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Abstract

We propose a methodology (1) to prepare a multi-date landslide inventory for a moun-
tainous area affected by several landslide types with different degrees of activity, and
(2) to estimate the temporal occurrence and the intensity of the landslides through the
analysis of morphological indicators. The inventory, covering the period 1956—2010, is
constructed for the middle section of the Ubaye valley (South French Alps) based on
the analysis of multi-source documents (geomorphological maps, historical reports of
landslide events, field surveys, series of orthophotographs and SAR satellite images).
The uncertainties in the interpretation of the documents and the landslide morphologi-
cal features are taken into account in relation to the scale of the source documents.

Several morphological indicators are calculated to describe quantitatively the evolu-
tion of the landslides (length, area, relative elevation, runout distance). Frequency-area
density functions are calculated to estimate the changes in the landslide distributions. A
Poisson model is used to estimate the probability of reactivation of the observed land-
slides. The proposed multi-date inventory and the associated statistics give additional
information to the event catalogue managed by local authorities.

1 Introduction

Landslides represent a serious hazard in many areas around the world and include
a large variety of types (Varnes, 1978). Landslide inventory maps are important docu-
ments to define the spatial distribution of mass movements in a region and to assess
landslide susceptibility and hazard (Guzzetti et al., 2012). Geomorphological landslide
inventories can provide several categories of information, such as the movement type
or the spatial evolution of the landslide extent. If observed, specific geomorpholog-
ical features (fissures, grabens, ponds, vegetation removal and other morphological
changes) underline landslide activity. These descriptors can be used to estimate the
temporal and spatial pattern of activity over long time periods (> 50 years).
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For hazard assessment, the spatial and temporal probabilities of landslide occur-
rence of a certain magnitude have to be evaluated. The spatial distribution of landslides
(susceptibility) is primarily controlled by slope morphology, lithology, tectonics and hy-
drogeological conditions, and by the land cover (Gunther et al., 2013; Corominas et al.,
2014). The temporal recurrence of landslides is controlled by the occurrence of trig-
gering events (e.g. rainfall, earthquake, rapid snow melt); however, in many cases, the
time dimension is difficult to assess due to the lack of historical records (Flageollet,
1999; Sorriso Valvo, 2002; Jaiswal et al., 2011). The magnitude of the events is depen-
dent on the landslide type and several proxies can be used such as the dimensions of
the landslide (area, volume, travel distance) or the velocity (Corominas et al., 2014).
Frequency—magnitude relationships for different locations and landslide types are fre-
quently used to evaluate the hazard (Malamud et al., 2004; van den Eeckhaut et al.,
2007; Schldgel et al., 2011; Florsheim and Nichols, 2013).

The main document for the hazard assessment is the landslide inventory map.
Preparing an inventory map is not straightforward and requires experienced geomor-
phologists trained in the recognition of slope processes and forms (Wills and McCrinck,
2002; van den Eeckhaut et al., 2005). The production of event-based or multi-temporal
landslide inventories is hampered by uncertainties associated with the characteristics
of the source documents (scale, resolution, time period coverage) as well as with the
type and size of the landslides. Optical remote sensing data (e.g. orthophotographs
or satellite images) are used to detect landslides by visual analysis or with (semi-
)automatic approaches (Barlow et al., 2006; Fiorucci et al., 2011; Mondini et al., 2011;
Kurtz et al., 2014). Despite its limited coverage and particular properties, images ac-
quired by Synthetic Aperture Radar (SAR) satellite sensors are also considered as
a powerful source of information, mainly for the recognition of slow-moving landslides
(Singhroy and Molch, 2004; Zhao et al., 2012). Multi-date landslide inventories (e.g.
inventories with temporal information on the landslide extent for more than two dates)
over long time periods are not very frequent at the regional scale (Guzzetti et al., 2012)
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because of the complexity to recognize precisely landslide events or typical landslide
features in several categories of documents.

The objectives of this work are: (i) to document the evolution of landslides over a pe-
riod of 55 years exploiting different documents (maps, orthophotographs, satellite im-
ages, field surveys, local reports); (ii) to prepare a multi-date landslide inventory map
integrating the evolution of morphological descriptors (e.g. landslide boundaries, im-
portant geomorphological features underlining landslide activity), and (iii) to estimate
the return periods and intensity of the landslides.

The study area corresponds to the middle part of the Ubaye valley (South East
France) severely affected by different landslides types (Maquaire et al., 2003) and the
investigated time period extents from 1956 to 2010.

2 Study area

The Ubaye valley is located in the South French Alps, an intra-Alpine zone close to
the Italian border (Fig. 1a). In the middle section of the valley (e.g. the Barcelonnette
Basin), several communities developed throughout the last ten hundreds of years, and
the number of inhabitants was around 6000 people in 2012.

The Barcelonnette Basin is a geological window opened in two Eocene crystalline
sheet thrusts (Parpaillon and Autapie) overlaying autochthonous black marls (Fig. 1b).
Limestone, sandstone, flysch and gypsum constitute most of the rocks within the sheet
thrusts; they armed the steepest slopes and crests, ranging from 2500 to 3000 m in
elevation. The slopes, with angles varying from 5 to 45°, present an irregular geometry
with steep convex planar and hummocky surfaces/profiles. Below the sheet thrusts, the
steepest convex slopes (> 35°) are carved in black marl outcrops. The planar slopes
(5—15°) are corresponding to moraine deposits of about 10—20 m thickness which are
overlaying the black marls. Scree slopes are also covering large areas, especially be-
low the sheet thrust crests with a thickness ranging from 2 to 10m. The lower parts
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of the slopes and the valley bottom are formed of torrential deposits whose thickness
varies from 50 to 200 m.

The climate is controlled by both Mediterranean and mountain influences (Malet
et al., 2005b), associating a marked interannual rainfall variability (734 £ 400 mm for
the period 1928—-2013), significant daily thermal amplitudes (> 20 °C), the occurence of
more than 120 days of freezing per year (on average), long dry periods (from May to Oc-
tober) and the occurence of Summer rainstorms (with rainfall intensity up to 60 mm h™
in some cases).

