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Introduction

General context of the study

On June 18, 2013, the Bastan Valley, Hautes-Pyrénées, was strongly flooded and the flow path experienced deep incision (Wikipedia's article). The event resulted in two victims in Luz-Saint-Sauveur and Pierrefitte-Nestalas. It led to severe damages -bridges, roads and houses swept away -including the devastation of the municipality of Barèges (fig. 1a). The cost of reconstruction works were estimated at about €116 million. It was caused by intense snow melting followed by extreme precipitation, and probably exacerbated by ice jam coming from past avalanche deposits. 

INTRODUCTION

On the night of August 1-2, 2014, after severe thunderstorms, both the business park of Modane (fig. 1b; IRMa's article) in Savoie, and the hamlet of la Chalp (fig. 1c; IRMa's article) in the municipality of Chantelouve in Isère, were affected by torrential flows which flooded the pavement with mud and stones, and buried houses under a few meters of materials.

On November 22, 2016, New Caledonia was devastated by landslides and flooding because of heavy rainfalls (fig. 1d; NC1ere's article). In the municipality of Houaïlou at least five people died. In addition to the severe damages to infrastructures and roads obstruction, telecommunications, power and drinking water supplies were affected.

These exceptional and sudden events, related by the French news and qualified as a "natural disaster" by authorities, were linked with torrential flows -floods with intense bedload transport or debris flows -. Such flows are characterised by their ability to mobilise a huge amount of sediment in mountainous areas, because of steep slopes in the vicinity of sediment sources. The entrained sediment may range from clay to boulders of several cubic metres. As illustrated above, torrential flows can become dramatic when they reach the urbanised areas, by impacting housing, industrial and agricultural areas, and cutting communication and resources networks.

Since the nineteenth century, men have tried to prevent torrential hazard for protecting people and infrastructures (e.g. French historical perspectives in [START_REF] Carladous | Towards a better understanding of the today French torrents management policy through a historical perspective[END_REF]. The objective has been to limit geomorphic activity in mountain streams, i.e. the sediment transfer downstream, by soil erosion control plans through reforestation and engineering structures (?). This was supported by national laws adopted in numerous countries, generally following a period of severe floods and large damages [START_REF] Eisbacher | Slope stability and land use in mountain valleys[END_REF]: for instance, in France in 1860, in Switzerland in 1876, in Italy in 1877, in Austria in 1884, and in Japan in 1897 as mentioned in [START_REF] Piton | Why do we build check dams in Alpine streams? An historical perspective from the French experience[END_REF]. But, despite the implemented measures, and with the urbanisation growth in exposed areas, the torrential risk remains an important issue in torrent management. Furthermore, the perspectives of climatic change raise new questions about the possible increased risk of torrential flows (e.g. [START_REF] Jomelli | Impacts of future climatic change (2070-2099) on the potential occurrence of debris flows: a case study in the Massif des Ecrins (French Alps)[END_REF]. Flood and mass-movement dangers are the subject of regulations in urban planing as well as information campaigns seeking to raise people's awareness to prevent major risks 1 . From an operational point of view, risk management involves both public authorities and experts during prevention, crisis and reconstruction stages [START_REF] Ferrer | Gestion du risque torrentiel : quelles données pour quels acteurs ?[END_REF]. During the prevention stage, the experts' roles are, in particular, to (i) assess hazard, vulnerability and risk [START_REF] Corominas | Recommendations for the quantitative analysis of landslide risk[END_REF] and to (ii) design protecting structures. However, the current analysis tools still suffer a high level of uncertainty because of an insufficient knowledge of the phenomenon. Crisis preparedness is also becoming a subject of interest with progresses made in measuring and forecasting weather, climatic forcing being the main triggering factor of this hazard.

In order to significantly mitigate the torrential risk, the current aim is (i) to better delineate the risk areas through hazard mapping in vulnerable areas (e.g. [START_REF] Hürlimann | Evaluation of approaches to calculate debris-flow parameters for hazard assessment[END_REF], (ii) to optimise the torrent control structures [START_REF] Piton | Design of sediment traps with open check dams. I: hydraulic and deposition processes[END_REF][START_REF] Piton | Why do we build check dams in Alpine streams? An historical perspective from the French experience[END_REF] and (iii) to develop alert and early warning systems [START_REF] Alfieri | Operational early warning systems for water-related hazards in Europe[END_REF]. To achieve such an operational purpose, a better understanding of (i) the torrential hazard, (ii) its occurrence conditions and (iii) the involved processes is required. At European scale, efforts are made to address the wider issue of sediment transport in mountainous areas. Thus, this PhD research work was supported by the European SedAlp Project 2 INTRODUCTION 3 which focused on the integrated management of sediment transport in Alpine basins, including hazard mitigation. At French scale, Irstea and Météo France collaborated on the RHYTMME Project3 dedicated to the improvement of the radar coverage and to the development of a real-time warning system for mountainous hazards caused by precipitation in Southern Alps.

To study torrential flows, from the grain scale to the catchment scale or even to the mountain massif scale, research deals with numerous disciplines such as hydrology, geomorphology, fluid mechanics, rheology, hydraulics, solid mechanics, geomatics, applied mathematics and metrology. It relies on several scientific approaches including: numerical modelling, laboratory experiment and field observations. The first two approaches provide a powerful way of testing our understanding of the processes involved (e.g. [START_REF] Iverson | Debris-flow flume at H. J. Andrews Experimental Forest[END_REF]: for instance, what is the role of slope, grain size or pore-water pressure, etc.? Field studies are essential to establish and to validate empirical relationships, conceptual models or physical theories. They make it possible to gather in-situ information about: (i) actual flow characteristics (e.g. rheological properties: [START_REF] Coussot | Direct determination of rheological characteristics of debris flow[END_REF]; peak discharge, volume, etc.: [START_REF] Hungr | Quantitative analysis of debris torrent hazards for design of remedial measures[END_REF], (ii) conditions for occurrence (e.g. rainfall and sediment supply conditions: [START_REF] Wieczorek | Effect of rainfall intensity and duration on debris flows in central Santa Cruz Mountains, California[END_REF]; [START_REF] Bovis | The role of debris supply conditions in predicting debris flow activity[END_REF], and (iii) past activity (e.g. dendrogeomorphology: [START_REF] Stoffel | On the incidence of debris flows from the early Little Ice Age to a future greenhouse climate: A case study from the Swiss Alps[END_REF][START_REF] Lopez-Saez | Debris-flow activity in abandoned channels of the Manival torrent reconstructed with LiDAR and tree-ring data[END_REF] for a given catchment.

The investigation of torrential hazard by means of field observations (e.g. [START_REF] Berti | Field observations of a debris flow event in the Dolomites[END_REF] is challenging. Indeed, because of its exceptional nature, collecting exhaustive, but also, extended dataset can be tricky. One way to address this limitation, is to multiply the observation sites that are already known for their torrential flows such as debris flows, and in particular, equipping them with monitoring stations. Monitoring devices [START_REF] Lahusen | Debris-flow instrumentation[END_REF][START_REF] Itakura | A debris-flow monitoring devices and methods bibliography[END_REF] are used to automatically capture the flow dynamic by means of quantitative measurements (hyetograph, hydrograph, etc.) and imagery. They complete post-event surveying which provides geomorphic evidence (highwater level, grain-size distribution, shape of levees and lobe, etc.). Multi-date topographic surveying also contributes to characterise the morphological changes and to determine yield rate. Numerous sites are thus monitored in Europe and more generally worldwide: for instance in Italy [START_REF] Arattano | Debris flow monitoring activities in an instrumented watershed on the Italian Alps[END_REF], in Switzerland [START_REF] Hürlimann | Field and monitoring data of debris-flow events in the Swiss Alps[END_REF] or in USA [START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF]. Two active torrents of the French Alps have also been instrumented since late 2010 [START_REF] Navratil | High-frequency monitoring of debris-flows in the French Alps[END_REF]. This PhD research work was carried out on the basis of the data collected on these two latter-mentioned sites, namely the Réal and the Manival torrents. They aim to characterise the occurrence conditions for torrential flows in highly debris flow-prone torrents. They focus on the rainfall forcing. Firstly, they bring new elements in the recognition of the torrential flow processes. Secondly, they point out the limits of current empirical relationships for hazard assessment based on rainfalls. Thirdly, they seek to improve the performances of these relationships by studying the influence of triggering factors. The thesis is divided in six chapters: the first one is a state-of-the-art report on torrential processes and their initiation conditions; the second one presents the two study sites and the instrumentation; the next three constitute the main analyses carried out to address the three issues aforementioned; the last one concludes and opens up both research and operational prospects.
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Chapter 1

State of the art

Debris flow involves gravity-driven motion of solid-fluid mixtures with abrupt surges and compositions that may change with position and time. The mechanics of such a flow is at the interface between slope processes and sediment-laden floods. Its initiation requires predisposing conditions as steep slope and sediment supply, and is mainly controlled by hydrologic forcing. This chapter aims at clarifying the terminology used in the following chapters, and presenting the factors as well as the mechanisms responsible for debrisflow triggering. It outlines the objectives of the thesis and introduces the approach implemented to achieve them.

Steep-mountain stream flow

What are we studying ?

Bedload and suspended load

During a flood, when hydraulics forces are greater than streambed resistance, bed sediment is set into motion [START_REF] Gilbert | The Transportation of Debris by Running Water[END_REF][START_REF] Shields | Application of similarity principles and turbulence research to bedload movement[END_REF]. Sediment transport [START_REF] Bagnold | An approach to the sediment transport problem from general physics[END_REF] takes two forms: bedload and suspended load (fig. 1.1a). Bedload transport corresponds to grain motion close to the bottom, by rolling, sliding or saltating. Grains move intermittently with a mean velocity significantly lower than the water one: the flow is biphasic. Suspended-load transport occurs when the upward velocity of turbulent flow becomes greater than grain settling velocity. The finer grains are thus swept away by the flow and can move over long distances, at the water velocity, without reaching the bottom. As long as the suspension is relatively dilute in the water, the flow behaviour -Newtonian -is unaffected by the presence of such particles [START_REF] Pierson | A rheologic classification of subaerial sediment-water flows[END_REF]. The size of the transported grains, either by bedload or suspended load, is intrinsically related to the driving force exerted by the flow: the higher the discharge, the bigger the transported particles. On average, bedload most concerns the coarse grains (>1 mm), ranging from sand to small boulder, while the finer particles (<0.2 mm), such as fine sand, silt and clay, rather move in suspension. Because of the wide range of grain sizes present on the stream bed, grain-grain interactions may also affected sediment mobility -e.g. hidden effect, armour layer, kinetic sieving - [START_REF] Frey | Bedload: a granular phenomenon[END_REF].

Both transport modes are not specific to mountain streams. In steep slope context, sediment transport strongly interacts with hydraulics [START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bed load motion[END_REF], in particular because of more intense transport responsible for more significant morphological changes.

Bedload is capable of inducing major changes in streambed geometry during a single flood. On the contrary, suspended load does 

Debris flow

Debris flow is a complex and infrequent flow in torrents capable of carrying out a very high amount of sediment (up to 10 6 m 3 in alpine environments) with a great destructive potential (e.g. event of May 1998 in the Sarno-Quindici area, Italy, [START_REF] Guadagno | Some aspects of the initiation of debris avalanches in the Campania Region: the role of morphological slope discontinuities and the development of failure[END_REF]. It is a gravity-induced mass movement intermediate between intense bedload transport and landslides [START_REF] Johnson | Physical processes in geology: A method for interpretation of natural phenomena; intrusions in igneous rocks, fractures, and folds, flow of debris and ice[END_REF][START_REF] Coussot | Recognition, classification and mechanical description of debris flows[END_REF]. Current knowledge about debris flow -from geomorphology, mechanics to countermeasures -is exhaustively described in many reviews (e.g. [START_REF] Costa | Physical Geomorphology of Debris Flows[END_REF][START_REF] Hungr | Debris-flow hazards and related phenomena[END_REF][START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF].

Debris flow is a highly transient flow moving down in surge(s) with steep boulder front(s) (fig. 1.2; [START_REF] Pierson | Flow behavior of channelized debris flows, Mount St[END_REF]. It can transport large boulders (up to ). Magnitude refers to the total volume of material entrained by the flow to the deposition area. It impacts on the peak discharge, the travel and runout distances [START_REF] Rickenmann | Empirical relationships for debris flows[END_REF], key parameters to assess the flow capacity for passing under a bridge and to delineate endangered zone. Debris flow has an high sediment concentration exceeding about 50% by volume or 70% by mass [START_REF] Costa | Physical Geomorphology of Debris Flows[END_REF][START_REF] Pierson | A rheologic classification of subaerial sediment-water flows[END_REF]. It is generally defined as "a very rapid to extremely rapid flow of saturated non-plastic debris in a steep channel" [START_REF] Hungr | Classification and terminology[END_REF]. Non-plastic debris refers to loose unsorted coarse material consisting of a mixture of sand, gravel, cobbles, boulders and organic material (e.g. large woody debris). Although apparently monophasic, debris flow may also contain a muddy matrix made of fine sediment as silt and clay (i.e. plastic debris). Thus, debris-flow deposit is often cohesive. It also presents a wide range of grain size poorly sorted. Along with high sediment concentration, the grain-size distribution of fine material (from 0.001 to 20 mm) impacts rheology and bulk flow behaviour (Phillips and Davies, 1991; Jan and Shen, 1997; Iverson, 1997; [START_REF] Bardou | Méthodologie de diagnostic des laves torrentielles sur un bassin versant alpain[END_REF][START_REF] Ancey | Plasticity and geophysical flows: A review[END_REF]. Thus, the flow regime of the grain-fluid mixture is related to the dominance of fluid viscosity, turbulence, grain sliding friction or grain collisions. As a consequence, there exist two main categories: (i) muddy and (ii) granular debris flows (fig. 1.4). Lahar (i.e. volcanic debris flow) constitutes a third category very specific. The use of the terms muddy or granular may be confusing as they can refer either to flow behaviour or appearance, which is not necessarily the same. For instance, a debris flow with a surface highly granular may actually be governed by viscoplastic fluid (fig. 1.4d). The washout of fine particles at deposit surface may also lead to ambiguity. Yet the correct classification is important since it may affect the rheological law used during hazard modelling (e.g. Bingham or Coulomb model). Depending on flow rheology, deposit appearance and stopping slope would be different [START_REF] Bardou | Classification of debris-flow deposits for hazard assessment in alpine areas[END_REF]: (i) muddy or viscoplastic debris flow presents cohesive deposit once dry with round-shape levees and stopping slope greater than 5%; (ii) granular or frictional-collisional debris flow presents non-cohesive deposit once dry with triangular-shape levees and stopping slope greater than 15%. 

Phenomenological flow continuum

Different types of flow can be defined depending on granular materials, finesediment concentration, water content or shearing rate. The numerous involved parameters reflect the complexity of establishing a classification (fig. 1.6; tab. 1.1). Flow type diversity is representative of a continuum between sediment-laden flood and debris flow [START_REF] Slaymaker | The distinctive attributes of debris torrents[END_REF]. It participates to the existing multiplicity of terms: for instance debris flood, Hungr et 1

One phase supposes that fluid and suspension behaves as a whole at macroscopic scale. Two phases means that solid and interstitial-fluid phases may move separately at different velocities. Depending on the type of debris flow, one-or two-phase continuum models may be appropriated.
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A stationary signal has local statistics -e.g. average local estimates of amplitude distribution -that are invariant over the entire duration of the signal, for instance periodic or random signals. On the contrary, a transient signal occurs locally during the reporting period and induces change over the duration of the signal. The use of such a notion strongly depends on the considered temporal scale. Here, the event scale is considered (about dozen minutes). The use of transient refers to intermittent flow, by surges, which may be caused by (i) external factors -such as bank failure or jams-breakup -or (ii) factors related to flow nature -such as roll waves - [START_REF] Meunier | Les progrès de la connaissance et les méthodes d'étude des phénomènes torrentiels[END_REF]. Because

of coarse and finer grain interactions, bedload transport is also fluctuating, and the relationship between solid and water discharges is not univocal at instantaneous scale [START_REF] Recking | Bedload transport in rivers: from the flume to the field[END_REF]. In this framework, bedload sheet production and migration in torrent are rather considered as the transition toward debris flood.

3

The bulk flow behaviour or rheology is conditioned by the prevailing flow regimes, detailed in [START_REF] Ancey | Plasticity and geophysical flows: A review[END_REF] according to the solid fraction φ and the shear rate γ. Pseudo-Newtonian behaviour is governed by the interstitial fluid and occurs in hydrodynamic regime: bulk viscosity rises with increasing solid concentration. The transition between hydrodynamic and colloidal regimes correspond to viscoplastic behaviour. At high solid concentrations, there is a significant change in bulk behaviour due to the development of a particle network, and direct friction, lubricated contact and collisional contact may become predominant. In lubricated contact, the bulk rheological behaviour is still governed by the interstitial fluid, for instance in "muddy" debris flow, it is viscoplastic.

1 1.2. Torrent catchment 11

As above mentioned in § 1.1.1, in mountain streams, intense bedload transport event can mobilise a dramatic amount of sediment and lead to morphological changes equivalent to debris flow (e.g. fig. 1.7). For such a major flow, the term debris flood or immature debris flow may be preferred to bedload which do not include the flow intensity. The presence of free water in the flow, the grain-size homogeneitysieve deposition -and the absence of muddy matrix in the deposit distinguish debris flood from debris flow. Another difference relies on peak discharge and destructive potential 1 which is much greater for debris flow than for debris flood due to its boulder front [START_REF] Hungr | Classification and terminology[END_REF]. For such a transitional flow, one can also see the term hyperconcentrated flow referring to the high sediment concentration (from 20% to 60%), but we prefer to do not use it to avoid confusion with flood highly loaded with fine sediment in suspension. Notice that, during hyperconcentrated flood, bedload often comes with suspended load (e.g. photo in tab. 1.1a). When the fine sediment concentration is high enough for the flow to become significantly plastic, and when there is no coarse material, the term mudflow is preferred to debris flow. Beyond these phenomenological considerations, recent works in granular physics [START_REF] Houssais | Toward a unifying constitutive relation for sediment transport across environments[END_REF] aim at unifying sediment transport theories -e.g. soil creep, landslides, debris flow, bedload and suspended-load transport -, and argue in favour of a continuum of sediment transport processes.

Torrent catchment

Where does it take place ?

General features

Torrent is a steep mountain stream -channel slope above 6 % [START_REF] Besson | Les risques naturels en montagne: Traitement, prévention, surveillance[END_REF] located in the upper part of the stream network. Torrent catchment may be divided in three functional zones of: (i) production, (ii) transfer and (iii) deposition (fig. 1.8; Surell, 1841). Drainage area collects rainfalls and concentrates the sediment sources. It is the production zone of runoff and erosional processes which supplies torrential flow. Stream channel is the transport path throughout flow propagates downstream. There, both erosional and depositional processes may occur. Alluvial
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STATE OF THE ART fan is the depositional zone where the sediment load accumulates, because of confinement loss and slope reduction, at the mouth of the torrent in the river valley.

It is a cone-shaped accumulation of sediment build-up by past flows. It is often urbanised and represents the vulnerable area. The fan apex marks the outlet of the production zone and the beginning of the deposition zone. Depending on the catchment geometry, it can be positioned more-or-less up in the channel and can fluctuate between events. The torrent catchment prone to sediment-laden flows is characterised by susceptibility factors related to both (i) the catchment morphometrics and (ii) its sediment availability (e.g. [START_REF] Lenzi | Long-term monitoring of bedload and debris flows in two small alpine basins of different morphological settings[END_REF], compared two monitored catchments with different sediment dynamics). Morphometric specificity can be represented by the Melton's ruggedness index and the slope of the alluvial fan [START_REF] Jackson | Identification of debris flow hazard on alluvial fans in the Canadian Rocky Mountains[END_REF]. Melton index [START_REF] Melton | The Geomorphic and Paleoclimatic Significance of Alluvial Deposits in Southern Arizona[END_REF] corresponds to the ratio of the catchment relief -difference between the maximum elevation of the catchment and the elevation of the fan apex -by the square root of the catchment area at the fan apex. It determines the available gravitational energy of the catchment. Fan slope is representative of the dominant transport process occurring from multi-decadal to secular past flows. These two indexes have proved their ability to discriminate fluvial and debris-flow responses (e.g. Bertrand et al., 2013, fig. 1.9). Sediment supply potential is related to the presence of active sediment sources (e.g. degraded terrain such as moraines or talus slopes). Such active erosion cells inherently depend on geology, land-use, relief and climate. Numerous models were developed for identifying debris-flow prone catchment in perspective of susceptibility mapping (e.g. [START_REF] Wilford | Recognition of debris flow, debris flood and flood hazard through watershed morphometrics[END_REF][START_REF] Carrara | Comparing models of debris-flow susceptibility in the alpine environment[END_REF][START_REF] Chevalier | Debrisflow susceptibility analysis using fluvio-morphological parameters and data mining: application to the Central-Eastern Pyrenees[END_REF][START_REF] Heiser | Process type identification in torrential catchments in the eastern Alps[END_REF]. 

PRODUCTION ZONE

Sediment cascade and connectivity

The geomorphic response of torrent catchment is closely linked to the condition of sediment recharge. The transfer of sediment between the geomorphic zones -on hillslopes, between hillslopes and channels and within the channel -can be regarded as a cascading system. Sediment recharge within the catchment is provided by the hillslope-channel coupling (fig. 1.10) which integrates complex interactions between sediment detachment and transport processes. Sediment sources -i.e. the areas where sediment are generated or storedgenerally consist of unconsolidated material overlying bedrock. They are supplied by (i) the weathering of the bedrock under the effect of frost cracking [START_REF] Matsuoka | The rate of bedrock weathering by frost action: Field measurements and a predictive model[END_REF]) and (ii) the remobilisation of the loose debris accumulated in the colluvial channels through hillslope processes (e.g. rockfall, debris slide, slope failure or gully erosion). Depending on the source area lithology, torrent can be classified as either systems dominated by (i) surficial deposits or (ii) rockslopes -also named "torrent à clappes" in French -(fig. 1.11; [START_REF] Bovis | Mechanisms of debris supply to steep channels along Howe Sound, Southwest British Columbia[END_REF]. These sediment stores are in turn transferred from hillslopes down to channels when hillslope processes reach the stream network or by bank undercutting during flood. They contribute to the in-channel recharge, i.e. alluvium. Once in the channel, sediment participates to the sediment transport, and propagates downstream gradually over successive flows responsible for scour-and-fill cycles which affect channel morphology (fig. 1.12). Thus, episodic sediment supply causes the channel to alternate over time between supply-limited and transport-limited situations [START_REF] Hassan | Sediment Transport and Channel Morphology of Small, Forested Streams[END_REF].

Sediment yield at the outlet is lower than the total sediment eroded within the catchment (termed as "sediment delivery problem" by [START_REF] Walling | The Sediment Delivery Problem[END_REF]) because of temporary or permanent sediment storage. In order for sediment delivery to occur, geomorphic zones have to be coupled [START_REF] Harvey | Coupling between hillslopes and channels in upland fluvial systems: implications for landscape sensitivity, illustrated from the Howgill Fells, northwest England[END_REF]. The efficiency of sediment transfer between two compartments of the catchment sediment cascade (longitudinal, lateral and vertical linkages/blockages) corresponds to the degree of sediment (dis)connectivity [START_REF] Fryirs | Dis)Connectivity in catchment sediment cascades: a fresh look at the sediment delivery problem[END_REF]. These compartments may act as sediment stores or sinks to which sediment is added or removed over time. Notice that approaches for quantifying connectivity, and system behaviour and dynamics have been developed based on geomorphometry [START_REF] Cavalli | Geomorphometric assessment of spatial sediment connectivity in small Alpine catchments[END_REF] or graph theory [START_REF] Heckmann | Geomorphic coupling and sediment connectivity in an alpine catchment -Exploring sediment cascades using graph theory[END_REF]. Coupling is subject to change: for example, after the formation or the removal of a landslide dam or following wildfire favouring the apparition of new sediment sources. Thus, sediment recharge within the catchment fluctuates over space but also over time, from event scale to many decades [START_REF] Benda | Geomorphology of Steepland Headwaters: The Transition from Hillslopes to Channels[END_REF]. It is sensitive to climate variation (e.g. decrease in the number of freezing days, [START_REF] Jomelli | Geomorphic variations of debris flows and recent climatic change in the French Alps[END_REF].

Sediment connectivity is influenced by the magnitude and frequency of sediment and flood producing events, in conjunction with the form of the landscape [START_REF] Bracken | Sediment connectivity: a framework for understanding sediment transfer at multiple scales[END_REF]. Thus, hillslope-channel coupling and sediment transfer are highly conditioned by seasonal hydro-climatic factors. In particular, the sediment coming from hillslopes accumulates during winter in the first-order channels and may be transferred to the next higher order reaches during the spring and summer storms (Theule et al., 2012, fig.1.13). 
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Initiation factors When does it occur ?

In a debris flow-prone torrent (i.e. with sufficient gravitational energy and sediment potential), debris-flow occurrence is influenced by two levels of shortand long-term forcing. Primary influences are those that control the water supply responsible for the debris-flow triggering. Secondary influences are those related to the antecedent conditions that favour the debris-flow initiation.

Triggering factors

Climatic factors, listed hereafter, have been well reviewed in [START_REF] Wieczorek | Climatic factors influencing occurrence of debris flows[END_REF]. Heavy precipitations -intense or long-lasting rainfalls -are the most prevalent cause of debris-flow triggering. This can also result from rapid snow/ice melting due to rainfall and/or sudden temperature rise. Both factors -rainfalls and snowmelt -are responsible for hydrologic forcing by infiltration and runoff [START_REF] Reid | Debris-flow initiation experiments using diverse hydrologic triggers[END_REF]. Infiltration develops perched aquifers or raises groundwater level by saturating the soil, which increases the pore-water pressure and the slope instability ( § 1.4.2). Surface runoff supplies the water discharge, favours the soil liquefaction and leads, in particular, to surficial erosion. Subsurface flow exfiltration may also enhance slope failure potential [START_REF] Montgomery | Piezometric response in shallow bedrock at CB1: Implications for runoff generation and landsliding[END_REF].

Water input can arise from outburst flood during the collapse of an artificial or natural dam (e.g. landslide dam lake, glacial lake or intraglacial cavity; [START_REF] Costa | The formation and failure of natural dams[END_REF]. In particular, glacier-related debris flows in the European Alps were documented in [START_REF] Chiarle | Recent debris flow occurrences associated with glaciers in the Alps[END_REF]. Although less frequent, such a triggering is often more catastrophic. For instance, the sudden release of a water pocket beneath Tête-Rousse Glacier (Mount Blanc, France) in 1892 mobilised over 0.6 Mm 3 of debris and caused more than 175 casualties [START_REF] Mougin | Les poches intra-glaciaires du glacier de Tête-Rousse[END_REF]. In another example, casualties were avoided: the Bairaman landslide dam (Papua New Guinea) was artificially breached in 1986, after evacuation of the village 39-km downstream, because its lake was closed to overtopping; it generated a debris flow with an estimated volume of 120 Mm 3 and average velocity of 20 km h -1 , which totally destroyed the village [START_REF] King | The 1985 Bairaman landslide dam and resulting debris flow, Papua New Guinea[END_REF].

Predisposing factors

In the same catchment, the torrential response to climatic forcing can be complex. Beyond the general features of the catchment responsible for the regional variability of debris-flow activity (e.g. morphometry, geology, vegetation cover, or regional climate; cf. sec. 1.2), the debris-flow susceptibility can also strongly depend on the recent history of the catchment.

The fluctuations at local scale of the sediment recharge -which necessarily supplied the debris flow -can strongly influence the torrential response to triggering factors. Indeed, although necessary, the water supply is not enough for debrisflow triggering. Thus, it often occurs that intense rainfalls do not trigger debris flow while moderate ones cause it. Depending on sediment recharge conditions, it is possible to distinguish transport-and supply-limited systems (fig. 1. 14;[START_REF] Zimmermann | Magnitude-frequency aspects of alpine debris flows[END_REF][START_REF] Bovis | The role of debris supply conditions in predicting debris flow activity[END_REF][START_REF] Jakob | The significance of channel recharge rates for estimating debris-flow magnitude and frequency[END_REF]. In transportlimited catchments, there is always enough sediment available for debris-flow triggering, and the limiting factor is its transport capacity and the water supply. In supply-limited catchments, the sediment availability is the limiting factor, and it takes a long time to reaccumulate debris after debris-flow scouring. The reconstitution of the sediment recharge is related to the geomorphic activity of hillsopes (cf. § 1.2.2). Antecedent rainfalls -from 1 to more than 30 days -may significantly (but not necessarily) contribute to soil moisture conditions which may reduce soil cohesion and facilitate sediment entrainment. Thus, they may diminish the water supply required for destabilising the slope [START_REF] Wieczorek | Climatic factors influencing occurrence of debris flows[END_REF]. However, there is little agreement on the significant time period. The role played by the antecedent rainfall may strongly vary, in particular, depending on the regional climate. Indeed, seasonal rainfall and temperature regime may impact on the way evapotranspiration affects the soil moisture.

Ground freezing and snow avalanche deposit can change the debris-flow triggering probability [START_REF] Bardou | Effects of ground freezing and snow avalanche deposits on debris flows in alpine environments[END_REF]). Thus, an intense freezing of the ground before an event may amplify the potential of slope instability by destroying soil aggregates or/and decreasing infiltration rate (increasing runoff). Snow cover and avalanche deposit may act both as reducing (protecting effect against surface runoff) and amplifying (base flow increase with temperature rise and release of debris accumulated on the snow deposit) factors.

A land use change such as post-fire vegetation cover change or clearcut effect, may also enhance the debris-flow probability especially by favouring runoff and erosion [START_REF] Cannon | Wildfire-related debrisflow generation through episodic progressive sediment-bulking processes, Western USA[END_REF].

Earthquake may increase the debris-flow potential. It provides new material sources and increase slope instability by reducing the shear strength of the soil. As examples, one can cite the Chi-Chi Earthquake occurring on September 21, 1999 in Taiwan [START_REF] Lin | Impact of Chi-Chi earthquake on the occurrence of landslides and debris flows: example from the Chenyulan River watershed, Nantou, Taiwan[END_REF] or the Wenchuan Earthquake occurring on May 12, 2008 in Southwest China [START_REF] Guo | Intensity-duration threshold of rainfall-triggered debris flows in the Wenchuan Earthquake affected area, China[END_REF].

As well as earthquake, permafrost degradation may favour debris-flow occurrence as it enhances significantly the debris availability; permafrost can also influence the water supply by limiting infiltration (layer saturation) or providing additional water volumes [START_REF] Zischg | Permafrost and debris-flows[END_REF]. Note that with climate warming, the debrisflow activity of catchment: (i) above the permafrost zone might increase because of deeper melting of active layer; (ii) below the permafrost zone might either increase or decrease depending on the elevation because of the growth or reduction of frost/thaw cycle intensity and frequency responsible for debris supply. 

Formation mechanisms How does it work ?

Debris-flow triggering results from the rapid mobilisation of an high sediment load. Debris flow can be initiated either on hillslopes (e.g. confined flow in a gully channel or unconfined flow in an open slope) or, more rarely, in the stream channel (e.g. by bank undercutting/slump, channel scouring or jam failure). Mechanistic theories for debris-flow initiation can be grouped into two main categories [START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF]): (i) surface erosion responsible for grain-by-grain bulking of the flow (e.g. [START_REF] Cannon | Wildfire-related debrisflow generation through episodic progressive sediment-bulking processes, Western USA[END_REF]; (ii) mass failure that evolve into debris flow by liquefaction (e.g. [START_REF] Malet | Triggering conditions and mobility of debris flows associated to complex earthflows[END_REF]. The former mechanism is the extension of bedload theory in steep-slope hydraulics. The second one derives from slope stability concept in soil mechanics. Both mechanisms may be driven by an hydrologic forcing through runoff and/or infiltration ( § 1.3.1).

Hydraulic-induced debris flow

Bedload transport corresponds to the individual particle transport affected by hydrodynamic forces of the surface flow. The incipient motion of grain by bedload transport in water flow depends on the ratio between (i) the driving forces controlled by the flow stage and the stream slope, and (ii) the resisting forces related to the weight (density and size) and the shape of the grain. Such a ratio expresses the dimensionless shear stress of [START_REF] Shields | Application of similarity principles and turbulence research to bedload movement[END_REF]. Once the critical Shields stress has been crossed, the "excess" stress generated by the flow controls the sediment discharge and sets in motion a grain layer more or less thick.

During the flow, the stream bed morphology is adjusted, by erosion or deposition processes, with respect for the dynamic equilibrium between the sediment load and the water discharge (fig. 1.15). When the flow transport capacity exceeds the available sediment load, the flow erodes the stream bed what decreases the slope to find a new balance, and the surface roughness increases because of preferential entrainment of smaller grains. On the contrary, when the sediment load becomes greater than the flow transport capacity, the stream slope increases by sediment deposition and grain-size sorting contributes to decrease the surface roughness. The flow transport capacity, for a given water discharge, is increasing with the stream slope (fig. 1.15). Consequently, in torrent catchment and especially in the headwaters, the sediment concentration may be higher. When the sediment load of the flow becomes high enough for inducing change in the flow rheology, the progressive entrainment of sediment into the flow can degenerate into debris-flow surge(s). This case can be classified as hydraulic-induced debris flow (as suggested by [START_REF] Remaître | Morphologie et dynamique des laves torrentielles : Applications aux torrents des Terres Noires du bassin de Barcelonnette (Alpes du Sud)[END_REF]. The mobilisation and the entrainment of sediment is induced by flows confined within channel (gully or stream channel), and implies a connection to the stream network. The volume of sediment mobilised could be correlated with the volume of water runoff [START_REF] Meunier | Éléments d'hydraulique torrentielle[END_REF] and the surface affected by erosion process.

Note that above a critical slope (∼ 20 -30 % from Hungr et al., 2005; Takahashi, 2014, respectively), the whole saturated sediment layer may become unstable (bed destabilisation) and can be entrained en masse into the flow (sometimes referred to as "carpet flow"). The process of surface erosion may thus fit the slope stability theory and the triggering mechanism may turn into shallow landslide [START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF]. One can distinguish two types of landslide: (i) shallow landslide about 1-2 m thick and (ii) deep-seated landslide of several tens of meters thick. Although both are likely to transform into debris flow, the former case is more widespread. Takahashi (2014) suggested in particular, three categories of mechanism for shallow landslides that are described in figure 1.17.

Landslide-induced debris flow

Landslide mobilisation has been discussed by many authors (e.g. [START_REF] Iverson | Debris-flow mobilization from landslides[END_REF][START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF]. The sliding along a slip plane, i.e. Coulomb slope failure, starts when the shear stress, due to gravity driving force, exceeds the shear strength, related to the cohesion and the internal friction angle of the material. The A debris flow may arise when: (1) the saturated layer of a certain thickness appears within the permeable layer and the whole surface layer becomes unstable due to the effects of pore water pressure and the reduction of apparent cohesive strength in the saturated layer;

(2) the water table reaches the surface through exfiltration and generates severe erosion, which leads to the elimination of support downslope; (3) the surface layer is saturated, and if, at any depth of the layer, driving stress is higher than resisting stress, then the surface layer becomes (partly or totally) unstable -i.e. surface erosion mechanism -.

Comparatively to debris flow resulting from progressive entrainment of sediment through erosive processes, landslide-induced debris flow may (i) involve higher sediment volumes at the triggering time [START_REF] Malet | Triggering conditions and mobility of debris flows associated to complex earthflows[END_REF], (ii) be strongly conditioned by the antecedent soil moisture [START_REF] Bogaard | Landslide hydrology: from hydrology to pore pressure[END_REF], and (iii) arise as a slower reaction to the hydrologic forcing [START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF].

What about runoff ?

