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ABSTRACT

Starting on 24th August 2016, Central Italy was struck by a six-month earthquake sequence that
caused 303 victims and extensive major damages to urban areas and infrastructures, in some
cases entire villages needed complete rebuilding. In this paper we present a map that
portrays the overall susceptibility to multiple landslide types and the exposure to landslides
of the rural-urban areas of the Castelsantangelo sul Nera Municipality, a typical village of the
central Italian Apennine. The map is based on a procedure that ingests geomorphological
data and models and groups the individual landslide susceptibility maps in a joint
susceptibility and exposure map based on expert-defined criteria. The procedure has been
applied to built-up and to undeveloped areas to highlight their exposure and was used as a
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tool for planning post-seismic reconstruction. We advise that such maps are used also as

basic tool for ordinary urban planning.

1. Introduction

In 2016, Central Italy was struck by a six-month seis-
mic sequence, started on 24 August. The sequence
was characterised by two main shocks in August
2016 (Mw 6.0 and Mw 5.4), three major shocks (Mw
5.4, 5.9 and 6.5) in October 2016, and four shocks
with Mw between 5.0 and 5.5 in January 2017. The
sequence was characterised by more than 50,000 after-
shocks in the first four months (Santangelo et al., 2019;
Vignaroli et al., 2019). The earthquakes caused a total
of 303 casualties, thousands of homeless, and severe
damages to hundreds of villages, mostly located in
the central Apennines. In 29 villages the macroseismic
intensity was higher than IX degree of the Mercalli-
Cancani-Sieberg (MCS) intensity, and for 5 of them
it reached XI degree MCS (Figure 1; Galli et al,
2017). In some cases, entire villages were destroyed
and needed partial or even complete re-building.

In the immediate aftermath of the first seismic
event, several requests were raised by the National
Department of Civil Protection (DPC) to identify
sites for temporary settlements and define landslide
residual risk conditions on roads (Santangelo et al.,
2019). In the emergency and immediate post-emer-
gency phases, the DPC requested to identify suitable
areas for reconstruction or relocation of damaged or
destroyed urban areas.

The zonation of landslide susceptibility, hazard and
risk in urban areas is a task that has been addressed in

different ways by the scientific community at different
scales. Such mapping activities, however, were usually
carried out by considering single landslide types (e.g.
Carrara et al., 2008; Frattini et al., 2008; Reichenbach
et al., 2018). Therefore, defining the susceptibility or
the potential expected interaction of landslides with
urban areas for multiple landslide types at the catch-
ment scale is yet an open problem.

The DPC request was answered by designing an
expeditious procedure aimed at integrating (i) geomor-
phological analyses carried out in the field, (ii) expert
stereoscopic aerial photo-interpretation and (iii) sus-
ceptibility models for rockfalls (Guzzetti et al,
2002b), debris-flows (Mergili et al., 2015) and shallow
and deep-seated slides (Cardinali et al., 2002; Reichen-
bach et al., 2018).

The procedure is based on (i) a heuristic geomor-
phological model for shallow (SL) and deep-seated
(DL) landslides of the slide type, (ii) two conceptual
models to define areas potentially affected by debris-
flows (DF), (iii) a distributed physically based model
to delineate the rockfall (RF) runout areas. The outputs
of the models were then combined to define the overall
susceptibility and exposure to landslide hazards of
areas with morphological characteristics similar to
selected built-up areas.

Despite the expeditious approach, the procedure is
thought to be general and applicable to evaluate the
landslide susceptibility conditions and exposure of (i)
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Figure 1. Cumulative effects of the 24th August and 26th and
30th October earthquakes. Red stars, 2016-2017 MI > V events.
Red diamond, macroseismic epicentre. Blue line, active fault
segments of the Laga Mounts (dotted if inferred). White line,
Mount Vettore fault system, responsible for the 2016 earth-
quakes (dotted if inferred). Modified after Galli et al. (2017).

Black outlined polygon, study area of this work.

built-up damaged areas, (ii) destroyed areas to be
relocated, and (iii) undeveloped areas within which
to relocate the destroyed centres, or parts of them.
Despite the specific areas to which it was applied,
the procedure is not specific or limited to such
areas but is general and may be applied to other
areas where similar answers must be given in a lim-
ited amount of time.