In terms of landcover, forests cover around 40 % of the study area while grasslands
and arable lands are present on about 25 and 5 %, respectively; the rest of the terrain
is covered by bare soils and urbanized areas (Fig. 1c).

Numerous studies were conducted on the observation, the analysis and the mapping
of mass movements (Flageollet et al., 1999; Maquaire et al., 2003; Malet et al., 20053;
Remaitre et al., 2005; Thiery, 2007; Razak et al., 2011; Thiery et al., 2014). Several
landslide types affect the slopes (Fig. 1a). The landslide typology used in this work,
and adapted from Cruden and Varnes (1996) is the following:

— shallow translational landslides (e.g. the Riou-Chanal landslide, South of Uvernet;
Fig. 1d);

— deep-seated translational landslides (e.g. the Aiguettes landslide, Fig. 1e; Lopez-
Saez et al., 2013);

— deep-seated rotational landslides (e.g. the Pra Bellon landslide, Fig. 1f; Lopez-
Saez et al., 2012);

— complex landslides (e.g. the La Valette and Super-Sauze mudslides, Malet et al.,
2005a; Travelletti et al., 2014).

To be consistent with the works of Thiery et al. (2007, 2014), the descriptive terms

deep-seated and shallow define landslides with depths of respectively more than 6 m

and less than 6 m; the depths are estimated from field geomorphological observations.
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3 Materials and methodology

A multi-date inventory map of active, dormant and relict landslides has been compiled
atthe 1: 5000 scale for the period 1956—2010. The data sources (Table 1), the method-
ology of mapping and the structure of the database and the statistical approaches used
to investigate the properties of the inventory are described in the following sections.

3.1 Data sources for the multi-date inventory creation

Several documents are used for the multi-date landslide mapping (Fig. 2; Table 1):
(i) seven sets of orthophotographs at different spatial resolutions and dates (from 1956
to 2009) acquired by the National Geographical Institute (IGN), (ii) shaded relief and
contour lines obtained from an airborne SAR DSM of 2009 (5 m resolution), (iii) mapped
elevation contour lines (10 m resolution), (iv) historical reports from the local risk man-
agers (RTM — Restauration des Terrains en Montagne) organized as a GIS point-based
database, (v) geomorphological landslide inventories for some parts of the study area
organised as a GIS polygon-based database (Thiery, 2007), (vi) geological and ge-
omorphological maps (ZERMOS, 1975) providing local information on the unstable
slopes, (vii) interferograms of L-band SAR images (Schlégel et al., 2015) used to up-
date the landslide inventory for the years (2007-2010) and to detect unknown land-
slides, (viii) relief hillshade maps used to detect specific landslide features.

For the first analysis step (Fig. 2), available maps and images (of various scales,
spatial resolutions, and formats) were georeferenced (spatial reference system NTF
— Lambert Zone Ill) and ortho-rectified to homogeneise the spatial coverage of the
documents. For the second analysis, we performed the 2-D visual interpretation of the
orthophotographs complemented with field mapping to update the existing landslide
inventory map prepared by Thiery et al. (2007) for the entire Barcelonnette Basin.

Figure 3 indicates the periods for which the landslide events were recorded and
mapped: the A, inventory provides information on landslide pre-1956; the A,, Aj, As,
As, Ag and A inventories provide information on the new and reactivated landslides,
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respectively for the period between 1956 and 1974, between 1974 and 1982, between
1982 and 1995, between 1995 and 2000, between 2000 and 2004 and between 2004
and 2009. The Gypg9 geomorphological inventory combines information on the relict
(R), dormant (D) and active landslides in 2009. The geomorphological inventories Gsg
and Gyg are prepared by comparing all the available datasets for the respective dates
(Fig. 4); the inventory of active landslides (A4 to A;) are created by the visual interpre-
tation of the differences observed for the period being studied, and integrates derived
parameters such as a vegetation index and an uncertainty index (Figs. 5 and 6). The
multi-date inventory of 2009 is represented in Fig. 7a; the landslides detected by INSAR
are indicated in Fig. 7b.

3.1.1 Creation of the landslide inventories from the analysis of maps,

orthophotographs and historical reports

The GIS polygon-based landslide inventory of 2004 (Thiery, 2007; Table 1) was used
as base document to prepare the inventory maps for the years 1956, 1974, 1982,
1995, 2000 and 2009. The landscape interpretation was performed primarily on the
orthophotographs while the geomorphological maps available for intermediate dates
(1975, 1989 and 2001) were considered as a secondary source of information. For
some landslides, historical reports were available and used to interpret the landslide
evolution (Stien, 2001). An example of the maps is presented in Fig. 4 for the Pra-Bellon
landslide. Comparison of different geomorphological maps (Fig. 4a—c) with the recent
orthophotograph of 2009 (Fig. 4d) allows the interpretation of the landslide evolution.
The time series of orthophotographs is used to detect landslide reactivations for the
preparation of the multi-date inventory (see Figs. 5a and 6a). Field surveys were con-
ducted in order to (1) validate the visual recognition of the mapped landslides and
(2) complete the database for some descriptors, especially the degree of activity. As
geomorphological features left by landslides may not be recognized by traditional meth-
ods, as they are often hidden or erased by erosion, vegetation, urbanization and other
anthropic actions, the update of the landslide inventory has been increased by the
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analysis of L-band SAR interferograms for the recent years (2007—2010); these inter-
ferograms were also used to recognize possible other unstable slopes.

3.1.2 Completion of the 2009 geomorphological inventory with L-band SAR
interferograms

Synthetic Aperture Radar Interferometry (INSAR) is an active remote sensing tech-
nique using two or more SAR images acquired at different time. The SAR interfero-
grams are the images formed by the difference of a pair of coregistered SAR phase
images allowing the generation of deformation maps for the detection and mapping of
ground surface changes (Hanssen, 2001). SAR interferograms have been widely used
for landslide detection, mapping and monitoring over the last decade (Canuti et al.,
2004; Metternich et al., 2005; Colescanti and Wasowski, 2006; Lu et al., 2012) mainly
on the basis of Persistent Scatterers (PS-INSAR) techniques for the detection of ex-
tremely slow-moving landslides in urbanized areas. As this latter technique is hardly
applicable in rural and mountainous environments without corner reflectors, we used
a traditional Differential INSAR (D-InSAR) technique (Massonet and Feigl, 1998; Rosen
et al., 2000; Cascini et al., 2009).

