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Abstract. Debris flows are among the most dangerousp. 1). They flow “as a single-phase system” and “look
processes in mountainous areas due to their rapid ratéke mudslides and landslides except that their velocity
of movement and long runout zone. Sudden and ratheand the distances they travel are much largekhdey,
unexpected impacts produce not only damages to building2001, p. 529). According to the origin of the material,
and infrastructure but also threaten human lives. Medium- tadebris flows can be classified into slope and gully debris
regional-scale susceptibility analyses allow the identificationflows (Glade 2005. Their velocity, the frequently long
of the most endangered areas and suggest where furthelistances between the source area and the deposition zone
detailed studies have to be carried out. Since data availabilitand the often apparent insignificance of the source volume,
for larger regions is mostly the key limiting factor, empirical which increases manifold during the runout, make them
models with low data requirements are suitable for firstone of the most dangerous natural hazards occurring in
overviews. In this study a susceptibility analysis was carriedthe mountainous environment. They affect not only built-
out for the Barcelonnette Basin, situated in the southerrup areas and infrastructure but also threat human lives
French Alps. By means of a methodology based on empirica(Hofmeister et al.2002. For the management and reduction
rules for source identification and the empirical angle of of risk posed by debris flows, analyses identifying the areas
reach concept for the 2-D runout computation, a worst-caseat hazard by debris flows and describing the threat play an
scenario was first modelled. In a second step, scenarios famportant role. According to the purpose of the analyses,
high, medium and low frequency events were developedihe extent of the studied area and the data availability, the
A comparison with the footprints of a few mapped eventsanalysis scale is choseléotti and Chowdhury 1999:
indicates reasonable results but suggests a high dependenmgional, medium or local (single slope). Medium-scale
on the quality of the digital elevation model. This fact analyses, which include accordingian Westen et a(2006
emphasises the need for a careful interpretation of the resultthe range between 1:10000 and 1:50 000, provide an initial
while remaining conscious of the inherent assumptions of theoverview of a certain area identifying all potentially unstable
model used and quality of the input data. areas as far as possible and the down-slope regions probably
affected by the flow. Usually they are not used as the basis for
final decisions but rather serve, as in the casdameister
1 Introduction and Miller (2003, as initial screens for potential impacts and
they offer an indication where further local studies should
“Debris flows are churning, water-saturated masses of find€ carried out. Debris-flow analyses are often split into
sediment, rocks and assorted detritus that originate oiwo steps, (a) the identification of potential sources and
mountain slopes and course down-stream channels whetb) the estimation of the runout. For both steps a variety of
they reach valley floors” Iferson and Denlinger2001,  methods is available:

(a) Heuristically potential sources can be identified as in
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methods linking a variety of environmental factors in distinct areas. Empirical models offer an alternative
contributing to possible instabilities to an inventory of in the case of general low data availability. Empirical
past events are very well-established for the sourceamodels in this study are understood as general rules and
identification at smaller scalesvgn Westen et al. relations which are established once on the basis of large
2006. The models are either based on bivari@eifau  datasets and are afterwards usable without the high data
et al, 2007 Blahut et al, 2010 Melelli and Taramellj needs for calibration deterministic models have. An example
2004 or multivariate statisticsQarrara et al.2008. is the concept oFahrbdschungaccording to Keim, 1932,
Horton et al.(2008 use a methodology for the source for more detail refer to the description at the end of the
identification based on empirical rules. By means of Sect.3.1 In contrast to statistical models, empirical rules
a combination of environmental parameters chosen orand relations are not based on indirect parameters but
the basis of experience, primarily slope angle, upslopeon parameters directly linked to physical characteristics.
area and planar curvature, the debris-flow susceptibilityDue to the degree of generalisation from the data on
is computed. For physically-based source identificationwhich empirical models were created, they are rather well
a common option is to couple hydraulic models with the transferable. If quite similar environmental conditions can be
calculation of the safety factobDgImonaco et al2003 assumed, even calibration parameters can be transferred to a
Carrara et a).2008. certain extent. A first overview over a relatively unknown
area can thus be conducted without many records of past
events and detailed environmental information for the model
calibration. The simplicity of empirical models is their major
advantage and disadvantage, since specific characteristics
in single cases cannot be accounted fdiifimann et al.

) : . . . .2008. For a debris-flow susceptibility analysis of the
the horizontal and a line connecting the most distal po'mBarceIonnette Basin, located in the southern French Alps,

of deposition with the upper limit of the source area, an empirical methodology aftéforton et al.(2008 was
along the path. This concept enables the estimatiorhsed

of the maximum runout distance if the source area is
known. In many cases the angle of reach is expressegn
as a function of the debris-flow volumédigrlimann

et al, 2009 as in the formulas proposed Borominas
(1996 andRickenmanr(1999. Prochaska et a(2008
developed the average channel slope model predictin
the runout angle which is the angle between the
horizontal and a line between the vertical midpoint
of the elevation difference between source area an
fan apex and the most distal depositioRickenmann

(b) While for the source identification statistical models
play a dominant role, empirical relationships and for-
mulae are well-established for the runout computation:
the Fahrbdschung(Heim, 1932 translated taangle of
reach (Corominas 1996 describes the angle between