2, Study area

The analyses focus on the main hamlet of the munici-
pality of Castelsantangelo sul Nera, located on the right
bank of the Nera River and the five villages of Macchie,
Nocelleto, Nocria, and Vallinfante (Main Map). The
total area investigated is 28.75 km”. Like other villages
in the Italian Apennines, several built-up areas in the
study area occupy areas potentially exposed to different

landslide types. The village of Castelsantangelo sul
Nera has been historically hit by debris-flows, and an
important event was registered on 27 July 1906 (Guz-
zetti et al., 2002a). In the upper part of the catchment
of the Nera River, large debris-flows are widespread
(Arignoli et al., 2007; Guzzetti & Cardinali, 1991)
many of which showing evidences of recent morpho-
logical evolution. The hamlets of Vallinfante and Mac-
chie are located close to such large debris-flows
(Arignoli et al, 2007). Also, earth- and rock-slides
and rockfalls are common phenomena in this area
(Map B in Main Map).

3. Data and methods

A six-step procedure was designed to define the level of
susceptibility of the studied areas (Figure 2). The pro-
cedure uses data available or acquired ad-hoc and
returns a semi-quantitative assessment of the degree
of exposure to landslides. The procedure applies both
to classify the exposure of built-up areas, and to ident-
ify suitable areas for urban development. The pro-
cedure considers only rockfalls, debris-flows, shallow
and deep-seated slides.

Time and information available for the survey were
scarce, due to the emergency conditions. Therefore,
due to the complexity of the instability phenomena to
be investigated, and the extent of the area (Main
Map), the issue was addressed through an expeditious
and expert-based procedure, based on empirical
knowledge and understanding of present phenomena
and processes.

3.1. Data acquisition

The first step consists in the acquisition of already
published data or of new input data used by the
procedure.

ACQUISITION & ORGANIZATION OF DATA AND
TERRAIN AND ENVIRONMENTAL INFORMATION

EXPOSURE OF
BUILT-UP
AREAS

exposure

Figure 2. Logical-functional model of the procedure.
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3.1.1. Digital elevation model

We used the Digital elevation model (DEM) TINI-
TALY, produced from several information sources
(Tarquini et al, 2012, 2007) and distributed by the
National Institute of Geophysics and Volcanology
(INGV). The DEM has a ground sampling distance
of 10 m. In the study area, the DEM was produced
starting from the Technical Regional Cartography
(CTR), a topographic map at 1:10,000 scale, which
was obtained from aerial photographs acquired in
May-June 2000." This should be considered the tem-
poral reference of the TINITALY in this area.

3.1.2. Aerial photographs

To produce the landslides inventory map, two sets of
stereoscopic aerial photographs (APs) were used. APs
were taken (i) in 1955, in black and white, at a scale
of about 1:33,000, and (ii) in October 1997, in black
and white, at a scale of about 1:20,000.

3.1.3. Landslide inventory map

The landslide inventory map (LIM) has been prepared
through photointerpretation of APs adopting well-
established photointerpretation method and criteria
(Cardinali et al., 2000; Fiorucci et al., 2018; Guzzetti
et al., 2012; Santangelo et al., 2014). Among the ancil-
lary material usually consulted to prepare LIMs (land-
cover/land-use maps, other LIMs, geological maps), it
is worth mentioning the geomorphological map of
the Marche Region, freely accessible online.” The
map has been published at 1:10,000 scale and contains
many useful and detailed information on tectonics,
hydrography, gravity-driven morphologies, fluvial
and  fluvial-glacial =~ morphologies,  anthropic
morphologies.

Aerial photo interpretation was verified through tar-
geted field checks. The information on landslides in the
LIM are used (i) directly, to identify the areas where
landslides are present and have been recognised and
(ii) indirectly, as input for susceptibility models and
for the definition of landslides evolutionary scenarios.

In the LIM (Map A in Main Map), the main types of
landslides are represented by shallow and deep-seated
slides, debris-flows and rockfalls (Cruden & Varnes,
1996; Hungr et al., 2014).

3.2. Landslide susceptibility modelling

The second step of the procedure consisted in classify-
ing the propensity of the territory to be affected by
rockfalls, debris-flows, and landslides (2 in Figure 2).