For the Ubaye valley, only ascending pass ALOS/PALSAR images are available, lim-
iting the coverage of the territory to 60 % because of layover and slope portions hidden
by the relief (Fig. 2; Cascini et al., 2009). The interpretable slope portions are those
oriented to the N, NW, W, SW and S as well as all the slopes with topographic angles
lower than 10°. Further, according to our time series of SAR images, the ambiguity of
phase measurements limits the tracking to displacement rates lower than 5.9cm for
periods of 46 days.

The methodology used to process the SAR images with ROI_PAC and NSBAS al-
gorithms (Rosen et al., 2004; Doin et al., 2011) is described in Schlégel et al. (2015).
In this work, the SAR interferograms and the deformation maps are used at a regional
scale in order to update the geomorphological inventory and detect landslides occur-
ring between 2007 and 2010 (Figs. 2, 3 and 6b).
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Specific spatial arrangements of wrapped phase values are identified in the interfer-
ograms. Examples are presented in Fig. 6b. In this case, the spatial arrangement of
phase values possibly corresponding to a landslide signal is a circular footprint with
a progressive phase difference change. For slow-moving landslides, fringes can be
determined (Fig. 6b) and displacement rates are estimated for different time periods
(Fig. 6¢). For fast-moving landslides, only the presence of a deforming slope is deter-
mined on the basis of speckles looking like noise (example of the landslide to the NE
in Fig. 6b).

340 SAR signals corresponding to possible landslides were identified on nine in-
terferograms covering the period 2007-2010. These signatures were inspected by
a field survey in 2012. The field survey pointed out that some of the SAR signals
corresponded to changes in the soil surface properties, such as new infrastructures,
cultivated crops or harvested forests. Finally, 110 SAR signals correspond to landslide
events (Fig. 7b) and are integrated in the geomorphological inventory of 2009 (Fig. 7b);
the others SAR signals correspond to other ground deformation such as rockfalls, sack-
ungs and gully erosion. The boundaries of the landslides detected by SAR interfero-
grams were adjusted according to the morphology of the slope and the observations
of the orthophotographs (Fig. 6b).

3.2 Structure of the database and attributes of the multi-date inventory

The landslide information stored in the database is related to (1) new failures trig-
gered between the considered dates, and (2) landslide reactivations identified in the
landscape either as a change in landslide size (retrogression of the main scarp, en-
largement, downhill progression of the material; Fig. 6a) or as internal deformation
(creation of secondary scarps and lobes, changes in the soil surface state). The land-
slide database combines several descriptors (Table 2):
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— typological descriptors, divided in four categories according to the predominant

movement and/or material (shallow translational slide, deep-seated translational
slide, rotational slide and mudslide);

morphological descriptors, including attributes such as (1) the landslide size (area
and perimeter), (2) the elevation difference between the lowest and the high-
est point of the landslide body, (3) the runout distance and the angle of reach
(Corominas, 1996) between the landslide crown and the landslide toe;

kinematic descriptors, including attributes such as (1) the degree of activity,
adapted from four age classes proposed by McCalpin et al. (1984) and reclas-
sified into three categories (a — relict landslide when the landslide is still visible
in the landscape but shows no morphological evidences of deformation, b — dor-
mant landslide when the landslide exhibits very small displacements in the range
of mm yr'1 and no obvious morphological changes, and ¢ — active landslides when
the displacement rates are in the range of cm yr_1 and when significant changes of
the sub-surface morphology are observed; Fig. 5a), (2) the average displacement
rate of the landslide evaluated from the spatial evolution of the landslide bound-
aries, and (3) a vegetation index which describes the state of the vegetation cover
and is used as a proxy of landslide activity. The vegetation index is qualitative and
based on the interpretation of observed changes in vegetation density on the or-
thophotographs. It has to be noted that the reactivated landslides are represented
in each inventory by polygons with the same shape or size (corresponding to an
internal reactivation) or with a change in shape and size (corresponding to an
upslope/downslope development or to a widening);

interpretation descriptors, defined by an uncertainty index qualifying the degree

of uncertainty in landslide recognition. This index is qualified assuming several

criteria depending on the source documents (quality, spatial resolution), the land-

slide type (e.g. deep-seated or shallow) and the terrain conditions (e.g. forested

area, grassland...). Indeed, forest harvesting, ploughed lands or new infrastruc-
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tures may confuse the visual interpretation by the expert. Two levels of uncertainty
are defined for the image interpretation: reliable (when landslide reactivations or
new landslides are clearly visible by the expert; Fig. 5a) and supposed (when the
interpretation is questionable assuming the criteria; Fig. 5b).

These descriptors are computed for each time interval. Further information on the lithol-
ogy, surficial formation and land cover of the source and the deposition areas are inte-
grated.

3.3 Analysis of the multi-date inventory

Several descriptive statistics and indicators are calculated to explore the database and
evaluate landslide intensity and return periods.

