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RESUME LONG

e Introduction

Contexte de la recherche

Un mouvement de terrain est un phénomeéne géologique ol une masse de terrain se déplace le long
d’'une pente ou d’'une surface de rupture sous l'effet de la gravité. Ces mouvements de terrain font des
dégats matériels ou humains partout dans le monde. Leurs effets sont d’autant plus importants
lorsqu’ils affectent des zones densément peuplées et plus ou moins vulnérables (selon le nombre de
personnes, le type d’habitations ou d’infrastructures et 'activité économique exposés). Alors que les
‘mouvements de versant’ recouvrent une grande variété de phénomenes naturels : allant des laves
torrentielles aux écroulements rocheux, nous nous intéresserons ici a un type spécifique de mouvement
de versant: les glissements de terrain. Entre 2004 et 2010, 2.620 glissements de terrain dévastateurs
ont été enregistrés a travers le monde, causant au total 32.322 victimes (Petley, 2012). Quelle que soit
la région du monde, les mécanismes déclenchant les glissements de terrain restent difficiles a identifier
avant la rupture proprement dite, comme I'a démontré le déclenchement inattendu de I'impressionnant
glissement d’0so (Washington, Etats-Unis) tuant 43 personnes en mars 2014. En Europe, on dénombre
également de nombreux sinistres tous les ans, principalement dus aux intenses et/ou longues périodes
pluvieuses représentant le principal facteur déclenchant des glissements de terrain. Les séismes
peuvent également déclencher (ou favoriser le déclenchement) de grands glissements de terrain,
comme ceux qui se sont produits aprés le tremblement de terre de mai 2008 dans la région de
Wenchuan (Mw = 7,9), et ont tué plus de 20.000 personnes (Yin et al.,, 2009). Ce constat met donc en
évidence l'importance et l'enjeu scientifique de prédire l'occurrence spatiale et temporelle des
glissements de terrain et de leur(s) facteur(s) de déclenchement pour (1) identifier les zones les plus
susceptibles de déclencher un glissement de terrain, (2) mettre en place des systemes d’alerte
performants et (3) choisir et dimensionner des ouvrages de protection.

Compte tenu de la diversité et de la complexité des glissements de terrain (Varnes and IAEG, 1984), il
parait difficile d’utiliser une méthodologie unique pour la création d‘inventaires des événements de
type glissement de terrain. Ces inventaires constituent la base d'une analyse quantitative (Guzzetti et
al, 2012) méme si leur élaboration a toujours une part importante de subjectivité et dépend de la
méthode utilisée (Wills and McCrink, 2002). Le type de glissement de terrain, son occurrence
temporelle et spatiale ainsi que son intensité (exprimée en termes de vitesse de propagation par
exemple) sont des éléments essentiels a intégrer dans l'inventaire. A 1'échelle régionale, la
caractérisation détaillée des événements est chronophage, cofliteuse et dépendante des données
disponibles. Les cartographies d’inventaires sont généralement produites par des méthodes
conventionnelles (campagnes de terrain, photo-interprétation) ou par des techniques plus novatrices
(modeéles numériques de terrain a tres hautes résolution et précision, images satellitaires optiques ou
radar). Les progrés technologiques dans le domaine de la télédétection, en termes de résolution spatiale
et spectrale et de répétitivité des mesures, ont largement amélioré les connaissances des aléas
gravitaires en facilitant leur cartographie et leur surveillance. Dans ce contexte, la télédétection passive
a largement prouvé son utilité, en termes d’efficacité et de rentabilité, notamment pour la connaissance
et cartographie rapide de glissements de terrain, déclenchés par d’autres aléas naturels et localisés
dans des zones reculées (Lu et al.,, 2011; Mondini et al., 2011; Lacroix et al., 2013). La télédétection
active (imagerie radar terrestre, aéroportée ou spatiale) est, quant a elle, fréquemment utilisée pour
identifier les glissements de terrain et mesurer leur cinématique. Par exemple, I'interférométrie radar
permet d’obtenir une cartographie précise des déplacements dans la ligne de visée du capteur. Elle est
particuliérement bien adaptée a la surveillance opérationnelle de mouvements lents, dénudés de
végétation, avec des mesures répétées a intervalles courts. Cette technique comporte cependant de
nombreuses limitations : couverture spatiale et temporelle limitées, influence du couvert végétal, effets
atmosphériques variables et colits opérationnels parfois importants.
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Les méthodes d’évaluation de l'aléa et du risque ne sont pas standardisées a travers le monde mais il
existe un consensus décrivant les approches possibles (van Westen et al, 2006). L’approche dite
“expert” (ou “directe”) consiste a laisser le géomorphologue définir, sur base de son expérience,
I'importance a attribuer aux variables controlant 'occurrence du phénomene. En France, la procédure
des Plans de Prévention des Risques (PPR) prévoit l'utilisation de méthodes directes (MATE/METL,
1999). L’approche quantitative (ou “indirecte”), complexe a mettre en ceuvre, requiert (1) la maitrise
d’outils et de méthodes statistiques sophistiquées et (2) une importante base de données (événements
et facteurs de contréle). Elle utilise des outils statistiques intégrés aux Systemes d’Information
Géographique (SIG) pour identifier les relations entre la localisation du phénomene et ses facteurs de
contrdle (facteurs de prédisposition). Depuis 2008, le “Joint Research Center” (groupe européen
d’experts en glissements de terrain dirigé par Vladimir Sucha et localisé dans des institutions
scientifiques en Belgique, Espagne, Italie, Allemagne et Pays-Bas), au travers de son rapport “Guidelines
for landslide susceptibility, hazard and risk zoning for land use planning” (Fell et al.,, 2008a, 2008b)
recommande l'utilisation des méthodes indirectes pour les procédures de cartographie de la
susceptibilité, de 'aléa et du risque dans un cadre opérationnel.

Obijectifs et cadre de la recherche

Considérant les progrés technologiques dans le domaine de la télédétection (active et passive) pour
I'observation des glissements de terrain, en termes de détection/cartographie et de suivi temporel,
'objectif de ce travail de thése est de proposer une méthodologie pour I'évaluation quantitative de I'aléa
glissement de terrain par l'usage de données multi-sources, de télédétection et de modélisations
probabilistes. Les objectifs principaux de cette recherche sont:

- de créer un inventaire multi-dates de glissements de terrain par des techniques variées et
complémentaires (analyse de photographies aériennes et de cartes géomorphologiques,
interférométrie radar, campagnes de terrain) ;

- de caractériser I'évolution morphologique des glissements observés ;

- de modéliser 'occurrence spatiale et temporelle des glissements pour des unités spatiales
d’analyse appropriées ;

- d’identifier les relations entre les facteurs de prédispositions et les facteurs de déclenchement
(météorologiques).

Les techniques et méthodologies de travail seront évaluées a I'échelle locale (1:5.000-1:2.000) et
régionale (1:25.000-1:10.000) dans la moyenne vallée de I'Ubaye dans les Alpes du Sud. Les archives les
plus anciennes consultées datent de 1850, alors que la plupart des données multi-sources disponibles
dans cette région couvrent la période 1950-2010.

Cette these a été menée a I'Université de Strasbourg, au sein de l'Institut de Physique du Globe de
Strasbourg (IPG, UMR 7516 CNRS-UNISTRA), sous la supervision du Dr J.-P. Malet, du Dr C. Doubre et
du Professeur F. Masson. Elle a été a été financée par le projet européen Marie Curie (FP7) CHANGES,
“Changing Hydro-meteorological Risks as Analyzed by a New Generation of European Scientists”. En plus
des différents cours intensifs organisés dans le cadre du projet permettant aux jeunes chercheurs
d’interagir, une collaboration avec des chercheurs de l'Institut de Recherche pour la Protection
Hydrogéologique (CNR-IRPI) de Pérouse (Italie) a pu étre établie.

Le catalogue des glissements de terrain et les mesures in-situ ont été élaborés par le service RTM-04
(Restauration des Terrains en Montagne) du Département des Alpes-de-Haute-Provence. Les données
GNSS ont été fournies par 1'Observatoire francais des glissements de terrain (OMIV : Observatoire
Multidisciplinaire des instabilités de Versants : http://omiv.unistra.fr). Les mesures tachéométriques
acquises dans la vallée de la Tinée ont été fournies grace a un accord avec le Cerema (Centre d'études et
d'expertise sur le risque, I'environnement, la mobilité et I'aménagement). Les images ALOS/PALSAR
ont, quant a elles, été fournies par 1'Agence Japonaise d'Exploration Aérospatiale (JAXA) et 1'Agence
Spatiale Européenne (ESA) dans le cadre du contrat C1P.8859. Neuf campagnes de terrain ont été
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réalisées dans la vallée de 1'Ubaye au cours de la période 2011-2013 pour la reconnaissance des
glissements de terrain et la cartographie, la validation des signaux D-InSAR ainsi que l'acquisition de
données GPS et LiDAR en collaboration avec d'autres doctorants et collegues de I'I[PGS-EOST (Université
de Strasbourg). En 2012, une visite de terrain sur le glissement de terrain de La Clapiere (vallée de la
Tinée) a été initiée par le Dr T. Lebourg (Laboratoire Géoazur, Université de Nice-Sophia Antipolis).

Contenu de la these

Cette these s’articule en quatre chapitres : les deux premiers définissent la terminologie utilisée et
décrivent les méthodes d’analyse et la zone d’intérét, le troisiéme présente la méthodologie de création
de I'inventaire en intégrant des articles scientifiques et le quatrieme aborde le calcul probabiliste de la
susceptibilité et de I'aléa a I'échelle de différentes unités cartographiques (Fig. R1).

Le chapitre 1 détaille les concepts abordés pour la reconnaissance des phénoménes gravitaires et pour
I'étude de I'aléa glissement de terrain selon la réglementation francaise en vigueur. Les différentes
unités spatiales d'analyse sont présentées ainsi que les méthodes d’estimation de la susceptibilité et de
I'aléa.

Les contextes géographique, géologique, climatique, hydrologique et géomorphologique de la zone
d’étude sont présentés dans le chapitre 2. Les aléas naturels affectant cette région sont présentés en
détaillant des glissements de terrain actifs observés (La Valette, Poche, Super-Sauze, Aiguettes, Pra-
Bellon, Adroit et Saniéres).

Le chapitre 3 présente les événements observés selon I'échelle considérée, en termes :

- de caractérisation de la cinématique a I’échelle du glissement par interférométrie radar ;
- de détection des glissements pour la création d'inventaires par interférométrie radar et
d’interprétation visuelle de données multi-sources.

Ce chapitre s'appuie sur deux articles scientifiques développant et appliquant une méthodologie
d’'interprétation de la cinématique de grands glissements de terrain en utilisant des images radar en
bande L (ALOS/PALSAR). Cette méthodologie propose une interprétation des différences de phase
obtenues pour l'analyse détaillée des zones de déplacements de glissements de terrain actifs et
complexes (La Valette et Poche en Ubaye et la Clapiere dans la vallée de la Tinée). En effet, les valeurs
de différences de phase positives correspondent a des déplacements s’éloignant du satellite, indiquant
les zones d’ablation (ou de subsidence) alors que les valeurs de différences de phases négatives
correspondent a des déplacements se rapprochant du satellite, identifiant les zones de transit ou
d’accumulation. L'interférométrie radar combinée a des données in situ a donc permis de cartographier
I'extension réelle des zones instables et de déterminer les vitesses (ou changements de régime de
vitesses) de déplacement des différentes unités. La deuxieme partie de ce chapitre décrit la
méthodologie de création d’'un inventaire multi-dates, par comparaison et combinaison de données
multi-sources (rapports d’expertises, ortho-photographies, cartes géologiques et géomorphologiques,
données dendrogéomorphologiques, campagnes de terrain, données InSAR). Des fonctions de densité
de probabilité considérant la surface (ou l'aire d’extension) des glissements de terrain permettent
d’analyser et de quantifier leur intensité. L'occurrence temporelle des glissements de terrain (en termes
de déclenchement ou de réactivation) est également calculée sous forme de probabilité de dépassement
(ou de non-dépassement) pour différentes périodes de retour grace a la loi de Poisson.

Le chapitre 4 détermine la susceptibilité et I'occurrence temporelle (incluant une probabilité de taille
minimale) pour la zone d'étude. Une méthodologie de subdivision de la zone d’étude en unités spatiales
d'analyse appropriées est proposée et appliquée a des modeles numériques de terrain de résolution
différente (entre 5 et 25 m). L'occurrence spatiale des glissements de terrain est évaluée par régression
logistique sur base d’une classification des unités de pente. L’occurrence temporelle est calculée pour
différentes périodes de retour (a partir d’'un intervalle d’analyse de 53 ans) et en tenant compte d’une
évolution d’aire d’extension minimale (500 m2). L'intensité des phénomeénes a été estimée en calculant
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I'aire nouvelle affectée dans I'unité d’analyse. Finalement, les résultats de la modélisation sont validés
sur la base des glissements de terrain cartographiés dans la vallée. L’aléa est ensuite analysé a I’échelle
locale pour différentes zones cibles et pour une période de retour de 10 ans.

uFJ Principes de I'évaluation de I’aléa «glissement de terrain»
o e
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Figure R1 : structure du travail de recherche en quatre chapitres et présentation des méthodes et outils employés
dans chacun d’entre eux.



* Chapitre 1: principes d’évaluation de I'aléa « glissement de terrain »

Ce chapitre présente les concepts clés requis pour l'analyse des risques de glissements de terrain ainsi
qu'un état de I'art des techniques utilisées pour I'évaluer qualitativement et quantitativement. Tout
d'abord, les termes utilisés pour reconnaitre, décrire et classer les glissements de terrain a une échelle
d'étude donnée (régionale, locale ou a I'échelle du versant) sont précisés. Deuxiemement, les méthodes
pour cartographier et inventorier les glissements de terrain selon des méthodes traditionnelles ou
avancées sont discutées. Troisiemement, les différentes unités d'analyse (délinéation du territoire ou
grille réguliere) pour analyser la susceptibilité et l'aléa « glissements de terrain » sont décrites.
Quatriemement, les méthodes qualitatives et quantitatives permettant d’évaluer de fagon relative cet
aléa, par exemple via I'occurrence spatiale, sont détaillées. Cinquiemement, les méthodes permettant de
quantifier l'aléa « glissement de terrain» en termes d’occurrence temporelle et d’intensité sont
discutées. Enfin, la derniere partie conclut sur les limites rencontrées au cours de I'évaluation de 'aléa
« glissement de terrain » ; elle décrit également les objectifs spécifiques et les aspects novateurs de
cette recherche, comme suit:

(1) Un inventaire « multi-dates» a été créé a 1'échelle régionale par comparaison des données multi-
sources et comprend un indice de végétation afin de déterminer la (ré)activation des glissements de
terrain au fil du temps ;

(2) Une méthode guidée par l'analyse géomorphologique a été mise en place afin d’interpréter les
données InSAR a I'échelle régionale et a I'échelle du versant afin de détecter différents secteurs
instables et évaluer leur évolution cinématique et spatiale ;

(3) Des données InSAR ont été combinées a des mesures au sol a I'échelle du versant afin de déterminer
différents champs de vitesses associés a des glissements de terrain profonds complexes et de les relier a
la géologie structurale ;

(4) La morphométrie des pentes et des sous-bassins a montré son influence sur la délinéation des
unités de terrain ;

(5) L'unité d'analyse et l'effet des données d'élévation affecte 1'évaluation de la susceptibilité aux
glissements de terrain ;

(6) L'activité des glissements de terrain et de la probabilité de dépassement fondés sur un inventaire
multi-dates a été estimée pour évaluer la récurrence des glissements de terrain en fonction de leur
intensité, ainsi que certains événements potentiellement déclencheurs ;

(7) Les fonctions de densité de taille ont permis de comparer les relations entre la fréquence et l'aire
des glissements de terrain en fonction de la subdivision de I'inventaire selon la situation géographique,
la géologie et la période de temps considérée ;

(8) La susceptibilité des glissements de terrain a été évaluée grace a un modele multivarié considérant
différentes variables dépendantes ;

(9) Les facteurs de prédisposition, ou des glissements de terrain se sont produits et évoluent, ont été
analysés ainsi que la combinaison de l'occurrence temporelle avec l'intensité des événements afin
d’évaluer I'aléa de glissement de terrain sur certains secteurs d’intérét de la vallée de 1'Ubaye (décrits
dans le chapitre 2).

xi



* Chapitre 2 : caractéristiques de la zone d’étude - la vallée de I'Ubaye

Le chapitre 2 décrit dans ses deux premiéres parties
géomorphologiques et géologiques de la zone d'étude. La troisiéme partie aborde les risques naturels
observés dans la vallée, et préférentiellement les différents types de glissements de terrain rencontrés.

Elle évalue I'impact de la gé¢omorphologie sur la distribution des glissements de terrain.

Localisée dans les Alpes du Sud, la région se divise géologiquement selon un axe transversal ouest/est,
divisant le domaine externe constitué de massifs cristallins (Ecrins et Queyras au nord, Argentera et
Mercantour au sud) et de formations géologiques autochtones du domaine interne formé de plusieurs
nappes de chevauchements. La vallée de I'Ubaye constitue donc une zone géologiquement complexe ou
se juxtaposent plusieurs ensembles structuraux. Cette activité tectonique a largement contribué a
genese du bassin et a la dissymétrie de ses versants. Le bassin de Barcelonnette forme véritablement
une ‘cellule’ enclavée entre ses massifs environnants et drainée par le cours moyen de I'Ubaye (Fig.

R2a).

Figure R2

f Glissement de terraln-"
%" i 4 Sommet montagneux T
/ Riviere o Villehvillage ° 25 5 km

b
\&‘

Couches géologiques

Dépds torentels
Dépdts morainiques ('

— Gr&s/blo&sgypse

I Dépots de mames

: la vallée de I'Ubaye dans le sud des Alpes-de-Haute-Provence. (a) Localisation des villages, sommets et
glissements de terrain de Les Aiguettes, Pra Bellon, La Valette, Adroit, Poche et Super-Sauze (b) couches géologiques
superficielles (dépots torrentiels et morainiques), altérées ou remaniées (marnes noires ou chaos de blocs) ou

compétentes et en place (calcaire et gres).
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L’érosion préférentielle a permis de dégager les formations autochtones du Mésozoique de la zone
dauphinoise ouvrant ainsi sur une fenétre géologique. Celle-ci est ouverte entre deux nappes de
chevauchement (Autapie et Parpaillon) constituée de gres ou calcaire, et recouvre le bedrock
autochtone, constitué de marnes noires (Fig. R2b). Ces « Terres Noires » callovo-oxfordiennes sont
tendres et finement feuilletées. Les sources et concentrations d’eau dues a la faible perméabilité des
marnes noires favorisent des surfaces de rupture au contact des formations superficielles ou des
flyschs. Aussi, leur changement rapide d’état ou de consistance favorisent la susceptibilité aux
mouvements de terrain.

Ensuite, plusieurs glissements de terrain actifs et potentiellement dangereux, représentatifs de la
région étudiée, sont présentés ainsi que les études qui y ont été menées. Il s’agit des glissements de Les
Aiguettes, de Pra Bellon, de La Valette et de Sanieres dans la partie nord et de ceux de Poche et de
Super-Sauze dans la partie sud (Fig. R2a).

e Chapitre 3 : un inventaire multi-dates et multi-échelles de glissements de
terrain pour I'’évaluation de I'aléa

L'objectif de ce chapitre est de créer un inventaire multi-dates et multi-échelles des glissements de
terrain en considérant différentes sources d'information (cartes géomorphologiques, données acquises
par télédétection, observations de terrain) a I’échelle du versant et a I'échelle régionale. Ce chapitre est
divisé en trois sections: (1) principes d’analyse multi-échelles de glissements de terrain, (2)
caractérisation des cinématiques de glissements a I’échelle du versant: une méthodologie guidée
géomorphologiquement pour I'analyse d’interférogrammes d’images en bande L, et (3) création d'un
inventaire multi-dates de glissements de terrain a 1’échelle régionale par combinaison de données
multi-sources. Enfin, ce chapitre se conclut par une synthése des résultats de recherche sur
I'interprétation de I'inventaire multi-dates a différentes échelles.

La section 3.1 présente le cadre de l'analyse multi-échelles de la recherche. Il présente les données
disponibles et les techniques d'analyse. La section 3.2 met l'accent sur l'analyse des événements de
glissements de terrain a 1'échelle de pente. Elle présente une méthodologie guidée par une approche
géomorphologique pour interpréter la cinématique de vastes et complexes glissements de terrain a
I'aide de la bande L d’'images SAR (Fig. R3).

Les images ALOS/PALSAR sont traitées avec les algorithmes ROI_PAC et NSBAS afin de créer des
interférogrammes, enroulés ou déroulés. Les résultats DInSAR sont combinés aux mesures au sol pour
cartographier 1'étendue de la déformation de certaines pentes instables. La premiére partie de cette
section décrit le développement de la méthodologie requise pour interpréter les signaux InSAR selon
les différents types de glissements de terrain. Les taux de déplacement et I'évolution géomorphologique
des glissements de terrain sont évalués pour la période 2007-2010. La deuxieme partie de cette section
est une application de ce cadre méthodologique a un glissement de terrain profond complexe actif
contrdlé par les structures (a savoir, le glissement de La Clapiére). L'information obtenue a partir de
déplacement D-InSAR est ensuite intégrée dans un inventaire régional multi-dates créé a partir d'autres
sources de données.
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Figure R3 : Organigramme de traitement d’images radar a synthese d’ouverture (SAR) pour l'interprétation de la
cinématique des glissements de terrain a I'échelle du versant. (a) Les images ALOS/PALSAR, sélectionnées en fonction
d’une ligne de base perpendiculaire inférieure a 1000 m, une ligne de base temporelle inférieure a 92 jours et un
cumul de pluies inférieur a 220 mm entre deux acquisitions, ont été traitées par les algorithmes proposés dans NSBAS
et ROI_PAC afin d’obtenir des images de cohérences ainsi que des interférogrammes filtrés et déroulés en fonction
d’un seuil de cohérence de 0.3. (b) Les interférogrammes ont été corrigés manuellement en soustrayant la valeur de la
médiane des zones stables a proximité des glissements de terrain considérés entourés d’'un « buffer » de 200 m. (c)
L’analyse des déplacements mesurés le long de la ligne de visée du satellite et reprojetés le long de la verticale ou le
long de la pente pour estimer la cinématique de glissements de terrain complexes et I'évolution d’unités spatiales au
cours du temps.

Cette sous-section inclut les articles scientifiques cités et résumés ci-dessous :

Schlégel, R., Doubre, C., Malet, ]J-P., Masson, F. (2015a). Landslide deformation monitoring with ALOS/PALSAR
imagery: A D-InSAR geomorphological interpretation method. Geomorphology 231, 314-330.

L'objectif de cet article est de proposer une méthodologie guidée par la géomorphologie pour interpréter les

interférogrammes créés par Interférométrie Radar Différentielle a Synthese d’Ouverture (D-InSAR) a partir de la

bande L des images ALOS/PALSAR. Les interférogrammes sont utilisés pour estimer le champ de déformation de deux

glissements de terrain rapides et grande ampleur (Poche et La Valette, dans le sud-est de la France). Les valeurs de

phase, enroulées ou déroulées, sont interprétées pour différents types de mouvements (rotationnel, translationnel et

Xiv



complexe) et deux gammes de vitesses de déplacement de surface. Les sous-unités cinématiques sont identifiées pour
d’une part, les glissements de terrain et d’autre part, les zones concernées par un élargissement ou une rétrogression.
Les vitesses de déplacement calculées par I'InSAR sont cohérentes avec les mesures réalisées au sol et avec les
estimations du déplacement effectuées grdce aux bandes C et X des capteurs satellitaires SAR. Les résultats
démontrent le potentiel de la bande L des capteurs interférométriques ALOS/PALSAR pour la surveillance des
glissements de terrain actifs avec des changements importants de l'état de surface du sol et recouverts par la
végétation.

Schlégel, R., Malet, ].-P., Doubre, C., Lebourg, T. (2015b). Structural control on the kinematics of the deep-seated
La Clapiére landslide revealed by L-band InSAR observations. Landslides 1-14.

L'objectif de cet article est de documenter le champ de déformation du glissement profond de La Clapiére pour la
période 2007-2010 a partir de la combinaison d’interférogrammes SAR en bande L, de mesures réalisées au sol grdce
d une station totale et d’identifier les structures géomorphologiques a I'échelle du versant. Les interférogrammes sont
calculés pour des paires d'images ALOS/PALSAR acquises avec un intervalle temporel de 46 jours, et sont traités avec
des algorithmes ROIL_PAC et NSBAS. Le déroulement de phase est réalisé en intégrant les mesures quotidiennes de
déplacement de la surface sur une série de 50 cibles. Les valeurs de phase, enroulées et déroulées, sont interprétées
pour différents types de mouvement (subsidence sur la partie sommitale, accumulation en pied de glissement). Les
résultats démontrent le potentiel de la bande L de I'imagerie ALOS/PALSAR pour la surveillance des glissements de
terrain actifs caractérisés par une structure cinématique complexe et par des changements importants dans la
rétrodiffusion radar de la surface du sol au cours du temps.

La section 3.3 présente la création d'un inventaire multi-dates sur base de données multi-sources pour
I'évaluation statistique des périodes de retour et de l'intensité des glissements de terrain (voir
organigramme en Fig. R4). D'abord, la méthode d'interprétation visuelle utilisée pour identifier les
glissements de terrain est expliquée. Elle est basée sur I'analyse des caractéristiques des glissements de
terrain décrites dans les rapports techniques ou mises en évidence sur les photographies aériennes, les
cartes géomorphologiques, les modéles numériques d’altitude, les cartes de déformation InSAR et les
observations de terrain. L’incertitude des données est prise en compte en considérant la résolution des
ortho-photographies. L’incertitude de cartographie des glissements de terrain actifs est estimée en
considérant une zone « buffer » dépendant de la visibilité mesurée par I'observateur et fonction de la
couverture végétale (ex. glissement de terrain difficilement visible sous forét). L’inventaire multi-dates
permet d’acquérir une information cruciale sur les glissements de terrain réactivés durant certaines
périodes de temps qui sont fonction des périodes d’acquisitions des données d’entrées. La Figure R5
montre le résultat de cet inventaire. L'intensité et la période de retour des événements sont évaluées
grace a plusieurs techniques statistiques. Enfin, les relations entre 'occurrence des glissements de
terrain et les facteurs météorologiques potentiellement déclencheurs sont discutées.

Cette sous-section inclut I'article scientifique cité et résumé ci-apres :

Schlégel, R., Malet, ].-P., Remaitre, A., Reichenbach, P., Doubre, C., (2015c). Analysis of a landslide multi-date
inventory in a complex mountain landscape: the Ubaye valley case study. NHESS 15, 2369-2389.

Nous proposons une méthodologie (1) pour élaborer un inventaire multi-dates des glissements de terrain dans une
zone montagneuse affectée par plusieurs types de glissements de terrain avec différents degrés d'activité, et (2) pour
estimer [l'occurrence temporelle et l'intensité des glissements de terrain a travers l'analyse d’indicateurs
morphologiques. L'inventaire, couvrant la période 1956-2010, est construit pour la partie centrale de la vallée de
I'Ubaye (Alpes francaises du Sud) sur la base de l'analyse des documents multi-sources (cartes géomorphologiques,
rapports historiques des événements de glissements de terrain, enquétes de terrain, série d'ortho-photographies et
d’images satellitaires SAR). Les incertitudes dans l'interprétation des documents et les caractéristiques
morphologiques des glissements de terrain sont prises en compte par rapport a l'échelle des documents sources.
Plusieurs indicateurs morphologiques sont calculés pour décrire quantitativement l'évolution des glissements de
terrain (longueur, superficie, altitude relative, distance entre l'escarpement et le pied du glissement). Les fonctions de
densité fréquence-superficie sont calculées pour estimer les modifications dans les distributions des glissements de
terrain. Un modéle de Poisson est utilisé pour estimer la probabilité de réactivation des glissements de terrain
observés. L'inventaire multi-dates proposé et les statistiques qui y sont associées fournissent des informations
supplémentaires par rapport au catalogue d'événements établi et géré par les autorités locales.
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Figure R4 : Différentes étapes pour la préparation et 'analyse de I'inventaire multi-dates de glissements de terrain :
(1) 1a collecte de données multi-sources couvrant différentes périodes temporelles, (2) I'analyse de l'incertitude de
ces données en termes de résolution spatiale et de correction géométrique, (3) la cartographie des glissements de
terrain en considérant une incertitude induite par la difficulté de visualisation en zones sous forét et les

connaissances du géomorphologue,

(4) la préparation de linventaire multi-dates constitué d’inventaires

géomorphologiques desquels les glissements de terrain actifs pour les différentes périodes de temps considérées
sont distingués (voir Fig. R5), et (5) l'analyse statistique de cet inventaire pour estimer la densité par type de
glissement de terrain, des distributions particuliéres de fréquences de taille de mouvement en fonction de la
lithologie affectée ou de la localisation des phénomeénes, I’évolution temporelle du nombre et de I'aire des glissements
actifs ainsi qu'une estimation de leur probabilité de réactivation pour une période de retour de 5, 10, 25 ou 50 ans.
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Figure R5 : Inventaire multi-dates des glissements de terrain actifs durant la période pré-1956 (A1), entre 1956 et
1974 (Az), entre 1974 et 1982 (A3), entre 1982 et 1995 (A4), entre 1995 et 2000 (As), entre 2000 et 2004 (A¢), et entre
2004 et 2009 (A7).