The Barcelonnette Basin is prone to debris-flows. One of
e recent damaging events was the debris flow in the Faucon
torrent in 2003 which affected six houses as well as the main
road crossing the valley (R.D. 900) and led to its closure
for several hours Rematre, 2006 Rematre and Malet
%1@. Even though information on a number of events may
exist, records indicating source areas are missing and impede
he calibration of a statistical model. Likewise, in-depth
nformation on environmental parameters, indispensible for
o . the calibration of regional deterministic models, is missing
(1999 presents a formula predicting the runoutdlstanceand leads to the selection of an empirical model. The

gn thelfart]has a; f(;J_nctlon of _trle ?ﬁbns'rlow VOI_ltJr:n?H methodology applied in this study, consists of empirical
everal other sludies associate the volume wi Sules for source identification and empirical relations for
deposition area of the flow dserson et al(1998 or

) . the modelling of the runout on a medium to regional scale.
SChe.'dI and Rickenman(2019. So far, only a .few Runout refers in this article to the complete 2-D pathway
phys_lcally-based runout r_node_:ls ha_1v_e be_en applied on ?f the debris flow from source to deposition area. An
aned2|L(1)rcr)1-scg!e (:ug to (;]al|pra'i:onbd|ﬁ|gult|e§hfu a(?dn analysis aiming at a preliminary worst-caséebris-flow

0 (2004 adjuste a physicafly-based runout modet to susceptibility identification was carried out. In a further step
one recorded event including friction and erosion and

. the applicability of the methodology for scenario analyses
computed the potential runout of several unstable areas . aiso investigated, estimating areas of high, medium
on the basis of this adjustment. ' '

and low susceptibility. Both analysis-types, worst-case and
While deterministic approaches are very well transferablequalitative scenarios, were evaluated qualitatively on the

to basically any site since they consider the physicalbasis of a set of recorded events.

characteristics of the process, they are characterised by

rather high data requirements for the calibration. Statistical

models are based on extensive inventories of past events

and are, apart from the reliance on good records, only

transferable to a very limited extent. This is a consequence

of frequent inclusion of indirect parameters as elevation, lworst-case scenario refers to a very low-frequency and rather

aspect etc. since these parameters cause very different effedigh-magnitude event.
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Fig. 1. Hillshade of the Barcelonnette Basin (Southern French Alps) with the location of the most important human settlements and the
Ubaye River.

2 The Barcelonnette Basin (b) The gentle slopes (10-3Pof the lower part (1100—
1900 ma.s.l.) consist of Callovo-Oxfordian black marls,
The Barcelonnette Basin is located in the dry intra-Alpine mainly composed of fragile plates and flakes packed

zone and extends from 1100 to 3000ma.s.|. (Hig. It in a clayey matrix. Slopes are covered by various
is characterised by (1) a mountain climate with a marked  Quaternary deposits: thick talus slopes of poorly sorted
inter-annual rainfall variability (73% 400 mm over the debris, moraine deposits and landslide debris. The
period 1928-2004) and 130days of freezing per year,  high erosion susceptibility of the black marls promotes
(2) a continental influence with significant daily thermal badland formation.

amplitudes ¢ 20°) and numerous freeze-thaw cycles and
(3) a Mediterranean influence with summer rainstorms This geological, structural and climatological setting gives
yielding more than 50 mmtt on occasionNlaquaire etal.  rise to mass movementd-lageollet et al. 1999, active
2003 Flageollet et al. 1999. Heavy spring rains on torrential streams and debris track®efnatre et al, 2005
melting thick snow layers also lead to high discharges2008 Rematre and Malet 2010. Moreover, the region
(Flageollet et al. 1999. Meso-climatic differences on a suffered nearly complete deforestation during the 18th
small scale emerge due to the east-west orientation of thand 19th centuries, which increased the torrent activity.
valley (Rematre, 2006. Reforestation and construction of check-dams was initiated
The valley is drained by the Ubaye River which is fed in 1864 and since then, forest cover has been rising
by several torrents on the north- and south-facing slopes. I{Rematre and Malet 2010. The collection of historical
constitutes a geological window, baring the autochthonouglata in catalogues, newspapers, monographs, technical
Callovo-Oxfordian black marls, also called 'Terres Noires’, reports, bulletins and scientific papers for the period between
under the allochthonous Autapie and Parpaillon flysch1850 and 2004 provides evidence of 561 torrential events.
(Maquaire et al.2003. Local slopes are characterised by The type and quality of information collected, and the
a specific morphology due to the geological setting: methodologies used to analyse the data are detailed in
Flageollet et al(1999 and Rematre (200§. The analysis
(a) In the upper part (1900-3000mas.l), slopes arejgicates a dominance of flash floods with 461 recorded
steeper than 45and consist of thrust sheets of eyents while only 100 debris-flows (slope and gully) have
cataclastic calcareous sandstones. These slopes afgen registered. The spatial distribution of historical debris-
often covered by non-consolidated debris varying in iows shows that they have occurred mainly in the torrents
thickness between 0.5 and Sm. Several debris track$ycated on the south-facing slope of the Barcelonnette Basin.
are affecting these slopes. Indeed, about 75% of the debris-flow events were recorded
in four torrents: Riou-Bourdoux, Sames, Faucon and
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Bourget. This has to be ascribed (1) to the location of springs 50
in the transition between the permeable, coarse material of 45 /'~
the Autapie thrust sheet and the Callovo-Oxfordian black 40 1
marls below, (2) to the higher slope angle and (3) to the  3°
thicker morainic coverage on the south-facing slopes which < S0 7
gives rise to a higher material availability. g 25
Further possible sources for debris flows are the three” fg
big mudslides of La Valette, Super-Sauze and Poche which
have developed in the black marls. Having already produced |
several mudflows and debris-flow events in recent years, they g

pose a serious menace due to their high sediment volume: ¢ o4 0.1 1 10 100
and mobility Malet et al, 2004). Upslope area (km2)

A Heinimann 1998 O Rickenmann & Zimm. 1993
3  Method - - - = Rare fitting Extreme fitting

Fig. 2. Extreme and rare slope thresholds for debris-flow
triggering with regard to the upslope area aftéorton et al.