3.3.1 Calculation of landslide density

Landslide density maps are prepared to quantify the spatial abundance of landslides
(Campbell, 1973; Wright et al., 1974; DeGraff and Canuti, 1988). Landslide density is
the proportion of landslide surfaces per mapping units and is computed with Eq. (1):

0<D <1 (1)

where, Ay, is the area of the mapping unit and A is the landslide cumulated surface in
the mapping unit. Density is calculated by counting the slope portion affected by active
landslides for the period 1956—2009. In our case, the analysis is performed for a 250 m
grid size (corresponding to a surface of 62500 m2). The threshold used to consider
a grid cell affected by a landslide is the presence of a landslide for a surface larger
than 250 m? (e.g. 0.04 %). The landslide density is expressed in four classes: ]0-0.3[;
[0.3-0.5[; [0.5-0.7[; [0.7-1.0].
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3.3.2 Calculation of landslide descriptive statistics

Descriptive statistics are calculated for the geomorphological inventory (combining R,
D and Ggg for 1956; Gy for 2009; Table 3). The age of relict (R) and dormant (D)
landslides is unknown, but the oldest and largest failures are believed to be from the
Holocene period (Jorda, 1980). No reactivation of these landslides has been recorded
over the last 60 years. For the active landslides, the evolution of morphological descrip-
tors used as proxies of landslide mobility between 1956 and 2009 is presented for the
inventories Gsg and Ggg. For the Ggg inventory, the date of landslide triggering is un-
known but these landslides became active at least once between 1956 and 2009. For
the G inventory, both the new and reactivated landslides between 1956 and 2009 are
considered (Table 4). A landslide activation correspond either to an internal morpho-
logical change within the landslide boundary, or an enlargement of the landslide size
(Fig. 4a). The average number of landslide events and areas affecting the study area
per year is presented in Table 4.

3.3.3 Calculation of frequency-area density functions

Landslide frequency-area distributions are calculated to compare the landslide distribu-
tions for several time periods and morphological sub-units. Two size distribution models
were proposed in the literature: (1) the Double Pareto distribution (Stark and Hovius,
2001) defined by a positive and a negative power scaling, and (2) the Inverse Gamma
distribution (Malamud et al., 2004) defined by a power-law decay for medium and large
landslides and an exponential rollover for small landslides. According to best-fit criteria
on our data, we choose a maximum-likelihood fit of the simplified version of the Double
Pareto (DPS) distribution defined by Eq. (2):

) B(t/a)
pdf(x|a,5,1) = (1+ (x /1)) +(B/a) (x(a+1)) i
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where a controls the slope of the distribution for high values tail, 8 controls the slope
for low values, and t controls the position of the maximum of the distribution function
(rollover). The webtool developed by Rossi et al. (2012) was used to estimate the DPS
distributions of the landslide area directly from the landslide inventory maps. Different
frequency density functions were calculated considering the lithology of the landslide
source area (marls, moraine, limestones/sandstones/screes), the morphological sub-
units (northern zone, southern zone) and the degree of activity (dormant landslides,
active landslides in 1956 and 2009; D, Gsg and Ggq, respectively in Table 3).

3.3.4 Calculation of landslide time recurrence

The Poisson distribution is a discrete distribution function used for characterizing the
temporal occurrence of landslides. The probability of experiencing n landslides during
time ¢ is calculated with Eq. (3):

At)"
PIN. (t)=n]=P, = e(‘“)% withn=0,1,2,. .. (3)

where 1 is the estimated average rate of landslide occurrence, which corresponds
to 1/u, with u the estimated mean recurrence interval between successive failure
events. The model parameters 1 and u are usually obtained from an historical cata-
logue of landslide events or from a multi-date landslide inventory map. In our multi-
date inventory, 1 corresponds to the number of landslide recorded in the study area
divided by the period considered (e.g. 10 landslides in 53 years = 0.189 landslide yr‘1)
while u is the mean time between two successive landslides (53 years with 10 land-
slides = 5.3 years).

4 Results

The 2009 (Gyg) and 1956 (Gsg) geomorphological inventories are used to create the
density maps. The two inventories are also used to estimate the size evolution and
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the mobility of active landslides in comparison to relict (R) and dormant (D) landslides.
The angle of reach (as a proxy of landslide mobility) and the frequency-area functions
are calculated for the different landslide types for the G4 inventory and compared to
the inventory of dormant landslides and the Gsg inventory. Finally, landslide activity and
temporal occurrences are calculated on the basis of the period considered knowing the
precise year of (re)-activations (e.g. A,, A3, A4, As, Ag and A,).

4.1 Analysis of landslide density

This section compares the geomorphological inventory of active landslides observed
in 2009 (Gyg) to the 1956 geomorphological inventory (Gsg) in terms of landslide ex-
tension and location (Table 3).

The density of active landslides in Ubaye is ca. 2.6 landslides km ™2 (for a total area
of 235 km2). The percentage of deep-seated rotational and deep-seated/shallow trans-
lational slides (Table 3) affecting an area is represented on the basis of grid cells of
250 m (Fig. 8a and b). For the analysis, we sub-divided the territory in three morpho-
logical units (Fig. 8) delimited in the N/S direction by the Ubaye River (zone 1 to the
North, zone 2 to the South) in the W/E direction by the Riou-Versant torrent (zone 3;
Fig. 8). High density of translational slides is observed in the zone 1 and to the North
of zone 3. In zone 2, all the landslides are distributed homogeneously (Fig. 8a and b).
Their average size is around 20 755 m? in zone 1 , 12855 m? in zone 2 and 10975 m? in
zone 3. Deep-seated rotational slides are less present in zone 1 and rarely observed to
the East of the Riou-Versant (Fig. 7b). Their average size is around 85700 m? in zone
1, 25420 m? in zone 2 and 109 500 m? in zone 3. The landslide average area is almost
ten times larger for rotational slides than for translational slides in zone 3. The slopes
orientated to the West are more affected by landslides (i.e. mean slope orientations of
220 and 226°; Fig. 8a and b).

Figure 9a indicates that the majority of the slopes oriented to the N, NW and W
is affected by landslides, suggesting a dependence with longer persistence of snow
cover on these slopes in winter and early spring. Correlation between the landslide
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occurrences and the land cover highlights that more than 60 % of the active landslides
are under forest.

4.2 Analysis of landslide evolution

This section describes the landslide geometrical parameters in time for both the relict,
dormant and active landslides (R, D, and Gyg; Table 3). In 2009, the study area is af-
fected by 788 slides corresponding to an average density of ca. 3.4 landslides km™2.
59 slides are relict, 115 slides are dormant and 614 slides are considered as active.
In terms of affected surfaces, the relict, dormant and active slides correspond to re-
spectively 7.1, 5.8 and 7.1 % of the surface of the study area (Table 3). The dormant
landslides are less numerous but are covering large parts of the study area. The active
landslides cover a total area of around 16.6 km? (Fig. 9b). The active landslides range
in size from. 100 to 140 000 m?; the average size of the active landslides exhibit a sur-
face of 28 500 m? (Fig. 9c). Among the active landslides, the rotational slides are more
represented in surface than in number, meaning that they are, on average, larger than
the shallow and deep translational landslides (Fig. 9d).