Debris-flow initiation from landslides is often opposed to the one by water runoff (e.g. [START_REF] Berti | Experimental evidences and numerical modelling of debris flow initiated by channel runoff[END_REF][START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF]. Such a distinction might suggest that this hydrologic forcing does not play a role in the triggering of landslide-induced debris flow. However, runoff can transform loose sediment into debris flow either by progressive erosion responsible for sediment enrichment of the flow, or through mass failure of colluvial and/or alluvial deposits. [START_REF] Kean | Runoffgenerated debris flows: Observations and modeling of surge initiation, magnitude, and frequency[END_REF] proposed a physical based model which focuses on the transition of incoming bed load by water flow into debris flow (fig. 1.18). The model assumes that low-gradient sections act as a "sediment capacitor" which (i) temporary stores incoming sediment from bedload and (ii) releases debris-flow surge once the Mohr-Coulomb static force balance is out of equilibrium. Notice that sediment capacitor could probably also refer to the so-called "apical cone" in [START_REF] Pech | Le rôle du cône apical dans le déclenchement des coulées de débris alpines du massif du Dévoluy, Hautes-Alpes (France)[END_REF]. Finally, the model is capable of reproducing the transient regime of debris flow independently of the water input regime. There, debris-flow magnitude is also directly linked with the rainfall forcing. Continued deposition forms porous dam.

Water is sieved through dam face, while sediment accumulates upstream of dam (capacitor charges).

Charging continues until the downstream forces equal Coulomb resisting forces (capacitor is fully charged).

Further charging causes the downstream forces to exceed the resisting forces and mass accelerates into a moving debris flow surge (capacitor discharges). 
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Intensity-Duration laws Towards prevention strategies

Rainfall being recognised as the main debris-flow triggering factor, efforts to develop strategies for prevention especially rely on characterising minimum conditions of precipitation required for debris-flow initiation. [START_REF] Caine | The Rainfall Intensity: Duration Control of Shallow Landslides and Debris Flows[END_REF] introduced the concept of critical threshold combining rainfall intensity and duration (ID) for the occurrence of debris flow and more generally of shallow landslides. Since then, rainfall thresholds have been widely defined worldwide 2 . Minimum threshold identifies the lowest amount of rainfall below which no landslide has occurred. Above this threshold, the landslide probability increases as rainfall progresses towards the maximum threshold characterising the amount of rainfall that has always triggered landslides historically.

Empirical relationships

ID threshold can be empirically derived from rainfall measurements of inventoried debris flows. The dataset used for assessing the relationship between debris-flow occurrence and rainfall properties typically results from an extensive catalogue of historical events (stemming, for instance, from torrent control institutions) crossed with long-term records of a raingauge network. It may also be derived from monitoring stations, which allows to know the exact timing of debrisflow occurrence, rarely detailed otherwise.

ID threshold is usually obtained by drawing lower-bound line to the rainfall conditions that resulted in debris flows plotted on a logarithmic scale. It is drawn visually or by statistical techniques through Bayesian or Frequentist approach (e.g. [START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF][START_REF] Brunetti | Rainfall thresholds for the possible occurrence of landslides in Italy[END_REF].

It can be defined for a single catchment (e.g. [START_REF] Wieczorek | Effect of rainfall intensity and duration on debris flows in central Santa Cruz Mountains, California[END_REF][START_REF] Marchi | Ten years of debris-flow monitoring in the Moscardo Torrent (Italian Alps)[END_REF][START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF][START_REF] Badoux | A debris-flow alarm system for the Alpine Illgraben catchment: design and performance[END_REF], or on a regional or global scale (e.g. [START_REF] Caine | The Rainfall Intensity: Duration Control of Shallow Landslides and Debris Flows[END_REF][START_REF] Aleotti | A warning system for rainfall-induced shallow failures[END_REF][START_REF] Chen | Rainfall duration and debris-flow initiated studies for real-time monitoring[END_REF][START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF][START_REF] Baum | Early warning of rainfall-induced shallow landslides and debris flows in the USA[END_REF]. Global thresholds attempt to establish a general minimum level below which landslides (including debris flows) do not occur, and may potentially rely on a larger number of events. Regional thresholds are defined for areas extending from a few to several thousand km 2 of similar climatic and physiographic characteristics (e.g. [START_REF] Peruccacci | Lithological and seasonal control on rainfall thresholds for the possible initiation of landslides in central Italy[END_REF][START_REF] Pavlova | Debris flow activity related to recent climate conditions in the French Alps: A regional investigation[END_REF]. The more specific the threshold, the more relevant it is since it would be less sensitive to regional influences (e.g. climatic conditions, relief, geological heritage, land use, torrent control works; sec. 1.2). However, data collection is time consuming and establishment of a local (or even regional) threshold is not always feasible. In addition, a local threshold could not be easily generalisable to other sites not documented. In such a case, global thresholds are desirable but may result in many false predictions.

There is a high heterogeneity of empirical thresholds, as evidenced by their multitude in the literature (fig. 1. [START_REF] Remaître | Morphologie et dynamique des laves torrentielles : Applications aux torrents des Terres Noires du bassin de Barcelonnette (Alpes du Sud)[END_REF]). It has been often attributed to both climatic (e.g. mean annual precipitation) and geomorphic conditions [START_REF] Govi | Landslide susceptibility as a function of critical rainfall amount in Piedmont Basin (North-Western Italy)[END_REF][START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF]. But, it may also result from the data processing procedure as there is no standard protocol or from the data series employed which may originate from miscellaneous sources with varying quality of information. For instance, the nature of the considered events may be more or less accurate -1 1.5. Intensity-Duration laws 23 landslides or only debris flows -, the debris-flow timing and location may be more or less well documented, rainfall time series may have daily, hourly or sub-hourly resolution, etc. Rainfall intensity is the amount of precipitation accumulated in a period, most commonly expressed in mm h -1 . However, depending on the length of the measurement time step (e.g. daily, hourly or 10 min), intensity may have a different physical meaning and so rainfall resolution may influence ID thresholds.

Likewise, it is difficult to get accurate observation because of the infrequent and destructive nature of debris flows. Most of the debris flows are characterised, not without some difficulty, post-event. Due to the complexity of the processes involved (sec. 1.1), flow type is not always well documented, which may constitute an additional source of variability. A bias also occurs since the rainfall events classified as triggering event often are those for which debris flows propagate downstream and cause damages. Consequently, numerous information related to the debris flows which do not reach the outlet -where infrastructures and habitations could be impacted -are not considered. 

Process-based models

Empirical relationships present limits as (i) they may be adopted only for the catchments where a certain amount of inventoried debris flows is available and (ii) they cannot anticipate how debris-flow hazards may change in response to changing environments. To overcome these limitations and provide a physical basis for the understanding of debris-flow triggering thresholds, numerical models have been developed. In turn, physical-based models require many information for the calibration process (e.g. soil depth, shear strength parameters, ground water conditions), that are often lacking and difficult to obtain.
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Debris flow from surface erosion

Berti and Simoni (2005) proposed an hydrological model based on the kinematic wave assumption to simulate the generation of runoff and estimate the rainfall needed to produce the critical level of discharge for debris-flow initiation (fig. 1.20a). It assumes that (i) channel runoff is generated when the water inflow exceeds the infiltration capacity of the channel bed material and that (ii) debris flow is initiated by progressive bulking of surface water flow. The rainfall-runoff modelling depends on numerous parameters characterising the catchments such as the geometry of the headwaters and of the channel (length, width, slope, roughness), the loss coefficients determining the excess rainfall rate and the physical proprieties of the deposit (thickness, length, porosity, hydraulic conductivity).

The model was calibrated for Acquabona Catchment (IT). It is applied to any possible ID combination and the resulting hydrological response is determined (fig. 1.20b). It is capable of assessing ID threshold for surface runoff but it still needs a model describing both bed mobilisation and debris-flow initiation processes. The model was calibrated for the Sambuco Catchment (IT). Simulations combining intensity, duration but also antecedent rain are performed for the whole possible range of rainfall characteristics. For each simulation, the percentage of basin that is unstable as well as the total debris volume available for the flow is computed (fig. 1.21). The model allows establishing a set a of critical thresholds which can be associated to debris-flow risk levels (the higher the failure percentage, the higher the risk). 

< Q W Q S : subsurface stormflow; Q W > (Q S + Q D + Q L ): channel runoff).
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Uses and limitations of ID thresholds

ID thresholds in association with rainfall recurrence intervals can help for establishing debris-flow occurrence probability in hazard assessment. The use of ID thresholds combining with real-time rainfall measurement are very promising to develop early warning system (EWS) operating in particular in the catchments with high debris-flow susceptibility.

At local scale, the sites highly exposed to debris flows can be equipped for a long time with monitoring stations which allow both developing specific empirical ID thresholds and implementing them in alert systems (e.g. [START_REF] Badoux | A debris-flow alarm system for the Alpine Illgraben catchment: design and performance[END_REF]. However, this is not achievable for all the concerned sites. Although the catchments prone to debris flow may be identified from susceptibility map developed by using, for example, digital elevations models (DEM) and orthophotos [START_REF] Horton | Debris flow susceptibility mapping at a regional scale[END_REF][START_REF] Chevalier | Debrisflow susceptibility analysis using fluvio-morphological parameters and data mining: application to the Central-Eastern Pyrenees[END_REF][START_REF] Bertrand | Debris-Flow susceptibility assessment at the regional scale of the Southern French Alps[END_REF], it is not possible to monitor each of them. As a consequence, it is impossible to get the long-term datasets necessary for establishing the empirical threshold suitable for each site.

At regional scale, the feasibility of warning systems based on the combination of ID thresholds and susceptibility maps, as well as, their relevancy for risk mitigation purposes have been proved (e.g. in the Emilia Romagna region, Northern Italy, [START_REF] Segoni | Integration of rainfall thresholds and susceptibility maps in the Emilia Romagna (Italy) regional-scale landslide warning system[END_REF]. Nevertheless, the use of empirical thresholds with rain gauges can be limited by the great uncertainty due to the spatio-temporal variability of both climatic conditions and debris-flow susceptibility. There is no single ID threshold but many different from one site to another ( § 1.5.1). In addition, the rainfall measurement may play a significant role since its relevancy sharply decreases with the distance between rain gauge and debris-flow location, especially because of the strong spatio-temporal variability of the intense convective storms often responsible for debris flow [START_REF] Nikolopoulos | Impact of uncertainty in rainfall estimation on the identification of rainfall thresholds for debris flow occurrence[END_REF]). An alternative to fix the problem of rain gauge coverage is to use high resolution weather radar instead if it is possible [START_REF] Marra | Radar rainfall estimation for the identification of debris-flow occurrence thresholds[END_REF]. One can thus cite another example of early warning system operating at regional scale in the Central-Eastern Pyrenees, Spain [START_REF] Berenguer | Debris-flow forecasting at regional scale by combining susceptibility mapping and radar rainfall[END_REF] which combines susceptibility mapping, ID thresholds from physical-based modelling and radar quantitative precipitation estimates.

Another difficulty to deal with ID thresholds, either empirical or derived from physical-based modelling, is the high number of non-triggering event above the threshold, especially undesired for alarm system (fig. 1 .22). Indeed, by definition, minimum thresholds attempt to avoid every debris flow without any regard to the non-triggering rainfall events. The absence of clear separation between triggering and non-triggering events was attributed to the uncertainty related to rain estimation representativeness [START_REF] Nikolopoulos | Impact of uncertainty in rainfall estimation on the identification of rainfall thresholds for debris flow occurrence[END_REF] but also to the triggering mechanisms -either by surface erosion or landslide - [START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF] 3 . Another assumption is that a minimum ID condition is a necessary but not sufficient condition for initiating debris flow. Indeed, predisposing factors such as soil moisture or sediment recharge may also be important as underlined in section 1.3. 

Purposes of the PhD research work

ID thresholds are essential tools both in research and in operational contexts. They contribute to improve the current knowledge about debris-flow initiation resulting from precipitation. They may also have practical applications in the predetermination of risk levels and in event forecasting. However, the establishment of such thresholds is challenging ( § 1.5.3). On the one hand, ID thresholds are subject to a high variability, not only because of regional differences, but also because of varying methodological frameworks. On the other hand, ID thresholds are not necessarily binary and may lead to false detections. ID threshold variability may be (i) of physical origin, (ii) related to the dataset quality or (iii) derived from the way we use such a dataset (fig. 1.23).

Dataset quality Measurement representativeness Observation scale Considered process

Physics

Climatic conditions Morphometric potential Sediment supply potential Torrent control works background Predisposing factors

Methodological framework No standard protocol for rainfall event definition Subjective/Objective assessment

Multiplicity of empirical ID-thresholds

False detections sec. 1.5 sec. 1.2, 1.3 sec. 1.1 Figure 1.23 -Limits of ID thresholds. Summary of the potential sources variability likely to explain both (i) the multiplicity of empirical thresholds gathered from literature in various locations and (ii) the absence of clear separation between the rainfall events that triggered debris flows and those that do not, even within a single site. • establish a rigorous framework for empirical ID threshold assessment, in order to avoid uncertainties inherent in the protocol of data processing, and to ensure threshold comparability when qualifying regional differences;

• improve the performances of such thresholds by considering not only the triggering but also the predisposing factors related to antecedent conditions.

To achieve these two purposes, three issues must be raised. First, to be able to determine critical rainfall conditions for debris-flow occurrence, it is necessary to clearly identify when a debris flow occurs beforehand. This raises questions about how to recognise a debris flow and how to deal with the continuum of sediment transport processes ( § 1.1.3) using monitoring station observations.

Second, before linking a rainfall condition to either a debris flow or no flow, rainfall time series is often segmented into events. Although this processing step may seem trivial, it is not without consequence over the ID threshold position. Thus, before objectively establishing ID threshold using a statistical approach (e.g. [START_REF] Brunetti | Rainfall thresholds for the possible occurrence of landslides in Italy[END_REF], it is of great importance to determine a relevant criterion for defining a rainfall event regarding the way it affects the ID threshold.

Third, triggering factors ( § 1.3.1) such as heavy rainfalls are necessary but not sufficient conditions for explaining the whole complexity of the debris-flow initiation. The intensity and the duration of a rainfall event should be considered in conjunction with other explanatory variables representative of the secondary influences ( § 1.3.2), such as antecedent rainfall or sediment recharge.

Finally, it boils down to three important questions to address: I. How to discriminate debris flow from other torrential responses ? II. How to define a rainfall event in view of establishing critical ID thresholds ? III. Why rainfall events greater than the critical level do not induce debris flow ?

To do so, this investigation is supported by field data collected during 5 years by means of monitoring stations. These monitoring stations were deployed on two debris-flow-prone catchments of the French Alps -the Réal (Alpes-Maritimes) and the Manival (Isère) -which present different climatic and physiographic characteristics, in particular both production systems are dominated by surficial deposits or rockslopes, respectively. This makes it possible to multiply debrisflow observations over a short period and to include regional variability. Such an approach allows to limit the uncertainties of the dataset (e.g. heterogeneity and incompleteness; poor representativeness of the rainfall measurement; inaccuracy of the debris-flow detection), by observing torrent in the close proximity of the involved processes. It also provides the opportunity to characterise a wide range of torrential response to rainfall forcing, including debris flow, immature debris flow, bedload transport and event without transport.

The thesis is organised as follows (fig. 1.24): chapter 2 describes the sites and the high-frequency monitoring stations which support this investigation; chapter 3 aims at characterising the torrential responses of the catchment using the recorded signals (purpose I); chapter 4 defines the minimum rainfall condition for debrisflow triggering with respect to a relevant segmentation criterion (purpose II); The results presented in this thesis were published in Gemorphology in the special issue Sediment Dynamics in Alpine Basins edited on the occasion of the SedAlp Europeean project [START_REF] Bel | Rainfall control of debris-flow triggering in the Réal Torrent[END_REF].

Chapter 2

Study sites and equipement

This investigation is supported by field observations provided by highfrequency monitoring of two debris-flow prone torrents. In a first time, this chapter aims at presenting the main features of both sites with respect to the concepts introduced in the state of the art. In a second time, it details the monitoring system.

2.1 Comparison of the torrents: Réal vs. Manival

Catchment overview

The Réal and the Manival are two very active torrents of the French Prealps (fig. 2.1). The Manival flows intermittently into the Isère River in the Grésivaudan Valley, about 10-km north of Grenoble. Its catchment is characterised by a remarkable debris fan. The Réal flows intermittently into the Tuébi River, a tributary to the Var River, near the small village of Péone in the Alpes-Maritimes. No large debris fan has been formed at the confluence with the Tuébi River, because of its high sediment transport capacity. Both torrents are highly prone to bedload transport, debris flood and debris flow. For such a reason, they have already been the subject of numerous studies (e.g. Veyrat 2.2). In the Réal, the sediment source results from intense gullying in the 100-m thick paraglacial deposits [START_REF] Ballantyne | Paraglacial geomorphology[END_REF] that would correspond to alluvial fills related to the obstruction of the valley by a glacier during the last glacial maximum (LGM). The Manival is a rockslope system typical of upland prealpine catchments with formation of thick colluvial deposits below rockwalls and hillsides originating from highly fractured bedrock. Their channel morphology is largely controlled by past debris-flow and bedload deposits which can be easily remobilized during subsequent events. Both torrents are equipped with check dams managed by ONF-RTM services (i.e. the french torrent-control work institution). Although the valley is less constrained by the hillslopes, the flow confinement is more important in the Manival than in the Réal because of artificial levees and a much higher number of check dams. In the Manival, the debris flows stop in a sediment retention basin nowadays (fig. 2.2b-5). According to their respective geological heritage and torrent-control work background, the Réal can be considered as transport-limited, while the Manival can be rather considered as supply-limited with longer recharge cycles (cf. debris-flow recurrence interval). 

Réal Manival
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Rainfall regime

In both catchments, the climate is mountainous and dominated by (i) intense rainfall from convective storms from May to September which typically trigger debris flow, by (ii) steady and long duration rainfall from September to December rather responsible for bedload transport and finally by (iii) snowfall from January to April.

Analysis of long-term record form the nearby rain gauges

The respective rainfall regimes of the two catchments are deduced from the long-term records of daily and hourly rainfall of the nearest Météo-France meteorological stations (fig. The recurrence intervals of precipitation (tab. 2.2, fig. 2.4) are estimated by using a part of the Gradex method [START_REF] Guillot | La méthode du Gradex pour le calcul de la probabilité des crues à partir des pluies[END_REF][START_REF] Cfgb | Les crues de projets des barrages: Méthode du Gradex -Design flood determination by the Gradex method[END_REF]. This method assumes that the yearly maximum rainfall P follow a Gumbel distribution of parameters a and P 0 :

           P = a u + P 0 u = -ln(-ln(F)) T = 1/(1 -F) (2.1a) (2.1b) (2.1c)
where u is the Gumbel variable and, F and T are the frequency and the return period of precipitation, respectively. The equations (2.1) are applied by estimating F with the empirical relationship of Hazen:

F(P i ) = i -0.5 n (2.2)
where P i is the i-th value in the n-size sample of yearly maximum rainfall ranked in ascending order. From hourly rainfall, it is also possible to (i) calculate the annual maxima for larger duration -from 3 h to 24 h -by using a moving sum and to (ii) apply the Gradex method for estimating return levels (tab. 2.3). However, as the time series of hourly rainfall are quite short, another method could be preferred. On the basis of the daily return rainfalls P (1d, T ) and knowing the site-specific Montana coefficient n, it is also possible to deduce the return rainfall P (t, T ) (tab. 2.3) for a smaller duration t expressed in h [START_REF] Djerboua | Prédétermination des pluies et crues extrêmes dans les alpes francoitaliennes: prevision quantitative des pluies journalières par la methode des analogues[END_REF]:

         P (t, T ) = P (24h, T ) t 24 n P (24h, T ) = k W P (1d, T ) (2.3a) (2.3b)
Notice that 24-h maxima resulting from moving sum and daily maxima can be different; the daily return rainfall P (1d, T ) can be corrected by applying the Weiss coefficient k W equal to 1.14 in such a case [START_REF] Weiss | Ratio of true to fixed-interval maximum rainfall[END_REF]. According to the long-term time series of Péone and St Hilaire, the mean annual precipitation (MAP) is 1055 mm and 1493 mm in the Réal and in the Manival, respectively. The mean number of rainy days per year is 102 and 141 in the Réal and in the Manival respectively. While the mean annual precipitation and the mean number of rainy day per year is greater in the Manival than in the Réal, its annual daily-rainfall return levels are less important (tab. 2.2). Rainfall is less frequent but heavier in the Réal than in the Manival (tab. 2.3) which is consistent with the Mediterranean influence relative to its location. The climatic conditions are typical of northern and southern Alps in the Manival and in the Réal respectively.

The seasonal cumulative rainfall of the two catchments is strongly variable from one year to another regarding the 5 th and 95 th percentile interval (fig. 2.5). The precipitation in the Réal is more subject to seasonal effect than in the Manival. In the Manival, seasonal cumulative rainfalls are similar. In the Réal, summer and winter are relatively dry compared to autumn. In the Réal, the annual maxima of daily rainfall are strongly impacted by the autumn showers (fig. 2.4a, b). Although less robust because of shorter historical data set, the analysis of hourly rainfall emphasizes that the corresponding annual maxima are primarily impacted by the summer intense storms in both sites (fig. 2.4c,d). Notice that, in the Manival, the spring Gradex of the hourly rainfall is probably overestimated due to one extreme event, which would probably have higher return period in a longer time series.

Historical retrospective

Manival Torrent

The recent history of the Manival's debris-flow activity was reconstructed from the compilation of two historical studies [START_REF] Lang | Information historique et ingénierie des risques naturels: L'isère et le torrent du Manival[END_REF]; ONF-RTM, 2008) and one dendrogeomorphological field survey on trees growing in the proximal part of the fan (Lopez-Saez et al., 2011). This compilation, probably not exhaustive, covers the period from 1800 to nowadays and lists 69 event-years (fig. 2.6). This makes an average of one event every 3 years. Before 1800, some archival data are available but they are too scarce to be representative of the true debris-flow activity of the torrent. 15 000* m 3 15 000 m 3 25 000* m 3 1 8 0 1 8 1 0 1 8 2 0 1 8 3 0 1 8 4 0 1 8 5 0 1 8 6 0 1 8 7 0 1 8 8 0 1 8 9 0 1 9 0 0 1 9 1 0 1 9 2 0 1 9 3 0 1 9 4 0 1 9 5 0 1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0 2 0 1 0 This compilation reveals that from the early 19 th century to the 1950s, numerous debris flows were destructive for human settlements (villages and vineyards) and roads. The historical occupation of the alluvial fans of the Grésivaudan Valley, such as the Manival's one, may appear today as nonsense. It was initially motivated because they offered (i) soil fertility and (ii) protection against the flood risks and the unhealthiness of the Isère floodplain [START_REF] Bénévent | Le Manival -Étude de cône de déjection[END_REF]. In order to protect the population against debris flows, torrent control works have been implemented since the 1890s. Among the damaging events, the 1910 event was extremely
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STUDY SITES AND EQUIPEMENT large, according to the volume estimation (70, 000 m 3 ), and probably reflected the exceptionally heavy precipitation of this year [START_REF] Jail | Note préliminaire sur les précipitations à Grenoble depuis 1878[END_REF]). After the construction of the sediment retention basin in 1926, the occurrence of damaging debris flows dramatically decreases, with the occurrence of just two damaging events in 1928 and 1953 which only reached the road but not the habitations. Before the 1970s, debris flows propagated in the upper fan through several active channels. Afterwards, the flow was confined along one single channel in the direction of the sediment retention basin by embankment works. In 1992, the sediment retention basin was completed with the construction of an open check dam to protect the distal fan where the growth of residential areas during the 1960s and 1970s has been very important (fig. 2.7). This evolution is a direct consequence of the urban development of Grenoble, which is only 15-km far from the Manival Torrent.

The recent debris-flow activity of the torrent is better known because of the reorganization of the RTM services in the late 1970s. In this new context, RTM services implement a free-access database where events are systematically documented (date, location, damages, field observations, risk level and volume estimation), as well as a database on dredging operations for each sediment retention basin located in the protection forests1 . The two last large debris flow occurred in 1991 following a landslide in the upper catchment of the Manival (Theule, 2012) and deposited about 25, 000 m 3 of sediment in the retention basin. Supplementary material is available on a special issue dedicated to the Manival in the IRMa website2 (i.e. resource center on the major risks in Rhône-Alpes). The sediment budget of the main channel revealed a net deposition of about 13, 000 m 3 over the 3-yr period which confirms the long-term aggradation trend of the torrent. The sediment budget also highlights a very high level of connectivity between sediment sources and the catchment outlet during the period, since the sediment yield of the catchment (∼ 15, 000 m 3 ) exceeds the total volume of erosion in the main channel (∼ 10, 000 m 3 ). The denudation rate in the Big Ravine was estimated at about 14 cm yr -1 (or 0.28 Mt km -2 yr -1 ), which is very high in comparison with values reported for Mediterranean badlands (0.0475 Mt km -2 yr -1 on average for areas less than 0.1 km 2 from Nadal-Romero et al. (2011); e.g. 1 cm yr -1 for the black marls of Draix, France, [START_REF] Mathys | Erosion quantification in the small marly experimental catchments of Draix (Alpes de Haute Provence, France). Calibration of the ETC rainfall-runoff-erosion model[END_REF]) considered as emblematic erosion landforms on earth.

Réal Torrent

Although being one of the most active catchment of the Alpes-Maritimes department, historical data about debris flows in the Réal are scarce in comparison with the Manival. Between 1920 and 2015, the database of the RTM services together with the PhD thesis of Bonnet-Staub (1998) inventories at least 28 sediment-laden flows whose 12 are identified as debris flow 3 . The main reported damages concern the grasslands and the obstruction of the crossing point on the Aliège road (ford) about once a year.

Monitoring system 2.2.1 Location of the stations

Both torrents are equipped with monitoring stations since late 2010 [START_REF] Navratil | Installation d'un suivi en continu des crues et laves torrentielles dans les Alpes françaises[END_REF][START_REF] Navratil | High-frequency monitoring of debris-flows in the French Alps[END_REF]). In the Réal, three stations have been deployed along the channel (fig. 2.10a, c and tab. 2.5): (S1) in the upper reach in the close vicinity of the sources area, (S2) in the middle reach and (S3) near the outlet of the basin. In the Manival, a single station (S1) has been installed in the upper reach of the basin (fig. 2.10b, d and tab. 2.5). The purpose of these monitoring stations is to survey the initiation and the propagation of debris flows from hillslopes to the catchment outlet.

The cross-sections of the stations Réal S1 and Manival S1 are controlled by check dams which ensure their morphological stability (fig. 2.11). The stations Réal S2 and S3 are installed on a natural cross-section which are regularly surveyed after flow event.

Equipment

Each monitoring station is equipped with (i) a tipping bucket rain gauge of 0.20mm resolution (Campbell®) or 0.25-mm resolution (Rainwise®), (ii) an ultrasonic or radar flow stage sensor (Paratronic®), and (iii) a set of three vertical geophones (GS-20DX Geospace®) used to estimate the surge propagation velocity (figs. 2.11 and 2.12). The geophones are distributed along the channel at a distance of about 100 m from each other and are fixed on boulders embedded in banks out of the active channel. In addition, the stations Réal-S1, Manival-S1 and recently Réal-S2 have a photo-camera (CC640 Campbell®, EOS550D Canon®, or EOS1200D Canon®, respectively). The imagery and the recorded signals aims at detecting the flow occurrence, characterising the flow type and completing an event database with flow depth, surge velocity-discharge-volume and rainfall duration-intensityamount (chapters 3 and 4). 
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The data are continuously recorded using an environmental datalogger (CR1000 Campbell®) and stored in a compact flash module (CFM100 Campbell®). The photo-cameras store the pictures on their own memory card. The device is powered by a 110-Ah battery attached to a 55-W solar panel. The stations have complete energy autonomy and about five months of storage autonomy.

Rainfalls are totalized with a 5-min time step. Flow stage and the conditioned seismic signal (see §2.2.3) are sampled at 5-Hz frequency. The photo-camera takes a picture once a day and every 4 to 10 s during rainfall events. A GSM communication system makes it possible to access to 5-min data (rainfall, 5-min sample flow stage, 5-min maximum seismic signal, battery voltage) via a web interface4 which is updated every night. This is used to remotely control the proper functioning of the stations and to detect debris-flow events. It allows us to be reactive on the station maintenance and on the field visit after an event. Additionally, an alert message is sent once overpassing a certain rainfall threshold (3 mm in 15 min).

Geophone conditioning

Geophone, ground vibrations and debris flow

Geophone is widely used to measure the ground vibrations generated in the vicinity of the channel during flow propagation. It consists of a magnetic mass oscillating inside a wire coil, a mechanism that generates an output voltage proportional to the velocity of the ground vibration in the coil direction (fig. Seismic signals have proved to be relevant for monitoring geomorphic processes [START_REF] Burtin | Seismic monitoring of torrential and fluvial processes[END_REF]. The main sources of ground vibrations caused by debris flows is the collision and the friction between rocks or boulders and the channel bed. The ground vibrations detected by the geophones are surface waves which would propagate as exponentially attenuating cylindrical waves [START_REF] Huang | Ground vibrations produced by rock motions and debris flows[END_REF]. Their velocity amplitude decays with the distance from the seismic source and depends on the ground material. The vibration frequency associated with debris flow covered a wide range from 10 to 250 Hz, and the peak frequencies extend from 10-30 Hz at the surge front to 50-100 Hz at the flow tail (LaHusen, 1998; [START_REF] Huang | Ground vibrations produced by rock motions and debris flows[END_REF].

Data acquisition

In order to properly describe the vibration signal, and to respect the Nyquist-Shannon criterion (i.e. sampling rate at least greater than twice the highest frequency of the signal) very high-frequency acquisition should be required (e.g. 1000 Hz, [START_REF] Huang | Ground vibrations produced by rock motions and debris flows[END_REF]. However, the implementation of such a method can be limited by the power consumption and the storage capacity necessary to record a large amount of data, as well as by the resulting cumbersome data processing. Due to these technical limitations, this method can be difficult to implement on the field with environmental monitoring station using solar panel, and is not necessarily desirable for operational purposes.

To overcome these limitations, the raw seismic signal can also be processed to be digitized at lower frequency and so reducing the amount of data gathered [START_REF] Arattano | Processing the ground vibration signal produced by debris flows: the methods of amplitude and impulses compared[END_REF]. It simplifies the data analysis and makes easier the implementation of algorithms based on the geophone signal for the detection of debris flows (fig. 2

.14).

In return, it produces a loss of information regarding the frequency content. One way to do so consists in (i) transforming the geophone signal into binary impulses (0 or 12 V) when it exceeds a threshold, and then (ii) recording with a 1-Hz sampling rate the number of impulses per second (IMP sec -1 ), the so-called impulse method [START_REF] Hürlimann | Field and monitoring data of debris-flow events in the Swiss Alps[END_REF][START_REF] Abancó | Transformation of Ground Vibration Signal for Debris-Flow Monitoring and Detection in Alarm Systems[END_REF]. The major drawback of this method is the necessity of accurately calibrating the voltage threshold to correctly identify the different surges without loosing the small ones (fig. 2.14). Another method consists in (i) digitizing the geophone signal at a relatively high frequency F (e.g. 100 Hz), (ii) converting this output voltage into ground oscillation velocity v i by using the instrumental transduction constant, and (iii) recording within a 1-Hz sampling rate the 1-s average amplitude of the signal A (µm sec -1 ):

A = F i=1 |v i | F (2.4)
This is known as the amplitude method [START_REF] Arattano | On the use of seismic detectors as monitoring and warning systems for debris flows[END_REF][START_REF] Arattano | Monitoring the propagation of a debris flow along a torrent[END_REF]. Such a method is sensitive to seismic background noise of site (e.g., wind, lighting strikes, human actions) contrary to the impulse method. It still requires high presampling rate, and presents a risk of under-sampling with F equal to 100 Hz. 
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In our monitoring stations, we have deployed GS-20DX geophones (Geospace®) characterised by a linear sensor response above the natural resonance frequency of about 10 Hz until more 250 Hz. To collect the signal, we use an environmental datalogger for its low power consumption, its robustness and its ease of implementation on the field. In return, its 5-Hz maximum sampling rate is not sufficient to respect the Niquist-Shannon criterion. Thus, the geophone signal is electronically conditioned beforehand with the aim of preserving the envelope curve of the average signal amplitude similarly to the aforementioned amplitude method [START_REF] Navratil | Installation d'un suivi en continu des crues et laves torrentielles dans les Alpes françaises[END_REF]. By this way, the sampled signal is consistent with the raw analogue signal integral and so with the signal energy generated by the flow.

The analogue output voltage of the geophone is (i) rectified, (ii) filtered and (iii) amplified with an electronic interface. Then it is (iv) transmitted by wire to the datalogger and finally (v) converted into a digital signal with a 5-Hz sampling rate (fig. 2.15). Rectifying the signal is doing to preserve the amplitude of the ground oscillation. Filtering the signal with a low pass filter is used to respect the Niquist-Shannon criterion with a sampling rate of 5 Hz (cutoff frequency of 2.5 Hz and 0.5 Hz, in the version 1 and 2 of the electronic interface respectively). With the amplification stage, the signal can occupy the full scale range. The gain must be chosen based on the distance from the seismic source to preserve the device sensitivity to flow vibrations while limiting the sensitivity to electronic noises induced by the electronic interface. The applied gain is generally about 200. The signal is then converted into current to be transported over long distance up to the datalogger. Finally, the conditioned signal is digitized. The sampled voltage corresponds to the root-mean-square (rms) voltage of the geophone output over a period equal to the inverse of the cutoff frequency (i.e. 400 ms or 2 s depending on the electronic interface version) multiplied by the gain. This conditioned voltage depends on the applied cutoff frequency. It is also affected by the ground material, by the soil moisture, by the distance between the flow and the sensor and by the integration of the sensor on the river banks. Because of the multitude of factors responsible for the signal variation, it can be tricky to convert the sampled signal into ground oscillation velocity with the instrumental transduction constant for comparison purpose. It would require first, to know the transfer function of the signal into the soil. Even with the same conditioning, the amplitude of the recorded signal is not necessarily comparable from one geophone to another of the monitoring stations. However, for a given geophone, it can be comparable from an event to another.

Additional information Flow stage sensor

During the monitoring period, two types of non-invasive level sensor were tested: (i) radar and (ii) ultrasonic sensors. The operating principle of both level sensors is based on the measurement of the transit time between the emission of pulse waves and the reception of the wave reflected by the free surface (fig. 2

.16).

Radar sensor uses electromagnetic waves while ultrasonic sensor uses sound waves. The models of radar and ultrasonic sensors deployed are adapted for measuring water level in river or in reservoir. The radar model has an emitted frequency of 24.125 GHz. The emission cone of the pulse waves is about ±6°for both models. Their resolution is about 1 mm. Both sensors have different limitations because of the nature of the waves they use. Electromagnetic waves, used by radar sensor, are reflected by a significant change of media properties (e.g. dielectric constant). Depending on the interface (e.g. air/water, air/soil), the quality of the signal received by the sensor can be affected. As a consequence, radar level sensor often returns an error value when there is no water flow. The measurement of ultrasonic sensor can be biased by strong temperature gradient. A more meaningful limitation in our application fields, is its sensitivity to the surface condition (texture and structure). When the surface is irregularly shaped (e.g. in natural cross-section) or is not horizontal (e.g. steep debris-flow front), the echo received by the sensor can be too attenuated as sound
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STUDY SITES AND EQUIPEMENT waves tend to reflect in directions other than the one of the sensor. These limitations are particularly marked apart from the flow period. However, they can lead to miss the flow beginning, or to delay the front detection (fig. 2.17). Despite these limitations, the flow-stage measurement may be complex in a context of debris-flow monitoring. The sensor must operate (i) in harsh environment (outdoor), (ii) continuously over a long period of time, (iii) with a good refresh rate/measuring quality ratio to be able to record the flow dynamic. This may cause premature ageing degradation of the sensors.

Camera

Two photo devices for were installed on the study sites: (i) a ready to use camera and (ii) a DSLR camera adapted for being integrated to monitoring station (fig. 2

.18).

The first device is a CC640 Campbell® designed to withstand harsh conditions and installed in an environmentally sealed enclosure that offers protection from moisture. Its main advantage is that it can be directly connected with the datalogger which can trigger an image acquisition by applying a voltage signal. The camera is powered by the external battery of the monitoring station. The image resolution is 604×504 px (with time stamp).