The debris-flow modelling was carried out in two steps: (2.008’ consideringHeinimann et al(199§ andRickenmann and
Zimmermann(1993.

(1) the identification of potential source areas and (2) the
calculation of the runout. According tbakahashi(1981)

andRickenmann and Zimmermaiih993 the critical factors  set the slope threshold at?l&akahashi1981) while smaller
for debris-flow occurrence are sediment availability, water cagtchments are only considered as possible sources if the
input and slope gradient. While sediment availability slope angle lies above the threshold function. The two

and slope gradient refer to the general disposition, theequaﬁonS are the followingHorton et al, 2008):
water input from precipitation and snow melt acts as a

triggering factor. To represent these factors by area-Rare events

3.1 The debris-flow modelling

wide available data the following inputs were chosen: the o _02

sediment availability is linked to the lithology since the j:i:ﬁ'fm :8‘22 Sua 'i'; gu’fgg :::]212 1)

debris production depends on the material characteristic Biim = 0. UA =&

and furthermore the slope shape influences the accumulation

of material — the parameters lithology and planar curvatureEXtreme events

were mcluded_. Th_e Water_lr?pu_t is strongly related to 'Fhe tanBim :0-31'552'15 it Sua <2.5km?

upslope area in which precipitation and water from melting o . 2 (2)
2 | tanBjim =0.26 if Sua=>25k

snow accumulate and so the parameter flow accumulatio

was implemented. The third factor, the slope gradient, iswith the slope gradiens;,, and the surface of the upslope
critical due to its influence on the shear strength of the soilcontributing areaSya. For the classified datasets land
and debris, respectively. Therefore, the parameter slop@&se/cover and lithology those classes prone to debris flows
angle was integrated. Furthermore the land use/cover waare designated as included as e.g. moranic deposits or
considered since according #ncey (2001 “[v]egetation excluded as possible source, such as built-up areas. Finally
reduces the initiation potential to a certain extent”. Thus,all classified spatial input parameters are combined and
the parameter land use/cover was incorporated. Each inpyiixels being at least once determined as possible debris-
parameter is entered as a raster into the modelling proceduréow source (included) and never excluded are assigned as
User-defined thresholds classify the pixels of the continuousources.

data (e.qg. slope, flow accumulation and planar curvature) as In a second step the probabilitistic runout is calculated,
favourable for mobilisation (the pixels are markedluded  starting from the previously determined sources and using
which indicates them as possible source) or inhibiting (thetwo types of functions: flow direction and runout distance
pixels areexcludedrom being a possible source) debris flow algorithms. It is a probabilistic propagation as it aims to
initiation. In the case of slope angle and upslope area ancorporate every possible path with a notion of probability.
combined approach is applied as for example proposed iThus, it does not intend to process the spreading of a unique
Rickenmann and Zimmermar(i993 or Heinimann et al.  event, but to include all possible events. The flow direction
(1998: below a certain upslope area size threshold thealgorithm defines the propagation of the flow from one cell
slope angle is a function of the upslope area size and abovi® the surrounding neighbours starting with a source cell
the threshold the angle is constant (F&). Horton et al.  (Horton et al, 2008. A variety of algorithms is available:
(2008 propose two curves, the rare and the extreme fittingthe D8 and 3o algorithm ofO’Callaghan and Mark1984)

(Fig. 2). For upslope areas bigger than 2.5%both curves  and Tarboton (1997, respectively, which are restricted to
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one flow direction following the steepest downward slope.implemented in the Flow-R model which has been developed
The multiple flow direction methodQuinn et al, 1991 at the University of LausanneHprton et al, 2008 and is
and its modification lolmgren 1994 which spread the available on request atww.flow-r.ch

flow on a percentage basis over several neighbouring down-

slope pixels are more realistic. The modified multiple flow 3.2 Data acquisition

direction method afteHolmgren(1994 is expressed by the

following formula: 3.2.1 Distributed data
(tangi)* . - - -
fi= — for tang >0 (3) A digital elevation model (DEM) with a resolution of 10m
ijl(tanﬁj) was calculated on basis of the digitised contour lines and

