanding rock glacier landform evolution and recent changes from numerical flow modeling[END_REF]; (b) the influence of water percolation (likely down to the shear horizon), originating from snow melt in spring (Buchli et al., 2018;Cicoira, Beutel, Faillettaz, Gärtner-Roer, & Vieli, 2019;Kenner et al., 2017;Wirz et al., 2016) but also from ice melt (Bodin et al., 2009); or (c) a change in basal thermal conditions (at the shear horizon) that could cause basal melting and affects the mechanical properties of the rock glacier material [START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF]Haeberli et al., 1998).

Our observations do not enable us to solve this issue but lead to several hypotheses. Indeed, our results show that, given the only slight changes we observed over this period, the acceleration cannot be explained by changes in geometry (thickness and slope) and surface mass balance. What is more, the acceleration is not consistent with thinning in the upper part of the rock glacier which would reduce creep. For instance, applying again the Glen's (1955) flow law to relate changes in flow and changes in geometry using a realistic set of parameters (based on observations) does not give consistent results. As an illustration, considering the middle part of Laurichard rock glacier, the surface slope and the averaged thickness between 1952 and 2019 has changed from 32° to 36° and 20 to 19 m, respectively. Keeping other parameters constant in Glen's law gives a change in velocity from 0.6 to 0.5 m a -1 , which is not consistent with the observed increase (from 0.8 to 1.1 m a -1 ). One can thus conclude that the increase in velocity is very likely caused by internal changes or/and basal conditions.

As a first explanation, as mentioned by Cicoira, Beutel, Faillettaz, Gärtner-Roer and Vieli (2019), [START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF], the process of heat conduction alone cannot explain the observed variations in surface velocity, except in thin rock glaciers (less than 20 m thick according to Cicoira, Beutel, Faillettaz, Gärtner-Roer, & Vieli, 2019) that are more sensitive to the effect of heat conduction on seasonal as well as long-term temperature changes. However, it is possible that the indirect effect of enhanced meltwater penetrating the rock glacier body thereby affecting its rheology plays a role. Then, regarding the possibility that a change in viscosity related to a change in internal temperature could explain the observed acceleration, if we assume that the internal structure is composed of pure ice (below the debris cover) and a cold thermal regime at the beginning of the study period (e.g., an ice temperature of -5°C in the 1950s), applying the Glen's (1955) flow law shows that a 3°C increase in temperature within the rock glacier would be required to explain a change in viscosity leading to a doubling of the ice flow velocity (Glen, 1955). This is a large increase given that the englacial temperatures recorded at Murtèl rock glacier (∼300 km away, 2,670 m a.s.l., northern exposure, Engadine, Swiss Alps) only increased from -1.8°C to -1.1°C between 1988 and 2015 at a depth of 10 m (Cicoira, Beutel, Faillettaz, Gärtner-Roer, & Vieli, 2019;PERMOS, 2019). Despite the absence of any information about the ice content and the internal temperature in the Laurichard rock glacier, this assumption can almost certainly be ruled out as air temperature showed no such increase in recent decades (Figure 2), and because warming of the ice inside a rock glacier requires a long time (e.g., several decades; PERMOS, 2019). Numerical modeling would be required to estimate the time necessary to modify the thermal regime at depth, which is beyond the scope of the present study. CUSICANQUI ET AL.
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Thus, the change in the conditions in the shear layer and at the base (in terms of thermal regime, presence of water) related to basal temperate conditions reached at the beginning of the 1990s is a good candidate to explain the accelerated rock glacier flow [START_REF] Cicoira | A general theory of rock glacier creep based on in-situ and remote sensing observations[END_REF]. Unfortunately, no borehole data are available for Laurichard rock glacier, but this hypothesis is supported by the availability of water through snow melt, which since the 1990s has started earlier in the season. Today water is released into the rock glacier a month earlier than in the former periods (Figure S7). Such changes in the shear layer and at the base could also explain why the increase in velocity is homogeneous over the entire landform whatever the slope and thickness as observed in 1980-2020 topographic surveys (Thibert et al., 2018).

Conclusions

The measurements we made from aerial photographs using photogrammetry and feature -tracking image correlation techniques allowed us to identify changes in decadal thickness, velocities, and fluxes over the period 1952-2019. From these data sets, emergence velocities and surface mass balance of a rock glacier have been reconstructed for the first time. Our reconstruction revealed a very small surface mass balance ranging from -0.1 to +0.05 m a -1 compared to those obtained on glaciers at similar altitudes; the average mass balance on regional glaciers at similar elevations (2,500 m a.s.l.) with northern exposure has been about -5 m w.e. a -1 over recent decades (e.g., [START_REF] Six | Sensitivity of mass balance and equilibrium-line altitude to climate change in the French Alps[END_REF][START_REF] Vincent | Common climatic signal from glaciers in the European Alps over the last 50 years[END_REF]. It will be recalled that in the present study, the surface mass balances are expressed in m a -1 (and not m w.e. a -1 ) as they concern changes in net ice and/or in rock mass.

We identified three periods during which the fluctuations were homogeneous, and we analyzed them in three selected regions of the rock glacier. The first period, characterized by colder air temperatures, had a low surface mass balance in the upper part of the rock glacier, which could be linked to reduced rock falls and snow avalanches. In contrast, the surface mass balance in the lower part was close to zero, likely explained by reduced melting, resulting in a striking negative altitudinal balance gradient. Over the following periods, the surface mass balance of the upper region again reached values close to zero, suggesting an increase in rock fall. This reversal of the altitudinal balance gradient could appear paradoxical. Indeed, the surface mass balance was negative (positive) in the upper region during the cold (warm) period. The emergence velocities remained very even over the whole period except in the lower region in the most recent period, the latter could be explained by the compressive flow related to the advance of the terminus and the hypothesis of incompressible material, which is true for ice but not for debris, or for a mixture of ice and debris.

As a result of our study, we are able to explain the changes in thickness by the emergence velocities and surface mass balance. Between 1952 and1971, the thinning (thickening) of the upper (lower) region was due to the decrease (increase) in the surface mass balance. Between 1971 and 1994, the surface mass balance almost compensated for the emergence velocities and the changes in thickness were small. Between 1994 and 2019, the increase in rockfalls led to an increase in the surface mass balance, which balances the emergence velocities and explains the limited changes in thickness in the upper part of the rock glacier. Conversely, in the lower part, the negative surface mass balance likely cannot compensate for the increase in emergence velocity due to compressive flow. Finally, our observations revealed a marked increase in flow velocities over the period 1994-2019. Surprisingly, it affected the fluxes but had no clear effect on the emergence velocities, thereby supporting the hypothesis that the surface mass balance mainly controls changes in thickness, except in the lower part of the rock glacier in the most recent period. On the other hand, changes in geometry did not affect flow velocities. Indeed, the marked acceleration after 1994 was accompanied by the thinning of a large part of the rock glacier, leading us to propose the hypothesis that the increase in velocity was very likely caused by changes in the conditions in the shear layer and at the base (in terms of thermal regime and the presence of water) related to the basal temperate conditions reached at the beginning of the 1990s. This hypothesis is strengthened by the homogeneity of the increase in velocity throughout the rock glacier whatever the slope and thickness.

In this sense, sub-annual resolution time series from continuous dGNSS measurements as made by Cicoira, Beutel, Faillettaz, Gärtner-Roer, and Vieli (2019) or terrestrial daily photogrammetric measurements (Marsy et al., 2020) could help to detect the role of changes in basal conditions in the rock glacier flow. Addition-CUSICANQUI ET AL. 10.1029/2021JF006161 the framework of the Investissements d'Avenir programs: Risk@UGA (ANR-15-IDEX-02) and LabEx OSUG@2020 (ANR10 LABX56). This study is also part of the PERMARISK project, funded by the European Regional Development Fund (grant POIA PA0004100). The Jardin Alpin du Lautaret (CNRS/ Univ. Grenoble Alpes) provided support and facilities for fieldwork as well as the 2012 aerial LiDAR survey. Surface velocity measurements were started by B. Francou and L. Reynaud and continued by E. Thibert (Ecrins National Park and later ETNA, INRAe-UGA), and since 2001, by M. Bouvier (Ecrins National Park). The last two decades of the survey were supported by CryobsClim "Long-term Observation and Experimentation System for Environmental Research" (SOERE/All'envi) and the PermaFrance observatory that monitors mountain permafrost in the French Alps. The Ecrins National Park is sincerely acknowledged for funding and supporting field surveys since the early 2000s. We are grateful to Michael Deschatres, Sylvain Pech, and Guilhem Marsy for field campaigns and to Antoine Guillemot and Stéphane Garambois for the GPR data, and to Olivier Gagliardini for discussions on ice dynamics. Finally, we thank Robert Anderson and the two anonymous reviewers whose comments and suggestions greatly helped to improve and clarify this manuscript.

Introduction

Here we present complementary results that will help with the general interpretation of our research, such as extensive validation results that could not be presented in the main document. All figures and tables presented below are cited in the main document. -10,617.4 ± 47.4 -7,206.3 ± 132.3 I 1952-2019 66.9 1.1 85,569.8 ± 116.6 -130,048.2 ± 238.2 -44,478.3 ± 530.5 Table S4. Changes in the volume of Laurichard rock glacier for eight periods between 1952 and 2019 (A to H) and for entire period (I) presented in Fig. 4 derived from differences in DEMs. σDEMs corresponds to mean DEM uncertainties computed using the values listed in Table S2.
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• We used historical and modern aerial images to document changes in thickness, flow velocities, and the ice/rock flux of the complex.

• We describe the glacio-geomorphological context of the area that surrounds the thermokarst and provide estimates of ground ice content and characteristics.
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ABSTRACT

Thermokarst lakes are characteristic landforms which are only rarely found outside the Arctic. This paper analyses the long term dynamics of a thermokarst system in an alpine glacial and periglacial system (Southern French Alps) over seven decades , where several outbursts have been documented since 1930. To explain the observed dynamics, our multidisciplinary approach combined (1) photogrammetry of historical aerial photographs and modern high-resolution satellite and UAV images; (2) geophysical surveys; and (3) geomorphological mapping, to quantify and describe morphometric changes. We provide evidence for spatial and functional interactions between different glacial and periglacial landforms, starting in the upper part of the valley with a small debris-free glacier, which then becomes a debris-covered glacier occupying most of the central part of the system, and a rock glacier in the lower sector. Using photogrammetric data, we found high thinning rates in the debris-covered areas which, together with bedrock morphology, most probably determine the location of the thermokarst. We also documented an overall acceleration of the flow of landforms after the 2000s, with heterogeneous spatial distribution. The outburst flood water flowed through an englacial conduit whose closure mainly depends on the converging creep flow of the ice masses and local roof collapses. Today, the site represents a potential hazard for the region due to the large water storage capacity (up to 180,000 ± 350 m 3 ) and the development of a predominantly bucket shape at the surface of the glacial and periglacial system.

KEYWORDS:

Glacier-permafrost interactions, mountain permafrost, glacial and periglacial system, rock glaciers, thermokarst lakes, photogrammetry, GLOFs, electrical resistivity, French Alps. Mountain landscapes are the product of glacial and periglacial processes whose occurrence, intensity, and spatial extent that fluctuated throughout the Quaternary [START_REF] French | The Periglacial Environment[END_REF]Hughes and Woodward, 2008), more intensely during the Holocene at a similar amplitude as in the Little Ice Age (LIA) (Kirkbride and Winkler, 2012;Maisch, 2000). The current mountain configuration is likely of polygenic origin with multi-phased Holocene sediment accumulations that have been "pushed, transposed, overridden and reworked" (e.g., Matthews et al., 2014). The unusual rapid warming over the last three decades [START_REF] Beniston | The European mountain cryosphere: A review of its current state, trends, and future challenges[END_REF]Hock et al., 2019) has accelerated glacier downwasting rates [START_REF] Hugonnet | Accelerated Global Glacier Mass Loss in the Early Twenty-First Century[END_REF][START_REF] Zemp | Global Glacier Mass Changes and Their Contributions to Sea-Level Rise from 1961 to 2016[END_REF]. Further evidence for degradation of periglacial environments (i.e. mountain permafrost) is the increase in internal temperatures (Biskaborn et al., 2019;[START_REF] Krautblatter | Glacier-and permafrost-related slope instabilities[END_REF]Mollaret et al., 2019).

Today, mountain areas are among the most sensitive environments to climate change (Hock et al., 2019). Glacier and permafrost related processes could interact in several ways [START_REF] Dobinski | The cryosphere and glacial permafrost as its integral component[END_REF]Haeberli, 2005;Whalley, 2021). As glaciers become smaller and thinner, and hence less dynamic (Benn et al., 2012;Haeberli, 2013), their extent is progressively restricted to the uppermost elevations where continuing permafrost limits ice decay (Dobinski, 2011). Rapid glacier shrinkage has triggered paraglacial activity, increased the supply of sediment to glacier systems (Deline et al., 2015), thereby increasing the extent of debris-covered ice in high relief regions [START_REF] Carturan | Current behaviour and dynamics of the lowermost italian glacier (montasio occidentale, julian alps)[END_REF]Kirkbride and Deline, 2013;Knight and Harrison, 2014). The increased supply of debris could strongly modify the dynamics of glacial and periglacial systems and related processes, i.e. energy balance and ablation rates [START_REF] Reid | An energy-balance model for debris-covered glaciers including heat conduction through the debris layer[END_REF][START_REF] Ragettli | Heterogeneous glacier thinning patterns over the last 40 years in Langtang Himal[END_REF], and response dynamics (Capt et al., 2016;Cusicanqui et al., 2021). Indeed, a thicker debris layer preserves ice for long periods of time (Etzelmüller and Hagen, 2005) by limiting ice-melt or, conversely, when the debris layer is thinner, by enhancing melt (Benn et al., 2012).

Differential melt between debris-free and debris-covered parts of the glacier may promote the formation of lakes, which in turn, may cause glacial lake outburst floods (GLOFs) [START_REF] Clague | A review of catastrophic drainage of moraine-dammed lakes in British Columbia[END_REF]Gärtner-Roer et al., 2021;[START_REF] Kääb | Remote sensing of glacier-and permafrost-related hazards in high mountains: an overview[END_REF]. In populated mountainous areas, GLOFs can sometimes have catastrophic consequences far downstream (e.g., [START_REF] Emmer | 70 years of lake evolution and glacial lake outburst floods in the Cordillera Blanca (Peru) and implications for the future[END_REF]Haeberli et al., 1989). The danger depends on the glaciological and geomorphological context, and the intensity of flooding can be drastically increased by the steepness of the topography [START_REF] Mergili | Back calculation of the 2017 Piz Cengalo-Bondo landslide cascade with r.avaflow: what we can do and what we can learn[END_REF]. Supraglacial and proglacial lakes are generally visible from the surface and can be recognized at an early stage of their formation [START_REF] Kirschbaum | The State of Remote Sensing Capabilities of Cascading Hazards Over High Mountain Asia[END_REF]. Conversely, englacial water circulation is more difficult to monitor (Vincent et al., 2010a). Technical measures have been taken to mitigate potential hazards only in some cases (Kääb and Haeberli, 2001;Vincent et al., 2010b).

F o r P e e r R e v i e w 3
To date, there have been few studies of the combination of supraglacial lakes and thermokarst systems in mountain regions. The term "thermokarst" refers to a specific landform that results from the local thawing of ice-rich permafrost [START_REF] Czudek | Thermokarst in Siberia and its influence on the development of lowland relief[END_REF], and is rarely documented outside the Arctic (Kääb and Haeberli, 2001). In mountain areas, such lakes are typically found on debris-covered glaciers (Harris et al., 1988;[START_REF] Washburn | Geocryology. A survey of periglacial processes and environments[END_REF], they are highly concentrated in the Himalayas [START_REF] Benn | Growth and drainage of supraglacial lakes on debrismantled Ngozumpa Glacier, Khumbu Himal, Nepal[END_REF](Benn et al., , 2012;;[START_REF] Zhang | Glacial lake evolution and glacier-lake interactions in the Poiqu River basin, central Himalaya, 1964-2017[END_REF], and only a few cases have been documented in the European Alps (Assier and Evin, 1995;Kääb and Haeberli, 2001). The mechanism of formation is mainly attributed to thermal and mechanical erosion of water (Harris et al., 2018), which is a major source of heat for the surrounding permafrost (Ling and Zhang, 2004;Williams and Smith, 1989). As the lake contains liquid water all year round, it directs a positive heat flux into the surrounding frozen ground and causes the adjacent permafrost to warm and degrade (Lin et al., 2010[START_REF] Lambiel | Development of a thermokarst lake and its thermal effects on permafrost over nearly 10 yr in the Beiluhe Basin, Qinghai-Tibet Plateau[END_REF], and this is considered irreversible at short time scales (Romanovskii et al., 1996). However, as lakes usually occupy flat areas, the water coming from in-situ or external snow and/or ice melt and meteoric precipitation remains trapped in a depression until it can drain away either through a surface outlet channel (Haeberli et al., 2001) or through an internal conduit (Assier and Evin, 1995). A temperate thermal state is commonly found in this kind of environment (Gärtner-Roer et al., 2021).

The aim of this study was to analyse the long-term behaviour of the Chauvet glacial and periglacial system and to obtain insights into the several GLOFs documented since the 1930s related to the presence of a thermokarst system and an englacial conduit (Assier and Evin, 1995). First we review historical evidence for the GLOFs. Second, we analyse long-term glaciogeomorphological changes (volume, surface velocity and internal structure) based on 72 years of photogrammetric data and recent geophysical surveys. Finally, we discuss possible drivers of thermokarst dynamics and of outburst floods.

STUDY SITE

General settings

The Chauvet glacial and periglacial system is located in the upper part of the Ubaye valley in the Southern French Alps (44.85°N, 6.84°E, Fig. 1a), in a 1.5-km long west-facing hanging valley at the foot of the western rock face of the 'Aiguille de Chambeyron', altitude 3,160 m a.s.l. with the front talus located at 2,710 m a.s.l. The width of the hanging valley ranges from 160 to 450 m (Fig. 1) and is surrounded by approximately 0.6 km 2 of densely fractured rock walls (Fig. 1b) mainly composed of calcschists and Malm limestone (Chambeyron thrust sheet) (Gidon, 1994;Gidon et al., 1994). At the foot of these rock walls, accumulations of debris (granulometry ranging from 0.5 -5 m) cover most of the surface of the Chauvet glacial and periglacial system. The high elevation, predominant north-west orientation and the shadow caused by the more than 200 m high rock walls surrounding the valley most likely enable continuous permafrost conditions (inset in Fig. 1a). Based on a geo-electrical survey, Assier and Evin (1995) suggest that the internal structure of the Chauvet glacial and periglacial system is composed of a thin layer of debris (< 1 m) overlaying a 30-40 m thick body of massive ice, itself on top of 40-45 m of cemented sediments before reaching the bedrock. 