3.2.1. Rockfalls

To model the susceptibility to rockfall phenomena, the
software STONE (Guzzetti et al., 2002b) was used. To
simulate the physical process of rockfall, STONE
implements a ‘lumped mass’ approach in which
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potential boulders are considered without dimensions
and with the mass concentrated in the centre of
mass. STONE performs a kinematic simulation of the
falling boulder. To carry out the simulation, STONE
needs the definition of (i) the possible rockfall source
areas, (ii) the number of boulders falling from each
source area, (iii) the initial speed and the boulder
release angle, (iv) a speed threshold below which the
boulder stops. In addition to these parameters,
STONE needs (v) a DEM that describes the topography
of the study area, and (vi) the coefficients of dynamic
friction, and of normal and tangential restitution at
impact points.

The source areas passed to the model were defined
as all the pixels of the DEM which slope is greater
than 50° according to the evidences collected in the
field during the emergency and post-emergency activi-
ties in the area hit by the 2016 seismic sequence in cen-
tral Italy (Santangelo et al., 2019).

STONE considers the uncertainty inherent in the
input data and in the simulation by (i) ‘launching’ a
variable number of boulders from each source area
cell, and (ii) randomly varying the horizontal release
angle, the dynamic rolling friction and the normal
and tangential restitution coeflicients. Using GIS tech-
nologies, STONE computes the rockfall trajectories of
individual boulders simulated in three dimensions,
and outputs three raster maps which report for each
pixel (i) a frequency map which reports the number
of trajectories, (ii) the maximum speed, and (iii) the
maximum elevation from the ground.

The three raster maps can, in turn, be used to define
rockfall hazard levels (Guzzetti et al., 2004; Santangelo
et al,, 2019). In this work, we reclassified the frequency
map output by STONE (Figure 3(A)) in two classes
only to define the area where a rockfall runout is pre-
dicted, neglecting the value of frequency (Figure 3
(B)). This led to a binary map (0, 1) that distinguishes
areas where rockfalls are not expected (0) from areas
where rockfalls are expected (1). The binary map so
defined is referred to as map of the Susceptibility
Index (SI) for rockfalls (Map B in Main Map).

3.2.2. Debris-flows
Susceptibility to debris-flows was modelled following
an approach based on the application of conceptual
models. Unlike physically based models, conceptual
models do not aim at reproducing the physical pro-
cesses underlying the debris-flows phenomena but
use simplified empirical relationships. Conceptual
models allow working out the problem of lack of data
on the mechanical and physical characteristics of the
materials involved in the processes.

Two conceptual models were used to delineate the
areas susceptible to debris-flow runouts: (i) the
Modified Single Flow Direction (MSF) model (Huggel
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Figure 3. (A) Map of the number of rockfall trajectories mod-
elled in the area of Castelsantangelo sul Nera. (B) Map of the
Susceptibility Index for rockfalls.

et al., 2003), and (ii) the r.randomwalk model (Mergili
et al., 2015).

MEFS is a conceptual model for the study of mass
movements that can be implemented in a GIS (Gruber
et al., 2009). The model requires: (i) the location of the
starting points of debris-flows, and (ii) a DEM. A linear
function is coupled to the single-flow algorithm to
enabling flow diversion in low-slope areas. The result
of the model is an expeditious prediction of the areas
potentially affected by debris-flow runout expressed
in probability-related values. The debris-flow runout
distance is determined based on empirical data on
average slope trajectories.

The conceptual model ‘r.randomwalk’ (Mergili
et al,, 2015) is implemented in a software developed
to operate in GRASS GIS (GRASS Development
Team, 2017). The model randomly simulates the
paths of debris-flows started from known (pre-
defined) release sources, which can be punctual or
areal. The random trajectories are conditioned by the
local topography (DEM) but are forced not to concen-
trate along linear paths. The trajectories end when a
predefined ‘break criterion’ is met. Several break cri-
teria can be used, which are mostly based on empirical
relationships of the reach angles defined in the litera-
ture (Haeberli, 1983; Huggel et al., 2003; Perla et al,,
1980; Rickenmann, 1999; Scheidegger, 1973). In this
study, the stop condition for each trajectory consisted
in a random sample extracted from the distribution
of the reach angles observed in the debris-flow deposits
reported in the LIM.