Ce chapitre met en évidence la difficulté de gérer de nombreuses sources d’information acquises a
différentes périodes mais aussi leur complémentarité en termes de cartographie des différents types de
glissements de terrain. Les résultats de leur cartographie et I'analyse cinématique par interférométrie
radar a I'échelle du bassin versant montrent le champ de déformation réel et ses caractéristiques pour
étudier un type particulier de glissement de terrain et connaitre sa vitesse. Cette étude démontre que la
méthodologie est applicable pour analyser des glissements de terrain actifs et complexes. Les cartes de
déformation du sol générées a l'aide de I'InSAR permettent de détecter des compartiments de
glissements ainsi que des structures profondes jouant un réle dans la déstabilisation des pentes. Les
phases interférométriques enroulées et déroulées sont capables de détecter ces structures et les
déformations du sol qui y sont associées. La vitesse du glissement peut également étre estimée en
tenant compte d’une connaissance a priori du terrain qui permet de guider le processus de déroulage
(unwrapping) de la phase interférométrique. Ces résultats constituent une information pertinente pour
connaitre l'activité et l'intensité des glissements de terrain pendant la période 2007-2010. Ces sous-
inventaires de glissements actifs sont une information précieuse dans la création d'un inventaire multi-
dates de glissements de terrain a I’échelle régionale.

Cet inventaire multi-dates a donc été préparé par 'analyse par photo-interprétation de données de
sources différentes. Par simple comparaison de sets de données, il révele les glissements de terrain
nouveaux et réactivés pour différentes périodes entre 1956 et 2009. Des statistiques descriptives et des
parametres attributaires de mobilité ont été calculés de maniere a caractériser les phénomeénes.
L’évolution de l'activité des glissements de terrain de la vallée de I'Ubaye est ensuite comparée aux
archives constituées par d’autres techniques d’analyse (ex. un catalogue ponctuel d’événements
“glissement de terrain”, un set de données issues de la dendrochronologie) afin d’évaluer son
exhaustivité. Les fonctions de densité de fréquence d’aire montrent des distributions distinctes suivant
la localisation du glissement affectant des couches géologiques particuliéres, suivant la zone nord ou
sud considérée et en fonction de son degré d’activité. La récurrence du phénomene a également été
calculée pour différentes périodes de retour sur base des surfaces actives durant les 53 années
étudiées. La comparaison des événements enregistrés entre 1956 et 2009 avec la base de données
historiques (1850-2012) montre que 'archive disponible est incompléte. En effet, notre analyse visuelle
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des glissements de terrain nouveaux et réactivés permet de détecter davantage d’activations que le
catalogue historique. Ceci démontre que, méme si elle est fastidieuse et chronophage, I'interprétation
visuelle des données de télédétection est toujours indispensable pour I'évaluation de I'aléa “glissement
de terrain”. Des événements météorologiques ont également pu étre corrélés a des périodes d’activité
importante liées aux glissements de terrain. L’analyse de probabilité d’excédence montre que sur une
période de retour de 50 ans, il y a plus de 60 pourcents de chance d’avoir un nouvel événement
“glissement de terrain” sur les parties du territoire déja instables. Cette observation statistique basée
sur l'analyse visuelle de données multi-sources met en évidence la fréquence importante des
glissements de terrain dans la vallée de I'Ubaye.

Les limites des méthodologies mises en évidence dans ce chapitre dépendent de 1'échelle de travail. La
méthode DInSAR utilisée pour identifier et caractériser les glissements de terrain présente des limites
dues a plusieurs facteurs induisant une haute décorrélation du signal, tels que :

- Les taux de vitesse élevés de certains compartiments instables (par exemple, la zone d'ablation du
glissement de terrain de La Valette) ;

- La combinaison de propriétés SAR et des caractéristiques du terrain, induisant un résultat affecté
par une déformation du signal (« layover ») selon l'orientation et I'angle de certaines pentes ;

- Laprésence de végétation dense (y compris avec un capteur utilisant la bande L) ;

- Les conditions climatiques changeantes dans ce contexte montagneux (comme la présence de neige
ou les précipitations intenses) ;

- La ligne de base temporelle qui ne peut excéder 46 jours pour les analyses cinématiques
quantitatives ;

- La ligne de base perpendiculaire entre certaines acquisitions, qu’il est souhaitable de maintenir
inférieure a 1.200 m.

Notons que la méthodologie InSAR ne permet de détecter que les glissements de terrain actifs. Par
conséquent, elle ne peut pas étre utilisée pour constituer des inventaires de glissements de terrain.
Dans cette étude, les signaux InSAR correspondant a la partie active de glissements de terrain sont
recartographiés a plus haute résolution (1:3.000) selon la géomorphologie du terrain. Ces nouveaux
polygones, qui correspondent a des glissements de terrain actifs, ont été introduits dans l'inventaire
géomorphologique de 'année 2009. Malheureusement, en raison des propriétés géométriques (layover,
pentes cachées par rapport a I'angle d’incidence du satellite), ils ne constituent pas un inventaire
complet des mouvements actifs de la région pour une période donnée.

Apres ces analyses d’activité, d'intensité et de fréquence temporelle, 'occurrence spatiale doit étre
évaluée a I'échelle régionale. Dans le chapitre 4, différentes unités cartographiques d'analyse ont été
délimitées sur base de différents modeles numériques de terrain. Ensuite, les modeéles de susceptibilité
des glissements de terrain ont été calculés en fonction des unités d’analyse afin d’évaluer I'aléa relatif
dans la vallée de I'Ubaye. Calculée sur base d’une grille a mailles carrées dans ce chapitre, la probabilité
de dépassement temporel peut également étre évaluée en fonction des unités de terrain issues des
délinéations. Ensuite, l'intensité des glissements de terrain est estimée a partir des glissements de
terrain qui manifestent une évolution de leur superficie, calculée dans la table des attributs de
I'inventaire multi-dates. Trois composantes de I'aléa sont ainsi analysées a 1'échelle locale et comparées
al’ensemble des glissements de terrain observés.

* Chapitre 4 : zonation de susceptibilité et prévision quantitative de I'aléa

Les objectifs de ce chapitre sont (1) d’évaluer l'effet de la délinéation en unités de pente en utilisant
différents MNTs de résolution différente, (2) d’analyser l'effet des “unités terrain” sur la zonation de
susceptibilité aux glissements de terrain et (3) de discuter 'aléa “glissement de terrain” a I’échelle de
zones particuliéres a risque. Le chapitre est divisé en six sections et suit les différentes étapes d’analyse
menant a la cartographie de 'aléa selon I'organigramme présenté a la Fig. R6.
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Figure R6 : Organigramme d’évaluation de l'aléa glissement de terrain par combinaison des estimations des
probabilités spatiale S, temporelle P(N.) et d’évolution d’aire P(AL) incluant des variables dépendantes (glissements
de terrain entiers ou zones d’ablation) et indépendantes (facteurs de prédisposition).

La section 4.1 se concentre sur les effets de la résolution des MNTs sur la délinéation des unités de
terrain. Elle présente les différents modeles d’altitude disponibles et la méthodologie de
partitionnement du terrain. Deux unités d'analyse différentes sont prises en considération pour
I'évaluation de l'aléa : (i) une délinéation en unités de terrain avec une contrainte de superficie afin
qu’elles restent représentatives de la morphologie locale et (ii) une délinéation en unités de pente créée
en considérant les thalwegs et I'orientation des pentes.

Dans la section 4.2, les modeles de susceptibilité, appliqués aux différentes unités cartographiques, sont
calculés par régression logistique.

Dans la section 4.3, les probabilités de dépassement temporel sont calculées pour les unités
cartographiques grace a la loi de Poisson. Ce modeéle évalue la probabilité de déclenchement de
glissements de terrain (a partir de l'inventaire multi-dates présenté au chapitre 3) pour différentes
périodes de retour.

Dans la section 4.4, nous présentons une méthodologie pour évaluer l'intensité des glissements de
terrain a 1'échelle régionale. Leur mobilité est également calculée, et les probabilités temporelles
supérieures a un seuil de taille de glissements de terrain sont estimées pour différentes périodes de
retour.

L’aléa glissement de terrain est analysé a 1'échelle locale sur la base de quatre secteurs préférentiels
dans la section 4.5. Les probabilités d’occurrence des glissements de terrain sont examinées et discutés
pour les bassins versants du Riou-Bourdoux, de Super-Sauze, de Poche et de Sanieres.

Enfin, la section 4.6 aborde I'évaluation de I'aléa et les possibilités d'amélioration de la méthodologie.

Une cartographie exhaustive de la susceptibilité du territoire aux glissements de terrain peut aider les
gestionnaires a évaluer la stabilité des pentes au point de vue des risques naturels et de 'aménagement
du territoire. Malgré les recherches considérables réalisées au cours des deux dernieres décennies sur

la cartographie de la susceptibilité en utilisant des méthodes statistiques, les modeles de susceptibilité
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physiquement basés et associés aux parametres géotechniques sont les plus a méme de représenter les
conditions réelles du terrain. Les généralisations et simplifications couramment adoptées dans 'analyse
statistique de la susceptibilité aux glissements de terrain et les hypotheses sous-jacentes réduisent la
fiabilité des prévisions en raison principalement de la complexité des facteurs contrélant le
déclenchement et la réactivation des glissements de terrain. Cependant, les calculs préliminaires de la
régression logistique utilisés dans cette étude comme outil d’analyse statistique multivariée ont donné
des résultats satisfaisants. Bien que l'optimisation des parameétres pris en compte et des données
supplémentaires (par exemple I'épaisseur du sol) permettraient d'augmenter les performances du
modele, une précision de ~ 78-79% a été estimée. Comme suggéré précédemment, une autre possibilité
aurait été de tester une régression logistique basée sur une grille de pixels et d'analyser la pertinence
des résultats obtenus.

Selon les conditions environnementales et les propriétés des glissements de terrain, la fonction de
probabilité temporelle tenant compte d'un seuil de superficie est difficile a évaluer statistiquement.
L'effet de la taille des unités de pente est un facteur important a considérer ainsi que le tres petit
nombre de nouveaux glissements de terrain au cours des cinquante dernieres années. Dans cette
recherche, un seuil d’aire de 500 m? a été considéré. Une autre possibilité pour analyser I'aléa aurait été
de considérer un seuil plus grand. Il peut, par exemple, étre choisi en fonction de 1'évolution de la taille
la plus faible des trois glissements de terrain actifs décrits dans le tableau R1 (par exemple 5.000 m?).
La probabilité de dépassement pour un glissement de terrain de grandeur donnée doit étre analysée en
fonction du seuil de taille ; mais dans notre zone d'étude, vu que le nombre de glissements de terrain
actifs est faible, la probabilité temporelle (des réactivations de glissements de terrain) sera toujours
sous-estimée. Malheureusement, cette loi statistique ne nous permet pas d'étudier de grandes
réactivations. En effet, des évolutions surfaciques supérieures a 20.000 m? (comme a Sauze et a Poche ;
voir tableau R1) sont difficilement contenues dans la méme unité cartographique d’analyse (unités de
pente) que le glissement de terrain initial.

Tableau R1 : Evolution de la superficie des glissements de terrain de Sauze, Poche et Sanieres pour les périodes entre
1956 et 1974 (Az), entre 1974 et 1982 (A3), entre 1982 et 1995 (A4), entre 1995 et 2000 (As), entre 2000 et 2004 (As),
et entre 2004 et 2009 (A7).

Evolution de
'aire des

glissements de Az As As As Ae A7
terrain (m?)
Sauze 85.346 14.477 20.156 0 1379 4177
Poche 9.320 6.103 22.233 0 0 0
Saniéres 650 0 2.785 0 0 4.129

A ce stade, nous imaginons trois possibilités pour améliorer la fiabilité des résultats, les rendant plus
cohérents par rapport aux conditions du terrain. La premiere option pourrait étre d’agrandir la taille
des unités cartographiques. L'effet sera d'augmenter le nombre de petits glissements de terrain actifs a
l'intérieur de ces unités et par conséquent d’augmenter la probabilité de dépassement d'un seuil donné.
Toutefois, une résolution spatiale plus grossiere de l'unité de cartographie ne peut pas étre justifiée
pour la cartographie des risques selon I'approche de PPRN. Une autre option pour considérer l'intensité
dans 1'évaluation de l'aléa est d'estimer la probabilité de dépassement sur base de meétres carrés
(correspondant aux glissements de terrain) par an. Cependant, ce parametre de vitesse n'a jamais été
utilisé dans l'analyse statistique de glissements de terrain lents et donc, nous ne pouvons pas prédire
une bonne précision des résultats. Enfin, la combinaison de la probabilité d'occurrence de modeles
physiquement basés (intégrant des volumes de débris et/ou la vitesse) est une option non négligeable.
Cependant, ce type d'analyse est dépendant de I'échelle et nous avons prouvé dans cette analyse que
I'obtention d'informations précises a 1'échelle régionale est une tache fastidieuse et chronophage.
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* Conclusions et perspectives

Cette recherche a démontré l'intérét de combiner des données et des techniques multi-sources pour
I'analyse des glissements de terrain a différentes échelles spatiales et temporelles. Les données
acquises au sol et grace aux techniques de télédétection ont été employées pour détecter et surveiller
différents types de glissements de terrain. Les analyses statistiques ont été utilisées pour caractériser
les événements observés et estimer l'aléa glissement de terrain pour différentes périodes de temps.
Selon leurs types et les conditions environnementales, les glissements de terrain peuvent étre actifs
durant de tres courtes ou de trés longues périodes. Cette recherche a étudié la pertinence d’une
combinaison de méthodes pour créer des inventaires multi-dates de glissements de terrain a 1'échelle
du versant (1:5.000-1:2.000) et a 'échelle régionale (1:10.000-1:25.000). L’analyse couvre la période
1850-2010, mais la plupart des données géospatiales utilisées concernent la période 1950-2010. Le site
principal de I'étude est la partie centrale de la vallée de 1'Ubaye (dans le bassin de Barcelonnette), et
comprend une étude de cas dans la vallée de la Tinée.

Compte tenu de la diversité des systémes de télédétection et des techniques modernes de traitement de
I'image ainsi que les différentes approches d'évaluation de l'aléa, un état de l'art de l'analyse des
glissements de terrain est proposé au chapitre 1. Cette revue bibliographique définit les concepts clés
utilisés pour la reconnaissance des glissements de terrain ainsi que la méthodologie d'évaluation de
I'aléa.

Le chapitre 2 aborde les caractéristiques géographiques, géomorphologiques et géologiques de la zone
d'étude. Les risques naturels observés dans la région sont présentés; l'accent est mis sur certaines
zones de localisation préférentielle de glissements de terrains actifs.

Les inventaires de glissements de terrain servent de base a I'évaluation de 'aléa et du risque. Dans le
cadre de cette recherche, des techniques avancées de télédétection (par exemple InSAR) et les
techniques traditionnelles de cartographie (comme l'interprétation d'image, les campagnes de terrain)
ont été utilisées. Malgré certaines limitations, I'InSAR est une technologie de télédétection rentable et
adaptable qui peut compléter les méthodes standards. La création d'un inventaire multi-dates des
glissements de terrain a partir de l'analyse multi-sources et multi-échelles de données multi-
temporelles est présentée au chapitre 3. La cinématique et la répartition spatio-temporelle des
glissements de terrain ont été analysées a différentes échelles.

Dans la premiére section du chapitre 3, des images SAR en bande L (acquises entre 2007 et 2010) sont
utilisées afin de mettre en évidence les champs de déplacement des grands glissements de terrain a
I’échelle de la pente. Une chaine de traitement classique D-InSAR a été utilisée pour la création des
interférogrammes, le filtrage de phase et le déroulement de phase. Les valeurs de phase, enroulées ou
déroulées nous ont permis de détecter des schémas de déplacement de glissements de terrain
complexes et actifs (sur les sites de La Valette, de Poche et de La Clapiére). La méthodologie d’analyse
guidée par une connaissance géomorphologique a priori a proposé une interprétation des signatures
InSAR selon différents modes de déformation. En effet, les valeurs de phase positive (déplacement
s’éloignant du satellite) indiquent les zones d'ablation caractérisées par un déplacement vertical
prédominant (subsidence) tandis que les valeurs de phase négatives (déplacement vers le satellite)
identifient les zones d’accumulation avec un déplacement principalement le long de la pente et donc,
avec une composante horizontale prédominante. Méme a l’échelle du versant, le processus de
déroulement de phase fut une tache difficile pour mettre en évidence les déformations importantes (c >
0,4 cm.our!) dans un environnement montagneux avec une couverture végétale dense et des
conditions météorologiques changeantes. Cependant, les modifications observées dans les champs de
vitesse ont pu étre estimées et validées par des mesures effectuées au sol. Le développement d'une
méthodologie d’analyse guidée par la géomorphologie pour interpréter la phase interférométrique
déroulée a prouvé son efficacité, mais a également montré les limites en termes de vitesse maximale
détectée (en fonction de la longueur d’onde du capteur utilisé). Lorsqu'un déroulage de phase cohérent
n’a pas été possible, la phase non-déroulée nous a donné des informations intéressantes sur l'influence
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des structures géologiques sur les modes de déformation.

La deuxieme section du chapitre 3 détaille la méthodologie pour préparer un inventaire multi-dates a
I'échelle régionale a partir de l'interprétation de divers sets de données. Plusieurs descripteurs de
glissements de terrain ont été utilisés pour documenter la localisation des glissements de terrain et leur
évolution dans le temps et de I'espace. L'analyse comparative de divers ensembles de données est
obligatoire pour créer un inventaire multi-dates cartographique complet. En supposant que tous les
glissements de terrain fossiles, latents et actifs ont été cartographiés, l'inventaire multi-dates est
analysé statistiquement sur plusieurs sous-périodes et sous-régions de la zone d'étude. La comparaison
du nombre de (ré)activations enregistrées dans l'inventaire multi-dates avec des événements ponctuels
enregistrés sur le terrain par les gestionnaires locaux des risques naturels (RTM) et d'autres
géoscientifiques (par dendrochronologie par exemple) montre quelques divergences dues aux échelles
spatiales et temporelles d'analyse. Par exemple, les périodes d'activité des glissements de terrain n’ont
pas été déterminées aux mémes dates avec les différentes techniques. La détermination des facteurs
déclenchants dépend des propriétés des glissements de terrain et des conditions météorologiques
(précipitations courtes et intenses ou continues). Les fonctions de densité de fréquence-surface
indiquent des distributions différentes selon 'emplacement, la géologie et le niveau d'activité des
glissements de terrain. L'estimation de I'évolution temporelle des réactivations de glissements de
terrain avec un modele de probabilité de Poisson nous a permis de calculer les probabilités de
dépassement d'avoir au moins un événement sur différentes périodes de retour.

Le chapitre 4 présente la prévision de susceptibilité aux glissements de terrain et I’aléa dans la vallée de
I'Ubaye en utilisant plusieurs unités spatiales de calcul. Une méthodologie pour délimiter les régions
d'intérét dans les unités appropriées de terrain a été proposée et testée. La procédure de délinéation a
pour but de diviser les demi-bassins en unités en fonction d’un seuil de taille (compris entre 50.000 et
80.000 m?) et disposant de propriétés géomorphologiques identiques. Le but était de fournir de petites
unités de pente et de terrain et de tester l'impact de plusieurs résolutions de modéles numériques de
terrain sur les statistiques des unités de terrain définies. Les probabilités d’occurrences spatiale et
temporelle des glissements de terrain sont ensuite calculées a I'aide de modeles statistiques. Un modele
de régression logistique a été utilisé pour évaluer le zonage de la susceptibilité (S) pour les zones
source de glissements de terrain d'une part et les glissements de terrain entiers d’autre part. Les
résultats obtenus avec des unités de terrain ne sont pas pertinents (nombreux faux négatifs) et
montrent une forte influence de la variable d’altitude (qui peut étre redondante avec certains géotypes).
Le zonage de susceptibilité aux glissements de terrain donne une bonne prévision des zones instables et
génere moins de faux négatifs avec les unités de pente en utilisant un seuil de surface de 2% afin
d'éliminer les petites parties de glissements de terrain se situant dans les grandes unités d’analyse et en
considérant le glissement entier comme variable dépendante au lieu de la zone source uniquement.
Cependant, la régression logistique attribue des valeurs tres élevées de probabilité a un tres petit
nombre d'unités de pente (2,1%), contrairement a ce qu'on aurait pu attendre. Une précision de ~ 78-
79% a été estimée, mais une optimisation des parametres d'entrée (suppression de la variable
d’altitude) et I'ajout de données supplémentaires (telles que l'épaisseur du sol) devraient augmenter les
performances du modele. P(Ny) a été calculée en comptant le nombre d'événements se produisant dans
une unité cartographique pour la période d'analyse. Elle montre une distribution dissymétrique en
raison du fait que de grandes parties de la vallée ne sont pas affectées par les glissements de terrain au
cours de cette période. Sur la base de l'inventaire multi-dates nous donnant des informations sur
I'évolution des glissements de terrain (dont I'augmentation de la taille), la nouvelle taille de chaque
glissement de terrain actif a été délimitée dans chaque unité de terrain pour chaque période d'analyse.
Afin d'estimer la probabilité d'avoir un glissement de terrain d'une ampleur donnée, un seuil de taille
(AL) de 500 m? est choisi. Ce seuil d'évolution de surface a été déterminé systématiquement a partir de
la détection visuelle du seuil de I'évolution sur les orthophotos. Enfin, une analyse de 'aléa glissement
de terrain est proposée pour chaque site d’étude particulier caractérisé par des glissements de terrain
actifs (Pra-Bellon, Sauze, Poche et Sanieres). Selon le zonage de susceptibilité, seul le glissement de
terrain de Pra-Bellon est situé dans une haute classe de susceptibilité alors que les autres sont compris
dans des unités de pente a aléa modéré ou faible, en partie a cause de l'effet de la petite taille des unités

xxii



de pente, conduisant a un nombre artificiellement faible d’événements inscrits au sein de ces unités.

Des perspectives d'amélioration sont proposées pour modifier la délinéation des unités de pente
(générant des unités cartographiques de plus grande taille) ou I'utilisation d’une grille de pixels. Comme
les performances d'analyse multivariée sont limitées, les modeles de susceptibilité physiquement basés
pourraient étre utilisés car ils sont plus appropriés pour expliquer la réponse du terrain aux facteurs
déclenchants en fonction des conditions réelles a I'échelle du versant. Ils ont cependant besoin de
nombreuses données pour caractériser les parametres mécaniques et géotechniques du versant de
I'environnement local et ne sont pas facilement applicables a 1'échelle régionale. Une autre amélioration
pourrait étre I'évaluation de l'aléa en considérant l'intensité des glissements de terrain en termes
d'évolution annuelle relative de la zone de glissement totale (probabilité de dépassement qu’'une
portion donnée de I'unité d’analyse soit affectée par des glissements de terrain) ou d'évolution annuelle
de la longueur de glissement.
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Introduction

Research context: quantitative landslide hazard assessment

Landslides are one of the most dangerous hydro-geological hazards causing damages to natural and
human environments. They can involve flowing, sliding, toppling or falling phenomena and most of the
exhibit a combination of two or more types of movement (Varnes, 1978; Crozier, 1986; Hutchinson,
1988; Cruden and Varnes, 1996; Dikau et al., 1996). Landslides are observed both at the Earth's
continental surfaces and in submarine environments.

Between 2004 and 2010, 2,620 fatal landslides were recorded worldwide, causing a total of
32,322 fatalities (Petley, 2012). The majority of human losses occurred in Asia (Fig. Ia). Some examples
of fatal landslides occurring in 2014 are presented in Figure Ib-e. In December 2014, a landslide has
been triggered by heavy rainfall in Central Java (Indonesia), causing 32 deaths and 76 missing persons
(Fig. Ib). In Europe, intense and/or long rainfall events are the major triggering factors (ex. in
Switzerland, a landslide destroyed a house and killed two people in October 2014; Fig. Ic). Earthquakes
may also trigger numerous (and large) landslides all over the world, such as after the Wenchuan
earthquake (Mw = 7.9) in May 2008, that caused more than 20,000 fatalities (Yin et al., 2009). In August
2014, the Yunnan earthquake (Mw = 6.1) triggered valley-blocking landslides and associated “quake
lakes” which killed 589 people and injured more than 2,300 others in this landslide-prone region of
China (Fig. 1d).

Due to the diversity and complexity of landslide phenomena, a single methodology to identify and map
landslides is difficult, if not impossible. Landslide inventory maps are produced using conventional
methods and new (innovative) techniques (Guzzetti et al., 2012). Conventional methods used to
prepare landslide maps include (i) geomorphological field mapping (Brunsden, 1985), and (ii) visual
interpretation of stereoscopic aerial photographs (Rib and Liang, 1978; Brunsden, 1993; Cruden and
Varnes, 1996). The recent methods for preparing landslide inventory maps are: (i) the analysis of very-
high resolution digital models (DEMs), (ii) the interpretation and analysis of satellite images and, (iii)
the use of new tools and methods based on remote sensing imagery to facilitate rapid field mapping.
These recent methods seem to be less subjective and especially useful to assist time-consuming and
expensive traditional mapping or field surveys over large areas.

The creation of event inventories is the basis of quantitative analyses (Guzzetti et al., 2012) even if their
elaboration has always a part of subjectivity (Wills and McCrink, 2002). The landslide location, type and
intensity (expressed in velocity rates for instance) have to be integrated in the inventory since these
descriptors are required to produce landslide susceptibility, hazard and risk maps. Over large
territories, the detailed characterization of landslide events is expensive, time-consuming and depends
on the available datasets. Creating inventories for large areas (> 100,000 landslide events after the
1998 Mitch storm or the 2008 Wenchuan earthquake) are impossible to be collected without remote
sensing techniques.
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Figure I: Examples of fatal landslides. (a) Spatial distribution of fatal landslides over the period 2004-2010, each dot
representing a single event (Petley, 2012). (b) Banjarnegara landslide in Java, Indonesia occurring in December 2014
(dead=32; missing=76). (c) Landslide in Bombinasco (Switzerland) killing 2 persons in November 2014. (d) Fatal
landslides triggered after the 6.1 Yunnan earthquake in China occurring in August 2014. (e) Oso landslide triggered in
the Washington state in March 2014 which destroyed 49 houses (dead=41; missing=2).

Remote sensing observations and Geographical Information System (GIS) are powerful tools to assess
landslide hazard and are being used extensively in landslide researches during the last two decades
(e.g. Mantovani et al,, 1996; Metternicht et al., 2005; Canuti et al., 2004; Ferretti et al., 2011). Landslide
inventory maps are prepared using various techniques and the selection of the appropriate technique
depends on the purpose of the inventory, the size of the area covered and the time required to complete
the inventory, the skills and experience of the investigators, and the available resources (van Westen et
al,, 2006; Stumpf, 2013; Mondini and Chang, 2014). Landslide detection and mapping strongly benefit
from panchromatic, multispectral and synthetic aperture radar (SAR) images. In the field of optical
imagery, high-resolution satellites (e.g. World-View, GeoEye, and Pléiades) offer a very powerful tool to
create regional inventory maps with a low cost/benefit ratio (Casagli et al., 2005; Lu et al,, 2011). Some
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of the new methods are processed with object-oriented image classification methods (e.g. Martha et al,,
2010; Lu et al., 2011; Stumpf et al., 2013) and change detection techniques (e.g. Mondini et al., 2011).

One of the most promising technique related to the measurement of ground movement is satellite radar
interferometry (Tofani et al.,, 2013). Synthetic Aperture Radar (SAR) images proved useful to detect
single large landslides that have changed considerably the topographic surface or the land cover
(Singhroy et al., 1998; Czuchlewski et al.,, 2003; Lauknes et al., 2010), or to identify areas where
multiple shallow landslides were triggered. Surface elevation data obtained from SAR sensors may also
be exploited to study the displacement field(s) large event landslides. The joint analysis of SAR and
optical (multi-spectral) information still represents an open field of research, with potential new
applications for the detection and mapping of landslide events. SAR images combined with in-situ
monitoring allow a better understanding of landslide geometry and kinematics (e.g. Pancioli et al.,
2008; Peyret et al,, 2008; Peduto et al., 2010; Strozzi et al.,, 2010). In this context, our work proposes to
integrate active remote sensing images for the creation of landslide inventories.