Past outburst floods

The Chauvet glacial and periglacial system is particularly pertinent in terms of natural hazards. At least six outburst floods have been documented during the 20 th and 21 st centuries, four of them by the Restauration des Terrains en Montagne (RTM). These events were likely related to degradation of the permafrost and the presence of a thermokarst lake at the surface. The events are summarised as follows: i. The first two outburst flood events may have occurred in 1936-1938 and 1956, respectively. The dates are supported by some testimonies (Assier and Evin, 1995) and some geomorphological evidence that is almost invisible on historical aerial images of the middle (2,350 m F o r P e e r R e v i e w 5 a.s.l) and lower parts (1,700 m a.s.l.) of the Chauvet valley (Fig. S2). However, little concrete evidence of these events is available. ii. The third outburst flood occurred on the 15 th of July, 1970, with 4 h of total drainage time. Evidence collected a few days later suggests that the outburst was accompanied by the collapse of the central 'talweg' and considerable water circulation was observed in the talus front (Fig. 2a, Fig. A1 and Fig. S1). Geomorphological evidence visible on historical aerial images (Fig. S2) suggests that a large quantity of material was transported. However, no precise information about the volumes of water and debris transported is available. iii. Twenty-one years later, on the 16 th of July, 1991, the fourth outburst flood happened with 90 minutes of total drainage time (Assier and Evin, 1995). These authors reported that the lake drained away through a gallery (hereafter called 'englacial conduit') inside the ice (diameter at the entrance: 4 m) located in the central part of the Chauvet glacial and periglacial system (close to 2,780 m a.s.l.), which could be seen to extend for about 20 m inside the ice (Fig. A2b). The same authors mentioned that the englacial conduit likely continued for about 350 m inside the ice in a down-slope direction. Downstream, a general collapse of the talweg occurred, revealing massive ice towards the surface, suggesting that the talweg formed the roof of the englacial conduit located not far below the surface (Fig. 2a andc). Additionally, water spill-out was observed on the talus front in the same zone as during the 1970 outburst event (hereafter called 'outlet zone', Fig. S1). The volume of water evacuated and debris transported was estimated at 50,000 m 3 and 100-150,000 m 3 , respectively [START_REF] Assier | Glaciers et Glaciers rocheux, Vallée de l'Ubaye. Sabença de la Valèia[END_REF]. Significant geomorphological evidence was hard to locate on historical images. iv. The fifth outburst flood occurred six years later on the 25 th of July, 1997 with 3 h of total drainage time. Again, the entrance of englacial conduit was visible (diameter: 2 m) (Fig. 2c and Fig. A3a andb) local collapses of the roof of the englacial conduit were observed (Fig. A3c andd) along with water spill-out in the outlet zone (Fig. S1). The estimated drained water volume was 20% higher than in the 1991 outburst flood (70-80,000 m 3 ) and the volume of debris was estimated at around 78,000 m 3 (Fig. 2d) [START_REF] Assier | Glaciers et Glaciers rocheux, Vallée de l'Ubaye. Sabença de la Valèia[END_REF]. v. Finally, the last and best documented outburst flood occurred in two stages on the 17 th and 21 st of July, 2008 (Fig. A4,A5). The drainage time for the events was 4 and a half hours for the first and 4 hours for the second. The entrance to the englacial conduit was confirmed by photographically (Fig. 2e and f; Fig. A4; and Fig. A5). During this event, the talweg almost completed collapsed (resembling an icecrack in Figure 2e, Fig. A5) and water spill-out was observed in the outlet zone (Fig. A5; Fig. S1). The estimated volume of drained water during the two events was 90,000 and 16,000 m 3 , respectively. Compared to the previous events, little evidence for erosion/deposition suggest that the sediment transport was limited [START_REF] Assier | Glaciers et Glaciers rocheux, Vallée de l'Ubaye. Sabença de la Valèia[END_REF]. Fortunately, no-one died in any of these events, but they partially blocked the Ubaye river 1,100 m farther down the valley. Because this activity recurs every 15 years on average, the RTM conducts field surveys every year in late spring to check for the possible formation of a new lake. As reported by the RTM (M. Peyron, personal communication) the lake contains water most of the year, most probably originating from snow and ice melt in the watershed (Fig. 1b). Except in the years when outburst flood events occurred, water flows of variable intensity were observed in the outlet zone during all the field surveys.

Due to the potential risk posed by this site, [START_REF] Buckel | Etude de la stabilité du glacier rocheux du fond de Chauvet[END_REF] and (Guibert, 2013) investigated the stability of the talus front and the subsequent debris propagation along the Chauvet valley. Their results suggest a very low probability of the recurrence of the phenomenon, furthermore, if it occurs in the future, the amount of destabilised material would likely not pose a threat for the Ubaye valley because of the morpho-topographic characteristics below the talus front (e.g., the existence of a deposit zone at 2,350 m a.s.l., see Fig. S2). However, no investigation of the dynamics of the Chauvet glacial and periglacial system itself was undertaken before 

2.3.

Climate settings S2M, commonly referred to as SAFRAN datasets, (Durand et al., 2009b(Durand et al., , 2009a;;Vernay et al., 2020) produced by Météo-France were used to describe climate change and the hydro-meteorological conditions that preceded the outburst events during the last 60 years (Fig. 3). This part of the Southern French Alps is mainly influenced by a Mediterranean climate with precipitation originating both from the Atlantic disturbances and Eastern atmospheric fluxes. The hydro-meteorological conditions described in the S2M dataset for 2,700 m a.s.l. shows mean annual precipitation of 1,100 mm a -1 (64% corresponding to solid precipitation). The dataset shows no notable changes at this altitude in the last 60 years (Fig. 3b). Although Durand (2009a) and Gobiet (2014) agree that the Southern French Alps are the region most affected by increasing temperatures (the mean annual air temperature at 1,800 m a.s.l. is 1.7 °C higher than in the central Alps) as suggested by Beaumet (2021), warming is not representative at 2,700 m a.s.l. Conversely, in late spring, a marked increase in monthly temperatures (-3 °C and -1.6 °C, for the periods 1960-1990 and 1990-2019, respectively) has been recorded, as well as a reduction in the thickness of the snowpack (from 1.5 to 1.0 m) for the same periods. We identified no trends in annually averaged temperature increase and cumulative precipitation (Fig. 3a andb). 

METHODS

A multi-disciplinary approach was used combining (i) Structure from motion Multi-View Stereo (SfM-MVS) in historical and modern aerial images and spaceborne images, (ii) a geophysical survey (Electrical Resistivity Tomography, ERT and induced polarisation IP), and (iii) geomorphological surveys. These original and complementary datasets allowed us to characterise the glacio-geomorphological settings, analyse the spatialtemporal changes in the Chauvet glacial and periglacial system (surface elevation and flow velocity), and to investigate and estimate the distribution and thickness of the ice.

Production of DSMs and ortho-imagery using SfM-MVS photogrammetry

Our main source of data was the open-access aerial photo library belonging to the French National Institute for Geographic information (French acronym IGN) and its online tool "Remonter le temps" ("Go back in time") which contains historical aerial photographs from 1948 to 2013. Table 2 lists the nine campaigns used in this study. Digital surface models (DSMs) and orthoimages were produced using SfM-MVS techniques with Agisoft Metashape software (version 1.6) [START_REF] Smith | Chapter Eight -Digital Mapping: Visualisation, Interpretation and Quantification of Landforms[END_REF]. This methodology has been shown to perform well in DSM production using historical aerial photographs of highalpine environments (e.g., Cusicanqui et al., 2021;Mertes et al., 2017;Westoby et al., 2012).

We selected ground control points (GCPs) coordinates using the IGN Web Mapping Service (WMS) (Rodríguez et al., 2008), using easily identifiable features (e.g., boulders) visible on recent high-resolution images of stable areas outside the Chauvet glacial and periglacial system. We were able to use the same set of 20 GCPs (Table 2) for all the surveys. For the elevation of the GCPs, we used a reference DSM from IGN RGE ALTI-5m (±5m of uncertainty over flat areas) to extract this information. Finally, all SfM-MVS derived DSMs and ortho-images were resampled to 1-m horizontal resolution to allow easy comparison.

A UAV survey was performed using a Phantom 4 RTK on the 17 th of August, 2020 to compensate for the lack of available images after 2013. The survey covered the entire Chauvet glacial and periglacial system. Independent GCPs were measured using a rover (Trimble SPS351 GNSS receiver) and a local base station (GB1000 Topcon) located 1 km farther down valley. We also used two stations of the Permanent GNSS Network (Réseau GNSS Permanent, RGP) for GCPs post-processing. Vertical and horizontal uncertainties of more than 0.1 m were found for all GCPs. The UAV DSM was resampled to 1 m resolution (to be consistent with the aerial photographs), in addition to the original 20-cm resolution DSM.

To complete the set of images and to obtain broader spatial coverage than the UAV (Table 2) a pair of sub-metric optical stereo-images from the Pléiades constellation (CNES, Airbus D&S) was acquired over the entire Ubaye valley on the 9 th of August, 2020. The DSM and ortho-images at 1 m and 0.5 m resolution, respectively, were acquired with the Ames Stereo Pipeline (ASP) workflow (Shean et al., 2016) using rational polynomial coefficients (RPCs) and eight independent GCPs distributed over the entire image and measured with a differential GNSS (Trimble Geo7X as a rover and four permanent GNSS as base stations). Although the robustness of Pléiades processing based only on RPCs has already been demonstrated for mountain regions by [START_REF] Berthier | Remote sensing estimates of glacier mass balances in the Himachal Pradesh (Western Himalaya, India)[END_REF][START_REF] Berthier | Glacier topography and elevation changes derived from Pléiades sub-meter stereo images[END_REF], we included the eight GCPs in the triangulation process, to improve the accuracy of the derived products.

As slight horizontal shifts caused by local inaccuracy of GCPs (generally associated with the low-resolution of historical images) were identified, we performed supplementary 'co-registration'. This method makes it possible to reduce uncertainties (e.g., Cusicanqui et al., 2021). We used the Iterative Closest Point (ICP) methodology proposed by Besl and McKay (1992) with Shean (2016) workflow. The 2009-DSM was used as a reference to align the other DSMs for this co-registration procedure. We chose this DSM since it gathers the best characteristics in terms of geometry (i.e. low B/H ratio, radial distortions of photographs), snow-free cover, shadows and surface reconstruction. The area used for co-registration covered 3.11 km 2 which accounted for 21% of the DSMs (Fig. S3). Finally, the ortho-images were also shifted using the values given by the alignment for each respective DSM (Table S1).

Changes in surface elevation

We used the Difference of the DSM's (DoD) metric to evaluate changes in the surface elevation of Chauvet glacial and periglacial system. For this purpose, we used the co-registered 1-m DSMs for six sub-periods (Table 2). Additionally, we quantified total changes over the entire study period (1956-2020, Fig. S4). The uncertainty of the DSMs was estimated using normalized median absolute deviation (NMAD, Höhle and Höhle, 2009) on the stable terrain outside the Chauvet glacial and periglacial system and in the surrounding valleys (Fig. S3). The uncertainties were computed using the 2009 reference DSM for each DSM, yielding an overall average value of 1.3 m (specific uncertainties are listed in Table 2). Unfortunately, we had to exclude DSMs for 1948 and 1990 because of the higher uncertainties (e.g., of more than 3 m) and the poor quality of the surface reconstruction.

Computing horizontal surface displacements

We computed 2D surface displacements from feature tracking image correlation techniques using IMCORR algorithm in SAGA software (Conrad et al., 2015;Scambos et al., 1992). The following parameters were set up for the feature tracking stage: search chip size = 64 pixels, pattern chip size = 32 pixels and grid interval = 10 pixels. Next, a two-step semiautomatic filtering procedure was applied to the correlation points. First, the points in the thermokarst lake area as well as in snow/shadow area, because they caused incoherent correlation points. Second, given the complexity of the terrain, a semi-automatic filter step was used to remove noisy values following the criteria of flow direction and anomalous displacement values. Once the values were filtered, we interpolated the correlation points onto a 5-m resolution grid using an inverse distance weighted method (Fig. S5). Lastly, we computed surface displacement uncertainties using feature-tracking correlation points based on the same stable areas as those used for the DSM co-registration process around the Chauvet glacial and periglacial system (Fig. S3). Here again, we masked the correlation points located over a slope > 30° as well as snow covered/shadowed areas that presented noisy values.

Geomorphological mapping

A detailed geomorphological map of the Chauvet glacial and periglacial system was produced using the UNIL legend [START_REF] Lambiel | Development of a thermokarst lake and its thermal effects on permafrost over nearly 10 yr in the Beiluhe Basin, Qinghai-Tibet Plateau[END_REF][START_REF] Schoeneich | Comparaison des systèmes de légendes français, allemand et suisseprincipes de la légende IGUL[END_REF] because it is the most suitable for detailed mapping in mountain environments. The UNIL legend was adapted to account for the different glacio-geomorphological features of the area. A field survey was undertaken from the 17 th to the 19 th of August 2020, based on printed 5-m resolution aerial orthophotos and shaded relief maps. The geomorphological features were then digitised on QGIS software using the very high resolution UAV-derived ortho-image and hillshade DSM to refine details (section 3.1).

To identify the nature and the activity levels of the processes that presently shape the Chauvet glacial and periglacial system, we used multi-temporal data sources (ortho-images and hillshaded DSM from 2009-2020) which also enabled better identification and spatial delineation of the type of landform, especially to distinguish glacial (glaciers, debris-covered glaciers) from periglacial landforms (rock glaciers and push moraines).

In addition, different positions of thermokarst lakes and of the talweg were observed over time. We digitised their positions for each year where orthoimages and DSMs made this possible. The thermokarst depressions were delineated following their upper edge (Fig. S6c). Likewise, the talweg was always digitised from the rock outcrop (located in the front sector of the talus) up to the thermokarst lake. This mapping procedure allowed us to 

Geoelectrical survey

ERT tomography has been widely used to detect and monitor mountain permafrost in the past 30 years (e.g., Kneisel, 2006;Mollaret et al., 2019) including in rock glaciers with 2.5-D profile inversion (e.g., Bosson et al., 2015;Duvillard et al., 2021;Maurer and Hauck, 2007) and recently in 3D (Duvillard et al., 2018). In addition to ERT techniques, induced polarisation (IP) is often used to confirm the presence of ice and permafrost (Abdulsamad et al., 2019;Duvillard et al., 2018). IP can be related to the properties of the electrical double layer coating the surface of the grains [START_REF] Kemna | An overview of the spectral induced polarization method for near-surface applications[END_REF]Revil et al., 2020). ERT and IP surveys were carried out on 17-21 September, 2020. During the field campaign, four transverse profiles (5-m electrode spacing) below the thermokarst zone were performed. (Fig. 7 andS7). Next, a large-scale 1,200 m longitudinal profile (20-m electrode spacing) was carried out above the thermokarst zone, crossing the thermokarst lake passing through the talus front and ending 160 m farther down valley see map, bottom right in Fig. 7). We used 10mm thick and 40-cm long stainless steel electrodes (Table 3). During the acquisitions we used salted water and bentonite to improve the electrical contacts between the electrodes and the ground (Maurer and Hauck, 2007) and the different cables were connected to an ABEM Terrameter SAS-4000 resistivity meter. We used the standard Wenner configuration for both acquisitions because of the best signal-to-noise ratio in complex areas like inside rock glaciers (Dahlin and Zhou, 2004;Kneisel, 2006;[START_REF] Revil | Three-dimensional resistivity tomography of Vulcan's forge, Vulcano Island, southern Italy[END_REF]. Electrode coordinates were measured using a differential GNSS (Trimble Geo7X) with a 2-cm accuracy and post-processed using the RGP-GNSS network. The ERT and IP data were then inverted in RES2DINV 3.54.44 software using a smoothness-constrained least squares method and a standard Gauss-Newton method (Loke and Barker, 1996). The ERT and IP datasets are expressed in terms of conductivity and normalised chargeability (both expressed in S m -1 ) so they can be interpreted with petrophysical models used in previous studies (Coperey et al., 2019;Duvillard et al., 2018).

RESULTS

Glacio-geomorphological analysis

Geomorphological mapping provides keys to understanding the glaciogeomorphological dynamics and their spatial relationships within the Chauvet glacial and periglacial system (Fig. 4). For better readability and to exclude some uncertain mapped elements (which are nevertheless useful for the discussion), here we focus on six main morphological units: 4) occupies most of the valley between 3,100 and 2,800 m a.s.l. No ice is currently visible at the surface, but ice can be seen in the oldest aerial photographs dating from 1898, 1948, 1956 and 1973 (see Fig. S8b andc). Field observations by Assier and Evin (1995) and the present study suggest that the thickness of the debris layer is currently between 0.6-1 m. ii. The debris-covered glacier on the left-orographic side of the Chauvet valley (DCG_up_left on Fig. 4) is located on a small suspended cirque between 3,200 and 3,000 m a.s.l. The old military map (Fig. S8a) and the photograph taken in 1898 (Fig. S8b) suggest that this glacier was connected to the main glacier at around 2,900 -2850 m a.s.l. during the LIA. Today, some remnants of massive ice are probably present in this sector but are completely covered by debris. However, we did not include this sector in our analysis because it is not directly connected to the main glacial and periglacial system. iii. The thermokarst area (TK, Fig. 4 andA6) is characterised by a topographic depression in the middle of the watershed where the lakes form (observed since 1948, Fig. S8c). An ice cliff is clearly visible (Fig. A6) on the southern side of the main depression, revealing massive ice under the <1 m thick debris layer, suggesting glacial origin. iv. On the northern side of the Chauvet glacial and periglacial system a back-creeping push-moraine (BC-PM, Fig. 4), according to the definition of Delaloye (2004), is developing. It is characterised by frozen sediments previously pushed away by a glacier advance on the lateral side of the glacier. After the glacier retreat, this still-frozen debris was subject to a 'counter-movement', or back-creep (Lukas, 2011). The E-W oriented furrow and ridge morphology in this area clearly indicates back-creep towards the thermokarst depression along a mean slope of 16° (Fig. A6c andf). This landscape can already be distinguished in the oldest photographs, where a N-S displacement is clearly visible (see Section 4.3).

Between the TK area and the talus front, a central elongated depression splits the valley bottom into two parts (Fig. 1b). The talweg is clearly identifiable after 1948 and separates two areas with marked morphological asymmetry:

v. The lower debris-covered glacier (DCG in Fig. 4) is located on the left-orographic side of the valley between 2,800-2,750 m a.s.l. It is characterised by rather simple morphology with a large flat area and arcuate or linear ridges several metres in height and several tens of metres in length; it covers 2/3 of the area. The surface granulometry consists of smaller blocks than the right-orographic side with large quantities of fine sediments, the mean slope is 22° (Fig. A6). vi. The rock glacier (RG on Fig. 4), with a bulging/convex surface area that extends the BC-PM and a well-marked talus front (40° slope) at 2,710 m a.s.l. The position of the talus front appears to be stable, controlled by the underlying slope break in the bedrock (Figure A6), and delivers debris to the steep ravine system immediately downstream.

Figure 4. Glacio-geomorphological context of the Chauvet glacial and periglacial system, according to its status in late summer 2020. The morphological units delineate the main zones discussed in the paper using the following abbreviations: RG: rock glacier; DCG: debris-covered glacier; BC-PM: back-creeping push moraine; TK: thermokarst

Changes in surface elevation

The changes in thickness across the Chauvet glacial and periglacial system area are expressed as annual changes in thickness in the six sub-periods between 1956 and 2020 as well as the absolute change over the entire 1956-2020 period, see Fig. S4). Because the interest mainly relies on the dynamics of thermokarst lakes, but also because snow and shadow often alter the quality of data on the upper part of the Chauvet glacial and periglacial system, here we present the results for the lower part, roughly from the thermokarst area down to the talus front (Fig. 5a). Once the vertical changes within the limits of detection (0.1 m a -1 on average over the period 1956-2020, Fig. 5b) were removed, some patterns remained relatively stable both in space and over the whole period investigated.

Regarding spatial patterns, the highest thinning rates (-1.1±0.1 m a -1 , Fig. 5) were found in what is the lower tongue of the DCG_up at 2,800 m a.s.l. and above, with mean total absolute change in thickness of -18±1.3 m over this area (Fig. S4g). The TK sector is the second sector the most affected by thinning (0.75±0. (mean total loss of -15±1.3 m for the area). Surface changes were stronger on the DCG than on the BC-PM, with similar thinning rates ranging from -0.3 to -0.5 m a -1 (corresponding to variations of -11 to -8.5±1.3 m in surface elevation, respectively) over the entire 1956-2020 period.