In order to improve the image quality, a second device was developed on the basis of a DSLR camera (Canon®). The image resolution is 2592×1728 px. It has been adapted for being remotely powered and controlled using two datalogger control ports. Once a day or when it rains, the first control port activates a static relay (RS®) allowing the camera to be powered up. Each time an image must be taken, the second control port activates a static relay used as a remote shutter release. In addition, a protective enclosure has been designed for guarding against weather.

The photo-cameras do not enable night vision, which limits the use of image recordings to events occurring the day.

Chapter 3

Characterisation of the torrential response

This chapter aims at establishing the database required for analysing debris-flow triggering conditions, in monitoring context. To do so, it addresses the issue of debris-flow identification as part of the continuum of sediment processes. Then, it describes the torrential flows of both studied catchments regarding their respective rainfall regimes and what is reported in literature.

Introduction

The detection and the characterisation of debris flows using monitoring devices was increasingly developed during the last two decades. One can thus refer to numerous examples of instrumented catchments all over the world: Mount Yakedake [START_REF] Okano | Characterization of debris flows by rainstorm condition at a torrent on the Mount Yakedake volcano, Japan[END_REF] in Japan; Mount St. Helens [START_REF] Pierson | Flow behavior of channelized debris flows, Mount St[END_REF], or Chalk Cliff [START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF] in USA; Jiangjia and Guxiang gullies [START_REF] Zhang | A comprehensive approach to the observation and prevention of debris flows in China[END_REF] in China; Moscardo [START_REF] Arattano | Debris flow monitoring activities in an instrumented watershed on the Italian Alps[END_REF][START_REF] Marchi | Ten years of debris-flow monitoring in the Moscardo Torrent (Italian Alps)[END_REF], Acquabona [START_REF] Berti | Debris flow monitoring in the Acquabona watershed on the Dolomites (Italian Alps)[END_REF], or recently Gadria [START_REF] Comiti | A new monitoring station for debris flows in the European Alps: first observations in the Gadria basin[END_REF] in Italy; Illbach [START_REF] Hürlimann | Field and monitoring data of debris-flow events in the Swiss Alps[END_REF], or Illgraben [START_REF] Badoux | A debris-flow alarm system for the Alpine Illgraben catchment: design and performance[END_REF], in Switzerland; Lattenbach [START_REF] Kogelnig | Infrasound produced by debris flow: propagation and frequency content evolution[END_REF][START_REF] Hübl | Monitoring of debris flows with an improved system setup at the Lattenbach catchment, Austria[END_REF] in Austria; Rebaixader [START_REF] Hürlimann | Results and experiences gathered at the Rebaixader debris-flow monitoring site[END_REF] in Spain.

Monitoring systems operate with various types of sensors and techniques such as ground vibration sensors, flow stage sensors, video cameras, trip wires, load cells, pressure sensors and erosion sensors [START_REF] Itakura | A debris-flow monitoring devices and methods bibliography[END_REF][START_REF] Lahusen | Debris-flow instrumentation[END_REF][START_REF] Arattano | Systems and Sensors for Debris-flow Monitoring and Warning[END_REF]. Numerous sensors require to be installed in the channel. However, because of the destructive nature of debris flows, non-intrusive sensors, like ground vibration sensors, are particularly suitable and efficient [START_REF] Arattano | On the use of seismic detectors as monitoring and warning systems for debris flows[END_REF][START_REF] Abancó | Analysis of the ground vibration generated by debris flows and other torrential processes at the Rebaixader monitoring site (Central Pyrenees, Spain)[END_REF][START_REF] Coviello | Detecting torrential processes from a distance with a seismic monitoring network[END_REF]. Monitoring systems are used to collect field data in real time, which allow first, the accurate identification of the timing of debris-flow occurrence, impossible with post-event field survey. Second, these measurements make it possible to estimate the peak flow depth, the mean flow velocity, the flow discharge, the transported volume, the fluid pore pressure or the basal forces exerted by the flow. Such information are relevant for (i) hazard assessment (Jakob, 2005a), for (ii) running models of debris-flow runout and deposition [START_REF] Rickenmann | Runout prediction methods[END_REF] and for (iii) developing alert or early warning systems [START_REF] Badoux | A debris-flow alarm system for the Alpine Illgraben catchment: design and performance[END_REF].

During a storm, debris-flow torrent is also prone to other sediment transport processes -ranging from water flood with ordinary bedload to debris flow (sec. 1.1; CHARACTERISATION OF THE TORRENTIAL RESPONSE [START_REF] Meunier | Les progrès de la connaissance et les méthodes d'étude des phénomènes torrentiels[END_REF][START_REF] Bibliography Arattano | Analysis of different water-sediment flow processes in a mountain torrent[END_REF][START_REF] Hungr | Classification and terminology[END_REF] -to which the monitoring system is sensitive. Indeed, the diversity of flow processes involves different sediment transport mechanics, concentrations and dynamic characteristics which affect the monitoring signals. In addition, the nature of the sediment-laden flow may vary with space and time. Thus, a challenge is to recognize the involved flow process by correctly interpreting monitoring signals.

In order to analyse the factors likely to control the initiation of the different sediment-laden flows, as well as their volume or runout distance, the first issue is to differentiate debris flow from other torrential processes. In this chapter, classification rules are established based on the expertise of our monitoring dataset (sec. 3.2.1). The methods for assessing the flow characteristics -like propagation velocity, flow discharge and volume -are detailed, pointing out their limitations (sec. 3.2.2). An inventory of the debris flows occurring from March 2011 to March 2016 in both studied catchments is provided (sec. 3.3.1). Empirical relationships between peak discharge and volume or between magnitude and frequency are established (sec. 3.3.2). The debris-flow activity, at the different monitoring stations, is compared to the rainfall regime (sec. 3.3.3). Its intra-and inter-annual variability is finally discussed (sec. 3.4) before concluding (sec. 3.5).

Methods

Classification of the flow responses

Expert classification rules -The variety of flow events observed in the studied sites can be reported as: (i) debris flows, (ii) debris floods -also called immature debris flows1 -or (iii) floods with bedload transport, as described in section 1.1. Although there is a clear phenomenological continuum between these different flow types (fig. 3.1), it is necessary to propose some classification rules to compile the torrential flow occurrences, and in the next chapters, to perform a statistical discrimination of rainfall triggering conditions. We carried out an expert classification on the basis of image recordings, geophone signals, and flow-stage measurements (figs. 3.1 and 3.2). The combination of observations is often required to appropriately classify an event. Notice that, all the sensors were not necessarily properly operating at each event (e.g. there is no image during the night events). In addition, the description based on monitoring system was completed by comments relative to post-event field surveys which were performed after some events. Thus, during a rainfall period, we identified four different types of flow responses which are described hereafter.

• No response (NR) No flow is detected on the images or on seismic and ultrasonic/radar signals.

• Water flow with bedload transport (BL) A flow of a few tens of centimeters in height is visible on the images (fig. 
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CHARACTERISATION OF THE TORRENTIAL RESPONSE along the reach, upstream of the station. The textural facies of the channel reworked by the flow can be associated to non-cohesive deposits with wellsorted gravel-sized sediment which have been observed during post-event field surveys (fig. 3.3a). Bedload events could last a long time (up to half a day) and were mainly recorded during long lasting autumn showers. The geophone signal is characterised by a sharp exponential rise (< 5 s) during the front passage, and a significant area under the curve reflecting high seismic energy. After the event, several meters of erosion may be observed in the channel (fig. 3.5). Post-event field surveys show the presence of coarse lateral levees and boulder trains, cohesive deposits with a fine matrix, and a poorly sorted grain-size distribution (from sand to boulder of few meters of diameter; fig. 3.3a) in agreement with [START_REF] Bardou | Méthodologie de diagnostic des laves torrentielles sur un bassin versant alpain[END_REF] and [START_REF] Hungr | Classification and terminology[END_REF]. Debris flow was often recorded during intense convective storms or, a few times, during snowmelt period in the upper part of the catchment.

Once the events detected and classified, one can wonder if an automatic procedure might be envisaged. Some possible ideas are developed in appendix B.

Estimation of flow characteristics

Once a debris flow (mature and immature) has been identified, it is possible to estimate some flow characteristics. First, the surge propagation velocity may be deduced from the phase shift between geophone signals acquired at different locations along the channel [START_REF] Arattano | Measurements of debris flow velocity through crosscorrelation of instrumentation data[END_REF]. For such a purpose, the cross-correlation between two signals is performed (eqs. 3.1a-b). Then, the discharge, the volume and the event magnitude may be estimated by coupling flow depth, cross-section profile and surge velocity (eqs. 3.1c-e, fig. 3

.6).                                                  φ = arg max k∈[-3000,0] (S geo1 S geo2 )[k] • δt v = d geo1-geo2 φ Q m = A m • v V = T #s /δt m=1 Q m • δt M = #s V (3.1a) (3.1b) (3.1c) (3.1d) (3.1e)
where:

-S geo1 and S geo2 (in mV) are the signals of two geophones;

φ (in s) is the time delay between S geo1 and S geo2 ;

denotes the cross-correlation operator 2 ;

k is the index of the lag which ranges from -10 to 0 min;

-arg max x f (x)
is the set of points, x, for which the function f (x) is maximum ;

δt (in s) is the measuring time interval (i.e. 0.2 s);

2. The cross-correlation is defined as:

(X Y )[n] = E [(X m -µ X ) (Y m+n -µ Y )]
σ X σ Y where E[] indicates the expected value, n is the lag index, µ and σ denote, respectively, the mean and the standard deviation of the signals X(t) and Y (t).
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v (in m s -1 ) is the mean front velocity;

d geo1-geo2 (in m) is the distance separating geophones, taken along the channel;

m is the time index;

-Q m (in m 3 s -1
) is the flow discharge;

-A m (in m 2 ) is the wetted cross-sectional area associated with h m ;

h m (in m) is the flow depth;

-V (in m 3 ) is the total volume of the surge;

-#s is the index of the surge (or surge sequence) during the event;

-T #s (in s) is the "surge duration" corresponding to a period during which the nearest geophone from the flow stage sensor records a signal presenting a significant area under the curve;

-M (in m 3 ) is the event magnitude.

Limitations

Velocity assessment -The calculation of the surge velocity (eq. 3.1a, b) is only possible for transient signals which present repeated pattern. It assumes that there is no major change in the flow from one geophone to another. When this hypothesis is true, the measurement uncertainty may be estimated at about ±5% for velocities ranging from 1 to 5 m s -1 :

∆v v = ∆φ φ + ∆d geo1-geo2 d geo1-geo2 (3.2)
with ∆φ = 0.2 s, ∆d geo1-geo2 = 5 m, and distances between two adjacent geophones varying between 80 and 130 m. The uncertainty mainly depends on the estimation of the actual distance travelled by the surge from one geophone to the other, its course being variable from one event to another when it is not constrained. This hypothesis is not always true, and especially when, during its propagation, the surge changes its nature (e.g. fig. 3.2c, geophone A vs. B) or coalesces into another one (e.g. fig. 3.2d, geophone A vs. B). This is particularly possible when the distance separating the geophones is long. Moreover, a shorter distance would be more relevant for assessment of local velocity and discharge (eq. 3.1c), while a longer one would better represent the propagation velocity of the debris flow. An example to illustrate the variation between local and reach-scale velocities is the surge of June 25, 2014 at Réal S1, with 2.5 m s -1 measured from Geo1D to Geo1A and 0.8 m s -1 measured from Geo1A to Geo1B (see geophone position in fig. 3.6c). In this example, the use of the reach-scale velocity instead of the local one -almost 70% smaller -results in underestimating the discharge and so the volume.

In case of multiple surges, they may also move with different velocities.

Surge period assessment -A single debris-flow event can thus be decomposed into different surges or sequence of surges very close (e.g. fig.

3.6b). The choice of the beginning and the end of one surge or surge sequence (i.e. T #s period) may also impact the volume estimation (eq. 3.1d). Should we consider only the bouldery front or include the surge body in addition? The choice was made to consider periods with a significant area under the seismic curve, assuming that they would represent high sediment transport activity. Wetted area assessment -The estimation of the flow discharge and volume (eq. 3.1c, d) presents uncertainties mainly because of the assumption made on the wetted area geometry. One can consider that the transverse free surface is horizontal, passes by the flow stage measuring point and intersects the two sides of the cross-section profile (fig. 3.7). This supposes that the flow occupies the entire cross section, which seems reasonable regarding the image recording (fig. 3.1). The error tends to be reduced in narrow channel and/or for large debris flow. At Réal S1, the cross-section is controlled by a wide check-dam, and the presence of a vegetated terrace on the right bank constrained the flow laterally. The wetted area may be considered as a trapezoidal geometry bounded by the relieve and by the vegetated terrace on the left and right banks, respectively (fig. 3.7a, hypothesis 1). As the vegetated terrace stops at the upstream vicinity of the cross-section (fig. 3.7a, inset diagram), it may be possible that the surge spreads out a bit on the right side when reaching the US-sensor level. In such case, another assumption can be that, the free surface level detected by the US-sensor reaches linearly the radarsensor level (fig. 3.7a, hypothesis 2). This last was always equal to zero during the monitoring period. This second hypothesis seems more appropriate for the small debris flows which does not occupy the entire cross-section. Another point in favour of this hypothesis is that, the flow may come from the channel or be supplied by gulling on the left bank (fig. 3.6c). Notice that the wetted area deviation between both geometries ranges from 10 to 30% for flow-stage measurement varying from 0.1 to 3 m.

For both hypotheses, the measurement uncertainty of the wetted area, at a given time, considering a trapezoidal geometry, may be assessed by:

∆A m A m = ∆h m h m + ∆L m + ∆l m L m + l m (3.3)
with l m and L m the small and large bases of the trapezium, respectively. The flowstage sensor resolution is given about 1 mm. However, as the measurement is integrated on a surface of about 1 m² (fig. 2.16), the uncertainty would depend on the flow and surface roughness. A reasonable value might be about ∆h m /h m = ±5%.

The trapezium base uncertainty may be about (∆L m + ∆l m )/(L m + l m ) = ±10% by considering ∆y± 30 cm.
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In case of natural cross section (fig. 3.7b), as Réal S2 or S3, the possible topographic changes generated by channel filling or scouring during flow make the error even larger or the calculation impossible. During the formation of a deposit, it may be wrong to consider the whole layer as a moving mass and this would overestimate the passing volume (e.g. fig. 3.8a). In case of erosion, the flow depth is under the initial stage, and may not intersect the cross-section which makes impossible to calculate the wetted area. It could also happen that both, erosion and deposition, occurred during the same event (e.g. fig. 3.8b).

Thus, the estimation of the flow discharge or volume (eq. 3.1c, d) is relevant for natural cross-section, only when the initial and final stages remain unchanged and the flow depth positive, i.e. when the flow stage measurement reasonably characterises the moving mass. The proximity of the pre-and post-topographic surveys with the date of the flow is also important for an accurate estimation of the wetted area. For instance, no topographic survey was done at S2 between the events of July 11 and July 22, 2013 while the former one led to a 1-m high deposition (fig. 3.8a vs. b). When both conditions (i.e. suitable flow stage values and representative cross-section profile) are met, the uncertainty of the wetted area, at a given time, would be approximated by:

∆A m w m • ∆h m + P m • ∆z (3.4)
where w m is the free surface width, P m is the wetted perimeter and ∆z is the positioning uncertainty of a point (y,z) belonging to the cross-section. In natural cross-section, the bottom level may change because of bed sediment entrainment (McDougall and Hungr, 2005; McCoy et al., 2012), even when the initial and final stages remain unchanged and when no erosion is visible during the debris flow. In addition to the point resolution, ∆z attempts to represent the entrained sediment thickness. Although it is difficult to provide an estimation of such a thickness, one could imagine an order of magnitude of about ∆z/h m = ±20%. Depending on the natural cross-section profile and flow stage, the wetted area uncertainty ∆A m /A m might range from ±10 to 40%. As a subsidiary comment, one can underline that in non-confined cross-sections, it can happen that the flow does not pass under the flow stage sensor. The flow stage sensor may also partly miss the flow because of malfunctioning. In such cases, the discharge or volume assessment may be impossible; nevertheless, the geophone may play a key role in the flow detection.

Volume assessment -The volume estimates uncertainty would depend on the relative uncertainties of the wetted area and velocity, and on the error induced by the bounds of the considered surge period (T - #s and T + #s ). Thus, low and high estimates of the volume (V min and V max , respectively) may be assessed following: 

                                   ∆Q m Q m = ∆A m A m + ∆v v V min = T - #s /δt m=1 (Q m -∆Q m ) • δt V max = T + #s /δt m=1 (Q m + ∆Q m ) • δt
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On the controlled cross-section, the volume estimates uncertainty would be about ±30%. It might reach almost 100% for small volume estimates especially because of surge period bounds. However, the surge period bounds would have a little impact on large events, the moving mass being concentrated into the front. On the natural cross-sections, the uncertainty envelop for the volume estimates would vary between -60% and +150%. It may be strongly influenced by the surge period bounds, in particular, when geophone records high transport activity while flow depth is stable, which may lead to a wetted area misestimation. Because of the strong uncertainties, the estimates provided in the next section should be considered with caution.

Finally, in a perspective of volume assessment, a few guidelines may be established:

1. The relevant estimation of velocity would be based on a short distance (below reach-scale) to reduce the possibility of course deviation and ensuring that no major change occurred.

2. The use of a controlled cross-section, instead of a natural one, is also preferable in order to avoid erosion or deposition occurrence.

3. A confined cross-section would be most suitable to make sure that the flow would occupy the entire cross-section, and that the flow-stage measurement is representative.

Cumulative frequency analysis

The volume estimates and the debris-flow occurrence can be used to establish a relationship between debris-flow frequency and magnitude. The debris-flow magnitude is the total volume of debris discharged during a single event, irrespective of the number of surges. At each station, the volume estimates are summed per event and arranged in descending order. Then, the cumulative frequency CF i (frequency of exceedance, in event per year) is estimated by dividing the rank n of the i-th event total volume ( V ) i by the monitoring period duration T (in yr):

CF i = n T (3.6)
As assessing volume is not always possible, the duration T is reduced proportionally to the number of non-missing value N :

T ajust = T N N tot (3.7)
where N tot is the total number of event detected over the monitoring period. This last assumes that the missing volume estimates affect all the event classes indiscriminately. This assumption seems reasonable since volume estimates were missing for both small and significant events. However, it is still inaccurate because the missing percentage is smaller for significant event (by considering the three stations in the Réal, 68% and 38% of the small and significant events were missing, respectively).
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3.3 Results

Summary of the flows during the monitoring period Réal Torrent

From March 2011 to March 2016, 41, 31 and 11 events resulting in debrisflow activity were detected at station S1, S2 and S3, respectively. Among these events, 21, 14 and 6 are classified as debris flow, and the others as immature debris flow. The events and the flow characteristics (when they can be estimated) are detailed in the table 3.1. It was possible to assess the volume for only 80%, 36% and 33% of the debris flows at station S1, S2 and S3, respectively. This arises because of the limitations pointed out in § 3.2.2 and in particular, those about natural cross-sections. This emphasizes the relevancy to deploy monitoring station on controlled cross-section. Only some major debris flows (no immature debris flow) were quantified at station S2 and S3. As classifying event is not always obvious (especially when the camera or one of the sensor is malfunctioning), a qualitative confidence index was attributed to each event. The mean velocity estimates of debris-flow fronts ranges from less than 1 to almost 7 m s -1 . The peak discharge estimates ranges from less than 1 to almost 100 m 3 s -1 . The mobilized volume estimates ranges from few 100 to more than 10, 000 m 3 . During a single major debris flow, RFID (Radio Frequency IDentification) tracking showed that, in the Réal, some boulders travelled distances surpassing 1.5 km, reaching the confluence to the Tuébi (appendix A).

Manival Torrent

Between March 2009 and December 2010, before the monitoring station installation in the Manival Torrent, two debris flows were reported by [START_REF] Theule | Geomorphic study of sediment dynamics in active debris-flow catchments (French Alps)[END_REF] in August 25, 2009 and June 06, 2010. About 1, 900 m 3 and 3, 300 m 3 were measured by terrestrial laser scanning survey in the sediment retention basin, respectively. During that period, rainfall measurement was already available.

During the monitoring period, no debris flow but some large immature debris flows occurred on:

-July 22, 2013 (rain gauge and flow stage sensor malfunctioning; about 700 m 3 reported by the RTM services in the sediment retention basin; no rainfall at the Météo-France rain gauges -about 5 km from the catchment, fig. 2.3 -probably a very localized storm);

-October 23, 2013 (max. height: 1.1 m, rainfall peak: 54.9 mm h -1 ); -July 7, 2014 (max. height: 0.7 m, rainfall peak: 15.2 mm h -1 ).

Unfortunately, the monitoring signals were insufficient for providing more quantitative information. The flows of the two last events scoured the left bank of the channel section upstream the monitoring station and pulled out the upstream geophone (Geo1A).

The images recorded during the events bring out strong variations of the channel level during the flow (e.g. fig. 3.9).
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Empirical relationships

The flow characteristics of the previously summarized events can be used to investigate empirical relationships which may be relevant for hazard assessment. This will allow the flows of the study sites to be positioned in the context of literature.

Réal Torrent

Peak discharge vs. volume -Debris-flow volume, peak discharge, runout distance or area inundated are key parameters for hazards assessment (Jakob, 2005a).

Empirical relationships were established between debris-flow peak discharge, Q max , and volume, V , (Mizuyama et al., 1992; Bovis and Jakob, 1999; Rickenmann, 1999). In the Réal torrent, no clear relationship was established between Q max and V for immature and mature debris flows (fig. 3.10a), the values being dispersed over one order of magnitude, but in keeping with literature. The distribution of the flow classes shows that most, but not all of the immature debris flows, correspond to events with peak discharge less than 5 m 3 s -1 . Major immature debris flow may also happen, as in July 18, 2015. Unfortunately, it was impossible to assess the flow characteristics of this event due to monitoring system malfunctioning. However, notice that a deposit of about 5, 000 m 3 was estimated downstream S1 during post-event filed survey (fig. 3.4). The immature debris flows also mainly gather on the bottom of the scatter plot.

Q max -V relationships may vary from site to site and their variability has been attributed in particular to the physical properties of the flow (Mizuyama et al., 1992; Bovis and Jakob, 1999). Granular debris flow presents generally higher peak discharge than muddy flows due to a greater flow resistance. A size classification for debris flows depending on rheology (muddy/volcanic vs. granular/bouldery flows) was proposed by Jakob (2005b). Based on this classification, the events (DF/IDF) recorded in the Réal torrent during the monitoring period belong to the classes 2 and 3 (fig. 3.11). These are relatively low magnitude events which would be likely to bury cars, break trees, destroy building(s), block or damage highways. Because most of studies focus on spectacular or destructive events, such small debris flows are rarely described.

As compared to monitoring dataset, e.g. on the Moscardo torrent in Italy [START_REF] Marchi | Ten years of debris-flow monitoring in the Moscardo Torrent (Italian Alps)[END_REF], the events recorded in the Réal torrent are smaller. In the Réal torrent, the debris-flow surge may either get close to granular or muddy relationships of literature. Depending on the sign of the residual with respect to the best fit power relationship (fig. 3.10a), the surges may be distributed into two groups. The relationships obtained for the negative and positive residuals are quite in agreement with data from literature in muddy and granular domains, respectively (fig. 3.11). Before going further in the interpretation, one can wonder how the muddy and granular domains were defined, if it was on phenomenological or physical-based considerations. The images recorded during the surge passage may bring complementary information (e.g. fig. 3.12). These images suggest that (i) the surges presenting positive residuals -granular-like debris flow -would have coarser materials, while (ii) the surges presenting negative residuals -muddy-like debris flow -would have more water content. These assumptions ask for further investigation. During a single event, many surges may occur, and correspond to one or the other debris-flow type (example of June 10, 2014, figs. 3.11 and 3.12). Otherwise, the rainfall peak may differ depending on the sign of the residuals negative residuals Qmax = 0.01V 0.88 R² = 0.88 positive residuals Qmax = 0.05V 0.84 R² = 0.83 ). This suggests that intense rainfall event would be more likely to trigger muddy-like debris flows.
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To summarize, the surges, recorded in the Réal torrent during the monitoring period, are of relatively low magnitude but in keeping with literature. Their nature, from muddy-to granular-like debris flow, may change from one event to another but also during a single event.

Magnitude vs. cumulative frequency -The relationship between magnitude (e.g. the total volume of the event), M, and cumulative frequency, CF, may also be a fundamental information in hazard analysis at catchment scale (Jakob, 2005a). Such relationships may be hard to obtain because of the difficulties in assessing debris-flow magnitude and collecting long term data series. Existing works use inventory from scientific and technical journals and reports, historical documents, field surveys (Marchi and D'Agostino, 2004), from photogrammetry and fieldworks [START_REF] Hungr | Magnitude-frequency relationships of debris flows and debris avalanches in relation to slope relief[END_REF], or from dendrochronology [START_REF] Corominas | Contribution of dendrochronology to the determination of magnitude-frequency relationships for landslides[END_REF]. Few studies based on monitoring device provide such relationships in debris-flow context (e.g. [START_REF] Hürlimann | Results and experiences gathered at the Rebaixader debris-flow monitoring site[END_REF] . In the Réal, although there are few points, CF -M relationship can be represented by a power law (fig. 3.13). The relationship established at S1 seems appropriate for the events at S2 and S3 although the mean debris-flow number per year decreases from S1 to S3. This relationship is in good agreement with the one established for the Rebaixader torrent in the Spanish Pyrenees [START_REF] Hürlimann | Results and experiences gathered at the Rebaixader debris-flow monitoring site[END_REF]) by means of monitoring station, in very similar conditions. Indeed, as the Réal, the Rebaixader catchment is a small first-order catchment with high debris-flow susceptibility, because of steep slope and almost unlimited sediment recharge consisting of colluvium and granular glacial deposits. 

Debris-flow occurrence analysis

Réal Torrent

Inter-and intra-annual debris-flow activity -Debris-flow occurrence was compared with the cumulative seasonal rainfall and its 60-year inter-annual variability, as observed at the nearby Météo France rain gauge at Péone (fig. 3 From 2011 to 2015, debris flows occurred mainly in the summer (44%), spring (41%), and autumn (10%), although some also occurred in the winter (5%). Winter debris flows were likely triggered by snow melt, as suggested by the unusual positive temperatures observed during these events or by the images (fig. 3.14). Otherwise, extreme rainfall events in terms of cumulative rainfall do not necessarily trigger debris flows (e.g. October 2011, November 2012 and 2014, April 2013). This is especially true in autumn, a season with low debris-flow activity, but with a high prevalence of extreme daily rainfall (64% of yearly maximum daily rainfalls from 1951 to 2015 were recorded during autumn). Thus, in November 2014, a 138-mm daily rainfall event with a 35-year return period occurred, without any debris flow detected at any of the three stations (only ordinary flood with bedload transport). Spatial variability of debris-flow occurrence -The comparison of debris-flow occurrence between the three stations during the 5-year period shows that more debris flows were detected at station S1 (fig. 3.16). Indeed, a rainstorm can trigger a debris flow, which could stop along the main channel before reaching the S2 and S3 stations. In 2013 an exceptionally high number of debris flows were triggered in the upper catchment; however, it can be noted that only one debris flow reached the outlet. The inter-annual variability in debris-flow occurrence is much greater for station S1, with fluctuations between two and ten events per year, as opposed to one and three events per year for station S3. The mean number of debris flows per year fluctuates between 4.2, 2.8, and 1.2, for stations S1, S2, and S3, respectively. A linear decrease in annual debris-flow frequency with drainage area is obtained with these observations (fig. 3.17). By considering in addition, the immature debris flows, there is still a linear relationship. The debris-flow frequencies, although based on short monitoring period, are similar to reported values for active and monitored debrisflow catchments in alpine environments (tab. [START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF]. By considering in addition these other monitoring sites -except the Illgraben catchment -, a decreasing trend, although not linear, would be observed (fig. 3.17). The use of multiple stations in a single monitored catchment makes it possible (i) to better grasp the variability of debris-flow frequency purely associated with drainage area and (ii) to nuance the variability gathered from literature.

Manival Torrent

A similar investigation was done on the Manival torrent considering the data from 2009 to 2015 (fig. 3.18). During that period, the monitoring station experienced partial or total malfunction, and especially in 2012 because of torrent control works. No event occurred during the malfunctioning period except in July 2013. Three of the five events identified during the 7-yr period reached the sediment retention basin (August 2009, June 2010 and July 2013). This is consistent with the 3-yr recurrence interval expected according to the long-term compilation of annual debris-flow occurrence ( § 2.1.3).

From 2009 to 2015, the annual rainfall at the St-Hilaire Météo-France rain gauge was 1134, 1244, 1228, 1543, 1739, 1320, 1089 mm. With respect to the mean annual rainfall recorded since 1948 at St-Hilaire (1493 mm), 2009 and 2015 were dry years and no year was particularly wet. Still according to the St-Hilaire rain gauge, the variability in rainfall conditions during the monitoring period was representative of the long-term rainfall regime, except for summer 2015 which was lower than the 5 th percentile most probably because of the rain gauge malfunction (no data from Météo-France between June 1 and August 31, 2015). According to the recurrence intervals of precipitation ( § 2.1.2), no extreme daily or hourly rainfall was recorded during the monitoring period. However, before going further in the comparison with debris-flow activity, the representativeness of the two Météo-France rain gauges -St-Hilaire and St-Pierre-les-Egaux -with respect to the Manival one may be questioned from one season to another. The spatial variability of the cumulative seasonal rainfall may be important. For example, in summer 2014, the variability between St-Hilaire, St-Pierre-les-Egaux and the Manival rain gauges exceeded both the 5 th and the 95 th percentiles of the long-term record of St-Hilaire. On the contrary, in autumn 2015 the rainfalls recorded at the three rain gauges were similar. Both debris flows that reached the sediment retention basin occurred during two successive years which were rather dry. However, while the first one occurred during a relatively dry summer, the second one occurred during a rather wet spring. With the triggering of two immature debris flows, the most active year of the monitoring period (at the monitoring station) was 2013 which was also the wettest. Like for the Réal Torrent, the debris-flow response to wet and dry conditions is not obvious. The debris-flow activity focuses on summer (3/5), spring (1/5) and autumn (1/5) seasons. No event were reported during winter.

Discussion: variability of debris-flow activity

The 5-year monitoring period of the Réal Torrent provides new observations on inter-annual variability of debris-flow occurrence in relation to rainfall regime, in a general context of unlimited sediment supply from last-glacial-maximum (LGM) surficial deposits. In such situations, the primary limiting factor for debris-flow 
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occurrence should be the storm frequency in the catchment, which is expected to be a good predictor of event frequency [START_REF] Bovis | The role of debris supply conditions in predicting debris flow activity[END_REF]. A high event frequency is therefore expected for the Réal, as heavy convective storms are relatively common during spring and summer in the Southern Alps [START_REF] Anderson | A European lightning density analysis using 5 years of ATDnet data[END_REF]. This is confirmed by the monitoring, with a mean debris-flow frequency of 1.2 events per year at the distal station (S3), during a period shown as representative of the multi-decadal local rainfall regime, including wet and dry conditions. The debris-flow frequency in the Manival Torrent, with 0.3 events per year at the sediment retention basin, is smaller which would be consistent with its supply limited condition. In the Réal, the event frequency decreases linearly with drainage area, with a mean of 4.2 events per year detected at the proximal station (S1), and 2.8 at the intermediate one (S2). On the one hand, the higher debris-flow activity recorded in the upper catchment is in accordance with the combination of higher gravitational energy, and higher sediment supply related to the close proximity of active sediment sources (e.g. active ravines entrenched into LGM surficial deposits). On the other hand, the debris-flow activity becomes more and more complex with the basin size, in particular, because of the multiplicity of possible trajectories during flow propagation. For instance, the presence of a mobility space, between the proximal and intermediate stations, may play a key role when there is no preferential active channel, since numerous debris-flow surges may stop there (fig. 3.19). The flow path would be highly linked with the channel morphology before the flow propagation, and would depend on the recent debris-flow history.

Because the active channel width is narrower in the Manival ( § 2.1.1), the flow should be less inclined to wander and so the flow response to rainfall forcing might be less complex. Knowledge on the climatic forcing of debris-flow triggering benefited from recent approaches modeling the spatio-temporal variability of debris flows at a regional scale [START_REF] Pavlova | Debris flow activity related to recent climate conditions in the French Alps: A regional investigation[END_REF][START_REF] Jomelli | A new hierarchical Bayesian approach to analyse environmental and climatic influences on debris flow occurrence[END_REF]. Some rainfall variables integrated over the period during which debris flows commonly occurred (e.g. number of rainy days during spring and summer), proved to be good predictors of debris-flow occurrence in the French Alps. Although observations from the proximal station of the Réal confirm a higher debris-flow activity during wet summers and springs, this is not verified by the distal station, which does not reveal such a clear response to seasonally-integrated rainfall features. The most active year at this station (2011) corresponded to dry spring and summer conditions. Similar comment may be made in the Manival Torrent when comparing the debris-flow activity at station S1 and at the sediment retention basin. Thus, climatic forcing of debris-flow occurrence show contrasting patterns between proximal and distal conditions, emphasizing, once again, the increasing complexity of the response with the size of the geomorphic system. When this size increases, emerging processes related to channel erosion by debris flows become more and more critical for the propagation of sediment mass. This is likely to explain why seasonally-integrated rainfall variability and debris-flow occurrence are not in phase. Debris-flow occurrence at the distal station is much more tightly controlled by the occurrence of high-intensity rainfall events. Thus, flashy rainfall conditions are most probably necessary to generate runoff surges having enough energy to erode loose debris stored in the channel and to propagate down. This can also explain why maximum daily rainfalls occurring in autumn do not generally trigger debris flows. The magnitudes of runoff surges generated during these long-duration events are likely to be insufficient to initiate substantial channel erosion along headwaters or the main channel. 
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The seasonal distribution of debris-flow occurrence in the Réal shows a classic pattern, with a peak of activity during spring and summer, the period during which heavy convective storms generally occur. Autumn shows a low debris-flow activity, despite the occurrence of extreme rainfall events generated by humid air masses coming from the Mediterranean Sea, which are known to generate dramatic flash floods in southeastern France [START_REF] Ducrocq | HyMeX-SOP1: The Field Campaign Dedicated to Heavy Precipitation and Flash Flooding in the Northwestern Mediterranean[END_REF]. Such events were observed during the monitoring period, but they were seldom associated with a debris flow. This is probably because the instantaneous rainfall intensities were too low, and also because most of the easily erodible sediment deposits in headwaters were flushed out during the spring and summer convective storms. A similar seasonal behaviour has been observed in the Moscardo Torrent [START_REF] Marchi | Ten years of debris-flow monitoring in the Moscardo Torrent (Italian Alps)[END_REF]. Two debris flows were observed during winter at the proximal station. These events were probably triggered by snow melting, as suggested by the warm temperatures recorded at the Péone Météo-France station, and by images of the channel before the events, which showed the decreasing presence of snow cover in the channel. This encourages investigation of seasonally-stratified models of debris-flow triggering conditions, with the integration of temperature data, especially for spring and winter.

Although the rainfall regime in the Manival is less subject to seasonal influences than in the Réal ( § 2.1.2, important seasonal cumulative rainfalls whatever the season), the seasonal distribution of debris-flow occurrence also focuses on spring and summer. In addition to the fact that the sediment supply condition of both torrents are different, the lowest debris-flow activity in the Manival might arise because it would be less prone to heavy convective storm ( § 2.1.2, more frequent but weaker rainfalls).

Summary and conclusion

The purposes of this chapter were to (i) identify the debris-flow occurrence by dealing with the sediment transport process continuum and (ii) analyse the flow properties in order to characterise the torrential response of both study sites. According to the monitoring data set collected between 2011 and 2015, four classes of torrential responses to rainfall forcing were defined: (NR) no response, (BL) water flow with bedload transport, (IDF) immature debris flow, and (DF) debris flow. An expert classification of the events was performed by cross-comparing all the available information (images, seismic signals, flow stage). A preliminary analysis of the seismic signature of the different classes was done with a view to automation (appendix B). In case of highly transient signal (debris flows and immature debris flows), the flow characteristics were estimated as much as possible by pointing out the limitation of the calculation made.