A generic framework for Quantitative Risk Assessment (QRA) exists for landslides and includes from
land use planning and zoning for urban development to “global or regional landslide risk management”
(Fell et al., 2005). The most direct way of computing landslide risk is by quantifying each of the
components of the hazard equation (Hungr et al., 2005; Corominas et al., 2008). The available methods
for assessing the probability of landsliding have been reviewed by Mostyn and Fell (1997), Baynes and
Lee (1998), Aleotti and Chowdhury (1999), Picarelli et al. (2005) and Corominas et al. (2008).
Traditionally, two independent approaches have been used to assess the future occurrence of
landsliding: the analysis of the potential for slope failure and the statistical treatment of the past
landslide events. In order to zone the hazard level, the landslide frequency has to be determined at each
land unit and for each potential landslide type (Corominas et al., 2008). The QRA based on magnitude-
frequency has the advantage of not requiring the assessment of the stability conditions at the potential
landslide source. If the frequency of the landslide triggering event is considered, the QRA requires prior
assessment of the landslide susceptibility of the study area. Numerous research and operational works
carried out by geoscientists all over the world demonstrated that different strategies and a combination
of different methods and techniques have to be applied, depending on the type and number of
landslides, the size and complexity of the study area, and the available data and resources. Despite a lot
of developments in the last decades, methods of hazard and risk assessment are not completely
standardized over the world (van Westen et al., 2006). Since 2008, the “Joint Research Center - European
Landslides expert group” advice the use of quantitative approaches for susceptibility, hazard and risk
mapping (“Guidelines for landslide susceptibility, hazard and risk zoning for land use planning”; Fell et al.,
2008a, 2008b). However, the generation of quantitative risk zoning maps seems still a step too far even
if its main use is in development planning and emergency response planning. For instance, authorities
even change their priorities related to natural hazards after damaging event (hazard management in
the Washington State - SR 530 Landslide Commission report - after the March 2014 Oso landslide; Fig.
Ie). Constructing appropriate hazard maps is thus extremely challenging. The different approaches
existing to evaluate landslide hazard (e.g. heuristic, semi-quantitative, quantitative) are detailed in the
Chapter 1.

Research objectives

The objective of this work is to propose a quantitative assessment of landslide hazard (spatial and
temporal probabilities of occurrence, intensity) from the analysis of a multi-date landslide inventory
created with various data sources. The methodology associates the analysis of Earth Observation (EO)
products and statistical modelling for the characterization of landslide hazard in a rural and
mountainous region of the South French Alps (e.g. middle section of the Ubaye Valley: Barcelonnette
Basin).
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The detailed objectives are:

i) to update existing landslide inventory maps and create a multi-date landslide database of
the Barcelonnette Basin from the interpretation of time series of SAR images, aerial
photographs, geomorphological maps, historical reports and field surveys;

(ii) to characterize the spatial and temporal occurrences (displacement pattern,
geomorphological evolution) and the intensity of the observed events;

(iii)  to identify relations among landslide predisposing factors and the landslide locations using
statistical multivariate models;

(iv)  to propose a quantitative assessment of hazards in a probabilistic framework for the
creation of hazard maps.

The approach is multi-scalar as the methods have been developed at the slope (1:5,000-1:2,000) and
regional (1:25,000-1:10,000) scales. The oldest archives available for this region are from 1850
whereas most of the geospatial data used in this research covers the period from 1950 to 2010.

Framework

The research was conducted at the University of Strasbourg at the Institut de Physique du Globe de
Strasbourg (IPGS, UMR 7516 CNRS-UNISTRA), under the supervision of Dr. ].-P. Malet, Dr. C. Doubre and
Prof. F. Masson. It has been carried out in the framework of the Marie Curie Research and Initial
Training Network “CHANGES: Changing Hydro-meteorological Risks as Analyzed by a New Generation of
European Scientists”, funded by the European Community’s 7th Framework Programme FP7/2007-2013
under Grant Agreement No. 263953. The aim of this project was to understand how global change will
affect the temporal and spatial patterns of hydro-meteorological hazards and associated risks in
Europe. It also analysed how these changes could be assessed, modelled, and incorporated in
sustainable risk management strategies, focusing on spatial planning, emergency preparedness and risk
communication. This interdisciplinary and intersectorial project was an interesting opportunity to
exchange and interact with young scientists of different nationalities during intensive workshops and
international conferences. Several research stays have been carried out at CNR-IRPI (Perugia, Italy)
under the supervision of Dr. P. Reichenbach. The joint work allowed us to delineate the landscape in
different mapping units and propose susceptibility models (collaboration with Dr. M. Alvioli, and Dr. M.
Rossi).

Landslide catalogue and in-situ measurements have been acquired by the RTM-04 (Restauration des
Terrains en Montagne) service of the Département des Alpes-de-Haute-Provence. The GNSS data are
provided by the French Landslide Observatory (OMIV: Observatoire Multidisciplinaire des Instabilités de
Versants: http://omiv.unistra.fr). EDM measurements acquired in the Tinée valley were provided
thanks to an agreement with the Cerema (Centre d’études et d’expertise sur le risque, I'environnement, la
mobilité et 'aménagement). ALOS/PALSAR images are provided by the Japan Aerospace Exploration
Agency (JAXA) and the European Space Agency (ESA) under the contract C1P.8859. Nine field
campaigns were completed in the Ubaye valley over the period 2011-2013 for landslide recognition and
mapping, validation of D-InSAR signals as well as GPS and LiDAR acquisitions with other PhD students
and colleagues from the IPGS-EOST (University of Strasbourg). In 2012, a field visit on La Clapiére
landslide (Tinée valley) was realised, guided by Dr. T. Lebourg (Laboratory GéoAzur, University of Nice-
Sophia Antipolis).

Outline of the thesis

The thesis is subdivided in four chapters (see Fig. I) addressing successively (1) the definition, criteria
and techniques for the establishment of a landslide inventory and the quantitative assessment of
landslide hazard, (2) the physio-geographical settings of the study area and the observed natural
hazards, (3) the multi-technique procedure to create the multi-date landslide inventory and (4) the
forecast of landslide susceptibility and hazard through statistical models.
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Figure II: Content of the manuscript with Chapter 1 dedicating to the principles commonly used for hazard
assessment, Chapter 2 focusing on the study area; Chapter 3 detailing the procedure of inventory creation, including
InSAR interpretation and Chapter 4 estimating the susceptibility and hazard using different terrain units.

The Chapter 1 provides a review of the concepts used for the detection and recognition of landslides
and the procedures for landslide hazard assessment in relation with international standards and the
French policy regulation for natural risk mapping. The mapping units are presented as well as the
techniques for susceptibility zonation and hazard assessment.
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The Chapter 2 details the geographical, geomorphological and geological characteristics of the study
area. The natural hazards observed in the region are presented with focus on some active and
monitored landslides (La Valette, Poche, Les Aiguettes, Pra-Bellon, Adroit and Sanieres)

The Chapter 3 analyses the kinematics and the spatio-temporal distribution of the landslides at
different scales. First, the kinematic of large landslides is monitored by the interferometric analysis of
L-band SAR images at the slope-scale. Second, a multi-date inventory is created at the scale of the region
by the visual interpretation of geospatial data, the analysis of interferometric phase values and the
analysis of historical reports. The chapter is organized along a published manuscript and two
manuscripts currently under review. The first two manuscripts are detailing a geomorphologically-
guided methodology developed to interpret the kinematics of large and active landslides by using L-
band (ALOS/PALSAR) imagery. Radar interferometry combined with in-situ measurements allowed us
to define the deformation field of unstable areas and to detect new sliding zones. Then, the
methodology of multi-date inventory preparation is described. Probability density functions are
calculated in order to estimate area-frequency relationships. The temporal occurrence of landslides is
estimated with a Poisson probability model to compute exceedance probabilities for different return
periods.

The Chapter 4 forecasts the landslide susceptibility and hazard for the entire territory using several
spatial units of calculation. A methodology to delineate the regions of interest into appropriate terrain
units is proposed and tested. A logistic regression model is used to evaluate the spatial occurrence of
landslides on the basis of several mapping units. Three statistical probabilities (spatial, temporal and
temporal according to an intensity threshold) are examined to analyse the landslide hazard at regional
scale (results of the spatial, temporal landslide occurrence obtained for the Ubaye valley). The results
are discussed and compared on some local hotspots. Perspectives of improvement are proposed.
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CHAPTER 1: Principles of landslide hazard assessment

This chapter provides the key concepts required to analyse landslide hazard as well as a review of
techniques to assess it qualitatively and quantitatively. First, the terms used to recognize, describe and
classify landslides at a particular study scale (i.e. regional, local or slope scale) are explained. Second,
the methods to map and inventory landslides in traditional or advanced ways are discussed. Third, the
different units of analysis (i.e. terrain or grid-based) to analyse landslide susceptibility and hazard are
described. Fourth, qualitative and quantitative methods for a relative landslide hazard assessment, i.e.
to evaluate spatial occurrence, are detailed. Fifth, methods to quantify landslide hazard assessment in
terms of temporal occurrence and magnitude are discussed. The final section concludes on the
limitations encountered to evaluate landslide hazard and the main goals and innovative aspects of this
research.

1.1. Landslide recognition and description

1.1.1. Definition and study scales

A landslide is the movement of a mass of rock, debris, or earth down a slope, under the influence of
gravity (Varnes, 1978; Cruden and Varnes, 1996). Mass movements are occurring over the world; their
triggering factors are numerous and function of their type: intense or prolonged rainfall, earthquakes,
rapid snow melting, and a variety of human activities. Landslides may involve a fall, a flow, a slide,
a topple or a combination of two or more types of movements (Varnes, 1978; Crozier, 1986; Cruden and
Varnes, 1996; Dikau et al,, 1996). In this chapter, we explore issues of landslide inventory, landslide
susceptibility, landslide hazard and briefly those of elements at risk, vulnerability and risk (see Fig. 1-

1).

HAZARD VULNERABILITY ELEMENT AT RISK
H,=P(A,)*P(N,)*S

» Type Composition Type

@ Mechanism - for property Temporal variation

8 Extent - - for persons Quantification

l:.'f Rate EXPOSURE Degree of loss (scale) - Number
Magnitude Value of the damage - Economic value
Frequency Internal mechanisms

Figure 1-1: Concepts of hazard, exposure and vulnerability (with the element at risk) and risk.

A landslide inventory clusters information on the classification, location, size, activity and date of
occurrence of individual landslides in an area (Hansen, 1984a; McCalpin, 1984; Wieczorek, 1984). The
landslide susceptibility (S) is a quantitative or qualitative assessment of the classification, the extension
(volume or area) and the spatial distribution of landslides which exist or potentially may occur in an
area. Susceptibility may also include a description of the velocity and intensity of the existing or
potential landsliding. The landslide susceptibility zoning involves the classification, the size and the
spatial distribution of existing and potential landslides in the study area. It usually involves the
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Chapter 1: Principles of landslide hazard assessment

development of landslides inventory which have occurred in the past together with an assessment of
the areas with a potential to experience landslides in the future, but without assessment of the
frequency (annual probability) of occurrence. The hazard is the probability that a specific damaging
event will happen and will cause an undesirable consequence (Cardona et al., 2003; Crozier and Glade,
2005; Fell et al.,, 2008a; Corominas et al., 2014). The description of landslide hazard includes the
location, the extent, classification and velocity of the potential landslides and any resultant detached
material as well as the probability of occurrence of a particular size of event P(A4.) within a given period
of time P(NL). The landslide hazard zoning takes the outcomes of landslide susceptibility mapping, and
assigns an estimated frequency (annual probability) to the potential landslides (e.g. Gupta and Joshi,
1990).

The degree of loss to a given element or set of elements at risk within the area affected by the landslide
hazard is defined as the vulnerability (Leone et al.,, 1996; Hearn and Griffiths, 2001; Glade, 2003; Glade
and Crozier, 2005; Roberds, 2005; Li et al., 2010; Pascale et al., 2010). It is expressed on a scale of 0 (no
loss) to 1 (total loss) and is a function of the intensity of the phenomenon (Canuti and Casagli, 1996).
For property, the loss will be the value of the damage relative to the value of the property; for persons,
it will be the probability that a particular life (the element at risk) will be lost, given the person(s) is
(are) affected by the landslide. The elements at risk are the population, buildings and engineering
works, economic activities, public services utilities, infrastructure and environmental features in the
area potentially affected by the landslide hazard (Varnes and [AEG, 1984).

Finally, the risk is a measure of the probability and severity of loss to the elements at risk, usually
expressed for a unit area, over a specified period of time (Dai et al., 2002; Fell et al., 2005; Leroi et al,,
2005). The landslide risk zoning takes the outcomes of hazard mapping and assesses the potential
damage to persons (annual probability the person most at risk loses his or her life) and to property
(annual value of property loss) for the elements at risk, accounting for temporal and spatial probability
and vulnerability (Finlay and Fell, 1997; Finlay et al., 1999; Chacén and Corominas, 2003; Cascini et al,,
2005).

1.1.2. Classification criteria
1.1.2.1. Landslide types and geomorphological features

Any analysis of landslide hazard and risk has to apprehend the variety of landslide types and of the
geologic, topographic, and climatic environments in which they occur. Geoscientists distinguish
landslides that are triggered in rock formations from those occurring in coarse- or fine- textured
unconsolidated soils or sediments (see Fig. 1-2). They further categorize landslides considering their
failure mechanisms (falls, topples, slides, spreads and flows), water content and velocity (Varnes, 1978;
Cruden and Varnes, 1996). According to Varnes (1978), movements that have a particular initial failure
mechanism but one or more different styles of subsequent movement are called “complex landslides”.
Failure types are recognized according to their specific morphologic features (e.g. main scarp,
secondary scarps, crown, cracks, depletion zone, accumulation zone). The red lines in Fig. 1-2 show
landslide types studied in the framework of this research.
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Figure 1-2: Landslide classification according to the type of movement, the type of material and the velocity scale
(modified after Cruden and Varnes, 1996)

1.1.2.2. Velocity and size of landslides

The expectable displacement rates are closely linked to the landslide type and constitute a further
criterion. Possible displacement rates vary by orders of magnitude ranging from a few millimetres per
year to several meters per second (Cruden and Varnes, 1996). Therefore, landslide velocity scale can
vary from very slow (e.g. soil creep) to very rapid (e.g. loess flow). According to the Cruden and Varnes
(1996) classification, landslide velocity classes rank the risk on a scale from a low risk Class 1 (where
mitigation works can reduce the risk from slow-moving slides), up to a Class 7 (where there is an
expectation for the loss of life). This parameter has a strong influence on the applicable mapping
technique and the choice of the observation frequency.

The landslide area spans the range from less than a few square metres (e.g. shallow soil slides) to
hundreds and even thousands of square kilometres (e.g. large submarine failures). Defining a proxy to
measure landslide magnitude is a challenge in hazard assessment. The frequency-size distribution can
be calculated either on the basis of the area (e.g. Hovius et al., 1997; Pelletier et al., 1997; Guzzetti et al,,
2002; Malamud et al., 2004) or the volume (e.g. Fujii, 1969; Hungr et al., 1999; Li et al., 2001; Guzzetti et
al, 2003) of the failed materials. Landslide inventories usually give total landslide areas, with areas
including both the failure and runout. It can be argued that just the landslide failure area or the
landslide volume would be preferable (Malamud et al., 2004a). However, these quantities are often
difficult to determine and their estimation is chiefly based on the type of failure, and the morphology
and geometry of the detachment area and the deposition zone (Brunetti et al., 2009). Like for
earthquakes, the frequency of the events and their magnitude present a power-law trend. Small
landslides are represented at the high-frequency low-magnitude portion of the distribution and large
landslides by the linear low-frequency tail.

47



Chapter 1: Principles of landslide hazard assessment

1.1.3. Landslide abundance and evolution in time

Long-term evolution (i.e. over years or decades) of landslides can be measured considering spatial
evolution and internal morphologic reshape of the slope. Lateral enlargement or retrogression over
time shows their level of activity. According to the McCalpin (1984) classification, the age of the latest
movement is identified in function of morphologic parameters of the landslides (see Fig. 1-3). However
in mountainous context where vegetation is dense, landslides are not easily visible either in the field or
by photograph analysis. Morphologic differences exist among landslide types, which can cause two
slides of different type to appear similar, even if their ages are different. Landslides on surfaces of
different aspect or slope are modified at different rates by different dominant slope processes.
Geomorphic basis for landslide age classification considers the concept of deterministic, unidirectional
landform change with time proposed by Davis (1899) in his “geographic circle” of youth, maturity and
old age. A multi-temporal landslide inventory (or a multi-date landslide inventory) provides
information on landslide evolution in time at medium or regional scales. A method to quantify the
geographical (spatial) abundance of landslides is the preparation of landslide density maps. Indeed,
landslide density (or frequency) maps measure the spatial distribution of slope failures (Campbell,
1973; DeGraff, 1985; DeGraff and Canuti, 1988). Depending on the type of mapping unit used to
compute and portray the density, they can be based on statistical or geomorphological criteria (Guzzetti
etal., 2000).
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Figure 1-3: Classification of landslide activity levels in function of the geomorphological features (modified after
McCalpin, 1984 and Thiery, 2007).
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The short-term evolution (i.e. over days or months) of landslides mostly considers the analysis of
parameters allowing us to assess their kinematics. Monitoring of landslide velocity is difficult without
on site instruments, which is expensive and time-consuming. Other techniques (e.g. by remote sensing)
described in the next section allow getting information about some landslide characteristics, like the
type, the activity, the size, or the velocity rate, describing the sliding motion(s). In case of a complex
landslide, sliding compartments can also move with different velocity rates in different directions,
which is interesting to analyse and evaluate. Limitations according to slope angle, vegetation or
particular climatic condition found in mountainous environment can be difficult to manage but some
techniques, such as radar remote sensing, can allow us to deal with. Morpho-structural maps and
kinematical analyses are often conducted at local or slope scales.

1.2. Creation of landslide inventories

As already mentioned, a landslide inventory records information on the classification, location, size,
activity and date of occurrence of landslides visible in the landscape (PasSek, 1975; Hansen, 1984a,
1984b; McCalpin, 1984; Wieczorek, 1984; Guzzetti et al., 2000). Landslide maps can be prepared using
different techniques (Guzzetti, 2006). The selection of a specific technique depends on the purpose of
the inventory, the extent of the study area, the scale of the base maps, the resolution and characteristics
of the imagery (e.g. aerial photographs, satellite images, LIDAR data), the skills and the experience of
the geomorphologist, and the data source available to achieve the work (Guzzetti et al., 2000; van
Westen et al,, 2006). Two or more techniques can be combined to prepare an inventory map. Different
types of possible inventories as well as techniques to map them will be detailed in this section.

1.2.1. Types of landslide inventory maps
1.1.2.1. Event inventory maps

Event inventory maps document the extent of populations of landslides caused by a single natural
trigger, such as an earthquake (e.g. Wasowski et al., 2002; Parker et al., 2011), an intense rainfall event
(Guzzetti et al., 2004; Cardinali et al., 2006; Mondini et al., 2013; see Fig. 1-4), or a rapid snowmelt event
(e.g. Cardinali et al., 2000). Extension and magnitude of the landslide events are documented in those
inventories, whereas they are key information of determining the dismantling of a mountain range and
also reliable statistics of landslide size, chiefly landslide area (Guzzetti et al., 2002; Malamud et al.,
2004b). These inventories can be represented as point type (e.g. Govi, 1977; Jibson and Keefer, 1989;
Tibaldi et al., 1995; Keefer, 2000; Harp et al.,, 2011a, 2011b). In this case, a centroid point locates the
landslide event (see example for the Barcelonnette area; Fig. 1-6a) and its characteristics are indicated
in an attribute table.

1.1.2.2. Geomorphological inventory maps

A geomorphological inventory map details the sum of many landslide events over a period of some tens,
hundreds or even many thousands of years (e.g. Galli et al,, 2006; Fig. 1-5). It is typically prepared
through the systematic interpretation of one or two sets of aerial photographs, at print scales ranging
from 1:10,000 to 1:70,000, aided by field observations. Geomorphological inventory maps cover areas
ranging from few tens to a few thousand square kilometres (see second map at Fig. 1-6a). Their
preparation depends on the extent of the study area, the availability, scale and number of the aerial
photographs, the complexity of the study area, and the time and resources available to complete the
project. All different types of landslides are typically represented in a single map. Alternatively, a set of
maps can be prepared, each map showing a different type of failure, i.e. deep-seated slides, shallow
failures, debris flows, rock falls, etc. (Cardinali et al., 1990).
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Figure 1-4: Example of event landslide inventory maps in Taiwan. (a) Location. (b) Pre-event landslide inventory map
prepared through the visual interpretation of FORMOSAT-2 images showing landslides triggered by multiple rainfall
events before March 16, 2009 in the study area and the surrounding region. (c) Post-event landslide inventory
showing landslides identified visually on orthophotographs taken about 20 days after the Typhoon Morakot (Mondini
etal,, 2013).

1.1.2.3. Multi-temporal and multi-date inventory maps

A multi-temporal landslide map is the most advanced form of landslide inventory (Fausto Guzzetti et al.,
2006). It includes the location and types of landslides in an area and shows their recent evolution in
space and time. Preparing a multi-temporal inventory is a difficult and time consuming operation that
involves the assimilation of multi-source data: (1) information obtained by systematically interpreting
all the aerial photographs available for a study area, irrespective of age, scale and type of the
photographs; (2) data from field surveys, conducted after landslide triggering events; (3) information
on the occurrence of historical landslide events, obtained by looking at multiple archive and
bibliographical sources; and sometimes, (4) information on ground movements obtained through in situ
measurements and remote sensing technologies (detailed in the next section). Because of the difficulty
and complexity in preparing a multi-temporal inventory, these maps are rare or of limited extent,
ranging from few tens to few hundreds of square kilometres (e.g.,, Hovius et al., 1997; Cardinali et al,,
2004; Guzzetti et al,, 2005; Galli et al., 2008; Fiorucci et al., 2011).

Figure 1-5: Inventory maps for the Umbria region, Italy. (a) Location. (b) Portion of the geomorphological inventory
map (Galli et al, 2008). (c) Portion of the multi-temporal landslide inventory map prepared through the
interpretation of 5 sets of aerial photographs (Galli et al., 2008).

Successful production of event-based and multi-temporal landslide inventories is often hampered by
the lack of a timely coverage of aerial photographs. To overcome this limitation, investigators have
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attempted to exploit satellite images to detect and map landslides (e.g., Huang and Chen, 1991;
Mantovani et al., 1996; Lin et al., 2002; Hervas et al., 2003; Cheng et al., 2004; Nichol and Wong, 200543,
2005b; Metternicht et al,, 2005; Lee and Lee, 2006; Hong et al., 2007; Saba et al., 2010; Mondini et al,,
2013).

An alternative, mixing event- and multi-temporal inventories, may be a multi-date inventory. In some
areas of the world, there are a few major triggering events and landslides are more driven by the
combination of forcing factors, which are often local and moderate. According to the climatic conditions
of the area, the vegetation cover removed or disturbed after a landslide event can recover fast. In those
conditions, the detection of landslide activation by conventional and remote sensing methods is difficult
or even impossible. The multi-date inventory combines several geomorphological landslide inventories
at several times (according to the available aerial images or orthophotographs). One inventory has been
created at a particular time is considered as complete (combination of observations from several
recognition fields, archive and multi-source data). The other inventories are created by comparison to
this one: (1) new landslides are clearly visible; (2) lateral, downslope and/or upstream enlargement of
old landslides are observed; (3) reactivation(s) inside landslide bodies is (are) distinguished. The base
inventory can also be compared to past-data where landslides were smaller or not yet visible. This
multi-date inventory can be divided according to their activity (see Fig. 1-3) in order to separate very-
old, dormant and active landslides. For an accurate mapping, the geoscientist must be well trained to
the visual analysis of the datasets and their changes over time according to his knowledge of the field.
The final multi-date map can only represent typologically correct landslides which are completely new
or old ones which have been reactivated between the considered periods of time (e.g. two available
orthophotographs).

1.2.2. Conventional methods for the creation of landslide inventories
1.2.2.1. Visual analysis of aerial photographs

Brunsden (1993) wrote, “The landslide researcher's best friend is still the aerial photograph. Everyone
is familiar with the (...) capabilities of this medium and there can be few studies carried out which do
not use interpretation of air photos in some form”. Mantovani et al. (1996) even concluded that aerial
photographs are the most important remote sensing tools in landslide studies. For a trained
geomorphologist, interpretation of the aerial photographs is an intuitive process that does not require
sophisticated technological skills. The technology and tools needed to interpret aerial photographs are
simple (e.g., a stereoscope; Fiorucci et al., 2011; Fig. 1-6b) and inexpensive, if compared to other
monitoring or landslide detection methods (Guzzetti, 2004). More than two decades later, and despite
significant technological innovation (see Section 1.2.3.), in many cases interpretation of the aerial
photographs (or orthophotographs) remains the most common method to recognize precisely
landslides, and to prepare paper maps or store them in computer systems. However, using conventional
mapping methods, the production of seasonal and multi-temporal landslide maps is time consuming
and resource intensive (Galli et al., 2008; see Fig. 1-5). In addition, the technique remains qualitative as
it does not allows us to determine directly landslide velocities.

1.2.2.2. Field mapping

Mapping landslides in the field is part of standard geomorphological mapping (Brunsden, 1985).
However, the detection of old landslides (see Fig. 1-3) is particularly difficult due to: (1) the size of the
landslide, often too large to be seen completely in the field; (2) the viewpoint of the investigator, often
inadequate to observe all parts of a landslide (e.g., the scarp, lateral edges, deposit, toe) with the same
detail, and (3) the vegetation coverage or the dismantling by other landslides, erosion processes, and
human actions, including agricultural and forest practices (Guzzetti et al., 2012).

Generally, field work is conducted to (1) identify and map landslides triggered by a specific event or in a
period (e.g., Brabb et al, 1989; Baum et al, 1999; Cardinali et al., 2006; Santangelo et al., 2010);
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(2) obtain general and specific information of the landslides (e.g. type, characteristics, orientations), to
exploit for improved visual interpretation of the aerial photographs or satellite images (Guzzetti and
Cardinali, 1990), and to (3) check (validate) inventory maps prepared using other techniques
(Brunsden, 1985; Guzzetti et al., 2000; Cardinali et al., 2001).
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Figure 1-6: Landslide inventory maps created by conventional and advanced techniques. (a) Examples of landslide
event, geomorphological and multi-date inventory maps; (b) Conventional methods used for the creation of landslide
inventories (i.e. aerial photograph analysis and field observations); (c) Advanced spaceborne, airborne and ground-
based technique for landslide mapping and monitoring (modified after Stumpf, 2013).

1.2.3. Advanced methods for the creation of landslide inventories and the quantification of
landslide parameters

Over the past three decades, geophysical techniques and most notably remote sensing have become a
key component of landslide investigation (Metternicht et al, 2005). According to the available
platforms, remote sensing can be grouped in spaceborne, airborne and ground-based techniques (see
Fig. 1-6¢). Key developments comparing to the conventional methods are: (1) the advance in satellite
image interpretation with the application of radar and laser technologies; and (2) the increased use of
photogrammetry to allow remote collection of rock-slope property data (Petley, 2012). Throughout this
period there has been a progressive improvement in the spatial resolution of the data available, cost,
and geographic coverage. The different methods are stated in Table 1-2 and briefly explained below.

Electronic Distance Meter (EDM) equipment and the theodolite are classical tools for the monitoring of
active landslides. They are currently used for displacement measurements at high temporal resolution
and centimetre-level accuracy and often coupled to other techniques (Squarzoni et al.,, 2005; Fig. 1-7).
EDMs can be operated automatically to measure displacement along the direction of the laser beam at
distances up to 1,000 m with specifically designed prism targets (Malet et al., 2002). Since EDMs only
allow to measure distances in the direction of the laser beam, they are typically combined with
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tacheometer in integrated systems (i.e. total stations) and/or with defined prism targets (Castagnetti et
al,, 2013; Giordan et al., 2013).

Table 1-1: Information given by the several advanced ground-based, airborne and spaceborne methods and their

associated references.