breaklines of channels of the 1:10000 topographic maps
from IGN (Institut Geographique National). Scanning and
georeferencing of the maps have been carried oufttigry
et al. (2007 and the interpolation was realised with the
software program SURFER using a kriging method and the
semivariogram elaborated Byhiery (2006. The resulting
DEM was smoothened by 9-nodes averaging, the sinks were
filed and flow accumulations as well as planar curvature
were derived. On basis of the aerial photographs of 2004 the
X . ) : . land use was digitised and classified into dense coniferous
change is co_n5|dered, n qther words th_e Inertia (_)f the ﬂoW‘forest, coniferous forest of average to low density, deciduous
In the modeling context this parameter is caltmmstgnce forest, natural grassland, arable land/permanent crops,
epastures, bare rock, bare soil, urban areas, mining sites, water
courses and marshes and water bodBsrdonre, 2008.
The information on the lithology was digitised from the
geological map (1:50000) and converted into a raster file
hwith 10-m resolution as the DEM, constituting the following
%en classes: marls, torrential alluvium, limestone, boulder
‘ﬁelds, talus slopes, flysch, gypsum, lacustrine deposits,
calcareous marls and morain&o(donrg, 2008.
Although the resolution of the geological map is rather
E{(m =E|iﬁ11+AEéot—E|ioss (4) low, this information was included due to the importance
within the modelling procedure. A possible option to cope
with AE}=the change in potential energy aiigh =the  with small-scale input is according Rell and Glade2004)
constant loss. For the estimation of the energy loss, ahe display of the final result in accordance to the scale of
constant friction loss angle referring to thegle of reach  the least detailed input. We complied with this principle by
(Fahrbdschung concept Heim, 1932 Corominas 1996 is preparing the resulting maps at a scale lower than 1:50 000.
added. The angle of reach is defined as the angle between
the horizontal and an imaginary line connecting source are®.2.2 Inventory data
and the end point of the flow along the flow path. This
angle of reach is applied as a constant friction loss duringA first inventory comprises the envelopes (polygons) of
the propagation from pixel to pixel. The flow stops as soonthe deposition of the debris-flow events observed in 1996,
as the kinetic energy drops below zero. The procedure 02002 and 2003 at the Faucon, Saes and Bourget torrents
runout calculation is performed for each source pixel andbased on post-event field observatioRsihatre, 2006. The
results in two products (output grids), the kinetic energy andinventory is later on included in Fig. A second debris-
the spatial probability. Where the flows originating from flow inventory using aerial photograph interpretation was
different sources overlap, either the maximum value or thecompiled byStummer(2009. By means of comparison of
sum of the spatial probabilities is computed. For the kineticeach two consecutive aerial photographs of the years 1956,
energy always the maximum value of overlapping flows is 1974, 1982, 1995, 2000 and 2004, debris flows which had
calculated. happened in each of the periods were visually identified and
Summarizing, this methodology enables a first assessmerttigitised. This collection comprises mostly small events on
of the overall area possibly giving rise to debris-flows (sourcesteep slopes while bigger events flowing principally in the
identification) and the area potentially affected by the debris-torrents are in most cases not identifiable. Furthermore,
flow runout. Not single events but the sum of all possible neither the source nor the deposition area could be identified
incidences is estimated. This modelling approach wador all events, thus we extracted only the digitized linear flow

with i, j =flow direction (1..8), f; =flow proportion (1..0)

in directioni, tangB; = slope gradient between the central cell
and cell in directioni andx = variable exponent. Far=1the
formula turns into the basic multiple flow direction method
by Quinn et al.(1991 exhibiting a very wide spreading,
while for higher x values the flow converges more and
more and becomes a single direction flow for— oo
(O'Callaghan and Mark1984). In addition to the influence
of the slope on the flow direction, the effect of any directional

from the last flow direction. Thus the final probabilities are
the combination of the spreading and the persistedoeton
et al, 2008.

The distance reached by the flow is computed wit
simple energy-based calculations not considering sourc
masses since they are mostly unknown in first medium-scal
analyses. The kinetic energliin at the time step is
obtained by the following formula:
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paths (lines) to be used in this study. The inventory coversof worst-case anglesHuggel et al.(2002 established a
only a part of the study area, and the Alsricatchment, for worst-case angle of reach for debris flows resulting from
example, was not mapped. A drawback of this method isglacier lake outbursts. Reviewing a number of cases in the
that very active torrents producing debris flows in each timeEuropean Alps and in Canada, they fitted a curve to the
step can not be identified since no differences are visibleangle of reach as function of the maximum discharge and
between the consecutive photographs (the inventory is lateassessed a threshold angle of.12immermann et a1997)
onincluded in Fig4). A third inventory contains the number studied a set of debris flows especially in the Swiss Alps
of events per torrent/catchment between 1850 and 2004and found a minimum angle of reach of11° (20%) for
compiled from archive investigation b8ivan (2000 and  coarse- and medium-grained ard° (12%) for fine-grained
Rematre (2006§. Geographically this information can only debris flows.Prochaska et a(2008 identified, reviewing a

be linked to the respective torrent/whole catchment sincdarge quantity of investigations, a minimum angle of reach of
no detailed information about source, runout and depositior6.5°. Bathurst et al(1997) mention a rule of thumb applied

is available. The three inventories were not merged intoin Japan using an angle of about°1(®0%) according to
one overall inventory since they comprise very differing T. Takahashi, personal communication, 19%®ickenmann
information (regarding type of information, resolution, shapeand Zimmermann(1993 mapped about 800 debris-flow
etc.) but retained separately and used for distinct purposes avents, triggered in the Swiss Alps during intense rainstorms

detailed in the following sections. in the summer of 1987 and identified a minimum angle of
o reach of nearly 1. We chose the lowest angle found in
3.3 Model parameter determination the literature:~ 7° and added the angle of 1%ince it was

mentioned several times, including as result of a statistical

analysis for the worst-case runout angle calculatidnggel

et al, 2002.