Alternating linear patterns of small and large vertical changes were found in the RG and BC-PM, most probably indicating transformation of the ridges downslope. On the RG, the limited thinning rates of -0.15 m a -1 (-3±1.3 m of lowering of the surface) were rather homogeneously distributed over the landform. Stronger positive and negative values were measured locally on the frontal sector, indicating erosion and deposition processes related to the advance of the rock glacier. The talus front became detached in one period (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)) (Fig. S4c). Local surface lowering was observed along the talweg in different periods: in the 1956-1973 period near the RG front; in the 1986-2004 period in the median section; and in the 2004-2009 period, when several parts were affected (Fig. S4).

Regarding temporal patterns, we reconstructed spatially averaged (over an area with a radius of 20 m) time series at eight sites (four on the left and four on the right orographic side) located at the ends of the four ERT transverse profiles approximately in the centre of the DCG, BC-PM and RG (Fig. 5a). Rather low but constant thinning rates reaching -0.2 m a-1 for the DCG and -0.05 m a-1 for the RG and the BC-PM were observed during the first periods (1956-1973, 1973-1986, 1986-2004). Subsequently, the surface lowering pattern was contrasted on the left-and right-hand side of the landform. On the left-hand side, an increase in surface lowering was identified between 2009 and 2012, with rates finally returning to their original values. On the right-hand side, the increase in surface lowering occurred stepwise and the highest values were reached after 2012 (multiplied by factors of 2).

Regarding changes in the thermokarst lake, intermittent behaviour and low thinning rates were observed between 1956 and 2004 (an average of -0.2 m a -1 for this period, Fig. S4). From 2004 until 2012 (see Fig. S4d to e), high thinning rates were observed in the TK sector (an average of -1.1 m a -1 for the entire period). Surprisingly, in the last period 2012-2020 (Fig. S4), very localised variations in thickness were observed in the TK region, likely linked to the ice cliff and to the formation of the thermokarst lake. Additionally, in the same period, a general lowering of the surface characterised the Chauvet glacial and periglacial system with slight thinning -0.2 m a -1 (Fig. S4). However, over the talweg, the thinning rates were reduced (i.e. within limits of detection) and suggest what was previously considered as the roof of the englacial conduit was in equilibrium (Assier and Evin, 1995). 2 for details).

Surface displacements

The spatial distribution of the surface displacements was reconstructed for 10 sub-periods (1948-2020, Figure S5) and the surface velocity patterns were averaged over the whole 1948-2020 period (Fig. 6) for the lower half part of the Chauvet glacial and periglacial system. Looking at general spatial patterns, we noted that the DCG_up sector presented the highest velocities of the entire study period (> 1.5 m a -1 ). In the vicinity of the TK sector, the orientation of the ice fluxes converged towards the depression. Downslope fluxes converged towards the talweg, almost perpendicular to the general E-W oriented slope of the valley. The DCG sector had slightly higher velocities (0.5 ± 0.2 m a -1 on average) than the RG (0.25 ± 0.2 m a -1 on average). In the contact zone between RG and BC-PM, the ice fluxes diverged towards the frontal sector to the west and towards the central depression to the east. Regarding the spatio-temporal patterns of the surface displacements, on average, the two orographic sides of the area of interest displayed rather similar orders of magnitude (0.5 ± 0.2 m a -1 , Fig. 6) but with different spatial variability, the behaviour observed on the DCG was more homogeneous than on the RG and BC-PM. The highest surface velocities (2.0 and 1.2 m a -1 ) were observed in the DCG_up and the BC-PM areas, respectively, in the first sub-period 1948-1956 (Fig. S5a), in contrast to the slow movements observed in the RG and DCG areas (0.3 ± 0.2 m a -1 ). This spatial pattern was repeated in the four following sub-periods but with lower values (by a factor of 3) in the BC-PM and DCG_up areas (Fig. S5). Remarkable changes occurred on the DCG after 2004, where the surface flow velocities increased drastically to 1.0 ± 0.2 m a -1 , whereas the increase was more progressive on the RG and the BC-PM starting in the late 1990s.

On the latter landforms, the maximum surface displacement values of the observational period were reached in the 2012-2015 period, whereas the peak, although not as clear as for the RG and BC-PM, was reached between 20042009 on the DCG (0.6 m a -1 , Fig. 6b). Between 2004 and 2015, a well- 17 marked acceleration over TK and DCG_up (+0.2 m a -1 with respect to the previous period) was observed. In the last two sub-periods, slower surface velocities were found on the right-orographic units (RG and BC-PM), with a clear decrease between 2015 and 2018 followed by an increase between 2018 and 2020, whereas the central part of the RG was almost unchanged.

In the RG sector, a slowdown was observed even to the point of being stable (i.e. but still within the limits of detection) for the last period 2018-2020 (Fig. S5). In contrast, the DCG did not show similar behaviour, this sector remained stable with velocities roughly the same as in the periods since the increase in 2004 (Fig. 6 and Fig. S5).

Internal structure

Figures 7 and S7 show geo-electrical conductivity and normalized chargeability tomograms, respectively. First, regarding the transverse profiles (P1-P4 in Fig. 7) there is a general pattern of massive ground-ice distribution between the two orographic sides. However, the left orographic side of the talweg (DCG sector) clearly had the lowest conductivity values (-7 S m -1 ) overlaid by a thin 1-2 m layer of debris (left side in Fig. 7).

Conversely, the right orographic side (BC-PM and RG) had higher conductivity values (-5 S m -1 ) but buried below a thicker 10-15 m layer of debris (locally reaching 20 m). Regarding the longitudinal profile (P5 in Fig. 7), massive ice (>50 m thick) can be seen upslope of the thermokarst depression where the lake is currently located, and continuing below the lake down to the transverse profile P3 (Fig. 7). Below P3, the bedrock is visible on the tomograms and the core of massive ice below the debris layers appears to be thinner and is likely less homogeneous. Farther down, below P4, the ice content decreases gradually until the talus front, where no frozen material is visible.

Striking features can be distinguished related to the thermokarst lake in panels P5 and P2 (Fig. 7). Indeed, on P5 a high conductive area (yellow to red colours) at a depth of 20 m with respect to the level of the lake recorded in 2020, strongly suggests the presence of a liquid water-rich zone.

Similarly, on P2 close to the intersection with P5, a high conductivity area is visible approximately 5 m below the surface (Fig. 7) suggesting an empty/partially water-filled area. During the field campaigns in August and September 2020, it was possible to hear water circulating underneath the debris layer, even though no water was visible at the surface. 

Spatio-temporal dynamics of the thermokarst lakes and talweg

Among the elements that stand out over time, the migration of the talweg and the thermokarst lake are the most important. The talweg migrated in a general southward direction and migration was more pronounced in the vicinity of the thermokarst depression where it migrated horizontally more than 50 m. The magnitude of the migration gradually decreased approaching the talus front where it did not exceed 15 m (Fig. 8b and Fig. S6). Although the preferential direction of migration was southward, an inverse pattern was observed on each transverse profile during the most recent period (2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020) where the direction of migration abruptly turned northwards in all cases, reaching 10 m for P1 and 2 m for P3 (Fig. 8b). The thinning rates at the location of the talweg present the same pattern with strong negative vertical changes in the TK sector and less pronounced changes (-50%) close to the talus front (reaching respectively, -2.5 and -1.2 m a -1 ,). The thinning rates became much more pronounced after 2004 (Figs. 8 andS6).

The behaviour of the thermokarst sector differed slightly from that of the talweg. From 1948 to 1990, lakes developed intermittently (new small lakes 19 appeared and disappeared), all migrating mainly southwestwards. After 2004, a single lake was present at the surface, but this time, it migrated in the opposite direction (southeastwards) while increasing in surface area (Fig. S6). In agreement with Assier and Evin (1995), we hypothesise that the talweg and thermokarst lake are connected below the debris layer because the same pattern of migration is reflected in the entrance to the englacial conduit, still in a southwesterly direction for between 10 and 20 m, (Fig. S1). Conversely, the same pattern was not observed at the englacial conduit outlet, which remained stable over time. This area has not undergone any drastic movements. 2). In the center of the profiles P1 to P4, the pale blue square contains dots that correspond to the thalweg displacement. The panels on the right are close-ups of the pale blue squares showing cumulative horizontal displacements vs cumulative changes in the elevation of the outletchannel using, respectively, DSM and ortho-image acquired in 1956 as references.

DISCUSSION

Changes in the glacio-geomorphological and thermokarst system

During the LIA, glaciers in the Southern French Alps occupied a total area of 157 ha. Since then, glacier retreat reduced the total area to 56 ha in 1996 and to a mere to 25 ha in 2015 [START_REF] Assier | Glaciers et Glaciers rocheux, Vallée de l'Ubaye. Sabença de la Valèia[END_REF]. The glacierised area [START_REF] Gardent | Inventaire et retrait des glaciers dans les alpes françaises depuis la fin du Petit Age Glaciaire[END_REF]. Based on the current massive distribution of ground-ice in the Chauvet glacial and periglacial system (Fig. 8), it is very likely that the upper Chauvet watershed (above 2,740 m a.s.l.) was largely covered by a clean ice glacier during the LIA. This assumption is supported by historical archives: i.e. old photographs taken by Coolidge (1898, Fig. S8), military maps dated 1854 from the French military 'Service géographique de l'Armée' (IGN, 2021; Fig. S8) and geomorphological evidence: e.g., lateral moraines containing relatively fresh material, located on both sides of the valley from 2,780 to 2,800 m a.s.l., near the main break in slope (Fig. 4). Geomorphological evidence of glaciers in the LIA has also been found on the nearby Marinet Glacier (1.5 km further ENE) at around 2,700 m a.s.l. [START_REF] Etzelmüller | Nouvelles données sur l'âge de la mise en place et les phases d'activité du glacier rocheux de Marinet I (Haute-Ubaye, Alpes du Sud françaises)[END_REF]. Historical maps and terrestrial photographs (Fig. S8) suggest that two branches formed the main Chauvet glacier body during the LIA, a main branch (in terms of size) flowing ESE-WNW probably merged with a brach flowing SSE-NNW starting in the small north-facing hanging cirque (DCG_up_left in Figure 4) located between 3,200 and 3,000 m a.s.l. Despite uncertainties concerning the exact geometry of the LIA glacier, we can assume that, during glacial advances, it pushed frozen sediments originating from the rock glacier that occupied the right-hand side of the valley. The melting of the debris-covered glacier and the bedrock topography then led to a massive downwasting in the central depression. This resulted in a general flow of the BC-PM and DCG oriented towards the center of the depression. This hypothesis would explain the concave topographical depression as well as a re-adjustment of frozen material like the back creep movements in the BC-PM sector, as a consequence of buried and reworked material (Kirkbride and Winkler, 2012;Matthews et al., 2014). In addition, the identification of the convex pumped area below the lake, likely bedrock (P5 ERT profile, Fig. 7), could explain the presence of the topographical concave depression.

However, in the oldest observable evidence, i.e. an aerial photograph taken in 1948, only the upper part of the Chauvet glacial and periglacial system contains partially clean ice (Fig. S8) suggesting strong mass wasting in the previous period . Significant negative mass balances in the 1930s and 1940s related to enhanced solar radiation and a positive Atlantic Multidecadal oscillation [START_REF] Huss | Strong Alpine glacier melt in the 1940s due to enhanced solar radiation[END_REF](Huss et al., , 2010) ) led to rapid glacier wasting, evidence for which has been also been found in the Mont Blanc region [START_REF] Nussbaumer | The Little Ice Age history of the Glacier des Bossons (Mont Blanc massif, France): a new high-resolution glacier length curve based on historical documents[END_REF]Vincent et al., 2010b). As the Chauvet glacial and periglacial system became thinner and confined in its hanging valley, it was no longer able to efficiently evacuate the load of sediment, as observed in other glacial and periglacial systems (Bosson et al., 2015;Shroder et al., 2000), and the sysytem became mostly debris covered with inverted ablation gradients (Benn et al., 2012;Gärtner-Roer et al., 2021;Ragettli et al., 2016, Fig. 5). The surviving massive ice, likely of glacial origin, may be explained by the thicker layer of debris which insulated the ice, thereby ensuring its preservation for a long time (Benn et al., 2003;[START_REF] Hambrey | Sedimentological, geomorphological and dynamic context of debris-mantled glaciers, Mount Everest (Sagarmatha) region, Nepal[END_REF]. In this way, the Chauvet glacial and (Bosson et al., 2015;Capt et al., 2016;[START_REF] Hambrey | Sedimentological, geomorphological and dynamic context of debris-mantled glaciers, Mount Everest (Sagarmatha) region, Nepal[END_REF]. In such a stationary but continuous small thinning state, water runoff is common in the ablation area. As the underlying ice prevents the water from percolating, it is trapped until the lake drains (Kääb and Haeberli, 2001). The concave configuration of the Chauvet glacial and periglacial system (Fig. 7) probably enhances the formation of the supraglacial lake by constantly feeding it with water originating from snow and ice melt and filling a natural depression which later encounters thermokarst conditions (Harris et al., 2001;Kääb and Haeberli, 2001;[START_REF] Lambiel | Development of a thermokarst lake and its thermal effects on permafrost over nearly 10 yr in the Beiluhe Basin, Qinghai-Tibet Plateau[END_REF]. In fact, the concave shape of the surface has only become larger, the fact it became more pronounced after 1970 is explained by the presence of thermokarst lake (Fig. 9).

Lake drainage and outburst floods

Enhanced water runoff at the surface promotes the formation of ice caves due to sub-or intra-glacial water discharge (Haeberli, 2013). As mentioned by Kääb and Haeberli (2001), when thermokarst lakes reach their maximum level, an 'overflow channel' is often visible at the surface, the channel is formed by the mechanical erosion caused by the flow of water in the ice, where water is evacuated. Erosion caused by flowing water likely explains the talweg at the surface of the Chauvet glacial and periglacial system, which has been observed since 1948 (Fig. 2). Conduits can form through surface debris layers along permeable englacial debris bands that connect areas with different hydraulic potential [START_REF] Gulley | Structural control of englacial drainage systems in Himalayan debris-covered glaciers[END_REF][START_REF] Krainer | Flow Velocities of Active Rock Glaciers in the Austrian Alps[END_REF]. However, photographic evidence (Fig. 2c, A2 and A3) rather shows an englacial conduit as a source of drainage. The entrance to the englacial conduit has been observed on a couple of occasions to be connected to the thermokarst lake but at different locations, whereas the outlet of the englacial conduit appears to remain relatively stable (Fig. S1, A2 and A3). Outside outburst periods, the entrance is not visible at the surface.

Englacial conduits are typically found in polythermal glaciers (e.g., Vincent et al., 2010aVincent et al., , 2010b;;[START_REF] Sugiyama | Triggering and Drainage Mechanisms of the 2004 Glacier-Dammed Lake Outburst in Gornergletscher, Switzerland[END_REF], sometimes at the glacier bed, and often linked with supraglacial lakes (Röthlisberger, 1972;Spring andHutter, 1981, 1982). Englacial conduits are less common in debris covered glaciers. Their origins are attributed to a temperate thermal state inside the debris-covered glacier (Hodgkins, 1997;[START_REF] Stuart | Characterization of englacial channels by ground-penetrating radar: An example from austre Brøggerbreen, Svalbard[END_REF]. In such cases, a conduit could start with supra-glacial streams and supra-glacial ponds that evolved in near-surface channels continually incise vertically/laterally towards the bedrock (e.g., [START_REF] Fountain | Inventaire et retrait des glaciers dans les Alpes françaises depuis la fin du Petit Age Glaciaire[END_REF][START_REF] Gulley | A cut-and-closure origin for englacial conduits in uncrevassed regions of polythermal glaciers[END_REF]. Once a conduit evolves under the debris mantle and is sufficiently formed vertically/laterally, it can be enclosed and become an englacial conduit in the second stage [START_REF] Gulley | A cut-and-closure origin for englacial conduits in uncrevassed regions of polythermal glaciers[END_REF]. Depending on the thickness of the [START_REF] Fountain | Inventaire et retrait des glaciers dans les Alpes françaises depuis la fin du Petit Age Glaciaire[END_REF].

As observed by Sugiyama (2008), the internal thermal state of the glacier plays an important role in the development of an englacial conduit within the ice. Such conduits are preferentially located at the interface between cold and temperate ice. In this context, the internal development of the englacial conduit in the Chauvet glacial and periglacial system is likely one consequence of the difference in temperature. This hypothesis is supported by the marked differences in conductivity (between 4.5-5.5x10 -5 Sm -1 and 6-7x10 -5 Sm -1 on the right and left-hand sides, respectively). According to the classification of resistivity values proposed by Hauck and Kneisel (2008) and [START_REF] Scapozza | Stratigraphie, morphodynamique, paléoenvironnements des terrains sédimentaires meubles à forte déclivité du domaine périglaciaire alpin[END_REF] these conductivity values are likely related to cold and temperate (i.e. water saturated) ice masses, suggesting two different thermal regimes (Bosson et al., 2015). Nevertheless, as no internal temperature is available to support this hypothesis, caution is called for in its interpretation.

Once these conduits are relatively well developed, further enlargement is mainly caused by frictional heat dissipated from the running water that melts the tunnel walls [START_REF] Clarke | Hydraulics of subglacial outburst floods: new insights from the Spring-Hutter formulation[END_REF]Röthlisberger, 1972;[START_REF] Spring | Numerical studies of Jökulhlaups[END_REF], while the sinuosity of the conduit depends on the thickness of the debris layer and on the size of its components [START_REF] Boyd | Supraglacial stream incision into debris-covered ice, Matanuska Glacier, AK[END_REF]. However, enlargement of the conduit depends on both water discharge and water temperature, which will determine the rate of opening (Röthlisberger, 1972). According to Vincent et al. (2010a), slight variations in water temperature (0.8 °C in the case of Rochemelon Glacier, French Alps) could enhance erosion of the ice in the outlet channel of a supraglacial lake. On the other hand, the closure of the englacial conduit can be caused by two processes: (a) the creep of ice at depth, where the closure rate is faster in larger channels than in smaller ones, but is less sensitive to size than the opening rate; and (b) enclosure by obstruction due to collapse [START_REF] Gulley | A cut-and-closure origin for englacial conduits in uncrevassed regions of polythermal glaciers[END_REF]Röthlisberger, 1972).

In the Chauvet glacial and periglacial system, the well-developed englacial conduit (Fig. 2b andA2) seems to be one consequence of an initial surface stream that drained the water resulting from ice/snow-melt and rainfall. This hypothesis is supported by the talweg, which is already visible on the oldest aerial photograph dated 1948, probably a consequence of the strong negative mass balance during the 1890-1950 period [START_REF] Huss | Strong Alpine glacier melt in the 1940s due to enhanced solar radiation[END_REF](Huss et al., , 2010)). Currently, the existence of the englacial conduit can be still supported by the underground/englacial water circulation (upstream and downstream from the thermokarst zone) and the anomalies encountered on ERT P2 which may indicate an empty/water-filled cavity (at a depth of 3-5 m, Fig. 7) likely corresponding to the entrance of the englacial conduit (3-4 m in diameter). Unfortunately, such changes and the geometry of the According to annual RTM reports and the present study, since 2002 a thermokarst lake of varying size (never bigger than 2,000 m 2 ) forms every year accompanied by an ice cliff visible towards the surface (RTM, personal communication). The fact water can be heard flowing underneath the debris layer and can be seen at the outlet (Fig. S1) suggests that the englacial conduit is always (at least partially) open outside outburst periods, suggests that water can be evacuated efficiently. However, in the years outburst floods occurred, an unusually big lake was observed (area 18 times bigger than average, see Table 1 and Fig. A4 and9) suggesting the englacial conduit was closed/obstructed. According to the S2M dataset, no clear relation between the outburst events and exceptional rainfall in the preceding years (outburst in 1970(outburst in , 1990(outburst in and 1997, Fig. 3, Fig. 3) nor very high snow melt rates has been recorded. The only exception was the 2008 event, when early and rapid snow melt rates (80 days before the event) and heavy rainfall (50 days before the event) may have increased the predisposition for a new outburst (Fig. 3f).