During the 5-yr monitoring period, 21, 14 and 6 debris flows and 20, 19 and 5 immature debris flows were identified in the Réal Torrent at the stations S1, S2 and S3 respectively. It brings out a linear decrease of the debris-flow activity with drainage area. During the same period, only three immature debris flows were detected in the Manival Torrent whose one reached the sediment retention basin. Volume and peak discharge estimates of the Réal were confronted to the values of literature. They correspond to debris-flow surges of low amplitude. The scattering of the points is relatively important and bounded by the muddy and granular relationships from literature. Nevertheless, further investigations are required to establish a tangible dependency between the volume -peak discharge relationship and the rheological behaviour of the flow (e.g. analysis of post-event field sampling). Notice that it is possible that the term "muddy" does not refer to viscoplastic behaviour. Indeed, as mentioned in the state of the art (sec. 1.1.3), practices in terminology and rheology may be confusing. During a single event, the different fronts might be close to one or the other relationships attesting of the possible change of nature of the flow. An empirical relationship between cumulative frequency and magnitude was also established in the Réal showing similarity with the one of the Rebaixader in Spanish Pyrenees. Although the annual debris-flow frequency decreases from proximal to distal station, the events of the three stations seem to follow the same relationship. The use of monitoring station for establishing such a relationship, recognized to be of great importance in hazards assessment, proves to be relevant.

Finally, the debris-flow occurrence was compared to the rainfall regime. Annual wet or dry condition appears to be insufficient for qualifying the debris-flow activity and there propensity to propagate downstream in the Réal Torrent. The response to seasonally-integrated rainfall forcing appears more and more complex with the increasing catchment area. Debris flows were observed all the year, and mostly in the summer and spring. This emphasizes the key role likely to be played by the type of rainfall event of these periods (high intensity/short duration). To go further in the analysis of the triggering factors, it is nevertheless necessary to investigate the rainfall condition at event scale.
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CRITICAL RAINFALL THRESHOLD FOR DEBRIS-FLOW OCCURRENCE the adopted rainfall event definition. Section 4.2 describes the method implemented to establish a rainfall event database and to determine the ID thresholds of the study sites. Section 4.3 addresses the issue of the rain gauge choice to best represent the rainfall forcing. Section 4.4 presents the results of the sensitivity analysis. Section 4.5 compares the variability of the threshold resulting from the different rainfall event definitions with that observed in the literature.

Methods

Reconstruction of rainfall events

In order to establish a rainfall event database with debris-flow triggering and non-triggering events, an automated procedure was developed. It avoids subjectivity inherent to the determination of rainfall conditions by a manual method. It also reduces the time necessary to determine rainfall event collection, which is especially relevant when attempting to identify all the rainfall events. The algorithm requires, as an input, the rainfall time series P (t) and the time of the debris-flow occurrences t DF (chap. 3). The procedure (i) discretizes the continuous rainfall record into a succession of individual rainfall events, (ii) classifies them as triggering or non-triggering event and (iii) extracts a set of rainfall event characteristics such as intensity or duration. The rainfall data processing is divided into four steps detailed hereinafter (figs. 4.1 and 4.2).

Step 1: segmentation of the rainfall time series into burst events

The discretization process starts with the segmentation of the rainfall record into rainfall bursts (sensu [START_REF] Huff | Time Distribution of Rainfall in Heavy Storms[END_REF]. In this study, a rainfall burst is defined as an elementary rainfall period possibly including dry periods with a duration less than 30 min, and whose the rainfall amount exceeds 0.6 mm (fig. 4.1). Step 1-1: segmentation of rainfall record into burst events with dry period less than 30 min (p 1 ); step 1-2: exclusion of irrelevant burst event with less than 0.6 mm cumulative rainfall (p 2 ); step 2: aggregation of burst events into rainfall events according to a criterion of Minimum Duration of Rainfall Interruption (ex: 90-min MDRI).

This definition of a rainfall burst is used for dealing with the intermittent nature of rainfall data sampled at short time intervals, instead of considering continuous rainfall period, which may depend on the temporal resolution. The 30-min dry Overpassing of the minimum dry period? NO

If Burst(k).t 0 -t f > MDRI
Aggregation of burst events into rainfall events 

initialization STEP 2 OUTPUT R(n) = Even(n) t f t0 rainfall amount, mm D(n) = t f -t 0 duration, h I (n) = mean(Even(n)) mean intensity, mm/h I max (n) = max(Even(n)) 5 
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CRITICAL RAINFALL THRESHOLD FOR DEBRIS-FLOW OCCURRENCE period adopted here differs from the 10-min gap between bucket tips considered by [START_REF] Coe | Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado[END_REF]. It approximates the catchment concentration time at the outlet of the production zone (tab. 4.1), which is estimated by applying two empirical formulae suitable for steep mountain catchments [START_REF] Berti | Field observations of a debris flow event in the Dolomites[END_REF]; Tecca and Genevois, 2009)1 :

                   Giandotti : T c = 4A 0.5 + 1.5L 0.8(H m -H 0 ) 0.5 Tournon : T c = 0.396L i 0.5       A L 2 i i v 0.5       0.72 (4.1a) (4.1b)
where T c (h) is the concentration time, A (km²) is the drainage area, L (km) is the headwater basin length, H m (m) is the average basin elevation, H 0 (m) is the basin outlet elevation, i is the mean channel gradient, and i v is the mean catchment slope. The cumulative rainfall parameter of 0.6 mm allows the filtering out of isolated bucket tips with insignificant rainfall quantities. It is used for excluding burst events whose contribution can be consider irrelevant and possibly responsible for overestimating event duration.

Station Id. A (km²) H * m (m) H 0 (m) L (km) i i * * v T c,Giandotti T c
Step 2: aggregation of burst events into rainfall events Then, the relevant rainfall bursts are aggregated into elementary rainfall events (i.e. storm), using a minimum duration of rain interruption (MDRI; fig. 4.1). This parameter has a strong impact on the event starting and ending time (fig. 4

.3).

There is no consensus in the literature on the length of this dry period as already mentioned in the introduction (sec. 4.1). In order to select the most appropriate MDRI in the considered torrent, values ranging from 30 min (i.e. p 1 ) to 12 h (i.e. duration considered enough to induce recession of the flood stage) were tested, by using a time interval of 5 min and the corresponding ID thresholds were compared.

Step 3: assessment of rainfall event characteristics

Once the rainfall events are reconstructed, a set of rainfall event characteristics, including mean intensity and duration, are estimated. Other rainfall event characteristics will be detailed in the next chapter (chap. 5). Step 4: selection of rainfall events responsible for debris flows and "update" of rainfall characteristics

In order to classify the rainfall events into triggering or non-triggering event, the time of the debris-flow occurrences are compared to those of the rainfall events. In case of debris flow, it can be relevant to examine only the part prior to the debris-flow initiation. Thus, the ending time of the rainfall event can be updated to coincide exactly with the debris flow occurrence t DF . Then, the corresponding rainfall characteristics can be re-estimated. Indeed, the consideration of the entire rainfall event may produce an overestimation of the true triggering rainfall as debris-flow initiation often occurs before the end of the rainfall event. This requires a clear identification of the triggering time which is possible using data from monitoring stations.

Debris flows may consist of a series of surges with fluctuating intensity. In such cases, one can consider either the first detected surge irrespective of its size, or the first surge regarded as significant. The triggering time also depends on the channel location where debris flows are detected. So, what is the most relevant criterion to use for determining rainfall-event end in case of debris flow (fig. 4.4) ? To answer this question, its impact on the ID threshold was assessed. For such a purpose, a comparison was performed between thresholds obtained from (i) the whole rainfall event and (ii) the rainfall event truncated at the debris-flow triggering time. It was made by considering the triggering time corresponding to the first detected surge, and the first detected surge exceeding 0.7 m in height at stations S1, S2 and S3 (for details on the cross-sections, see sec. 2.2).

Comment about temporal resolution -The algorithm is independent of the temporal resolution of the rainfall time series P (t) and could be applicable to other data. However, the choice of discretization parameters requires special attention. For example, in case of hourly rainfall, the use of 30-min p 1 (less than the time interval) in step 1 is equivalent to consider periods of continuous rainfall.
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The rainfall sampling period can differ from one study to another (e.g. 5, 10, 60 min). Thus, to ensure comparability between studies, the effect of the time interval on ID threshold was also tested by reducing, before event discretization, the resolution of the rainfall data from 5 min to 1 h.

Determination of the minimum Intensity-Duration threshold

We follow the classic approach of minimum rainfall threshold to identify the critical conditions for debris-flow initiation. This is done by combining mean rainfall intensity (I) and duration (D).

In order to objectively determine such a threshold, the frequentist approach proposed by [START_REF] Brunetti | Rainfall thresholds for the possible occurrence of landslides in Italy[END_REF] was implemented. This approach is based on frequency analysis of empirical rainfall conditions that have resulted in landslides (here, we considered rainfall event that triggered either immature debris flows or debris flows). It will be detailed in the following paragraphs. The limit of such a statistical method is the dependency of the inferred threshold to the dataset size (the larger, the better). It differs from the Bayesian approach (e.g. [START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF][START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF], more relevant for small datasets, which stems from the conditional probabilities and presumes an a priori knowledge of the relationship. This last may be more complex to implement, and the variability between both approaches (e.g. [START_REF] Brunetti | Rainfall thresholds for the possible occurrence of landslides in Italy[END_REF] is weak as compared to the one resulting from the reconstruction event method (see §4.4.1).

First, it is assumed that debris-flow initiating rainfall events follow a simple power law:

I = αD -β (4.2)
where I (in mm h -1 ) is the mean intensity, and D (in h) is the duration of the rainfall event. Linear regression of the natural log-transformed data is performed as log(I) = log(α)βlog(D) with log(I) the predicted log-value of I, and α, β the estimated coefficients 2 (best linear fit, fig. 4.5a). This operation assumes that the residuals ε i = log(I i )log(I i ) are normally distributed such as ε i ∼ N (µ ε , σ ε ) with µ ε and σ ε , the mean and the standard deviation of the residuals respectively. Next, the cumulative density function (cdf) of the residuals is plotted (fig. 4.5b) and the theoretical percentiles are estimated from the normal distribution function N (µ ε , σ ε ). Finally, the minimum ID threshold is chosen by translating the bestfit law at a distance equal to ε * , the distance between the median and the first percentile.

Selection of the rain gauge

Before analyzing the rainfall time series, the spatial representativeness of the rainfall measurement has to be considered [START_REF] Nikolopoulos | Impact of uncertainty in rainfall estimation on the identification of rainfall thresholds for debris flow occurrence[END_REF]. It depends on the geographical distance between the raingauge and the debris-flow triggering zone and the difference in elevation. This is particularly true for short and intense rainfall events (< 12 h), which are often spatially limited but also known for debris-flow triggering. The nearby rain gauge that can be considered as the most representative of the debris-flow triggering rainfall must be chosen accordingly. In the Réal, three rain gauges of 5-min resolution have been deployed in the catchment at the monitoring stations (S1, S2 and S3), and one of 1-h resolution is available at the Péone Météo-France station on a different hillside (distance less than 5 km; fig. 2.3). Data comparison shows relatively good agreement between the rain gauges (differences of less than about 2 mm h -1 for 99% of the values; fig. 4.6). It highlights the relevance of the Péone Météo-France rain gauge for characterising the long-term rainfall regime. It appears that rainfalls recorded at the S3 rain gauge, located close to the catchment outlet, were slightly lower than the ones observed at 4.4. Results 87 S1 and S2, higher in the catchment. This is consistent with the elevation gradient of precipitation due to the orographic effect. The S1 rain gauge, being the closest to the initiation areas, was used for the rest of the study; this avoided rainfall threshold underestimation.

In the Manival, one rain gauge of 5-min resolution has been deployed in the catchment at the monitoring station S1, and one of 1-h resolution is available at the St-Pierre-les-Egaux Météo-France station in the Chartreuse Mountains (distance less than 5 km; fig. 2.3). The raingauge at St-Pierre-les-Egaux clearly overestimates the rainfalls measured in the Manival as expected because of its location further inside the Massif and at a higher elevation. The difference range from -4 to 3 mm h -1 for 99% of the values (fig. 4.6) which is quite important. The rain gauge of the monitoring station was used for the rest of the study.

Results

Sensibility analysis of ID threshold to rainfall event definition

The choices of (i) the MDRI, (ii) the ending of rainfall events based on the timing of the surge detection, (iii) the location of debris-flow detection, and (iv) the temporal resolution of rainfall data, are of great importance in determination of the ID threshold. The effects of these parameters were therefore analysed. No debris flow occurred during the monitoring period in the Manival Torrent. Thus, the sensitivity analysis of the ID threshold focuses on the Réal Torrent (from March 2011 to March 2015).

Impact of the minimum duration of rain interruption (MDRI)

Increasing the MDRI enhances (i) the spread of ID points along the threshold, and (ii) the differentiation between triggering and non-triggering events (figs. 4.7a, b). MDRI smaller than 30 min were also tested (without preliminary burst segmentation), and led to a high scattering of rainfall event ID (R² of the regression lower than 0.5). The effect of MDRI on ID threshold, within a range from 30 min to 12 h, is substantial (fig. 4.7c), especially for values below 3 h. The larger the MDRI, the more stable the ID threshold is (fig. 4.7d). There is a sharp increase of the offset until 50 min. From 3 h, the offset or slope modifications clearly result of the displacement of a specific event on the ID plot.

These results are confirmed by the impact of the MDRI on the number of extracted rainfall events, which shows a major break-line at the 3-h MDRI (fig. 4.8a). With a 3-h MDRI, 40% of the burst events are aggregated, while with a greater MDRI, there are only an additional 2% or less per supplementary hour (fig. 4.8b). This implies that, for the Réal, if there is no rainfall after at least 3 h, the next rainfall event is likely to be an independent storm.

Impact of the "end time" of the rainfall event

Consideration of the entire rainfall event instead of the portion of the event prior to debris-flow passage (referred to here as the truncated rainfall event) clearly overestimates the triggering rainfall as expected (fig. 4.9a). Similar results were obtained at the Illgraben [START_REF] Badoux | Rainfall intensity-duration thresholds for bedload transport initiation in small Alpine watersheds[END_REF] and the Rebaixader (Abancó et al., 2016) catchments. However, ID thresholds, which were obtained using the first or main surge, are similar, because ID values are only slightly modified for low numbers of events.
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Inter-event duration exceeding 3h Inter-event duration not exceeding 3h (b) of rain interruption between burst events with a semi-log scale: demonstration of the low proportion of aggregated burst events if MDRI greater than 3 h are considered. The bin width is equal to 1 h, except for the first bin which is equal to 30 min (the duration with no rainfall being not less than the 30 min burst segmentation parameter).
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The debris-flow detection location (S1, S2 or S3) may also impact the recording of the rainfall event by: (i) changing the duration over which rainfall properties are extracted, and (ii) changing the sample of rainfall events considered, as all the debris flows did not propagate down to S2 or S3. The detection location shows a relatively low effect on the scattering of ID data (fig. 4.9b), which emphasizes the fact that travel time has a negligible influence on event ending time. However, ID thresholds obtained for the three stations are significantly different, with an increase in the ID thresholds related to drainage area (fig. 4.9b). 

Impact of the temporal resolution

Likewise, the temporal resolution of rainfall data (ranging from 5 to 60 min) has a slight effect on the slope of the threshold (fig. 4.10). However, its impact is much less pronounced than that of the rain discretizing parameters.

Notice that, in our database, with a 3-h MDRI, 25 of 37 triggering rainfall events exceed 1 h in duration. If only summer triggering events are considered, there are still eight of 20 events that exceed 1 h in duration. This means that the ID threshold is mainly controlled by points higher than the maximum time step tested.

By defining rainfall events as continuous rainfall periods instead of using a MDRI, one should probably expect a larger effect of temporal resolution (fig. 4.11).

Rainfall threshold for the Réal Torrent

A decision was made to use the best rainfall resolution available (5-min time interval), the MDRI of 3 h and to consider the passage of the main surge at station S1 as the rainfall ending time. The prior part of rainfalls was preferred to the whole event to avoid overestimation the rainfalls responsible for debris-flow triggering.
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It has been made possible by the availability of sub-hourly rainfall data as well as monitoring station for knowing the debris-flow passing time. Debris flow detection was considered in the upper part of the debris-flow channel to focus on debris-flow initiation condition. By using the dataset from March 2011 to March 2016 3 , the minimum ID threshold for debris-flow initiation in the Réal Torrent corresponding to 1% exceedance probability, i.e. with 99% of the debris-flow triggering rainfalls recorded above the threshold (fig. 4.12a), is:

log(I) = 1.42 -0.67log(D) ⇐⇒ I = 4.16D -0.67 (4.3)
Most, but not all major debris flows, presented high positive residuals to the ID threshold, which means that the highest debris-flow magnitudes, in terms of travel distance or volume, are not necessarily positively correlated to rainfall amount: increasing the residuals does not necessarily lead to increasing the travel distance or the front height (fig. 4.12b). This is often taken into account in the modeling of debris-flow triggering. Notice that, in this dataset, 62 out of 63 rainfall events that caused a flow response with sediment transport (i.e. DF, IDF, BL), had a rainfall quantity of more than 5 mm. The climate in the Réal Torrent is sub-Mediterranean (sec. 2.1.2) and the seasons are characterised by different types of meteorological events (local convective storms, regional frontal systems, snow melting events). As would be expected, the ID distribution (fig. 4.13) reveals a seasonal trend, with a rainfall regime dominated by (i) short and intense rainfall events during spring-summer period, and rather by (ii) long rainfall events of low intensity during autumn-winter period. However, 3. by using the dataset from March 2011 to March 2015 used in the sensitivity analysis, the eq. 4.3 was log(I) = 1.38 -0.65log(D) ⇐⇒ I = 3.99D -0.65
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CRITICAL RAINFALL THRESHOLD FOR DEBRIS-FLOW OCCURRENCE the seasonal separation is not absolute. Rather that segmented the rainfall event collection into two seasonal sub-datasets (spring-and-summer and autumn-andwinter periods) as can be seen in literature [START_REF] Peruccacci | Lithological and seasonal control on rainfall thresholds for the possible initiation of landslides in central Italy[END_REF], it is proposed to distinguish events based on their duration (fig. 4.13). Below 5 h, the triggering events are used to establish an ID threshold. Above 5 h, the minimum recorded intensity is used as threshold. Although this reduces by 5% the number of NR above the threshold (from 133 to 111 out of 459 events), the improvement remains insufficient.

0 

Comparison of the torrents: Réal vs. Manival

Following the same reasoning as in the section 4.4.1, the relevant MDRI to consider in the Manival Torrent would be 4-h, instead of 3-h (fig. 4 Duration with no rainfall between burst events (log)

Inter-event duration exceeding 4h Inter-event duration not exceeding 4h During the monitoring period (from March 2011 to March 2016), the entire rainfall events observed in the Réal and in the Manival torrents present similar ID distributions (fig. 4.15a). Nevertheless, in the Manival Torrent, no debris flow was triggered and three debris floods were recorded in July 2013, October 2013 and July 2014. The rainfall measurement was only available for the last two, with some doubt over the rainfall representativeness of July 2014 (sec. 3.3.3). These two rainfall events are greater than 5 mm but are not exceptional.

Between March 2009 and December 2010, before the monitoring station installation in the Manival Torrent, rainfall measurement was already available and two debris flows were reported (sec. 3.3.3). The rainfall time series was reanalyzed following the procedure proposed above (fig. 4.15b). The two debris flows occurred during extreme rainfall events on the top of the ID scatterplot. The ID distribution is quite similar to the one obtained during the monitoring period, with nonetheless five non-triggering short and intense rainfall events (August 05, 2009; June 16, 2010; June 17, 2010; July 04, 2010; July 23, 2010). These events occurred in summer after the debris-flow passage responsible for large channel scouring (Theule, 2012). 

Discussion: comparison with the literature

The sensitivity analysis of the ID threshold and rainfall discretizing parameters demonstrated the critical influence of the MDRI, the rainfall ending time (which can be set using either the timing of surge detection or the end of the rainfall event), and the basin size at the debris-flow detection location. The range of ID threshold variability obtained from the sensitivity analysis encompasses the variability of reported ID thresholds from debris-flow studies (fig. 4

.16a). This result highlights
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CRITICAL RAINFALL THRESHOLD FOR DEBRIS-FLOW OCCURRENCE the need to define standard protocols for rainfall data processing. This is a prerequisite for meta-analysis of data from debris-flow monitoring stations. A compilation of the parameters used in several recent studies of triggering conditions (tab. 4.2), clearly demonstrates that a large part of the variability in reported ID thresholds must be attributed to the rainfall event definition used, in addition to the physical and climatic properties of investigated catchments. This makes it difficult to cross-compare results between studies. MDRI determination is of paramount importance for the definition of rainfall events, and an objective way to calibrate this parameter, based on the stabilisation of the number of extracted rainfall events, is proposed here. It was shown that burst aggregation abruptly declines above a MDRI of 3 h and 4 h, in the Réal and in the Manival, respectively. This means that the time of around 3 h and 4 h correspond to characteristic periods in the local rainfall regimes, allowing separation of independent rainfall cells, and here being used to isolate triggering rainfall events from antecedent rainfall conditions.

Local ID thresholds based on data from experimental catchments, are generally seen as insufficiently representative of the spatial variability of debris-flow rainfall triggering conditions for regional-scale applications [START_REF] Wieczorek | Climatic factors influencing occurrence of debris flows[END_REF]. This is certainly true, as monitoring stations are almost always deployed in active debris-flow catchments to maximise the chances of collecting information on debris flows. Therefore, such data must be considered as representative of supply-unlimited catchments, characterised by the presence of active hillslope erosion cells, which provide rapid sediment recharge of headwaters. This is clearly the case in the Réal, where the sediment production is maintained by active gullying processes in LGM surficial deposits. It could be expected that ID thresholds derived from experimental catchments would largely under-estimate rainfall triggering conditions for less active catchments, where the primary limiting factor for debris-flow occurrence is the time needed to reconstruct loose debris accumulations in headwaters [START_REF] Bovis | The role of debris supply conditions in predicting debris flow activity[END_REF]. This is particularly true in the Manival Torrent rather considered as a supply-limited system (sec. 2.1). However, local ID thresholds can be used for regional scale applications, as a conservative way to identify catchments impacted by triggering rainfall conditions under a supply-unlimited regime. Their main advantage is that they are based on highquality information for both debris-flow detection and characterisation of triggering rainfall. This is clearly confirmed by the position of the Réal ID threshold, in comparison with debris-flow events reported from several other experimental catchments (fig. 4.16b). All of these other events are above the Réal ID threshold, and would therefore have been detected.

The comparison of local ID thresholds with respect to their parent dataset is also instructive (figs. 4.16 and 4.17). The position of the Chalk Cliff ID threshold may be strongly influenced by the very short 10-min MDRI used for discretizing rainfall events, as this leads to consideration of only short duration isolated rainfall bursts in the definition of triggering conditions (fig. 4.17a). It is also possible that the local rainfall regime partly explains triggering conditions, since this site is characterised by much drier conditions than others (tab. 4.2), and this is known to affect ID thresholds [START_REF] Govi | Landslide susceptibility as a function of critical rainfall amount in Piedmont Basin (North-Western Italy)[END_REF][START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF]. A more meaningful comparison can be made with the ID threshold reported for the Moscardo, which was based on a 6-h MDRI. Its higher position in comparison with the Réal can be attributed to the size effect highlighted by the comparison of the three stations of the Réal (fig. 4.9b). The larger the drainage area, the higher the threshold, because only the largest debris flows (i.e. those associated with the most intense rainfall events) have enough energy to propagate over long distances. The 4.1-km² catchment of (1) no criteria were used, storm bursts being very distinct and clearly identifiable manually (personal communication with authors, November 2015); (2) the whole event is considered when debris flow did not reach the monitoring station; (3) excluding Illbach;

(4) similar result are obtained with a 180-min MDRI for the debris-flow events; (5) considering both debris flows and debris floods.
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the Moscardo at the debris-flow detection site provides an ID threshold slightly above the one obtained for the distal station of the Réal (fig. 4.17c). Comparisons with the Illgraben or the Gadria are more difficult, since both are based on a few reported events. However, given their large drainage area, one should expect a high position in the ID scatterplot for these events. The ID threshold established at the Rebaixader presents a much lower slope than the others, and is outside of the range obtained for varying discretizing parameters in the Réal beyond a 10h duration. Nevertheless, the ID values are comparable to those in the literature (fig. 4.16b), especially those of Chalk Cliff, which shares similar characteristics (very small drainage area, very steep slopes, and unlimited sediment availability). The short MDRI used at Rebaixader is likely to be responsible for the fact that none of the triggering events exceeded a 10-h duration, or presented a mean intensity lower than 5 mm h -1 , although this alone is unlikely to be sufficient to explain the threshold position (fig. 4.17b). The ID scattering may be also attributed to the short response time linked to the catchment characteristics. * exclusion of the two reconstructed events of May 16, 2013 (snowmelt), not representative of DF triggering condition due to the importance of the raingauge signal intermittence with a 10-min MDRI.

Summary and conclusion

The aim of this chapter was to investigate the critical rainfall conditions for debris-flow triggering in two instrumented catchments, the Réal and the Manival.

In the Réal, a classic ID threshold was objectively defined using the frequentist method. Beforehand, an algorithm for the objective and reproducible reconstruction of rainfall events was developed. It requires rainfall time series and information on the time of debris-flow triggering. A sensitivity analysis was performed to study the influence of rainfall event definition on ID thresholds. This revealed the critical importance of the MDRI parameter (i.e. minimum duration of rain interruption), as well as the rainfall ending time, which can be set using either the timing of surge detection or the end of the rainfall event. The influence of the location of the debris-flow detection is also clear, showing an increase in the ID threshold with the size of the catchment; indeed, debris flows propagating downstream mostly occur during the largest rainfall events. It has been demonstrated that the variability associated with these parameters encompasses the variability of reported ID thresholds using data from instrumented catchments. For comparison purposes, it is important to exhaustively describe the considered event definition or to standardize the procedure when it is possible. A 3-h and 4-h MDRI was found to best represent the local rainfall regimes of the Réal and the Manival torrents, respectively; it is recognized that this characteristic period would likely depend on the rainfall regime. Although their rainfall regimes differ, both torrents present similar ID distributions. However, the Manival is much less active, which confirms the critical importance of supply conditions.

The ID threshold allows a certain number of rainfall events without a flow response to be filtered out, but not all of them: above the threshold, it remains non-triggering rainfall events. Indeed, by definition, the minimum ID threshold with 1% exceedance probability aims to predict 99% of the debris-flow triggering rainfalls. This method is intolerant against false negatives (i.e. observed but not predicted debris flow) but does not care about false positives (i.e. predicted but not observed debris flow). The frequentist approach is based only on debris-flow triggering rainfalls, and therefore, an important part of the available information related to non-triggering rainfalls remains unused.

Chapter 5

Debris-flow triggering and non-triggering conditions

Rainfall ID thresholds may be insufficient to discriminate the flow responses since a critical rainfall event does not necessarily trigger a debris flow. Flow response may also depend on predisposing factors such as antecedent moisture or sediment recharge. First, this chapter introduces new rainfall characteristics. They attempt to represent both the triggering and the predisposing factors by considering not only the event properties, but also the antecedent conditions. Second, a logistic regression model is proposed in order to better predict the flow response. It is used to identify the rainfall conditions capable of explaining the debris-flow activity in the upper part of the Réal catchment. Finally, the rainfall conditions in both study catchments are compared.

Introduction

ID threshold provides information on the minimum rainfall required for debrisflow triggering. Such a deterministic approach should be sufficient in ideal conditions in which there is a clear separation between rainfall events that triggers or does not trigger debris flow. Although the Réal is a transport-limited catchment supposed to be controlled by rainfall-induced channel runoff, extreme events do not necessarily trigger debris flows ( §. 4.4.2).

It is known that a rainfall threshold based solely on the rainfall events that resulted in debris flows is not truly informative [START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF]. Even when it is based on probability analysis (e.g. frequentist approach in Brunetti et al., 2010), it may give the probability of observing a rainfall event of intensity I and duration D when a debris flow occurs, P (I, D|DF), but not the probability of observing a debris flow when such a rainfall event occurs, P (DF|I, D). In chapter 4, ID threshold was established using only the rainfall events that resulted in debris flows. Nevertheless, rainfall events were identified regardless of whether or not a debris flow occurs. This makes it possible to compare the conditions of the events above the threshold that resulted and did not result in debris flows. In order to discriminate both populations of rainfall events, statistical tools are increasingly used, in general context of landslides, such as statistical tests [START_REF] Deganutti | Rainfall and debris-flow occurence in the Moscardo basin (Italian Alps)[END_REF][START_REF] Abancó | Critical rainfall conditions for the initiation of torrential flows. Results from the Rebaixader catchment (Central Pyrenees)[END_REF], logistic regression models [START_REF] Frattini | Approaches for defining thresholds and return periods for rainfall-triggered shallow landslides[END_REF] or Bayesian probabilities [START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF]. Bayes' rules, as proposed by [START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF], 99 100

DEBRIS-FLOW TRIGGERING AND NON-TRIGGERING CONDITIONS makes it possible to express a probabilistic threshold, instead of a deterministic one, regarding both event populations (fig. 5.1). It suggests that triggering conditions may be controlled by a more complex combination of forcing. However, it does not consider other triggering factors which may have a significant impact on the debrisflow probability (sec. 1.3). Mean intensity and duration of a rainfall event may be insufficient to explain the debris-flow activity. Other variables have proved to be relevant for discriminating debris-flow events [START_REF] Wieczorek | Climatic factors influencing occurrence of debris flows[END_REF]. From the rainfall events identified in chapter 4, it is possible to access to additional information about the climatic forcing (e.g. antecedent rainfalls).

This chapter aims to identify the climatic variables likely to explain the presence or absence of debris-flow activity in the Réal Torrent during the monitoring period. It focuses on the triggering conditions at the proximal station S1, in the close vicinity of the sediment sources. To do so, a new logistic regression (LR) model is designed for discriminating the extreme rainfall events above the ID threshold, i.e. those regarded as sufficient to trigger debris flow (sec. 5.2). Note that a LR model was used successfully for identifying factors -short-duration maximum rainfall intensities, modelled peak discharges -affecting the most debris-flow triggering at the Tête du Clot des Pastres, in the Bachelard Valley, southern French Alps [START_REF] Blijenberg | Rolling stones?: Triggering and frequency of hillslope debris flows in the Bachelard Valley, southern French Alps[END_REF]. On the basis that the sediment recharge may fluctuate in time, even in supplyunlimited catchment, new proxies of the sediment recharge are tested in addition to the explanatory variables associated to rainfall forcing. In chapter 3, four flowresponse groups were identified instead of two: debris flow, immature debris flow, bedload and no response. Thus, several combinations of these groups are tested as binary response variable and compared. The results are then described and discussed (secs. 5.3 and 5.4). Before concluding (sec. 5.5), the rainfall characteristics of both the Réal and the Manival torrents are compared in order to determine if the difference in debris-flow activity may be explained.
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5.2 Methods

Potential explanatory variables

Once the rainfall event collection is established, rainfall characteristics are extracted with the aim of identifying debris-flow triggering conditions (tab. 5.1).

Types of variables Symbols Descriptions and units

Rainfall event properties D Duration (min)

I Mean intensity (mm h -1 ) R Rainfall amount (mm) I max,5min
Maximum 5-min intensity (mm h -1 ) I max,10min Maximum floating intensity for 10 min (mm h -1 ) I max,15min Maximum floating intensity for 15 min (mm h -1 ) I max,30min Maximum floating intensity for 30 min (mm h -1 ) I max,1h

Maximum floating intensity for 1 h (mm h The variables are derived from the rainfall recording, apart from three of them (D DF , AR DF and n DF ), which require information on the recent debris-flow history of the catchment. However, all of these variables can be easily produced with information available from: (i) existing real-time monitoring systems using rainfall radar, and (ii) field surveillance of debris-flow activity from RTM agents. These variables allow the characterisation of the inherent properties and antecedent conditions of rainfall events, as well as the sediment recharge conditions of the catchment using proxies. The characterisation of the rainfall event properties was done using a set of variables routinely used for the analysis of rainfall conditions associated with debris-flow triggering, including the rainfall duration (D), mean intensity (I) and total amount (R). The maximum 5-min intensity (I max,5min ) of the rainfall event was also considered assuming that the intensity for short period would be representative of runoff generated debris flow occurring when rainfall intensity exceeds the infiltration capacity of the soil. Maximum floating intensity 102 DEBRIS-FLOW TRIGGERING AND NON-TRIGGERING CONDITIONS for 10 min, 15 min, 30 min and 1 h (I max,10min , I max,15min , I max,30min , I max,1h ) were also considered regarding an approach frequently used in hydrology for designing intensity-duration-frequency curves from annual maximum series [START_REF] Chen | Rainfall intensity-duration-frequency formulas[END_REF]). To estimate the critical period contributing to the soil moisture conditions favourable to debris flow in the Réal, antecedent conditions over periods ranging from half a day to one month (AR period ) were considered. The duration since the last rainfall event (D dry ) and the rainfall amount of the preceding event (AR) were also tested.

Beyond climatic factors, one should also consider the quantity of loose debris available in the catchment that can feed debris flows. On the one hand, this partly depends on antecedent weather conditions responsible for previous transport events, which could have filled or emptied the channel. Thus, a set of proxies for sediment recharge conditions were tested, using not only rainfall data, but also the recent history of debris-flow activity. The presence of loose debris in the channel is expected to be partly controlled by the elapsed time since the last debris flow (D DF ). The shorter the elapsed time, the lower the probability is of observing easily available sediment mass in the channel [START_REF] Dong | The role of the sediment budget in understanding debris flow susceptibility[END_REF]. It is indeed well known that debris flows can efficiently entrain loose debris temporary stored in the channel [START_REF] Hungr | Entrainment of material by debris flows[END_REF]. The in-channel sediment recharge should also be influenced by the quantity of rainfall since the last debris flow (AR DF ), because the occurrence of intense bedload transport events between debris flows may contribute to feeding the channel [START_REF] Theule | Sediment budget monitoring of debris-flow and bedload transport in the Manival Torrent, SE France[END_REF]. One should therefore expect high sediment recharge conditions with high values of AR DF . On the other hand, a seasonal cycle of sediment recharge can also be expected for low-order gullies tightly coupled to hillslopes, due to the effect of frost cracking during winter and the subsequent accumulation of loose debris in colluvial headwaters. A set of proxies were chosen to test for the effect of the elapsed time since winter end -1 st March -on debris-flow triggering conditions (n DF , n ev , DOY sin and n d ).

Design of the logistic regression model

LR-model form

Logistic regression (LR) is used to predict the occurrence of debris flows from explanatory variables selected from the rainfall characteristics of the events exceeding the ID threshold. The LR model aims to discriminate those rainfall events that effectively triggered debris flows (i.e. the true positives). The binary response variable takes either a value of 0 for rainfall events without transport (NR), or a value of 1 for rainfall events generating debris flows (DF). Other response groups are also tested: NR vs. BL & IDF & DF; NR & BL vs. IDF & DF; NR & BL & IDF vs. DF. The probability that the response variable takes either a value of 0 or 1 is noted as p. The main assumption of the LR model is that the logarithm of the odds ratio, i.e. log(p/(1p)) or logit(p), is a linear combination of the explanatory variables X i :

log p 1 -p = κ 0 + n i=1 κ i X i (5.1)
where n is the number of predictor X i and κ i is the i th linear coefficient.
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The probability p of belonging to the debris-flow response group is given by:

p = e κ 0 + n i=1 κ i X i 1 + e κ 0 + n i=1 κ i X i = e κ 0 n i=1 X κ i i 1 + e κ 0 n i=1 X κ i i (5.
2)

The LR model was implemented in R-software using the function glm{stats} (Fitting Generalized Linear Models) with the family set to "binomial" with a "logit" link [START_REF] Fox | An R Companion to Applied Regression[END_REF]. Beforehand, the predictors were centred and scaled ( X i ) using mean and standard deviation. Standardisation makes it possible to compare the dimensionless predictor weights; it does not affect the correlation between variables nor the variation pattern.