d For the spreading of debris flowslolmgren (19949

proposes a range aof between 4 and 6 in the Eg3)(and
laessens et al2005 andHorton et al.(2008 chosex =4

or their debris-flow modelling (the lower the exponent the

3.3.1 Source identification

For the first modelling step, the source identification, the
three topographic parameters slope, flow accumulation an
planar curvature were complemented by lithology and land
use. Each parameter was implemented as 10-m raster in

the model and the following criteria were applied for the ider th di H ) the obiective i tt
classification of the single grid layers: the threshold for WIder the sprea ing). However, since the objective is not to

the size of the upslope area was considered in relation witﬁ“oOIeI a certain event realistically but to compute a worst-

the slope angle as explained in the model description an&ﬁse _scenzin(l) tq_i W'dt(;St sprea:;j_mg_posstlble was ?pp“ed
the extreme fitting (Fig2) was chosen since it allows, in choosingx = L. us, the spreading IS not representing a

contrast to the rare fitting, the identification of small and Iesssmgle event but covers the extent of all possible events.
steep sources, too, and matches the objective of WorSt'CaS(Sualitative suscentibility scenarios
scenario modelling well. The threshold for planar curvature P y

was set to —2/100m# according to the experience dibrton Apart from worst-case-runout-modelling the capability of

et al.(2008 in the Canton de Vaud, Switzerland. . X
: . . . the methodology to assess certain hazard scenarios was
All geological units but the limestone were included as . . . Lo .
! o . ._investigated, based on the following assumptions: according
potential source areas. This includes torrential deposits

moraines, boulder fields, marls and calcareous marls, taluts0 Corominas(199§ p. 270 and 260) *the relative mobility

. ! . “Increases with the volume of the landslide” and “[t]he
slopes, lacustrine deposits, gypsum and flysch. Concernin . o
. . ngle of reach is found to be a proper indicator of the
land use, dense coniferous forest, deciduous forest, natural ,”.. i~ S o
relative mobility of landslides” (the terrandslideis used
grassland, arable land/permanent crops, pastures, urban

- . ; Corominas(1996 for a range of processes and amon
areas and mining sites were excluded and coniferous fore y (1996 9 P 9

: : em the debris flows). Corominas and Moya2008
;ivdeﬁg tsooli?\\:vv:éni?]l(t:)lla,drggrshes and water bodies, bare roj[l)(. 198) link the different magnitudes with frequency: “it

. . . . has been observed that large landslides are able to travel

Finally, all pler§ being at least once included and nevere, longer distances than smaller ones. Should small and

excluded as possible source were designated as susceptltigerge landslides be produced in the source area, most of
to debris flow initiation. '

them would reach points located close to the source but

33.2 Runout only a small percentage — the largest landslides — would
reach points located far away. Consequently, the observed
Worst-case scenario temporal frequency of the landslide events will decrease

with the distance from the landslide source. Frequency is,
To define the runout distance for the worst-case scenario théherefore, a spatially distributed parameter”. Thus it should
literature was revised for minimum values of angles of reachbe possible to define several magnitude- and frequency-
in debris-flow inventories and already existing estimatesscenarios, respectively, and to model them by means of
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different angles of reach.Smallwood et al.(1997 cite a  high-magnitude on basis of the following assumption: the
classification of Morgan et al. (1991) into smak%0 ), torrential fans (Fig3) are predominantly the result of debris-
medium (50-500 ), large (500-50001) and very large flow events, this means they were affected in the past and
(> 5000 n¥) debris flows with angles of reach of 18,5 will possibly be affected in the future. Thus, the runout angle
13.5,11° and 8. was iteratively adjusted and set as low as necessary to cover
Since in the Barcelonnette Basin information on the the length of the torrential fans (especially of those torrents
volume and the corresponding angle of reach is availablaelescribed in the literature as very dangerous as e.g. the Riou
only for one event no analyses on volume — angle of reactBourdoux) as far as the confluence with the Ubaye River.
relationships and no computation of magnitude-frequency Following the suggestion dfiorton et al.(2008 to set the
scenarios could be carried out. However, a high potentiakexponent in the spreading algorithm of Holmgren between 4
was seen in the two spatial inventories available: in theand 6 for debris flows, a value of 5 was chosen for all three
aerial photograph interpretatioStummey 2009 a number  scenarios. Thisis a less wide spreading than in the worst-case
of small debris flows has been identified and the numbemodel (with an exponent of 1) for which an especially wide
per time interval between two photographs indicates aspreading was chosen. The fitting was done by modelling
relatively high frequency of several events per year inwith several angles of reach and adjusting recalculations to
the study area, forming the basis for the high frequencyadapt the model to the runout distance of the recorded events.
scenario. The second spatial inventory, compiled by
Rematre (2006, which consists of the debris-flow footprints 3-4 Assessment of the model performance
of 1996, 2002 and 2003 on the fans of ek, Faucon } . .
hBeguera (2009 presents two main approaches for the vali-

or Bourget, indicates events of medium frequency whic : It ) ” o
occur every few years and show a higher magnitude than thdation of predictive models: confusion matrices for classified

previous ones. These two constellations of high-frequency/€SUlts and receiver-operating characteristics (ROC) for

low-magnitude and medium-frequency medium-magnitudecontinuous results. With confusion matrices the modelling
result is opposed to the recorded events resulting in four

events were complemented by a third one for low-frequency h
groups Carranza and Castr@006: true positives (event
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observed and model identified the threat), true negativegt Resulting susceptibility assessment
(no event observed, no threat modelled), false positives ) o