Regarding the closure of the englacial conduit in the Chauvet glacial and periglacial system, it may be one consequence of the creep process cumulated for several years. This hypothesis is supported by the converging creep flows observed on the RG, BC-PM and the DCG units (Fig. 6), that converge towards the talweg. Close to the TK zone, the BC-PM sector moves two times faster than the DCG (Figure 6b). Further down, between the P3 and P4 ERT profiles, the surface velocities are less pronounced and the RG area moves twice slower than the DCG area. These observed surface flows likely explain the constant migration of the talweg. Since large volumes of water are evacuated by the englacial conduit in late spring, thereby considerably contributing to the reopening of the englacial conduit, the increase in ice melt over the last two decades (Fig. 5 and S4) means water is also available in summer, thereby enhancing creep (Cicoira et al., 2019;Wagner et al., 2021), which could explain englacial conduit closure due to accelerated flows. However, more research is needed to confirm this hypothesis.

Lastly, the geological context of the Chauvet glacial and periglacial system and the possibility of water drainage through a karstic network may also play a role. Glacio-karst environments are poorly known due to the complexity and huge effort required for their study [START_REF] Veress | Karst Landforms of Glaciokarst and Their Development[END_REF]. In the Chauvet watershed, evidence of karstification (e.g. lapiez, cave entrance) can be found in the landscape [START_REF] Ford | The Physiography of the Castleguard Karst and Columbia Icefields Area, Alberta, Canada[END_REF][START_REF] Maire | Les karsts sous-glaciaires et leurs relations avec le karst profond[END_REF][START_REF] Nicod | Les massifs karstiques des Alpes occidentales : trame structurale et bioclimatique[END_REF]. The presence of three transverse geological faults, the first located below the thermokarst system and the other two located down valley from the talus front at 2,500 and 2,300 m a.s.l., respectively, plus the fact water is visible in the two latter geological faults, supports the hypothesis of a karstic water network (Fig. S9). Further research is required to fully understand the role of karst drainage in this context.

Hazard assessment

The likelihood of an outburst flood depends on many different factors including potential flood volume, outburst mechanisms, erosion and deposition processes, distance to infrastructures, etc. (Haeberli et al., 1989). Although it is beyond the scope of this study to analyse all these aspects of the risk relative to a potential outburst flood in the Chauvet glacial and periglacial system, we can nevertheless provide some information concerning potential future events.

In the historical context of the Chauvet glacial and periglacial system and given our analysis of current conditions, our results strongly suggest another outburst flood will occur in the future. First, in the current glaciological context, 60% of the surface area (notably DCG_up, BC-PM and DCG sectors) is occupied by debris-covered glaciers with ice masses below the debris layer (40±10 m thick, Fig. 7). Further, the predominant "bucket shape" topography and continuously growing water storage capacity, which has increased by a factor of 5 since 1948 (Fig. 9) allows potential storage of 180,000 ± 350 m 3 of water. Moreover, the current slope between the lake and the outlet sector is 10° (20 m in elevation), i.e. sufficient for drainage to occur (Fig. A6b). Long-term monitoring over seven decades provided insights into past and ongoing climate-related dynamics of a complex mountain environment where glacial and permafrost interactions are intertwined. Understanding the dynamics of these poorly known environments is timely because it highlights their delayed response to climate forcing and potential future hazards related to rapid cryosphere degradation. Our multidisciplinary approach revealed complex and contrasted spatio-temporal patterns and functional interactions between different landforms. In the upper part of the valley, a small debris-free glacier turns down valley into a debris-covered glacier that occupies most of the central part of the valley. Farther downslope, a rock glacier developed all the above mentioned features, with different response times depending on their nature, material properties and physical conditions. The specific dynamics of these landforms (surface velocities and thinning rates) have enhanced the ice-flow towards the topographic depression where clear signs of mass down wasting interplay with a thermokarst lake which has increased steadily in size since 1948, leading to six outburst floods. Collected evidence shows that the drainage of the thermokarst lake and the related outburst occurred through an englacial conduit with a changing entry location but a fixed outlet, likely due to the contrasted dynamics among the landforms in which it is located.

Based on the findings of this study, we propose that the outburst floods occurring at the Chauvet glacial and periglacial system depend first, on a complex combination of several hydro-meteorological conditions (i.e. precipitation, the snow and ice melt rates). Although the previous events showed no clear pattern, meteorological conditions plays a major role in water availability, notably in late spring (snow melt), and consequently influences the opening/enlargement rates of the englacial conduit; second, the closure of the englacial conduit seems to be a consequence of a cumulated process of creep over several years and sometimes local collapse of the roof, which prevents the system from efficiently evacuating the water; third, the probably temperate thermal state (suggested by ERT acquisitions, Bosson et al., 2015) favours water circulation within the ice; forth, a suspected karst network whose role is currently unknown; and fifth, the topographic conditions (i.e. bucket shape with barriers damming the lake with a current 180,000 ± 350 m 3 water storage capacity) with sufficient slope below the lake, and followed by a steep terrain connecting the Chauvet glacial and periglacial system to the Ubaye valley (1,100 m difference in elevation).

Although the exact mechanism leading to the outburst floods remain unknown, this study can serve as a base for future studies because it provides important insights into the dynamics and the functioning of complex environments which need to be studied in more detail. Further studies (i.e. numerical simulations) as well as more observational data are needed to better understand the processes occurring at the site. Additional measurements (e.g., ice thickness distribution, ground/ice temperatures, 2) derived from difference of DSMs (DoD). Each map from (a) to (f) represents a specific sub-period. For each sub-period , the limits of detection (LoD) were set at 0.1 ma -1 computed from average uncertainties (for details see Table 2). Each panel, shows the limit of the morphological unit (described in section 3.5) as well as the talus front in 2020. The dashed pink line shows the location of the outlet-channel at the end of each respective period. (g) shows the changes in absolute thickness for the entire study period also derived from DOD. The LoD was set to 1.3 m. 2). Each map (a) to (j) shows one specific sub-period. The coloured background corresponds to annual displacement rates. The arrows show preferential direction of displacements obtained from the feature tracking stage. Each panel shows the limits of the morphological units (defined in section 3.5) as well as the talus front in 2020. The dashed pink line shows the location of the outlet-channel at the end of each respective period ( showing the main faults, resurgence of water (yellow stars) observed on field surveys (Table 1). For detailed description and official legend please refer to geological maps: "Aiguille de Chambeyron (0872N)" and "Embrun-Guillestre (0871N)" (Guidon, 1994;Guidon et al., 1994). S2. Summary of zonal statistics for variations in thickness (dh in meters) and thickness variation rates (dh in meters per year) for each morphological unit delineated in Figure 4 (see section 3.5 for details). The values were extracted from individual sub-periods of thickness (Fig. S4) except for DCG_up_left (hanging glacier) which was excluded from the study area. S3. Summary of zonal statistics of surface velocities (in m an -1 ) for each morphological unit delineated in Figure 4 (see section 3.5 for details). These values were extracted from individual sub-periods of surface velocities (Fig. S5), respectively, except for DCG_up_left (hanging glacier) which was excluded from the study area. 
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ABSTRACT

Thermokarstic depressions and lakes are common features in the Arctic, but rarely observed in alpine regions. Nevertheless, thermokarstic depressions can represent a significant natural hazard due to their ability to store large amounts of water in ice-dammed lakes. We explore here the life cycle, from initiation to inactivation, of several thermokarst features that have developed over seven decades in the Col de Vés rock glacier/ground ice complex (Vanoise massif, French Alps). Massive ice of probable glacial origin could be found under a thin debris layer in the upper part, whereas the frontal part shows rock glacier type features. We investigate the evolution of three generations of thermokarsts by combining aerial photogrammetry and geophysical survey. The thermokarst depressions hosted lakes with volumes between 10 3 and 10 5 m 3 . Possible portions of collapsed flow channels are visible on the rock glacier's surface, but no outflow traces are visible at the front. A geophysical survey shows the presence of an infiltration area under the largest (and now empty) thermokarst. The water drains through a limestone karst towards an unknown outlet. We also observed that the rock glacier lost significant volume in its central part, in concomitance to an increase in surface velocities.

INTRODUCTION

The study of the evolution of rock glaciers allows to better document and understand changes in the cryosphere in reaction to climate change. Indeed their displacement rates vary accordingly to the fluctuation in ground temperature and local hydrological characteristics (Bodin et al., 2009;Delaloye et al., 2010;Buchli et al., 2018;Cicoira et al., 2019). This connection holds at different time scales, from decennial (Bodin et al., 2009;[START_REF] Ipa | IPA Action Group Rock glacier inventories and kinematics. Towards standard guide lines for inventorying rock glaciers, Baseline concepts[END_REF] and inter-annual (Delaloye et al., 2008;Kenner et al., 2017) to seasonal (Delaloye et al, 2013;Wirz et al., 2016). Commonly, rising temperatures prolonged over decades favor permafrost degradation in these landforms, a process which can cause, depending on local conditions, either the inactivation (e.g. Scapozza et al, 2010), the acceleration (e.g. Delaloye et al, 2008) or the destabilization of the rock glaciers (e.g. Marcer et al, 2020). Nevertheless, in specific conditions, rock glaciers can exhibit permafrost degradation through a fourth process consisting in the development of thermokarsts (Kääb and Haeberli, 2001).

Thermokarsts are surface depressions that result from the thawing of ice-rich permafrost and / or the melting of massive ice [START_REF] Murton | Global Warming and Thermokarst[END_REF]. These depressions offer topographical traps for surface water, causing the formation of so-called "thermokarstic lakes" (Van Everdingen, 1998). Lake formation requires three special conditions, as defined by Kääb and Haeberli (2001): (i) area-wide permafrost to seal the lake bottom; (ii) super-saturation of ice-rich ground as a precondition for thaw settlement; (iii) flat topography to enable lake growth without corresponding melting of topographic barriers damming the lake. Such conditions are often found in arctic landscapes (see [START_REF] Angelopoulos | Thermokarst Lake to Lagoon Transitions in Eastern Siberia: Do Submerged Taliks Refreeze[END_REF][START_REF] Nitze | The catastrophic thermokarst lake drainage events of 2018 in northwestern Alaska: fast-forward into the future[END_REF][START_REF] Zandt | Glacier-wide seasonal and annual geodetic mass balances from Pléiades stereo images[END_REF] but rarely in alpine environments. The already known mountain thermokarst lakes mainly developed on rock glaciers from glacial origin (see Jones et al., 2019, their Figure 10) due to their massive ice structures, which cause significant surface lowering if subjected to thawing. To date, only one case study of thermokarst lake has been analyzed in the Alps (Haeberli et al., 2001;Kääb and Haeberli 2001). Kääb and Haeberli (2001) described the evolution of a thermokarst located in a debris covered dead-ice area, showing that the lake growth is presumably controlled by thermal convection of water, by a change in climate conditions and/or the lake bottom topography.

Thermokarstic lakes are often hosted by unstable ground, which can therefore generate brutal lake spill-outs. In turn, these events represent a risk for the inhabitants of alpine valleys by triggering floods and debris flows (Haeberli 2013). In France, Restauration des Terrains en Montagne (RTM), a division of the French National Forest Office (ONF) is responsible for natural hazard management in mountainous regions. In the past 10 years the RTM started assessing the emerging hazards related to ice-rich permafrost degradation and rock glacier destabilization by systematically inventorying all rock glaciers in the region (Roudnitska et al., 2016). Thanks to this effort, the Col de Vés rock glacier was flagged as a specific site of interest due to the large thermokarstic lakes observed on its surface and its proximity to the Tignes ski resort area. Since 2016, the PermaRisk project (EU-ERDF) focuses on emergent hazards due to mountain permafrost degradation, and the Col de Vés is one of its study sites.

This paper aims at documenting and describing the evolution of these large thermokarstic lakes by combining two approaches namely time lapse orthoimagery and geophysical survey. Time lapse orthoimagery has become a commonly used methodology to study rock glaciers in the past 20 years. It has been used to evaluate displacements, loss of thickness, and geomorphological features (e.g. Kääb and Vollmer, 2000;Capt et al., 2016;[START_REF] Dall'asta | Unmanned Aerial Systems and DSM matching for rock glacier monitoring[END_REF][START_REF] Hendrickx | The reproducibility of SfM algorithms to produce detailed Digital Surface Models: the example of PhotoScan applied to a high-alpine rock glacier[END_REF]. Electrical Resistivity Tomography (ERT) has been broadly used to detect and monitor mountain permafrost in the past 30 years (e.g., Kneisel, 2006;Mollaret et al., 2019). It has been applied to the study of rock glaciers both in 2.5 D (Maurer and Hauck 2007;Hilbich et al., 2009;[START_REF] Bosson | The influence of ground ice distribution on geomorphic dynamics since the Little Ice Age in proglacial areas of two cirque glacier systems[END_REF] and recently in 3D (Duvillard et al., 2018). In addition to ERT, Induced Polarization (IP) can be used to confirm the presence of ice and permafrost (e.g., Duvillard et al., 2018;Abdulsamad et al., 2019). In absence of metallic particles and in presence of moisture in a porous or fractured rock, IP is related to the properties of the electrical double layer coating the surface of the grains (e.g., Revil, 2012). One of the advantages of IP is that it can be measured with the same equipment as that used for ERT [START_REF] Kemna | An overview of the spectral induced polarization method for near-surface applications[END_REF].

Due to its geomorphological characteristics and potential hazard involved, the Col de Vés ground ice complex represents a unique natural laboratory in the French Alps to evidence the rapid evolution of the landscape. Indeed, orthoimagery analysis can be carried over seven decades, starting from 1956 to 2019. Such long-term monitoring can be used to evidence the subtle geomorphological evolution of the landform and estimate its mass and energy balance over the investigation period. In addition to orthoimagery, a geophysical survey was conducted in 2019 along a 1260 m-long profile. Both ERT and IP were acquired allowing to fully map the landform structure along the rock glacier/dead-ice body. The key scientific questions we want to answer are (1) what are the conditions required for the formation of a thermokarst, (2) could we have potential water flow and geohazards associated to the thermokarst, and (3) could we observe a relationship between the evolution of thermokarst and climate change?

STUDY SITE AND CLIMATIC CONTEXT

Regional context

The Col de Vés ground ice complex is located in the eastern side of the Northern French Alps, an area characterized by a dry alpine-type climate. In average the 0°C isotherm is located at 2600 m.a.s.l., while mean annual precipitation at valley bottom is typically 800 mm/y. The HISTALP climatic database [START_REF] Auer | HISTALP-historical instrumental climatological surface time series of the Greater Alpine Region[END_REF] suggests a mean temperature shift of +1.4 °C between the late Little Ice Age (LIA) and the last decades (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008). This temperature change is responsible for the retreat of the glaciers. For instance the nearby Grande Motte glacier lost 35% of its surface area between the late LIA and 2006 [START_REF] Gardent | Multitemporal glacier inventory of the French Alps from the late 1960s to the late 2000s[END_REF]. Atmospheric warming also has a high incidence on rock glacier acceleration and destabilization (Marcer et al., 2020). According to Marcer et al. (2019), the local climatic conditions are favorable to the presence of permafrost in the top part of the ground ice complex, while permafrost is potentially thawing in the central area and along its lateral boundaries.

The Col de Vés ground ice complex

The Col de Vés is located above the Tignes ski resort in the Haute-Tarentaise valley (Vanoise massif, France), on a North-oriented slope at an altitude comprised between 2,700 and Publication III 2,800 m a.s.l. (Figure 1). It hosts the Col de Vés rock glacier (also called the Pramecou glacier) and its periglacial complex. The Col de Vés rock glacier/ground ice complex forms a broad debris-covered accumulation (0.8 km² in 2019), which lies at the foot of a 200 m-high rock cliff called the Pointe de Pramecou (3009 m a.s.l.). It could be divided into two part: (1) On the foot of the North faced rock wall of Pramecou, scree-covered ice cones are still present and represent a residue of a former debris-covered glacier. ( 2) Further down, a large hilly area hides a massive ground ice body. This hilly area is covered with boulders and some depressed parts show longitudinal features resulting either from glacial overriding (fluted moraines) or from flow processes. The boundary between the debris-covered glacier and the ground ice body is gradual in the western and central parts, and very sharp in the eastern part, with the ice-scree cones ending in a depression. Surface features raise the question of the characterization of the ground ice body. Massive ice is observed in the central part under a thin debris cover (<0.5 m), suggesting a glacial origin. The two main fronts of the accumulation exhibit however a rock glacier like shape with a steep frontal talus and some concentric ridges (Figure 2). It will be the role of the geophysical survey to help in describing the transitions from debris-covered glacier to the ice body, and from the massive ice to the front.

The surface material is composed of medium to coarse blocks (up to 3 m) from massive and chloritic marbles [START_REF] Broudoux | Géologie des unités de Vanoise septentrionale et méridionale de Pralognan à Tignes Alpes de Savoie[END_REF]). An East-West fault, described in the geological map, is present under the ground ice complex [START_REF] Deville | Carte Géol[END_REF]. An underground flow in a deep karst had already been conceptualized by Chardon 1992 in order to explain the draining of water from the Grande Motte and Pramecou (i.e. Col de Vés) glaciers. This study suggests a deep water flow in the SW direction according to some visual information during the tunneling of the funicular of the Grande-Motte in 1990.

To the best of our knowledge, the present work is the first study documenting this ground ice complex. Other works in this area were performed 1.5 km further south on the large Grande Motte glacier (~3.9 km²; [START_REF] Gardent | Multitemporal glacier inventory of the French Alps from the late 1960s to the late 2000s[END_REF] whose extension overflowed the eastern most part of the Col de Vés/Pramecou area during the LIA [START_REF] Vivian | Le glacier de la Grande Motte[END_REF][START_REF] Vivian | Les grands groupes glaciaires. Les glaciers de la Vanoise[END_REF].

On the western side, some earthwork associated with the creation of ski slopes and a chair lift was performed in 1981. Pylons numbered 16 to 18 were built on the rock glacier itself and were built with an adjustment-system to accommodate expected ground displacements (Duvillard et al., 2019).

DATA AND METHODS

Our analysis is based on a multidisciplinary approach. The first step was the comparison of historical and recent orthoimages, together with some historical maps. It permitted to reconstruct the evolution of glaciers, of the thermokarst and of the surface dynamics of the rock glacier. Then, we compared historical and recent Digital Elevation Models (DEMs) in order to understand and to quantify the surface elevation changes of the landform. Finally, we conducted a geoelectrical survey on the site, allowing quantifying ice content and thickness of the ground ice body.

Surface and topography reconstitution from archive images

In order to reconstruct the evolution of the morphology of the landform, we used the Structure from Motion (SfM) approach treating together historical aerial images and recent UAV photogrammetry.

Orthoimages and DEM generations

The library of IGN (French National Geographic Institute) contains historical aerial photographs of the French territory (e.g., Plu and Ducher, 1988). Aerial images were acquired by the IGN on a regular basis since 1948 providing an exceptional database for diachronic studies (Table 1). These pictures have been shot during summer because of the absence of snow cover. We extracted from this database aerial images for eight periods (see Table 1) and processed them using the classic SfM approach using Agisoft Metashape [START_REF] Smith | Structure from motion photogrammetry in physical geography[END_REF]. It produces both a DEM and an orthoimage for each aerial image set. For georeferencing the model Ground Control Points (GCPs) coordinates were acquired from a master frame using the data base of the IGN called "BD ALTI 5m". GCPs were collected outside the perimeter of the rock glacier, in order to increase the accuracy of the resulting orthoimage within the landform area. We identified common GCPs on stable areas (e.g. large-size boulders ~2 m 3 ) that remain clearly identifiable for all periods (see Table 1 for details). In addition to these pictures, orthophotographs from 2000 to 2015 and SPOT 6-7 images from 2015 to 2018 are available on QGIS by using the IGN Web Map Service (WMS). This web page provides a key access to the IGN dataset (e.g., Rodriguez et al., 2008). Drone images of the rock glacier were also acquired in August 2019 to complete this set of images. To reference these images, twelve targets visible on the frames were measured in-situ using a post-processing kinematic Global Positionning System (GPS Trimble Geo7x) characterized by a 2-cm accuracy and used as GCPs. GPS data were treated using the software Trimble Pathfinder.