LR-model selection

Univariate LR model: variable pre-selection stage

First, the LR model based on one single explanatory variable (eq. 5.1, n=1) is estimated for every predictor X i in order to test its statistical significance (hereinafter referred to as the "univariate" LR model). For this purpose, the LR models without (null hypothesis H 0 : κ i = 0) and with (alternative hypothesis H A : κ i 0) the predictor X i are compared by performing the Wald Test (WT Z ) and Likelihood Ratio Test (LRT χ ):

-Wald Test estimates the probability (p-value) that, if H 0 is true, a random variable normally distributed takes on a value that is bigger than the Waldstatistic Z or smaller than -Z such as:

Z = κ i SE(κ i ) ∼ N (0, 1) (5.3)
with SE the standard error. Notice that, in small samples, the significance of the predictor could be underestimated since standard error could be inflated, resulting in a lower Wald-statistic and so in a larger p-value.

-Likelihood Ratio Test estimates the probability (p-value) that, if H 0 is true, a random variable with a χ 2 distribution with df degrees of freedom (df being the difference in number of predictors of both compared models, here 1), takes on a value that is greater than the likelihood-ratio-test-statistic D such as:

D = 2 • (log(L H A ) -log(L H 0 )) ∼ χ 2 (df ) (5.4)
with L H A and L H 0 , the likelihood of the LR models with and without the predictor X i , respectively.

In both tests, if observations are unlikely to occur under H 0 (p-value < 0.05) then H 0 is implausible and rejected in favour of the alternative hypothesis H A . Consequently, predictors with a p-value of less than 0.05 in at least one of the two tests were pre-selected for the following analysis.

Multiple LR model: selection stage of variable combination

Second, to choose the best combination of predictors, a stepwise approach aimed at minimising the Akaike information criterion (AIC) is performed using the entire dataset. This procedure was chosen as it rewards goodness of fit (maximum
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DEBRIS-FLOW TRIGGERING AND NON-TRIGGERING CONDITIONS likelihood estimation) and penalises model complexity (number of predictors). The model is selected using a bidirectional elimination procedure. The stepwise approach is initiated with the univariate LR model resulting in the smallest pvalue. The range of models examined is defined from the simplest LR model without predictors, to the most complex one, with the pre-selected predictors. The predictors are ranked based on their test score. The multiple LR model assumes that the predictors are independent. Therefore, redundancy between potential explanatory variables must be avoided. To do so, Pearson correlation is computed for each pair of variables in the multiple LR model, and the result should be less than 0.5 in absolute terms to show the absence of linear dependency between variables. In addition, the effect of collinearity over the LR coefficients was estimated by computing the variance inflation factor V IF i for each variable X i . The V IF i indicates how much the variance of the LR coefficient κ i is inflated in comparison with what it would be if predictors were uncorrelated. Predictors are generally considered as uncorrelated to moderately correlated, when V IF i has a value from 1 to 5.

Model performances

Last, the LR model is validated and its performances are assessed according to the following. The leave-one-out cross-validation (LOOCV) method is implemented in order to deal with the small sample of rainfall events available. The LOOCV method involves using one observation as a validation set and the remaining observations as independent training sets. This operation is repeated for each observation in the entire dataset.

For evaluating the LR model and establishing its predictive power, the statistics based on a confusion matrix are estimated [START_REF] Beguería | Validation and Evaluation of Predictive Models in Hazard Assessment and Risk Management[END_REF]. This consists of assessing the model sensitivity and specificity, which express the proportion of positive and negative cases, respectively, that are correctly predicted. The main advantage is that these statistics do not depend on the prevalence of rainfall events without debris flow in the dataset. For building the confusion matrix, the probability of triggering a debris flow is given by the LR model, and has to be converted into a binary response. This categorization depends on a single prediction threshold (cutoff). The relevant choice of this threshold will depend on practitioners, and on the cost of false-positives or false-negatives. To be independent on this classification threshold, the receiver-operating characteristic (ROC) curve is plotted. The ROC plot confronts sensitivity and specificity for the whole range of possible cutoff thresholds. The area-under-ROC (AU C), which gives a global accuracy statistic for the model, is also estimated. This varies between 0.5 (no improvement over random assignment) and 1 (perfect discrimination). In addition, the Nagelkerke R 2 statistics, i.e. the generalised coefficient of determination, is computed to measure the usefulness of the model.

Results: case of the Réal Torrent

Determination of significant predictors

The distributions of some potential rainfall-based predictors for each flow response (DF, IDF, BL and NR) are shown in figure 5.2. Only the rainfall events above the ID threshold were considered, assuming that they already have potential for debris-flow triggering. Although none of the potential predictors allow a clear distinction for each flow response, it is still possible to detect some trends. Some general features of rainfall events associated with each flow response can be emphasized. Debris-flow triggering events were characterised by high maximum intensity (I max,5min ), high rainfall amount (R), and high 48-h antecedent rainfall (AR 48h ). The latter predictor is the only one which clearly differentiates debris flows from all the other flow responses. Immature debris flow predominantly occurred after short and intense events (high I max,5min ) with low rainfall amounts and low antecedent rainfall. Bedload transport tended to occur after high rainfalls of moderate intensity. Rainfalls without a flow response were mostly low intensity events with low rainfall amounts. Furthermore, the number of days elapsed since the end of winter (n d ) and the sine transform of the day of year (DOY sin ) highlights a seasonal pattern of flow response, with a peak of debris-flow occurrence during late spring and early summer, followed by a peak of immature debris flows during summer, and finally a peak of bedload events during early autumn. This seasonal sequence is only partly related to the seasonal distribution of maximal rainfall intensity, which shows a peak of occurrence (for values above 40 mm h -1 ) during summer and early autumn (fig. 5.3). It is also interesting to compare debris-flow activity during spring and autumn, since maximum rainfall quantity is concentrated in these two seasons, with equivalent maximum intensities and antecedent rainfalls (fig. 5.3). Despite similar rainfall regimes during spring and autumn, a prevalence of debris-flow occurrence during spring is clearly observed. However, the other proxies of the sediment recharge, like the rainfall amount since last debris flow (AR DF ), the number of debris flows since winter (n DF ), and the number of significant rainfall events since winter (n ev ), do not allow discrimination of the flow responses.

To be able to assess the predictors likely to explain the presence or absence of debris-flow activity, several binary response groups were defined: (DF vs. NR), (DF . The predictors that were statistically significant in univariate LR models aimed at discriminating these response groups are emphasized in table 5.2 and pre-selected for the multiple LR model assessment. Whatever the response groups, the intensities and the seasonrelated characteristics are significant explanatory variables. The rainfall amount is significant for discriminating NR from the other responses. The antecedent conditions appear significant only for discriminating the end-members of the flow continuum (i.e. DF vs. NR). A number of pre-selected variables may be redundant as for example the maximum intensity over different periods. In order to identify the dependent variables, the correlation matrix is presented in figure 5.4. At the next stage, during the multiple LR model selection, the possible combination of pre-selected variables with linear correlation greater than 0.5 will be excluded. 

Best multiple LR model

The Value below -0.5 or above 0.5 is marked by an "X" and indicates a linear dependency between predictors unwanted for the following analysis.
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Whatever the response group, almost the same explanatory variables are selected with in particular I max,10min as the most significant one. When considering the intermediate flow responses (IDF and BL): R or n d has explanatory power only if bedload belongs to the positive or negative response group respectively; AR 48h has no explanatory power. Notice that the difference between response groups is highly conditioned by the pre-selection stage (tab. 5.2, see R and AR 48h ). In the LR models (eqs. 5.5), the V IF i of each predictor is less than 2 (tab. 5.3) and the linear correlation is lower than 0.5 (fig. 5.4). This means that they are independent, and the models are therefore valid. Each predictor increases the explanatory power of the LR models as indicated by their score below 0.05 in the Wald significance test (tab. 5.3). The linear coefficients κ i are positive for I max,10min , AR 48h and R and negative for n d which is consistent with observations. Indeed, the higher the event intensity, the higher the rainfall, the higher the antecedent rainfall and the earlier in the hydrological season an event occurs, the more likely a debris flow is to occur.

Response group Table 5.3 -Statistics of the multiple LR models (eqs. 5.5) obtained for the entire dataset, with the stepwise approach minimising AIC, excluding correlated variables. Mean (µ X i ) and standard deviation (σ X i ) used for standardising the i th predictor ( X i ); linear coefficients (κ i ) and associated confidence interval (CI); variance inflation factor (V IF i ); Wald-significancetest (W T Z ) p-value.

X i µ X i σ X i κ i CI VIF i WT Z 2.
Influence of each observation -In the chapter 3, doubts about the expert classification of the some flow responses were reported by means of a confidence index (tab. 3.1). One can wonder if those events have a significant effect on the LR model parameters. Before analysing the effect of the different explanatory variables, it can be interesting to have a look at the relative weight of each observation (i.e. rainfall event) on the LR model coefficients. To do so, the linear coefficients κ i were re-assessed by removing one event to the dataset as many times as there are events (i.e. during the LOOCV procedure). For each removed event, if κ i differs from the value obtained with the whole dataset, that means that the removed event plays a critical role on the LR model as it should behave singularly (e.g. fig. 5.5). In case of LR model aimed at discriminating debris flow from no flow, in addition, 5.3. Results: case of the Réal Torrent 109 the coefficients were re-assessed by adding one IDF event to the DF ones to see if another classification might produce a different result. Whatever the response group, none of the event changes enough the coefficients to exceed the confidence interval (as it could be expected with a sample large enough). However, the DF of January 4, 2014 -resulting from snow melt -plays a key role on the LR coefficients, and its absence would increase the weight of the explanatory variables, in particular n d and I max,10min . In case of the response group (DF vs. NR), the IDF of June 25, 2014 -uncertainly classified -would also have played a key role, by reducing the weight of the three main explanatory variables, if it had been considered as DF. To go further, the effect of observation deletion on variable selection was also tested in order to identify if the absence of some events would affect the retained explanatory variables (and not solely the LR coefficients throughout the validation stage). It appears in particular that, in case of the response group (DF vs. NR), the rainfall event of November 3-5, 2011 (visible in fig. 3.15 with about 138-mm rainfall amount; uncertainly classified as DF) is necessary for the pre-selection of the rainfall amount R, and so is indirectly responsible for R selection. On the contrary, the rainfall event of September 17, 2011 (uncertainly classified as DF) leads to the exclusion of D dry during the pre-selection stage, while this parameter would have been selected otherwise. Variable pre-selection is not an insignificant stage, and seems especially sensitive to the presence of the observations. Notice that the singular events differ from those that affect the model coefficients aforementioned.
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LR model performances

Are the best multiple LR models (eqs. 5.5), effective models ? The results of the leave-one-out cross-validation (LOOCV) of the LR models for the four response groups (a, b, c and d, tab. 5.4) are presented in figures 5.6 and 5.7.

Impact of the different predictors -ROC-curves, from the best univariate one to the best multiple one, emphasize the impact on accuracy statistics of adding explanatory variables in descending order of significance (tab. 5.3, Wald significance test). The likelihood-ratio-test (LRT χ ), area-under-ROC (AU C) and Nagelkerke R 2 statistics demonstrate that every explanatory variable significantly improves the LR models (tab. 5.4). Thus, in the Réal, the generation of debris flows is mainly related to maximum intensity I max,10min (tab. 5.3). However, a LR model solely based on I max,10min is not sufficient for predicting debris-flow occurrence whatever the response group (figs. 5.7i and 5.6i, curves 1). In such a model, depending on the classification threshold (cutoff), the increase in sensitivity -i.e. improving the prediction of debris flow -leads to a strong decrease in specificityi.e. worse rate of false prediction -. This is not true for the response group (b) which presents an higher AU C and is already very good (tab. 5.3). Whatever the response group (a), (c) or (d), the improvement of the LR model accuracy is only visible for small cutoffs. For the response group (a), the addition of 2-day antecedent rainfall, AR 48h , and rainfall amount, R, enhances this relationship between specificity and sensitivity (fig. 5.6i, curves 2 and 3). Likewise, the number of days elapsed since winter n d -chosen as a proxy of the sediment recharge, which indicates the position in the hydrological season -significantly increases the sensitivity by slightly reducing the specificity (fig. 5.6i, curve 4). For the response groups (c) and (d) that consider BL as negative response, the addition of n d increases sensitivity only with a specificity below 0.5 (fig. 5.7i, c and d curves 2), which is not necessarily suitable. For the response groups (b) that consider BL as positive response, the addition of R improves the accuracy statistics for the intermediate cutoffs by significantly increasing the sensitivity and slightly reducing the specificity.

Efficiency of the full models -With a specificity score of 0.96 and a sensitivity score of 0.60 for a classification threshold of 0.5, the full model (eq. 5.5a) -aimed at discriminating end-members of the flow continuum -is strong regarding avoidance of false positives, but generates a substantial number of false negatives (fig. 5.6ii). Six of the eight false negatives were winter and spring debris flows with direct evidences of snow melting (e.g. images before and after the event, fig. 3.14). The two remaining false negatives were the debris flows of April and May 2012, which occurred a few days after a snow-melting period. In such cases, rainfalls are not sufficient for describing the triggering mechanism. During snow melting events both flow responses -DF and NR -may occur depending on sediment recharge. This participates to the ambiguous status of such events, which have a significant weight on the LR model coefficients (fig. 5.5). When considering in addition IDF and BL events, still with 0.5 cutoff (fig. 5.7ii), the number of false positive varies little in comparison with the number of false negative which significantly increases. This number of false negative overpasses the number of true positive when BL is considered as negative response. It becomes critical for the full LR model (eq. 5.5d) -aimed at discriminating debris flow from the other responses -that missed 19 over 20 DFs .
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Response group LR model 1 the smaller, the better;2 likelihood-ratio-test sequentially compares each LR model (H A : κ i 0) with the previous simpler one (H 0 : κ i = 0) -e.g. LR model (1) vs. LR model (0) -, so predictor order affects the p-value; 3 0: model does not explain any variation; 1: model perfectly explains the observed variation; 4 0.5: no improvement over random assignment; 1: perfect discrimination. (i) Assessment of the contribution of adding an explanatory variable to the LR model: from the best univariate LR model (1) to the best multiple one (4) with respect to a random assignment (diagonal line). The ROC-curves are colored according to the cutoff value; the 0.5 cutoff (⊗) and the one giving the best accuracy statistics 1 ( ) are indicated.

AIC 1 LRT χ p-value 2 R 23 AU C 4 (a) DF vs. NR (0) κ 0 - - - - (1) κ 0 + κ 1 I max,
(ii) Comparison of the observed flow responses with those predicted from the model according to a probability cutoff threshold of 0.5. The corresponding confusion matrix is presented in the upper inset. The boxplots correspond to the observed flow responses (white: NR; black: DF). Cutoff position -Depending on the optimum between false-negative or falsepositive findings (cost-benefit analysis requirement, as suggested in [START_REF] Beguería | Validation and Evaluation of Predictive Models in Hazard Assessment and Risk Management[END_REF], another classification threshold more desirable could be chosen. For example, for the response group (a, DF vs. NR), 0.1 cutoff instead of 0.5 would increase to 0.87 the sensitivity of the full model and slightly decrease to 0.95 its specificity (fig. 5.6i, curve 4, ). Independently of the classification threshold, the AU C of 0.924 (tab. 5.4) highlights high discrimination of the end-members of the flow continuum by the full model (eq. 5.5a).

Comparison of the predictive ability of LR-models -Finally, the ROC-curves of the best multiple LR models (eqs. 5.5) obtained for the different response groups are compared in figure 5.8. Careful, these models are not properly comparable because they have different meaning: the explained binary variables vary from one to the other; they are not necessarily based on the same climatic predictors. The objective is to determine, from the implemented procedure ( § 5.2.2), which response groups have the model with the highest discriminatory power 1 . The best performances regarding the AU C (tab. 5.4, fig. 5.8) are obtained for the LR model (eq. 5.5a) aimed at discriminating the end-members of the flow continuum (i.e. DF vs. NR). The next one is the LR model (eq. 5.5b) aimed at discriminating the sediment-laden flows from no response (i.e. BL&IDF&DF vs. NR). The LR model giving the worst results is the one attempting to separate debris flows from the other responses (eq. 5.5d, DF vs. IDF&BL&NR). Intermediate flows in the LR model "DF vs. NR" -The LR model (eq. 5.5a) aimed at discriminating the end-members of the flow continuum is the best one, 1. Another method for properly comparing the response groups would have been to apply models with the same explanatory variables.
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DEBRIS-FLOW TRIGGERING AND NON-TRIGGERING CONDITIONS but it does not take into account all the events. What would be the model response with regard to the excluded events (i.e. BL and IDF) ? The occurrence probability predicted by this model for both immature debris-flows and bedload events is represented in figure 5.9. There is no distribution trend between both flow responses while one could expect an ordinal scale -NR, BL, IDF then DF -because of process continuum. The rainfall forcing explaining the difference between debris flow and no response is not sufficient for explaining the immature debris-flow or bedload occurrences. .9 -Assessment of the occurrence probability for immature debris flow (IDF) and bedload (BL) events using the best multiple LR model obtained for DF vs. NR (eq. 5.5a).

Discussion

Torrential response prediction in the Réal

The statistical discrimination of flow responses for events above the ID threshold provided satisfactory results by considering only the two end-members of the flow continuum, namely debris flows and no flow responses. The performance of the model was altered by the inclusion of bedload and immature debris flows in the definition of the negative response group. This means that complete understanding of the flow response complexity is not possible by consideration of only rainfall information. This is especially true for debris flows and immature debris flows, which share very similar rainfall triggering conditions (fig. 5.2). This is clearly illustrated by the distributed position of immature debris flows on the logistic regression model eq. 5.5a (fig. 5.9). This is also true for bedload events, although it is possible to propose an LR model including them in the negative response group (e.g. DF & IDF vs. BL & NR). It is expected that the critical factor differentiating these flow processes is the condition of sediment recharge in the upper catchment, which was not well captured by the proxies tested in this study.

Improved results could be expected by integrating direct information on the presence of loose debris accumulations along the most active headwaters. This kind of data is not easy to capture, even for research works, but recent developments in unmanned aerial vehicle systems (UAV), combined with structure-from-motion photogrammetry (SfM, i.e. multi-image 3D reconstruction; e.g. [START_REF] Smith | From experimental plots to experimental landscapes: topography, erosion and deposition in sub-humid badlands from Structure-from-Motion photogrammetry[END_REF], or very high resolution real-time satellite imagery (e.g. 50-cm resolution Pléiades satellite images from Airbus2 , which are available at 24-h intervals), offer promising options for the remote-sensing detection of sediment recharge conditions in upper catchments.

Results from the logistic regression allow identification of the best predictors for debris-flow response above the threshold, of these, the 10-min maximum rainfall intensity appears as the most significant. This once again emphasizes the crucial role of short-duration intense rainfall bursts in debris-flow triggering, which likely control the formation of runoff surges, allowing remobilisation of loose debris stored in channels. The rainfall intensity peak over 10 min has already proved to be significant for debris-flow triggering in other instrumented catchments [START_REF] Blijenberg | Rolling stones?: Triggering and frequency of hillslope debris flows in the Bachelard Valley, southern French Alps[END_REF][START_REF] Berti | Debris flow monitoring in the Acquabona watershed on the Dolomites (Italian Alps)[END_REF][START_REF] Abancó | Critical rainfall conditions for the initiation of torrential flows. Results from the Rebaixader catchment (Central Pyrenees)[END_REF]. However, the 10-min maximum rainfall intensity is not a sufficient predictor alone. Cumulative rainfall also appears to be a discriminant feature, probably expressing the fact that the higher above the ID threshold the rainfall event is, the higher is the probability of the event triggering a debris flow. The 48-h antecedent rainfall also increases the chance of triggering a debris flow. This variable confirms the importance of the saturation of loose debris for favouring debris-flow bulking by channel erosion, in agreement with recent experimental [START_REF] Iverson | The perfect debris flow? Aggregated results from 28 large-scale experiments[END_REF] 

and field observations (McCoy et al., 2012).

Nevertheless, the key role played by this explanatory variable disappears when considering the intermediate flow response (i.e. immature debris flow and bedload). Finally, it was also shown that the chance of a debris flow being triggered decreases with the number of days elapsed since the end of winter, which confirms that the sediment availability in the upper catchment is more important at the beginning of the spring season, and that this source of sediment declines during the year under the flushing effect of early storms [START_REF] Imaizumi | Hydrogeomorphic processes in a steep debris flow initiation zone[END_REF][START_REF] Theule | Sediment budget monitoring of debris-flow and bedload transport in the Manival Torrent, SE France[END_REF][START_REF] Loye | Headwater sediment dynamics in debris flow catchment: implication of debris supply using high resolution topographic surveys[END_REF]. This decreasing probability of debris-flow occurrence during the year is also in good agreement with the low debris-flow activity during the rainy autumn season.

In the Réal Torrent, debris flow may also result from snow melting. These events may correspond to false negatives in the logistic regression model as aforementioned ( § 5.3.3). This encourages investigation of seasonally-stratified models of debris-flow triggering conditions, with the integration of both temperature (or temperature gradient) and snow-cover data, especially for spring and winter.

Comparison of the torrents: Réal vs. Manival

Due to a low number of debris-flow triggering events in the Manival Torrent, it is not possible to implement a logistic regression model allowing the characterisation of the triggering conditions. However, it is still possible to compare the rainfall conditions in both study catchments in order to see if a difference in rainfall event characteristics may explain the difference in debris-flow frequency. Because of different climatic regimes ( § 2.1.2), one might expect different rainfall characteristics at event scale.
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The annual and seasonal distributions of the main rainfall characteristics of both torrents -whatever the flow response -are compared (fig. 5.10). Almost no significant difference appears between the Réal and the Manival torrents. This is consistent with the previous observation about ID distributions ( § 4.4.3). At the event scale, they share similar characteristics in term of duration, rainfall amount, 5-min maximum intensity, except in summer where duration may be shorter in the Réal, and in winter where the intensity peak may be smaller in the Réal. The 48-h antecedent rainfall may be slightly higher in the Manival except in autumn. The higher intensity peak during winter in the Manival should have no effect assuming the decreasing propensity to debris flow with the season. The higher antecedent rainfall in spring an summer should even favour the debris-flow occurrence in the Manival if such a variable would be explanatory. Because the rainfall forcing are relatively similar, only the difference in the sediment recharge related to their respective geology is likely to explain the difference in debris-flow activity. This confirms that the Manival can be considered as a supply-limited system. 

Summary and conclusion

A logistic regression was performed for the prediction of flow responses above the ID threshold in the upper part of the Réal catchment. It was possible to discriminate the sediment-laden flows from the event without flow response (i.e. mature and immature debris flows and bedload vs. no response). However, the LR model with the highest discrimination ability was found for the end-members of the flow continuum (i.e. debris flow vs. no response). Statistically, the best model capable of explaining the debris-flow activity combines the 10-min maximum rainfall intensity, the cumulative rainfall, the 48-h antecedent rainfall and the number of days elapsed since the end of winter. Results from this analysis show that debris-flow triggering is critically controlled by short and intense rainfalls, soil saturation, and the seasonal cycle of sediment recharge in the upper catchment. Nevertheless, debris-flow initiation may also be related to snowmelt. In this case, rainfall measurement is, of course, not sufficient and LR model may lead to false negatives. Despite this, the LR model performances were positively assessed using accuracy statistics (ROC) from a leave-one-out cross validation procedure. As a consequence, such a LR model could improve the use of rainfall ID threshold.

As a perspective, to deal with the continuum of sediment transport processes, here declined in four classes -debris flow, immature debris flow, bedload and no flow -, one could also imagine to apply a multinomial logistic regression model for ordinal response variable. It is the generalisation of the binary logistic regression to a problem with more than two categories (also called polytomous response variable). It will make it possible to consider distinctly the four classes of flow response in a unique model.

Because of the low number of events in the lower parts of the Réal catchment (at S2 and S3 stations) during the monitoring period, the procedure proposed in this chapter was not conclusive. However, with a sufficient data set, it could have been interesting to look at the effect of the catchment size on climatic influences on debris-flow occurrence, i.e. to look for variables likely to explain debris-flow propagation.

Finally, the rainfall characteristics of both study catchments -the Réal and the Manival -were compared. It shows that the difference in triggering conditions would not be able to explain the difference in debris-flow activity. So, only the predisposing conditions in term of sediment potential would be capable of differentiating between both catchments.

Chapter 6

General conclusions & perspectives

Main outcomes

Debris-flow hazards are still poorly understood. Progress is needed to prevent and protect against this phenomenon, at the interface between en masse failure and sediment transport mechanics. Meteorological forcing is recognised as one of the main initiation factors. Thus, numerous efforts to develop strategies for hazard assessment rely on characterising the critical rainfall conditions for debris flow. This manuscript focuses on both debris-flow initiation and propagation conditions, and in particular, on empirical rainfall threshold improvement. The objectives were to (i) establish a methodological framework for determining ID thresholds, so as to limit the sources of uncertainty, and (ii) to enhance their performances by reducing the false detection rate. To achieve these objectives, three issues were addressed: I. How to discriminate debris flow from other torrential responses ? II. How to define a rainfall event in view of establishing critical ID thresholds ? III. Why rainfall events greater than the critical level do not induce debris flow ?

This investigation was carried out on a local scale, on the basis of two debris-flowprone instrumented catchments in the French Prealps, namely the Réal and the Manival. Both sites were chosen for multiplying field observations and comparing two catchments dominated either by loose surficial deposits (Réal) or by rockslopes (Manival). The supporting data stemmed from high-frequency monitoring stations operating between 2011 and 2015. In the Réal catchment, three stations were deployed along the main channel to look at both conditions of triggering in the production zone and propagation up to the confluence with the Tuébi River. In the Manival catchment, one station was deployed near the fan apex.

First, an event inventory was build up (chap. 3). For such a purpose, it was necessary to identify debris flows among other flooding processes, by combining the observations coming from various sensors (camera, geophones, flow stage sensor). Four event classes were retained: no flow, water flow with bedload, immature debris flow and debris flow. An expert classification was performed, not without difficulty to deal with the continuum of sediment transport processes. In case of highly transient flow, the flow propertiesvelocity, peak discharge, volume -were estimated as well as possible, to characterise the torrential response.

The use of monitoring stations made it possible to observe moderate as well as low magnitude debris flows, from a few hundred to sightly more than ten thousand cubic 119 120

GENERAL CONCLUSIONS & PERSPECTIVES metres. The Réal dataset includes 21 debris flows and 20 immature debris flows triggered close to the production area, from which only six propagated to the catchment outlet. The mean annual debris-flow frequency was 1.2 at the distal station, which is typical of active debris-flow catchments. The event frequency is also shown to increase linearly with the drainage area reduction, reaching 4.2 debris flows per year at the proximal station. The relationship between peak discharge and volume is highly scattered. It is bounded by the muddy and granular relationships gathered from literature. In the same period, the Manival dataset includes only three immature debris flows, from which one reached the retention basin. This smaller activity was expected because of sediment supply-limited conditions. The images collected at this station show strong in-channel filling variations during single events, underlining the key role likely played by flow interactions with channel recharge. An interannual comparison of debris-flow activity with seasonal rainfall regime was also performed. It emphasizes the increasing complexity of the flow response to climatic rainfall forcing with respect to drainage area. It brings out that seasonally-integrated rainfalls would not be necessarily sufficient to qualify the debrisflow propensity to propagate downstream.

Then, from the Réal dataset, a classic intensity-duration (ID) threshold was objectively defined by means of a frequentist approach (chap. 4). Beforehand, a rigorous framework was introduced and detailed to get an objective and reproducible rainfall event reconstruction. Through a sensitivity analysis, it was brought out that the ID threshold for debris-flow occurrence, strongly depends on the rainfall event definition which was considered. By changing the rainfall event definition, it was possible to encompass the ID threshold variability reported in literature from a single dataset in a unique basin, independently of climate or geology. Thus, the minimum duration of rain interruption between two distinct events, and the rainfall ending time -which may be set using either the surge detection or the rain stop -, have proved to be critical reconstruction parameters. Likewise, the location of the debris-flow detection system clearly influences the ID threshold, as the largest rainfall event would be mainly responsible for the debris flows which propagate downstream. As a consequence, to establish a relevant comparison of ID thresholds, it appears critical to exhaustively describe the considered event definition or to standardise the procedure as much as possible.

Rain interruption periods of at least 3 h and 4 h were found to best represent the local rainfall regimes in the Réal and in the Manival, respectively. Such a characteristic period would probably depend on climatic regime and on meteorological event type. To avoid overestimating the rainfalls responsible for debris-flow triggering, the prior part of rainfalls, instead of the whole event, was considered. This was made possible by the use of sub-hourly rainfall data as well as monitoring station for knowing debris-flow passing time. Finally, the choice of debris-flow detection location should depend on what we are seeking to characterise: the initiation or the propagation conditions. A comparison of both study sites shows that, although their rainfall regimes were different, they presented similar rainfall-event ID distributions. Thus, the higher debris-flow activity in the Réal is clearly related to the fact that, contrary to the Manival, it is a transport-limited system.

Minimum ID threshold may be insufficient to separate rainfalls which are responsible for debris flow from those which are not. For instance, a rainfall event above the ID threshold may not generate a debris flow. The use of ID threshold may be improved by expressing a probabilistic threshold instead of a deterministic one, on the basis of both event sets (with/without debris flow). However, it suggests that debris-flow occurrence may be controlled by a more complex combination of variables. Indeed, it is recognised that debris flow may also depend on predisposing factors like antecedent moisture or sediment recharge.

At last, in order to discriminate rainfalls above the threshold, a logistic regression (LR) model was proposed (chap. 5). It introduces other explanatory variables than rainfall mean intensity or duration, which attempt to represent both the triggering and the predisposing factors, still from rainfall information. This model focuses on the triggering conditions in the proximal part of the Réal catchment.

It was possible to discriminate events responsible for sediment-laden flows (i.e. bedload, immature and mature debris flows) from events without flow. Nevertheless, the highest discrimination ability was found for the end-members of the sediment process continuum (i.e. debris flow vs. no flow). The best meteorological variables likely to statistically explain the presence or absence of debris-flow activity were: 10min maximum intensity, 48-h antecedent rainfalls, cumulative rainfalls and the number of days elapsed since the winter end. This result highlights the primary role played by intense rainstorms, soil saturation and seasonal cycle of sediment recharge, during debris-flow triggering in the upper part of the Réal catchment. The performance of this LR model was altered by the events related to snow-melting period. During such events, the rainfall measurement is not sufficient to describe the triggering factors. Notice that these debris flows did not propagate up to the vulnerable areas at the catchment outlet.

Finally, the use of such a LR model, in conjunction with ID threshold, could improve debris-flow early warning systems that operate on rainfall measurements or forecasts, by reducing the number of false alarms.

Perspectives

This investigation about the rainfall conditions for debris-flow occurrence was carried out on a local scale. Nevertheless, it is known that these conditions may highly vary from site to site. Thus, a better understanding at the regional scale would be suitable to improve hazard assessment and risk management planning. Furthermore, one of the applications of studying ID thresholds is developing regional early warning systems to mitigate torrential risks. However, to predict the occurrence of a debris flow in vulnerable areas, the knowledge of the debris-flow triggering conditions appears to be insufficient. Indeed, this work especially brought out the increasing complexity of the torrential response to heavy rainfalls with the drainage area. Following this PhD research work, there are issues that remain to be addressed, and in particular: I. How to move the knowledges of debris-flow triggering conditions from a local to a regional scale? II. How to combine debris-flow triggering conditions with radar rainfall estimates and susceptibility map to achieve operational early warning system? III. How to improve our ability to predict debris-flow propagation up to the alluvial fan?

The subsection 6.2.1 aims at introducing avenues of work towards a regional knowledge of debris-flow triggering conditions. The subsection 6.2.2 presents the possible improvement of the early warning system dedicated to hydrometeorological risks which was developed in Southeastern France during the RHYTMME project1 . The subsection 6.2.3 offers perspectives for the study of debris-flow propagation.
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Regional upscaling of debris-flow triggering conditions

The availability of rainfall data distributed at regional scale currently favours the emergence of regional approaches for debris-flow hazard management. For instance, radar-based quantitative precipitation estimates and weather forecasts may provide a realistic view of mesoscale meteorological phenomena -from a few up to hundreds of kilometres -, by capturing thunderstorms as well as mesoscale convective systems. They have proved to be suitable for the forecasting of hydrological responses, including floods in upland catchment (e.g. [START_REF] Westrick | Description and Evaluation of a Hydrometeorological Forecast System for Mountainous Watersheds[END_REF][START_REF] Lowrey | Assessing the Capability of a Regional-Scale Weather Model to Simulate Extreme Precipitation Patterns and Flooding in Central Texas[END_REF]. As a consequence, the characterisation of debris-flow triggering conditions at regional scale seems to be an important issue. Two ways of improvement are envisaged in the next subsections to move from a local to a regional scale:

1. It could be interesting to perform a meta-analysis of sites equipped with debrisflow monitoring stations ( § 6.2.1.1). The goal would be to establish the debris-flow triggering conditions on a local level for a variety of sites, and to look for regional similarities likely to explain similar conditions. To do so, it is possible to process both existing and new monitoring datasets through a unique procedure such as the one proposed in the present work, and to perform a multivariate analysis.

2. Sediment recharge fluctuations, in both space and time, might also receive more attention ( § 6.2.1.2). Indeed, the use of monitoring datasets may be biased because all instrumented catchments present hight torrential activity related to their high sediment supply potential. To deal with the varying conditions of sediment recharge within a single region, one could seek to explain intra-regional differences in torrential activity (e.g. recharge cycle duration and position in the cycle) through an analysis of multi-date remote-sensing images in source areas.

Multi-site analysis of rainfall conditions from monitoring stations

Reanalysis of existing debris-flow monitoring datasets -During the last three decades, numerous debris-flow prone catchments were instrumented, in particular in Europe (e.g. Acquabona, Illagraben, Moscardo, Rebaixader, Gadria...). They constitute rich monitoring datasets including rainfall time-series and debris-flow occurrences. We showed that the rainfall event definition chosen during event reconstruction may strongly affect the critical rainfall condition for debris flow. It could thus be interesting to proceed to a reanalysis of these existing monitoring datasets by using a unique procedure to avoid the variability inherent in the methodological framework. In addition to the ID threshold assessment, it could be beneficial to test other explanatory rainfall variables, as it was done in this investigation by means of a logistic regression model. One could also consider testing for new potential explanatory variables, for instance snow cover and temperature gradient which could explain snowmelt-induced debris flow, provided that these data are available. As well, if more than two torrential responses are relevant, multinomial instead of binary logistic regression model could be applied. By this way, assuming that the observation durations were long enough to be representative, it would be possible to better capture the varying local influences on triggering rainfall conditions. Indeed, the selection of explanatory variables and/or the assignment of parameter weightings are expected to change depending on regional effects.

Once the debris-flow triggering conditions would be established on a locale scale, in numerous sites, by means of the same methodological framework, they could be really compared to investigate the variability linked with inter-regional differences. The purpose would thus be to assess the impact of the respective features of the catchments such as: mean annual precipitation, elevation, drainage area, Melton index, basin shape, land use, percentage of active erosion patches in the catchment, system dominated either by surficial deposit or rockslopes. This meta-analysis of catchments with a high susceptibility level could make it possible to test for the possible existence of a unique relationship, applicable in transport-limited conditions, which would depend on both rainfall data and catchment features. Otherwise, in a next stage, it could be possible to delimit homogeneous regions sharing catchment features (not necessarily in space) and likely to be affected by debris flows under similar rainfall conditions.

For such purposes, it is of great importance to pursue measuring campaigns by means of in-situ debris-flow monitoring systems.

Advent of debris-flow monitoring systems -Another suggestion could be to equip new debris-flow prone catchments, for generating new datasets to analyse. This task could be tricky because the use of monitoring system requires strong maintenance, and the post-processing is time consuming. However, the new system should benefit from past experiences.