(no event observed but model identified threat) and false*-1 Source area identification
negatives (event observed but no threat was modelled).l_
The ROC curves oppose the false positive to the true
positive rates by continuously changing the threshold used‘:1
for the classification Garrara et a).2008. Due to the
low availability of spatial information on past events only
two measures were implemented: the sensitivity which is
“the proportion of positive cases correctly predicted” and
its opposite, the false negative rate which is “the proportion
of false negatives in the total of positive observations”
(Beguera, 2006 p. 321). The modelling results were
furthermore evaluated in a qualitative way.

he model identified approximately 0.96 kraf potentially
nstable area from a whole of 199.66«m About 65%

re located on the north-facing slopes including the @dori
catchment and 35% on the south-facing slopes (B&).
However, the highest percentage of potential sources (of over
45%) was identified in the Abgs catchment. Leaving this
catchment out of the calculation, 71% of the sources are
located on the south-facing and only 29% on the north-facing
slopes.

The ranking of the catchments according to the percentage
of recorded events shows especially for the four most active
torrents Riou-Bourdoux, Sagmes, Faucon and Bourget a
very good relation with the ranking on basis of the percentage
pf the area of modelled sources per catchment (diagram
in Fig. 5). For the four other south-facing catchments
possessing much lower percentages of recorded events as
Gwell as modelled sources no clear trend is visible. However,
rjipe order of magnitude of modelled and recorded percentages
is similar. The south-facing catchments show in general very

was compared with the percentage of events which ha
happened between 1850 and 2004 in several catchment w numbers of recorded events and also the percentages
f modelled sources are very low, except for the Riou-

Based on the assumption that catchments exhibitingahighe{?/ t and 1V the ABE catch © No clear trend
extension of unstable area produce more debris flows ove ersant and especially the Abs catchment. Mo clear trends

time, the percentage of modelled source area was compareade opsirv?blethan(ge_the\c/) rderstof :r;at%mtzg; d|ftferr] as vtvell,
to the percentage of recorded events per catchment. afspecialy for Ihe Riou-versant an € lcatchmen

attempt was made to use the assumed relation for th(ﬁ'}hwh eXh'z't(;nUCh r:|ghinercher;)tatgr]1es Otf Lnodel[led soltijrcest
validation of the modelling results. an recorced events aithough both catchments could no

be included completely into the analyses. For several
catchments such as Enchastrayes, Boure, Sauze or La Tour
no events were recorded but the model identified potential

The runout model performance was assessed by means gpurces. Ir(] Odn:ay tone case, tthk()al Claveaux catchmen:, ctievents
a comparison of the potentially affected areas with the WEr€ recorded but no susceplible areas were computed.

footprints of the past events. Since the modelling of The threat posed by possible debris-flow formation on
the runout is based on two types of functions, the flow the mudslides could be identified as well. Three possible
direction (or spreading) and runout distance algorithms,SOUrce pixels were i_denti_fied on the lower part of the Poche
consequently the validation is also split into these twoMudslide, 21 especially in the upper part of the La Valette
categories. This means that the longitudinal profile andMudslide and 27 relatively equally distributed on the Super
the lateral characteristics of the flows are revised. For the>auze mudslide. _ _

worst-case scenario an enclosure of all past events into the The comparison with the 2003 debris flow in the Faucon
modelled area is assumed and checked by an overlay of thedtchment shows a clear identification of the source area
area susceptible according to the model and the footprints ofFig- 4b). The comparison with the starting points of the
recorded debris flows. events mapped on the aerial photographStuynme (2009

The fitting of the susceptibility scenarios (high, middle Showed almost no exact maiches, however many slope

and low frequency) was also assessed in a qualitative Waszg\?\:ighsla %:IIiigl(gn?ifri]gdck?yatnhneelssc’)lj)rk():\éi?wl*njgg/elﬁ)i;\%n(emtgo) debris

comparing the modelling results with the spatial inventories
of Stummer(2009; Rematre (2006 and the longitudinal
coverage of the torrential fan of the Riou-Bourdoux. For
the event in the Faucon catchment in 2003 it was possible tg 2 1 \worst-case scenario

calculate the angle of reach since in this case the full debris-

flow path from the source to the endpoint is available. It The results of the two models with angles of reach df 7
was compared to the angle of reach adjusted for the mediurand 1%, respectively, are matching nearly completely for
frequency scenario. the slopes and the torrential fans. Minor differences are

3.4.1 Source identification
The identified sources were visually compared with the aeria
photograph inventory Stummey 2009 and the record of
the debris flow of the Faucon catchment of 20B2ihatre,

2006, where the source area had been mapped in the fiel
Furthermore, the percentage of source pixels per catchme

3.4.2 Runout

4.2 Runout area modelling
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Fig. 4. Potential source areas identified by the model in comparison with the invent@tubymer(2009 and the 2003 event observed in

the Faucon catchmenRématre, 2006 (a) and an amplification of the upslope region of the Faucon catchment where the 2003 event had
been triggeredb).
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Fig. 5. Comparison of the source modelling result with the recorded events per catchment (diagram). The catchment locations are indicated
in the map below the diagram.
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k. ¥ B Worst case 7°
i P n
! ~
‘ lometers ,é'i Inventory Stummer (2009)%
g - B - - ) \E 1 i —— :
0 04509 1.8 27 3.6 “« 7 Inventory Remaitre (2006)\ Low: >0