Once the DEMs and orthoimages were generated, we could observe a slight shift between the images for some periods caused by local inaccuracy in the GCP's (generally associated with some low-resolution historical images). A supplementary step of 'coregistration' was therefore made using the methodology proposed by Nuth & Kääb (2011). In this case, we use the 2009-DEM as the reference to align the other datasets. A surface of 0.7 km² was used to co-register the DEMs. We chose this DEM since it is characterized by the best geometrical construction, few snow patches, and surface reconstruction. Finally, we also aligned ortho-images using the corresponding values given by the DEM co-registration step.

Mapping of glaciers, thermokarst and lakes

A detailed geomorphological map was established, based on the high resolution DEMs and orthophotos of 2009 and 2019 and a field campaign in September 2019, and digitized on QGIS using the UNIL legend [START_REF] Scambos | Radiocarbon dating of fossil wood remains buried by the piancabella rock glacier, Blenio valley (Ticino, Southern Swiss Alps): Implications for rock glacier, treeline and climate history[END_REF]; Figure 3). Thermokarstic depression contours were digitized for each documented year on QGIS in order to measure their evolution during the investigated period. Each depression was outlined following the upper edge, where the limit of the subsidence is visible. Some of the depressions were filled with liquid water depending on the years. Lakes were digitized too, but their extension has not been measured due to strongly variable area through the summer with a higher water level in the photographs taken in September than the ones taken earlier in the season. Only onset, existence and disappearance dates are used.

Glacier extent was digitized for every available date on QGIS, as well as ice-dammed lakes in front of the glaciers (Appendix 1). Due to debris cover and to snow patches, the outline of glacier fronts was sometimes difficult, especially in the western part. Topographical changes from DEM comparison were used as help. In addition to the orthoimages, two old topographical maps were georeferenced and used for documenting previous glacier extent: the field minutes of the "Carte d'Etat-major" surveyed in 1865, and the 1:20'000 map surveyed in 1929. Due to the fact that these maps are based on field surveys and not on aerial photographs, they are of limited accuracy. They give however valuable information on the extent of glaciers over the landform, and allow the attribution of some geomorphological features to the LIA.

Calculation of surface elevation changes

Once the DEM was correctly georeferenced and co-registered, the elevation changes were calculated for each period using the difference in altitude between the different DEMs. A total of eight intervals could be analysed. Additionally, a ninth period was added concerning the entire study period (1956 -2019). At this stage, it was possible to observe the limits of the photogrammetric reconstructions caused by the effects of shadows, steep slopes, low image quality (especially in the 50s) and the presence of snow patches (mainly in the upper part of the investigated area). Therefore, we removed from our analysis the data corresponding to the upper part of the landform where the factors mentioned above were too strong (Figure 1). The uncertainty of DEMs was then estimated over a stable area of 0.62 km² within the surface used for co-registration and in front of the rock glacier by differencing the models against the master DEM. The mean standard deviation of DEM differencing after co-registration was ±1m (specific uncertainties are found in Table 1). Thus, values >1m were considered as significant out of Limits of detection (LoD).

Calculation of average mass balance

Debris-covered glaciers are a common glacier type in alpine environments and interact differently than debris-free glaciers to climate conditions (temperature and precipitation). Indeed the presence of these debris (and specially their thickness) at their surface modifies the ablation rates during the summer (Östrem, 1959;Anderson and Anderson, 2016;[START_REF] Nicholson | Supraglacial debris thickness variability: impact on ablation and relation to terrain properties[END_REF][START_REF] Moore | Debris properties and mass-balance impacts on adjacent debris-covered glaciers[END_REF]. As a result of this phenomenon, mass balance of debris covered glaciers has received particular attention (Scherler et al., 2011;[START_REF] Nicholson | Properties of natural supraglacial debris in relation to modelling sub-debris ice ablation[END_REF][START_REF] Thompson | Stagnation and mass loss on a Himalayan debris-covered glacier: processes, patterns and rates[END_REF][START_REF] Moore | Debris properties and mass-balance impacts on adjacent debris-covered glaciers[END_REF] because it can reveal how the glacier is responding to climate changes. In order to assess this phenomenon, area-averaged specific geodetic massbalance rates 𝐵 ´ were computed for each observation period using 𝐵 ´= ∆𝑉•𝑓∆𝑣 𝐴•∆𝑡 , (1) where A denotes the surface area of the glacier (in m 2 ), Δt denotes the duration of each observation period (in years), ΔV corresponds to the surface volume change (m 3 ), and finally fΔv denotes the density conversion factor which corresponds to mass volume change expressed in meter water equivalent (m w eq.). As mentioned in Fischer et al. (2015) and [START_REF] Huss | Density assumptions for converting geodetic glacier volume change to mass change[END_REF] we set the conversion factor fΔv to 0.85, which corresponds to a density of ice of 850 ± 60 kg m -3 . This value is recommended and commonly used for periods > 5 years for a study site with volume changes significantly different from zero [START_REF] Huss | Density assumptions for converting geodetic glacier volume change to mass change[END_REF]. The area of the debris covered ground ice body (630 558 m 2 ) was calculated using the best ortho-imagery corresponding to 2009 and this value was always used to calculate the glacier's average mass balance. This was done under the assumption that surface variations due to movements are negligible for this landform, as we could observe only small displacements of the rock glacier front in the investigated period.

In addition, we modeled the evolution of the thermokarst growth in relation to its energy balance. The volume variation of the thermokarst V(t) can be described as (Kääb & Haeberli, 2001):

𝑉(𝑡) = 𝐴(𝑡)𝑄 𝑒𝑓𝑓 𝑞𝜌 𝑡 (2) 
where A(t) (m 2 ) denotes the surface area of the thermokarst, Qeff (in Wm 2 ) denotes the effective melt energy per unit of time and unit surface area, q = 334 kJ/kg is the specific melt energy of ice, and 𝜌 = 0.9 kg/dm -3 is the bulk density of ice. Therefore, it is possible to derive the effective melt energy and its temporal variation by evaluating the morphological evolution of the thermokarsts according to:

1 ( ) ( ) Q ( ) eff dV t dA t q t A t dt dt           (3) 
where the derivative of thermokarst volume and surface areas are evaluated from the changes in the DEM and orthophoto data for each investigated time interval. In the present study we evaluated the temporal evolution of the effective melt energy 𝑄 𝑒𝑓𝑓 for the three major thermokarsts on the rock glacier surface for all the available investigation years.

Calculation of horizontal velocity changes

We used the ortho-rectified aerial photographs to quantify horizontal surface displacement rates within the observation periods by applying the IMCORR algorithm proposed in the software SAGA-GIS (Scambos et al., 1992;Conrad et al., 2015). We used a search chip size of 128 pixels, pattern chip size of 64 pixels and grid interval of 10 pixels as main parameters for the feature tracking step, since these parameters allowed us to obtain consistent results (Bodin et al., 2009). Additionally, a semiautomatic filtering step was applied to correlation points and vectors. First, we masked the thermokarstic lakes as causing incoherent values. Then, we also eliminated the values that were over the snow patches. We also took into account the direction of flow in order to eliminate noise values. In a second step, we estimated the uncertainties of surface velocities using the same fixed area used to evaluate the DEM's uncertainties. We also excluded from the analysis the inconsistent values obtained from feature tracking correlation over snow patches, and shadow areas. We obtained a mean value uncertainty of ±0.12 m yr -1 (details for each period are presented in Table 1).

Geoelectrical survey

In order to study the internal structure of the debris-covered glacier and its transition to the rock glacier, we performed a geophysical survey in August 2019. A longitudinal profile was performed from the roots to the tongue of the ice complex crossing three thermokarst depressions (labeled 1, 3, and 4 in Figure 1). Eight 160-m-long cables (1260-m-long profile) and a total of 64 electrodes (20-m-spacing) were connected to a resistivity meter (ABEM Terrameter SAS-4000). This large spacing at 20 m between the electrodes was chosen in order to have half of the profile outside the rock glacier surface to improve the quality of the measurements at depth. We used 10-mm-thick and 40 cm-long stainless steel electrodes. Salted water and bentonite were used to improve the electrical contacts between the electrodes and the ground (Maurer et al., 2007). Strong rains occurred the day prior to the field investigation and helped in getting low contact resistances (< 10 kOhm) during the acquisition. The Wenner configuration was used for resistivity and induced polarization because of its very good signalto-noise ratio in complex areas like in rock glaciers (Dahlin and Zhou, 2004;Kneisel, 2006). The topography used for the inversion of the geophysical data was obtained using a postprocessing kinematic GPS (Trimble Geo7X) with a 2-cm accuracy. The ERT and IP data were inverted with RES2DINV 3.54.44 using a smoothness-constrained least squares Gauss-Newton approach (Loke and Barker, 1996). The inversion was stopped at the 3 rd iteration when the convergence criterion was reached (Table 2). We use conductivity (expressed in S/m) rather than resistivity (in Ohm m) in order to easily interpret the tomogram with respect to the petrophysical models and data described in Coperey et al. (2019).

RESULTS

Extension of thermokarstic depressions

Five thermokarst depressions could be observed on the ground ice body between 1948 and 2019 (Figure 4), and can be grouped in three different generations. The first generation consists of the two largest thermokarst depressions, which developed before 1948 and were active until 1990. In 1948, year of the oldest photograph available, these two depressions showed an area of 16,700 m² (depression n°1) and 4,300 m² (depression n°2) respectively. By 1990, both depressions doubled their surface area, reaching 40,000 m² (depression n°1) and 9,100 m² (depression n°2) respectively. Depression n°1 contained a lake until the late 1960's and drained definitely after 1980. Depression n°2 contained intermittent lakes (1956-1980 and 1990-2014). Since 1990, we could not observe any significant growth of both thermokarst depressions. At least two small additional depressions were present on the Eastern part in the same period. One contained a lake in 1948 and disappeared completely afterwards. The other is visible from 1956 to 1967. They leave no geomorphological feature today. They reveal nevertheless the presence of ground ice in this part of the complex. These depressions are not numbered and will not be discussed further. The second generation consists of only one depression (depression n°3), which appeared in the central part after 1990 and before 1996. Its evolution was characterized by the co-development of a large main depression and three smaller depressions that rapidly merged into a single larger thermokarst. This depression grew from less than 500 m² in 1996 to 16,000 m² in 2019. It contained a lake until 2009 at least, and drained completely nowadays. Its extension slowed down since 2013. The third and last generation started to develop in 2017 (depressions n°4 and n°5). To date, these two depressions are relatively small but they are rapidly expanding with a growth rate approximately 500 m² / year to 1,000 m² / year in the period 2017-2019.

Glacier extent and glacial geomorphology

The easternmost part of the area was covered by a glacier tongue originating at the Dôme the Pramecou and connected to the large Grande Motte glacier. This glacier tongue built a complex morainic system, consisting of several broad coalescent lateral moraines enclosing a thick chaotic debris accumulation, possibly still containing ice. This area is outside of the ground ice complex considered in this paper and will not be discussed further. It is separated of the ice complex by a zone of flat, older glacial debris (see results in Appendix1).

The ground ice complex was covered by a local glacier developing at the foot of the surrounding rock wall. The maps of 1865 and 1929 show glaciers extending over the entire and half of the complex respectively. The drawing suggests white, debris free glaciers, which is consistent with the aerial photographs of 1948, 1956 and 1967 which show clean glaciers. This means that the landform was overridden by the LIA glacier, and that the dead ice body and its debris cover predate the last LIA advance.

The maximal LIA extent cannot be directly derived from the 1865 map. It was set on a double moraine like crest which separates the internal smooth area from the frontal rock glacier like area. The extent of 1929 is more reliable. It shows two lobes, corresponding to the two lobes of the supposed LIA frontal moraine, as well as to the two main accumulation zones. The eastern lobe developed in front of the main ice mass left in the 1950's to 1970's. The western lobe occupied the smooth depression between thermokarst depressions 2 and 1-3.

This depression appears streamlined by parallel ridges, that ressemble fluted moraines (well visible on figure 4), although such features are usually made of fine grained basal till rather than of large blocks like at Col de Vés. The glacier extent over the landform, as well as the absence of detectable flow movements support this interpretation. Such overriding and reshaping of a rockglacier by a LIA glacier has been described at Pas de Lona, Swiss Alps [START_REF] Gerber | Geomorphologie und Geomorphodynamik der Region Lona-Sasseneire (Wallis, Schweizer Alpen) unter besonderer Berücksichtigung von Lockersedimenten mit Permafrost[END_REF], Delaloye 2004).

Elevation changes and geodetic mass balance

The main sources of volumetric changes are concentrated in the central part (Figure 5). We could observe two clear different periods in the elevation changes between the upper and the lower part of the ground ice body. Between 1956 and 1986, changes were mostly concentrated around the thermokarst n°1 and 2 with a loss of 378 000 m 3 in the same period. Since 2000, the volume loss has been dominant in the upper part below the thermokarst n°3, and recently below thermokarst n°4 and 5, i.e. thermokarst n°3 loss of ~ 258 000 m 3 on the period 2001-2019. The effective melt energy was evaluated to be largely varying between thermokarsts and different years (see results in Appendix 2). In general, it can be observed that Qeff is consistent with the values obtained by Kääb and Haeberli (2000), i.e. 5 -10 W/m².

Horizontal surface displacement rates

Publication III

Although the horizontal surface displacement rates show significant spatial and temporal variations, in general higher surface velocities were observable close to thermokarstic depressions and the fronts of the rock glacier for the eight periods (Figure 7). ( 1) The initial period 1956-1967 shows concentrated surface velocities mainly in the lower part close to thermokarst n°1 (0.5 ± 0.12 m yr -1 ), and on the two rock glacier lobes RG-1 (0.3 ± 0.12 m yr -1 ) and RG2 (0.35 ± 0.12 m yr -1 ) (Figure 7). ( 2) The second period 1967-1986 was marked by a general decrease on surface velocities (Figure 6) including rock glacier fronts. The two next decades (periods 1986-1990 and 1990-1996) are characterized by slight accelerations for the entire landform. However, the acceleration on RG-1 and RG-2 is more pronounced, increasing by 0.2 ± 0.12 m yr -1 from 1967-1986 to 1990-1996 (Figure 6). Some small patches of accelerations of 0.7 ± 0.12 m yr -1 can be noticed close to the upper-central part close to thermokarst n°3-4-5. ( 5) Between 1996 and 2001, a general pattern of acceleration can be noticed. The displacements are mainly concentrated on RG-1 (0.3±0.12 m yr -1 ) and the central zone (0.2 ±0.12m yr -1 ). ( 6) The next period 2001-2006 is characterized by a strong acceleration of the entire landform mainly concentrated at the depression-1 and RG-2, both with mean velocities of 0.41 ± 0.12 m yr -1 . We also notice the activity of the western part of the rock glacier close to the ski run with surface velocity increasing from 0.1±0.12 to 0.3 ±0.12 m yr -1 , whereas the activity on the upper-central part close to thermokarst n°3-4-5 has stopped (Figure 7). ( 7) Then, the period 2006-2009 is characterized by a very slight deceleration (by 0.1 m yr -1 ) of the entire landform and RG-2 (by 0.1 m yr -1 ). However, higher velocities are present on RG-1 (0.5 m yr -1 ). Note that the displacements on the ski-run area has decreased by 0.15 ± 0.12 m yr -1 and the upper part has re-started the activity strongly (0.7± 0.12 m yr -1 ). ( 8) Finally, the latest period (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019) is characterized by a lowering of the surface velocities of the entire landform (by 0.15 ± 0.12 m yr -1 in average, see Figure 6). As for the period 2006-2009, the activity is still concentrated on almost the same locations (RG-1, RG-2 and upper central part).

Internal structure

Electrical conductivity and normalized chargeability tomograms show very low conductivity in the range of 10 -5 to 10 -6 S/m indicative of massive ice in the upper part of the profile (from 0 to 350 m distance under the n°3 and 4 thermokarst depressions). These values are similar to previous studies of ice-rich rock glaciers after conversion of kΩ m in S/m (see Hilbich et al., 2009;[START_REF] Bosson | The influence of ground ice distribution on geomorphic dynamics since the Little Ice Age in proglacial areas of two cirque glacier systems[END_REF]Mollaret et al., 2019). This is consistent with the in situ observation of massive ice at thermokarst depressions n°3 and 4. Higher conductivity values indicate an ice-rock mixture from the middle to the front of the rock glacier (from 350 to 700 m distance; Figure 8a,b). The section from ca 350 to 600 m corresponds to depression n°1, where massive ice was likely molten out until the 1960's and represents a residual deposit. The chargeability distributions suggest the contour of the rock glacier with a decrease of the ice content from the root zone to the front tongue (Figure 8c). The thickness of the ground ice could be comprised between 25 and 50 m according to the chargeability distribution. This result is consistent with a geomorphological interpretation of the rock glacier thickness at the front.

A very conductive area is present ~20 m below the depression of the 1950s (n°1), while the lake disappeared several decades before the survey. This anomaly is interpreted as a talik due to the presence of the former lake and as a preferential infiltration area through which the water body could drain into the underlying limestone bedrock.

DISCUSSION

Main controls on the evolution of the thermokarsts

The evolution of thermokarst seems to be controlled by two sets of factors: (1) the first are factors controlling the growth rate of the thermokarstic lakes. (2) The second set determines their location on the rock glacier surface. Regarding the second point, Kääb and Haeberli (2001) argued that the presence of massive ice is necessary for the development of a thermokarst. The first generation (1948~1990) of the observed depressions is located close to the transition to the rock glacier in an area likely characterized by the massive presence of ice during this period. The next generations (1990~2020) developed on higher ground close to the root zone of the ground ice body, where we can still observe the massive presence of ice in the shallow subsurface.

Regarding the first point, the energy balance of the thermokarst growth revealed values that are consistent with that found by Kääb and Haeberli (2000). According to this previous study, these values are consistent with short-and long-wave radiation balance, sensible heat flux, latent heat flux and heat flux from precipitation in high mountains lakes, indicating that lake water heating was consumed by ice latent heat. Nevertheless, effective melt energy was significantly higher for thermokarst n°3, reaching values above 50 W/m². These values may be related to positive feedbacks in ice melt triggered by convective processes in the lake water.

The life cycle of thermokarst depressions and lakes

Life cycle

The observed thermokarst depressions seem to develop over a time span of a few decades. The two small depressions n°4 and n°5 observable in 2019-2020 may represent the initial stage: small shallow lakes developing at the surface of the massive ice body.

Growing occurs through both widening and deepening of the lake, leading to a steep sided circular depression. Ice is exposed on the slopes, and this growing phase is most likely governed by thermal erosion by the lake waters. At Gruben Haeberli et al (2001) showed an asymmetric growth of the lake, due to thermal convection of the lake water. No such asymmetry could be observed at Col de Vés since the 1950's.

At some point the lake drains through the bottom. This happens possibly when the ice melt reaches the bottom of the massive ice, or when some drainage path develops through the ice. Once the lake disappeared, thermal erosion stops and the slopes of the depression evolve through widening of the depression, decrease of slope angle and covering by debris. No ice is exposed anymore. This growing-drainage-decline cycle can be observed on depression n°3 from 1996 to 2019. On a longer time span, the depression can continue to grow through lateral retreat of slopes, like depression n°1 after 1967.

Once the lake drained, the depressions remain dry, possibly indicating that there is no impermeable ice or permafrost layer left below. Only depression n°2 shows more than one lacustrine phase (i.e. 1956-1980 and 1990-2014).