For instance, a collaboration, between Irstea and the Conseil Général des Hautes Alpes during the Interreg projects Alcotra-TT:CoCo2 and Alcotra-ALPéril, made it possible to instrument two torrents in the Southern French Alps [START_REF] Bel | Rapport de synthèse des travaux réalisés pour le compte du Département des Hautes-Alpes sur le suivi des crues torrentielles des sites ateliers du Roubion et du Rif Cros dans le cadre de la réalisation du programme Alcotra ALPéril 266[END_REF]: the Rif Cros (Vigneaux, Gyronde Valley) and the Roubion (Névache, Clarée Valley). The monitoring stations take advantage from the design of the Réal and Manival ones [START_REF] Fontaine | Suivi automatisé des crues à fort transport solide dans les torrents: stratégie de mesure et potentiel des données collectées[END_REF]. These are environmental stations with low power consumption. They are connected to a web interface 3 for checking their proper functioning and for detecting debris flow, which allows the operator to be reactive on maintenance or field visit. The data storage is also optimised by using an "event mode" based on rainfall measurement. In addition, a semi-automatic tool was developed for easily processing the collected data (appendix B.1.2). It allows the operator to quickly complete a database by assessing rainfall event characteristics, identifying events responsible for sediment transport and estimating the corresponding flow properties.

The implementation of new monitoring stations in operational context would make it possible to better characterise debris-flow prone catchment for hazard assessment on a local level, in a first time. But also, in a second time, it would constitute an additional dataset for research purposes, which could improve the investigation aimed at estimating regional effects, along with the reanalysis of existing monitoring datasets as above-mentioned.

Analysis of sediment recharge fluctuation

A limit for moving from local to regional scale is that all the monitored catchments are highly prone to debris flows. As a consequence, they are not representative of supplylimited systems. They would underestimate the rainfall conditions required for debrisflow triggering in numerous catchments of the same region. To address this issue and consider the intra-regional difference, the rainfall information must be crossed with susceptibility maps which attempt to account for morphometry and active sediment sources of catchments (e.g. [START_REF] Bertrand | Debris-Flow susceptibility assessment at the regional scale of the Southern French Alps[END_REF].

However, the sediment recharge may vary not only over space but also over time [START_REF] Zimmermann | Magnitude-frequency aspects of alpine debris flows[END_REF][START_REF] Bovis | The role of debris supply conditions in predicting debris flow activity[END_REF]. Indeed, sediment supply conditions
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GENERAL CONCLUSIONS & PERSPECTIVES depend on both the production potential and the sequence of previous transport episodes responsible for redistribution and storage of sediments. We saw, in particular in the present work, that sediment recharge cycle may be a key parameter for defining triggering conditions, including transport-limited systems. It is not necessarily annual (e.g. fig. 6.1) as presumed in this study through the explanatory variable corresponding to the number of days elapsed since the winter end. A major challenge is gauging the relevant temporal scale over which sediment recharge should be considered [START_REF] Bracken | Sediment connectivity: a framework for understanding sediment transfer at multiple scales[END_REF]. The length of a sediment recharge cycle is also known to be variable from site to site. This suggests that sediment supply conditions should be characterised not only over space but also time to better capture debris-flow susceptibility [START_REF] Dong | The role of the sediment budget in understanding debris flow susceptibility[END_REF]. One way to do so could be to analyse high-resolution repetitive satellite imagery (e.g. 50-cm resolution Pléiades imagery4 ), within catchments having a high or moderate debris-flow potential as defined in a susceptibility map. The objective would be to look for the frequency of geomorphic changes (e.g. rise of an erosion patch, channel activity and avulsion). One could even imagine to monitor sediment supply conditions in the production areas or inside steep slope channels of upper catchments. For instance, for every image pair, the percentage of difference might be determined automatically and provide an indicator of the sediment recharge fluctuation.

Towards an operationnal debris-flow early warning system

In order to increase prevention, protection, preparedness and emergency response to water-related natural hazards, risk management relying on operational early warning systems (EWSs) is promoted (review of [START_REF] Alfieri | Operational early warning systems for water-related hazards in Europe[END_REF]. Most of the system operate at national or regional scale (e.g. EWSs in Japan, [START_REF] Osanai | Japanese earlywarning for debris flows and slope failures using rainfall indices with Radial Basis Function Network[END_REF]; or in USA, Baum and Godt 2010). In the case of debris flows, or more generally landslides, EWSs may combine susceptibility maps and measurements or forecasts of rainfalls (e.g. [START_REF] Hong | Towards an early-warning system for global landslides triggered by rainfall and earthquake[END_REF]. Then, the detection of alert situations may depend on empirical or physicallybased models (e.g. [START_REF] Capparelli | FLaIR and SUSHI: two mathematical models for early warning of landslides induced by rainfall[END_REF], and relied on the exceedance of rainfall thresholds. In Europe, two examples showed the feasibility of such systems as well as their relevancy to improve risk management [START_REF] Segoni | Integration of rainfall thresholds and susceptibility maps in the Emilia Romagna (Italy) regional-scale landslide warning system[END_REF][START_REF] Berenguer | Debris-flow forecasting at regional scale by combining susceptibility mapping and radar rainfall[END_REF].

In the Southern French Alps (Provence-Alpes-Côte d'Azur region, about 16,900 km²), a platform dedicated to Hydrometeorological Risks in Mediterranean and Mountainous Areas was recently developed as part of the RHYTMME project [START_REF] Fouchier | Implementation of a real-time warning and mapping system for natural hazards triggered by rainfall in mountainous and Mediterranean areas of Southeastern France[END_REF]. It aims to deliver, in a web interface, real-time forecasting for multiple natural hazards caused by precipitation in mountainous context, in order to provide stakeholders (local and regional authorities as well as Government agencies in charge of risk management) with preparedness tools. The project involved scientists, engineers and practitioners for research and development purposes, but also to share databases and test the warningand-mapping system. It was in line with the recommendations of [START_REF] Borga | Hydrogeomorphic response to extreme rainfall in headwater systems: Flash floods and debris flows[END_REF].

Currently, the platform makes it possible to display, in particular, debris-flow susceptibility map as well as radar-recorded or forecasted rainfalls. Now, to reach a fully operational warning system, it might integrate a model for debris-flow triggering conditions in the alert processing chain. The following subsections aim to present the current platform ( § 6.2.2.1), a proposal for incorporating an ID threshold and a logistic regression model ( § 6.2.2.2), and a setting procedure ( § 6.2.2.3). The latter point includes: validating the use of radar data on a local scale, testing the model on a regional scale for false detections, and looking for a pattern that varies with susceptibility levels to establish classification rules. The figure 6.2 gives an overview of the existing and intended processing chain, and is detailed in the following subsections. 
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RHYTMME platform

Currently, the platform provides the susceptibility map for debris-flow propagation combining both morphometric and sedimentary potentials on a regional scale [START_REF] Bertrand | Debris-Flow susceptibility assessment at the regional scale of the Southern French Alps[END_REF], static inputs in fig. 6.2). Morphometric potential map was resulting from the application of a statistical model -derived from a literature dataset [START_REF] Bertrand | Debris-flow susceptibility of upland catchments[END_REF] -based on Melton index and channel or fan slope which were extracted from a DEM. Sedimentary potential map was obtained by means of a supervised classification of infra-red orthophotos used for identifying and delineating sediment sources. Thus, in the catchments related to first order streams (0.3 km² in average), when active erosion patches overpassed 50% of the catchment area, or were greater than 0.05 km², the sedimentary potential was classified as high. Finally, the probabilities than a debris flow is triggered in the production area, and then propagates downstream were defined from low to high order streams, by applying classification rules: for instance, a high probability of debris-flow occurrence would be applied to the next stream reach only if it has sufficient morphometric potential. The resulting susceptibility map was evaluated and validated by means of an observation set composed of 56 catchments.

In addition, the platform offers the possibility to display the rainfall information (dynamic inputs in fig. 6.2), in particular: (i) the real-time radar estimates (5/15-min rainfalls, 15-min forecasted rainfalls, 0.5/1/2/3/4/6/12/ 24/48/72-h and 7/60-days rainfall accumulation information) with a resolution of 1 km², and (ii) the corresponding rainfall recurrence intervals. Notice that the data stem from novel polarimetric X-band Doppler radars, especially suitable for mountainous areas, and benefit from a real-time raingauge-based adjustment [START_REF] Kabeche | Quantitative precipitation estimation (QPE) in the French Alps with a dense network of polarimetric X-band radars[END_REF]).

Integrating debris-flow triggering conditions in the alert processing chain

Future works aim to create dynamic hazard maps, in order to produce decision support tools for torrent risk management. To do so, the static susceptibility map has to be combined with the rainfall hazard regarding the debris-flow triggering conditions. Thus, rainfall hazard level might be provided by applying an ID threshold in conjunction with a logistic regression model, by considering the outlook discussed in section 6.2.1.

The proposed processing chain could be the following (fig. 6.3). At each time step (e.g. 5 or 15 min), in each headwater catchment, k, presenting debris-flow susceptibility, the corrected radar image would be integrated over the catchment area (fig. 6.3A). The resulting rainfall accumulation would complete the rainfall time-series, P (t, k). In case of non-zero value (fig. 6.3B): (i) if the duration, which separates it from the last nonzero value, is smaller than the minimum duration of rain interruption (MDRI), then it would still be part of the previous event; (ii) if not, it would correspond to the start of a new event. Next, the mean intensity and the duration of the ongoing event, n, would be assessed and compared with the minimum rainfall threshold (fig. 6.3C). If the threshold is exceeding, other rainfall characteristics could in turn be assessed and compared with the logistic regression model (fig. 6.3D). If the occurrence probability, p, exceeds the chosen classification threshold (e.g. p>0.5), the rainfall hazard could be classified as severe and alert state might be declared. The warning level could then depend on susceptibility level and comply with classification rules such as those proposed in table 6.1. As underlined in this investigation, the 0.5-occurrence probability classification threshold is arbitrary. It might be optimised through a cost-benefit analysis [START_REF] Beguería | Validation and Evaluation of Predictive Models in Hazard Assessment and Risk Management[END_REF]. One could also imagine more than two rainfall hazard levels, and even, applying fuzzy logic rules (e.g. fig. 6.4). 
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Intended setting procedure

Before this may be accomplished, the ability of radar rainfalls to correctly capture rainfall events associated with debris-flow occurrences, as well as the relevancy of using ID threshold and LR model on a regional level must be tested.

At regional scale, investigations based on raingauge networks may be limited by spatial representativeness issues [START_REF] Nikolopoulos | Impact of uncertainty in rainfall estimation on the identification of rainfall thresholds for debris flow occurrence[END_REF]. The coarse space-time resolution of rainfall information, as compared to very small-scale phenomena, might probably explain the difficulties experienced in (i) establishing regional-scale rainfall thresholds, and (ii) identifying meteorological or environmental variables responsible for triggering (e.g. [START_REF] Rosi | Statistical and environmental analyses for the definition of a regional rainfall threshold system for landslide triggering in Tuscany (Italy)[END_REF]. The increasing development of weather radar offers a viable alternative to fix this problem [START_REF] Marra | Radar rainfall estimation for the identification of debris-flow occurrence thresholds[END_REF]. The use of the RHYTMME radars which were specifically deployed for this purpose and benefit from a real-time raingauge-based correction is promising.

First, the intended ID threshold and LR model have to be calibrated using radar rainfall estimates. One way to do so is to reassess the debris-flow triggering conditions in the Réal catchment, over the monitoring period (2011-2015), on the basis of the past radar images of the Météo-France network, instead of the raingauge from the monitoring station. The parameters and explanatory variables of the models obtained from both radar rainfall and raingauge-based estimates might thus be compared. Then, the radar rainfall events and the data of the monitoring stations recorded during 2016 might be used as a validation set to test for model and warning level relevancy in the Réal catchment. Notice that one can expect that radars do not detect snowmelt events, contrary to raingauges which record the melting of the snow accumulated in the funnel.

Next, once the aforementioned model would be validated on a local scale, in a catchment highly prone to debris flow, it could be interesting to expand its application on a regional scale, and to perform a back-analysis of the radar data since they have been available (approximately May 2010). The aim should be to look for:

-false negatives, by comparing the debris flows inventoried in the RTM database 5 , with the corresponding rainfall hazard levels;

-false positives, by identifying the rainfall events responsible for high hazard levels, and by seeking debris-flow triggering scars at the event dates, for instance, by means of diachronic analyses of satellite images (e.g. Pléiades imagery available at 24-h intervals) or brief field investigations.

At last, these false detections might be compared with the corresponding levels on the susceptibility map. If any relationship is found between debris-flow susceptibility levels and false detection rate, this might help to define the relevant classification rules combining both rainfall hazard and debris-flow susceptibility levels. This would also suggest that the combination of susceptibility map with debris-flow triggering conditions on a local scale would be sufficient to qualify debris-flow conditions on a regional scale. However, nothing could be less certain.

Another way to exploit the past radar data could be to focus on the catchments affected by rainstorms exceeding the critical threshold, and to seek to understand the variability of their responses on the basis of antecedent rainfalls and/or their features.

5. database of the torrent control institution ONF-RTM, available on http://rtm-onf.ifn.fr/ Notice that such an event database is not necessarily exhaustive because it aims at collecting information on events which resulted in damages. For instance, during the monitoring period, only two events were reported in this database (29/04/2013 and 18/07/2015) in the Réal catchment.

From debris-flow triggering to propagation

A critical rainfall condition responsible for debris-flow triggering is not necessarily sufficient for explaining its propagation to the catchment outlet, even for transportlimited systems. For instance, in the Réal catchment, every debris flow which was triggered in the production zone did not necessarily propagate to the confluence with the Tuébi River, although the morphometric potential was supposed sufficient. This points out the limit of using upstream to downstream relationships on the basis of morphometric parameters alone in order to establish the possible propagation of a debris flow, as it is currently done in the RHYTMME platform (static inputs in fig. 6.2). The question is therefore how to propagate the probability of debris-flow occurrence in the stream network, from the production zone to the alluvial fan.

Understanding the ability of debris flows to propagate downstream still represents a significant gap. This probably arises because it involves complex interactions between the debris flow and its environment, and in particular spatial and temporal feedbacks between morphology and sediment transport processes [START_REF] Bracken | Sediment connectivity: a framework for understanding sediment transfer at multiple scales[END_REF]. To move from debris-flow triggering conditions to debris-flow propagation conditions, it seems important to raise the issue of which variables would affect the propagation ability or, in other words, the deposition inclination.

Morphometric potential as well as channel confinement would play a significant role as contextual variables (see the empirical-statistical model for travel distance proposed by [START_REF] Fannin | An empirical-statistical model for debris flow travel distance[END_REF]. The steeper or the more confined the channel, the more likely the debris flow would be to propagate. Then in a given catchment, the total mass mobilised by the flow and its rheological parameters (e.g. yield stress) would be the most sensitive variables during the depositional phase [START_REF] Laigle | Comparison of numerical simulation of muddy debris-flow spreading to records of real events[END_REF]. The larger the volume or the less viscous the flow, the more difficult the debris flow would be to deposit and so the more likely it would be to propagate. These two variables may vary through space and time during debris-flow propagation. The mobilised volume includes both the initial failure volume from the production zone, and the flow bulking on the path by entrainment of channel erodible-bed sediment. The flow rheology depends on the sediment load, the grain size and the water supply. Thus, volume as well as rheology would be influenced by the sediment recharge in both the production and the transport zones. The more sediments available, the larger the volume. The flow behaviour would vary with the nature of entrained sediments. Flow entrainment efficiency and soil liquefaction propensity would depend on the water supply and the deposit stability, and would therefore be affected by the rainfall conditions (heavy rainfalls and antecedent moisture).

To address the question of debris-flow propagation conditions, it could be interesting to seek to link the debris-flow triggering conditions with the mobilised volume, the flow rheology and the travel distance. According to the observations made during this PhD research work in the Réal catchment: (i) the largest debris flows which propagated to the distal station were often caused by the heaviest rainfalls (fig. 4.12); (ii) the large debris flows which did no propagate to the distal station were often triggered after a snowmelting period. Thus, it is possible that, depending on the triggering factor, the flow rheology may vary (fig. 6.5) along with the travel distance.

If such observations would be verified, this might suggest that, in a regional EWS, two models for debris-flow triggering conditions might be suitable in the catchments prone 130 to snowmelt-induced debris flows. One of the models might assume that, for transportlimited systems, the heavier the rainfalls, the larger the volume mobilised and the more fluid the flow, and so the higher the probability of debris-flow propagation far away from the sediment sources. Thus, one might imagine for example to adapt the ID threshold depending on the considered outlet. Beforehand, two avenues of work might be investigated, on a local scale, in order to be able to look for a possible relationship with the triggering conditions:

1. assessing the travel distance and the total volume mobilised during the sediment transport episodes by reconstructing mass balance curves [START_REF] Hungr | Entrainment of material by debris flows[END_REF];

2. assessing the rheology of the debris flows caused by heavy rainfalls or following a snow-melting period, by both performing post-event field measurements of the deposit thickness and collecting samples to carry out rheometrical analyses [START_REF] Bardou | Classification of debris-flow deposits for hazard assessment in alpine areas[END_REF].

To deal with the former avenue, the cross-sectional topographic surveys across long reaches which were regularly performed in the Réal Torrent during the monitoring period might be used. The inferred volumes and travel distances could then be faced with the occurrences inventoried in the present work. The latter avenue asks for new investigations.

Furthermore, on a regional scale, it would be also useful to be able to consider both sediment recharge and channel confinement that affect flow trajectory and travel distance, just as well as morphometric potential. Nevertheless, contrary to morphometric potential, sediment recharge and channel confinement are likely to vary in space and time as above-mentioned.

An avenue of works aimed at considering the fluctuation of the sediment recharge by means of a supplementary indicator based on satellite imagery was already discussed in § 6.2.1.2. For its part, channel confinement is constrained by the valley bottom width and the torrent control works. But, it may also depend on morphological changes arising after successive flows or during a single event. In large stream channels, a debris flow would have more chance to deposit. However, temporary flow confinement might also happen when a deposit obstructs the flow path and disconnects a part of the channel (highlighted by RFID tracking in the Réal Torrent, sec. 3.4). For such a reason, the probability of debris-flow propagation is more uncertain. To reflect the flow confinement probability, one might imagine once again a new indicator which would take into account the active channel width (e.g. application of the FluvialCorridor ArcGIS toolbox developed by [START_REF] Roux | FluvialCorridor": A new ArcGIS toolbox package for multiscale riverscape exploration[END_REF]. The narrower the active channel width, the higher the flow confinement probability and so the higher the probability of debris-flow propagation. Designing and validating these supplementary indicators of debris-flow susceptibility (fig. 6.2) would ask for new empirical analyses. In a regional EWS, it seems difficult for now to monitor and integrate current morphology or sediment recharge into a "dynamic" susceptibility map for debris-flow propagation. However, systematizing sequential airborne LiDAR surveys might open up new horizons. 

A.3 RFID tracking protocol

During a deployment campaign, each transect was equipped with around 15 to 35 PIT tags distributed along the whole cross-section on 1-m wide. We used two sizes of PIT tags (32-mm low-frequency glass transponders and 120-mm JUMBO transponders CiPAM®; fig. A.2F) to maximise the chance of recovering boulders by increasing the read range. Notice that to increase the maximum detection distance from 40 to 90 cm, the PIT-tag size was significantly raised from 32 to 120 mm. To ensure the detection of every tagged particle, the distance between the tagged particles had to be less than the maximum detection distance of the transponder. To disturb the natural conditions of the channel-bed sediments as little as possible, the particle were drilled, tagged and painted in-situ (fig. A.2C). The PIT tags were labelled and programmed with ID number beforehand. After PIT implementation, each tagged particle was characterised by (i) its GPS coordinates, (ii) its apparent dimensions for long, intermediate and short axes, (iii) the type of deposit which it belonged, (iv) its mobility (embedded or not), and (v) photos with comments.

After a debris flow, the tagged particles were searched in the whole channel from their initial place to the catchment outlet (fig. A.2H). The recovered particles were characterised anew. Then, the travelled distances of the recovered particles were assessed with ArcGIS® by using the spatial location of the tagged particles before and after the event.

A.4 Photogrammetric surveys

DEMs were produced before and after an event by means of structure-from-motion (SfM) photogrammetry. They aimed at completing the characterisation of the channel conditions. The use of such a new method to perform topographic surveys is becoming more and more widespread within the geomorphic community [START_REF] Mosbrucker | Camera system considerations for geomorphic applications of SfM photogrammetry[END_REF]. The acquired measurements have been shown to be highly accurate and cost-effective compared to terrestrial laser scanning. Such a technique can also be easily implemented into the field as it only requires a photo camera and equipment for geo-referencing a few ground control points. So, before and after a debris flow, series of more than a hundred images with a very high overlap (∼80%) were taken directly by the observer from the channel banks (fig. A.3) by means of a digital camera (Panasonic Lumix® DMC-FZ50). A dozen of targets were deployed around the region of interest and geo-referenced using a differential GPS (fig. A.3) in order to scale the 3D model and ensure comparability between DEMs. In addition, to validate the DEMs generated by SfM, cross-section topographic surveys were performed along the RFID transects with the differential GPS.

To process the data, we chosen to work with Agisoft Photoscan®, an user-friendly software which provided a sufficient quality (the point density was assessed to more than 7,500 points per square metre). The used targets were provided by the software and had the advantage to be automatically recognised what facilitated the data processing. Only half of the targets was used to scale the 3D model, while the other half was used as check points. Thus, the mean error given by the software at the level of the ground control points was about 3 cm, which was consistent with the position error of the differential GPS (less than 5 cm). This was considered sufficient for detecting morphological changes greater than the D90 (about 10 cm).

The pre-and post-event DEMs were compared by using CloudCompare®. In particular, we worked with the plug-in M3C2 which was appropriated to assess vertical distances directly from two point clouds [START_REF] Lague | Accurate 3d comparison of complex topography with terrestrial laser scanner: Application to the Rangitikei canyon (N-Z)[END_REF].

A.5 A few preliminary results

In 2014, two deployment and research campaigns of RFID particles tracking took place in both study catchments. In the Réal Torrent, they made it possible to follow two major debris flows that reached the confluence with the Tuébi River in June 10, 2014 andSeptember 20, 2014 (fig. 3.19). A supplementary DEM was performed after the major debris flood of July 18, 2015 (fig. 3.5). In the Manival Torrent, the campaigns were a little bit less conclusive because no debris flow occurred. Nevertheless, they made it possible to follow one debris flood and one bedload event which only occurred in the upper region of interest (T1-T2) in July 7, 2014 and September 8, 2014, respectively.

Implementing such a novel experience as well as collecting measurements in the field required a lot of time and mobilised people. We were lucky to record significant transport events during the monitoring period. However, the PhD-work duration was not sufficient to achieve the post-processing of the whole dataset. As a consequence, only a few preliminary results were used as discussion elements in the chapter 3 of the thesis. Some supplementary results obtained in the Réal Torrent are provided hereafter without further discussion.

The recovery rates of the PIT tags (tab. A.1) were relatively satisfactory considering the erosion depth at their initial position (fig. A.4), the travel distance (fig. A.5), the thickness of the deposits where they were found and the read range. There is a little or no investigation of sediment dynamics in torrents which uses PIT tags, and these recovery rates may be encouraging. In eq. B.1, denotes the cross-correlation operator, S geo is the geophone signal and S geo its mean over the rainfall event duration, k is the lag index, m is the time index and M the sample size. For stationary series, the autocorrelation function is significant only at short lags and dies down quickly; on the contrary, for non-stationary series, the autocorrelation function decays slowly and persists after several lags [START_REF] Box | Time series analysis: forecasting and control[END_REF].

In order to attempt to discriminate torrential responses, the autocorrelation function of seismic signals at short lags (from 0 to 5 s) was plotted for several events which were classified by expert method beforehand (fig. B.2). Two geophones which have not been damaged or modified during the monitoring period were selected for this test (at Réal S1, geophone A close to the check dam; at Réal S2 geophone C). In several cases, the use of seismic signal alone was not sufficient for classifying the event, and additional information such as flow stage or images were used ("ambiguous" signal).

As expected, the autocorrelation function decreases more quickly for bedload than for debris flow. It suggests that, by applying the appropriate empirical threshold to the autocorrelation function at short lags, an automatic classification to distinguish bedload from debris flow (mature or immature) would be conceivable. However, it requires that the seismic signal alone be sufficient. Indeed, in case of ambiguity, the doubt persists even with the autocorrelation function. To be able to propose an automatic classification, it would be important to, first, ensure the quality of the seismic response.

B.1.2 Seismic signature: signal integral

Instead of attempting to recognise automatically the type of flow responses, it might be relevant to seek only to delineate the intense sediment-transport episodes which generate a transient signal. Indeed, as soon as a transient pattern appears on two sensors, it becomes possible to estimate the flow characteristics ( § 3.2.2).

The transient pattern of the seismic signal is visible through the emergence of an area under the curve (fig. 3.2). This area reflects the signal energy. One can assume that intense sediment transport occurs as long as the geophone-signal integral is significant. To delimit the transport episode, we assessed the area under the curve within a moving windows and used a certain exceeding threshold. For instance, as soon as the area under the curve exceeds 10% of a windows of 2000 mV x 1 min, intense sediment transport occurs. This approach is very empirical and requires an expert calibration. But, for now it works quite well on the monitoring stations of the Rif Cros and Roubion catchments.

B.2 Semi-automatic tool for data processing

In order to establish a long-term data base using monitoring stations, an user-friendly tool was developed. The processing chain is detailed hereafter and in figure B.3.

In step 1, it makes it possible to assess the rainfall event characteristics, and to quickly display the collected data, in particular the heavy rainfall events or the events with high seismic activity. Then, the operator has to take a quick glance at the graphical overviews to identify the event with sediment transport. It may be helped with a photo control.

In step 2, the software delimits the sediment transport period of the events which were selected ( § B.1.2). The time delay between geophones is assessed, and both the raw and the shifted signals of the corresponding period are plotted. The software asks the operator to choose the geophone pair which returns a plausible time delay. Then, it estimates the flow characteristics. Finally, it saves an event sheet including rainfall and flow characteristics, but also the raw data for further investigation. Pour réduire le risque torrentiel, les stratégies de prévention misent aujourd'hui sur une meilleure délimitation des zones à risque, et sur l'optimisation d'ouvrages de protection existants, voir la construction de nouveaux ouvrages. L'anticipation des crues torrentielles -via des systèmes d'alerte -devient également un sujet d'intérêt grâce aux progrès de la mesure et de la prévision météorologique. En effet, les fortes précipitations sont reconnues comme le principal facteur de déclenchement. Ainsi, on peut citer les avancées du projet RHYTMME 1 : (i) avec le déploiement de nouveaux dispositifs radar, adaptés aux zones de montagne, qui ont sensiblement amélioré la couverture spatiale du réseau de mesure, mais aussi (ii) avec le développement d'une plateforme dédiée à la surveillance, en temps réel, des aléas naturels provoqués par les pluies en montagne.

Afin de développer des outils permettant de faire de l'alerte, il est crucial de mieux comprendre dans quelles conditions se produisent ces écoulements. En particulier, il est important de délimiter le niveau minimum de pluie nécessaire pour initier une lave torrentielle. En croisant des inventaires de laves avec des données de pluie, il est possible xi Le cadre méthodologique -Il n'existe pas de protocole standardisé pour définir un événement de pluie. De même, le seuil peut être placé manuellement, ou en utilisant des méthodes statistiques objectives, qui selon la méthode, pourront donner des résultats différents.

Au cours de cette thèse, une base de données locale a été utilisée. Elle est issue de stations de mesures, avec une mesure de pluie effectuée directement dans le bassin, supposée représentative. Deux sites présentant des caractéristiques physiographiques différentes ont été étudiés. Les objectifs de ces travaux étaient de:

• fournir un cadre méthodologique rigoureux pour l'établissement des seuils ID, afin de limiter la variabilité propre au protocole de traitement des données, et d'assurer la comparabilité des seuils lorsque l'on qualifie les différences régionales;

• améliorer les performances de ces seuils (éviter les fausses détections) en considérant à la fois les facteurs de déclenchement et les facteurs de prédisposition relatifs à l'humidité antécédente et au niveau de recharge sédimentaire.

Ces deux objectifs ont été déclinés en trois questions :

I. Comment discriminer les laves des autres processus torrentiels ? II. Comment définir un événement de pluie en vue d'établir un seuil critique ID de pluie ? III. Pourquoi certains événements supérieurs à ce seuil ne déclenchent pas de laves torrentielles ?

2 Sites et instrumentation Le régime climatique, l'historique de correction torrentielle et la nature du bassin conduisent les occurrences de lave a être limitées: sur le Manival, par les conditions d'alimentation sédimentaire, et sur le Réal, par les conditions de transport (la pluie).

Le Manival dispose d'une station de mesure à la sortie du bassin de réception (fig. IVa-1). Il dispose également d'une plage de dépôt (PDD) qui nous renseigne sur l'occurrence de lave à l'exutoire. Le Réal dispose de trois stations de mesure déployées à la sortie du bassin de réception, dans le chenal d'écoulement et proche de l'exutoire à la confluence avec le Tuébi (fig. IVb-1).

Une station de mesure est typiquement équipée: (i) d'un pluviomètre pour mesurer la pluie, (ii) d'un appareil photo qui prendra des clichés le jour au cours des événements, (iii) d'un capteur de niveau pour mesurer la hauteur des écoulements, et (iv) de géophones 2 -installés par série de trois distants d'une centaine de mètres -pour évaluer la vitesse de propagation des fronts de laves. Le pluviomètre enregistre des cumuls de pluie à 5 min. Les géophones et capteurs de niveau réalisent une acquisition toutes les 0.2 s. Ces stations sont connectées à une interface web 3 qui permet de contrôler à distance, quotidiennement, leur bon état de fonctionnement et les possibles occurrences de lave. Ces stations permettent de détecter les événements et d'avoir le timing exact de l'occurrence de lave. Elles servent aussi à caractériser les événements de pluie et les épisodes de transport [START_REF] Fontaine | Suivi automatisé des crues à fort transport solide dans les torrents: stratégie de mesure et potentiel des données collectées[END_REF]).

Caractérisation de l'activité torrentielle des bassins

La première étape pour établir un seuil ID consiste à identifier les occurrences de laves torrentielles. Pour cela, il a été nécessaire d'appréhender le continuum de processus sédimentaire et de mieux caractériser les différents types de crues à fort transport solide.

Les données recueillies entre 2011 et 2015 par nos stations de mesure ont été analysées.

Pour discriminer les laves torrentielles des autres écoulements, une classification phénoménologique experte basée sur les images et signaux de monitoring a été proposée (fig. V). Lors de crue avec du transport par charriage, il n'y a pas d'augmentation marquée de la hauteur, néanmoins les géophones enregistrent des séquences d'impulsions sismiques. Lors de lave dite "immature", on observe du charriage suivi de bouffées de sédiments plus concentrées. Ces bouffées se traduisent par un motif transitoire sur le signal de hauteur et des géophones. Ainsi, le signal sismique est plus énergétique (émergence d'une aire sous la courbe). Lors de lave torrentielle, on observe une bouffée sédimentaire caractérisée par un front raide. Il y a une augmentation brusque de la hauteur, et le signal sismique est très énergétique.

Comme mentionné en sec. 1, au cours d'un même épisode de transport l'écoulement peut être sujet à des variations spatiales et/ou temporelles. Ainsi, l'écoulement peut être amené à changer de nature au cours de sa propagation (fig. Vc, changement de signature sismique entre les geophones A et B). Il peut être aussi plus complexe, avoir successivement des natures différentes (fig. Vd), et un nombre de fronts variables d'une endroit à l'autre (coalescence de bouffées entre les géophones A et B). xv Au cours de la période de monitoring, (i) aucune lave torrentielle et trois laves immatures ont été observées sur le Manival à la station de mesure, dont une a atteint la plage de dépôt, et (ii) vingt-et-une laves torrentielles ont été observées sur le Réal à la station amont, dont six se sont propagées jusqu'à la station aval.

En plus de la détection et de la classification des crues torrentielles, les stations ont permis d'estimer grossièrement les propriétés des écoulements transitoires telles que le débit de pointe, le volume des fronts, la magnitude de l'épisode et la fréquence de retour. Ces caractéristiques permettent d'évaluer notamment des relations comme le nombre d'événements par an en fonction de la magnitude ou encore le débit de pointe en fonction du volume. Notons que les stations ont permis d'enregistrer des laves de relativement faibles amplitudes en comparaison de la littérature.

Lorsqu'on s'intéresse à la variabilité spatiale des occurrences de laves sur le Réal, on constate une décroissance "linéaire" de l'activité torrentielle avec la taille du bassin versant (passant 4.2 à 1.2 lave par an entre la station amont et aval). Plus on s'éloigne de la zone de production sédimentaire, moins on est susceptible d'observer des laves torrentielles. On constate également une augmentation de la complexité de la réponse torrentielle aux fortes précipitations avec la taille du bassin versant. Ainsi, on observe qu'une année humide n'entraîne pas nécessairement la propagation d'un plus grand nombre de laves jusqu'à l'exutoire.

4 Seuil critique de pluie pour l'occurrence de lave torrentielle La seconde étape pour établir la condition minimum de pluie responsable de ces épisodes de transport est de segmenter les chroniques de pluie en événements. Pour cela, il a été nécessaire de définir un événement de pluie et de fournir, en particulier, des critères objectifs qui permettront d'automatiser la procédure. Le seuil ID a ensuite été établi en appliquant une méthode objective de la littérature (l'approche fréquentiste de Brunetti et al., 2010, avec une probabilité de dépassement de 99%).

En choisissant une période de pluie continue, le début et la fin de l'événement de pluie va dépendre du pas de temps de mesure (e.g. 5 min, 1 h, 1 j). Lorsqu'elle est échantillonnée à petit intervalle de temps, la pluie est un phénomène très intermittent, ce qui rend d'autant moins pertinent une telle définition. Alors quelle définition adopter en vue d'établir un seuil ID ? Il ne s'agit pas d'une question triviale. Une étude de sensibilité visant à évaluer l'impact de la définition choisie sur la position du seuil a été menée. Elle montre que la variabilité obtenue englobe celle observée dans la littérature qui avait été attribuée aux différences régionales (fig. VI, [START_REF] Bel | Rainfall control of debris-flow triggering in the Réal Torrent[END_REF].

Un événement de pluie peut être défini comme une période de pluie pouvant inclure des périodes sèches inférieures à une certaine durée appelée MDRI (Minimum Duration of Rainfall Interruption). On constate sur le Réal, qu'au delà de 3 h, le seuil ID se stabilise. En effet, on observe qu'en augmentant encore le MDRI, très peu d'événements sont affectés (moins de 2% des événements par heure supplémentaire). Cette durée sera très probablement variable d'un site à l'autre en fonction du régime climatique et du type d'événement météorologique.

En cas de lave torrentielle, considérer l'événement de pluie complet peut conduire à surestimer la pluie responsable du déclenchement de la lave torrentielle. On montre en effet que lorsque la fin de l'événement est considérée à l'arrêt de la pluie, et non à la détection de la lave à la station de mesure, le seuil ID est rehaussé. Par ailleurs, le lieu de détection des laves torrentielles influence également beaucoup la position du seuil en modifiant l'échantillon d'événements considérés: en considérant la station aval au lieu xvii En comparant les événements de pluie survenus sur le Réal et sur le Manival au cours de la période de monitoring, on constate qu'ils partagent des intensités et des durées similaires bien que leurs régimes climatiques soient différents. L'activité torrentielle plus faible du Manival est cohérente avec le fait qu'il soit limité par les conditions de recharge sédimentaire.

5 Discrimination des pluies extrêmes n'ayant pas engendré de lave torrentielle

Le seuil ID de pluie minimum peut être insuffisant pour séparer les événements de pluie qui sont responsables de lave torrentielle de ceux qui ne le sont pas. Ainsi, un événement de pluie au-delà du seuil peut ne pas générer de lave (fig. VIIa).