The sizes of the active landslides in 2009 and 1956 (Gg; Gsg; Table 3) are compared.
From 1956 to 2009, 102 new landslides are observed corresponding to a surface in-
crease of 2.9 km? (1.3 % of the area). The analysis of the elevation differences (Table 2)
for the landslides in 1956 and in 2009 indicates small differences, in the range between
20 and 100 m, with an average of ca. 50 m (Fig. 10a). For the runout distances (what-
ever the landslide type), the distribution is in the range between 10 and more than
2000 m but most of the distances are in the range between 50 and 200 m (Fig. 10b).
Figure 9c indicates that the angles of reach are in the range 15-25° for the rotational
slides, in the range 12-35° (with a scattered distribution) for the deep translational
slides and in the range 30-40° for the shallow translational slides. These values are
consistent with the geomorphological features associated to these landslide types.
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4.3 Landslide magnitude: frequency-area distribution

The multi-date landslide inventory was prepared with heterogeneous multi-source data
at different resolutions and scales. The landslide inventories are compared with the
assumption that the heterogeneity of the dataset and the interpretation rules used
for mapping the landslide do no impact the landslide frequency-area distribution.
Frequency-area density functions were calculated by taking into account different land-
slide subsets (Fig. 11): (i) the geomorphological inventory of 2009 (Gg; Table 3) clas-
sified according to the lithology and, (ii) the geomorphological inventory of 2009 (Gg;
Table 3) classified according to the morphology; and (iii) the multi-date inventory clas-
sified according to landslide activity (D, Gsg and Ggg; Table 3).

The frequency-area distributions indicate the presence of only a few very small land-
slides meaning that some of the landslides are omitted in the database because of
their size. The frequency density for medium and large landslides follows a negative
power law trend. The a values are 0.62 + 0.04 (for weathered marls) and 0.57 + 0.01
(for limestones, sandstones and screes; Fig. 11a) meaning that large events can occur
in both lithologies but are expected to be smaller in the weathered marls. The a values
are different for the northern area (0.51 + 0.03) than for the southern area (0.86 +0.03;
Fig. 11b). It indicates that the landslides are larger in the northern area explained be-
cause of specific geomorphological conditions (higher number of steep slopes, pres-
ence of the thrust sheets); however, the frequency-area distribution is dependent of
the number of events and three very large landslides (Pra Bellon, Les Aiguettes and
La Valette) are observed in this unit biasing the calculation. In the southern area, the
values are higher according to the frequency of the small landslides but the distribution
is scattered with high values of SD up to £0.73. Finally, the frequency-area distribution
of the dormant landslides shows a completely different trend than the active landslide
because of their large size with a disappearance of the rollover (Fig. 11c). The high
variation of B values (1.17 £0.12 to 4.49 + 0.73) indicates the difficulty to map all the
small events, especially over the past years, and thus, their underestimation (Guzzetti
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et al., 2002). Despite these limitations, a rollover is observed for the smallest land-
slides, which are more frequent around 480 m? in 1956 (Gsg) and around 520 m? in
2009 (Gyg)-

4.4 Return periods of landslide events: temporal probability assessment

A simple approach to estimate the temporal probability of landslide reactivation is to
calculate how many times a portion of the territory is affected by landslides for a given
period of time. The exceedance probability of having one or more landslides in each
grid-cell (250m x 250 m) is computed by (i) ascertaining the mean recurrence interval
of landslides in each mapping unit (from 1956 to 2009), (ii) assuming that the rate
of slope failures remains the same for the future, and (iii) using a Poisson probability
model (Crovelli, 2000; Guzzetti et al., 2003, 2005). The landslide recurrence is calcu-
lated per grid-cell on the basis of the observed rate of landslide occurrence for the
period 1956—2009. Knowing the recurrence time between successive failures for this
period, the exceedance probability of landslide reactivation is estimated for four return
periods from 5 to 50 years (Fig. 12). For a return period of 10 years, high probability of
landslide reactivation is expected to the NW of the area, in relation to the numerous
reactivations of the, Pra Bellon, Les Aiguettes and La Valette landslides over the last
6 years. Table 5 indicates the number, area and percentage of cells for different tempo-
ral probabilities and return periods. Five probability classes are considered to highlight
the evolution of landslide reactivation over time. It shows that in the next 50 years, al-
most 60 % of the territory already affected by landslides has a probability higher than
0.8 to be reactivated (Fig. 12).
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4.5 Periods of landslide activity and identification of landslide triggering
events

4.5.1 Analysis of the period 1850-2010

The periods of landslide activity identified from dendrogeomorphic information (Lopez-
Saez et al., 2011, 2012, 2013; Fig. 13a—c) are compared to the landslide catalogues
collected by the authorities (RTM and BRGM; Fig. 12d) since 1850. The dendrogeo-
morphological information was collected only at some unstable slopes (Aiguettes, Pra
Bellon and Bois Noir landslides; Fig. 1e and f) while the event catalogue covers the
complete study area. Periods (years) of landslide activity are identified from the com-
parison of the landslide catalogues. Thirty one and ten periods with increased land-
slide activity are respectively identified in two and three datasets (arrows in Fig. 13).
From the dendrogeomorphological analysis, Lopez-Saez et al. (2013) identified twelve
major reactivations for the Aiguettes landslide (i.e. in 1898, 1904, 1911, 1916, 1936,
1961, 1971, 1977, 1979, 1996, 1998, and 2004). Considering the timing of annual tree
ring formation at Bois Noir, landsliding is likely to have occurred in 1874—-1875, 1896—
1897, 1946—1947, 1992—1993, and 2003-2004 (Lopez-Saez et al., 2011). According to
Lopez-Saez et al. (2012), the Pra Bellon landslide had no relevant reactivation for the
period 1980-1990, while the La Valette landslide has been triggered in 1982 and ma-
jor failures were observed at Super-Sauze between 1978 and 1982 (Flageollet et al.,
1999; Malet, 2003). Figure 13 indicates that many landsliding events were recorded at
Bois Noir landslide for the year 2004 but only a few landslides are recorded elsewhere
in the region. This proves the difficulty to extrapolate local information from specific
slopes to the valley scale.