For the MSF model, the source areas have been
identified by combining the information of the land-
slide inventory map (Map A in Main Map) with a mor-
phometric approach based on the empirical
relationship between the local slope and the contribut-
ing area (Cavalli et al., 2017; Wichmann & Becht, 2005;
Zimmermann et al., 1997). For the r.randomwalk
model, instead, the debris-flow trajectories were simu-
lated starting from each cell of the 10 m DEM within
the source areas mapped in the LIM (Map A in Main
Map). In both cases, two maps of areas potentially
affected by debris-flows were produced.

The two maps output by the models were classified
according to the values of the quartiles of the distri-
bution of the probability-related values in case of
MSF model and of the trajectories number in case of
r.randomwalk: 0 (null), 1 (low, 0% — 1st quartile), 2
(medium, Ist quartile — 2nd quartile), 3 (high, 2nd
quartile — 3rd quartile), 4 (very high, 3th quartile —
4th quartile). The reclassified maps are shown in Figure
4(A, B). To define a joint model, the two maps were
combined according to a two-digit positional index
(Figure 4(C)) in which the values of the MSF and of
the rrandomwalk reclassified maps are concatenated
starting from the left. Finally, to produce the suscepti-
bility map for debris-flow, we classified the map of the
positional index (Figure 4(C)) in a five classes map
(Figure 4(D)) ranging from 0 to 4 according to the
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Figure 4. Maps produced to define debris-flow susceptibility.
Reclassified output maps of the MSF (A) and r.randomwalk
(B) models. Index derived by combining the outputs of the
models in A and B (C). Map of the Susceptibility Index for deb-
ris-flows (D). Grouping criteria are illustrated in Figure 5.
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Figure 5. Criteria used to group the 25 possible values of the
positional index used to combine the debris-flows model out-
puts. Colours correspond to those used in Figure 4(A, B) for the
model classes and to Figure 4(D) for the groups colours.

expert-based criteria illustrated in Figure 5. Addition-
ally, to give more weight to the geomorphological evi-
dences, the final map for debris-flows assumes the
maximum value (4) where debris-flows were mapped
in the LIM.

The map so defined is referred to as map of the Sus-
ceptibility Index for debris-flows (Map C in Main
Map).

3.2.3. Shallow and deep-seated landslides
For the study area, the susceptibility to landslides of the
slide type was defined according to a heuristic pro-
cedure that identifies the possible ‘landslide scenarios’
as defined by Cardinali et al. (2002, p. 65). Such scen-
arios were delineated through the visual interpretation
of stereoscopic APs (Cardinali et al., 2002). The
method requires the expert identification of landslide
scenarios, that is the estimation (in case of partial or
total re-mobilisation of existing landslides, or in case
of the occurrence of new landslides) of the possible
propagation, retrogression and lateral expansion dis-
tance of single landslide movements, or of groups of
landslides showing similar type of movement (Figure
6). In each scenario, evaluations are based on the mor-
phology of the slope, and local geo-lithological con-
ditions and past landslides information extracted
from the landslide inventory.

The scenarios are collected in two binary maps, one
for deep-seated landslides (Map D in Main Map) and
one for shallow landslides (Map E in Main Map), in

Legend
3 Landslide deposit

Shallow landslide scenario
3 Landslide escarpment ) Deep-seated landslide scenario

Figure 6. Landslide scenarios for deep-seated and shallow
landslides of the slide type.

JOURNAL OF MAPS e 5

which values 0 and 1 indicate the absence or presence
of landslide scenarios, respectively. The so defined
maps are referred to as maps of the Susceptibility
Index for deep-seated and shallow landslides.

3.3. Specific Susceptibility Index

To describe the susceptibility of each pixel to different
landslide types, the four Susceptibility Indices have
been concatenated into a four-digit positional index,
named Specific Susceptibility Index (3 in Figure 2,
and Table 1 in Main Map). In the SSI, from left to
right, each digit replicates the Susceptibility Indices
for (i) rockfalls, (ii) debris-flows, (iii) deep-seated land-
slides, and (iv) shallow landslides. Based on the
definition given to the SIs, the SSI has 40 different
values (Table 1 in Main Map), one for each of the poss-
ible combinations of the Susceptibility Indices. Figure 7
(A) shows a detail of the SSI map for the village of Cas-
telsantangelo sul Nera.