Dans le but d'améliorer les performances de ces seuils, il s'agissait de chercher si d'autres variables pouvaient expliquer les événements non-déclencheur au-dessus du seuil. Pour cela, un modèle de régression logistique a été implémenté, ainsi qu'une procédure de sélection de la meilleure combinaison de variables. Les variables explicatives ont été sélectionnées parmi des caractéristiques de pluie représentant à la fois les facteurs de déclenchement et les facteurs de prédisposition (pluie antécédenteproxies du potentiel de recharge sédimentaire).

Le meilleur modèle discrimine de manière satisfaisante statistiquement les laves torrentielles et les événements sans écoulement (fig. VIII). Il combine l'intensité maximum en 10 min, le cumul de pluie 48h avant l'événement, le cumul de pluie, xviii et un proxy de la recharge sédimentaire: le nombre de jours écoulés depuis la fin de l'hiver 4 . Cela souligne le rôle essentiel joué par les pluies intenses, qui restent néanmoins insuffisantes pour prédire seules l'occurrence de lave. Cela met également en avant l'importance de la saturation des matériaux qui favorise leur érodabilité, de même que celle du niveau de recharge sédimentaire.

Il subsiste des fausses prédictions qui correspondent à des laves torrentielles induites par la fonte de neige. La pluie s'avère insuffisante pour expliquer ces occurrences, et il serait intéressant d'intégrer de nouvelles sources d'information comme la couverture neigeuse ou la température. Notons que ces laves torrentielles ne s'étaient pas propagées jusqu'à la station aval.

Par ailleurs, en considérant les autres réponses torrentielles, les performances du modèle sont altérées. Lorsque l'on considère les épisodes de charriage ou de lave immature, les pluies antécédentes n'apparaissent plus discriminantes.

Conclusions et perspectives

Cette thèse a porté sur la variabilité des seuils ID de pluie servant à évaluer le niveau de l'aléa "pluie" responsable du déclenchement de lave torrentielle. Elle s'est appuyée sur les stations de mesure de deux sites actifs présentant des caractéristiques différentes.

Le premier objectif était de fournir un cadre rigoureux pour l'établissement des seuils ID à partir de données de monitoring. Pour cela, une classification phénoménologique a d'abord été réalisée sur la base des signaux de hauteur, des signaux sismiques et/ou des images afin d'identifier les laves torrentielles parmi les autres processus du continuum sédimentaire. Ensuite, une étude sur la sensibilité du seuil ID à la définition d'un épisode de pluie a été menée. Elle a montré que cette définition a un très fort impact sur la position du seuil. En particulier, la durée minimum d'interruption de pluie au sein d'un même épisode (MDRI) et le lieu de détection des laves torrentielles. Ainsi, pour être à même de comparer les seuils de différents sites, il pourrait être pertinent de standardiser la procédure. Cette thèse a finalement permis d'établir le premier seuil ID des Alpes françaises à partir de données de monitoring, et a montré que ce seuil était représentatif des systèmes limités par la condition de transport.

Le second objectif était d'améliorer les performances de ces seuils ID pour limiter les fausses prédictions, en s'intéressant non seulement aux facteurs de déclenchement, mais aussi aux facteurs de prédispositions. Une étude statistique a ainsi été menée pour discriminer les événements de pluie supérieurs au seuil avec et sans lave torrentielle. Elle a permis de clarifier l'occurrence des événements au-dessus du seuil à partir de variables ayant un sens physique, et de fournir une contribution quantitative. Un tel modèle pourrait améliorer significativement l'application des seuils ID dans les systèmes d'alerte.

A la suite de ces travaux de thèse, il serait intéressant de chercher à évaluer le réel impact des différences régionales (e.g. pluie moyenne annuel, morphométriques, forme du bassin, occupation du sol, géologie...) dans les systèmes limités par la condition de transport. Pour cela, on peut envisager d'effectuer une méta-analyse des jeux de données de monitoring existants dans un cadre méthodologique unique.

4. Ce proxy suppose que les sources sédimentaires diminuent au cours de l'année: le stock de sédiments serait ainsi plus important à la fin de l'hiver, période critique de production sédimentaire grâce à l'altération du substrat sous l'effet du gel, et les sédiments accumulés dans les versants seraient ensuite remobilisés par les crues successives.

xix Cette étude a été menée à l'échelle locale. En perspectives d'une application au sein d'un système d'alerte dédié aux risques hydrométéorologiques, il serait intéressant de chercher à étendre notre modèle local à l'échelle régionale. Pour cela, on pourrait imaginer appliquer le seuil ID du Réal -en conjonction avec le modèle de régression logistique -à l'échelle des Alpes du Sud, en rétro-analysant les estimations radar RHYTMME et en recherchant les traces de l'occurrence de laves torrentielles. Il s'agirait ensuite de trouver une relation entre les fausses-détections et les niveaux de susceptibilités des différents bassins versants de la région.

Cette thèse a également souligné le rôle clé de la recharge sédimentaire. Dans le but d'améliorer l'évaluation des conditions de prédisposition des bassins versants torrentiels, il serait intéressant de chercher à estimer l'échelle temporelle des fluctuations des stocks de sédiments. Pour cela, on pourrait imaginer réaliser une analyse multi-date des images satellite Pleiades de 50 cm de résolution, afin d'identifier la fréquence des changements géomorphologiques.

Enfin, bien que ces travaux aient permis d'identifier les conditions de déclenchement d'une lave torrentielle dans les têtes de bassins à forte susceptibilité, ils restent insuffisants pour prédire leur propagation jusqu'aux zones à enjeux. On a en effet montré une augmentation de la complexité de la réponse torrentielle aux fortes précipitations avec la taille du bassin. Il faudrait donc améliorer notre capacité à prédire la propagation des laves torrentielles. Pour y parvenir, on pourrait rechercher une éventuelle relation entre la pluie, le volume mobilisé et la distance parcourue par la lave, et ce en reconstruisant les bilans de masses du bassin après chaque crue, à partir d'une série de profils topographiques transversaux.

xx Analyse de l'occurrence de laves torrentielles dans des bassins à forte susceptibilité à partir d'un jeu de données issu de stations de mesure Résumé : Les crues -telles que les laves torrentielles -engendrées dans les torrents lors de fortes précipitations peuvent mobiliser de grandes quantités de sédiments. Lorsqu'elles atteignent les zones urbanisées, elles peuvent mettre en danger à la fois les personnes et les biens. Les approches visant à réduire le risque torrentiel se basent largement sur des seuils intensité-durée de pluie qui déterminent les conditions minimum de déclenchement d'une lave torrentielle. Pourtant, ces seuils sont sujets à une forte variabilité liée, non seulement aux différences inter-sites, mais aussi à la méthode appliquée lors de leur établissement. L'intensité et la durée de l'épisode de pluie n'étant pas les seules variables explicatives, ces seuils peuvent également mener à de fausses prédictions.

Ce travail de thèse vise (i) à fournir un cadre méthodologique rigoureux pour l'établissement des seuils de pluie afin de limiter les sources de variabilité, et (ii) à améliorer leurs performances en considérant à la fois les facteurs de déclenchement et de prédisposition. Analysis of debris-flow occurrence in active catchments of the French Alps using monitoring stations

Abstract : Flows -such as debris flows -caused by heavy rainfalls in torrents can mobilise a huge amount of sediments. When they reach the urbanised areas, they may endanger the people's safety or cause damages. Approaches aimed at mitigating torrential risk widely rely on rainfall intensityduration thresholds which determine the minimum debris-flow triggering conditions. However, these thresholds suffer from a high variability related not only to inter-site differences but also to the method applied to design them. In addition, they are likely to cause false prediction because the intensity and the duration of the rainfall event are not the only explanatory variables. This PhD research work aims (i) to provide a rigorous methodological framework for designing rainfall threshold in order to limit the variability sources, and (ii) to improve their performances by including both the triggering and the predisposing factors. It is supported by field observations stemming from high-frequency monitoring stations installed since 2011 on two very active debris flow-prone torrents in the French Alps: the Manival and the Réal. First, the images and data gathered between 2011 and 2015 were analysed in order to detect and characterise the sediment laden-flows. To deal with the variety of recorded flows, a phenomenological classification was performed. Second, the minimum intensity-duration threshold for debris-flow triggering was assessed. The threshold sensitivity to the rainfall event definition was estimated. Third, a logistic regression model was used to discriminate the critical rainfall events which do not lead to a debris flow. It makes it possible to select the most relevant explanatory variables. At last, several avenues of work were proposed (i) to move the knowledge of debris-flow initiation conditions from a local to a regional level, with a view to application in a warning system dedicated to hydrometeorological risks, and (ii) to improve the ability to predict, not the debris-flow triggering in the production zone, but the debris-flow propagation up to the area concerned.

Figure 1 -

 1 Figure 1 -Damages resulting from sediment-laden flows. (a) June 2013, Barèges, Hautes-Pyrénées (©RTM65). (b) August 2014, Modane, Savoie (©Dauphiné Libéré). (c) August 2014, Chantelouve, Isère (©France 3 Alpes/G. Lespinasse). (d) November 2016, Gouareu, Nouvelle Calédonie (©NC1ere/M. Poigoune).

Figure 1

 1 Figure 1.1 -(a) Diagram of bedload transport and suspension (©T. Böhm). (b) Bedload deposit in torrential context (Manival, Isère, 2008, ©F. Liébault).

Figure 1 . 2 -

 12 Figure 1.2 -(a) Diagram of a debris flow surge (from Pierson, 1986). (b) Debris-flow deposit (Valgaudemar, Hautes-Alpes, 2003, ©M. Bonnefoy).

11. 1 .

 1 Steep-mountain stream flow 7 several m 3 ; fig. 1.3a) and travel over long distances (several km) at relatively high velocity (from 2 to 20 m s -1 ). After the debris-flow passage, flow path is highly eroded and generally flanked by levee deposits made of a boulder train (fig. 1.3b; Johnson and Rodine, 1984). Debris-flow runout deposit is characterised by a lobate form (fig. 1.2b

Figure 1 . 3 -

 13 Figure 1.3 -Examples of geomorphic evidence for debris flow (from Chambon and Laigle, 2013, ©Irstea): (a) large boulder in the channel vicinity; (b) boulder train in lateral levee.

Figure 1 . 4 -

 14 Figure 1.4 -Examples of (a-b) granular -or stony -and (c-d) muddy debris flows in the sense of flow behaviour. (a) Bez Torrent, Hautes-Alpes; (b) Creusaz Torrent, Haute-Savoie; (c) Saint-Aintoine Torrent, Isère (from Ancey, 1999, ©C. Ancey). (d) Réal Torrent, Alpes-Maritimes (from Chambon and Richard, 2004, ©Irstea).

  al. 2014; immature debris flow, Takahashi 2014; granular/muddy debris flow, Bardou et al. 2003; granular/slurry flow, Pierson and Costa 1987; mudflow, Varnes 1978; hyperconcentrated flood, Pierson 2005. Another difficulty to deal with terminology is that, flow type can be expected to change in a single event during flow propagation along short distances (e.g. fig. 1.5).
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 15 Figure 1.5 -Flow regime change during a single event: from (a) turbulent hyperconcentrated flood to (b) laminar mudflow (Pontamafrey, Savoie, 2014, ©L. Desvignes).

1

  Figure 1.6 -Examples of existing flow classifications: (a) distinctive attributes of debris torrents (from Slaymaker, 1988); (b) three-phase diagram for water-fines-coarse sediment content with flow regimes (from Davies, 1988); (c) diagram for coarse-grain concentration and dominant shear stresses 1 (from Takahashi, 2014); (d) diagram for liquid and solid content, material and velocity (translated from Meunier, 1994).

-

  Suggestion of phenomenological classification: sediment-laden flow process continuum. The two end-members of this classification are not disconnected, and one can also imagine a continuity between bedload & suspended load and hyperconcentrated flood. The flows from (a) to (d) are associated to high flow rates. (a) Draix, Alpes-de-Haute-Provence (©N. Mathys); (b) Los Angeles, California, USA, 2010 (©USGS/R. Leeper); (c) Valgaudemar, Hautes-Alpes, 2003 (©H. Bellot); (d) Britannia Beach near Vancouver, Canada, 1991 (from Hungr, 2005, ©K. Fletcher); (e) Réal, Alpes-Maritimes (©F. Liébault).
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 17 Figure 1.7 -Consequence of a torrential flood with intense bedload transport, referred as debris flood : (a) bridge obstruction (La Chapelle en Valjouffrey, Isère, 2015, ©RTM38); (b) house buried (Domène, Isère, 2005, ©P. Belleudy).
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 18 Figure 1.8 -(a) Conceptual diagram of torrent catchment (translated from Naaim-Bouvet and Richard, 2015, ©Graphies). (b) Example of alluvial fan (Death Valley, California ©Idaho University/S.Kattenhorn).

Figure 1 . 9 -

 19 Figure 1.9 -Linear discriminant analysis of the debris-flow susceptibility based on morphometric indexes from 620 torrent catchments (from Bertrand et al., 2013).

Figure 1 . 10 -

 110 Figure 1.10 -(a) Sediment cascade: diagram of the hillslope-channel coupling (from Liébault, 2015). (b) Photo of a talus slope (Manival Torrent, Isère ©G. Piton).
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 111 Figure 1.11 -Torrent classification depending on the formation mechanism of colluvium sources (diagram adapted from Meunier, 1991). Torrent supplied by: (a) surficial deposits (Roubion, Hautes-Alpes ©F. Fontaine) ; (b) rockslopes (Ravin des Aiguilles, Isère ©G. Piton).
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 112 Figure 1.12 -Illustration of in-channel scour-and-fill cycles (from ONF-RTM, 2008, Manival Torrent, Isère, ©C. Peteuil).

Figure 1 . 13 -

 113 Figure 1.13 -Conceptual model (from Theule et al., 2012) of seasonal cycles of channel scour-and-fill from first-order to high-order debris-flow channels according to level of storm intensity; thickness of lines indicates the importance of storage.

Figure 1 . 14 -

 114 Figure 1.14 -Conceptual model of the factor combination leading to a debris flow (from Zimmermann et al., 1997). (a) Supply-limited system ; (b) transport-limited system.

Figure 1 . 15 -

 115 Figure 1.15 -Dynamic equilibrium of the alluvial system: Q s d ∝ Q w S where Q s and Q w the sediment and the water discharges, d the particle diameter, and S the stream slope (diagram after E.W. Lane, 1955 and from W. Borland, 1960 in Liébault et al., 2013).

  Debris flow can result from the failure of an unstable mass with high water content which accelerates and flows down the slope (Iverson et al., 1997). The transitory nature of such a debris flow arises because the failure occurs suddenly. Landslide is often characterised by the scarp left on the top of the failure surface (fig. 1.16). It is typically found on an open hillslope. The subsequent debris flow may either remain on the slope or enter a channel.
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 116 Figure 1.16 -Shallow landslides turned into debris flows on hillslopes (Union City, San Francisco Bay area, California, USA, 1998 ©USGS/M. Reid; webpage).

  mobilisation of the landslide mass afterwards occurs because of the liquefaction of the saturated (or nearly saturated) mass. Such processes -slide and liquefaction -are mainly caused by the development of positive pore-water pressures that accompany saturation rise during water infiltration or water table rise. Indeed, the high water content of the mass increases its weight and, in particular, reduces its effective shear strength which leads soil particles to lose coherency. Pore pressure buildup is thus a key component of the triggering mechanisms in landslide hydrology which focuses research attention[START_REF] Bogaard | Landslide hydrology: from hydrology to pore pressure[END_REF]. The incorporation of water supply by runoff, as well as the agitation of debris flowing downslope along rough surfaces (i.e. development of granular temperature) may also play an important role in the mass liquefaction[START_REF] Iverson | Debris-flow mobilization from landslides[END_REF].
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 117 Figure 1.17 -Categories for the mechanism of shallow landslides (from Takahashi, 2014).A debris flow may arise when: (1) the saturated layer of a certain thickness appears within the permeable layer and the whole surface layer becomes unstable due to the effects of pore water pressure and the reduction of apparent cohesive strength in the saturated layer;(2) the water table reaches the surface through exfiltration and generates severe erosion, which leads to the elimination of support downslope; (3) the surface layer is saturated, and if, at any depth of the layer, driving stress is higher than resisting stress, then the surface layer becomes (partly or totally) unstable -i.e. surface erosion mechanism -.

21

 21 High rates of sediment transport over a steep, undulating bedrock channel. Local deposition of bed load in the flat section.

Figure 1 . 18 -

 118 Figure 1.18 -(a) Mechanism of runoff-initiated debris flow: conceptual model of a sediment capacitor (from Kean et al., 2013). The model combines equations for surface and subsurface water flows, bedload transport (Rickenmann, 2001), slope stability (Coulomb mixture theory, Iverson and Denlinger, 2001) and mass movement. Given continued sediment supply from upstream, the charge/discharge cycle will repeat, generating a series of periodic debris-flow surges. (b) Boulder accumulation in gully (Réal Torrent, Alpes Maritimes ©C.Bel).

Fig. 2 .

 2 Fig. 2.Rainfall intensity-duration (ID) thresholds. Numbers refer to # in Table2. Legend: very thick line, global threshold; thick line, regional threshold; thin line, local threshold. Black lines show global thresholds and thresholds determined for regions or areas pertaining to the C ADSES area. Grey lines show thresholds determined for regions or areas not-pertaining to the CADSES area
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 119 Figure 1.19 -Variability of rainfall ID thresholds gathered from literature: compilation from Guzzetti et al. (2007), refer to the paper for the sources related to the numbers. CADSES corresponds to the Central European Adriatic Danubian South-Eastern Space area.
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 120 Figure 1.20 -Derivation of critical rainfall thresholds using a surface erosion model (Berti and Simoni, 2005). (a) Rainfall-runoff model for debris-flow triggering. (b) Hydrological response for each ID combination of the possible range (Q W = 0: no response; 0 < Q W Q S : subsurface stormflow; Q W > (Q S + Q D + Q L ): channel runoff).

11. 5 .

 5 Intensity-Duration laws 25 Landslide-induced debris flow Papa et al. (2013) proposed to derive ID thresholds from a physical-based model of shallow-landslide triggering by rain infiltration. The model is based on the infinite-slope stability analysis in which slope instability is governed by the increase in groundwater pressure through Richards equation. It does not account for mechanisms of debris-flow mobilisation and assumes that the initial shallow landslide may evolve into debris flow if the total unstable volume is sufficiently high. The model required numerous input parameters such as morphological features (area, width, slope, depth) and soil properties (cohesion, internal friction angle, density, hydraulic conductivity, diffusivity).
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 121 Figure 1.21 -Derivation of critical rainfall thresholds using a landslide model (Papa et al., 2013). (a) ID curves simulated for different basin failure percentage (grey lines) and rainfalls recorded for landslide-induced debris flows (null antecedent rain). (b) Traces of landslides that occurred in 1954 (failure percentage: 2.8%, involved volume: 0.3 Mm 3 , DF reached Minori Village) and 2005 (failure percentage: 0.3%) in Sambuco Catchment.
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 6122 Figure 1.22 -Conceptual description of the absence of clear separation between rainfall events that triggered debris flows and those that do not, depending on the triggering mechanism -(a) channel runoff or (b) deep-seated landslides -(from Berti et al., 2012).

  This research work aims to provide a better understanding of the debris-flow initiation conditions, by focusing on empirical rainfall thresholds at local scale, by means of field observations from high-frequency monitoring systems located in the French Alps since 2011. The objectives are to:

11. 6 .

 6 Purposes of the PhD research work 29 chapter 5 attempts to discriminate triggering and non-triggering events above the minimum rainfall threshold by using a logistic regression model which considers rainfall characteristics likely to represent predisposing factors (purpose III). Chap. 2 -Sites and equipment Chap. 3 -Characterisation of the torrential response Chap. 4 -Critical rainfall for DF occurrence Chap. 5 -DF triggering and non-triggering conditions  Describing the investigation support Which triggering and predisposing factors related to rainfall are significant ?  Discriminating the critical rainfall events which do not induce debris flow Rainfalls t Assessing the minimum ID condition for debris-flow triggering What is the best rainfall event definition ? Identifying debris-flow occurrence How to deal with sediment transport process continuum ?

Figure 1

 1 Figure 1.24 -Overview drawing of the PhD thesis chapters and their main issues.
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 21 Figure 2.1 -Location of the two study sites in the French Alps.

Figure 2 . 2 -

 22 Figure 2.2 -Views of the (1) study sites; zoom on their (2) source area and (3) stream channel; (4) examples of debris-flow deposit; (5a) illustration of the entire valley floor occupation by the active channel; (5b) sediment retention basin. Sources: orthophoto 1a ©IGN; photos 2-5a, 4b ©F. Liébault; photos 1, 2, 5b ©IRMa/S. Gominet; photo 3b ©G. Piton.
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 23 Figure 2.3 -Météo-France rain gauges location (yellow symbols) in the catchments of the Réal and the Manival ©IGN.

50Figure 2 . 4 -

 24 Figure 2.4 -Gumbel distribution with the Gradex method of the yearly-maximum daily (a, b) and hourly (c, d) rainfall observed in the Météo-France stations representative of the Réal (a, c) and of the Manival (b, d) catchments.
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 25 Figure 2.5 -5 th , 50 th and 95 th percentiles of the seasonal cumulative daily rainfall in the Météo-France stations at Péone and St Hilaire, representative of the long-term climatic regime in the Réal and in the Manival respectively
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  Cumulative number of inventoried DF since 1800 (yr)

Figure 2 . 7 -

 27 Figure 2.7 -Evolution of the landscape of the Manival Torrent between 1948 and 2003: expansion of urban area, revegetation of the active channels in the proximal part of the fan and concentration of flow in one active channel because of torrent control works (from ONF-RTM, 2008, ©IGN).

A

  deep-seated landslide affecting Jurassic black marls occurred between 1920 and 1930 on the right bank of the main channel in the upper catchment (fig. 2.8). It is likely responsible for the obstruction of the main channel on the right bank, and for the subsequent activation of the Big Ravine on the left bank which experiences now deep incision and strongly contributes to the sediment recharge of the channel. Between 1933 and 1983, eight check dams were constructed by the RTM services.
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 28 Figure 2.8 -Evolution of the landscape of the Réal Torrent between 1900, 1938 and 2004: occurrence of the deep-seated landslide on the right bank, incision of the Big Ravine on the left bank, aggradation of the torrent channel and revegetation at bottom of slope (adapted from Chambon and Richard, 2004).

40

  STUDY SITES AND EQUIPEMENTThese check dams were regularly heightened, attesting of the channel aggradation in the Réal during the 20 th century. They are now partially or totally buried by debris-flow deposits.Digression about sediment budget -The application of two sequential airborne LiDAR surveys (2009-2012) for detecting geomorphic changes was used to quantify sediment yields for the whole catchment and for the most active gully (Passalacqua, 2013, fig.2.9, tab. 2.4).
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 29 Figure 2.9 -Change detection map of the Réal Torrent between summer 2009 and 2012 from two sequential aiborne LiDAR surveys (from Liébault et al., 2015).

Figure 2 . 10 -

 210 Figure 2.10 -Catchments of the Réal (left) and of the Manival (right). (a, b) Digital elevation model with hillshade of the two study sites: hillslope erosion and active channel (adapted from Theule, 2012); (c, d) long profiles of the two study sites. The position of the monitoring stations (S1 to S3) and of the geophones (Geo1A to Geo3C) is indicated. Geo1C was replaced by Geo1D from May 2014.
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 211212 Figure 2.11 -Photos of the monitoring stations taken from (a, b, c) downstream or (d) upstream.
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 213 Figure 2.13 -Schematic diagram of a geophone (©Standford University/A. Barzilai).

Figure 2 . 14 -

 214 Figure 2.14 -Comparison between the raw geophone signal (sampling rate: 250 Hz) and the signal conditioned by using the amplitude method or the impulse method with three different threshold values. Example of the debris-flow event that occurred in the Rebaixader Torrent on July 4, 2012 (from Arattano et al., 2014).
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 215 Figure 2.15 -(a) Schematic diagram of the geophone signal conditioning (U : voltage; I: intensity; R: resistor; A/N : datalogger; A: amplifier; C: capacitor); (b) numerical simulation of the geophone output voltage transformation: rectifying, filtering and sampling at low frequency (performed with the support of H. Bellot).
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 216 Figure 2.16 -Level measurement principle and photos of the used sensors.
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 217 Figure 2.17 -(a) Timing comparison of the geophone and the ultrasonic level sensor during a the passage of a debris-flow front at Réal-S1. (b) Schematic diagram of a reflection out of the sensor range. Evidence of a 8-s delay between the signal peaks which should correspond to a distance between sensors of about 20 m given the 2.5m s -1 speed measured between Geo1A and Geo1D, while the true distance is about 3-4 m. It could be partly explain by a misestimation of the front level.
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 31 Figure 3.1 -Illustration of the sediment transport process continuum in the study sites. Examples of: floods with bedload transport observed at (a) Réal S2 and (b) Manival S1; major immature debris flows observed at (c) Manival S1 and (d) Réal S1; (e) summer and (f) spring debris flows observed at Réal S1. Videos are available on request to the author.
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 3233 Figure 3.2 -Flow stage (in black) and seismic (in red) signals comparison over 30-min recording for different flow responses: (a) flow event with bedload transport, with a-bis corresponding to the signal recorded for the entire flow event; (b) immature debris flow; (c) debris flow with a single surge; (d) debris flow with multiple surges (notice that during this event, the flow response changes over time: bedload from 17:10 to 17:15, immature debris flow up to 17:18 and then debris-flow fronts).
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 34 Figure 3.4 -Filling of the channel downstream the monitoring station S1 in the upper-part of Réal Torrent, following the immature debris flow of July 18, 2015.
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 35 Figure 3.5 -Examples of diachronic comparisons from photogrammetric surveys: elevation difference projected on the shaded relief of the initial state (see appendix A.4 for the protocol of photogrammetric survey; Spitoni, 2014). Highlighting of about 2-m erosion and up to 4-m deposition downstream the station Réal S1 following the June 10, 2014 debris flow and the July 18, 2015 immature debris flow, respectively.
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 36 Figure 3.6 -Debris-flow characteristics estimation from monitoring signals: case of a fixed cross-section at Réal S1. (a), (b) Examples of signal analysis: during the considered surge period(s) (represented by the colored area(s) under the flow stage curve), the lag between geophones is deduced from the cross-correlation maximum (inset of the subplot Geophone B), and the shifted signal is plotted as a checkpoint; the corresponding velocity, peak discharge and volume are then estimated. At Réal S1, discharge and volume are estimated using two different assumptions of the cross-section shape (see fig. 3.7). (c) Position of the flow stage sensor (S1) and of the geophones along the channel (Geo1A to Geo1D).
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 37 Figure 3.7 -Wetted area, A m , in case of (a) a fixed cross-section supported by a checkdam (two different assumptions of trapezoidal section are considered at Réal S1); or (b) a natural cross-section which may vary during the flow (see photos fig. 2.11).
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 238 Figure 3.8 -Debris-flow characteristics estimation from monitoring signals: case of a natural cross-section at Réal S2. (a), (b) Examples of events with deposition and/or erosion. The lag between geophones is deduced from the cross-correlation maximum (inset of the subplot Geophone C); the corresponding velocity, is then estimated. The range of the freesurface level is reported on the pre-and post-event cross-section profiles (inset of the subplot flow stage). Notice that both the events occurred between the same topographic surveys. So, on the cross-section profile of Jul-22, 2013, the zero-level corresponds to the final stage of Jul-11, 2013 instead of the channel bottom of Jun-04, 2013. (c) Position of the flow stage sensor (S2) and of the geophones along the channel (Geo2A to Geo2C).

  in up-or down-ward direction.
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 31 Flow characteristics of debris-flow and immature-debris-flow events in the Réal torrent. One event may be decomposed into sequences of surges (e.g. fig. 3.6b). The significant events are emphasized by grey shading and red text. A confidence index symbol is attributed to each event for qualifying the level of certainty of the flow response classification. The peak discharge and the volume at S1 are estimated assuming two different geometries of wetted area (H1 and H2, fig. 3.7a). The accuracy of the flow properties should be moderate given the limitations pointed out in § 3.2.2.
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 39 Figure 3.9 -Images of the immature debris flow of July 7, 2014 in the Manival Torrent: (a) before; (b), (c) during; (d) after the event. During the flow, a deep incision is visible on the two sides of the deposit initially present in the channel; after the flow, the right side is refilled.

Figure 3 .

 3 Figure 3.10 -(a) Relationship between debris-flow peak discharge Q and volume V at surge scale (wetted area, hypothesis 1, fig. 3.7). Significant surge corresponds to the event of the table 3.1. (b) Boxplots of 5-min rainfall peak depending on the sign of the residuals with respect to the best fit power relationship between Q and V .
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 3311312 Figure 3.11 -Relationship between debris-flow peak discharge Q and volume V . Comparison with dataset from the literature and positioning regarding muddy or granular flows equations. The surges with positive or negative residuals with respect to the best fit power relationship (fig. 3.10) are represented in a different way. The surge sequences of the June 10, 2014 debris flow (fig. 3.12) are underlined.
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 313 Figure 3.13 -Cumulative frequency vs. total volume of the event (also known as debrisflow magnitude; wetted area, hypothesis 1, fig. 3.7). The power law (in yellow) was established on the basis of both debris and immature debris flows detected at Réal S1.
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 314315316 Figure 3.14 -Snow-melting evidences. Channel at upstream station S1 before and after the debris flow of March 8, 2013.
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 317 Figure 3.17 -Annual frequency of torrential flows (DF and IDF) with the drainage area (tab. 3.2). Error bars are added by talking into account the confidence index related to flow response misclassification (tab. 3.1).
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 318 Figure 3.18 -Cumulative seasonal rainfalls with triggering of debris flows and immature debris flows from March 2009 to March 2016 in the Manival at the monitoring station S1, with rainfall records from the St-Hilaire 1 and St-Pierre-les-Egaux Météo France stations. The 5th, 50th and 95th percentiles of the cumulative rainfalls from 1948 to 2014 at St-Hilaire Météo-France rain gauge are represented as reference.
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 319 Figure 3.19 -Results of two return campaigns of RFID particles tracking 1 , following the debris flows of (a) June 10, 2014 and (d) September 20, 2014 in the Réal torrent (more information in appendix A; Spitoni, 2014). (b, c, e, f) Photos of the active channel after the debris flows, in the mobility space between S1 and S2. Highlighting of the travelled distances and flow paths for two debris flows which reached the confluence to the Tuébi.
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 41 Figure 4.1 -Schematic diagram showing the discretization procedure of rainfall events.Step 1-1: segmentation of rainfall record into burst events with dry period less than 30 min (p 1 ); step 1-2: exclusion of irrelevant burst event with less than 0.6 mm cumulative rainfall (p 2 ); step 2: aggregation of burst events into rainfall events according to a criterion of Minimum Duration of Rainfall Interruption (ex: 90-min MDRI).

INPUT

  Discretization parameters:  Maximum dry period between continuous rainfall period, p1  30 min  Minimum amount of a burst event, p2  0.6 mm  Minimum Duration of Rain Interruption between two burst events, MDRI  from 30 min to 12 h Data set:  5-min rainfall time series, P(t) (mm)  Debris-flow occurrence, tDF(j)  rain end ;1 st or main surge ; at S1, S2 or S3
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 3442 Figure 4.2 -Flowchart of the algorithm proposed for the objective reconstruction of rainfall events and the estimation of the rainfall characteristics.

  ri s-o w o cc u rr en ce

Figure 4 . 3 -

 43 Figure 4.3 -Impact of the Minimum Duration of Rain Interruption (MDRI) on the rainfall event reconstruction (blue-shaded). Example of the September 17, 2011 in the Réal Torrent (rain gauge at station S1).
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 44 Figure 4.4 -Rainfall event in case of debris flow. Impact of the reference used to establish the event ending time: rainfall end, debris-flow occurrence (t DF ). Example of the September 17, 2011 in the Réal Torrent with a 3-h MDRI (rain gauge at station S1).
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 245 Figure 4.5 -Determination of the minimum ID threshold by the frequentist approach. (a) Logarithm graph of mean intensity I (mm h -1 ) vs. duration D (h) for debris-flow triggering rainfall events. The dashed line is the linear regression fit and the solid line is the threshold including 99% of the debris flows and immature debris flows. (b) Cumulative density function of the residuals ε(D) and corresponding normal distribution function. ε * is the distance between the 50 th percentile and the 1 st percentile.

Figure 4 . 6 -

 46 Figure 4.6 -Comparison between the rain gauges of the monitoring stations and of the Météo-France weather station, from March 2011 to March 2016. The monitoring data are aggregated at hourly time intervals for comparison purpose. Only the positive values are compared. (* Euclidean distance)
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 47 Figure 4.7 -Impact of the minimum duration of rain interruption (MDRI) from 30 min to 12 h, with a time interval of 5 min (ending time: passage of the main surge at S1) in the Réal Torrent. (a) and (b) ID scatterplots and thresholds associated with 5-min and 6-h MDRI, illustrating the enhancement of the point spread along the threshold, and the point cloud separation between triggering (DF and IDF) and non-triggering (NR) events. (c) Sensitivity analysis of the ID thresholds; (d) corresponding slope and offset variation.
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 48 Figure 4.8 -Réal Torrent. (a) Impact of the minimum duration of rain interruption (MDRI) on the number of extracted rainfall events. (b) Histogram of the true durationof rain interruption between burst events with a semi-log scale: demonstration of the low proportion of aggregated burst events if MDRI greater than 3 h are considered. The bin width is equal to 1 h, except for the first bin which is equal to 30 min (the duration with no rainfall being not less than the 30 min burst segmentation parameter).
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 49 Figure 4.9 -(a) Impact of the rainfall ending time based on the timing of debris-flow surges recorded at the Réal S1 station (3-h MDRI). (b) Impact of the debris-flow detection location, i.e. catchment size: (S1) 1.3 km² (S2) 1.7 km² (S3) 2.0 km² (3-h MDRI, ending time: passage of the main surge at the corresponding station). The points of the stations S1 to S3 associated with the same debris flow are linked.
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 410 Figure 4.10 -Impact of the temporal resolution of rainfall measurement from 5 min to 1 h time intervals (3-h MDRI, ending time: passage of the main surge at S1).

  ow oc cu rre nc e De br is-ow oc cu rre nc e Rainfall event as continuous period Rainfall event with 3-h MDRI
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 411 Figure 4.11 -Effect of the temporal resolution on the rainfall event reconstruction (blueshaded). (a) Discretization using 3-h MDRI; (b) Discretization based on continuous rainfall periods. Example of the September 17, 2011 in the Réal Torrent (rain gauge at station S1).
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 412 Figure 4.12 -(a) Minimum ID threshold for the Réal Torrent in the initiation zone using data from March 2011 to March 2016 (MDRI: 3 h; resolution: 5 min; rainfalls before the main surge passage at the S1 station). The debris-flow magnitude is represented by (i) the debris-flow volume measured at the S1 station (size of the dot) and (ii) the travel distance to the farthest station reached (color of the dot). (b) Distance from the minimum ID threshold.

Figure 4 . 13 -

 413 Figure4.[START_REF] Liébault | Sediment dynamics at the catchment scale in the SedAlp project[END_REF] -ID conditions that result or not in transport events for the four seasons in the initiation zone of the Réal Torrent, from March 2011 to March 2016 (MDRI: 3 h; resolution: 5 min; rainfalls before the main surge passage at the S1 station). Comparison between the ID threshold obtained with the totality of the triggering rainfall events (tot) and a threshold taking into account the rainfall regime (below/above 5-h duration).

Figure 4 . 14 -

 414 Figure 4.14 -Manival Torrent. Histogram of the true duration of rain interruption between burst events with a semi-log scale.

Figure 4 . 15 -

 415 Figure 4.15 -(a) Comparison of the ID scatterplots of all rainfall events regardless the flow response in the Réal and in the Manival torrents from March 2011 to March 2016 (entire rainfall event, 3-h and 4-h MDRI for the Réal and the Manival, respectively). (b) ID scatterplot in the Manival Torrent from March 2009 to December 2010 considering the two reported debris flows (green box highlights extreme events without debris flow); comparison with the ID scatterplot from March 2011 to March 2016 considering the recorded debris floods (entire rainfall event, 4-h MDRI).