4.5.2 Analysis of the period 1956-2009

Table 4 indicates the number, area and density properties of the new and the reac-
tivated landslides for the period 1956—2009. On the whole territory, only a few new
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landslides (from 1. to 4.4Iandslidesyear‘1) occurred while landslide reactivations are
numerous (from 7.3 to 33.1 Iandslidesyear‘1). The evolution of the area and number of
active landslides from 1956 to 2009 (A,, A3, A4, As, Ag and A;; Table 4) is presented
in Figs. 14 and 15a, respectively. For the entire period (A,—A-), the new landslides are
represented in black, the reactivated landslides defined by changes in size are in dark
grey and the reactivated landslides defined by internal deformation are in grey; the
supposed active landslides (uncertainty index equals to 2) are shown in dotted lines.
Figure 15a points out that the period A; (between 1974 and 1982) recorded more new
and reactivated landslides than the other periods with respectively 33 and 4 events per
year. In comparison, periods A, and A, are less affected by landslide events with less
than 2 new landslides or 12 reactivations per year. After 1995, more landslides were
observed. A peak of landslide activity (Fig. 15a) is observed in terms of number of
events for the period G, but this is not observed in terms of evolution of landslide sizes
(Fig. 14). For the period 1995-2009 (A5, Ag and A;), the number of active landslides is
roughly the same while an increase of areas affected by landslides from 2004 to 2009
(A) is recorded.

4.5.3 Relationships between landslide activity and triggering events

This section aims at analysing the various landslide catalogues and identifying possible
relations with triggering events. For the study area, rainfall cumulated thresholds and
rainfall intensity thresholds are established for the occurrence of debris flow events
(Flageollet et al., 1999; Remaitre et al., 2015); for shallow and deep-seated landslides,
the definition of rainfall thresholds is difficult.

The periods of landslide activity identified in the geomorphological inventories (A,
As, A4, As, Ag and A; Table 4), the dendrogeomorphologic observations (Fig. 13a—c)
and the landslide historical catalogue (Fig. 13d) are compared to the average annual
rainfall (712 £ 152 mm) for the period 1956—2010 (Fig. 15). Nine periods of landslide
activity (represented by arrows in Fig. 13) are identified in the three datasets.

2069

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

NHESSD
3, 2051-2098, 2015

Analysis of
a landslide multi-date
inventory in
a complex mountain
landscape

R. Schldgel et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/2051/2015/nhessd-3-2051-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/2051/2015/nhessd-3-2051-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

At the annual scale, the landslide—rainfall relationship is not straightforward; for in-
stance, for the periods of landslide activity before 1970, yearly rainfall amounts of 900
to 1000 mm are observed, while for the periods of landslide activity after 1970, yearly
rainfall amounts of 750 mm are observed (Fig. 15). Conversely, periods of landslide
activity recorded in the catalogues may also correspond to relatively dry periods such
as for the year 1964 and the periods from 1982 to 1990.

For the period 1956—-1972, rainfall amounts higher than 1000 mm (e.g. respectively
1075 and 1028 mm) are recorded but landslides occurred only during two years (1960,
1963) during this period (on the basis of the landslide historical catalogue and the den-
drogeomorpholgical observations) and evidences of landslides are not identified from
the visual interpretation of the orthophotographs. This might be explained by the effect
of the quality (black and white) and resolution of the oldest orthophotographs (Fig. 14).
The period 1974-1982 is affected by successive years with annual rainfall amounts
(791 £ 179 mm; Fig. 15c¢) higher than the normal. Many (re)-activations were observed
during this period from the visual interpretation of the orthophotographs (Fig. 15a); sur-
prisingly, only a small amount of landslides are recorded by the local risk managers.
The period 1982-1995 is affected by successive years with annual rainfall amounts
(690 + 124 mm) lower than the normal. Few landslide (re)-activations are observed in
the orthophotographs while several are recorded by the local risk managers. From 1995
to 2000, the average annual rainfall amounts is close to the normal (802 + 112 mm)
and only a few landslides are recorded in the three databases. Between 2000 and
2004 and 2004 and 2009, the annual rainfall amounts are lower than the normal (re-
spectively 626 + 143 mm and 568 + 131 mm), and no landslides are identified in the
databases. Further, for the year 2003, more than three events are identified in the
dendrogeomorphic observations while no event was recorded in the historical event
catalogue (Fig. 15). This indicates that the historical catalogue is not complete and that
the geomorphological inventory, even if it is time-consuming to prepare and that the
interpretation is dependent on the experience of the geoscientist, give access to useful
additional information. However, an overestimation of landslide (re)-activation may also
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be possible as the quality and resolution of the orthophotographs acquired after 2000
are better.

As the relationships between the periods of landslide events and the cumulated an-
nual rainfall amounts are not straightforward, the relationships between the cumulated
rainfall amounts for the winter months (January, February and March) are analysed. At
first order, a threshold can be established in terms of cumulated rainfalls with the occur-
rence of landslides for monthly rainfall amounts higher than 200 mm during one of the
winter months. The average cumulated rainfall for the three months are very variable
for the various periods and amount to 166 +60 mm (1956—1974), 184 +105mm (1974—
1982), 132 +£64 mm (1982—-1995), 133 £ 62 mm (1995-2000), 92 +£ 81 mm (2000-2004)
and 99 + 32 mm (2004-2009). High amounts of rainfall (including snow) are identified
for the period 1974-1982 which is affected by the occurrence of many landslide (re)-
activations.