3.4. Total susceptibility zonation

The fourth step of the procedure (4 in Figure 2) con-
sists in defining criteria to group the 40 values of SSI
in classes to operate a susceptibility zonation. Main
Map shows the geographic distribution of the Total
Susceptibility Index (TSI), a five-class index resulting
from the expert-based classification of the SSI. The
set of rules based on expert evaluations are illustrated
in Table 1 in Main Map.

For each pixel, the TSI is expressed as an integer
number between 0 and 4, indicating: 0, negligible; 1,
low susceptibility; 2, medium susceptibility; 3, high sus-
ceptibility; 4, very high susceptibility. The rationale
adopted to group the values of SSI is to assign high
TSI where possible life loss is expected (i.e. where
fast-moving landslides are expected). Table 1 in Main
Map illustrates the correspondence between Sls, SSI
and TSI values. The table shows that: (i) one value of
SSI corresponds to the value 0 of TSI; (ii) three values
of SSI correspond to the value 1 of TSI; (iii) six values of
SSI correspond to the value 2 of TSL (iv) eighteen
values of SSI correspond to the value 3 of TSI; (v)
twelve values of SSI correspond to the value 4 of TSI

3.5. Exposure

The fifth and sixth steps of the procedure (5a and 5b in
Figure 2) consist in identifying the exposure to the
considered landslide types of (a) the built-up areas
and (b) areas potentially suitable for urban
development.

UNISDR (2009) defines the ‘exposure’ as ‘People,
property, systems, or other elements present in hazard
zones that are thereby subject to potential losses’. Based
on this definition, we consider as ‘exposed’ all
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Figure 7. Detail of the main hamlet of Castelsantangelo sul Nera. Specific Susceptibility Index (A), and Total Susceptibility and
exposure map compared to built-up areas (B) and to areas suitable for urban development (C).

structures, infrastructures and people that are located
(built-up areas, 5a in Figure 2) or might be located
(areas suitable for urban development, 5b in Figure
2) in areas susceptible to landslides, that is where the
TSI is greater than 0.

Consequently, the levels of exposure of urbanised
areas (or of areas suitable for urban development) are
the same as the Total Susceptibility Index.

3.6. Criteria for defining suitable areas for urban
development

Arguably, not all places with low or negligible suscep-
tibility are suitable for urban development. For
example, they must be excluded if the slope or the
elevation is too high compared to the local urban
areas, or if the areas are too small. Therefore, to fulfil
the request of DPC of defining areas potentially suit-
able for post-seismic reconstruction, the zonation
map of TSI and exposure was coupled to other mor-
phometric constraints. In particular:

(a) The first criterion considers as suitable the areas
where the exposure is at worst ‘high’ (class 0-3
in Main Map). Areas with very high exposure
are considered unconditionally unsuitable (class
4, red in Main Map).

The second criterion identifies land parcels at
similar or lower altitudes than those of existing
settlements (1000 m a.s.l).

The third criterion identifies areas having mean
and standard deviation of slope respectively less
than 10° and 5° (the average values of the villages
of Castelsantangelo sul Nera and Nocelleto). The

(b)

(©)

slope values were computed in a circular kernel
with a diameter of 90 m (9 cells), which area cor-
responds to the average area of the blocks of Cas-
telsantangelo sul Nera (about 6000 m?).

4, Results and discussion

The map described and presented in this work (Main
Map) represents a susceptibility zonation to landslides
of different types. Based on the definition of exposure
given in Section 3.5, the map also represents the levels
of exposure of existing structures and infrastructures to
the considered phenomena (Figure 7(B)), and the levels
of exposure of the areas suitable for urban development
(Figure 7(C)).

Inspection of the Main Map shows that only 2.5%
(0.74 km®) of the study area is morphologically similar
(slope and elevation) to the slopes where the existing
hamlets were built and is, thence, considered suitable
for urban expansion. Of this 0.74 km?, 5.9% (44,000
m?) has very low exposure, 2.4% (17,500 m?) low
exposure, 9.5% (70,500 m?) medium exposure, 78.4%
(580, 200 m?) high exposure and 3.8% (27,800 m?)
very high exposure to landslides. Such figures show
that for more than 94% of the morphologically suitable
areas, protection measures are necessary in case urban
development is planned in such areas, since the terri-
tory is classified as susceptible to landslides.