Climatic control

Publication III

The diachronic analyses revealed a first thermokarst generation that was already fully developed in 1948 and grew until the late 1960's (depressions 1 and 2), and a second generation since the 1990's (depression 3). The temperature evolution in the French Alps shows a strong positive anomaly from 1943 to 1950, and a more discontinuous anomaly during the 1960's (figure X). Recent warming starts from 1988. This strongly suggests that the first thermokarst generation could have been initiated by the positive anomaly of the 1940's, whereas the subsequent depressions are due to the recent warming. The lack of reliable imagery and maps prior to 1948 does not allow to verify the hypothesis. The coincidence however suggests a climatic control on thermokarst development by air temperature.

Drainage of the thermokarst

Historical glacial lake drainage

We suggest a total emptying event of the thermokarst lake n°1 prior to the first historical archival image in 1948. The following clues are consistent with this hypothesis (Figure 9). Two water channels are observable on the 1948 and 1956 images NE of the thermokarst. They are still observable until the earthwork of the ski slope was performed in 2015 although sometimes less visible because of snow accumulation. They could be interpreted as subsurface water drainage channels cut into the ground ice. There is however no trace of any surface outflow in front of the rock glacier, so that this hypothetical drainage should have infiltrated somewhere before the front.

Internal drainage in a fault and/or karst

Almost the whole landform is underlain by closely jointed limestone and marbles. Although surface karst features are not well developed, the area is known for karstic water circulation [START_REF] Chardon | Evolution actuelle et récente des karsts de la Vanoise orientale : La Grande Motte, Tignes -Alpes[END_REF]. No surface water outflow is visible in front of the rock glacier, nor any trace of an outburst flow. Although the above mentioned potential channels can be observed on the surface of the debris covered ground ice body, all water seems to infiltrate before it reaches the front. On the field, circulation and water infiltration noises were only heard in depression n°1 during the acquisition of the geophysical profile. Thus, the water from the lakes infiltrates directly into the subsurface. It most probably drains through the limestone deep karst. The outlet is unknown but probably in the SW valley like the water from the Glacier de la Grande Motte.

The conductive anomaly observed on the conductivity profile under the depression n°1 expresses mainly a talik that developed underneath depression n°1, but it could also be explained by the presence of a fault in the substratum. This fault crosses depressions n°1 and 2 and could have contributed to the concentration of karstic drainage (Figure 10).

Ground water channels between the depressions

The conductivity and chargeability values in the geoloectrical profile suggest a water channel between the depression n°3 to 1 below the thermokarst n°4 (Figure 8a,b). Groundwater channels represent a challenge in geophysical imagery with few studies concerning rock glaciers (e.g., [START_REF] Langston | Internal structure and hydrological functions of an alpine proglacial moraine[END_REF]. [START_REF] Giardino | A model of water movement in rock glaciers and associated water characteristics[END_REF] suggested that subsurface water movement occurs along two flowpath types: supra-permafrost flow and sub-permafrost flow at the top and below an impermeable frozen layer. This concept has been proven by Krainer and Mostler (2002) who identified two storage reservoirs, the "quickflow reservoir", corresponding to suprapermafrost flow, and a "baseflow reservoir", which corresponds to sub-permafrost flow. Our results suggest that the latter process drives thermokarst water level in the Tignes ground ice complex. This "baseflow" circulation between thermokarst n°3 to 1 has probably been set up only recently (~ since 2000) due to loss in volumetric ice content under the depression n°3. It suggests that depression n°3 did not drain through the bottom, but rather laterally through an englacial channel, and joined the subglacial infiltration path under depression n°1.

Relation between velocities, water and thermokarstic lakes

The relationship between the rock glacier surface velocity, movement direction, growing thermokarstic lakes, and the presence/absence of water and lake remains unclear. The recent studies by Kenner et al. (2017) and Cicoira et al. (2019) showed that water from liquid precipitation and snow melt (instead of air temperature and permafrost warming / ice melting) are the two main drivers of long-term evolution of the creep of rock glaciers. We suggest a strong control/dependency of sub-glacier water on the activity of the rock glacier by three main processes:

(1) The emptying and drainage of the thermokarst lakes could have induced a local increase of the surface velocities, probably due to the water content change in the rock glacier. We suggest this process to explain the increase of velocities between 1956 and 1967 in the frontal part because there was a large lake in 1956 at the thermokarst n°1, which was evacuated in the period leaving two remaining small lakes in 1967. Likewise, during the period 1986-1996, the presence of massive ice and/or surface lakes (not so clear on the images) ~250 meters east of the beginning of the geophysical profile (close rock glacier limits) may explain the acceleration at the upper part. In addition, the presence and disappearance of water in the thermokarst n°2, could explain the increase in velocity and the spatial pattern at his location.

(2) A central water channel drains the water and controls the velocity and direction of movement of the rock glacier. During the period 1967-1986, the displacements were concentrated in the central part of the rock glacier mainly at the contact of the water channel on the surface.

(3) The decay of thermokarst generates local rearrangements because the deepening of the depression induces convergent creep towards the center of the depression. This is the case in the upper part near the thermokarst n°3 since 2006 as a result of the deepening of the thermokarst. Similarly, the direction of displacements observed in the eastern side is mainly opposite to the natural flow direction (south to north). This phenomena can be explained by elevation changes due to ice melt, deepening the glacial depression (-6 m during the decade 2009-2019) (Figure 5), causing steeper slopes, making the root of ground ice body moving in the opposite direction (Figure 7).

OUTLOOK

Publication III

Additional geophysical studies could be carried out to identify the geometry of the anomaly under thermokarst n°1 and the depth of the bedrock under the rock glacier. The ER and IP measurements could be performed in a grid in this anomaly zone in addition of ground penetrating radar measurements to visualize the bedrock topography (e.g. Capt et al., 2016). In addition, recent advances in petrophysics could make it possible to convert field data (conductivity and normalized chargeability) into liquid water content distribution (e.g., Revil et al., 2020). Finally, to better understand the circulation of water in this ground ice complex, water tracings could be considered to assess whether it is an infiltration in the karst or in a fault with an monitoring of the streams at the scale of the possible karstic drainage basin (e.g. Krainer and Mostler, 2002).

RISK ASSESsMENT

Although the largest thermokarst lakes have disappeared, the formation of new thermokarsts (n°4 and 5) suggests that a new cycle of thermokarst lake development could occur within the next decades. The probable drainage through the limestone karst and the absence of any outflow and outburst traces seem to indicate that these thermokarst lakes do not represent any threat to the Tignes ski resort. We nevertheless recommend that a monitoring should be developed to follow their evolution and forecast potential hazards. Along these lines, we suggest that, at the very least, photogrammetric drone survey should be performed every two years. If the volumes of water represent a resource for the ski resort of Tignes (e.g. to be converted into artificial snow), these lakes should be monitored in order to understand how they may empty or refill.

CONCLUSION

This study provides an integrated investigation of the changes in mass balance, surface velocity, diachronic mapping of thermokarst lakes over seven decades at the Col de Vés ground ice complex located in the Vanoise massif (France). Five thermokarst depressions were identified between 1948 and 2019, belonging to three different generations (1948-1990; 1990-2013; 2017-ongoing). The elevation and volumetric changes due to ice melting were concentrated mainly in the central part of the ground ice body, where massive ice can still be observed. It occurred in the central frontal zone between 1956 and 1986. Then this activity became dominant in the central upper part since 2000. The analysis of surface and volumetric changes shows that ice loss does not occur evenly over the whole surface, but is concentrated locally in successive thermokarstic depressions. These depressions show a "life cycle" (initiation, growing, lake fill, drainage and decline) over several decades. New generations of thermokarstic depressions develop subsequently on intact parts of the ground ice body. In the future, it is expected that the Col de Vés ground ice complex will continue to loose ice. The development of a new generation of thermokarst lakes (like thermokarst n°4) in the upper part of the glacier can be observed and should be followed. This study suggests water infiltration directly into the subsurface, which justifies future measurements in the field in order to fully understand the hydrological system of this ground ice complex.

The relationship between the surface velocity, movement direction, growing thermokarstic lakes, and the presence/absence of water and lake is unclear but suggests a strong control of the water flows due to the emptying of lakes, water channels or from the local reorganization of the water infiltrations on the activity of the rock glacier. The geophysical investigation points out a melted area in the central part of the rock glacier below thermokarst n°1. This conductivity anomaly could be due to a preferential water infiltration path possibly associated with a fault crossing the basement at this position. Geophysical study could play a key-role in showing the internal evolution of the ground ice body over time. 1. The number of data points and inversion error are listed in Table 2. Part III: Appendix 
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 1 Figure 1.1: a) Changes in global mean surface temperature (GMST) since the beginning of instrumental observations, the grey crosses in the top panel show the average of four datasets used in the assessment report, reproduced from Allen et al. (2019). b) Glacier mass budgets for the 11 mountain regions assessed in Chapter 2 of "Special Report: Special Report on the Ocean and Cryosphere in a Changing Climate -High Mountain Areas". Reproduced from Hock et al. (2019).

Figure 1 . 2 :

 12 Figure 1.2: Chronology of glacier fluctuations in the Swiss Alps during the late Pleistocene and Holocene. The two columns on the center left show calendar ages (BP) and radiocarbon ages (BP). The straight lines encompassing glacial fluctuations represent glacier lengths in 2000 AD (left) and in 1850 AD (right). The central line shows the approximate position of the glaciers in 1920 AD. The right column shows archaeological evidence in the vicinity of the Swiss and Austrian glaciers, including Ötzi. Reproduced from (Francou and Vincent, 2017).

Figure 1 . 4 :

 14 Figure 1.4: Diagram illustrating the development of landforms in cold environments in relation with debris input and ice activity. Variations of these two parameters in time induce landforms evolutions. Reproduced from Whalley (2009).

Figure 1 .

 1 Figure 1.5: (a) Schematic diagram of the relationship between MAAT and Mean annual precipitation (MAP) at the Equilibrium Line Altitude (ELA) (solid line), and between (mountain) permafrost and the thermal regime of the glaciers (modified afterBarsch (1996)). Above the solid line, glaciers dominate; below the line permafrost dominates in colder environments due to less precipitation. The permafrost-dominated regions are continuous and become discontinuous/sporadic. The approximate division was set at MAAT < -4 °C and < -1 °C, respectively. These values may be valid in a regional context; but marked local variations are widely reported due to the varying influence of topographic exposure, the kind of superficial material and the distribution of the snow. The rectangles illustrate possible glacier extensions within this diagram. 1. Cold glaciers in continuous permafrost; 2. polythermal glaciers in continuous permafrost (e.g., on Svalbard); 3. polythermal glaciers advancing in discontinuous permafrost (e.g.,, high mountain areas of Scandinavia or the Alps); 4. temperate glaciers advancing through the discontinuous mountain permafrost zone; marginal permafrost at the front due to favorable local climatic conditions (topography, snow drift, etc. e.g.,, MidtdaJsbreen, Norway); 5. temperate glacier (e.g.,, Nigardsbreen). (b) Simplified illustration of the relationship between permafrost zones (indicated with MAAT) and marginal glacial-geomorphological processes. The numbers correspond to the positions of the glacier in (a). Pf = Permafrost. Reproduced from(Etzelmüller and Hagen, 2005).

Figure 1 . 7 :

 17 Figure 1.7: Simplified diagram of a geophysical model of permafrost[START_REF] Van Everdingen | Unfrozen Permafrost and Other Taliks[END_REF]. Due to the inadequacy of the temperature 0 °C as the limit for the solid/liquid phase transition, permafrost comprises both liquid and solid phases of water at sub-zero temperatures(Dobinski, 2011;[START_REF] Dobiński | The Cryosphere and Glacial Permafrost as Its Integral Component[END_REF].
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 18 Figure 1.8: Examples of mountain permafrost. a) Hanging glacier on the south summit of the Grandes Jorasses, whose front is located at 3,980 m a.s.l., Mont Blanc massif; b) ice in rip niches on the Arête des Cosmiques at 3,605 m a.s.l. in 2006 (top: center) and in the west face of the Petit Dru at 3,530 m a.s.l. in 2011 (bottom; photo width: 50 cm), in the Mont Blanc massif; c) Laurichard rock glacier whose front reaches 2,420 m a.s.l, Combeynot massif; d) internal structure of the rocky glacier of Laurichard in the sector of the rimaye (bottom photo: zoom in the top photo; bottom photo width: 1 m). Reproduced from Bodin et al. (2015).

Figure 1 . 13 :

 113 Figure 1.13: Illustration of the typical components and visual features of an alpine rock glacier. From the top to the bottom, the rock walls, the talus slope, then Muragl rock glacier (Swiss alps). Visible areas characterized by complex morphology, uniform flow patterns, steep front and lateral margins distinguish the rock glacier in the landscape. Reproduced from Cicoira (2020).
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 1 Figure 1.14: Typical examples of active [a, b] , transitional [c, d] and relict [e, f] rock glaciers around the world: (a) Sourdough rock glacier, Wrangell Mountains, Alaska, USA; (b) Caquella rock glacier, Bolivian Andes of South Lipez, Bolivia; (c) Liapey d'Enfer rock glacier, Hérens valley, Swiss Alps, Switzerland; (d) rock glaciers in the Niggelingtälli, Turtmann Valley, Swiss Alps, Switzerland; (e) Hoelltal rock glacier, Niedere Tauern Range, Central Eastern Alps, Austria; and (f) rock glaciers beneath Le Mourin mountain, Valais, Swiss Alps, Switzerland. On the photographs, the dashed lines indicate the approximate boundary of the rock glacier. Reproduced from Jones et al. (2019b).

Figure 1 .

 1 Figure 1.16: Overview of thermokarst lakes inventory in the French Alps (Villard, 2018). a) Distribution of thermokarst lakes (red dots) according to the permafrost favorability index (PFI) from Marcer et al. (2017). b), c) and d) show examples of changes in thermokarsts at the three sites from 1950-1960 (left panels) aerial photographs (no precise date is available for these photographs) and more recent aerial surveys (on the right). Source IGN Géoportail.
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 1 Figure 1.18: GLOFs in the Chauvet glacial and periglacial system. Left panel shows a photography during water spill-out on 25 July 1997 acquired at Ubaye confluence (1,690 m a.s.l.); Right panel shows photography acquired on 17 July 2008 showing water being evacuated through the englacial conduit.

Figure 1 .

 1 Figure 1.20: Example of destabilization at the study site of Pierre Brune rock glacier. PB is a destabilized rock glacier a) approaching the peak phase of the destabilization process (Phase II to III in Fig.1onMarcer et al., 2021). b) Displacement rates of upstream and downstream landforms. These results are plotted together with movements of Laurichard rock glacier to enable comparison with a non-destabilized landform(Thibert et al., 2018). The destabilized mass starts moving faster than the upslope areas, creating a strongly discontinuous deformation pattern and the landform is dynamically disconnected from the corresponding surface disturbances. While the upslope area behaves like the (non-destabilized) Laurichard rock glacier, the downslope mass is still accelerating and reaching much higher displacement rates. c) Destabilization onsets between 1990 and 1995 in relation to the rapid development of crevasses. Crevasses were already visible in the area in 1990 but belong to an earlier destabilization phase that occurred in the late 1940s. Reproduced from(Marcer et al., 2021).

Figure 1 .

 1 Figure 1.21: Berard rock glacier collapse. a) Map of main geomorphological features with their limits of zones A, B and C. 1 = Limit of the remaining rock glacier; 2 = deposited mass with two different stages; 3 = area with a predominance of black shale debris; 4 = cracks; 5 = main scarp; 6 = mudflows; b) Photography of the mass detached from the main scarp 8 days before 2006 collapse; c) view of the landscape 1 year after the collapse (17 September 2007). Reproduced from[START_REF] Bodin | The 2006 Collapse of the Bérard Rock Glacier (Southern French Alps)[END_REF].
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 1 Figure 1.22: Overview of the debris flow stages. (a) shows the Arcelle Neuve stream, connecting the Lou rock glacier (1) and Lanslevillard (2). (b) shows the flooded area. (c) shows an excavator clearing debris from the area. (d) shows the pipe that channels the stream below the town before the confluence. Reproduced from[START_REF] Marcer | Rock Glacier Destabilization in the French Alps: Insights from Regional and Local Scale Assessments[END_REF].
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 1 Figure 1.23: Changes in rock glacier displacement rates in the French Alps in the three periods investigated grouped according to their destabilization rate. The size of the symbols is proportional to the measured displacement rate, while the color of the symbol shows the destabilization rate. The boxplots respect the standardized sizes and are grouped according to the observed interquartile (IQR) ranging from the 25 th (Q1) to 75 th (Q3) percentile; the whiskers represent the maximum (Q3+1.5*IQR) and minimum (Q1-1.5*IQR). Reproduced from Marcer et al. (2021).
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 1 Figure 1.24: General objectives and research questions of my PhD thesis.

Figure 2 . 1 :

 21 Figure 2.1: Overall multidisciplinary workflow used for my PhD thesis. Photogrammetric measurements and co-registration steps were developed to improve the accuracy, particularly of the oldest products, i.e., aerial photos (block A), as well as for the feature tracking process (block B). The geophysical and geomorphological methods used are presented in blocks C and D, respectively, block E describes the long-term reconstruction of cryospheric dynamics. The upper timeline shows an example of images acquired from the National institute of Geographic and Forest Information (France) (IGN) Geoportail. The gray square shows the type of data and the ranges of final resolution obtained through the SfM-MVS photogrammetric workflow.
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 1 Structure from Motion Multi-View Stereo photogrammetry (SfM-MVS)

Figure 2 . 2 :

 22 Figure 2.2: Left panel, SfM-MVS workflow. Right panel, the three key stages of hypothetical images, image matching (e.g., SIFT), SfM with camera parameters and sparse point clouds, and dense point clouds using MVS. Both panels were reproduced from Iglhaut et al. (2019).
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 2 Figure 2.3: Constant GCP distribution and configuration through inner and outer rings.
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 24 Figure 2.4: List of aerial photographs processed during preparation of my PhD thesis.
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 2 Figure 2.5: Workflow within Ames Stereo Pipeline (ASP) software. Reproduced from Broxton et al. (2009).
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 2 Figure 2.6: List of Pleiades spaceborn images successfully processed during the preparation of my PhD.
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 27 Figure 2.7: The upper panel shows a 2D scheme of differences in elevation caused by horizontal shift. The lower panel is a scatter plot of the differences in elevation between 2 DEMs showing the relationship between the vertical deviations normalized by the slope tangent (y-axis) and terrain aspect (x-axis). Reproduced from Nuth and Kääb (2011).
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 2 Figure 2.10: Validation of DSM using block coordinates measured using a total station or Differential Global Navigation Satellite System (d-GNSS) in the same acquisition year. This comparison shows the difference between "in situ" geodetic measurement of blocks elevation vs. their altitudes extracted from the DSM. Block coordinates were extracted from Thibert et al.(2018) 

Figure 2 .

 2 Figure 2.11: Schema of block-correlation techniques showing how surface displacements are measured. Reproduced fromKääb and Vollmer (2000).

Figure 2 .

 2 Figure 2.12: Effect of high pass filter processing on Landsat 8 pair velocity extraction (Slessor Glacier in East Antarctica). (a) Landsat 8 OLI scene, (b) High pass filtering enhances small scale features moving with the ice and eliminates variations in kilometer-scale brightness from the topography related to bedrock structure and ice flow. High pass filtering generally produces higher correlation indexes (d) and more complete ice velocity mapping (f) than the unfiltered scene (c and e). Reproduced from Fahnestock et al. (2016).
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 213 Figure 2.13: Example of surface velocity estimation over the entire aerial images for two periods. The green polygon shows the stable terrain used to estimate uncertainties.

Figure 2 .

 2 Figure 2.14: Comparison of horizontal surface velocities retrieved from correlation techniques vs. in situ measurements made on the Laurichard rock glacier between 1986 and 2019. The error bars of 'ImgCorr' results were established over the stable terrains (Figure 2.13).

Figure 2 .