Other triggering factors play a role in slope destabilization, such as snow coverage
(rapid melting; Cardinali et al., 2000), rapid pore water pressure changes (Maquaire
et al., 2003), and high magnitude earthquakes or, as in the French Alps multiple low-
magnitude earthquakes (Sanchez et al., 2010). In the Ubaye valley, numerous M,
2.0 to 4.0 earthquakes were recorded during the periods 2003—2004 and 2012-2015
(Leclere et al., 2013). For instance, the strongest and shallowest earthquakes have
significant effect on active landslides (e.g. daily displacement monitored by permanent
GNSS stations installed at the upper part of the La Valette landslide were multiplied
by a factor of 5 in the days following a 10 km deep, 4.8 earthquake on 7 April 2014).
The catalogues of earthquakes of M,, above 2.5, observed within a radius of 30 km
around the city of Barcelonnette, are plotted against the previously described datasets
(Fig. 15d). In 1977, nine earthquakes were recorded, corresponding also to a period
of high rainfall amounts, and many landslide (re)-activations were observed. For the
period 1981-1985, numerous seismic events were recorded; this period corresponds
also to a higher number of landslide events.
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5 Conclusion

The interpretation of a series of aerial photographs allows us to increase the number of
detected landslide events (new landslide or landslide reactivation) than those already
present in former historical landslide catalogue, and to create a multi-date inventory.
However, the interpretation remains difficult and clearly depends on (1) the skills of the
geoscientist, and (2) the knowledge of the field conditions in order to properly recognize
landslide features. L-band D-InSAR allowed the detection of slow-moving landslides
on a portion of the territory (around 60 %) according to the SAR properties. It provided
additional information on the active landslides (sometimes unknown or under forest) for
the recent time.

Some indicators have been used for the evaluation of landslide intensity. Differences
in frequency-area distributions are observed according to the geomorphological set-
tings of the landslides and their degree of activity. It also reveals the difficulty to map
the small size events (i.e. < 540 m2).

As multi-temporal inventories are time-consuming to prepare, only few works have
been published on the temporal probability of reactivation (Coe et al., 2000; Guzzetti
et al., 2005; Lopez-Saez et al., 2012). The approach presented in this paper allows de-
termination of quantitative probabilities of reactivation estimated directly from the fre-
quency of past landslide events. The approach uses a Poisson probability model based
on some assumptions even if most hazardous events, and especially landslides, are
probably not independent and do not occur randomly (Coe et al., 2000). Indeed, a land-
slide reactivation can increase or decrease the slope susceptibility to future landslides,
thus creating a low-to-high instability in the future. Changes in land use or climatic
conditions also affect the future occurrence of landslides.

The comparison of landslide activity measured by the multi-date inventory and by
the landslide historical catalogue pointed out the incompleteness of the historical cat-
alogue. The multi-date inventory correlated to the meteorological events and the his-
torical landslide events catalogue shows that it is more complete in some cases and
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provides useful additional information. However, it only allows an expert to determine
periods of activity and not precise years or even months. In addition, this technique
induces underestimation of small events, mainly due to the limitations in the visual
analysis because of the sources data and the terrain conditions.

Even if they are definitively more complicated to interpret, construction of large multi-
source datasets is mandatory for the analysis of landslide occurrences. Preliminary
statistical analyses of landslide inventories are relevant to explore the spatial and tem-
poral distribution of landslides events.
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Table 1. Dataset used for landslide recognition and mapping.

Type of data Source Resolution  Scale Date Landslide information

1. Orthophotograph IGN 1.5m 1:35000 31Jul 1956 Location/Type

2. Orthophotograph IGN 1.0m 1:15000 10Jul 1974  Location/Type

3.  Orthophotograph IGN 1.0m 1:20000 1 Jul 1982 Location/Type

4.  Orthophotograph IGN 0.7m 1:25000 25Jul 1995 Location/Type

5.  Orthophotograph IGN 0.5m 1:25000 24 Jun 2000 Location/Type

6.  Orthophotograph IGN 0.5m 1:25000 3 Jul 2004 Location/Type

7. Orthophotograph IGN 0.5m 1:25000 19Jul2009 Location/Type

8.  Airborne SAR DSM IfSAR-Fugro  5.0m - 2009 Location/Type

9.  Elevation-line DSM EOST' 10m - 2004 Location/Type

10. DSM - BD-ALTI IGN 25m - - Location

11.  Geological map BRGM - 1:25000 1974 Location

12.  Geomorphological map ZERMOS - 1:25000 1975 Location

13. Geomorphological map Utrecht Univ.2 - 1:25000 1989 Location

14.  Geomorphological map RTM® - 1:10000 2001 Location

15. Dendrogeomorphic data Irstea’ - 1:3000 1850-2004  Location/Time

16. L-band SAR images EOST® 10m - 2007-2010  Location/Time/Intensity
17.  Geomorphological inventory EOST' - 1:5000 2004 Location/Time/Intensity
18. Historical catalogue RTM/BRGM - - 1850-2012  Location/Time

19. Historical reports RTM® - 1990-2012  Location/Time

! Thiery (2007); 2 Salomé & Beukenkamp (1989); 3 stien (2001); 4 Lopez-Saez et al. (2012; 2013); 5 Schldgel et al. (2015)
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Attributes Definition Descriptors/Units - a landslide multi-date
Type (and sub-type) Typology of Cruden and Varnes Deep-seated rotational slide, o inventory in
(1996) deep-seated translational o a complex mountain
slide, shallow translational 2 I
o , andscape
slide, complex mudslide % P
o .
Degree of activity Definition adapted after McCalpin relict, dormant, active =] R. Schldgel et al.
(1984) and Varnes (1978) S
©
Size Area/perimeter m? D
. . . Title Page
Elevation range Difference between the highest and m =
the lowest elevation points mea- Abstract Introduction
sured along the slide perimeter %
3 .
Longest distance (runout) Horizontal distance between the m S ol usos g R
i i (2}
highest anq Iowe§t points located = Tables Eanas
along the slide perimeter -
U
Angle of reach Angle of the line joining the scarp ° = 1< .
and the landslide toe @
Vegetation index Qualitative estimation of the degree 0 (reactivation) 1 (no change) . < >
of activity
) Back Close
Uncertainty index Estimation of quality and reliability of 1 (reliable) 2 (supposed) g
the visual interpretation S Full Screen / Esc
(2}
2.
?U Printer-friendly Version
c»
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Table 3. Descriptive statistics of the geomorphological inventories for the different landslide
types and degrees of activity. The geomorphological inventories are divided into groups ac-
cording to the degree of activity: R (relict, i.e. inactive landslides), D (dormant, i.e. inactive-
mature landslides), Gz (active landslide in 1956) and G,q (active landslides in 2009). The
landslide types are deep-seated rotational, deep-seated translational, shallow translational and
mudslide.