Method Information References
EDM/Total station Distances, velocities Malet et al,, 2002; Squarzoni et al., 2005; Santangelo et al,,
2010; Castagnetti et al., 2013; Giordan et al., 2013

TLS Displacement fields, volumes, Teza et al,, 2007, 2008; Travelletti et al., 2008, 2010; Baldo et
structures al,, 2009; Oppikofer et al., 2009; Prokop and Panholzer, 2009

ALS High resolution topography Lineback Gritzner et al,, 2001; McKean and Roering, 2004;
Landslide detection Glenn et al., 2006; Razak et al., 2011; Van Den Eeckhaut et al,,
Regional risk analysis 2012; Giordan et al., 2013

Terrestrial SP Features, changes e.g. Kaufmann, 2012

Spaceborne DIC Landslide detection and (semi- Singhroy and Molch, 2004; Leprince et al., 2008; Martha et al.,

Airborne DIC

)automatic mapping,
displacement fields

Landslide detection, displacement
fields

2010, 2012; Mondini et al, 2011, 2013; Stumpf and Kerle,
2011; Booth et al.,, 2013; Lacroix et al, 2013; Stumpf et al,,
2013; Raucoules et al., 2013

Casson et al,, 2003; Delacourt et al., 2004, 2009; Debella-Gilo
and Kaab, 2012

Airborne SP Landslide features detection Casson et al.,, 2005; Baldi et al.,, 2008; Dewitte et al., 2008;
Strozzi et al., 2010; Fiorucci et al., 2011
Spaceborne SP Features, changes, displacement e.g. Stumpfetal., 2014
fields
Terrestrial DIC Features, structure, changes, e.g. Travelletti et al., 2012
displacement fields
Classical DInSAR Deformation, 1-D displacement Fruneau et al,, 1996; Massonnet and Feigl, 1998; Squarzoni et
fields al,, 2005; Delacourt et al., 2009; Garcia-Davalillo et al., 2013;
Nikolaeva et al., 2014; Schldgel et al.,, 2015a
(PS) Ferretti et al,, 1999, 2011; Colesanti et al., 2003; Bovenga
Advanced DInSAR Deformation, 2-D displacement et al, 2012; Herrera et al, 2013; Ciampalini et al., 2014;
fields (SBAS) Berardino et al,, 2002; Tolomei et al.,, 2013; Calo et al,,
2014; (combined) Hooper, 2008; Lauknes et al, 2010;
Singleton et al., 2014; Wasowski and Bovenga, 2014
GB-InSAR Deformation mapping, Tarchi et al., 2003; Strozzi et al., 2012; Pieraccini, 2013

displacement fields

Comparison of repeated LiDAR (Light Detection and Ranging) surveys should allow for the detection of
active or recurrent slope failures over large areas (e.g. Glenn et al, 2006; Fig. 1-7). Laser scanning
surveys may provide volumetric information important to erosion studies. Airborne laser scanning
(ALS) can be an important data source for producing event and geomorphological landslide maps. It is
also one of the few remote sensing techniques that allow us to investigate landslides under dense
vegetation (Razak et al.,, 2011; van den Eeckhaut et al., 2012). However, the effort is hampered by the
possibility of co-registering the different LIDAR surveys with sufficient topographic accuracy to
measure the topographic changes caused by the movement of the landslides (e.g. of TLS in Baldo et al,,
2009), and to resolve potential morphological ambiguities when the variations are small.

Stereo-photogrammetry (SP) relies on basic principles of image matching and stereo-vision. It targets
the reconstruction of surfaces and displacement from multiple images acquired on the ground. Stereo-
or multi-view camera setups (terrestrial SP) with multiple elevation data indicate a great potential of
time-lapse stereo for landslide monitoring with a reported accuracy of # 5 cm.yr! (Kaufmann, 2012).
Image correlation of monoscopic time-series (terrestrial DIC) has still relatively a few field applications
to landslides. Most DIC techniques use a window-based search to match areas with a similar appearance
among two images. Recently, Travelletti et al. (2012) demonstrated the possibility to monitor 2D
surface displacement with a fixed installed camera including a detailed analysis of the sources of
potential errors.
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Figure 1-7: Capability of remote sensing techniques for landslide monitoring regarding (a) spatial coverage, (b)
spatial resolution and measurement accuracy and (c) temporal resolution (modified after Stumpf, 2013).

High-resolution optical and SAR images from airborne and spaceborne platforms are commonly used for
landslide inventory mapping (Guzzetti et al., 2012). 2D displacements are commonly derived using
Digital Image Correlation (DIC) techniques from series of panchromatic satellite images or high
resolution SAR amplitude images (spaceborne DIC) and from series of aerial images (airborne DIC).
Space- and airborne DIC with optical images has been employed in numerous case studies using both
VHR satellite images and aerial photographs (e.g. see Table 1-2) to measure 2D displacement with
decimetre-level accuracy. They exploit mainly multi-spectral data, time-series of panchromatic images
and in some cases also high-resolution SAR amplitude images (see examples at Table 1-2). Processing
DIC requires precise co-registration and orthorectification which typically needs a number of well
distributed tie points (image to image), ground-control points (GCPs, image to ground) with known 3D
coordinates and an adequate Digital Elevation Model (DEM).

SAR sensors are active devices with the unique ability to extract information from an area during the
night, and when clouds cover the area. In principle, this allows us to detect fresh landslides during or
immediately after a triggering event. The limited ground resolution of the SAR sensors, the peculiar
geometry of the acquisition, and the difficulty in processing the SAR data, hamper the possibility of
using SAR data to detect and map small to medium size landsides in rugged terrain. However, SAR data
proved to be useful to detect single large landslides that have changed considerably the topographic
surface or the land cover (e.g., Singhroy et al.,, 1998; Lauknes et al., 2010), or to identify areas where
multiple shallow landslides were mobilized by a triggering event in a catchment, providing valuable and
timely information for post- event relief efforts, and erosion studies (Guzzetti et al., 2012). SAR Offset
tracking can be applied on SAR images in L-, C-, and X-band but denser (spatially and temporally) and
more accurate measurements can be obtained with VHR X-band satellites. TerraSAR-X and
CosmoSkymed are also more flexible in acquisition programming and thus have better capability to
acquire images for the same site from different orbits, and thus view angles (Raucoules et al., 2013).
Surface elevation data obtained from SAR sensors (e.g. TerraSAR-X) may also be exploited monitoring
complex displacement patterns of large landslides of up to 20 m.yr! with a precision of 0.1 m
(Raucoules et al,, 2013). The joint analysis of SAR and optical (multi-spectral) information represents
an open field of research, with potential new applications for the detection and mapping of event
landslides.
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Series of stereo-images are also exploited to reconstruct the topography of some landslides and
monitor their kinematics. Airborne stereo-photogrammetry (airborne SP) has been applied in many
studies to analyse archived aerial photographs typically for one particular landslide (e.g. Casson et al.,,
2005; Baldi et al., 2008; Dewitte et al., 2008). The parallax shift between multiple stereo-pairs allows
reconstructing the surface and vertical changes; associated orthophotographs can be used to track
horizontal displacements (Stumpf, 2013). Such techniques typically achieve decimetre-level accuracy
and provide reliable information about horizontal displacement and vertical changes in the past.
Nevertheless, they depend on the revisit time of the aerial surveys (typically several years). Spaceborne
stereo-photogrammetry (spaceborne SP) follows similar principles than classical airborne SP but with
lower geolocalisation accuracy and a 0.5-m spatial resolution. It has mainly been used for volume
estimation after catastrophic failures and vertical errors (in the range 2-6 m) have been reported (e.g.
Martha et al., 2010b).

Relevant information for landslide detection and monitoring can be extracted with Differential SAR
interferometry (DInSAR). Classical SAR interferometry (classical DInSAR) exploits the phase difference
between a pair of radar images with a temporal baseline depending on the repeat pass-cycle of the
satellite. Precise explanation and limits of the technique and the advanced DInSAR methods will be
explained in Chapter 3. Numerous case studies have shown that classical and advanced spaceborne
DInSAR can be used to measure landslide deformation along the Line-Of-Sight (LOS) with accuracies in
the range of centimetres to millimetres according to: the classical technique, the Permanent Scatterers
approach (PS-InSAR), the Small Baseline approach (SBAS) and combinations of different advanced
approaches or multi-sensors (e.g. see Table 1-2). Ascending and descending orbits of SAR satellites can
be combined to retrieve full 3D displacements (Rocca, 2003). Many considerations regarding the site
characteristics and displacement rates are rather fundamental and will also apply to future satellite
missions. The upcoming Sentinel-1 data will provide publically available C-band images at a 12-day
repeat-pass cycle and a large 250-km swath. They are eagerly awaited for their capabilities to measure
faster displacement rates with higher precision and at lower costs (Rucci et al., 2012).

High-resolution airborne SAR has a great potential for displacement monitoring (DIC and InSAR),
estimation of soil parameters, and the investigation of the 3D structure of vegetation and man-made
objects. However, currently the processing chain is still rather complex and the costs for repeated
surveys are very high (Reigber et al., 2012).

Ground-based (GB) InSAR systems are most currently operated in the Ku-band, while also systems with
longer wavelength (X-band, C-band, S-band) are being tested. Operational commercial GB-SAR systems
are available but the development is ongoing and proposed upgrades will significantly lower the
systems costs and enhance the imaging frequency (Tarchi et al.,, 2003). In contrast to real-aperture
radar, current SAR systems are faster and lighter (Pieraccini, 2013), whereas developing real-aperture
prototypes (Strozzi et al., 2012) may give new performance perspectives in the near future.

1.2.4. Current limitations of ground-based measurements and satellite imagery for landslide
mapping: quality and incompleteness of landslide inventory maps

In general, an event inventory map is more complete than a geomorphological inventory. Immediately
following a landslide triggering event (i.e., a rainstorm, an earthquake or a snow melt event), the
landslide morphology is generally well recognizable by conventional techniques allowing for the
production of complete (or nearly complete) event inventories. In some cases, typical landslide features
(e.g., the crown area, the lateral shear boundaries, or a bulging toe) may not be clearly identifiable,
particularly where the landslide did not mobilize material after failure (Cardinali et al., 2000).
Establishing the exact location of the landslide boundary is often impossible based solely on surface
morphological information, especially for large and complex landslides. The problem may not be
relevant when compiling small- to medium-scale event inventories, but becomes a problem in the
preparation of large-scale event inventories (Guzzetti, 2006). In addition, old, dormant landslide bodies
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reshaped by subsequent erosional processes, cannot easily be identified and correctly classified. The
factor of uncertainty cannot be readily evaluated and explicitly incorporated in the subsequent phases
of the analysis, as it depends on: (1) the skills of the investigator, (2) the quality and (3) the scale of the
aerial-photographs and base maps used (Carrara et al., 1995). An error in mapping the boundary of a
large landslide may affect significantly the measure of the size of the landslide, negatively affecting the
frequency-area statistics that can be obtained from event inventory maps (see section 1.5.2).

Finally, the contribution of remote sensing, in the form of stereo aerial photograph and satellite image
interpretations, largely improves the understanding of landslide characteristics (e.g., distribution and
classification), factors (e.g., slope, lithology, geostructure, land use/land cover, rock anomalies) and
displacement fields (e.g. 3D displacement). Nowadays, it becomes mandatory for mapping, monitoring,
spatial analysis and hazard prediction, at local and regional scale (see Fig. 1-7).

1.3. Scale and spatial units of analysis

1.3.1. Working scale

Different working scales are used in the research on landslide hazard and risks. Indeed, five levels can
be found in the literature: (1) the national scale; (2) the regional scale; (3) the medium scale; (4) the
large scale and (5) the detailed or slope scale (van Westen, 1993; Soeters and van Westen, 1996). Table
1-2 summarizes the map scales of the landslide inventory, susceptibility, hazard, risk and an example of
zoning application. For landslide risk assessment (Crozier and Glade, 2005), two embedded scales of
analysis are required (Brand, 1988; Charlier and Decrop, 1997; Aleotti and Chowdhury, 1999):

(a) a detailed or large scale to focus on an unstable slope or site to have precise data and evaluate
precise factor of safety or triggering factors (Maquaire, 2002; Malet, 2003);
(b) a medium or regional scale extended to a catchment to transpose the results obtained in (a).

Table 1-2: Scales for landslide zoning mapping and their applications (modified from van Westen, 1993; Soeters and
van Westen, 1996; Maquaire, 2002).

Type Extension Typical scale Example of zoning application
National > 10,000 km2 1:1,000,000 National landslide inventory
Regional > 1,000 km?2 <1:100,000 Landslide inventory and susceptibility to inform the general public
and policy makers.
Medium 100-1,000 km?2 1:50,000 - Landslide inventory, density maps and susceptibility zoning for
1:25,000 regional and local development. Preliminary hazard mapping
(expert or statistical approaches).
Large 10-100 km?2 1:25,000 - Landslide inventory, susceptibility and hazard zoning for local areas
1:5,000 (statistical or deterministic approaches). Preliminary risk zoning.
Detailed <10 km? >1:5,000 Advanced level hazard and risk zoning for specific areas

(determinist approach).

Examples of transposition of results between scales are rare. Indeed, rock massifs are generally too
complex in terms of hydrological or geomechanical properties which may induce a non-sense
simplification. In addition, different landslide types with particular triggers often characterize an area.
Two types of approaches are recognized for the different working scales (Soeters and van Westen,
1996; van Westen, 2004):

(a) The deterministic approaches (physically-based model) consider direct measurements of
(geotechnical, hydrological, etc.) parameters of the slope. These models are essentially
deserved to large or local scales (Chowdhury, 1976; Malet, 2003);

(b) The statistical approaches are based on spatial correlations between the mapped phenomena
and the predisposing factors. These models are dedicated to medium or large scale of analysis
(Carrara etal., 1995; van Westen et al., 2006).
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These different approaches for landslide hazard assessment are described in sections 1.5 and 1.6 with a
few focuses on detailed scale. In France, the regulatory landslide hazard zoning maps are those found in
the “Plan de Prévention des Risques de mouvements de terrain” (PPRmt) methodology. In the regulated
frame of the PPRmt, the hazard analysis and zoning is at 1:10,000 according to a qualitative expert
investigation (Leroi, 1996; MATE/METL, 1999; Malet et al., 2006). The map divides the municipality
into areas exposed to high risk, moderate risk or without predictable risk and is annexed to the “Plan
local d’Urbanisme” (PLU). In Europe, first geomorphological analyses considering the landslide hazard
were proposed in the years 70-80s in Kienholz (1977, 1978), Amadesi and Vianello (1978), Malgot and
Mahr (1979), Ives and Messerli (1981), Rupke et al. (1988) or through ZERMOS maps at 1:25,000
(Antoine, 1977).

1.3.2. Representation of the terrain within the spatial unit

The selection of an appropriate unit of analysis is mandatory for landslide hazard assessment. It clearly
depends on the study site (geomorphology, extension) and the available base maps (resolution,
precision). The “terrain-unit” (or mapping unit or homogeneous domain) refers to a portion of the land
surface which contains a set of ground conditions that differ from the adjacent units across definable
boundaries (Hansen, 1984a; van Westen et al., 1993, 1997; Carrara et al.,, 1995; Luckman et al., 1999).
At the scale of the analysis, the spatial unit represents a domain that maximises internal homogeneity
and between-units heterogeneity (Guzzetti et al., 1999; Guzzetti, 2006). Various methods have been
proposed to partition terrain for landslide susceptibility assessment and mapping (Meijerink, 1988;
Carrara et al., 1995; Soeters and van Westen, 1996; Guzzetti et al.,, 1999; Guzzetti, 2006). According to
the literature, all methods fall into one of the following seven groups: (1) grid-cells, (2) terrain units, (3)
unique condition units, (4) slope units, (5) geo-hydrological units, (6) topographic units, and (7)
political or administrative units. The first approaches will be detailed in the next section while the
second considers the other methods (i.e. from 3 to 7). This selection of a mapping unit is important as it
affects the way uncertainties in the input data are dealt with, the model fit, and the reliability of the
obtained susceptibility zonation (Guzzetti et al., 1999). The main advantages and drawbacks of the
different types of mapping units are known (e.g. van Westen et al.,, 1993; Carrara et al., 1995; Guzzetti et
al,, 1999; Van Den Eeckhaut et al., 2005; Guzzetti, 2006; see on Table 1-4) but only a few investigators
have critically examined the influence of different terrain subdivisions on susceptibility zonation
(Carrara et al.,, 1995; Carrara and Pike, 2008; van den Eeckhaut et al., 2009).

Table 1-3: Comparison of advantages and disadvantages of the main terrain-units for landslide hazard mapping
(adapted from Carrara et al., 1995).

Unit of analysis Consistency Physical meaning Technique Rapidity of acquisition
Grid-cell High Low to medium Automatic High

Terrain unit

- Unique condition unit  High Medium Automatic High

- Slope-unit High Medium to high Automatic Low

- Geomorphologic unit  Low High Manual-Autom. Low

1.3.2.1. Grid-cell approach

Many raster-based GIS users (e.g. Bernknopf et al., 1988; Mark and Ellen, 1995) implied the division of
the region of interest into grid-cells of given size as terrain-unit of reference. In the susceptibility
assessment processing, each cell has an assigned value from each considered predisposing factors. The
main advantage of the technique is the fast and algorithmically simple computer processing and
manipulation. In the 90’, this technique was criticized because of its low accuracy due to the large cell-
size required due to limited computing power. Nowadays, the trend of this technique is to use small
grid-cells (e.g. same resolution than the available elevation data) to avoid special inaccuracy after
processing a complex statistical technique over large areas. Numerous landslide hazard studies prefer
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this technique instead of large grid-cell size (e.g. Carrara, 1983), which may result in a hazard map that
is overly generalized (e.g. Nefeslioglu et al., 2008; Das et al., 2010; Pradhan, 2010; Motamedi and Liang,
2013). Large grid-cell sizes are used when the study area is a mountain range (Havenith et al., subm.), a
country (Koukis et al., 2005; Malet et al,, 2009, 2013) or a continent (Giinther et al., 2007, 2013;
Reichenbach et al., 2007).

1.3.2.2. Terrain units approach

The first technique is based on a partitioning of the study site into polygons of homogeneous slopes (i.e.
slope-units; see Fig. 1-8a1). They can be catchments or sub-basins where only the topography is taking
into account for the partitioning. Identification from a DTM is either manual or automatic (Carrara et al.,
1988, 1995). Then, the information given by the predisposing factors are combined into the
corresponding slope-unit (Fig. 1-8a2). Another technique exploits the basic function of a GIS to obtain a
combination of factors stored in a single map or layer. Each combination, called Unique Condition Unit
(UCU; Chung et al., 1995), is coded and represents the whole of the factors for a unique cell. In each cell,
more there are factors, more there are units. The partitioning technique can also be based on main
geomorphological units observed by an expert (Meijerink, 1988). Indeed, in natural environments, the
interrelations between materials, forms and processes result in morphological boundaries which
frequently reflect geomorphological and geological differences. Comparing to the others, this approach
is purely expert-based and thus, not applicable generally (Carrara et al., 1995; see Table 1-2). However,
the partitioning is possible in a GIS by combining the classified factors as polygons (van Westen et al.,
2000, 2003; Clerici et al., 2002). Then, it requires a unique coding in order to obtain less ‘unique’
polygons with the same characteristics. This latter technique is rarely used in landslide susceptibility
assessment.

Terrain units/ Factor 1
geomorphologic

units.

Factor 1 Factor 2

Eactor 2 Factor 3

Factors
combination

Factor 3

Crop/combination
of factors
Terrain units

[ including factors
C: Catchment ¥ information

U: Homae unit I

Cells

Unigue recoded
conditions units
map

Figure 1-8: Terrain unit approaches. (a1) Homogeneous units based on the slope-unit principle proposed by Carrara
(1988) and (a2) combination of predisposing factor for landslide susceptibility assessment into the TUs. (b1)
Homogeneous units based on the rasterisation into grid-cells (pixels) and (b2) homogeneous units based on
combination of factors (cell-format) resulting into Unique condition units as proposed by Chung et al. (1995).

1.4. Landslide conditioning factors

In the field of landslide analysis and hazard zoning, the expert defines the phenomenon and the roles
played by the predisposing and the triggering factors. Indeed, landslides are controlled by mechanical
laws that can be determined empirically, statistically or in deterministic fashion. Conditions that cause
landslides (instability factors), are directly or indirectly linked to slope failures, can be collected and
used to build predictive models of landslide occurrence (Crozier, 1986; Dietrich et al., 1995). Landslide
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susceptibility using statistical methods allows us to correlate landslides location and some predicting
variables (i.e. predisposing factors) to obtain susceptibility maps (e.g. van Westen, 1993; Carrara et al,,
1995; Chung et al., 1995; Soeters and van Westen, 1996; van Westen et al.,, 2006; Rossi et al., 2010).
Whereas triggering factors consist of variables that directly cause the slope failure. Therefore, they are
mandatory in landslide hazard assessment as temporal probability is approached through long-term
records of landslide-triggering factors (see Fig. 1-9). Different predisposing and triggering factors and
their importance in landslide hazard is shown in Fig. 1-10.
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Figure 1-9: Potential phases of landslide activity according to the analysis of predisposing or triggering factors, for a
susceptibility or hazard assessment, respectively (modified from Vaunat and Leroueil, 2002).

1.4.1. Predisposing factors

Hydrological and morphological parameters are generally obtained from DTM. Hydrological variables
include the length, gradient, order and magnitude of drainage channel (for a review of these different
factors see Sidle and Ochiai, 2006). Morphological variables include mean elevation, standard deviation
of elevation, mean length, mean terrain gradient, standard deviation of terrain gradient, aspect, and
terrain roughness. These independent variables can either be used independently and be kept in a
pixel-cell based way or they may be included in a terrain-unit according to the chosen partitioning
method. In the latter case, maximum, mean, standard deviation of parameters can be calculated for each
terrain unit and derivative variables describing the shape of the slope unit profile (concave, convex,
irregular, etc.) can also obtained (Rossi et al.,, 2010).

Lithological, structural and bedding information are obtained from a geological map (e.g. 1:10,000) but
can also be completed by field measurements (e.g. fault orientations). The lithological information is
usually divided lithological units of same properties. Bedding domains can also be considered in terms
of the geometrical interaction between bedding attitude and the local slope (Cruden, 2003).

The vegetation cover is another major parameter that influences slope stability (e.g. Fuchu et al., 1999;
Reid and Page, 2003). Indeed, it contributes to a better rainfall infiltration and reduces the grain-by-
grain erosion of the soil; and plants roots increase the cohesion of the soil. However, in some cases, the
presence of large trees on steep slopes can also increase the probability of landslides.

1.4.2. Triggering factors

Catastrophic landslides are mainly triggered by large earthquakes (for a review see Keefer, 2002) or
heavy rain (see De Vita et al., 1998). Those are the only two triggering factors which can produce large
clusters of individual landslides (Crozier, 1996). Earthquake triggering of landslides is very common
but not quantitatively understood. Keefer (1984, 2002) observed from a worldwide catalogue of
landslides and earthquakes that the minimum magnitude for an earthquake to trigger a landslide was
M=4, and that the area where landslides occur increases with magnitude. Malamud et al. (2004a) found
from a worldwide inventory that the minimum magnitude to trigger a landslide was M=4.3+0.4.
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Figure 1-10: Schematic representation of basic data sets for landslide susceptibility, hazard and risk assessment with
an indication of the ideal update frequency, an indicator of the usefulness of remote sensing for the data acquisition,
an indication of the importance of the data layer at small, medium, large and detailed scales, related with the
feasibility of obtaining the data at that particular scale and for hazard models, an indication of the importance of the
data set for heuristic models, statistical models, deterministic models and probabilistic models (modified from van
Westen et al., 2008).

Ground water level and pore pressure changes result from the infiltration from surface (rainfall,
snowmelt, leaking pipe...), or exfiltration from bedrock, preferential flow and convergent flow leading to
water accumulation (Tatard et al., 2010). This in turn leads to increased pore water pressure which
reduces the soil strength and increases stress (Ray and Jacobs, 2007).

Other processes known to influence slope stability are freeze-thaw cycles (Matsuoka and Sakai, 1999;
Frayssines and Hantz, 2006), snow-melt episodes (Sandersen et al.,, 1996; Frayssines and Hantz, 2006;
Gruner, 2008), glacial and fluvial downcutting (Wieczorek, 2002), deglaciation (Wieczorek, 2002; Holm
et al,, 2004), neotectonic stresses (Ai and Miao, 1987; Julian and Anthony, 1996) and anthropic works
(Smyth and Royle, 2000; Stark et al,, 2005). In the latter case, an increase in slope angle (e.g. road
cutting steepening hillslopes or other urbanization works) or an excavation of a cutslope toe
indubitably contribute to the triggering of a landslide.

1.5. Methods for a relative estimation of landslide hazard (spatial occurrence)

The spatial probability of landslides can be estimated using a variety of statistical techniques. They are
usually based on two assumptions: (1) that areas which have experienced landslides in the past are
likely to experience them in the future and (2) that areas with a similar set of geo-environmental
conditions as those of the failed areas are also likely to fail in the future (Guzzetti et al., 1999; Fell et al.,
2008a). Therefore, quantitative estimates of the spatial location of future landslide sources depend on
the detailed information on the distribution of past landslides and a set of thematic variables such as
slope angle, aspect, lithology, etc. that has initiated these landslides. The second assumption facilitates
in predicting the geographical location of future landslides in passive areas (i.e., areas presently devoid
of landslides) provided the geo-environmental conditions remain the same. The above assumptions
have been successfully used for statistically quantifying landslide susceptibility (LS) at a basin scale
(Jaiswal et al,, 2010).
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1.5.1. Qualitative or knowledge-driven approaches

The qualitative analysis is a direct (or semi-direct) method in which the geomorphological map is
renumbered to a hazard map or in which several maps are combined into one using subjective decision
rules based on the experience of the earth scientist (Mantovani et al., 1996). Heuristic methods for
spatial prediction of landslide occurrence can either be direct or indirect (see Fig. 1-11).

1.5.1.1. Direct mapping

In the direct method, very detailed geomorphological mapping is carried out, using uniquely coded
polygons which were evaluated one-by-one by an expert to assess the type and degree of hazard
(Barredo et al,, 2000). Thus, the degree of hazard is determined by the geomorphologist mapping with
care, based on his experience and knowledge of the terrain conditions. If the resulting map is checked
statistically with the input landslide occurrence map, it can be stated that the percentage of
misclassification is 0, which means that all landslides actually occur within the high hazard zones (van
Westen et al,, 1999). The main disadvantage of direct mapping is that the quality of the resulting hazard
map is completely depending on the experience, skill, and commitment of one individual or mapping
team. Due to this subjectivity, the reasoning behind the outlined hazard classes is often not presented
on the hazard map.

Methodology recognized by French authorities for landslide risk assessment is based on this principle.
It is applied at 1:10,000 scale for the elaboration of the “Plan de Prévention des Risques” (PPR;
MATE/MATL, 1999). The expert defines the type of phenomenon, the role of the predisposing factors
(e.g. slope gradient, lithology, land use) and the triggers (e.g. earthquake, rainfall, anthropic actions).
This approach is the result of an analogical argument between the phenomenon and the role played by
each factors. Some weights are attributed to them in agreement to his knowledge of the field and
sometimes, some experiments or researches in order to evaluate the recurrence of the phenomenon
over the next 100 years.

1.5.1.2. Indirect mapping

In indirect heuristic methods, individual factors assign specified weight values or ratings that are based
on subjective criteria. The main limits or problems of heuristic methods are related to the subjectivity
involved while one main advantage is that they can allow site specific evaluations of the causal factors,
and avoid the generalization that is often used in data-driven ones (van Westen et al., 2003).

In the Fuzzy Logic method of landslide hazard zonation, each landslide explanatory variable is
represented by a value between 0 and 1 based on the degree of association of these parameters with
landslide occurrence (Champatiray, 2000). Weighs are assigned to the causative factors. Landslide
events are outcome of several explanatory variables at a time which call for application of multivariate
methods for a more accurate mapping.

Multi-criteria evaluation enables the integration of different data layers with different levels of
uncertainty for landslide hazard mapping and zonation. Over the last two decades, there have been a
number of multi-criteria decision rules implemented in the GIS environment including the weighted
linear combination or weighted summation/Boolean overlay methods (e.g. Carver, 1991), the analytic
hierarchy process (e.g. Banai, 1993), ordered weighted average (Yager, 1988), the ideal/reference point
methods (e.g. Eastman, 1997) and the outranking methods (e.g. Joerin et al.,, 2001). The attempts of
landslide susceptibility mapping have used GIS-based multi-criteria approaches including mainly the
Boolean overlay and the weighted linear combination methods (Malczewski, 1999). According to
Feizizadeh and Blaschke (2012), analytic hierarchy process performed good results in landslide
susceptibility mapping.
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Figure 1-11: Qualitative and quantitative approaches for landslide hazard assessment

1.5.2. Quantitative or data-driven approaches

Quantitative approaches can be divided into statistical and deterministic analyses (see Fig. 1-11)
according to Mantovani et al. (1996). The statistical analysis is an indirect method in which statistical
analyses are used to obtain predictions of the mass movement from a number of parameter maps.
Deterministic analyses are indirect methods in which parameters are combined in slope stability
calculation.

1.5.2.1. Bivariate models

The bivariate statistical analysis compares each data layer of causative factor to the existing landslide
distribution (Kanungo et al.,, 2009). Weights to the landslide causative factors are assigned based on
landslide density. Frequency Analysis approach, Information Value Model (IVM), Weights of Evidence
(WofE) Model, Weighted overlay model etc. are important bivariate statistical methods used in
landslide hazard assessment mapping (Pardeshi et al., 2013).

Frequency (or likelihood) ratio model is based on observed relationships between the landslide
distribution and each causative factor related to landslides. This method can be used to establish a
spatial correlation between landslide location and landslide explanatory factors (Lee, 2005). The
frequency ratio for each sub-class of individual causative factor is calculated based on their relationship
with landslide occurrence. The LS index is computed by summing of frequency ratio values of each
factor. Some studies show satisfying applications all over the world to assess landslide spatial
distribution (Lee, 2005; Pradhan et al., 2006; Balteanu et al,, 2010; Goswami et al., 2011).
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Information Value model (IVM) is based on relationships between landslide occurrence and related
parameters (Sarkar et al., 2006). The information values are determined for each subclass of landslide
related parameter on the basis of presence of landslide in a given mapping unit. Pereira et al. (2012)
used IVM to evaluate the role of different combinations of landslide predisposing factors in the
occurrence of shallow landslides in parts of Northern Portugal. IVM is also a useful method in
determining the degree of influence of individual causative factor responsible for landslide occurrence.