 2 Figure 2.15: Estimations of Laurichard rock glacier bed. a) the distribution of GPR measurements through longitudinal profile and localization of transversal profiles. b, c, d, e) diachronic elevation profiles from 1952-2019 and bedrock geometry through PT1, PT3, PT7 and PT9 as examples.

Figure 2 .

 2 Figure 2.16: Schematic representation explaining the variables involved in the "flux approach"; Q in and Q out = flux input and output respectively (m 3 a -1 ); U s = observed surface velocity (m a -1 ); U d = depth averaged velocity (m a -1 ); b s surface mass balance (m a -1 ); H = rock glacier thickness (m); A = surface between two cross sections (m 2 ); ∂q/∂x = emergence velocity (m a -1 ).
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 2 Figure 2.17: Distribution of current nets and equipotentials in the subsurface and organization of a quadrupole (consisting of two current electrodes A and B and two potential electrodes M and N) on the surface of the ground. Reproduced from Meyer de Stadelhofen (1991).
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 2 Figure 2.18: The most commonly used arrangement of the devices in geoelectric prospecting of permafrost and the corresponding geometric factor. Reproduced from Marescot (2006).
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 2 20b and c, shows one interpretation of ERT processed data collected in this study (Publication II).

Figure 2 .

 2 Figure 2.19: Overview of ERT instruments. a) Electrode coils for 5 m spacing and box of electrodes; b) Cable and electrodes in place; c) Configuration of ABEM Terrameter connected to a battery for energy supply and to a second box where the cables of the electrodes are connected; d) Arrangement of ERT profiles at the Chauvet study site.

Figure 2 .

 2 Figure 2.20: Example of Chauvet Profile 1 ERT pseudo-section (Figure 2.17d); a) raw data after removal of outliers (white boxes); b) Robust full inversion model constrained by topography effect. The color-scale of b) have been reversed to be consistent with c); c) Resistivity scale and typical values of various materials. Reproduced from Bosson et al. (2015) which was originally adapted from Hauck and Kneisel (2008) and Scapozza (2012).
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 31 Figure 3.1: Perspective view of the Laurichard rock glacier in the Combeynot massif (aerial image acquired in 2018). The inset shows the permafrost favorability index map of the French Alps (fromMarcer et al., 2017) and the extent of glaciers in 2015 (fromPaul et al., 2020). Reproduced from(Cusicanqui et al., 2021).

Figure 3

 3 Figure 3.2: a) Changes in thickness (m a -1 ); b) emergence velocities (m a -1 );and c) surface mass balances (m a -1 ) for the three sub periods(1952-1971, 1971-1994 and 1994-2019) and three sectors (PT10-PT7, PT7-PT3, and PT3-PT1). The colored rectangles correspond to the uncertainty estimated after uncertainty propagation analysis. Reproduced from(Cusicanqui et al., 2021).
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 33 Figure 3.3: Map of Chauvet GPC in High Ubaye valley in the southern French Alps. (a) Map of the permafrost favorability index (PFI) distribution in the French Alps (adapted from Marcer et al., 2017). (b) Aerial oblique photographs of Chauvet acquired on August 7, 2020. The blue lines show Chauvet extension based on image inspection, field terrain observations and one Pléiades high-resolution satellite images. The yellow dotted lines delimit the morphological units, DCG: debris-covered glaciers; RG: rock glacier; BC-PM: Back creeping push moraine. The pink dashed line shows the outlet-channel and the black dashed line shows talus front. Photo credits: PGHM, RTM

Figure 3

 3 Figure 3.4: Photo-collage summarizing historical events related to outburst floods of Chauvet lake. (a) Outlet channel close to the terminus; (b) Collapse of the lower end of the roof of the englacial conduit; (c) Tunnel entrance close to the lake a few days after the lake had drained; (d) Ubaye river confluence (1690 m a.s.l.) during the 1997 outburst; e) Collapse of the outlet channel at the tunnel entrance; f) Water being evacuated through the englacial conduit.
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 35 Figure 3.5: Geoelectrical conductivity tomograms in S m -1 of the Chauvet glacial and periglacial system. 'Profiles 1 to 4' are transverse profiles acquired between the lake and the glacier front (green lines on the map) with electrodes spaced 5 m apart. 'Profile 5' is a largescale geoelectrical profile acquired from 200 m above the lake to 150 m beyond rock glacier front (red line on the map) with electrodes spaced 20 m apart. The cross and dotted points correspond to the surface elevation of the glacier in 1956 and 2020, respectively.
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  Pierre-Allain, Cusicanqui Diego, Charonnat Bastien, Marcer Marco, Revil André, Menard Gilles, and Schoeneich Philippe (Submitted). Evolution of thermokarsts over seven decades in an Alpine ice-rich rock glacier / dead ice complex. Land Degradation & Development Paper III addresses changes in several generations of thermokarst lakes (from their appearance to their inactivation) over seven decades by combining aerial photogrammetry and geophysical surveys in the Col de Vés glacial and periglacial system. Col de Vés is located above the Tignes ski resort in the Haute-Tarentaise valley (Vanoise massif, northern French Alps; Figure 3.6).
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 36 Figure 3.6: Map of the Col de Vés rock glacier in the Tignes ski resort. Labels 1 to 5 chronologically described the approximate timing of the depression formation.

Figure 3 . 7 :

 37 Figure 3.7: Large-scale geoelectrical profile of the Col de Vés glacial and periglacial system. A) Electrical conductivity tomography in S m -1 . B) Normalized chargeability tomograms in S m -1 . The dashed black line represents the conductive anomaly under the rock glacier represented by a geological fault between electrodes 21-25. C) Large-scale electrical chargeability tomogram. The potential limit of the ground ice is represented by the gray line extracted from chargeability values >1.6. N • 1, N • 3 and N • 4 refer to the thermokarst depressions (see Figure 3.6). The white arrow shows a potential englacial water channel draining depression 3 toward depression 1.
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 41 Figure 4.1: Laurichard rock glacier. Photo credits: Bodin, X., 2015 ©

©

  2021 The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes. , CNRS, IRD, Institut de Géosciences de l'Environnement (IGE, UMR 5001), Grenoble, France, 2 Laboratoire EDYTEM, Université Savoie Mont-Blanc, CNRS, Le Bourget du Lac, France, 3 Université Grenoble Alpes, INRAE, UR ETGR, Saint-Martin-d'Hères, France Key Points: • We used historical and modern aerial images to document changes in thickness, flow velocities, and the ice/rock flux of the rock glacier • This is the first time that emergence velocities and the surface mass balances have been reconstructed for a rock glacier • Strong marked acceleration of the entire rock glacier after 1990s, likely a consequence of changes in the basal conditions Supporting Information: Supporting Information may be found in the online version of this article.

Figure 1 .

 1 Figure 1. Perspective view of the Laurichard rock glacier in the Combeynot massif (image acquired in 2018). The inset (after Marcer et al., 2017) is a permafrost favorability index map distribution in the French Alps showing the extent of glaciers in 2015 (Paul et al., 2020).

Figure 2 .

 2 Figure 2. (a) Average annual air temperature (the black dotted line represents the linear trend), (b) annual snow depth (black line) and total number of days per year with snowfall (blue bars) retrieved from S2M weather data reanalyses for the period 1958-2018, corresponding to an elevation of 2,400 m a.s.l., a terrain with northern exposure and a 20° slope in the Ecrins range (Oisans massif in the S2M data set) that represent the characteristics of the Laurichard rock glacier site.

Figure 3 .

 3 Figure 3. (a) Absolute rock glacier thickness in meters, after the interpolation of ground penetrating radar (GPR) profile and extrapolation from contour lines outside the rock glacier. The dashed area on the upper part of the rooting zone in the left panel corresponds to an excluded sector where images could generally not be processed (due to shadows and snow cover). (b) Longitudinal profile on the central line showing the position of the bedrock using GPR profile (25 MHz data adapted from Guillemot et al., 2021), the location of transversal profiles, and surface elevation along the rock glacier in1952, 1971, 1994, and 2019. The complete GPR profile used for bedrock estimation is shown in FigureS1.

Following

  the continuity equation(Cuffey & Paterson, 2010, p. 286 and p. 333), the change in surface elevation can be expressed as a function of the surface mass balance (b s ) and the difference in ice/rock fluxes between two sections:

Figure 4 .

 4 Figure 4. Changes in the surface elevation and in the volume of the Laurichard rock glacier during eight periods between 1952 and 2019, derived from differences in digital surface models. Each map (a-h) shows a specific sub-period while map i shows the entire study period. The color scale besides Panel i corresponds only to the longest period (1952-2019). Panel j shows the change in volume cumulated for the entire 1952-2019 study period.

Figure 5 .

 5 Figure 5. Upper panel, horizontal surface velocities of the Laurichard rock glacier between 1952 and 2019 in the eight different periods. Lower panel, the blue line shows mean horizontal velocity over the entire rock glacier and the red line shows the mean of the blocks. Block data were extracted from Thibert et al. (2018).

Figure 6 .

 6 Figure 6. (a) Variations in thickness (Δh) computed using the 1952 surface DSM as a reference for each period; (b) Surface velocities extracted from the center flow line of the rock glacier; and (c) Fluxes for each period shown in (b).The X-axis corresponds to the distance in meters from profile #10 (PT10) down to the terminus; each colored dot corresponds to the location of a transverse profile along the X-axis (FigureS4), except for the last point of the flux curves, which is set outside. The vertical dashed gray lines correspond to the location of PT7 and PT3 (from left to right, which correspond to the sub-sections defined later and shown in Figure7). Note that, in all panels, the semi-transparent colored areas behind each curve correspond to the uncertainty estimated after uncertainty propagation analysis (TablesS2 and S3and Equation 3, respectively).

Figure 7 .

 7 Figure 7. (a) Changes in thickness (m a -1 ), (b) emergence velocities (m a -1 ), and (c) surface mass balances (m a -1 ) for the three subperiods(1952-1971, 1971-1994, and 1994-2019) and three sectors (PT10-PT7, PT7-PT3, and PT3-PT1). The colored rectangles correspond to the uncertainty estimated after uncertainty propagation analysis (Equation5).
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Fig. S2 .

 S2 Fig. S2. DEM validations. A) Hillshade of reference DEM acquired on August 17, 2012 showing the location of profiles (each 100 m long) and stable area used for validation. The stable area represents 20% of the DEMs. This area was selected after detailed visual inspection of the orthoimages where no significant geomorphological changes has been occurred over the entire study period. Slopes greater than 30°, rock glaciers and screes around were masked. The right hand part of the Laurichard rock glacier was excluded because morpho-dynamic changes were detected (snow avalanches, bad reconstruction of the DEM). B) Boxplot of Z values before and after co-registration. C) Differences in elevation between the generated DEMs and the reference LiDAR DEM for each of the four profiles located on the stable terrain.

Figure S3 .Figure S4 .

 S3S4 Figure S3. Comparison of horizontal surface velocities retrieved from correlation techniques vs. in-situ measurements made on the Laurichard rock glacier between 1986 and 2019. The error bars of 'ImgCorr' results were established over the stable area located 0.015 km² from the front of the rock glacier (Fig. S2A).

Figure S5 . 7 Figure S6 .

 S57S6 Figure S5. Laurichard rock glacier surface elevation assessed using cross-section profiles. The panel on the upper left shows the location of the ten transverse profiles (from PT1 to PT10) and the GPR profile acquired in 2019. The plot graphs correspond to diachronic profiles for each cross section in the upper left panel, showing changes in surface elevation vs. the length of the profile (see legend in the upper left panel), for each study period (Table1); the arrow on certain graphs corresponds to the position (thought the cross section) and thickness obtained from the GPR survey Conducted to estimate the thickness of the rock glacier (Section 3.2).

Figure S7 .

 S7 Figure S7. Mean daily snow depth (in meters) per period retrieved from S2M weather data reanalysis, corresponding to an elevation of 2,400 m a.s.l., a terrain with northern exposure and a 40° slope in the Ecrins range (Oisans massif in S2M dataset) which represents the characteristics of the Laurichard rock glacier.

Figure 1 .

 1 Figure 1. Map showing the location of the Chauvet glacial and periglacial system in High-Ubaye valley, Southern French Alps. (a) Shows the permafrost favourability index (PFI) map distribution in the French Alps (adapted from Marcer et al. (2017)). (b) Aerial oblique photograph of the Chauvet glacial and periglacial system acquired on the 7 th of August, 2020. The blue lines show the extent of the Chauvet glacial and periglacial system based on image inspection, field terrain observations and Pléiades high-resolution satellite image. The pink dashed line shows the talweg, the red polygon shows the outlet zone, and the black dashed line shows the talus front. Photo credits: PGHM, RTM.

Figure 2 .

 2 Figure 2. Photo-collage summary of historical events related to outburst floods of the Chauvet glacial and periglacial system. (a) Photo of outlet-channel collapse acquired on the 15 th of July, 1970 close to glacier front; (b) Photo acquired on the 13 th of August, 1991 showing the collapse at lower end of the outlet channel; (c) Photo of the tunnel entrance close to thermokarst lake acquired on the 25 th of July, 1997, a few days after lake drainage; (d) Photo of the Ubaye confluence during water spill-out (1690 m a.s.l.) acquired on the 25 th of July, 1997; e) Aerial photograph of the outlet channel collapse at tunnel entrance acquired on the 17 th of July, 2008; f) Photo showing water evacuated through the gallery acquired on the 17 th of July, 2008. Detailed photographic evidence for each outburst flood can be found in supplementary Figures A1, A2, A3, A4 A5). Photo credits: (a) M. Longeron; (b), (c) and (d) A. Assier and RTM Private collection; (e) and (f) PGHM-RTM, M. Peyron.

  and the drivers of the recurrent outburst floods remain unknown.

8 Figure 3 .

 83 Figure3. Climate settings over the Chauvet glacial and periglacial system retrieved from the S2M-SAFRAN weather data reanalysis dataset(Vernay et al., 2020) corresponding to an elevation of 2,700 m a.s.l., a terrain with western exposure and 20° slope in the Ubaye range representative of the characteristics of the Chauvet glacial and periglacial system. (a) monthly air temperatures through Hovmöller diagram. The black dots show the months the outburst-floods occurred. (b) Total annual precipitation in mm, the pale blue and pale orange backgrounds show the respective percentage of solid and liquid precipitation. (c)-(f) The hydro-climatic characteristics before the outburst flood events. Red and blue bars represent mean daily temperature. The black line shows cumulative snow melt rate (mm day -1 ), the solid and dashed blue lines represent cumulative liquid and solid precipitation, respectively, in (mm day -1 ).

Figure 5 .

 5 Figure 5. Spatio-temporal vertical changes in the Chauvet glacial and periglacial system in the period 1956-2020 (computed from the six periods listed in Fig. S4). (a) The background colour-gradient reveals averaged changes in thickness over the entire period. The areas surrounded by the yellow-dotted lines correspond to the morphological units delimited in Section 3.5. (b) Shows the vertical changes over time for each of the coloured circles and diamonds in (a) as well as the mean of all the points. Coloured boxes correspond to the uncertainties (see Table2for details).

Figure 6 .

 6 Figure6. Averaged surface velocities of the Chauvet glacial and periglacial system for the period 1948-2020. (a) The background colour-gradient shows spatially averaged surface velocities computed for 10 sub-periods (the detailed sub-periods are reported in Fig.S5). This panel also shows the averaged potential direction of the displacements (black arrows) and the position (extension, pink dotted line) of the outlet channel in 2020. The coloured circles and diamonds (left and right hand side, respectively) show the position from which averaged values were computed (20-m radius around each point). These points are located over geo-electrical profiles (Fig.7). (b) Changes in surface velocities over time for each circle and diamond as well as the mean of all the points.

Figure 7 .

 7 Figure 7. Geoelectrical conductivity tomograms in S m -1 of the Chauvet glacial and periglacial system. 'Profiles 1 to 4' correspond to transverse profiles acquired between the lake and the glacier front (green lines on the map) with 5 m spacing between electrodes. 'Profile 5' corresponds to a large-scale geoelectrical profile acquired between 200 m above the lake down to 150 m beyond the rock glacier front (red line on the map) with 20 m spacing between electrodes. In the profiles, the lines of Xs and the dotted lines correspond to the surface elevation of the glacier in 1956 and 2020, respectively. The interpretation of the tomograms is indicated by numbers. The number of data points and inversion error are listed in Table3and electrical chargeability tomograms in S m -1 are shown in FigureS7.

Figure 8 .

 8 Figure 8. (a) Terrestrial photograph taken on the 17 th of August, 2020, from the 'Col de Chambeyron' (3,280 m a.s.l.) with a view over the Chauvet glacial and periglacial system. The white arrows denote the potential flow direction; the green lines denote the position of the ERT profiles (details in Fig. 7 and Section 3.6) and the pink line denotes the position of the talweg; yellow-black dashed lines indicate the morphological units defined in Section 3.5. (b) The panels on the right show the diachronic profiles along each ERT acquisition with the surface elevation profiles for eight available DSMs (Table2). In the center of the profiles P1 to P4, the pale blue square contains dots that correspond to the thalweg displacement. The panels on the right are close-ups of the pale blue squares showing cumulative horizontal displacements vs cumulative changes in the elevation of the outletchannel using, respectively, DSM and ortho-image acquired in 1956 as references.

Figure 9 .

 9 Figure 9. (a) 2.5D view of the Chauvet glacial and periglacial system showing the talweg and potential lake filling capacity (green polygon) today, which corresponds to 180x10 3 m 3 . The background orthoimage corresponds to the 2020 Pléiades satellite image acquired in 2020. (b) Longitudinal ERT profile over the talweg (red line on graph (a) showing its extent in 1956 and 2020 (dashed and solid black lines, respectively) as well as the entrance and outlet zone of the englacial conduit and possible route until bedrock outcrop (2,750 m a.s.l.) (c) Changes in potential capacity of the Chauvet main thermokarst depression. Estimated using photogrammetric DSMs.

  Figures A1 to A6 show photographic evidence of 4 of 6 outburst flood events that have occurred since 1930. With the exception of the last event where photographs during and after are shown, the photographs were generally taken after the flood event.

Figure A1 .FigureFigureFigureFigureFigure A6 .Figure S1 .Figure S2 .Figure S3 .Figure S4 .

 A1A6S1S2S3S4 Figure A1. Photo-collage of Chauvet GPC related to outburst floods that occurred on the 15 th of July, 1970. The top panel shows the entire Chauvet valley from the glacier to the Ubaye confluence with the approximate location of the photographs (the orthoimage background corresponds to the 4 th of September, 1973). (a) Photographs of Chauvet talus front showing the collapsed outlet-channel; (b) Photographs of Chauvet thermokarst lake extension after lake drainage. Ice falls are visible. Photo credits: (a) and (b) M. Longeron

Figure S5 .

 S5 Figure S5. Horizontal surface velocities for ten periods of Chauvet GPC (Table2). Each map (a) to (j) shows one specific sub-period. The coloured background corresponds to annual displacement rates. The arrows show preferential direction of displacements obtained from the feature tracking stage. Each panel shows the limits of the morphological units (defined in section 3.5) as well as the talus front in 2020. The dashed pink line shows the location of the outlet-channel at the end of each respective period (Table2).

Figure S6 .Figure S7 .Figure S8 .Figure S9 .

 S6S7S8S9 Figure S6. Long-term behaviour of outlet channel and thermokarst lake of Chauvet GPC (details on Table 2). (a) Digitized lines showing the outlet channels from 1948 to 2020. The dashed-green lines show vertical 20-m equidistant profiles from where the displacements of outlet channel were calculated (results are shown in figure (b)). The dashed-yellow lines show the morphological units (see Section 3.5). (b) Displacements of the outlet channels with respect to 1948 at the intersections of each green-dashed line. (c) Changes in the extent of the thermokarst lake from 1948 to 2020.