Date Type Activity ~ Number Area (km?) Density
R Very old Deep-seated rot./transl. Relict 59 16.7 71%
D Old Deep-seated rot./transl. Dormant 115 11.5 4.9%
Gss <1956  all Active 512 13.7 5.8%
Deep-seated rotational Active 174 9.3 3.9%
Deep-seated translational  Active 287 4.1 1.7%
Shallow translational Active 46 0.2 0.1%
Mudslide Active 5 0.2 0.1%
Gpy <2009 all Active 614 16.6 71%
Deep-seated rotational Active 208 10.7 4.5%
Deep-seated translational  Active 345 49 21%
Shallow translational Active 55 0.4 0.2%
Mudslide Active 6 0.7 0.3%
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Table 4. Number and size of landslides for different time periods: A, (before 1956), A, (from Analysis of
1956 to 1974), A; (from 1974 to 1982), A, (from 1982 to 1995), A5 (from 1995 to 2000), Ag a landslide multi-date
(from 2000 to 2004) and A (from 2004 to 2009). inventory in
% a complex mountain
Date Activity Number Numberyr™' Areayr™' Density £ landscape
* . 4 @,
A, < 1956 Actlva.ted 74 2.6 5.9 x 105 0.5 S R. Schidgel et al.
A, >19561t0 <1974 Reactivated 131 7.3 1.8x10° 1.4 Y
New 28 16 1.9x10* 0.1 T
A; >19741t0 <1982 Reactivated 265 33.1 7.9 x 10i 2.7 a Title Page
New 35 4.4 2.0x10 0.1 —
A, >1982t0 <1995 Reactivated 148 11.4 43x10° 24 o Abstract Introduction
3 O
New 13 1.0 4.8 105 0.1 § Conclusions References
As  >19951t0 <2000 Reactivated 103 20.6 8.0x10° 1.7 @
New 13 2.6 43x10* 0.1 S Tables Figures
Ag >2000to <2004 Reactivated 111 27.8 9.4x10° 1.6 A
New 4 1.0 8.3x10° 0.1 9 I+ >l
A; >20041to <2009 Reactivated 116 23.2 14x10° 3.0 « .
New 11 22 1.6x10° 0.3 —
o Back Close
* the precise date is unknown. g
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Table 5. Temporal probability of landslide reactivation for 4 return periods. The temporal proba- o R. Schidael et al
bilities are expressed in landslide area and relative percentage of landslide areas (see Fig. 12). _DU - Schlogel et al.
The temporal probability is the probability of landslide reactivation for the active landslides ob- &
served in the study area (Fig. 5a) and is calculated with a Poisson probability model. D
Title Page
P(N>1) ]0-0.2 10.2-0.4 ]0.4-0.6 10.6-0.8 Jo.8-1.0 o
years # area % # area % # area % # area % # area % o Abstract Introduction
cells (kmz) cells (kmz) cells (km2) cells (kmz) cells (km2) o
5 540 338 657 261 163 318 21 13 26 0 O 0 o0 o 0 2 Conclusions  References
10 334 209 406 206 129 251 235 147 286 47 29 57 0 0 0 7
25 0 0 0 334 209 406 O 0 0 337 211 410 151 94 84 o Tables Figures
50 0 0 0 0 0 0 0 o 0 334 209 406 488 305 9.4 _30
QO
o 1< >l
@
- < >
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=
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@
o
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Landslide
9 boundaries ]

field direction
~—

Figure 1. Location of the study area and examples of landslide types. (a) Topography of the
area and location of the monitored landslides. (b) Simplified geological map. (¢) Typical land-
scape of the south-facing slope located on the right riverbank of the Ubaye River. (d) Shallow
translational landslides located south of Uvernet in Riou Chanal catchment. (e) Deep-seated
translational landslide of Les Aiguettes. (f) Deep-seated rotational landslide of Pra-Bellon.
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Figure 2. Documents used for landslide recognition and mapping. The figure indicates the
completeness of the spatial coverage for each document type (orthophotographs, geomorpho-

logical maps, SAR images).
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Figure 6. Combination of orthophotographs and SAR interferograms for the creation of the
landslide geomorphological inventories. (a) Extension of active landslides in 1974, 1982, 1995,
2000, 2004, 2009 on the orthophotograph on a slope located in the Riou-Bourdoux catchment.
(b) SAR interferograms of the same slope with several landslide signals corresponding to spe-
cific spatial arrangement of phase values for three periods of 46 days (July—September 2007,
July—September 2009, September—October 2009). The extension of the landslides interpreted
by visual interpretation of the series of orthophotographs and from field recognitions is indi-
cated with the black line. Sub-units within the landslides of various surface displacement rates
are identified. (c) Interpreted extension of the landslide sub-units from the SAR interferograms
for three time periods of 46 days.
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Figure 7. Multi-date landslide geomorphological inventory maps. (a) Map indicating the land- 9
slide for different degree of activity (R: relict; D: dormant; A;—A-: active) for the periods A, S . . .
(< 1956) A, (1956-1974), A; (1974-1982), A, (1982-1995), A5 (1995-2000) A; (2000-2004) 4 Printer-friendly Version
and A, (2004-2009). (b) Map of landslide activation for the period 2007—-2010 detected by R .
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INSAR with different temporal baselines (B5) of 46, 92 days and 1 year.
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Figure 9. Statistics of the landslides observed in the Ubaye valley according to (a) the distri-
bution of slope aspects; (b) the landslide degree of activity (relict, dormant and active), (c) the
landslide distribution in terms of number and area, and (d) the evolution of area affected by
different landslide types from 1956 to 2009. The number of landslide per type is indicated on
the graph.
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