In landslide susceptibility assessment, the Weight-of-Evidence (WofE) is a log-linear form of the
Bayesian probability model that uses landslide occurrence as training points to derive prediction
outputs. It calculates both unconditional and conditional probability of landslide hazards. This method
is based on calculation of positive and negative weights to define degree of spatial association between
landslide occurrence and each explanatory variables class. The WofE model has been used for landslide
susceptibility since 1990’s (Blahut et al., 2010). It uses different combinations of landslide causative
factors in order to describe their interrelation with landslide distribution. WofE statistical method for
landslide susceptibility modelling has proved to be a useful spatial data prediction model in many
research works (e.g. van Westen et al., 2003; Thiery et al., 2007; Sterlacchini et al., 2011; Martha et al,,
2013).

1.5.2.2. Multivariate models

Carrara et al. (1977, 1978) introduced two main approaches of multivariate analysis: (1) a statistical
analysis of point data obtained from checklists of causal factors associated with individual landslide
occurrences and (2) a statistical analysis performed on terrain units covering the whole study area. For
each of the units, data on a number of geological, geomorphological, hydrological, and morphometrical
factor is collected and analysed using multiple regression or discriminant analysis (Carrara et al., 1978,
1988, 1990, 1991, 1992; Carrara, 1983).

Discriminant analysis allows us to determine the maximum difference for each independent variable
(e.g. predisposing factors) between landslide group and non-landslide group and to determine weights
for these factors (Lee et al., 2008). In case of slope units partitioning, each one is classified into landslide
affected and landslide-free classes and then relative importance of each variable is calculated. Results
show relative importance of each variable in a discriminant function as a predictor of slope instability
(e.g. Guzzetti et al., 1999; Ardizzone et al.,, 2002; Cardinali et al., 2002). Variables with high coefficient
values are strongly associated with presence or absence of landslide. The goal is to establish a model to
sort the mapping units into their appropriate groups with minimal error.

Among the wide range of statistical methods proposed in LS mapping, logistic regression (LR) analysis
has proven to be one of the most reliable approaches (Ayalew and Yamagishi, 2005; Rossi et al., 2010).
The model helps in establishing a multivariate relation between a dependent (landslide) and several
independent variables, which are the predisposing factors for landslides. Basically, LR analysis relates
the probability of landslide occurrence (having values from 0 to 1) to the “logit” Z (where -1<Z <0 for
higher odds of non-occurrence and 0<Z <1 for higher odds of occurrence). In its most simple form the
LR model can be quantitatively expressed the probability of landslide occurrence as:

Pr:; (1)

1+e~Z
where P is the probability of a landslide occurring, and z is the linear combination:
Z=B+P1X1+B2X2+ - + BuXn (2)
The LR analysis assumes the term Z to be a combination of the independent set of geographical

variables X; (i =1,2,..,n) acting as potential causal factors of landslide phenomena. The coefficients i (i =
1,2,..,n) are representative of the contribution of single independent variables X; to the logit Z. It has to
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be noted that the LR approach does not require, or assume, linear dependencies between dependent
term of P and the independent set of variables representing causal factors. P varies between 0 and 1 on
an S-shaped curve as Z varies from —-co to +c0 (Menard, 1995). An exponential equation and coefficients
are estimated using maximum likelihood criterion and correspond to the estimation of the more likely
unknown factors. Multivariate regression analysis plays a central role in statistics that make it one of
the most powerful and commonly used techniques (McCullagh and Nelder, 1989). However, this
approach inherently has some limitations such as generalizing and simplifying causal factors. In
addition, this method does not take into account the temporal aspects of landslides and is not able to
predict the impact of changes in the controlling conditions.

In the cluster analysis, the definition of clustering could be “the process of collecting objects into groups
whose members are similar in some way” (Kaufman and Rousseeuw, 1990). As for any other problem
in unsupervised learning, it deals with finding an unknown structure in a collection of unlabelled data.
The goal of clustering is thus to determine the intrinsic grouping in a set of unlabelled data and to
exploit this result in order to reduce the number of erroneous samples introduced in the training set.
The procedure with a dataset partitioned into k clusters aims to maximize the similarity between
objects in a cluster and its prototype and minimize the similarity between cluster barycentres. The
simple Euclidean distance is often used to group similar data instances. In landslide susceptibility
zonation the variables used in classification are not immediately comparable (Melchiorre et al., 2008).

Another technique is the use of artificial neural networks (ANN) for the determination of weight value in
hazard assessment. The weight, either fixed or standard, is of relative importance among predisposing
factors such as slope, curvature, and soil texture, and the rating is of relative importance among the
classes of each factor (Lee et al., 2004). They should be determined based on objective analysis and not
on subjective expert opinions. For instance, if slope is more important than soil texture in landslide
occurrence, the relative importance value is the weight; and if a 30° slope is more hazardous than a 5°
slope, the relative importance value is the rating. Due to their dynamic, flexible and nonlinearity-
adaptable features, ANNs have an advantage of being able to deal with complex input-output
relationships. Despite its black box features, ANNs can be used as a powerful tool when different types
of landslides with complex mechanisms exist in medium or regional scale studies (Ercanoglu, 2005).

A decision tree is a technique for finding and describing structural patterns in data as tree structures
and making predictions using the data (Witten and Frank, 2005). The main advantage is that a decision
tree does not require the relationship between all the input variables and an objective variable in
advance. A decision tree can also handle data measured on different scales, without any assumptions
concerning the frequency distributions of the data (Friedl and Brodley, 1997). Data-mining tools are
can be used to construct the decision trees based on an algorithm (e.g. C4.5) and detect landslides using
satellite optical images (Schlogel, 2009). The decision-tree models are also useful for estimating
landslide distributions (Saito et al., 2009) but even if some studies have given good predicting results
(e.g- Yeon etal,, 2010), their applications in landslide susceptibility are still limited.

1.5.2.3. Deterministic models

In deterministic analysis, the landslide hazard is evaluated using slope stability models, resulting in the
calculation of factors of safety (van Westen et al., 1997). The development of several high-quality
constitutive models for geomaterials and numerical codes combined with an increasing computer
performance, allow us to predict, simulate and evaluate the behaviour or stability of any slopes
submitted to different instability factors with relatively good accuracy (Fall et al., 2006). It requires a
large amount of detailed input data, derived from laboratory tests and field measurements, and can
therefore be applied only over small areas at large scales.

In some cases, static methods can be used but it assumes that the geometry of the landslides does not

vary over time. In this condition, a static safety factor can be evaluated at each time step for a fixed
calculation grid (Malet et al., 2007). For Vaiont and La Clapiere landslides, to account for a progressive

64



slope failure (i.e., a time dependence in stability analysis), some researchers have taken a quasi-static
approach in which some parameters are taken to vary slowly to account for progressive changes of
external conditions and/or external loading (Helmstetter et al., 2004). But, it seems better to process
dynamic deformation methods to increase the reliability of the impact assessments.

Dynamic methods in a GIS environment have been used by many investigators (Terlien, 1996;
Montgomery et al., 1998; Dietrich et al., 2001; van Beek, 2002). Deterministic models are able to
forecast the spatial and temporal frequency of slope failures with meteorological inputs. A dynamic
hydrological model (e.g. related to shallow rainfall-induced landslides) simulates the pore pressure
over time with a slope stability model that quantifies the susceptibility as the critical pore pressure
threshold. The deterministic approaches for earthquake-induced landslides hazard analysis are
generally based on the simplified Newmark slope stability model, applied on a pixel-by-pixel basis. This
latter method is commonly used to evaluate LS in seismically active regions since it was shown that
in some cases such geotechnical models can successfully predict the regional failure potential (Jibson et
al,, 1998; Miles and Ho, 1999). Havenith et al. (2006a) showed that the Newmark method produced LS
values fitting particularly well with local landslide densities in the Suusamyr Basin (Tien Shan mountain
range) if faults were considered as seismic sources.

1.6. Methods for a quantitative landslide hazard assessment

Assessing the probability of occurrence at a certain location within a certain period, is possible only
when a relationship can be found between the occurrence of the landslide and the frequency of the
triggering factors, such as rainfall or earthquakes.

1.6.1. Methods for the quantification of landslide temporal occurrence

The temporal frequency (or the recurrence) of landslide events can be established from archive
inventories (Coe et al., 2000; Guzzetti et al., 2003) and from multi-temporal landslide maps (Guzzetti et
al.,, 2005).

Before showing how to obtain the probability of landslide occurrence from archive inventories, it is
convenient to establish an appropriate mathematical framework. As a first approximation, landslides
can be considered as independent random point-events in time (Crovelli, 2000).

The Poisson distribution is a discrete distribution mainly used for the temporal occurrence of
landslides. The probability of experiencing n landslides during time t is given by:

_ar) (O™ .

P[N.(t)=n]=P, = e( M)T with n=0,1,2,.. (3)
where N; (t) is the number of landslides that occur during time t in the investigated area, 4 is the
estimated average rate of occurrence of landslides, which corresponds to 1/y, with p the estimated
mean recurrence interval between successive failure events. The model parameters A and p can be
obtained from a historical catalogue of landslide events or from a multi-temporal landslide inventory
map.

Hence, Guzzetti et al. (2005) derived the probability of experiencing one or more landslides during time
t (i.e. the exceedance probability) as:

P=[N{#)=1]=1-e (4)
The Poisson model allows for determining the probability of future landslides for different times ¢t (i.e.,

for a different number of years) based on the statistics of past landslide events, under the following
assumptions (Crovelli, 2000): (1) the numbers of landslide events which occur in disjoint time intervals
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are independent, (2) the probability of an event occurring in a very short time is proportional to the
length of the time interval, (3) the probability of more than one event occur in a short time interval is
negligible, (4) the probability distribution of the number of events is the same for all time intervals of
fixed length, and (5) the mean recurrence of events will remain the same in the future as it was
observed in the past. These assumptions, which may not always hold for landslide events, should be
considered when interpreting (and using) the results of the Poisson probability model.

A binomial model can be adopted as an alternative to the Poisson model. The binomial probability
model is a discrete-time model consisting of the occurrence or random-point events in time. In this
model, time is divided into discrete increments of equal length, and within each time increment a single
point-event may or may not occur.

Temporal probability calculation can be done for some grid-cells or terrain-units according to the
chosen unit of analysis (section 1.3). The frequency of landslide occurrence for x-year period is
obtained from multi-temporal inventory. For each unit, landslide recurrence values, i.e. the expected
time between successive (re)activations, is evaluated based on past events.

1.6.2. Methods for the quantification of landslide intensity
1.6.2.1. Definition of landslide intensity

Landslide hazard is defined as the probability of occurrence of a landslide of a given magnitude, in a
pre-defined period of time, and in a given area (Varnes and IAEG, 1984). The definition incorporates the
concepts of spatial location (“where”), frequency of occurrence (“when”, or “how of- ten”), and
magnitude or intensity (“how large”). After answering to the “where” and “when” questions, magnitude
refers to the prediction of the size and velocity of the landslide. In the scientific community, the
investigators do not agree on a single measure for landslide magnitude or intensity (Hungr, 1997;
Cardinali et al., 2002; Malamud et al., 2004a; Reichenbach et al, 2005). Malamud et al. (2004a)
proposed using the total number of the triggered landslides, information available from accurate event
inventory maps. In Guzzetti et al. (2009), the total volume of landslides occurred during an event (or a
period) was used to measure the magnitude of a landslide even (or period). The magnitude m; is
defined as the logarithm (base 10) of the total landslide volume produced during the event (or period).
Determining the volume is a more difficult task that requires information on the surface and sub-
surface geometry of the slope failure. This information is difficult and expensive to collect. For hundreds
to several thousand failures, the task is even more challenging (Malamud et al., 2004a). Empirical
relationships to link the volume of landslides to geometrical measurements of the failures, i.e. landslide
area, were adopted (Simonett, 1967; Hovius et al.,, 1997; Guthrie and Evans, 2004; Korup et al., 2005;
Guzzetti et al,, 2008, 2009; Larsen et al., 2010).

1.6.2.2. Magnitude Frequency (M-F) relations for landslides

Frequency of landslide event can be determined by dendro-geomorphological techniques but few
attempts have been made to estimate landslide magnitude by analysing the spatial distribution of
disturbed trees (Corominas and Moya, 2010). Ideally, this is achieved by using inventories of past
landslide events recorded by conventional mapping techniques as described in 1.2.2 section. The
magnitude-frequency (M-F) relationships for landslides have been discussed by a number of
researchers (i.e. Hovius et al.,, 1997; Pelletier et al,, 1997; Hungr et al.,, 1999; Guzzetti et al.,, 2002;
Malamud et al., 2004; Picarelli et al., 2005). They have found that the M-F distribution of landslides
appears to have a power-law similar to the one observed in seismology. The Gutenberg-Richter
relationship between earthquake magnitude and cumulative frequency of earthquakes is expressed as:

log N (m) =a-bM ®)
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where N(m) is the cumulative number of earthquake events of magnitude equal or greater than M, and
a and b are constants. This equation is equivalent to a fractal (power law) relationship between the
number of earthquakes and the characteristic size of the rupture (Turcotte, 1997). Represented either
by the area or by the volume of the deposits, magnitude-cumulative frequency (MCF) techniques have
been developed for different landslide types and reviewed in Guzzetti et al. (2002), Malamud et al.
(2004a) and Picarelli et al. (2005).

Frequency-area relationship appears to be robust and consistent across space and time and can be used
to quantify the completeness of an inventory (Stark and Hovius, 2001; Guzzetti et al., 2002; Malamud et
al., 2004a). It quantifies the number of landslides that occur at different sizes and can be analysed in
terms of the frequency density function (f) of the landslides areas (AL) using the equation proposed by
Malamud et al. (2004a):

1 8Ny

A ==

NLT 6AL

(6)
where dN1, is the number of landslide with areas between 4, and AL+ 6A..

In a log-log graph, this function shows the typical behaviour of natural event records (landslides,
earthquakes, etc.) characterized by a more or less linear “tail” for the large size events, which can be fit
by a power-law and a roll-over (inflection) for smaller events with decreasing frequency density for
very small landslide areas. Pelletier et al. (1997) attributed the rollover shown by the probability
density function (PDF) of landslide areas to a transition from a resistance controlled chiefly by friction
for large landslides to a resistance controlled by cohesion for small landslides. As example, Fig. 1-12
shows the PDF of landslide areas in the Staffora basin (Guzzetti et al., 2005). Two estimates of the PDF
are shown: (1) using the truncated inverse-gamma function of Malamud et al. (2004a) where 97.5%
confidence intervals are also shown, (2) using the double-Pareto function of Stark and Hovius (2001).

Landslide frequency-area distributions allow quantitative comparisons of landslide distributions
between landslide-prone regions and/or different time periods. PDF models the number of landslides
occurring at different time periods for a study area (e.g. in the Maily-Say Valley, Kyrgyz Tien Shan,
Havenith et al., 2006; Schlogel et al., 2011) or for comparison of different regions (e.g. in the European
Alps, Wood et al., 2015). PDF can also be used to compare the influence of landslide location in natural
or anthropogenic environments (Guns and Vanacker, 2014), in different lithology (Schlogel et al.,
2015c) or at different distances from earthquake source area (Valagussa et al.,, 2014).
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Figure 1-12: Probability density (a) and probability (b) of landslide area in the Staffora River basin (Guzzetti et al,,
2005). Solid black line is a truncated inverse gamma function (Malamud et al., 2004a). Dotted line is a double Pareto
function (Stark and Hovius, 2001). Error bars show 97.5% confidence intervals.
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1.6.2.3. Deterministic evaluation of landslide runout

Runout modelling is rather complicated because between initiation and stopping the materials involves
various transformations depending on the initial composition, the morphology of the path and the
material incorporated during the flow (Savage and Hutter, 1991; Rickenmann, 2000; Iverson et al.,
2004). The behaviour of the deposit and its parameters are often different from the initial material
characteristics. As in many cases there is no information on velocities or flow type; the rheological
regimes are difficult to estimate. The challenge will be to determine the rheological behaviour of
different types of rapid gravity flows based on the morphology, distribution and sedimentological
characteristics of the material deposited along the flow path, to qualify the expected mechanism and
apply appropriate physically based models to simulate the corresponding flows (van Westen et al.,
2006). Modelling the exact location of the source areas of debris flows and the spreading of material on
the deposition fans is also challenging.

1.7. Current limitations for quantitative landslide hazard assessment and
objectives of the research work

1.7.1. Limitations and uncertainties associated with multi-date inventories

In some conditions (e.g. where climate allows an important vegetal cover), detecting and mapping
recent landslide activation is tricky. Although the multi-temporal landslide inventory seems to be the
most accurate for a landslide hazard assessment, the available data information or the field conditions
are sometimes not sufficient to create this kind of inventory. Some alternative techniques could be
found to simplify the mapping technique procedure in application to the study area. Landslide multi-
date inventory including a vegetation index may be a solution to take into account activation. Indeed, a
simple index in the attribute table of the inventory may indicate if at a certain period, there is a visible
activation or a stabilization of an already unstable slope. Initial polygons can therefore be enlarged or
stay the same (with an indicator of the change) in a recent time or be diminished or identical (with an
indicator of the change) in a past time according to the period considered. This technique allows us to
deal with the delicate mapping of landslide with the invisible boundaries. However, underestimation in
the size of the landslide activation is noticed. Frequency-area distribution may also be affected due to
the lower number of small (to medium) active landslides. This is mainly due the fact that dormant
landslide body (already observed in previous mapping) is still included into the other dates
(constituting the multi-date) inventory. Therefore, the chosen susceptibility models of these data needs
to consider the particular mapping when including landslide information as dependant variables as
well as for the interpretation of the results.

1.7.2. Influence of the unit of analysis

Only a few investigators analysed at the impacts of mapping units partitioning for the susceptibility
assessment (Carrara et al., 2008; Van Den Eeckhaut et al.,, 2009; Fig. 1-13). According to Van Den
Eeckhaut et al. (2009), visual comparison of the landslide susceptibility maps shows that the
geomorphological-unit-based assessment classifies a larger area as of high or very high susceptibility
(23% of the study area) than the grid-cell-based assessment (10% of the study area). First, terrain-unit-
based assessment predicts where an entire landslide is expected, whereas the grid-cell-based
assessment forecasts only the location of the landslide initiation area. In the grid-cell-based
susceptibility assessment with the location of old landslides, the lower parts of the landslide
accumulation areas were not always identified as susceptible by the model. Second, terrain-units were
designed to be larger than the mapped landslides (average area is 1x105m?2 vs. 4x104m2), and were
assigned a unique susceptibility value. Main differences occur where individual terrain-units
encompass variable morphologies, including flat valley bottoms and plateaux free of landslides and
sloped landscape with landslides or susceptible to slope failures (van den Eeckhaut et al., 2009).
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Figure 1-13: Landslide susceptibility assessment with different mapping units. (A) Topographic-unit-based
susceptibility assessment (single probability estimate from the entire set of topographic units). (B) Grid-cell-based
susceptibility assessment (single probability estimate from the calibration set of 958 grid cells). (C) Distribution of
model error for topographic-unit-based assessment. (D) Distribution of model error for grid-cell-based assessment
(van den Eeckhaut et al., 2009).

1.7.3. Limits of susceptibility assessment

In a knowledge-driven method, the geoscientist decides on which parameters and input maps are used,
the weight of their classes or, of the input maps themselves. The definition of the importance of the
factors is therefore subjective and the technique is not reproducible and remains qualitative. In the case
of the data-driven method, the geoscientist decides on which criteria and input maps selection
according to the state-of-the-art (see Fig. 1-9), the study site and the data availability. Weights are
determined by comparing the input maps with known occurrence of the feature what we want to
predict. Influence and importance of input data can be determined by different techniques, such as data
mining techniques using decision trees (Schlogel, 2009). In both, bivariate and multivariate methods,
results can be validated. However, as they are probability depended, stochastic models involve
uncertainty. The models are valid under certain conditions defined by the properties and processes of
the study area. The susceptibility map remains valid until any intrinsic or triggering factors change (e.g.
road construction, climate change).

With single value at a given space and period of time, deterministic models show no (or a few)
uncertainty. In static models, independent of time, time is frozen while dynamic models can simulate
changes through time. These process-driven models are based on general physical laws but require
many parameters to reflect the reality of the field, which are difficult to obtain over a large area.
However, they have some limitations: overestimation of the area of failure (e.g.
STARWARS/PROBSTAB), in case of lack of rainfall intensity data (usual in landslide-prone areas in
developing countries) or lack of knowledge of initial conditions.
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1.7.4. Limitations for the combination of temporal probability and intensity

For large areas, methods are mainly focused on answering the “where” question instead of validating
the “when” and “where” according to a particular landslide size. Old landslide maps are rarely checked
and/or updated. Thanks to a multi-temporal or multi-date inventory, it is possible to estimate
differentiated return periods according to the years considered for mapping and thus, to obtain the
temporal probability. The spatial probability that landslides would affect a particular area for a given
temporal probability is calculated as the landslide density (in space domain) inside the landslide
susceptibility class. This probability can be estimated by multiplying the temporal probability
(1/return-period for annual probability) of having new landslide events by the spatial occurrence. This
indicates the chance for grid-cell (or a terrain-unit) to be affected by an event. In this case, the
assumption is that large events with a long return period would also trigger those landslides that could
be induced by smaller events with shorter return periods. The scale of a study is also a limiting factor
for hazard models, with a critical importance of accurate landslide inventory in heuristic models as well
as landslide activity or rainfall data for probabilistic and deterministic approaches (see Fig. 1-10). In
conditions where landslide can be either new or reactivated, susceptibility assessment is still
mandatory. A susceptibility map remains useless unless it is spatially and temporally validated. If an
area is already landslide-prone, landslide intensity and temporal occurrence is really important to
assess.

1.7.5. Objectives of our research

According to the table of content presented in the previous section and the state-of-the-art established
above, this research has the following objectives:

(1) The creation of a “multi-date inventory” (see § 1.2.1) at regional scale by comparison of multi-
source data (§ 1.2.2) and including a vegetation index in order to determine landslides
activation over time;

(2) The development of a geomorphologically-guided method to interpret InSAR data (§ 1.2.3) at
regional and slope scales in order to detect different slides (red dotted rectangle in Fig. 1-2) and
evaluate their kinematic and spatial evolution;

(3) The combination of InSAR and ground-based measurements (§ 1.2.3) at slope scale to
determine different velocity fields of complex deep-seated landslides and link them to the
structural geology;

(4) The influence of the morphometry of slopes and sub-basins on terrain-unit delineation
(§ 1.3.2);

(5) The influence of the unit of analysis (§ 1.3.2; § 1.7.2) and the effect of the elevation data on
susceptibility assessment;

(6) The characterization of landslide activity and exceedance probability (§ 1.6.1) based on a multi-
date inventory to evaluate landslide recurrence according to their magnitude (§ 1.6.2.2), and
some potential triggering events (§ 1.5.1);

(7) To assess probability density function of size to compare frequency-area relationships
according to subdivision of landslide inventory according to geographical location, geology and
period of time considered (§ 1.6.2.2);

(8) To evaluate landslide susceptibility with a multivariate model (§ 1.5.2.2) considering different
dependant variables;

(9) The analysis of predisposing factors (§ 1.4.1) where landslides occurred and evolve, and the
attempt to combine the temporal occurrence with the intensity of the events to evaluate the
landslide hazard on some hotspots of the Ubaye Valley, French Alps (described in Chapter 2).
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CHAPTER 2: Characteristics of the study area - the Ubaye Valley (South
French Alps)

Chapter 2 describes the study area in terms of geographical, geomorphological and geological
characteristics. First, the geographical context of the Ubaye Valley is introduced. Second, the geological
information is presented through a description of the lithology and of the tectonic affecting the
Mercantour massif. The third section discusses the natural hazards observed in the valley with a focus
on the different landslide types. It addresses the control of geomorphology on landslide distribution.
Several active and potentially dangerous landslides are presented, as representative of the region: Les
Aiguettes, Pra Bellon, La Valette and Saniéres landslides in the northern zone and Poche and Super-
Sauze landslides in the southern zone.

2.1. Geographical context

The Ubaye catchment is located in the Alpes-de-Haute-Provence department (Southern French Alps;
see Fig. 2-1). This 15-km wide and 25-km long area (2-2a) has elevations from 1000 to nearly 3000 m
above sea level. It has representative climatic, lithological (Fig. 2-1d), geomorphological and land cover
conditions of the Mercantour massif and is highly affected by natural hazards, especially landslides.

@ Thickness Stages Ages  Lithology
@r}v---o ' 3
5 N S CONACIAN 85 Limestones
A 2 TURONIAN % Sandy-limestones
§ T CENOMANIAN 100 Marls
P Queyras o (Limestones)
> ALBIAN 105 Blue Marls
)
u\“‘\' 5 | GARGASIAN 110 (+ sandstone layers)
® S BARREMIAN 120  Limestones
Swizeriend HAUTERIVIAN 130 Marly-limestones
: Ubaye
Geneva Y » VALANGINIAN 140 White Marls
LLyon Pre-Alps ~ EELEEINIGE = BERRIASIAN Limestones
4’@ =< { PORTLANDIAN 145 Massif limestones
Grenoble Italy ?, of *Tithonique”
)
= s RAURACIAN 150 Marly-limestones
Ggp Barcelonnette ° g
(-] < S ARGOVIAN 155 Marls
= Marly-limestones
o Bléone
Digne
/ 0 10k o
, S —_ 5] OXFORDIAN 160 Black Marls
N -
//\ 0 100km ~ River ® Town Massif (e 170° park schisto-
/ _ Black Marils outcrops BAJOCIAN e marls
: BATHONIAN

Figure 2-1: Location of the Ubaye Valley and extension of black marls facies in the South-East French Alps (a-c).
Different types of black marls are represented in grey (b-c). Stratigraphy of the Dauphinois zone is shown in (d)
(modified from Malet, 2003; Remaitre, 2006).

The Ubaye River crosses the Barcelonnette basin from the East to the West (Fig. 2-2b). Many tributaries
flow into it, such as the Bachelard River to the West (Fig. 2-3e). During the Wiirm glaciation the Ubaye
Valley has been covered with ice, up to altitudes of approximately 2000 m (see Fig. 2-5c). In addition to
the erosion activity of the glaciers, torrential erosion by the Ubaye River and the 26 active torrential
streams have progressively carved out most the landscape (Fig. 2-2d). Hillslopes are characterized by
very steep slopes (30-70°) and more gentle slopes (10-20°). The relief is irregular and associates
alternating steep convex slopes, regular planar slopes and hummocky slopes:
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- the steepest convex slopes (> 30°) are carved in the black marl outcrops and are, for most of
them, gullied in badlands or affected by rock-block slides or complex slides (e.g. La Valette
landslide to the North of Barcelonnette town; Fig. 2-2c);

- the regular planar slopes (10°-20°) are covered by thick morainic deposits (between 10 and
20 m), are usually cultivated and affected by rotational and/or translational slides (Légier,
1977; Weber, 2001);

- the hummocky slopes are generally covered by forests and/or by natural grasslands (see 2-3h).

L'Aupillon
2916 m 3046 m

Figure 2-2: Examples of landscapes observed in the northern slope of the Ubaye valley. (a) Extension and topography
of the valley with location of the views. (b) View in the west direction on Jausiers municipality showing right and left
riverbank of the Ubaye. (c) View of the northern part of the valley with the Barcelonnette and the La Valette landslide
(d) View of the NE part of the valley and Jausiers municipality.
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Figure 2-3: Examples of landscapes observed in the southern slopes of the Ubaye valley. (e) View to the SW part of the
area with the Bachelard River passing by Uvernet and reaching the Ubaye River and the Pra-Loup ski station. (f) View
in the southern direction on the Super-Sauze landslide. (g) View on the Ubaye plain, the southern slopes and the
Poche landslide. (h) View in the southern direction to the hummocky area of the Terre Plaine catchment covered by
natural grasslands. (i) View of the eastern limit (Abriés sector) of the area of interest characterized by steeper slopes
and harder rocks.

The Barcelonnette Basin has a dry and mountainous sub-Mediterranean climate with strong
interannual rainfall variability of 712 mm (std. dev.: 152 mm) over the period 1928-2013, strong storm
intensity during summer and autumn (over 50 mm.h-1) and ca. 130 days of freezing per year (Maquaire
et al.,, 2003). Highest monthly rainfall generally occurs in autumn (> 75 mm.month-! in October and
November). During winter (from the beginning of December to the end of March) precipitation is
mainly snow but it is considered as a dry period. Meso-climatic differences on a small scale emerge due
to the east-west orientation of the valley (Remaitre, 2006). Indeed, there is a distinct difference in
evaporation, temperature and duration of the snow cover between the north-facing slopes and the
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south-facing slopes: the south-facing slopes have the highest temperatures and evaporation, and the
shortest snow cover period.