  Figure S9. Geological context of Chauvet Valley. (a) Extract from geological map (1:50000)showing the main faults, resurgence of water (yellow stars) observed on field surveys (Table1). For detailed description and official legend please refer to geological maps: "Aiguille de Chambeyron (0872N)" and "Embrun-Guillestre (0871N)"(Guidon, 1994; Guidon et al., 1994). (b) Terrestrial photograph taken on the 18 th of August 2020 on the upper deposit area (2,300 m a.s.l.) showing evidence of water infiltration through the rock wall. Photo credits: (a) BRGM France BRGM site (last accessed on the 2 nd of April 2021), (b) P. Schoeneich.
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 1 FIGURES

Figure 2 :

 2 Figure 2: Field photography of Col de Vés rock glacier. (A) View towards the northern tongue of the rock glacier (RG1) in 2014; (B) The largest 1950s thermokarst depression (n°1) in 2018; (C) The smaller 1950s thermokarst depression (n°2) near the pylon 17 in 2014; (D) The most recent thermokarst depression (n°4) developing since 2017. Note massive ice layer 50 cm below the surface in 2019. (E) Depression due to the disconnection between the scree slopes that covered the glacier and the ground ice body.

Figure 3 :

 3 Figure 3: Geomorphological map of the Tignes-Col de Vés ground ice complex. State of thermokarst depressions, lakes and glaciers: 2019. Shaded relief: drone DEM 2019 for the ground ice complex, orthophoto DEM 2009 for the surroundings.

Figure 4 :

 4 Figure 4: Extension of the thermokarstic depressions from 1948 to 2019. The labels 1 to 5 describe the approximate timing of the depression formation. Extension of lakes is not mapped. Depressions n°1 and 2 developed first, before 1948 and are widening until recent years. Depression n°3 developed since the early 1990's. A third generation starts to develop since 2017 with depressions n°4 and 5. Bottom left: zoom on the extension of the thermokarst n°3 since 2001.

Figure 5 :

 5 Figure 5: Surface elevation changes for eight periods between 1956 to 2019. The black dotted rectangle refers to the main area of study with geodetic mass balance changes between 1956 and 2019 in Figure 5. The geophysical profile or the longitudinal transect is referred to Figure 7. The Limit of Detection (LoD) values are listed in Table1.

Figure 6

 6 Figure 6 Horizontal surface velocities and cumulated geodetic mass balance changes between 1956 to 2019. At the top, horizontal surface velocities during time. The black line shows the mean surface velocity for the entire rock glacier; the blue and purple lines correspond to two rock glacier fronts RG1 and RG2 (blue point and purple point on Figure 7) respectively. At the bottom, volume gain (blue), volume loss (red), volume difference (stretched box) and cumulated geodetic mass balance changes for the entire ground ice body for eight periods between 1956 to 2019.

Figure 7 :

 7 Figure 7: Horizontal surface velocities for eight periods between 1956 and 2019. Due to the high resolution of correlation we show only 20% of points as black arrows which represent the main direction of movement. The black arrows to the SE with a movement on the side opposite to the direction of logical flow are explained by a depression between the ice-scree slope and the roots of the rock glacier (Figure 2E).

Figure 8

 8 Figure 8 Large-scale geoelectrical profile of the Col de Vés ground ice complex. A) Electrical conductivity tomography in S m-1. B) Normalized chargeability tomograms in S m-1. Dashed black line shows the interpretation of the conductive anomaly under the rock glacier by a geological fault between electrodes 21-25. C) Large-scale electrical chargeability tomogram. Potential limit of the ground ice represented in grey line extracted from chargeability values >1.6. Number n°1, n°3 and n°4 refer to the thermokarst depressions(see Figure 4). The white arrow shows a potential englacial water channel draining depression 3 towards depression 1.The number of data points and inversion error are listed in Table2.

Figure 9 :

 9 Figure 9: Maps of the potential glacial lake drainage older than 1948 in the depression n°1 on the right rock glacier front (RG-2). Aerial photograph of 1956 at the left and 1967 at the right.

Figure 10 :

 10 Figure 10: Simplified geological map and geophysical interpretation.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . 1 :

 11 Rock glacier activity summarized from (RGIK, 2021).

	Type	Definition		Adequate kinematic data
						Available	Not available
	Active	Rock glaciers mov-	As an indication,	Shows geomorpho-
		ing downslope over	the	displacement	logical evidence of
		most of its surface.	rate can range from	downslope move-
						a	decimeter	to	ment such as a
						several meters per	steep front (steeper
						year.	than the angle of
							repose) and possi-
							bly lateral margins
							with freshly ex-
							posed material on
							top.
	Transitional Rock glaciers with	Shows little to no	Shows less distinct
		little	movement	downslope move-	geomorphological
		are only detectable	ment over most of	evidence of current
		by	measurement	its surface. As an	downslope move-
		and/or	restricted	indication, the av-	ment than active
		to areas of non-	erage displacement	rock glaciers in
		dominant	extent.	rate is less than a	the same regional
		According to the	decimeter per year	context.
		topographic and/or	calculated as an
		climatic	context,	annual mean over
		transitional	rock	most of the rock
		glaciers can either	glacier. Downslope
		become a relict	movement should
		(degraded) or reach	not be confused
		an active state.		with subsidence.
	Relict	Rock glacier with	Shows	no	de-	The relict state can
		no	detectable	tectable downslope	also be indicated by
		movement and no	movement	over	vegetation and soil
		geomorphological	most of its surface	cover (e.g., lichen,
		evidence of recent	and the geomor-	grass, forest), sub-
		movement.		phological charac-	dued topography,
						teristics are those	and smoothed lat-
						described above.	eral and frontal
							slopes/margins.
							Relict rock glaciers
							are generally found
							at lower elevations
							than active ones.

Table 2 . 1 :

 21 Example of a Pléiades dataset and products derived from our ASP workflow.

	Images	Description
	PHR1A_P_SENSOR_20130920_103649 (001)	2 stereo (forward and backward)
	PHR1A_P_SENSOR_20130920_103754 (002)	if tri-stereo (nadir) images.
	PHR1A_MS_SENSOR_20130920_103649 (004)	P = panchromatic,
	PHR1A_MS_SENSOR_20130920_103754 (005)	0.5 m of resolution.
	if tri-stereo:	MS = multispectral (4 bands,
	PHR1A_P_SENSOR_20130920_103719 (003)	blue, green, red, near infrared),
	PHR1A_MS_SENSOR_20130920_103719 (006)	2 m of resolution.
	Derived products
	point_to_DEM	Full resolution (0.5 m) DEM
		interpolated from dense
		point cloud.
	DEMs (2 / 4 / 10 / 30 m)	DEMs at different resolutions
		(very noisy over high contrast
		areas, cloudy and shadowed
		areas).
	DEM_blend	This DEM is a combination
		of other DEMs at different
		resolutions used to fill data
		gaps and produce a less noisy
		DEM.

  1 The first multidecadal mass balance reconstruction of a rock glacier Paper I: Interpretation of volume and flux changes of the Laurichard rock glacier between 1952 and 2019, French Alps.

	Cusicanqui Diego, Rabatel Antoine, Vincent Christian, Bodin Xavier, Thibert Em-
	manuel and Francou Bernard (2021). Interpretation of volume and flux changes of the
	Laurichard rock glacier between 1952 and 2019, French Alps. Journal of Geophysical
	Research: Earth Surface, 126, e2021JF006161. https://doi.org/10.1029/2021JF00
	6161.

Publication I introduces the strategy applied for multi-decadal rock glacier monitoring that combines several approaches: (i) aerial photogrammetry with historical and modern photographs and derived products (i.e., DEMs and orthoimages); (ii) geophysical techniques (GPR); and (iii) glaciological mass flux quantification. This multidisciplinary research was applied to Laurichard rock glacier (Figure

3

.1) located in the Combe de Laurichard catchment that belongs to the Ecrins National Park in the Southern French Alps (45.01°N, 6.37°E; Figure

3

.1).

  dynamics of the Chauvet glacial and periglacial complex, southern French Alps Cusicanqui Diego, Bodin Xavier, Rabatel Antoine, Duvillard Pierre-Allain, Schoeneich Philippe, Revil André and Berthet Johan (Submitted). Investigating the multidecadal (1948-2020) dynamics of the Chauvet glacial and periglacial complex, southern French Alps. Earth Surface Processes and Landforms.

Table 1

 1 ). Details of Aerial Imagery Used as Input Data and Reference Data (the Reference Data Set is in Bold)

	CUSICANQUI ET AL.

a Refers to ground control points deployed inside the rock glacier.

Table S1 .

 S1 Standard deviation (in meters) of elevation differences at each validation profile before and after co-registration. The last column presents the shift values of the co-registration stage applied to DEMs and ortho-imagery.

		PV1	PV2		PV3	PV4	Values of shift (m)
	Acquisition date	Before / After	Before / After	Before / After	Before / After	Δx / Δy / Δz
	August 1, 1952	2.28 / 2.22	0.62 / 0.61	1.48 / 1.42	0.75 / 0.87	1.55 / -1.34 / -0.36
	August 22, 1960	0.67 / 0.71	0.44 / 0.41	0.86 / 0.79	0.75 / 0.61	-0.09 / -0.99 / -0.43
	August 16, 1971	0.43 / 0.37	0.3 / 0.29	0.41 / 0.55	0.4 / 0.39	0.3 / -0.64 / -0.34
	September 6, 1986	0.99 / 0.82	0.53 / 0.54	0.7 / 0.8	0.59 / 0.68	2.79 / -0.96 / -1.41
	August 3, 1994	0.31 / 0.28	0.22 / 0.23	0.34 / 0.36	0.28 / 0.34	0.3 / -0.5 / -0.38
	July 5, 2003	0.22 / 0.29	0.26 / 0.27	0.27 / 0.33	0.29 / 0.29	-0.42 / -0.23 / -0.64
	August 10, 2013	0.27 / 0.22	0.19 / 0.17	0.17 / 0.33	0.27 / 0.23	0.07 / -0.08 / -0.75
	October 5, 2017	0.19 / 0.12	0.16 / 0.1	0.25 / 0.26	0.26 / 0.21	-0.03 / -0.18 / -0.02
	July 23, 2019	0.31 / 0.06	0.17 / 0.04	0.28 / 0.07	0.31 / 0.07	-0.39 / -0.65 / 0.42
	#	Acquisition date		Profiles	Stable area
				PV1 PV2 PV3 PV4
	1	August 1, 1952	2.22 0.61 1.42 0.87	1.05
	2	August 22, 1960	0.71 0.41 0.79 0.61	0.63
	3	August 16, 1971	0.37 0.29 0.55 0.39	0.48
	4	September 6, 1986	0.82 0.54 0.80 0.68	0.71
	5	August 3, 1994	0.28 0.23 0.36 0.34	0.28
	6	July 5, 2003	0.29 0.27 0.33 0.29	0.22
	7	August 10, 2013	0.22 0.17 0.33 0.23	0.27
	8	October 5, 2017	0.12 0.10 0.26 0.21	0.10
	9	July 23, 2019	0.06 0.04 0.07 0.07	0.15

Table S2 .

 S2 Differences in mean elevation (in meters) between each of the DEMs (after coregistration) and the 2012 LiDAR DEM, used as reference. The uncertainties were estimated using two different sampling approaches: profiles and stable area. For each date, the average value of the two estimates is given.

	Period ID	Period	Δt (a -1 )	Displacements per period (m) Min Max STD Median Mean	Mean error velocity (m a -1 )
	A	1952-1960	8.06	0.14 1.67	0.25	0.70	0.73	±0.10
	B	1960-1971	10.98	0.12 3.90	0.5	0.74	0.83	±0.08
	C	1971-1986	15.06	0.00 1.86	0.47	0.29	0.45	±0.03
	D	1986-1994	7.91	0.04 7.04	1.53	0.47	1.10	±0.14
	E	1994-2003	8.92	0.07 1.58	0.29	0.69	0.74	±0.08
	F	2003-2013	10.1	0.15 1.46	0.18	0.64	0.65	±0.06
	G	2013-2017	4.15	0.02 5.26	0.57	0.26	0.37	±0.09
	H	2017-2019	1.8	0.00 0.38	0.06	0.08	0.09	±0.05
								9

Table S3 .

 S3 Surface displacement statistics (in meters) over the stable area and the mean velocity error for each study period. The mean error velocity was estimated using the standard deviation divided by the study period (∆t).

	Period	Period	Δt (a -1 ) σDEMs	Vol. gain (m 3 )	Vol. loss (m 3 )	Δ Vol. (m 3 )
	ID			(m)			
	A	1952-1960	8.06	1.2	36,995.4 ± 200.1	-49,848.6 ± 225	-12,853.1 ± 602.3
	B	1960-1971	10.98	0.8	26,765.7 ± 121.5	-36,853.9 ± 152.2	-10,088.2 ± 389.6
	C	1971-1986	15.06	0.9	16,474.6 ± 132.8	-31,242.6 ± 163.6	-14,768 ± 421.5
	D	1986-1994	7.91	0.8	24,865.5 ± 112.7	-16,721.8 ± 150.1	8,143.7 ± 375.4
	E	1994-2003	8.92	0.4	19,846.3 ± 64.1	-14,183 ± 59.6	5,663.2 ± 175.1
	F	2003-2013	10.1	0.3	18,339.3 ± 61.5	-31,412.7 ± 59.6	-13,073.3 ± 171.3
	G	2013-2017	4.15	0.3	10,283.5 ± 40.8	-10,613.2 ± 57.8	-329.6 ± 141.6
	H	2017-2019	1.8	0.3	3,411 ± 46.1		

permafrost interactions and GLOF's in Alpine terrain. Insights from seven decades of reconstructed dynamics of the Chauvet glacial and periglacial system, Southern French Alps

  My contribution: Design of the conceptual and the numerical experiment with substantial contribution from Antoine Rabatel and Xavier Bodin. Organization of the field campaign for in situ data acquisition (GNSS, UAV, ERT, geomorphological mapping). Processing, analysis and interpretation of the photogrammetry data, as well as of the data collected in the field in collaboration with Xavier Bodin, Pierre-Allain Duvillard and Philippe Schoeneich. Preparation of the manuscript and figures.
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Table 1 .

 1 Details of aerial imagery used as input data settings. The reference dataset used for co-registration of DSMs is in bold

	Page 26 of 56

Table 2 .

 2 Electrical resistivity and induced polarisation survey profiles. ER and IP stand for electrical resistivity and induced polarisation, respectively.

	Page 36 of 56

Table 2 )

 2 .

	Page 50 of 56

Table S1 .

 S1 Details of co-registration shift values and related uncertainties.

	Acquisition date	Co-reg. Displacements (m)	DEM uncertainties (m) Before After
		ΔX	ΔY	ΔZ	coreg.	coreg.
	1 st July 1956	0.47	-0.09	-0.10	±1.16	±1.05
	4 th September 1973	-0.07	-0.29	-0.78	±1.81	±1.59
	2 nd September 1986	0.83	0.06	-0.66	±1.22	±1.05
	20 th August 1990	0.88	0.46	0.24	±1.12	±1.13
	22 nd July 2004	0.45	-0.41	-0.10	±0.74	±0.67
	2 nd October 2012	0.45	-0.32	-0.10	±0.67	±0.65
	9 th August 2020	1.03	1.15	0.10	±0.75	±0.60
	Table					

Table S4 .

 S4 Summary of RTM field reports. The dates when the outburst floods occurred are in bold

	Publication II							
			Earth Surface Processes and Landforms		Page 56 of 56
	Page 57 of 56		Earth Surface Processes and Landforms		
					Water at moraine		
						front			
			Surface	Volume					
	CR	Season	area of the lake	of the lake	Prese nce	Intensity	Snow cover	Gallery entrance
	DCG_up debris-covered glacier 0.78 0.29 0.65 1.20 (m 2 ) beginning of summer Description 1948-1956 1956-1973 1973-1986 1986-1990 17,800 beginning of summer -beginning of summer 80 beginning of summer 250 beginning of summer 520 beginning of summer 1500 4-Jul-08 beginning of summer 1-Jul-97 3-Jul-02 8-Jul-03 28-Jul-04 5-Jul-05 19-Jul-07 18700 7-Jul-10 beginning of summer 2000 7-Jul-11 beginning of summer 1065 3-Jul-12 beginning of summer -9-Jul-13 beginning of summer 300 30-Jun-14 beginning of summer 75 16-Aug-14 mid-summer 200 F o r P e e r R e v i e w DCG TK debris-covered glacier Thermo-karstic area creeping BC-PM back-push moraine 0.35 0.75 0.73 0.22 0.34 0.52 0.21 0.28 0.34 0.32 0.59 0.38 (m 3 ) 75,000 NO -Thick -Yes moderate thick -Yes moderate medium -Yes weak thin -Yes moderate fully melted -Yes weak thick 95000 NO -moderate -Yes moderate thick -Yes high medium -Yes high thick -NO high medium -Yes moderate thick -Yes moderate thick 16-Jul-15 beginning of summer 740 -Yes high medium 7-Jul-16 beginning of summer 700 -Yes high thick	RG rock glacier 0.35 0.27 0.19 visible partially visible partially visible not visible not visible not visible visible not visible not visible not visible not visible not visible not visible not visible 0.36 not visible
	7-Jul-17	1990-2004 beginning of summer	0.52 700	0.22 -	Yes	0.37 moderate	0.43 medium	0.35 not visible
	9-Aug-20	2004-2009 mid-summer	0.68 6380	0.71 -	No	0.86	-	0.59 thin	0.48 not visible
	2009-2012 * Data acquired during this study: ** Non-negligible fine sediments found close to the talus front; *** 0.75 0.60 0.94 0.57 0.46 2012-2015 0.86 0.64 0.77 0.72 0.62 Collapse visible on the surface
		2015-2018	0.60	0.72		0.80		0.40	0.33
		2018-2020	1.02	0.70		0.67		0.62	0.28
		Average 48-20	0.74	0.47		0.64		0.53	0.37
			http://mc.manuscriptcentral.com/esp		
			http://mc.manuscriptcentral.com/esp		

Table 1 .

 1 Ground control points; 2 Digital Elevation Models. Description of aerial images used and DEM generation settings. Labels 1 to 5 describe the approximate timing of the depression formation.

	XAcquisition date	Nb. photos	Aircraft	Device Satellite	Drone	1 GCPs	Generatio n Ortho. DEM2	DEM std	after	alig. Presence of water in the thermokarst depression 1 2 3 4 5
	26/08/1948	3	×			6	×				×
	13/08/1956	6	×			16	×	×	1.08 × ×
	26/09/1967	5	×			16	×	×	0.93 × ×
	24/08/1980	3	×				×				× ×
	01/09/1986	8	×			19	×	×	0.83
	20/08/1990	3	×			19	×	×	1.13	×
	16/08/1996	8	×			16	×	×	0.81	× ×
	13/08/2001	11	×			19	×	×	0.79	× ×
	01/09/2006	9	×			19	×	×	0.72	× ×
	15/08/2009	13	×			19	×	×	0.68	× ×
	12/08/2013		×				×				×
	09/07/2015			×			×			
	13/07/2017			×			×				×
	27/09/2018			×			×				× ×
	12/08/2019 385			×	12	×	×	0.67	× ×
	1									

Table 2 .

 2 Information regarding the electrical resistivity and induced polarization surveys from august 2019.

  Zhang, Y., K. Fujita, S. Liu, Q. Liu, and T. Nuimura (2011). "Distribution of Debris Thickness and Its Effect on Ice Melt at Hailuogou Glacier, Southeastern Tibetan Plateau, Using in Situ Surveys and ASTER Imagery". In: Journal of Glaciology 57.206, pp. 1147-1157. issn: 0022-1430, 1727-5652. doi: 10.3189/002214311798843331.
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ally, numerical modeling will help test the validity of the basal conditions hypothesis, however, due to the complexity of the rock glacier, further geo-mechanical observations of the internal structure and its spatial distribution are also needed.
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