Figure 4 . 16 -

 416 Figure 4.16 -Compilation of ID data reported for experimental debris-flow catchments (references in tab. 4.2). (a) Minimum ID thresholds from literature and Réal threshold range obtained by combining the criteria of minimum duration of rainfall interruption, ending time, and location of debris-flow detection (temporal resolution: 5 min). (b) ID values of the debris flows from other monitoring sites compared with the Réal minimum ID threshold.

Figure 4 . 17 -

 417 Figure 4.17 -Comparison of ID values and thresholds by applying the event reconstruction parameters of the literature (tab. 4.2) to the Réal dataset (from March 2011 to March 2016). The Réal station has been selected to best match the catchment sizes (S1: 1.3 km²; S3: 2.0 km²). (a) Réal* vs. Chalk Cliff; (b) Réal vs. Rebaixader; (c) Réal vs. Moscardo. The final ID threshold of the Réal (eq. 4.3) and the associated dataset are plotted as reference.

Figure 5 . 1 -

 51 Figure 5.1 -Two-dimensional Bayesian analysis of the Réal dataset (method of Berti et al., 2012). Lines of equal conditional probability of observing a debris flow (mature or immature) when a rainfall event of intensity I and duration D occurs: P (DF|I, D) = P (I, D|DF).P (DF)/P (I, D). Comparison with the ID threshold established in § 4.4.2 with the frequentist approach for 1% exceedance probability.

5. 3 .DFFigure 5 . 2 -

 352 Figure 5.2 -Comparison of the flow responses at upstream station S1 as function of rainfall characteristics introduced in table 5.1. In addition, the p-values of the Welch's ttest 1 are represented above the IDF/BL/NR boxplots for judging the significance level of the difference with DF in the sample means (*: 0.01 < p ≤ 0.05; **: 0.001 < p ≤ 0.01).
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Figure 5 . 3 -

 53 Figure 5.3 -Seasonal distributions of 5-min maximum rainfall intensity (I 5min,max ) and rainfall amount (R) for each flow response (DF, IDF, BL, NR) considering events above the threshold. n d corresponds to the number of days elapsed since the winter end.

Figure 5 . 4 -

 54 Figure 5.4 -Correlation matrix of the pre-selected rainfall characteristics. The dot size and the color are related to the Pearson correlation. Value below -0.5 or above 0.5 is marked by an "X" and indicates a linear dependency between predictors unwanted for the following analysis.

Figure 5 . 5 -

 55 Figure 5.5 -Impact of each event on the linear coefficients κ i of the LR model (eq. 5.5a) comparing the end-members of the flow continuum classification (DF vs. NR). κ i obtained for the entire dataset and the associated confidence interval are represented as reference. The singular events are labelled and the expert classification confidence index -good, ambiguous, uncertain -(tab. 3.1) is specified on the right margin.

( 2 )Figure 5 . 6 -

 256 Figure 5.6 -Evaluation of the multiple LR model (eq. 5.5a, DF vs. NR) through a LOOCV.(i) Assessment of the contribution of adding an explanatory variable to the LR model: from the best univariate LR model (1) to the best multiple one (4) with respect to a random assignment (diagonal line). The ROC-curves are colored according to the cutoff value; the 0.5 cutoff (⊗) and the one giving the best accuracy statistics 1 ( ) are indicated.(ii) Comparison of the observed flow responses with those predicted from the model according to a probability cutoff threshold of 0.5. The corresponding confusion matrix is presented in the upper inset. The boxplots correspond to the observed flow responses (white: NR; black: DF).

Figure 5 . 7 -

 57 Figure 5.7 -Equivalent of the figure 5.6 for the other response groups (eqs. 5.5b, c, d).

Figure 5 . 8 -

 58 Figure 5.8 -Performances of LR models (eqs. 5.5) depending on classification thresholds: ROC-curves obtained for the different response groups through a LOOCV.

Figure 5

 5 Figure 5.9 -Assessment of the occurrence probability for immature debris flow (IDF) and bedload (BL) events using the best multiple LR model obtained for DF vs. NR (eq. 5.5a).

Figure 5 . 10 -

 510 Figure 5.10 -Comparison of the rainfall characteristics in the Réal and the Manival torrents from March 2011 to March 2016. In addition, the p-values of the Welch's t-test is represented above the Réal boxplots for judging the significance level of the difference between sample means.

Figure 6 . 1 -

 61 Figure 6.1 -Damages of two similar debris flows occurring 27 years apart in the Saint-Antoine Torrent, Modane (73): (a) August 24, 1987 and (b) August 1, 2014 (©RTM73; see IRMa's article).

Figure 6 . 2 -

 62 Figure 6.2 -Synoptic of the proposed workflow for debris-flow warning (more details in Bertrand et al., 2015). In black: what already exists as a result of the RHYTMME project; in blue: what was done during this work; in red: what remains to do to allow the system to become fully operational.

Figure 6 . 3 -

 63 Figure 6.3 -Processing chain proposed, following this investigation, for debris-flow warning system operating with real-time distributed rainfall fields from weather radars.

  h

Figure 6 . 4 -

 64 Figure 6.4 -Example of membership functions for the debris-flow occurrence probabilityresulting from the application of logistic regression model -which can be used in the assessment of rainfall hazard level, instead of a deterministic classification threshold (e.g. p = 0.5 in tab. 6.1).

Figure 6 . 5 -

 65 Figure 6.5 -Images of two debris flows with different apparent viscosity which were recorded at the proximal station of the Réal Torrent. A and B refer to the May 18, 2013 event triggered after a snow-melting period and seem be rather viscous. C and D refer to the June 10, 1014 event triggered by short and intense rainfalls and seem be more fluid.

Figure A. 1 -

 1 Figure A.1 -Location of the regions of interest in the Réal and the Manival catchments. T1-T8 refer to the transect number.

Figure A. 2 -

 2 Figure A.2 -Photos taken during the RFID operations in the Manival (A-E) and the Réal (G-H) catchments. A-B: materialisation of a transect with a blue twine and by painting the tagged particles in blue; C-D: drilling of a boulder; E: characterisation of the tagged particles; F: large and small PIT tags (134 kHz Read/Write, CiPAM®); G: geo-referencing of the tagged particles with a differential GPS; H: PIT-tag research after a debris flow by using a RFID antenna.

Figure A. 3 -

 3 Figure A.3 -Production of a DEM of the region of interest from an image series: SfM photogrammetry via Agisoft Photoscan®. Example of photo taken at the level of the transect T5 in the Réal Torrent (pink). Scaling of the reconstructed 3D model by means of geo-referenced ground control point which are automatically recognised by using coded target (yellow).

Figure A. 5 -

 5 Figure A.5 -Travel distance of the tagged particles in the Réal Torrent (by only considering the transects T1 to T6) depending on the grain-size. (a) Research campaign 1, following the debris flow of June 10, 2014; (b) research campaign 2, following the debris flow of September 20, 2014.

Figure B. 2 -

 2 Figure B.2 -Autocorrelation function of the geophone signals at short lags depending on the torrential responses. (a) Geophone A at the station Réal S1; (b) geophone C at the station Réal S2. When the considered geophone alone does not allow the classification to be clear, the line is marked as ambiguous. The light grey lines correspond to random signals (highly stationary) with equivalent amplitude distribution.

Figure B. 3 -

 3 Photo control

  Figure I -(a) Dépôt de lave torrentielle entrainant l'obstruction d'une route (Valgaudemar, Hautes-Alpes, 2003, ©M. Bonnefoy). (b) Exemple de gros bloc mobilisé par une lave torrentielle retrouvé dans une plage de dépôt (Nant d'Armancette, Haute-Savoie, 22 août 2005, ©F. Rapin).

  1. RHYTMME: Risques HYdro-météorologiques en Territoires de Montagnes et MEditerranéens; site-web: https://rhytmme.irstea.fr/ ix d'établir empiriquement les seuils Intensité-Durée (ID) de pluie en-dessous desquels il n'y a pas eu d'occurrence de lave. Néanmoins, ces seuils ID -introduient par Caine (1980) -présentent des limites (fig. II). D'une part, il existe une forte variabilité entre les différents sites, comme en témoigne la multitude de seuils qu'on retrouve dans la littérature (Guzzetti et al., 2007). D'autre part, il peut y avoir une forte variabilité au sein d'un seul et même site, avec des événements de pluie sans déclenchement de lave présents au-dessus du seuil (Berti et al., 2012). Le sujet de recherche de cette thèse porte sur l'amélioration de ces seuils ID. Cette variabilité peut avoir plusieurs origines. Tout d'abord, elle peut avoir une cause physique. Elle peut également être liée au jeu de données qui est utilisé. Enfin, elle pourrait être du au cadre méthodologique employé, c'est-à-dire à la façon dont ce jeu de données est utilisé. Qualité du jeu de données Représentativité de la mesure Echelle d'observation Processus pris en compte Physique Conditions climatiques Potentiel morphométrique Potentiel de recharge sédimentaire Historique de correction torrentielle Facteurs de prédisposition Cadre méthodologique Pas de protocole standardisé pour définir un évenement de pluie Evaluation

Figure II -Figure III -

 IIIII Figure II -Limites des seuils de pluie intensité-durée. Bilan des sources potentielles de variabilité susceptibles d'expliquer à la fois (i) la multiplicité des seuils empiriques de la littérature sur différents sites et (ii) l'absence de séparation claire entre les événements de pluie responsables de lave torrentielle et les autres, même sur un site unique, pouvant amener à de fausses détections.

  Figure IV -Sites d'études. (1) Morphométriques et localisation des stations de mesures S1-S3. (2) Sources sédimentaires. (3) Exemple de dépôt de lave. (Sources: photos a-1,2 ©IRMa/S. Gominet; orthophoto b-1 ©IGN; photos a-3 et b-2,3 ©F. Liébault) xiii

2 .

 2 capteur capable de mesurer les vibrations du sol 3. http://monitoring-stations.grenoble.cemagref.fr/

Figure V -

 V Figure V -Exemple d'images et de signaux pour différent type d'écoulement: (a) crue avec du transport par charriage, (b) lave immature, (c) lave torrentielle, (d) écoulement complexe de lave torrentielle avec plusieurs fronts, illustrant le changement de type d'écoulement avec le temps.

Figure

  Figure VI -Position du seuil ID selon la définition de la pluie adoptée, en comparaison avec les seuils obtenus dans la littérature pour d'autres sites équipés de station de mesure.

Figure VIII -

 VIII Figure VIII -Cas du Réal, station amont. (a) Modèle de régression logistique visant à séparer les événements responsables de laves torrentielles des événements sans écoulement. Résultat d'une validation croisée (Leave-One-Out Cross-Validation). (b) Courbe ROC (Receiver Operating Characteristic) mesurant la performance du modèle quelque soit la probabilité d'occurrence limite choisi pour prédire la présence ou l'absence d'une lave.

  

  

  

  

Table 2 .

 2 Legend: very thick line, global threshold; thick line, regional threshold; thin line, local threshold. Black lines show global thresholds and thresholds determined for regions or areas pertaining to the C ADSES area. Grey lines show thresholds determined for regions or areas not-pertaining to the CADSES area

Table 2 .

 2 1 -General features of the study sites.

	Location	44°07'13'N 6°54'22'E	45°16'16'N 5°49'58'E
		Péone (06) St-Nazaire-les-Eymes (38)
		Var River catchment,	Chartreuse Mountains,
		Southern Prealps	Northern Prealps
	Morphometry		
	elevation range (m a.s.l.)	1220-2090	570-1740
	drainage area (km 2 )	2.3	3.6
	Melton index	0.57	0.62
	alluvial fan	/	2 km-radius, 0.11 m.m -1
	mean catchment slope (°; m.m -1 )	30; 0.58	39; 0.81
	mean channel slope (°; m.m -1 )	9; 0.16	9; 0.16
	valley bottom width (m)	15-70	20-350
	active channel width (m)	8-60	10-20
	flow confinement	+	+++
	torrent control works	8 check dams	>180 check dams,
			gravel levees,
			25, 000 m 3 sediment trap
	Geology and Sediment production		
	bedrock geology (dominant)	Eocene sandstones and Jurassic marly limestones
		Jurassic black marls	
	surficial deposits	LGM paraglacial deposits	talus slope
	production area (km 2 )	1.3	1.0
	non-vegetated area (%)	30	45
	Limiting factor	transport limited	supply limited
	DF recurrence interval (yr)	0.3	3

Table 2 .

 2 

	Station Id. Elevation Drainage Area Active channel width
		(m a.s.l)	(km²)	(m)
	Réal S1	1450	1.3	8*
	Réal S2	1340	1.7	7
	Réal S3	1254	2.0	12
	Manival S1	850	1.0	7

5 

-Main physical features of the monitoring stations (* the active channel does not occupy the entire cross-section of the check dam due to a vegetated terrace formed by past debris-flow deposits).

44 16:53 17:02 16:35 57

  

																			7 000	---
							1		17:07			2.9		1.35	20.2 25.0			700	800
							2		17:09			2.8		1.22	17.6 21.6			1 200 1 400
							1		17:13			2.0		1.16	11.9 14.5			400	500
	27/05/2012	DF		DF			2	1	15:46 15:54	15:40	21.7	1.8 0.9	1.35 0.00 0.83	12.4 15.4	7.6		700	800	500
	21/08/2012	IDF		IDF			1	1	13:32 13:43	13:30	84.4	---	1.3	0.33 0.00 0.02	---	---	---		---	---	---
	09/09/2012	IDF	BL?	IDF			1	1	16:30 16:38	16:20	38.6	1.9	1.6	0.28 0.00 0.19	2.5 2.9	---		600	700	---
	08/03/2013	DF					1		5:08	2:55	9.6	---		0.48	---	---			---	---
							1		5:47			---		0.88	---	---			---	---
	30/03/2013	DF		DF			2	1	11:12 11:25	3:30	4.8	1.0 0.8	1.16 0.00 1.52	6.0 7.3	12.0		600	700 1 000
							1	1	11:20 11:30			1.3 0.7	0.80 0.00 1.13	5.0 6.0	7.0		200	200	800
	29/04/2013	BL		IDF	BL?			0	8:26	7:40	14.5	---	---	-0.56 0.08			---		---
	16/05/2013-1	DF					1		18:10	15:20	7.2	---		0.47	---	---			---	---
	16/05/2013-2	DF					1		20:55	15:20	7.2	0.7		0.96	3.1 3.8			100	200
	18/05/2013-1	DF					2		13:38	21:55	9.6	1.2		1.11	6.9 8.5			600	700
	18/05/2013-2	DF					1		20:24	21:55	9.6	2.0		1.66	18.1 22.9			600	700
	18/05/2013-3	DF		IDF	BL?		1	1	22:13 22:20	21:55	9.6	2.0 1.6	1.71 -0.60 0.07	18.0 22.8	---		1 100 1 300	---
	07/06/2013	DF					1		13:33	13:25	48.2	2.1		0.80	8.2 9.8			200	200
							1		13:35			---		0.66	---	---			---	---
	06/07/2013	IDF	BL?				1		20:58	18:10	57.9	1.7		0.10	0.8 0.9			200	300
	10/07/2013	IDF	BL?	IDF	BL?		1	1	14:56 15:06	14:45	57.9	1.5	1.2	0.20 0.00 0.19	1.4 1.6	---		600	700	---
	11/07/2013	IDF	BL?	DF			1	1	17:36 17:34	17:35	84.4	1.4	2.2	0.33 0.00 1.33	2.2 2.6	---		---	---	---
	19/07/2013	IDF	BL?	IDF	BL?		1	1	22:42 22:57	22:40	74.8	2.5	2.3	0.31 0.00 0.15	3.6 4.1	---		1 800 2 000	---
	22/07/2013	DF		DF	IDF	DF?	1	1	~4 16:---	12.9	500	600	---	---
							1		16:56			2.4		1.88	24.9 31.8			2 300 2 800
	29/07/2013	DF	IDF?	IDF	DF?		1	2	7:08 7:04	7:05	103.7	1.6	2.2	0.56 0.00 0.32	4.2 4.9	---		900 1 100	---
	14/08/2013	IDF	BL?	IDF	DF?		1	1	18:01 18:50	17:55	57.9	1.4	---	0.24 -0.60 0.14	1.6 1.8	---		400	400	---
							1		18:37			1.7		0.17	1.3 1.5			400	400
							1		18:57			1.1		0.26	1.4 1.5			500	500
	05/10/2013	IDF	BL?	IDF	BL?		1	1	0:11 0:24	0:05	43.4	0.7	1.1	0.21 0.00 0.30	0.7 0.8	---		300	300	---
	23/10/2013	IDF	BL?	IDF	BL?		1	1	7:52 8:07	7:45	45.8	1.1	1.3	0.20 0.00 0.15	1.0 1.1	---		300	300	---
	04/01/2014	DF		DF	IDF?		1	2	16:07 16:13	11:35	12.1	2.2 1.0	2.18 -0.20 0.21	27.5 35.8	---		1 200 1 500	---
	30/05/2014	IDF		IDF	BL?		3	1	15:25 15:37	13:20	21.7	---	0.7	0.49 -0.20 0.02	---	---	---		---	---	---

.9 1.6 1.4 2.0 0.52 -0.70 0.57 -0.30 0.72 3.9 4.6

10/06/2014 DF DF DF ~2 >1 2 17:14 17:22 17:29 17:10 72.4 1.7 3.5 3.1 0.28 0.00 3.24 0.00 >2.1 2.3 2.6 --->64.1 200 200 --- --- >7 1 17:18 17:35 3.0 6.7 1.29 0.00 1.60 20.2 24.9 95.4 4 700 5 500 5 500 2 1 17:29 17:42 3.2 1.8 1.79 --- --- 31.4 39.9 --- 2 100 2 500 ---

  

	25/06/2014	DF	IDF?	IDF	BL?	1	1		6:39 6:55	6:25	12.1	0.8	1.1	0.50	---	---	1.9 2.2	---	200	200	---
	11/07/2014	IDF	BL?	IDF	DF?	1	1		20:40 20:49	20:35	38.6	1.3	1.3	0.23 0.00 0.75	1.4 1.6	6.9	500	600	---
	15/07/2014	IDF	BL?	IDF	BL?	1	~1		19:14 19:25	19:05	28.9	1.8	---	0.15 -0.70 0.00	1.2 1.3	---	300	400	---
	10/09/2014	IDF	DF?	DF		1	1		16:38 16:49	17:20	55.5	3.0	1.0	0.17	---	---	2.3 2.6	---	---	---	---
						1	1		17:25 17:30			1.9	1.9	0.43	---	---	3.8 4.4	---	800	900	---
	20/09/2014	DF		DF	DF	1	1	1	6:30 6:33 6:38	6:30	74.8	4.5 3.0 3.3 1.79	---	---0.00 >1.2	43.6 55.4	--->40.6	4 200 4 900	---	---
	13/10/2014	IDF		IDF	BL?	1	1		5:27 5:33	5:20	38.6	1.7	2.2	0.56	---	---	4.5 5.3	---	1 200 1 400	---
	27/04/2015	DF	IDF?	IDF	DF?	1	~5		13:59 13:54	13:10	14.5	0.8	1.2	0.31	---	---	1.2 1.4	---	100	100	---
						1			14:08			---		0.38			---	---		---	---
	07/06/2015	DF	IDF?	DF	DF	2	1	1	16:39 16:49 17:00	16:35										

  .15). This rain gauge is actually representative of the long-term local rainfall regime of the Réal catchment ( § 2.1.2 and sec. 4.3). From 2011 to 2015, the annual rainfall at the Péone rain gauge was 802, 1184, 1431, 1119 and 846 mm. With respect to the mean annual rainfall recorded since 1951 (1055 mm), 2011 and 2015 were dry years and 2013 was rather wet (fig.3.16). The variability in the rainfall conditions during the monitoring period was representative of the long-term local rainfall regime, except for spring and winter 2013, which showed rainfall conditions exceeding the 95 th percentile of the long-term record. Compared to other years in the monitoring period, dramatic debris-flow activity was also observed in the upper catchment in 2013. However, if debris flows propagating down to the Tuébi River are considered, 2011 was the most active year, despite being the driest year of the monitoring period. If only the summer period is considered at station S1, it appears that wet summers, like 2013 and 2014, present significantly higher debris-flow activity than dry summers such as 2011 and 2012. This is not true for the S2 station, which showed the highest activity during the dry summer of 2011. The debris-flow response to wet and dry conditions was less clear for other seasons (fig.3.16).

Table 3 . 2

 32 CHARACTERISATION OF THE TORRENTIAL RESPONSE 2002) or the Gadria (Comiti et al., 2014) in Italy, the Illgraben in Switzerland (Badoux et al., 2009), and the Rebaixader in the Spanish Pyrenees (Hürlimann et al., 2013) -or in USA

-Mean torrential-flow frequency compiled from the literature on debris-flow monitoring. In addition to the DF number, the number including both DF and IDF is specified in parenthesis. References: [1] Comiti et al., 2014; [2] McArdell and Badoux, 2007; [3] Deganutti et al., 2000 ; [4]&[5] this study; [6] Abancó et al., 2016; [7] Tecca and Genevois, 2009; [8] Coe et al., 2008. 1 at DF detection system 2 torrential flows including either debris flows and debris flood 72

Segmentation of time series into burst events

  

						STEP 1
	t f = t 0 = t k = 1	time of first rain detection k th burst event	initialization Rain ?
		If t -t f > p1		NO
			YES		NO
	If	𝐭 𝐟 𝐭 𝟎	𝐏(𝐭 𝐢 )	> p2	(irrelevant burst)
			YES (burst before t is finished)
	Burst(k) = P(t 0 : t f ) rainfall time series, mm/5min
	k = k + 1		next burst event	
	t 0 = t		burst event beginning
	t f = t		burst event ending

For t where P(t) > 0

t 0 = Burst(1).t 0 t f = Burst(1).t f n = 1 n th rainfall event

For k = 2 : K Even(n) = P(t 0 : t f ) rainfall time series, mm/5min n = n + 1 next rainfall event t 0 = Burst(k). t 0 rainfall event beginning

t f = Burst(k). t f rainfall event ending

YES (event n is finished)

Table 4

 4 ,T ournon

	Réal S1	1.3	1770	1450	1.7	0.19 0.40	30	40
	Manival S1	1.0	1295	850	1.6	0.22 0.68	23	27

.1 -Morphometric parameters of the headwater basin. * H m = (H min + H max )/2 ** i v = (H max -H min )/L x with L x the horizontal distance of the headwater basin length

  .14).

		20	
	Percentage of burst events	10 (738 events)	
		0	
		1.3h		6.2h	31.2h
		1/2h 1h	3h	6h 12h 24h 2d 4d 8d

Table 5 .

 5 

1 -List of variables tested as potential predictors of debris-flow triggering conditions.

table 5

 5 

.1. In addition, the p-values of the Welch's ttest 1 are represented above the IDF/BL/NR boxplots for judging the significance level of the difference with DF in the sample means (*: 0.01 < p ≤ 0.05; **: 0.001 < p ≤ 0.01).

1 Welch's t-test tests the null hypothesis that two populations have equal means. It assumes that the two independent samples have normal distributions but may have unequal variances or sample sizes.

Table 5 .

 5 best multiple LR models that minimise AIC, obtained from the entire dataset, for each response group are:

	DF vs. NR : log	p 1 -p	= -3.03 + 2.22 I max,10min + 1.38 AR 48h + 1.79 R -1.59 n d	(5.5a)
	DF&IDF&BL vs. NR : log	p 1 -p	= -0.78 + 2.32 I max,10min + 1.26 R	(5.5b)
	DF&IDF vs. BL&NR : log	p 1 -p	= -1.88 + 1.52 I max,10min -0.71 n d	(5.5c)
	DF vs. IDF&BL&NR : log	p 1 -p	= -2.71 + 0.75 I max,10min -0.91 n d	(5.5d)

with p the probability of debris-flow occurrence, X i the i th predictor standardised, I max,10min the maximum floating intensity for 10 min, AR 48h the amount 48 h before the rainfall event, R, the rainfall amount, and n d the number of days since winter. 2 -Significance tests (WT Z : Wald Test; LRT χ : Likelihood Ratio Test) of the scaled and centred predictors from tab. 5.1 ( X i ), in univariate LR models considering rainfall events above the threshold for different response groups. The predictors having p-values below 0.05 are coloured in red and pre-selected for the multiple LR. Those with the smallest p-value, in bold, are used for initiating the AIC-stepwise procedure.

Table 5 .

 5 4 -Improvement resulting from adding an explanatory variable to the LR models. Akaike information criterion (AIC); likelihood-ratio-significance-test (LRT χ ) p-value of each predictor ; Nagelkerke-R 2 statistics; area under ROC-curve (AU C) stemming from a LOOCV (figs. 5.6i and 5.7i).

	10min	93.2	8.69E-08 0.3195 0.663
	(2) κ 0 + κ 1 I max,10min + κ 2 AR 48h	81.0	0.0002 0.4566 0.871
	(3) κ 0 + κ 1 I max,10min + κ 2 AR 48h + κ 3 R	72.1	0.0010 0.5535 0.912
	(4) κ 0 + κ 1 I max,10min + κ 2 AR 48h + κ 3 R + κ 4 n d	62.3	0.0006 0.6505 0.924
	(b) DF&IDF&BL vs. NR (0) κ 0	-	-	-	-
	(1) κ 0 + κ 1 I max,10min	178.7	1.09E-18 0.4519 0.826
	(2) κ 0 + κ 1 I max,10min + κ 2 R	147.1	6.58E-09 0.5983 0.883
	(c) DF&IDF vs. BL&NR (0) κ 0	-	-	-	-
	(1) κ 0 + κ 1 I max,10min	145.4	9.09E-15 0.4104 0.796
	(2) κ 0 + κ 1 I max,10min + κ 2 n d	141.3	0.0135 0.4455 0.827
	(d) DF vs. IDF&BL&NR (0) κ 0	-	-	-	-
	(1) κ 0 + κ 1 I max,10min	120.5	0.0003 0.1314 0.574
	(2) κ 0 + κ 1 I max,10min + κ 2 n d	115.7	0.0088 0.1981 0.716

Table 6 .

 6 1 -Example of classification rules which can be used to derive the debris-flow warning level from the combination of debris-flow susceptibility level and rainfall hazard magnitude.

	Rainfall hazard	DF susceptibility	Null	Low	Moderate	High
	Weak (p≤0.5)		Null	Weak	Weak	Moderate
	Severe (p>0.5)		Null	Moderate	High	High

  Il s'appuie sur les données d'un observatoire des crues torrentielles, mis en place dans les Alpes françaises en 2011 sur les torrents très actifs du Manival et du Réal. Dans un premier temps, les images et mesures hautes-fréquences collectées entre 2011 et 2015 ont été analysées afin de détecter et de caractériser les crues torrentielles. Pour appréhender la diversité d'écoulements observés, une classification phénoménologique a été proposée. Dans un second temps, la condition minimum intensité-durée de pluie requise pour déclencher une lave torrentielle a été établie. La sensibilité du seuil à la définition d'un épisode de pluie a été évaluée. Dans un troisième temps, un modèle de régression logistique a été implémenté pour discriminer les épisodes de pluies critiques n'ayant pas engendré de lave torrentielle. Ce modèle a permis de sélectionner les variables explicatives les plus pertinentes. Finalement, des pistes de travail ont été avancées pour (i) passer de conditions critiques établies à une échelle locale à une échelle régionale, en perspective d'une application au sein d'un système d'alerte dédié aux risques hydrométéorologiques, et (ii) passer des conditions de déclenchement d'une lave dans la zone de production sédimentaire aux conditions de propagation jusqu'aux zones à enjeux.

https://rhytmme.cemagref.fr/

Note that, "muddy" is not synonymous of viscous-type debris flow and refers to another class of debris flow.

see http://rainfallthresholds.irpi.cnr.it/ for a comprehensive list of rainfall thresholds

The authors distinguish conceptually (i) the case of debris flows initiated by channel runoff, a triggering mechanism expected to be directly controlled by rainfall, and (ii) the case of debris flows initiated by deep-seated landslides, where the stability conditions would be controlled by a more complex combination of rainfall forcing and time-dependent factors.

RTM database: http://rtm-onf.ifn.fr

IRMa website: http://www.irma-grenoble.com

2.1. Comparison of the torrents: Réal vs. Manival

http://monitoring-stations.grenoble.cemagref.fr

For the rest of the study, the term of immature debris flow, introduced by Takahashi (1991), will be preferred to debris flood also widely employed.

3.2. Methods

malfunction of Météo-France St-Hilaire rain gauge from 06/06/2015 to 31/08/2015

tags stemming from the deployment campaign D1 or D2 or from the return campaign R1

These formulae have been developed for much larger catchments (areas from 170 to 70,000 km² for Giandotti and 30 to 170 km² for Tournon) and should be consider with caution.

Only rainfall events greater than 5 mm were considered, assuming that they would be able to generate sediment transport in the channel;

Produced high value in summer and low value in winter.

for each predictor, the Wald test compares the full multiple LR model (H A : κ i 0) with the LR model without the i th predictor (H 0 : κ i = 0), so, there is no effect of predictor order.

assuming that both specificity and sensitivity have equal weights, this cutoff minimises the distance (FP R -0)

+ (T P R -1)2 , with FP R (1-specificity) and T P R (sensitivity).

http://www.geo-airbusds.com/pleiades

RHYTMME: Risques HYdro-météorologiques en Territoires de Montagnes et MEditerranéens; website: https://rhytmme.irstea.fr/

TT:CoCo: Torrents Transfrontaliers: Connaissance et Communication; link to a summary (in French)

web control interface: http://monitoring-stations.grenoble.cemagref.fr/

Airbus Defence & Space website: http://www.intelligence-airbusds.com/pleiades/
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Chapter 4

Critical rainfall threshold for debris-flow occurrence

This chapter aims at assessing the minimum rainfall condition for debris-flow triggering from monitoring dataset. Before determining the intensity-duration (ID) threshold by using the frequentist approach, a methodological framework for identifying rainfall events is developed.

The ID threshold sensitivity towards the rainfall event definition adopted is estimated and compared to the variability of ID thresholds established in monitoring context in the literature. A criterion is proposed to select the best rainfall event definition regarding the implementation of ID threshold.

Introduction

To characterise the critical rainfall conditions likely to trigger debris flows, empirical rainfall thresholds based on minimum intensity-duration (ID) conditions have been widely developed (sec. 1.5). ID thresholds are affected by uncertainties which can limit their operational use. The sources of uncertainties include the availability and quality of the rainfall measurements and of the debris-flow information [START_REF] Nikolopoulos | Impact of uncertainty in rainfall estimation on the identification of rainfall thresholds for debris flow occurrence[END_REF]. It can also result from the method used to determine the threshold, or from the considered dataset [START_REF] Guzzetti | Rainfall thresholds for the initiation of landslides in central and southern Europe[END_REF][START_REF] Brunetti | Rainfall thresholds for the possible occurrence of landslides in Italy[END_REF][START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF][START_REF] Peruccacci | Lithological and seasonal control on rainfall thresholds for the possible initiation of landslides in central Italy[END_REF].

Little attention has been paid to provide objective criteria for identifying the rainfall events, while the choice of the "start time" and the "end time" of the rainfall event may strongly impact the estimated rainfall characteristics such as intensity and duration [START_REF] Rosi | Statistical and environmental analyses for the definition of a regional rainfall threshold system for landslide triggering in Tuscany (Italy)[END_REF]. Once can mention recent works of [START_REF] Vessia | Automated reconstruction of rainfall events responsible for shallow landslides[END_REF] and [START_REF] Melillo | An algorithm for the objective reconstruction of rainfall events responsible for landslides[END_REF]. Typically, rainfall events are periods of rain separated by dry periods without rain. To separate two successive events, the rainfall event can be identified manually, or automatically, by considering a minimum duration of rain interruption. The length of this dry period may vary from one study to another (e.g. In this chapter, we propose an automated procedure for the reconstruction of rainfall events and we perform a sensitivity analysis of the ID threshold regarding Appendix A

RFID tracking & photogrammetric surveys

With the aim of characterising channel morphodynamics as well as the propensity for bed entrainment, a multi-date monitoring which combined RFID tracking with photogrammetric surveys was implemented on both study sites, with the support of a master student [START_REF] Spitoni | Suivi des changements geomorphologiques de deux torrents actifs des Alpes françaises via l'utilisation de la stéréophotogrammetrie multi-vue et le traçage RFID des sediments[END_REF]. For now, these research works only provided preliminary results which were used as additional material for discussion (figs. 3.5 and 3.19). This appendix gives an overview of the protocol implemented in the field.

A.1 Research objectives

During the flow propagation, the sediment storage in the transport path may play a key role in the flow bulking [START_REF] Theule | Sediment budget monitoring of debris-flow and bedload transport in the Manival Torrent, SE France[END_REF]. Thus, studying the remobilisation of the channel-bed sediments is essential to improve the understanding of both erosion and transport processes during torrential floods.

The deployment of PIT tags in torrent was intended to provide information on the influences which affect particle mobilisation, and in particular, the effects of the grain size or of the deposit nature to which the mobilised particles belonged. PIT tags also made it possible to observe the flow trajectories as well as the travel distances. They allowed us to identify where did the boulders which reached the outlet come from. In addition, pre-and post-event photogrammetric surveys were performed to provide digital elevation models (DEMs) of the regions of interest. These DEMs allowed us to locally assess the morphological changes and the entrainment depth. They were also used to characterise the filled and scoured areas. This may help to interpret the nonrecovered particles by saying if they were necessarily carried out by the flow or if they were possibly under a deposit larger than the PIT-tags detection distance (<1 m).

A.2 Region of interest

In the study sites, three regions of interest were chosen along the transport path (fig. A.1), and especially because of their accessibility in car. Each region of interest was monitored by photogrammetric surveys before and after intense transport episodes. It included two to four transects equipped with PIT tags (fig. A.2). The choice of these transects was motivated by the various types of deposits that they presented, with either unconsolidated bedload deposit or debris-flow deposit with boulders and pebbles embedded into a matrix. There were no apparent preferred selection by size when the particles were mobilised (fig. A.5). The most of the boulders which were tagged with the large transponders were recovered, although they were mobilised sometimes as far as the outlet. This last pointed out that, debris-flow prone torrent, the size of the larger particles likely to reach the fan in a single event have to be considered on the production area. 

T3 T4 T5 T6

PIT-tag second campaign -photogrammetric surveys: June vs. October 2014 ow direction -2.5 -2.2 -1.9 -1.6 -1.3 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.3 1.6 1.9 2. Data processing: towards automation?

Extending the application of debris-flow monitoring station to operational services is still limited. This arises in particular because the data processing is cumbersome and time consuming. The objective was to produce an automatic tool for facilitating the management of data volumes. This appendix first presents the avenues of work explored to automate the flow response classification. Next, it provides an overview of the developed tool as part of the Interreg project Alcotra-ALPéril [START_REF] Bel | Rapport de synthèse des travaux réalisés pour le compte du Département des Hautes-Alpes sur le suivi des crues torrentielles des sites ateliers du Roubion et du Rif Cros dans le cadre de la réalisation du programme Alcotra ALPéril 266[END_REF].

B.1 Flow response classification

The expert classification relied on qualitative criteria which combined the varying sources of information (geophone and flow stage signals, images). A particular attention was paid to geophone signals and to the seismic signature of each flow class. Thus, the presence of seismic activity would be a witness of sediment transport episodes. Depending on the signal pattern, it would be possible to recognised the flow type. Based on these assumptions, one can wonder if any automatic procedure might be conceivable for both detecting and classifying flow occurrences. To test for the existence of relevant quantitative criteria, two proposals were investigated.

B.1.1 Seismic signature: test for stationarity

In the state of the art (tab. 1.1), we suggested that at the temporal scale of the flood, a debris flow would be a transient process, while bedload transport would rather be a stationary process. In this concept, we opposed debris-flow surges caused by slope or bank failure to bedload transport which is strongly influenced by the flood discharge controlled by rainfall forcing (fig. B.1). We proposed to used this property to test for the possible automatic classification of flow responses.

In contrast to a transient signal, a stationary signal has local statistics (e.g. mean, variance, amplitude distribution, or power density spectrum) that are invariant over the entire duration considered. One way to determine if a time series is stationary, is to assess the temporal Autocorrelation Function