The economy of the Ubaye valley was based on crafts, little textile industry and feeding agriculture.
During the 15t and 16th centuries, deforestation and soil erosion caused considerable damages. During
the 18th and the 19t centuries the developing industries caused a growing need for timber. The logging
of trees resulted in the deforestation of large areas. In the same period a part of the rural population
migrated to the cities. In the Ubaye valley, the logged or abandoned agricultural areas were very prone
to erosion. Torrentiality is the major hydrological factor throughout the Southern Alps and this valley is
not an exception. Local risk managers from the “Service de Restauration des Terrains de Montagne”
(RTM) conducted actions to stop the processing, i.e. by reforesting at the turn of the century. Actually,
reforestation can only limit or restrict erosion where this is possible. When the substratum is sensitive
to erosion (e.g. marls), the combination of the steep slope, the climatic conditions (e.g. intense rainfalls
separated by long dry periods) make the reforestation precarious. The exodus occurred over almost
two centuries; nowadays the economy is no longer based solely on agriculture. Tourism is sizeable with
its related activities and especially winter tourism (e.g. at Pra-Loup and Super-Sauze winter resorts).

2.2. Geological context

2.2.1. Morphostructure of the area

The South French Alps are geologically divided in two units according to a W-E axis: (1) the external
domain and (2) the internal domain (See Fig. 2-4; Evin, 1997). (1) is constituted by several crystalline
massifs (Argentera-Mercantour-Ecrins) and some allochtonous formations. (2) is formed by several
thrust sheets: “(sub-)briangonnaise” zones and a “piemontaise” zone to the extreme east.

The Ubaye valley is located in a complex area with structural geological groups (Légier, 1977; Weber,
2001; Fig. 2-4 and 2-5b). The alpine orogenesis contributes to the genesis of the catchments and the
dissymmetry of the slopes. During the alpine Oligocene folding, the disappearance of the external
magmatic bedrock allowed the progress of the overthrust on the external sedimentary domain over
tens of Kilometres in a NE/SW direction (Blanchard, 1950; Evin, 1997). This discordant displacement
occurred more than 20 million years ago, between Eocene to Miocene. This tectonic activity allows the
displacement of huge fragments of rocks, which are still visible in the Barcelonnette basin (see Fig. 2-
5b):

- At the north-facing slopes: some fragments of limestones and flysches (klippes of the Parpaillon
and Autapie thrust sheets) constitute the crests, such as the “Chapeau de Gendarme” at 2682 m
of elevation. These geological formations are generally observed above 1800 m.

- At the south-facing slopes: allochtonous formations from the Parpaillon thrust sheet are
observed (e.g. Aupillon: 2916 m, La Chalanche: 2984 m, Coste Belle: 2581 m. They are located
up to 1600 m and more present comparing to the north-facing slopes. From ca. 2000 m,
fragments of the basal overthrust, made of several flysches are visible. Upper crests, less
affected by the overthrust, are located in the Parpaillon thrust sheet mainly constituted by the
Helminthoid flysch rocks, described by Kerckhove (1969).

Some post-overthrust episodes of folding generated anticlines and synclines in the thrust sheets

guiding the location and direction of actual streams (Weber, 2001). These deformations are dated
from Superior Miocene and affected by normal faults, oriented NW-SE.
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Figure 2-4: Geology of South French Alps (after Debelmas et al., 1983 and Evin, 1997). (a) Simplified geological map
and (b) SW-NE oriented cross-section through crystalline massifs and thrust sheets.

2.2.2. Lithology and chronostratigraphy of the autochthonous bedrock

The Barcelonnette Basin is a geological window opened between two Eocene sheet thrusts (Autapie and
Parpaillon), made of strong limestones or sandstones, and overlying autochthonous bedrock made of
soft black marls (see Fig. 2-5a). Therefore, the thick Mesozoic sedimentary cover (about 7 km) may be
separated into three thrust sheets and two superposed structural units (Fig. 2-5b):

(1) The lower structural unit is constituted by the sub-Brianconnais thrust sheets and the Autapie
Helminthoid Flysch thrust sheet. The sub-Brianconnais thrust sheets display a very complex
arrangement of numerous slices (Kerckhove, 1969; Maury and Ricou, 1983). Their facies range
from Upper Triassic to Upper Eocene. This unit took place in the Ubaye valley during the early
Oligocene and was folded during the late Oligocene.
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(2) The upper structural unit is the largest Helminthoid Flysch thrust sheet (Parpailon Thrust
sheet). The stratigraphy of this Upper Cretaceous flysch is well-known (Latreille, 1961;
Kerckhove, 1969) and constitutes a thin (50-100 m) dark shale layer at the base overlain by
1000-2000 m of typical Helminthoid limestones. The Parpaillon Thrust sheet lies on an
erosional surface which cross-cuts the Oligocene structures of the Digne thrust sheet.
Consequently, the final position of the Parpaillon Thrust sheet in Embrunais-Ubaye probably
occurred during the early Miocene (Kerckhove, 1969).

The 'Helminthoid Flysch' sequences of the Autapie and Parpaillon thrust sheets were deposited in the
Ligurian Ocean at the end of Cretaceous time, which explains their Eocene tectonic history (Merle and
Brun, 1984). Differential erosion revealed the autochthonous formations from the Mesozoic Age of the
Dauphinois zone of the Western Alps. They form an anticline with a 20°-dipping involving formations
from Superior Miocene. The sandstone bedrock is dated from Trias to Superior Eocene. We can observe
Oxfordian-Callovian black marls, Valanginian white marls and Aptian-Albian blue marls over 220 km? in
the Durance Basin (Fig. 2-1d). With a thickness of 300 m as minimum, the Oxfordian-Callovian black
marls are divided into four groups according to their ages (Maquaire et al., 2003). The gentle slopes
(10-30°) of the lower part (1100-1900 m a.s.l.) consist of these marls, mainly composed of fragile plates
and flakes packed in a clayey matrix. This macrostructure of the bedrock and its mineralogy make them
highly sensitive to the erosion and the formation of badlands. Their changes of state or consistency
(rock state to plastic component to liquid according to the water content) make them a key
predisposing factor for landslide susceptibility (Antoine et al., 1995; Malet, 2003; Remaitre, 2006). They
have also a low permeability and thus, host watercourse springs at the contact with Quaternary
deposits (moraine) or flysches. Hydrological, geomechanical and rheological properties of the
Oxfordian-Callovian black marls are detailed in Malet (2003) and Maquaire et al. (2003). Due to their
sensitivity to erosion, several landslides (e.g. La Valette, Poche and Super-Sauze; Fig. 2-5a) occurred in
the black marls or at their contact with morainic deposits.
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79



Chapter 2: Characteristics of the study area - the Ubaye Valley (South French Alps)

2.2.3. Geomorphology of the landscape
2.2.3.1. Heritage of the glaciation

The morphology of the Ubaye valley is highly influenced by the heritage of the Wiirm glaciation and its
post-effects overlying the Oxfordian-Callovian black marls (see Fig. 2-5c). In general, the Ubaye glacier
and its tributary glaciers deposited those allochtonous formations. A 65-km long and 600-m high
glacier limited to the west by the Durance glacier was present in the valley. Glacial deposits are
observed all over the valley: kame terraces, rock glaciers (e.g. in the area of the “Chapeau de Gendarme”
peak; Fig. 2-6a), morainic arcs, old glacial lobes (Fig. 2-6b), erratic blocks and rocks (Fig. 2-6d).

Figure 2-6: Geomorphological features due to glaciers and geology of the valley. (a) Rock glacier located below the
“Chapeau de Gendarme” and “Bec Second” peaks. (b) Footprint of an old ice tongue downslope to the “La Roche Noire”
peak. (c) Saniére torrent at its upper part. (d) Erratic blocks observed in the forest downslope to the “Chapeau de
Gendarme” peak. (e) View on the ‘badlands’ oriented to the SE and located below the “La Chalanche” crest (1600 m of
elevation). (f) Hoodoo (also called fairy chimney) formed within the thrust sheets constituted by different
sedimentary rocks. It can be found close to the ‘Faucon’ catchment. (g) Morainic blocks observed in the marly slopes
of the “Riou Chanal” catchment. (h) One of the numerous check dams constructed along the “Riou Chanal” torrent to
control channel instability and prevent potentially disastrous debris flows. (i) Location of the previously described
morphological features or elements of the landscape.

Glacial and periglacial formations are characterized by a discontinuous morainic cover presenting a
width ranging from 1 to 25 m (Mulder, 1991). These deposits can be found at high elevation (up to
2400 m), especially on the north-facing slopes (upstream of Enchastrayes village, see Fig. 2-6). They are
also overlying black marls, which form “badlands” at lower elevation (e.g. in Fig. 2-6e) or along the
riverbanks of active torrents (e.g. in the Riou Chanal; Fig. 2-6g). Morainic deposits are difficult to date in
both absolute and relative ways. They were also probably affected by large mass movements at the end
of the Wiirmian and at the upper Holocene (Jorda, 1980).
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2.2.3.2. Morphometry and dissymmetry of the valley

Below the mountain peaks surrounding the Barcelonnette Basin, slopes are often steeper than 45° and
characterized locally by some circular water catchments (cirque) formed at the ice age. From those
places, torrents (e.g. “Saniéres” torrent in Fig. 2-6¢) have their source and participate to the erosion of
the slopes over a few metres, shaping the landscape of the valley (Miramont, 1998).
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Figure 2-7: Extension of Barcelonnette Basin and simplified geological cross-section. Hillshaded view of the area
divided into three zones (North, South, East) and cross-sections showing geology and dissymmetry of the relief.

Over roughly 8 km, from East to West, a dissymmetry of the right riverbank slopes vs. the left ones is
observed (e.g. cross-section g-h; Fig. 2-7). To the West of the area, slopes are of around 25° to the North
and ca. 30° to the South. Topography also depends on the aspect angles, as it is different considering the

lateral tributary valleys:
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Chapter 2: Characteristics of the study area - the Ubaye Valley (South French Alps)

- On the north-facing slopes (southern zone): the torrents incised moderately the valleys (e.g. the
Poche and Sauze torrents and slopes are regular (Rema’itre, 2006);

- On the south-facing slopes (northern zone): the torrents incised intensively (up to 150-m
width) the valleys. These slopes are more variable in angle and uneven than the north-facing
ones (profile a-b in comparison to profile c-d; Fig. 2-7). Debris flows occur frequently in these
torrents (Remaitre et al., 2009) forming large alluvial fans (e.g. up to 1500 m; Remaitre et al,,
2002, 2005). Check-dams were constructed from 19th century in order to decrease the effect of
debris flows (e.g. in the Riou Chanal, see in Fig. 2-6h). According to Remaitre and Malet (2010),
the role of series of check dams in regulating torrential and hillslope processes is fundamental.

2.3. Inventory of natural hazards observed in the valley

Due to the economic growth, the Barcelonnette area is a touristic place with expanding use of land in
the flood plain area. The area is constantly suffering from many hazards including landslides, snow
avalanches, debris flows and flooding.

2.3.1. Debris flows

There were several evidences of torrential events associated with debris flows (Flageollet et al., 1999;
Maquaire et al., 2003; Remaitre and Malet, 2010). They were controlled by the construction of several
check dams designed to protect the inhabitants and to channelize the river within the boundary of the
municipality. Debris flows are generally caused by heavy rainfall from either intense convection, or
sustained frontal rainfall (Tarolli et al., 2012). Those rainfalls may trigger debris flows and flash floods
in the same channels filled with sediments (van Asch et al, 2014). Both events can be approached
similarly in the analysis of the threshold using atmospheric indicators (Turkington et al., 2014). Kappes
etal. (2011) indicate a dominance of flash floods with 461 recorded events while only 100 debris flows
have been registered. The spatial distribution of historical debris-flows shows that they have occurred
mainly in the torrents located on the south-facing slope of the Barcelonnette Basin. Indeed, about 75%
of the debris-flow events were recorded in four torrents: Riou-Bourdoux, Saniéres, Faucon and Bourget.
Some of the most recent and abundantly documented debris flows are those that occurred in the
Faucon catchment (Faucon-de-Barcelonnette municipality) in 1996 and 2003, causing significant
damage to roads, bridges and properties. This catchment has even experienced a total of fourteen
debris flows since 1850 (Remaitre et al., 2009).

2.3.2. Floods

Anthropic activities within the catchment had strong effects on the hydrologic behaviour and land
erosion. Changing land use in the alluvial plain tended to aggravate these issues. Increasing the erosion
loads from the slopes results in blocking of the check dams through sediment concentration. A renewed
phase of flooding occurred when the area faced the regional event of flooding in 1957 (Liébault and
Piégay, 2002). After this event, the municipality took protection measures which reduced the impacts of
other meteorological events. The most recent peak discharge of the Ubaye River occurred in 2008.
These damages have grabbed the attention of researchers and authorities for flood hazard assessment.
Breinl et al. (2013) proposed a model to generate daily precipitation amounts and its application in risk
management for the Ubaye valley.

2.3.3. Seismicity

The Barcelonnette Basin is one of the most seismically active areas of France (e.g. Jongmans and
Campillo, 1993; Thouvenot and Fréchet, 2006; Daniel et al.,, 2011). The highest recorded earthquake
occurred in April 5%, 1959 (Ms = 5.5) without precursor shaking. A seismic crisis affected the valley
from January 2003 to November 2004 with more than 15,000 recorded earthquakes. From January
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2012, 12,786 earthquakes were detected in the region with 2,473 earthquakes recorded between April
7th and April 18th 2014. A few landslide events are considered as co-seismic in this area. However after
some earthquakes, when intense rainfall was also registered, the displacement of some active
landslides increases (e.g. multiplied by a factor 5 at upper part of La Valette landslide after the April 7t,
2014 event).

2.3.4. Landslides

This section describes to the landslide activity at regional scale and addresses particular case studies.
Numerous studies were conducted on landslides distribution in the Ubaye valley (e.g. Flageollet et al,,
1999; Maquaire et al., 2003; Remaitre et al., 2005; Thiery, 2007; Thiery et al., 2014). The area counts ca.
860 landslides whatever the degrees of activity considered (i.e. ca. 650 active, 127 dormant, 60 relict
and 22 sackung landslides). The main active and dormant landslides are indicated in Fig. 2-8.

Pra-Bellon

N to 4
‘s /La Valette \'s SO
(W 3

Bois Noir

N
ARy

Lithology

| sheet thust of Autape
| and Parpadion
|- Aochtorcus rocks
Kigpe of e Parpaion
et it

Topography Glacial and periglacial forms Water-related forms Slope movements 4 /
and solls and soils ag” ML

5 ; P f N
'\‘,.[ 190t DNt Crestine, sumenit and pass Qacoraruous mormne Cover ~ Permanent | termitent st eam actve / dormant landsde D Vs

} “

—  10ck crost/ hisiope s i ’ lake ',\ - W
7/
(

acial crque / lkevial doposs b reckint a3 ch88 of Dlocks

Motacene torrertial tan

Figure 2-8: Simplified geomorphological map of the Barcelonnette Basin and location of the main active and relict
landslides (after Remaitre, 2006 and Kappes et al., 2011).

2.3.4.1. Distribution of landslides at the regional scale

The northern zone of the valley is affected by the La Valette landslide (see Fig. 2-5a, 2-8) triggered
suddenly in February 1982. It is directly located uphill of the Barcelonnette municipality. Since the
1990’s, it has been continuously monitored due to its frequent activity and the potential risk for the
inhabitants. In that area, the Riou-Bourdoux catchment is the best-known torrent in the Ubaye valley. It
is a small tributary of the Ubaye River but it has been considered as the most hazardous torrential area
in France (Delsigne et al., 2001). Within this huge basin (i.e. 2,000 ha.) the Pra Bellon sector is
particularly unstable and includes a landslide of several million cubic meters in slow and continuous
movement. The Aiguettes landslide is dated from the previous glaciation it became really active in 1970
(see Fig. 2-8). Analysis of past events on the Aiguettes landslide was based on growth-ring series
(Lopez-Saez et al., 2013a). Uphill, some instability is also observed at the La Pare slope. Recorded by
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DInSAR measurement (2007-2009; see next chapter) and confirmed during a field campaign (2013),
the entire slope seems unstable with the presence of cracks, scarps and counter-slopes.

Some instabilities are also observed in the municipality of Barcelonnette (e.g. on the way to the “Les
Allemands” hamlet and at the swimming pool with the “Adroit” landslide). The Faucon catchment is
mostly prone to debris flows (e.g. large events occurred in 1996 and 2003). To the east, DInSAR results
have also revealed some instability on Costebelle sector. Most recently, in August 2013, a large
rockslide has been triggered in the Saniéres torrent and the municipality of Jausiers is directly
threatened.

The southern zone of the Barcelonnette basin, between the municipalities of Jausiers and Enchastrayes,
is affected by several landslips of various sizes, both active and dormant. In the forested sector of la
Frache, the Bois Noir translational slide occurred after a period of excess cumulative rain at the
beginning of the 1990s (Malet et al,, 2007). However, it seems that a combination of distant multi-
annual factors with seasonal or monthly parameters may be attributed to the triggering of the landslide
(Flageollet et al., 1999). In addition, the construction of a forest road in 1981 may have increased
susceptibility to landsliding (Lopez-Saez et al., 2011). The Poche landslide developed in black marls is
observed in the Poche river basin (Fig. 2-8). Triggered in the 19t century and between 1956 and 1971,
it remains active nowadays. To the southwest on the north-facing slope of the Barcelonnette Basin, the
complex Super-Sauze landslide has developed in the soft clay-shales of a torrential basin (see Fig. 2-8).
Triggered in the 1960’s, it is really active and therefore, well instrumented and studied by scientific
teams of all over the world.

Some landslides occurring in intensively fractured hard rocks also affect the Eastern zone drained by
the Abries torrent which is an asymmetric valley in highly fractured sandstones. The gentle slopes there
(10-30°) are covered by moraine deposits and by coniferous forests or grasslands. These slopes are
affected by shallow rotational or translational slides triggered by the undercutting of torrents (Thiery et
al,, 2007). In contrast, the steep slopes (30-70°) are characterized by bare soils and affected by rockfalls
on sandstones (e.g. at the main road going to the “Col de la Bonnette”).

2.3.4.2. Landslide case studies

Different landslide types are presented in details because of o their continuous activity, their
potentiality of reactivation and/or their threat to the inhabitants of the valley. Some are located in the
northern zone (i.e. the Aiguettes, Pra Bellon, La Valette, Adroit and Sanieres landslides) and the others
are in the southern zone (i.e. the Super-Sauze and Poche landslides; see Fig. 2-10). Table 2-1 references
the landslide properties and geoscientists who have studied them. In addition to field observations
(2011-2013), the researches already done on these case studies are briefly summed up here. Some
landslides were also detected and/or studied kinematically thanks to DInSAR measurements in the next
chapter.
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landslides.

Table 2-4: Descriptive parameters of the landslide case studies.

Type Triggering | Elevation | Extension Velocity
Name date (m) (m) (cm.day!) References
Aiguettes | Translational | Late 19th 1740- 800 (1) ? Stien, 2001; Utasse, 2009; Lopez-Saez et al.,
century 1980 400 (w) 2013a; Corona etal,, 2014.
Pra Bellon | Rotational 15t 1470- 1750 (1) 5 (70s) Braam et al., 1987; Caris and Van Asch,
century 1750 450 (w) 1991; Weber, 1994; Dehn and Buma, 1999;
Mathieu, 2009; Utasse, 2009; Lopez-Saez et
al, 2012,2013a.
La Valette | Mudslide 1982 1240- 2000 (D) 0.3-0.6 Le Mignon and Cojean, 2002; Maquaire et
Complex 2070 200-500 al,, 2003; Squarzoni et al,, 2003; Delacourt et
(W) al,, 2007; Leprince et al,, 2008; Kappes et al.,
2011; Hibert et al., 2012; Travelletti et al.,
2012, 2013; Kurtz et al., 2014; Stumpfetal,,
2014; Schlogel et al,, 2015a.
Adroit Rotational 2012-2013 | 1135- 550 (D) 0.1-0.9 Stien, 2001
1300 300 (w) (04-05)
Super- Mudslide 1960s 1740- 900 () <0.4 Flageollet et al., 1999; Malet et al.,, 2002, 2003,
Sauze cOmpleX 2105 135 (w) 2005, 2007; Maquaire etal,, 2003; Malet, 2003
Casson, 2004; Delacourt et al,, 2007; Travellett
etal, 2008, 2012, 2014; Kappes etal., 2011;
Tonnellier et al., 2013; Stumpf et al,, 2014;
Kurtz et al.,, 2014.
Poche Mudslide > 1855 1200- 1200 (1) <04 Manné and Schwin, 1998; Schmutz, 2000;
Complex 1500 150-300 Guillon, 2001; Le Mignon and Cojean, 2002;
(w) Magquaire et al., 2003; Delacourt et al,, 2007;
Kappes et al,, 2011; Mazeau, 2013; Stumpf
etal, 2014; Kurtz et al., 2014; Schlogel et al.,
2015a.
Saniéres Translational | 2013 1500- 435 (1) ? Mathieu et al,, 2014
Rockslide 1650 200 (w)

A. The translational Saniéres rockslide

The Sanieres landslide is a large rockslide that occurred in early August 2013 in the lower part of the
Sanieres catchment, on the left side of the torrential channel (Fig. 2-11a). This stream is located on the
right bank of the Ubaye River, about 2 km NW of the municipality of Jausiers. A large amount of debris
has been mobilized during several days along a 475-m length cliff, reached and filled the downslope
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channel (Fig. 2-11b). The slope is still unstable and the local stakeholders are expecting the formation of
a debris-dam in the channel which could lead to a debris flow in case of failure, threatening directly the
urban area of Jausiers (Fig. 2-11c). This unstable rockslide requires monitoring in order to track the
evolution of the sliding processes and assess hazards.

Photogrammetry combining terrestrial and airborne LiDAR has been applied to monitor the evolution
of the slide from August 2013 to April 2014. DEMs derived from ground-based pictures taken from the
lower part of the slope did not include any stable area, preventing their georeferencing. Pictures
obtained from airborne photogrammetry include stable areas and were georeferenced using the LiDAR
aerial survey point-cloud. Preliminary displacement map created with an image matching technique is
expressed in pixels. This technique was applied to two images pairs, in September 2013 just after the
main slide event and in early November 2013 (Fig. 2-12). Then, a Structure from Motion technique
could be used to generate DEM from the two aerial acquisitions (Westoby et al., 2012). As this landslide
occurred very recently, its monitoring has just started and a few analysis has been done so far.

Figure 2-10: Morphology of the Saniéres rockslide (a) Location (b) View on the head scarp to the NE. (c) View of the
Saniéres valley to the north. (d) Pre-event orthophotograph in July 2013. (e) Post-event orthophotograph in
September 2013.
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Figure 2-11: Displacement fields obtained by time series processing from pairs of images taken (a) in September 2013
and (b) in October/November 2013 (Mathieu et al., 2014).
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B. The translational Aiguettes landslide

The Aiguettes landslide is located in the Riou-Bourdoux torrent. It is mainly characterized by a
translational slide with a rotational component at its upper part (Fig. 2-13a). The Aiguettes landslide is
800 m long, 400 m wide and ranges from 1740 to 1980 m a.s.l. The site is characterized by irregular
topography with a mean slope angle of ~20°. Geology is characterized by a 9-m thick top layer of
morainic colluvium formed of blocks of Triassic limestone and dolomite buried in a sandy matrix (Fig.
2-13c). The colluvium is underlain by autochthonous Callovo-Oxfordian black marls (Stien, 2001;
Utasse, 2009) which are very sensitive to weathering and erosion (Antoine et al., 1995). They
principally constitute the three main scarps (Fig. 2-13b). Secondary scarps are observed in the ablation
(see Fig. 2-13c) and intermediate areas as well as counter-slopes.

Vegetation is highly disturbed or completely removed in some active areas (e.g. Fig. 2-13e). In the
whole site, tilted and deformed trees clearly indicate that the Aiguettes landslide has been affected by
multiple reactivations in the past. According to Lopez Saez et al. (2013a), dendro-geomorphic data
helps to define two activation phases in the 1880s and 1910s on the basis of trees growing on the
landslide. In addition, they estimate the mean return period for the landslide at 0.11 event.yr-! for the
period 1891-2010. The number of reactivations clearly increases from 3 events for the period 1921-
1970 to 7 events for the period 1971-2010 (Lopez-Saez et al,, 2013a). Maximum decadal frequencies
(3 events) are observed in 1971-1980. For the period 1980-1990, the Aiguettes reconstruction shows a
complete absence of landslides whereas an increase in landslide frequency is observed at the regional
scale, partly related to the triggering of mudslides at La Valette and Super Sauze (Malet, 2003).
Moreover, analyses confirmed the primordial role of winter total precipitation (from December to
April) in landslide triggering.

In 1995, local risk managers from RTM conducted some investigations and a draining system was
installed (Stien, 2001). In October 2012, some field visits allowed us to notice that the landslide is
locally really active (i.e. in its upper part; see Figs. 2-13b-e). In spring 2012, local risk managers
conducted the construction of a new check dam in order to channelize the Aiguettes torrent (Fig. 2-13f)
even if the risk for the inhabitants is limited.

Les Plasﬂ'es\
2086 m o 2517 Mopuul
A

Figure 2-12: Morphology of Aiguettes landslide in the Riou-Bourdoux catchment. (a) Orthophotograph of 2009
locating the different slides and some features. (b) View to the southeast of the main scarp. (c) Ablation area of the
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landslide with secondary scarps. (d) View of the whole landslide to the west direction, taken from the opposite crest.
(e) View of the active part of the landslide body made of black marls almost free of vegetation. (f) Check dam
constructed in October 2012 at the Aiguettes torrent.

C. The rotational Pra Bellon landslide

Like the Aiguettes landslide, the Pra Bellon sliding area (Fig. 2-14a) is located in the Riou-Bourdoux
catchment, on the north-facing slope of the Barcelonnette basin, 3 km north of the Saint-Pons village.
More precisely, a complex of embedded slides in a hilly vegetated area can characterize the entire slope
(Fig. 2-14b, c and d), which makes complicated the kinematic analysis and the dating of the instability.
With a length of ca. 1,000 m, a width of ca. 400 m and an altitude ranging from 1400 to 2200 m a.s.l, the
active part of the Pra Bellon landslide (Fig. 2-14b) remobilised 1.5-2*10¢ m3 of rocks. Slopes are
constituted by weathered marls, flysches and covered by moraine deposits. The impermeable black
marls are 300-m thick with a dip-angle of 20° NE. The Autapie overthrust passes through the
“Bernarde” crest.

Figure 2-13: Morphology of Pra Bellon landslides sector in the Riou-Bourdoux catchment. (a) Orthophotograph of
2009 locating the different sliding compartments. (b) View to the northeast of uppermost sliding zone. (c) View from
Riou-Bourdoux torrent the Ablation area of the landslide with secondary scarps. (d) View to the northeast direction of
the landslide scarps.

The landslide probably started after previous glaciation with the melting of the ice cap (Braam et al,,
1987). Its activity seems to date back to at least the 15t century when the area was almost completely
deforested (Weber, 1994). In 1663, a main activation was recorded. Recent reactivations have been
noticed between 1956-1963. Peaks of activity have been recorded during the period 1970-1973 with a
downslope progression of the slide and velocities of 5 cm.day-1. Between 1974 and 2009, some shallow
translational landslides and debris flows occurred (Mathieu, 2009). Although precipitation certainly
plays a crucial role in the triggering of both processes, intense rainfalls capable of generating debris
flows in the Riou-Bourdoux catchment (Remaitre, 2006) will not necessarily be sufficient to cause the
Pra Bellon landslide to reactivate. Highest return periods associated with major probabilities of
reactivation are mapped in the central part of the landslide body on each side of a recent earthslide
(Lopez-Saez et al., 2012). Despite forest restoration efforts in the basin, the return period of landslides
at Pra Bellon sharply increased over the last 50 years, and might one day threaten the inhabitants in
case of landslide-dam.
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D. The rotational Adroit landslide

The Adroit landslide is located to the right riverbank of the Ubaye River, overlooking the town of
Barcelonnette. Fig. 2-15a shows the most active sliding area which is a part of an old bigger landslide of
1500-m length and 1300-m width. The soil is mainly clayed mixed with moraine deposits. The geology
is constituted of weathered Callovo-Oxfordian marls. A hummocky topography with some deformation
features is observed along the slope. Absence of cracks or clear scarps suggests that the main landslide
is latent with a reactivated part (see Fig. 2-15b).

The landslide was triggered after the last glaciation and the decompression of the ground and became
active in a lower extent from 2000 (Stien, 2001). Two houses were considered as unliveable due to the
numerous fissures and the danger of the site. In 2001, an acceleration of the displacement, slumping
the road, was registered upslope to the college. Nowadays the instability is still visible as shown by the
Figs. 2-15c-f taken in October 2012. The meadows of the eastern border of the landslide are
characterized by slope ruptures (Fig. 2-15c). Trees visible along the mapped area (e.g. in the forest and
next to the road) are affected by the instability (Figs. 2-15d-f). The road to the south of the swimming
pool was still affected by the movement in 2012 (see Fig. 2-15f) even if some remediation works were
conducted in 2004-2005. Following a preliminary study made by the local risk managers attesting the
landslide hazard, some piezometers and inclinometers were installed on the unstable slope. However,
during the 6-month period of analysis, only millimetric displacements were recorded and hydrostatic
levels did not change much. According to our knowledge, the landslide is still moving extremely slowly
and some reactivation are expected which could affect the infrastructure.