Fig. 6. Worst-case debris-flow scenarios showing the south-facing slope of the Barcelonnette Basin, with angles of feaicth bP7the

7° scenario is underlying the 2Bcenario and identical with it for the area where it is invisible) in comparison with the debris-flow inventory
according tdStummer(2009 and the inventory oRematre (2006 which consists of the envelopes of the observed events in 1996, 2002 and
2003.

observable only for the further runout in the flood plain 2500
of the Ubaye (Fig.6). Longitudinally, the runouts are 2300 N
covering most of the torrential fans (Fig), especially of the
most active torrents Riou-Bourdoux, Faucon, 8aes and
Bourget, and reach the confluence with the Ubaye.

The comparison of the modelling result with the footprints
of the events of 1996, 2002 and 2003 shows a sensitivityg
of 77% which expresses the coincidence of the affected
and modelled area. On the contrary the false negative
rate amounts to 33% which refers to the area of recordec 110 ‘ ‘ ‘ ‘
events but the modelling result does not indicate a threat. ° B v Wy n 4000
A closer look reveals, that the areas affected on the Fauco
and Bourget torrential fan were modelled with only minor
differences and the main course of the flow was identified
(Fig. 8). In the case of the event in 2002 on the torrential
fan of the Sar@res torrent the model identified a strongly
differing pathway, splitting shortly after having passed the ] ) ) .
apex of the fan into two flows while the event in 2002 had (Magnitude) scenarios resulted in the following angles of
propagated straight ahead. reach: the adjustment to the |_nventory accordlnguammer

The comparison with the debris-flow courses mapped or(2009 gave an angle of 30(Fig. _9)' The_ mode_lllng result
the aerial photographsStummer 2009 exhibits a 60% represents events of low ma.gm.tude with a hlgh freqL_Jency
coverage by the model. A high number of the mappedOf several events per year distributed over the |n\{est|gated
events is not or only partly covered since the respective?®@- The short flows are in most cases only flowing down
source areas had not been identified but where the sourd'® Steep slopes and ending as soon as they get to the
areas were detected, the debris-flow courses identified on th{o""ential channels. The torrential fans in the valley are not

2100 A

1900 -

1700 -

ation [m a.s.l.]

1500 A

1300 -

Eig. 7. Profile of the 2003 debris-flow in the Faucon torrent. A line
for the identification of the angle of reach was positioned between
the source area and the furthest point of the runout.

photographs lie completely within the modelled susceptiblereaChed'

area (see e.g. the Riou-Bourdoux catchment in &ig. With an angle of reach of 24the maximum runout
distance exhibited by the events in 1996, 2002 and 2003 of

4.2.2 Qualitative susceptibility scenarios the torrents Faucon, Sames and Bourget can be represented

well. An investigation of the angle of reach of the debris-
The adaptation of the model to the spatial inventories andlow eventin the Faucon torrentin 2003 also reveals an angle
using an assumption on extreme runout for the developmentf reach of 14 (Fig. 7), matching exactly the empirically
of high (low), medium (medium) and low (high) frequency (by model iteration) adjusted angle of reach for medium
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—— Ubaye River
|Max spatial probability

Fig. 8. Amplification of the three torrential fans showing the worst-case scenarios and the footprints of several observed events of the
inventory ofRematre (2009.

i Ubaye River
[ Inventory Remaitre (2006)
— Inventory Stummer (2009)
[—1 High frequency (30°)

Medium frequency (14°) |

I
NN Low frequency (11°) '

Fig. 9. Modelling results for the qualitative scenarios of high, medium and low frequency in comparison with the inventoByuafterer
(2009 and the envelopes of events in 1996, 2002 and 2B@8n@tre, 2006, showing the south-facing slopes.

frequency events. The comparison of the modelled spreadin@he higher value of the exponent in the spreading algorithm
of the flow and the recorded events on the Faucon, Bourgetesulted in only marginally narrower spreading.

and Sar@res torrential fans exhibits a very similar result In contrast to the worst-case scenarios for the medium
to the worst-case models. It shows the same pattern ofrequency scenario several other torrential fans are not
a good identification of the flow pathways on the Fauconreached by the modelled flows such as the Riou-Bourdoux
and Bourget fans but a strong deviation on the 8as fan.  and several north-facing torrents.
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The angle of reach identified to cover longitudinally the events were recorded. This leads to a distortion of the
torrential fans of the valley is consistent with the® Morst- percentages of modelled sources for other catchments and
case scenario. As main indicator of the success of theespecially in comparison with the percentages of recorded
modelling result on the torrential fan of the Riou-Bourdoux events. The explanation for the wide difference in the
was observed, since this torrent was describedivan percentages of the Alirs catchment lies in its specific
(2000 as one of the most active ones in the Barcelonnettesetting: the Abms itself cannot be considered a torrent
Basin. Any higher angle than 1ivould not cover the whole since it exhibits an only moderate slope of about®6.5
length of the Riou-Bourdoux torrential fan till the Ubaye. For (Rematre, 200§. However, a large number of small very
the other fans this angle exhibits good results as well and, asteep torrents and gullies, tributaries to the main flow, were
observed by the comparison of the°ldith the 7 worst-  identified as very active by the model. Nevertheless, they
case model, virtually no differences could be identified for are most probably not producing effects which would reach
the runout on the slopes, in the channels and on the torrentidhe confluence with the Ubaye and since the catchment is
fans. nearly unpopulated and no road is passing under the most