Figure 2-14: Morphology of the Adroit landslide located in the town of Barcelonnette. (a) Orthophotograph of 2009
locating the latent Adroit landslide by a dotted black rectangle focusing on (b) the active part of the landslide and the
location of the pictures. (c) View to the eastern border of the active landslide showing some lateral scarps and cracks
in the meadow. (d) Disturbed trees located close to the road to the north of the swimming pool. (e) Disturbed trees in
the forest of the north of the swimming pool. (f) Disturbed trees along the road to the south of the swimming pool.

89



Chapter 2: Characteristics of the study area - the Ubaye Valley (South French Alps)

E. The complex La Valette mudslide

La Valette landslide affects an area located directly upslope of the municipality of Saint-Pons in the
Barcelonnette basin (see Fig. 2-16a) and is an important threat for around 170 community housings
located downstream. Triggered in March 1982, it is one of the most important with its 2-km length and
0.2-km width in the lower part. The whole mobilized material is estimated at 3.5*106 m3 with about one
quarter in the lower part (Travelletti et al., 2009; Fig. 2-16b and c). The La Valette landslide is a case of
reactivation of an older landslide and is characterized with a complex succession of individual slides as
it is often observed in deep-seated landslides. The mean slope gradient is ca. 30° in the scarp area (Fig.
2-16e and f) and ca. 20° in the transit area (Fig. 2-16d). The maximum thickness varies from 35 m in the
upper part to 25 m in the medium and lower parts (see Fig. 2-16b and c). For the period 2005-2010, the
observed average displacement rate is comprised between 1 and 2 m.yr-1.

Field observations and previous remote sensing studies indicate that the general pattern of movement
shows higher displacements at the scarp and gradually decreasing displacements downslope
(Squarzoni et al., 2003; Delacourt et al., 2007; Leprince et al., 2008; Raucoules et al., 2013; Stumpf et al,,
2014; see Fig. 2-17). Using correlation of Pleiades images, Stumpf et al. (2014) estimated the horizontal
displacement of the ablation area at ca. 0.82 m during two months in 2012.

Due to its high velocity rate and its potential threat in case of huge reactivation, the La Valette landslide
is well studied. Several monitoring techniques are used to characterize its dynamics and mechanisms in
relation to climatic and hydrologic conditions. Mitigation works have been constructed (drainage
system, storage reservoir) and an early-warning system (cameras and captors) is maintained by RTM.
Differential single-frequency GPS monitoring system was installed by the OMIV observatory in order to
detect changes in real-time.

Soleil-Boeuf < La Chalanche
2214 m La Valette

2984m
ol .
-

Soleil-Boeuf
2214m

Figure 2-15: Morphology and monitoring of La Valette landslide. (a) Orthophotograph of 2009 showing the landslide
in red and locating the picture views. (b) View to the northeast from the opposite crest showing the whole landslide
body. (c¢) View from the lowermost part of the toe. (d) View to the southwest direction taken from the scarp, showing
the sliding tongue. (e) View to the north of the ablation area and the main scarp. (f) View to the north of the main
scarp covered by snow (April 2012). (g) LiDAR acquisition system temporarily installed on the opposite crest close to
(h) the permanent dGPS antenna sending measurements in real-time.
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Figure 2-16: Displacement field of the La Valette landslide. (a) Absolute horizontal displacement from the correlation
of two SPOT 5 images acquired on 19/09/2003 and 22/08/2004 (Leprince et al., 2008). (b) 3D displacement map for
three sub-periods, i.e. between April and November 2010 derived from the correlation of X-band spaceborne images
(Raucoules et al, 2013). (c) Horizontal displacement for the period 07/08/2012-05/10/2012 from terrestrial
photogrammetry using GCPs (Stumpf et al., 2014).

F. The complex Poche mudslide

Contrarily to La Valette, the Poche landslide is located on the right riverbank of Ubaye in the north-
facing slope of the Ubaye Valley, 5 km to the East of the municipality of Barcelonnette (Figs. 2-18a and
b). Its triggering date is estimated in the middle of the 19th century, its extent characteristics are
detailed in Table 2-1. The mean slope angle is ~15° in the ablation zone (Figs. 2-18 c and e) and ~20° in
the accumulation zone (Figs. 2-18g and h). The maximum landslide depth, estimated both by seismic
tomography and geotechnical boreholes, ranges from 10 to 25 m (Schmutz, 2000).
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Croix de I'A‘lpe 2591 m

Figure 2-17: Morphology of the Poche landslide. (a) Orthophotograph of 2009 showing the landslide in red and
locating the picture views (top represent the eastern direction). (b) View to the south from the opposite crest showing
the whole landslide body (outlined in red). (c¢) View from the landslide body constituted by black marls to the NE part
of the main scarp. (d) View of the southern main scarp and the contact between surficial soil, moraine deposits and
black marls. (e) View on a rupture plan in the black marls dipping downslope. (f) View to northwest on a deep crack
located close to the landslide crown (g) View to the south of the slowly moving landslide tongue. (h) View to the north
from the top to the landslide body constituted by mixed moraine and marls deposits.

The landslide ablation zone consists of a combination of structural rock block slides to the South-East
(see Fig. 2-18e) and a large rotational slide to the North-East. The 20°-dipping main scarp limits the
~10-m-thick moraine deposits and the Callovo-Oxfordian black marls (Le Mignon and Cojean, 2002; see
Fig. 2-18c and d). The transit and accumulation zones present a flow-type morphology with the
progressive burial of the thalweg of the Poche torrent (Fig. 2-18g). For the period 1993-2003, the
displacement rates measured by total station on 10 benchmarks are ~1 cm.day-! (Malet and Maquaire,
2003). In spring 2001 and 2008, higher displacement rates, up to 8 cm.day-1, have been observed but
nowadays, the average displacement stays below 0.4 cm.day! (Schlogel et al, 2015a). Former
researches also testify high displacement rates, mainly at the middle part of the landslide (see Fig. 2-
18). Nevertheless, no monitoring equipment is installed at Poche landslide but specialists from RTM
regularly come to do some EDM measurements, especially to estimate a potential retrogression of the
crown.

In the framework of this research, the kinematic and recent evolution of La Valette and Poche landslides
were analysed by DInSAR measurements in the Chapter 3.
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Figure 2-18: Displacement field of the Poche landslide. (a) Horizontal displacement for the period 09/19/2003-
08/22/2004 derived from the correlation of SPOT5 images (Delacourt et al., 2007). (b) Horizontal displacement
vector measured by comparing orthophotographs in 2000, 2004, 2007 and 2009 (Mazeau, 2013). (b) Horizontal
displacement for the period 07/08/2012-05/10/2012 from terrestrial photogrammetry (Stumpf et al., 2014).

G. The complex Super-Sauze mudslide

The Super-Sauze landslide is located five kilometres to the south of Barcelonnette on the south-western
border of the municipality of Enchastrayes and immediately next to the Super-Sauze ski resort. The
Super-Sauze mudslide (Fig. 2-20) is a flow-like landslide characterized by a complex vertical structure
associating a slip surface and a viscoplastic plug (Travelletti et al.,, 2008). Multidisciplinary observations
(geology, geomorphology, geotechnics, hydrology; Flageollet et al, 1999) provide substantial
information about its geology and geometry. Triggered in the 1960s, the Super-Sauze landslide is
another example of complex landslides developed in soft clay-shales (silty-sand matrix) mixed with
moraine debris. It is located in the headwater basin of the Sauze torrent between 2105 m and 1740 m
for an average slope gradient of 25°. It has a length of ca. 900 m and an average width of 135 m. TEM
measurements allow the estimation of maximal thickness of ca. 10m at the ablation zone and ca. 8 m at
the accumulation zone (Schmutz et al., 2000). The total volume is estimated at 560,000 m3 (Travelletti
and Malet, 2012). Velocities lie in the range from 0.01 to 0.40 m.day-! with possible acceleration of up to
40 cm.day-! (Malet et al., 2002; see Fig. 2-20a).

Since the 1990s, the landslide is investigated by the University of Strasbourg (Flageollet et al., 1999).
Several monitoring techniques (OMIV monitoring network) are used to characterize its dynamics and
mechanisms in relation to climatic and hydrologic conditions. The kinematics of the landslide is
currently monitored by dGPS, TLS and by a remote camera monitoring system (Fig. 2-20c; see some
results on Fig. 2-21). Indeed, the displacements are spatially very variable all over the landslide, and
directly correlated with the geometry of the covered paleotopography (Fig. 2-20d and e) and the
presence of water. The paleotopography plays a role by delimiting preferential water and material
pathways and thus, compartments with different kinematic, mechanical and hydrodynamical properties
(Malet and Maquaire, 2003). The rate of displacement is directly controlled by the hydrological regime
and period of high water levels (Travelletti et al., 2008).
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Figure 2-19: Morphology and monitoring of the Super-Sauze landslide. (a) Orthophotograph of 2009 showing the
landslide in red and locating the picture views (top represent the southern direction). (b) View to the southwest from
the opposite crest showing the whole landslide body. (c) View from the stable western border to the scarp of the
landslide showing the camera-system installed in 2012. (d) Landscape and downslope view to the northern direction
taken from the middle part of the landslide taken from the scarp, showing the sliding tongue. (e) Same view than d.
showing the gullies presented at the sliding tongue (October 2011). (f) View to the south of the ablation area of the
landslide with blocks of black marls. (g) View to the south of the main scarp covered by snow (April 2012).
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Figure 2-20: Displacement field of the Super-Sauze landslide. (a) Displacement rate measured for the period 1-4 June
2008 derived from correlation of terrestrial photographs (Travelletti et al., 2012). (b) Horizontal displacement for the
period 07/08/2012-05/10/2012 from terrestrial photogrammetry using GCPs (Stumpf et al., 2014).

2.3.4.3. Climate-landslide relationships

The climate-landslide relationships have been analysed for the period from 1928 to 2003 in order to
attempt to define climate conditions (and possibly rainfall thresholds) able to trigger or reactivate
landslides in the study area (see Malet et al., 2007; Thiery, 2007). Annual rainfall was compared to
periods of sliding activity of some landslides of the valley obtained from archives (RTM database of
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events) and dendrochronology analyses (Lopez-Saez et al., 2011, 2012, 2013a, 2013b). Peaks of
landslide activity can be explained by periods of high cumulative rain (like at the beginning of the
1990s) but it does not fit all the time. This can be partially explained by the dating technique. On longer
time scale, datings of eccentricities of tree rings in some slopes of the study area demonstrated
landslide frequencies of ca. 4 * 2 years (Verhaagen, 1988; Buma, 2000), indicating climate
characteristics favourable to a continuous activity of slope processes. Some relatively dry periods (e.g.
period 1982-1990) are also characterized by the occurrence of landslides, testifying of the complexity
of the landslide-climate relationships. Rainfall is one of the factors that accelerate or trigger landslides,
together with other factors such as land use or tectonic activity (Corominas, 2000).

Dendrochronologic data
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Figure 2-21: Annual rainfall (with mean and mean +/-10) at Barcelonnette rain gauge and landslide events recorded
by dendrochronologic measurement showing periods of sliding activity and periods with at least two events
registered by dendrochronologic data.

Relationships between landslide activity and meteorological conditions are discussed in Chapter 3. The
next chapter also focuses on the interpretation methodology to monitor the Poche and La Valette
landslides using passive remote sensing technique. The latter technique is also applied at regional scale
and constitutes one of the multi-source data taken into account for the creation of the multi-date
inventory and its statistical analysis.
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CHAPTER 3: A multi-date and multi-scale landslide inventory for hazard
assessment

The objective of this chapter is to create a multi-date and multi-scale landslide inventory by considering
different sources of information (geomorphological maps, remote sensing data, field observations) at
the slope- and regional scales. The chapter is divided in three sections.

Section 3.1 introduces the multi-scale analysis framework of the research. It presents the available
observation data and the techniques of analysis.

Section 3.2 focuses on the analysis of landslide events at the slope scale. It presents a
geomorphologically-guided methodology to interpret the kinematics of large and complex landslides
using L-band SAR images. ALOS/PALSAR images are processed with ROI_PAC and NSBAS algorithms in
order to create wrapped and unwrapped interferograms. DInSAR results are combined to ground-based
measurements to map the extent of the deformation of some unstable slopes. The first part of this
section depicts the development of the methodology to interpret InSAR signals according to different
landslide types. Displacement rates and the geomorphological evolution of the landslides are evaluated
for the period 2007-2010. The second part of this section is an application of the methodological
framework to an active and complex deep-seated landslide controlled by structures (i.e. La Clapiere
landslide). The displacement information obtained from D-InSAR is then integrated in a regional multi-
date inventory created from other data sources.

Section 3.3 presents the creation of a multi-date inventory for the statistical evaluation of landslide
return periods and intensity. First, the visual interpretation method used to recognize the landslides is
explained. It is based on the analysis of landslide features described in reports or observed on aerial
photographs, geomorphological maps, elevation products, InSAR deformation maps and field surveys.
Landslide intensity and return periods are evaluated using several statistical techniques. Then,
relationships between the recorded landslide events and possible meteorological triggers are
discussed.

The chapter highlights the complexity of handling numerous sources of information over different time
periods but also their complementarity to map and analyse different landslide types.

This chapter is mainly based on the following scientific papers:

Schlégel, R., Doubre, C., Malet, ]J-P.,, Masson, F. (2015a). Landslide deformation monitoring with
ALOS/PALSAR imagery: A D-InSAR geomorphological interpretation method. Geomorphology 231, 314-
330.

Schlégel, R., Malet, ].-P., Doubre, C., Lebourg, T. (2015b). Structural control on the kinematics of the
deep-seated La Clapiere landslide revealed by L-band InSAR observations. Landslides 1-14.

Schlégel, R., Malet, ].-P., Reichenbach, P., Remaitre, A., Doubre, C., (2015c). Analysis of a landslide multi-
date inventory in a complex mountain landscape: the Ubaye valley case study. NHESS 15, 2369-2389.
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3.1. Principles of multi-scale landslide analysis for hazard assessment

As introduced in Chapter 1, many types of landslide inventories exist, which can be created in different
ways and at different scales (i.e. national, regional, slope). In the framework of this analysis, we will
combine information on the evolution of landslides over several time periods at both the slope-scale
(characterization of the slope kinematics; Fig. 3-1a) and the regional scale (detection, mapping and
characterization of the landslide activity; Fig. 3-1b). The two analysis scales are combined for the
elaboration of a multi-date landslide inventory used for the evaluation of the landslide return periods
and intensity.

Slope-scale: < 1/5,000 Regional-scale: < 1/100,000
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Figure 3-1: Combination of two analysis scales (slope, regional) for the creation of a multi-date landslide inventory.

According to the definition of landslide inventory, several parameters, like the location, the type and
ideally the timing of the slope failures, are mandatory to analyse spatial and temporal patterns. They
are studied to quantify long- and short-term evolution of slope movements and underline relationships
to tectonic and hydro-meteorological processes (Guzzetti et al., 2012).
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The creation of a landslide inventory encompassing multi-temporal information needs high quality and
high-resolution data source as well as a good knowledge of the field. Visual image interpretation and
field surveys are the prevailing methods for landslide inventory mapping but are very time consuming.
Semi-automatic image analysis methods based on remote sensing techniques are proposed but their
quality lacks behind the expert mappings (Guzzetti et al., 2012). For the moment, they are no common
standards for the preparation of landslide inventory (Guzzetti et al., 2012) but it clearly depends on the
skills of the expert and the purpose of the analysis.

For characterizing the landslide spatial occurrence, the landslide distribution and its relations to
triggering factors, knowledge on the location and size of landslides is sufficient (Guzzetti et al., 2002;
Harp et al, 2011a; Gorum et al., 2013). In the case of hazard analysis, detailed information on the
landslide types and spatial features (e.g. source and runout sub-units) is required (Fell et al., 2008a; van
den Eeckhaut and Hervas, 2012). In addition, large disagreements in the mapping can be observed
among experts both in terms of total landslide affected areas (Carrara, 1993; Ardizzone et al., 2002;
Galli et al., 2008; Fiorucci et al., 2011) and in terms of landslide classification. Such disagreements have
to be critically quantified to ensure reproducible results and to provide measures of the uncertainties.

Considering the absence of established standard maps, the strong influence of geoscientist skills, the
quality and availability of the observation data, we propose a multi-source data approach for the
creation of the inventory. Indeed, we assume that more the dataset is complete, more the interpretation
of the results will be relevant and representative of the field conditions. A large observation set of
multi-source data covering the period from 1850 to the actual is used (see Fig. 3-2). According to the
characteristics of the available data and the interpretation methods, we divided the periods of analysis
in three: from 2007 to 2010 (see section 3.2), from 1956 to 2009 and from 1850 to 2012 (see section
3.3).
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Figure 3-2: Timeline of the available observations.

The specific objectives of this chapter are the following:

- To detect and map the evolution of landslides by using different remote sensing techniques;

- To develop a method for analysing L-band SAR images to evaluate quantitatively the kinematics
of several landslides, and validate the observations with in situ measurements;

- To prepare a homogeneous multi-date inventory for the three time periods at the regional scale
by combining several landslide descriptors;

- To analyse the descriptors and evaluate the landslide return periods and intensity;

- To relate the periods of landslide activity to triggering factors mainly linked to meteorological
events.
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3.2. Characterization of landslide Kkinematics at the slope scale: a
geomorphologically-guided methodology for the analysis of L-band SAR
interferograms

This section illustrates some potential uses of SAR images for landslide mapping and monitoring
despite significant challenges persisting in regard to the practical applicability of the technique to
landslide investigations (e.g. Singhroy et al., 1998; Wasowski et al.,, 2002; Colesanti and Wasowski,
2006). Coherence loss (a problem typical of vegetated areas) and atmospheric effects are the most
important factors that limit the usability of radar satellite images. Using higher spatial resolution
sensors (e.g. RADARSAT 2, TerraSar-X) or low band frequency images (e.g. L-band; ALOS) seems more
suitable for landslide applications (e.g. Strozzi et al., 2005), especially when long series of SAR images
are not available.

We used ALOS/PALSAR images and a classical DInSAR technique (Fig. 3-3a) to investigate the
landslides located in Fig. 3-3b. A resample 25-m DEM (Fig. 3-3b) was used for the InSAR processing
chains (ROI_PAC and NSBAS) to produce deformation maps. Coherence maps (Fig. 3-3c) have been
calculated as indicator of the decorrelation of the scene and used to create the filtered and unwrapped
interferograms (Fig. 3-3d). More details on the InSAR technique can be found in Appendix 1.
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Figure 3-3: SAR interferogram imaging geometry in the plane normal to the Line of Sight (LoS) direction applied to
landslide mapping. (a) Principle of DInSAR for landslide investigation (with B: Baseline, R: Distance along the Line of
Sight, 8: incidence angle) and geometric distortion effects (Colesanti and Wasowski, 2006): foreshortening (range
pixel C), layover (range pixels D, G, E, F) and shadowing (range pixels H-N). (b) Extent of the 25-m DEM resampled
according to the L-band sensor resolution (i.e. around 10 m) and location of the La Valette, Poche and La Clapiére
landslides investigated in Section 3.2. (c¢) Example of coherence map. (d) Example of unwrapped interferogram.
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According to the available SAR dataset and the complexity of the field conditions, we preferred to post-
process manually the interferograms obtained by the classical DInSAR approach. Some residual noise
and decorrelation due to the atmospheric contribution (Appendix 1) are observed in the
interferograms. In order to compare them and to create velocity maps on the basis of stable areas,
phase signals are corrected at slope scale. The post-processing procedure leading to the interpretation
the interferograms in terms of slope deformation is detailed in Appendix 2. For this purpose, we have
developed a GIS-toolbox (python code) to correct automatically the phase signal at slope-scale. The aim
is to shift the phase value to zero for the slopes considered as stable on the basis of the previous
inventory, by subtracting the median phase value (®meqd) of the zone surrounding the landslide to the
phase values of the whole area. The resulting phase for the wrapped interferograms is thus in the range
[-Tt-®Pred, T-DPed]. In all the deformation maps presented in this section, the stable areas are around a
zero value which corresponds to a green colour. At the end of the procedure, deformation maps are
created to characterize the kinematic evolution of landslides by comparison of results over time. While
unwrapped interferograms allow us to obtain velocity maps, wrapped ones give us information about
the deformation field(s) and deep structures. Validation of the results is based on ground-based
measurements and field surveys. The two following sections are based on this methodology.

3.2.1. Development of the interpretation methodology on representative case studies: La
Valette and Poche landslides

This section describes the development of the geomorphologically-based method to interpret L-band
SAR interferograms for the analysis of landslide kinematics at slope-scale. The technique is applied to
representative landslide types of the study area, namely the La Valette and Poche landslides (Fig. 3-3).
This work is published in the peer-reviewed journal Geomorphology.
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units are detected for both landslides, and zones affected by enlargement or retrogression are identified. The
InSAR-derived displacement rates are consistent with ground-based measurements and with remote estimates
of the displacement from C-band and X-band satellite SAR sensors. The results demonstrate the potential
of L-band ALOS/PALSAR imagery for the monitoring of active landslides with important changes in the
soil surface state and covered by vegetation.
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1. Introduction

Landslides are one of the most significant geohazards in terms of
socio-economic costs, threatening infrastructures and human settle-
ments. The monitoring of their surface displacement is thus crucial for
the prevention and forecast of landslides. In regions where large land-
slides (>10° m®) cannot be stabilized and may accelerate suddenly,
remote monitoring is often the only solution for surveying and/or
early-warning. Techniques using high resolution (HR) to very-high
resolution (VHR) space-borne optical and radar (SAR) images provide
valuable information to investigate landslide kinematics measuring 1D
Line-of-Sight (LoS) and 2D horizontal surface displacements (Delacourt
et al., 2007). For instance, digital image correlation (DIC) of VHR optical
satellite images has been used to estimate the horizontal component
of the displacement with a centimetric accuracy (Booth et al., 2013;
Stumpf et al,, 2014). To yield a sub-pixel accuracy, adequate image ori-
entation, co-registration, georeferencing and modelling of topographic
distortions are of primary importance (Stumpf et al., 2014). In comple-
ment to optical images, SAR images have become a widely used source
of information for measuring the topography and deformation of the
Earth surface. SAR images can be used at regional scales, for basin subsi-
dence or plate tectonics motion monitoring, and local scales, for fault,
slope movement or glacier monitoring (Massonnet and Feigl, 1998).
Advanced processing of SAR images has proven its ability for landslide
detection and mapping (Farina et al., 2006; Cascini et al., 2009;
Guzzetti et al., 2012), process monitoring (Hilley et al., 2004; Zhao
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et al., 2012; Raucoules et al., 2013), hazard assessment (Zhao et al.,
2013; Nikolaeva et al., 2014) and risk management (Bardi et al., 2014).
The choice of an optimal SAR processing technique depends on several
constraints: landslide type (Dikau et al., 1996), range of expected veloc-
ity and direction of the displacement (Cruden and Varnes, 1996), areal
extension of the moving mass, and land cover (e.g. presence of bare
rocks, soils or dense vegetation; Jebur et al., 2014), requested accuracy,
and existing catalogue of SAR data (Tofani et al., 2013). Traditional
two-pass differential InSAR technique (D-InSAR) has been applied for
the monitoring of slow-moving landslides on the order of cm year™'
(Catani et al., 2005), whereas persistent scatterers SAR interferometry
(PS-InSAR; Ferretti et al., 2001; Hooper, 2004) and small baseline subset
(SBAS; Berardino et al., 2002; Tolomei et al., 2013) techniques allow the
monitoring of extremely slow-moving landslides on the order of
mm year ' (Hilley et al., 2004; Guzzetti et al., 2009). Finally, correlation
of SAR amplitude images allows the monitoring of rapid landslides (on
the order of m year™'; Raucoules et al., 2013). As each of these tech-
niques has its advantages and limitations, the combination of various
SAR/InSAR processing techniques offers new perspectives to investigate
variable displacement rates (Lauknes et al., 2010).

In this work, we focus on the analysis of two large landslides charac-
terized by slow to moderate velocity in the order of cm day~"' (Cruden
and Varnes, 1996). These landslides show a complex spatial pattern of
displacement which is challenging to monitor with SAR images because
of significant changes in the local morphology, the soil surface state and
the vegetation inducing changes of the ground scattering properties
between two consecutive image acquisitions. Further, the available
SAR archive on these landslides is limited to ascending orbits, thus
preventing a complete analysis of landslide movement over all the
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@ Complex slide

@ Translational slide (multiple rotational)

@ Rotational slide (e.g. single)

stable bedrock

stable bedrock

A -==+ topography before failure A
— topography post failure

Fig. 1. Displacement pattern, morpho-structures and associated interferometric phase for three landslide types. (a) Rotational slide with a single circular slip surface; (b) translational slide
with a nearly planar slip surface parallel to the slope topography; and (c) complex slide with a series of embedded circular slip surfaces. From top to bottom: Three-dimensional view with a
longitudinal cross-section of the slope morphology; synthetic spatial distribution of InNSAR phase values; and along a longitudinal cross-section. The distribution of phase values (<) is based on
the following assumptions: (i) the SAR Line-of-Sight (LoS) and the landslide displacement directions are in the same vertical plane, (ii) the slope angle ais smaller than the SAR look angle 6
(which is equivalent to a local incidence angle smaller than 6), and (iii) the amplitude of the displacements is small enough to produce a phase variations in the interval [— m, m). D: horizontal
distance along the cross-section profile, Z: elevation; D) 0s: displacement vector along the LoS direction, Ug: displacement vector at the ground. Adg.: variation of phase values.

affected slope orientations and a measurement of the displacements constraints of the SAR images and the InSAR technique. The method, de-
along the three components (Nikolaeva et al., 2014). veloped for L-band ALOS/PALSAR images, is based on the analysis of the

Therefore, we propose a geomorphologically-guided InSAR interpre- spatial distribution of both surface geomorphological features and SAR
tation method in order to overcome some of the above mentioned phase values (Fig. 1). We assume that the direction of the landslide

Table 1
Reference case studies, defined in terms of displacement rate (v) and movement type (m), used to test the applicability of the interpretation method.
v m Landslide type and morphological unit
Case 1 <0.4 cm day ™' Mainly vertical Rotational slide, ablation zone (Poche landslide)
Case 2 <0.4 cm day ' Mainly along slope Translational slide, accumulation zone (Poche landslide)
Case 3 >0.4 cm day ! Mainly along slope Translational slide, accumulation zone (La Valette landslide)
Case 4 >0.4 cm day ™! Mainly vertical Complex slide, ablation zone (La Valette landslide)

103



316 R. Schlogel et al. / Geomorphology 231 (2015) 314-330

ALOS/PALSAR scene
Track 880

mk|11 )

6°35'0"E

6°40'0"E 6°45'0"E

) Barcelonnette
| tagunete

Fig. 2. Location and characteristics of the Poche and La Valette landslides in the Ubaye Valley (South East France) and extension of ALOS/PALSAR SAR scenes.

movement is controlled at depth by the geometry of the slip surfaces,
and laterally by the geometry of the stable bedrock slopes confining
the landslide mass (Okada, 1985; Muller and Martel, 2000; Petley
et al., 2002). The geometry and spatial distribution of discontinuities,
such as scarps and grabens upslope, sets of strike-slip and normal fis-
sures on the lateral sides, and compression lobes downslope, are used
to infer the movement direction (Travelletti et al., 2012; Stumpf et al.,
2013). Large landslides are characterized by rotational, translational or
complex style of movement (Fig. 1). Single rotational slides are confined
by a circular basal slip surface and are affected by retrogression upslope
(Fig. 1a). Translational slides are confined by planar basal slip surfaces
and show a surface movement mainly parallel to the hillslope
(Fig. 1b). Most landslides are complex and thus involve a combination
of rotational and translational movement features with multiple small
circular slip surfaces (Fig. 1c).

Fig. 1 also depicts the synthetic spatial distribution of interferometric
phase values for these three types of movement. In the landslide upper
parts (ablation zone), the vertical displacements (subsidence) are larger
than the horizontal (downslope) displacements; this kinematic pattern
is represented by positive phase values in the interferograms corre-
sponding to a motion away from the satellite. In the landslide lower
parts, vertical displacements (e.g. accumulation) are, most of the time,
smaller than horizontal (downhill) displacements; this kinematic
pattern is represented by negative phase values in the interferograms
corresponding to a motion towards the satellite. Fig. 1 also presents the-
oretical profiles of the slope topography and of the InSAR phase values
for rotational, translational and complex slides. The shape of the phase
along the profile, is further used to analyse the direction and amplitude
of the movement.

The method is tested on four case studies defined in terms of average
landslide displacement rate and style of movement (Table 1). The four
case studies represent typical motion and sliding mechanisms observed
in the ablation and accumulation zones of the Poche and La Valette land-
slides (South French Alps, Fig. 2). After presenting the study areas and
the InSAR processing technique, we analyse the InSAR data to estimate

the displacement field and compare it to in-situ displacement measure-
ments. Finally, we focus on the time evolution of the displacement field
to analyse the non-steady state behaviour of the landslides.

2. Study areas

The Poche and La Valette landslides are located in the Ubaye Valley
(South East France; Fig. 2) and have developed in clay-shale material
(Callovo-Oxfordian black marls). The dynamics of these two landslides
corresponds to a complex slide with various motion patterns in the
ablation and accumulation zones. At first order, the kinematics is con-
trolled by the local geometry of the bedrock and the presence of faults
(Le Mignon and Cojean, 2002; Travelletti et al., 2013). The geomorpho-
logical characteristics of the landslides are detailed in Fig. 2 and Table 2.

2.1. Poche landslide: geology and kinematics

The Poche landslide is located on the north-facing slope of the Ubaye
Valley, 5 km to the East of the town of Barcelonnette (Figs. 2 and 3). The
triggering date is not precisely known, but is estimated in the middle of
the 19th century. Currently, the landslide extends over a length of
1200 m along the EW to NW direction, and a width of 100 and 300 m
in the lower and upper parts, respectively. The maximum landslide
depth, estimated by seismic tomography and geotechnical boreholes,
ranges from 10 to 25 m (Schmutz, 2000). The mean slope angle is
~15° in the ablation zone and ~20° in the accumulation zone. The
volume of the landslide is estimated at ca. 5.0 x 10° m? (Schmutz,
2000; Malet and Maquaire, 2003).

For the period 1993-2013, the displacement rates measured by total
station on 10 benchmarks are ~1 cm day™' (Malet and Maquaire,
2003). Higher displacement rates, up to 8 cm day~', have been
observed in Spring 2001 and 2008.

The landslide ablation zone consists of a combination of structural
rock block slides to the South-East and a large rotational slide to the
North-East (Fig. 3a; case 1). The 20°-dipping main scarp limits the

Table 2
Characteristics of the Poche and La Valette landslides in the Ubaye Valley (South East France).
Location Triggering date Elevation Dimension Slope angle Slope direction Lithology
(m) (L, I; m) (a;°) (3:°)
Poche N Ubaye >1855 1200-1500 L: 1200; 20 (scarp)-11 (tongue) 305 (scarp)-270 (tongue) Black marls, moraine
1: 150-300
La Valette S Ubaye 1982 1240-2070 L: 2000; 35 (scarp)-20 (tongue) 230 (scarp)-230 (tongue) Black marls, limestone, moraine
I: 200-500
L: length; I: width.
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Fig. 3. Morphology of the Poche landslide. (a) Orthophotograph of the landslide in 2009 and location of ablation (case 1) and transit-accumulation zones (case 2); (b) morpho-structural

map of the landslide.

~10-m-thick moraine deposits and the Callovo-Oxfordian black marls
(Le Mignon and Cojean, 2002). The morphology of the ablation zone is
very bumpy with the presence of numerous blocks of marls, secondary
scarps and counterslopes.

The transit and accumulation zones present a flow-type morphology
with the progressive burial of the thalweg of the Poche torrent (Fig. 3a,
case 2). The slope angle of the accumulation zone is, at first order, con-
stant but locally presents a series of small secondary scarps and lobes

where ponds are located. The displacement pattern of this zone can be
considered as translational.

2.2. La Valette landslide: geology and kinematics
The La Valette landslide is located on the south-facing slope of the

Ubaye Valley to the NW of the town of Barcelonnette (Fig. 4a). The land-
slide, triggered in March 1982, currently extends over a length of

44°25'0"N
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Fig. 4. Morphology of the La Valette landslide. (a) Orthophotograph of the landslide in 2009 and location of ablation (case 4) and transit-accumulation zones (case 3), (b) morpho-struc-
tural map of the landslide. (c) Photograph of the transit and accumulation zones in 2009. (d) Photograph of the ablation zone in 2009 including numerous secondary scarps.
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Fig. 5. Methodological flowchart and indications of the data and outputs used at each processing step. (a) SAR images selection and processing. (b) Interferograms post-processing.
(c) Interferograms interpretation. The detailed characteristics of the data are presented in Table 3 and Fig. 6.

2000 m along the SW direction. It features a variable width ranging from
200 m in the transit and accumulation zones and 500 m in the ablation
zone. The maximum depth, estimated by seismic and electrical resistiv-
ity tomography and geotechnical boreholes, ranges from 25 to 35 m
(Travelletti et al., 2009; Hibert et al., 2012). The mean slope angle is
~30° at the main scarp and ~20° within the transit zone. The volume
of the landslide is estimated at 3.5 x 10° m? (Le Mignon and Cojean,
2002). The landslide is located at an overthrust contact between the
Callovo-Oxfordian black marls at the base and the Pelat nappe at the
top (Turonian and Paleocene flysch and limestone; Fig. 4b; Travelletti
etal, 2013).

The displacements are monitored with topometric benchmarks
since 1991 (Squarzoni et al., 2005), differential dual-frequency GNSS
(Malet et al., 2002; Malet et al., submitted for publication) and an

extensometer since 2008. At regular time intervals, displacement
maps are also calculated from correlation of optical satellite images
(Leprince et al., 2008), satellite radar interferometry (Vietmeier et al.,
1999; Squarzoni et al., 2003) and airborne and ground based laser
scans (Travelletti et al., 2013). For both periods 1995-1999 and
1999-2003, the displacement rates measured from the correlation of
orthophotographs are in the range of 2.5 m yr~' in the accumulation
zone and 20 m yr~ ! in the ablation zone (Delacourt et al., 2007). For
the period 1991-1999, Squarzoni et al. (2003) determined from the
analysis of ERS-1/2 (C-band) interferograms and four kinematic sub-
units identified two movement types: a translational sliding with the
development of a flow tongue in the transit and accumulation zones
(Fig. 4c) and multiple rotational sliding with a slump type morphology
in the ablation zone (Fig. 4d).

La Valette

Table 3
Characteristics of the dataset used for the analysis.
Poche
Topographic data 2007: BD ALTI® Elevation DSM (25 m)
2007: Airborne LiDAR DSM (0.5 m)
Orthophotograph 2007 (0.5 m), 2009 (0.5 m)

Ground-based displacement data

Total station campaigns on benchmarks (2007-2010)

2007: BD ALTI® Elevation DSM (25 m)

2007: Airborne LiDAR DSM (0.5 m)

2009: Airborne LiDAR DSM (0.5 m)

2007 (0.2 m), 2009 (0.2 m)

GNSS campaigns on benchmarks (2008-2010), Permanent GNSS (>2009)
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Fig. 6. Time acquisition and perpendicular baseline (white point) of the SAR images together with the cumulative net rainfall between consecutive SAR acquisitions (grey box) and for the
complete time period (blue line) at the Barcelonnette meteorological station. The presence of snow cover (black box) is estimated from satellite image analysis. The interferograms T1, T2,

T3 and T4, analysed in this work, are indicated.
3. Methodology

The processing and interpretation methodology is summarised in
Fig. 5. It includes the selection and processing of SAR images (Fig. 5a),
the post-processing of interferograms (Fig. 5b) and the calculation and
interpretation of displacement (Fig. 5c). The detailed characteristics of
the data are presented in Table 3 and Fig. 6.

3.1. SAR processing

An interferogram consists of the calculation of phase differences
(Adyy) between two co-registered SAR images:

Ad)im — (b(to)'(b(tl) = Aq’dcf + A('borb + A(’)topo + Aq)atm + A(’)nuisc (1)

where Adyy, is the SAR interferometric phase, Ad(ty) and Ad(t;) are the
SAR phase values at respectively day t, (reference) and day t;, Adger is
ground deformation (between two acquisition times), Ad,y, is orbital
contribution (due to changes of the satellite orbital geometry), A, is

T1:2007-07 / 2007-09
®  T2:2009-07 / 2009-09
®  T3:2009-09 / 2009-10
T4:2010-04 / 2010-07

—— Centered moving average (T1; w=51)
—— Centered moving average (T2, w=51)
—— Centered moving average (T3; w=51)
~—— Centered moving average (T4, w=51)

Phase values (stable areas, rad)
o
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§ 8 § 8 8 8 B B g

Elevation (m)

topographic contribution, Ad,,, is atmospheric contribution (due to dif-
ference of signal propagation in the atmosphere) and Ad>,,;s. is Noise con-
tribution (corresponding to changes in the scattering properties of the
ground surface, changes in the thermal properties of the atmosphere or
ground surface, or inaccurate image co-registration; Massonnet and
Feigl, 1998).

The SAR data are coregistered using the NSBAS tools (Doin et al.,
2011). The interferograms are processed using the ROI-PAC software
(Fig. 6a; Rosen et al., 2004). The orbital contribution is corrected with pre-
cise satellite orbit data (<1 m) provided by the Japan Aerospace
Exploration Agency (JAXA) fitted with a 2D linear offset ramp. The topo-
graphic contribution is corrected using the BDALTI® DSM (25 m)
resampled at 10 m. with a bilinear interpolation. The topography-
correlated phase signal due to the stratified troposphere is removed
over the complete SAR scene using the wrapped phase (Beauducel and
Briole, 2000;, Doin et al., 2009)

After filtering, we further interpret only the interferograms with
coherence values higher than 0.30 (Fig. 5a). Two strategies are used for
the interpretation. For cases 1, 2 and 3 (Table 1), the phase values are
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Fig. 7. Variability of phase values with elevation. (a) Phase values for the Poche landslide with respectively 83%, 85%, 96% and 64% of values in the range + 0.5 rad for the periods T1, T2, T3
and T4. (b) Phase values for the La Valette landslide with respectively 76%, 81%, 80% and 72% of values in the range =+ 0.5 rad for the periods T1,T2, T3 and T4. The centred moving average is

calculated for each period with a season w = 51.
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Fig. 8. Landslide velocity (vertical component and LoS direction) measured by InSAR and ground-based techniques (terrestrial LIDAR in the ablation zone and GPS in the accumulation
zone) at La Valette for the period July-October 2009. The uncertainties of each measurement techniques are +0.9 cm for InSAR, 47 cm for GNSS, and + 3 cm for terrestrial LiDAR.

unwrapped using the branch-cut unwrapping algorithm of Goldstein
etal. (1988). For case 4, unwrapping is not possible and only the wrapped
phase is analysed.

3.2. Post-processing of the interferograms

All interferograms are co-registered and geocoded in cartographic
coordinates (reference system Lambert 3) for comparison with other
datasets. The analysis of landslide motion is then performed on small
sub-scenes (2.1 x 1.9 km?) of the interferograms around the two land-
slides (Fig. 5b).

The precise location and contours of the expected deformation area
are mapped from a landslide inventory (1:3000) available for the whole
region. The landslide morphological features (scarps, fractures, lobes,
and gullies) observed on the aerial orthophotographs and the airborne
LiDAR DSMs are used to guide the interpretation of the wrapped and
unwrapped phase values.

In order to compare the interferograms, we shifted the phase
values for the portions of the terrain out of the landslide limits. We
subtracted the median phase values (Peq) of the area surrounding
the landslide to the phase values of the sub-scene. The resulting
phase values for the wrapped interferograms are thus expressed in
the range [ — M-®pyed, T-Ppeq]. The shifted phase values are interpreted
for zones of interest (200 m) around the landslides.

3.3. Interpretation of interferograms

To analyse the kinematics of the landslide (Fig. 6¢), we convert the
phase values (<) in displacement along the SAR LoS direction (Dy,s):

Dyos = AAD /4m (2)

where A is the wavelength.
We further project the ground-based three-dimensional displace-
ment vector Ug along the SAR LoS direction (Dg, 10s):

D, 1os = UgNios (3)

where 11y, is the unit vector along the LoS direction, positively orientated
in the satellite-ground direction. The ny,s vector can be described in the
East-North-Up reference system:

Nies = (Sin A, sin 6, — cos A, sin 6, — cos ) (4)

where A, is the mean azimuth of the LoS and 6 is the incidence angle. In
our case, the unit vector is defined with ny,s = [0.61,0.15, — 0.79], A, =
75.84° and 6 = 38.7°.

Taking into account the spatial distribution of the phase values, we
consider the parts of the field with absolute phase values &> 0.5 (corre-
sponding to a displacement of 0.9 cm in LoS) as ‘moving’ areas (see Fig. 7
for the areas assumed to be stable in the regions of interest). As outlined
in Fig. 1, various phase values and displacement fields can be observed
at the scale of a landslide due to local movements:

- At the intermediate and lower parts of the landslides, the transla-
tional sliding movement can be mainly described by along-slope dis-
placements: in a case of a small slope, as presented in Fig. 1, this
movement corresponds to negative phase values (& < —0.5).
Moreover, the accumulation of the material in this part of the land-
slide eventually produces an upward movement of the ground,
which increases the absolute phase value.

- Inthe upper part of the landslides, close to the main scarps, the vertical
component of the displacement is dominant with a subsidence and a

Fig. 9. Displacement (cm) and velocity (cm day ') observed in the ablation zone of the Poche landslide from L-band PALSAR InSAR data. (a) Orthophotograph (2009) and interferograms
for the periods T1, T2 and T3. (b) Profiles of elevation (top), Dyss (middle) and Dy (bottom) for two cross-sections perpendicular to the landslide (A-A”) and along the steepest slope
direction (B-B'). The location of the two profiles (of width 30 m) is indicated in (a). The colour bars indicate changes in the size of different movement type (subsidence in red, transit

in yellow to orange, and stable areas in green).
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loss of material; this movement corresponds to positive phase values
(> 0.5).

If the displacements are large (e.g. higher than half the wavelength
of the radar sensor), phase jumps can be observed due to the complexity
of the unwrapping method. These SAR features, in relation with the
morphological features, are interpreted either as a contact among a
stable slope and the landslide, or as a contact among landslide units
characterized by distinct displacement rates.

Using ground-based monitoring data, we assume a main displace-
ment direction for all sub-units. Two cases are considered. The first
case corresponds to a vertical motion associated with a depletion of
material (preferentially located at the top of the landslide), or with an
accumulation of material (preferentially at the toe of the landslide).
Therefore, we convert the LoS displacement to ground vertical
displacement (Dyer):

Dyere = Digs/(N,-Nygs) = —Dygs/ cOSH (5)

where n, is the vertical unit vector (positive upward).

A positive vertical displacement (Dyers = 0) corresponds to a subsi-
dence; a negative vertical displacement (D, < 0) corresponds to an
uplift.

The second case corresponds to an along-slope motion, observed for
a translational sliding movement. We convert the LoS displacement to
ground along-slope displacement (Dsjope):

DSlope = DLoS/(nSIope'nLoS) (6)

where ngjqpe is the unit vector (positive downslope) which can be
written in the East-North-Up reference:

Ngjope = (SINAg COS @, €OS Ay COS @, —sin ) (7)

where A4 is the slope azimuth angle, and « is the slope angle. For this
analysis, Aq and « are calculated from a high (0.5 m) resolution LiDAR
DSM available for the study area over a window of 9 x 9 pixels.

4. Data

The dataset consists of satellite SAR images, airborne
orthophotographs, airborne laser scanning digital surface models
(DSMs), and displacement measurements from ground-based GNSS or
total stations. We use 15 ALOS/PALSAR images (processed at Level
1.0) acquired from March 2007 to July 2010 (Fig. 6). In C-band (A =
5.6 cm) and X-band (A = 3.1 cm) radar sensors, the phase quality of
the SAR signal degrades due to changes in the backscattering properties
of the ground surface (vegetation, soil surface state, micromorphology
and roughness) which is less critical in L-band (A = 23.8 cm) sensors
(Rosen et al., 1996; Strozzi et al., 2005; Wei and Sandwell, 2010). For
landslide monitoring, C-band images (ERS1/2) have been mainly used
in the TANDEM acquisition mode with repeat cycle of 1-3 days (Rott
et al., 1999; Squarzoni et al., 2003), while X-band sensors are only
suitable for the monitoring of slopes with many natural reflectors
(buildings and rocky blocks; Notti et al., 2010). Therefore, for the mon-
itoring of large displacements, large wavelengths are more suitable
(Garcia-Davalillo et al., 2014).

The ALOS archive for the study area consists of images acquired in
ascending orbit (track 880). Images acquired at the high resolution
Fine Beam Polarization (FBS) mode are used. For all images, the pixel
dimensions are 9.78 m in the azimuth direction and 7 m in the range
direction; the mean look angle 6 is 38.7° over the scene; and the off-
nadir azimuth «y is 75.84°. For the InSAR processing, the criteria used
to select the image pairs are: (1) a perpendicular baseline (B, ) smaller
than 1000 m; (2) a temporal baseline (Br) between both images shorter
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than 92 days; and (3) a net rainfall amount of less than 220 mm
between consecutive dates (Fig. 6). To avoid decorrelation due to the
presence of snow cover, we also excluded scenes acquired in winter.

Table 3 details the dataset used for the analysis. A medium resolu-
tion (25 m) DSM from the French National Mapping Agency (BD
ALTI®, IGN), resampled at 0.000088° (9.78 m) and projected in
geographic-WGS84 coordinates was used for the InSAR processing.
Very high resolution (0.5 m) airborne LiDAR DSMs and aerial
orthophotographs (0.5 m) were used for the morphological and
kinematic analysis of the landslides.

5. Results and discussion: quality of the processing and interpretation
of landslide motion

The kinematics of the landslides was analysed for the period
2007-2010 in terms of both the spatial distribution of displacement
rates and the evolution of rates over time. Four periods were considered:
T1 = 2007-07-21 to 2007-09-05 (Br = 46 days), T2 = 2009-07-26 to
2009-09-10 (46 days), T3 = 2009-09-10 to 2009-10-26 (46 days) and
T4 = 2010-04-28 to 2010-07-29 (92 days).

Here we first discuss the quality of the InSAR results and then
interpret the InSAR deformation field by taking into account geomor-
phological and geophysical knowledge of the landslides. The LoS
displacements are interpreted in terms of vertical or along-slope
displacements for landslide sub-units, and compared to ground-based
geodetic observations. The landslide motion is then interpreted for the
complete monitoring period. The results are discussed successively for
each study case.

5.1. Quality and uncertainty of the InSAR phase values and deformation

A collocation error of 1.5 pixels (e.g. ca. 15 m) in the North and East
components is observed on the SAR amplitude images and is taken into
account for interpreting the LoS displacements. Even with interfero-
grams at Br = 46 days and B, < 1000 m, decorrelation is observed be-
cause of important changes of the soil surface state (variation in soil
humidity, transport of sediment, fracturing) especially in the ablation
zones of the two landslides. For the Poche landslide, the unwrapped in-
terferograms T1, T2 and T3 are considered of good quality because more
than 95% of the phase values are unwrapped. The interferogram T4
(Br = 92 days) cannot be interpreted because the coherence is too
low over the area of interest. For the La Valette landslide, the interfero-
grams have generally a lower quality (especially in the ablation zone);
consequently, the phase values for T2, T3 and T4 cannot be unwrapped
and only wrapped interferograms are used for the analysis.

The uncertainty of the phase values is estimated in terms of variabil-
ity of the phase values on stable terrains outside of the landslides. For
the four interferograms and the two landslides, more than 70% of pixels
have a phase value in the range [— 0.5 rad, + 0.5 rad] (Fig. 7), except for
Poche at T4. Atmospheric effects remain in the phase map, mainly for
the La Valette landslide partly because of the large elevation range
[1200-2200 m] (Fig. 7b).

Further, at La Valette, the InSAR velocity along the LoS direction is
compared to projected ground-based velocity measured for 11 bench-
marks (Travelletti et al., 2009, 2013). The results are presented in
Fig. 8. The InSAR velocity is consistent with the ground-based observa-
tions with maximum errors of 0.05 cm day .

5.2. Interpretation of the InSAR slope deformation field

Figs. 9 to 12 present the interferograms. The grey colour indicates
areas where the phase values are not interpreted because of low coher-
ence values (<0.3). In the following, the InSAR displacement field is
interpreted successively for each case study.
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Fig. 10. Displacement (cm) and velocity (cm day ') observed in the transit-accumulation zone of the Poche landslide from L-band PALSAR InSAR data. (a) Orthophotograph (2009) and
interferograms for the periods T1, T2 and T3. (b) Profiles of elevation (top), Dyos (middle) and Dype (bottom) for two cross-sections perpendicular to the steepest slope direction of the
landslide (A-A” and B-B’) and a cross-section along the steepest slope direction (C-C’). The location of the two profiles (of width 30 m) is indicated in (a). The colour bars indicate changes

in the size of the movement type (subsidence in red, transit in yellow to orange, and stable slopes in green).
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5.2.1. Case 1: InSAR deformation of the Poche ablation zone

In the ablation zone of the Poche landslide, we observe positive Dy s
values on the interferograms T1, T2 and T3 corresponding to a ground
LoS displacement away from the satellite (Fig. 9a). A similar pattern is
identified in the three interferograms. Morphological features (Figs. 1a
and 3) and previous studies indicate a single rotational movement
type (Le Mignon and Cojean, 2002).

For the three time periods, the subsidence is constrained within a
circular area (diameter of ~300 m) with decreasing displacement
rates from the centre to the edges (Fig. 9b). The amplitude of the dis-
placement varies in time. The maximum absolute D s values reach re-
spectively ~2.1 & 0.9 cm for T1, 3.8 + 0.9 cm for T2 and 1.8 & 0.9 cm
for T3, corresponding to vertical displacements of ~2.7 + 1.1, ~4.9 +
1.1 and ~2.3 + 1.1 cm, respectively. The spatial extent of the subsidence
movement (e.g. Dyos = 0.9 cm) is also different for the three periods
(~11.2 x 10* m? for T1; ~9.2 x 10* m? for T2; and ~12.0 x 10* m? for
T3). These observations indicate that the behaviour of the landslide is
not steady-state with important changes in velocity over time.

To the South, the boundary of the subsidence corresponds to the
previously mapped landslide morphological limits of 2009. To the
Northeast, the subsidence signal extends far beyond the known land-
slide morphological limits (150 m away from the main scarp in the
North-East direction; Fig. 9a) indicating a further extension of the
landslide.

Two profiles clearly indicate the same deformation pattern with
local sharp gradients corresponding to landslide morphological features
or steep topography (Fig. 9b; A-A’, B-B’). Along the cross-section A-A’,
the maximum subsidence rate occurs in the central part of a topograph-
ic depression, whereas convex slopes (e.g. secondary scarps) delimit the
extension of the subsidence along the cross-section B-B’. In addition,
positive centimetric Dy values are observed for T2 on cross-section
B-B’ (at abscissa 100 m) indicating accumulation of material, mainly
to the West (Fig. 9b).

5.2.2. Case 2: InSAR deformation of the Poche transit-accumulation zone

In the transit-accumulation zone of the Poche landslide, we observe
negative D5 values on the three interferograms T1, T2 and T3 corre-
sponding to a ground LoS displacement towards the satellite
(Fig. 10a). Taking into account both the azimuth and the slope of the
landslide, we interpreted this movement as a translation movement
type (Le Mignon and Cojean, 2002; Fig. 1b).

For the three time periods, the deformation is constrained within an
ellipse (major axis length of 300 to 600 m) elongated in the E-W direc-
tion. The displacement rates are higher in the central part of the land-
slide, and decrease to the edges. The maximum deformation is
observed close to a knick point where the sliding direction changes
from N270° to N305°. Similar to the ablation zone, the amplitude of
the displacement varies in time. The maximum absolute D;,s values
reach respectively 6.8 &+ 0.9 cm for T1, 12.1 & 0.9 cm for T2 and
6.4 + 0.9 cm for T3, corresponding to Dgjope Values of ~18 4 2.4,
~30 4 2.2 and ~17 + 2.4 cm, respectively. The spatial extent of the
translational sliding (e.g. Dios = 0.9 cm in absolute values) is different
for the three periods (~4.3 x 10* m? for T1; ~5.4 x 10* m? for T2; and
~5.0 x 10% m? for T3).

To the South and Southwest, the boundary of this deformation signal
coincides with the steep scarp of the Poche torrent. To the South-East, a
subsidence movement, associated with positive Dy,s values, corre-
sponds to the progressive development of a shallow slump. On the
contrary, no further extension of the landslide is observed to the North.

Three profiles clearly indicate the same deformation pattern with
the succession of material accumulation in convex slopes and material
erosion in concave slopes (Fig. 10b; A-A’, B-B’, C-C’). The spatial distri-
bution of displacement rates suggests the occurrence of compression
(convex slopes) and dilatation (concave slopes) according to the
bedrock geometry.

5.2.3. Case 3: InSAR deformation of the La Valette transit-accumulation
zone

Phase unwrapping is difficult for this case study because of higher
displacement rates than for the Poche landslide and the related change
of ground. Taking into account our criteria of analysis, the spatial extent
of the zones with reliable phase values are respectively 3%, 18%, 13% and
38% for the periods T1, T2, T3 and T4 (Fig. 11a). The deformation pattern
is however clearly depicted from the InSAR dataset. Similar to the case 2,
the transit-accumulation zone of the La Valette landslide is character-
ized by negative D, s values on the interferograms T1, T2, T3 and T4
(Fig. 11a) corresponding to a ground LoS displacement towards the
satellite (Fig. 11b). This movement is interpreted as a translation move-
ment type (Hibert et al., 2012; Fig. 1b).

The maximum absolute D s values reach respectively 8.9 4+ 0.9 cm
for T1, 14.7 £ 0.9 cm for T2 and 14.1 £ 0.9 cm for T3. For the three time
periods, the deformation pattern has a clear flow-like shape (with a
main sliding direction to the Southwest). The maximum deformation
is located at the South, between the elevations 1650-1750 m, corre-
sponding to a sharp gradient in the local topography. For the period
T1, the InSAR depicts accumulation of material in the upper part of the
transit zone (NW) and subsidence to the NE at the Rocher Blanc outcrop
(Fig. 4b). For all periods, a decrease in displacement rates is observed
from uphill to downhill; the distribution of displacement rates along
the transverse cross-sections A-A’ and B-B’ suggests a laminar flow
with higher velocity in the central part, and lower velocity along the
edges.

5.2.4. Case 4: InSAR deformation of the La Valette ablation zone

The series of counterslopes, secondary scarps and grabens suggest
that the type of movement consists of multiple rotational slides
(Squarzoni et al., 2003; Travelletti et al., 2013; Fig. 1c). Numerous
phase jumps are observed in the wrapped interferograms (Fig. 12a)
especially for T3 and T4.

For the four time periods, the deformation is broadly constrained
within the geomorphological boundaries of the landslide though some
local enlargements are identified. To the SW, a new landslide tongue
is progressively developing; to the East and Southeast, retrogression of
the main scarp and a subsidence are observed.

The cross-sections A-A’ and B-B’, which show a large dispersion
particularly along the section A-A’, indicate the same deformation pat-
tern (Fig. 12b). The Dy o5 values vary spatially along the landslide body
confirming the complexity of the sliding motion. Changes in Dy 45 trends
are analysed along the cross-section A-A’ and B-B’ in order to map sub-
units with different kinematics (Fig. 12b). Four sub-units, limited by
morphological features, are identified from the wrapped phase values
and are consistent with a graben structure.

5.3. Interpretation of landslide motion

The objective of this sub-section is to interpret the spatial and
temporal variations in the amplitudes of displacement for the two land-
slides in relation with possible triggering factors.

Fig. 11. Displacement (cm) and velocity (cm day ") observed in the transit-accumulation zone of the La Valette landslide from L-band PALSAR InSAR data. (a) Orthophotograph (2009)
and interferograms for the periods T1, T2, T3 and T4. The landslide boundary is represented in red. (b) Profiles of elevation (top), Dy, (middle) and Dy (bottom) for two cross-sections
perpendicular to the landslide (A-A” and B-B’) and a cross-section along the steepest slope direction (C-C’). The location of the two profiles (of width 30 m) is indicated in (a). The colour
bars indicate changes in the size of the movement type (subsidence in red, transit in yellow to orange, and stable slopes in green).
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Fig. 12. Displacement (cm) and velocity (cm day™"') observed in the ablation zone of the La Valette landslide from L-band PALSAR InSAR data. (a) Orthophotograph (2009) and interfer-
ograms for the periods T1, T2, T3 and T4. The landslide boundary is represented in red. (b) Profiles of elevation (top), Dy,s (middle) and D, (bottom) for two cross-section perpendicular
to the landslide (A-A’) and along the steepest slope direction (B-B’). The location of the two profiles (of width 30 m) is indicated in (a). The colour bars indicate changes in the size of
different movement type (subsidence in red, transit in yellow to orange, and stable slopes in green).

5.3.1. Kinematics of the Poche landslide

Fig. 13a shows the evolution of the Dy,s displacement rate of the
Poche landslide for the periods T1, T2 and T3. In the ablation zone, the
largest amplitudes of displacement are observed for T2 (summer
2009) and the lowest displacements are observed for T3 (autumn
2009). The subsidence rate is higher in summer 2009 (T2) than in sum-
mer 2007 (T1). At the opposite, in the transit zone, the displacements
are in the same range for the three periods.
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In comparison to the average velocity observed in the whole ablation
and transit zones, a possible relation is observed between the surface
velocity and the slope angle. The parts of the landslide with the highest
velocity correspond to slopes around 20° for the ablation zone and 12