active slopes, these comparatively small events were not

recorded. A field check confirmed, that these small torrents
5 Discussion are indeed very active, not only concerning debris flows but

also rockfalls. For a number of catchments such as the Boure,
The source area identification could only be validated on theSauze or Riou de Ribes, only possibly unstable areas, but
basis of a small number of evidences: the event of 2003, the@o events were recorded. Considering the minor morainic
aerial photograph interpretation inventostdmmey 2009 cover of the north-facing slopes already mentioned, the non-
and a comparison of the percentage of recorded events withecording of events is not necessarily a non-existence of past
the percentage of modelled sources per catchment. A cleasr future events but might indicate a lower frequency due to
identification of the source of the 2003 event contrasts with aower material availability. In conclusion the dependence of
very low identification rate of the sources of smaller events ofthe comparability of the two percentages on the recording
the aerial photograph interpretation inventory. However, theactivity becomes obvious. However, taking this aspect into
reasons for the difficulties in the identification are numerous,account the comparison served for discussion and validation
starting with the inventory itself which includes the source purposes very well.
areas only in a few cases while for most events only segments Between the two worst-case scenario models with angles
of debris-flow tracks could be determined and mapped.of reach of 7 and 12 only minor differences were observed
Furthermore most of the events were obviously very smallfor the runout in the river bed of the Ubaye. This indicates,
having occurred in small gullies and concavities which arethat an assumed worst-case angle of reach &fwlduld be
very difficult to identify with a 10-m resolution DEM. The sufficient to identify the areas threatened by debris flows
DEM creation on the basis of a topographic map with limited in the Barcelonnette Basin. The possible further runout
detail as well as the interpolation and smoothing led probablyin the wide river bed is of less interest since the area is
to further generalisation and loss of small scale forms. Andnot used and a possible damming of the Ubaye River does
finally, the high altitudinal differences in the area posed anot have to be expected due to the width of the bed. In
challenge for the orthorectification of the aerial photographsgeneral, the runout distance of former debris flows was
resulting in small mismatches between the photographs andaptured very well in the worst-case scenario. However,
further spatial information. However, the very small sourcesdespite its designation agorst-case scenarjoit does not
are presumably not the ones releasing the very dangerousompletely contain the area affected by the recorded past
events and the larger channels and torrents to which thegvents. Especially on the torrential fan of the $a@$ torrent
contribute are indentified in any case. Thus, the non-the differences are very high since the model identified a
recognition of these sources is most probably of minor effectdiverging course of the flow and did not cover the actual
on the runout on the torrential fans. event of 2002. The reason lies most probably in the quality of

The assumption of a relation between the percentageéhe DEM. Especially in relatively flat areas the spreading of
of modelled source area and the percentage of recordethe flow reacts very sensitively to elevation differences and
events seems at first sight viable and offers a possibilitythus to errors in the digital elevation model. DEMSs built
for qualitative validation. The two percentages indicate aon digitised elevation lines which exhibit further runout
good identification of the most important torrents on the distances for flatter areas are rather prone to generalisations
south-facing slope Riou-Bourdoux, Faucon, Bourget andof the actual topography as well as to errors. In contrast
Saneres as well as a the same ranking of the four torrentgo the strong reaction of the spreading to errors, the runout
(Fig. 5). Though the ranking is matching well the values distance seems to be much less sensitive. However to prove
are not directly comparable This fact is attributed to thethese hypotheses further investigation has to be carried out.
high percentage of more than “4Slopes of the modelled The resulting errors are especially problematic for the worst-
sources identified in the Ali¥é catchment while very few case modelling. Understanding this term literally would
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assure the safety of the complete area outside the identifiedffects. Due to these strong generalisations, not even for
regions. However, the interpretation of such modelling the worst-case scenario can a guarantee be given that future
results can only be done being aware of the assumptionsvents will lie entirely within the identified limits. The
inherent in the model, its strong dependence on the qualitynterpretation of the resulting maps is only possible with
of the DEM and the accuracy and scale of the input data. the knowledge of the model assumptions and the accuracy
The qualitative scenarios computed on basis of theand scale of the input data. For future better adjustment
empirically determined angles of reach match rather wellof the model to unknown areas with low data availability
with the inventories and the assumption of full longitudinal it would be of great interest to fit the model to various
coverage of the largest torrential fans. Especially the factsettings and compare the parameterisation in relation to the
that the angle of reach calculated for the 2003 event inenvironmental conditions. Information on the parameter
the Faucon catchment matches exactly with the empiricallyranges and the resulting differences, especially in regions
adjusted angle. The match of the angle of reach of highwith detailed information on angles of reach and volumes
magnitude events and the worst-case calibration indicate af past events, would provide support for the calibration of
good adjustment of the scenarios. However, the data basis ofie model to unknown zones.
which the scenarios are defined and modelled is very small
and the estimation of the frequencies and magnitudes of th@cknowledgementsThe authors are grateful to the European
three classes would have to be confirmed. The results havgommission for funding the Marie Curie Research Training
to be interpreted being aware of these facts. Against thisNetwork Mountain Risks (http://mountain-risks.eu contract
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