From a geographical point of view, suitable areas are
well distributed near the five hamlets, but there are only
two areas with very low TSI, which are located far from
the main hamlet of Castelsantangelo sul Nera and close
only to two of the five hamlets (Gualdo and Nocelleto,
Main Map). Therefore, to guarantee continuity with
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(or at least proximity to) existing urban areas, it seems
unavoidable the need to plan urban development in
susceptible areas.

This map provides knowledge of the landslides
potentially affecting the study area, and it could be
used to increase risk awareness and as a basic tool for
urban planning, albeit it must be specified here that
no information is given about the landslides size and
their frequency over time. In addition, it is worth men-
tioning that to each level of TSI (or exposure), the end-
users were provided with a list of potential actions
suggested to mitigate the impact of landslides on struc-
ture, infrastructures and population. For instance, in an
area where the TSI is ‘negligible’ it was suggested to
only take care of surface water management, as
opposed to areas where TSI is ‘high’, which could
mean to be concerned about setting up active/passive
protection measures for the landslide types involved.
To define such protection measures, arguably, it is
mandatory that specific detailed studies should follow
at the slope scale to define landslide hazard and even-
tually design and set up adequate active and/or passive
protection measures. Moreover, the identification of
sites suitable for post-seismic reconstruction urges
the integration with the assessment of flood-prone
areas, which is out of the topic of this paper.

The analyses carried out in this work were
designed and completed in 15 working days by an
interdisciplinary team of 9 people during emergency
response activities. The procedure can be applied to
different context and areas, provided it is carefully
customised based on the available data, models, and
types of geomorphological processes. The described
heuristic aggregations and classifications illustrated
are based on a specific situation. Different expert-
based criteria for classifications can be defined (also
including decision-makers in the process) to fulfil
specific requests.

As described in Sections 3.2 to 3.4, the final map
(Main Map) is the result of multiple aggregations and
heuristic classifications, which, of course, condition
the final values of TSI. Despite the map is easily read-
able, on the other hand, readers can be misled if una-
ware of how aggregations and classifications were
made. Therefore, it is advised that the map is read
jointly to the Susceptibility Index maps for single land-
slides types.

5. Conclusion

This work presents the results of an integrated
approach of geomorphological mapping based on
heuristic and statistical modelling of landslide suscepti-
bility carried out for an area in Central Italy which was
struck by the seismic sequence started on 24 August
2016. The activities aimed at providing the National
Department of Civil Protection with the information
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to define the areas suitable for post-seismic reconstruc-
tion in a rural-urban context.

This map represents a joint susceptibility and
exposure map which can ultimately be used by planner
or decision-makers. The procedure needs data that can
be easily collected but requires high expertise in land-
slide mapping and heuristic and statistical suscepti-
bility modelling.

The Main Map shows that a large part of the area is
morphologically unsuitable for urban development,
and that the few suitable areas are in large majority
exposed to potential losses due to the possible occur-
rence of different types of landslides. This is a typical
feature of mountainous landscapes, where it is advised
that maps like the one presented here are produced not
only to support post-emergency activities but also
ordinary urban planning.

Software

We used: (i) GRASS GIS for running r.randomwalk,
(ii) Procedura-DF ArcGIS® 10.3 Toolbox for identify-
ing potential debris-flow starting points (freely avail-
able at https://github.com/HydrogeomorphologyToo
ls/Procedura-DF) (iii) an ad hoc developed Toolbox
for ArcGIS® 10.3 for running MSF debris-flow model,
(iv) the software STONE for rockfall modelling; (v)
QGIS (http://www.qgis.org/) to digitise the landslide
inventory map and the scenarios, and to organise and
analyse the data and model outputs, (vi) ArcGIS®
10.2.1 to produce the initial layout of the map, and
(vii) Adobe” Illustrator® (http://www.adobe.com/
products/illustrator/) to assemble the final map for
publication and graphical editing.

Notes

1. (http://www.regione.marche.it/Regione-Utile/
Paesaggio-Territorio-Urbanistica/Cartografia/
Repertorio/Cartatecnicanumerical10000).

2. The map is accessible at this link: http://www.regione.
marche.it/Regione-Utile/Paesaggio-Territorio-
Urbanistica/Cartografia/Repertorio/
Cartageomorfologicaregionale10000. ~ The  sheets
which contain our study area are: 325060, 325070,
325100, 325110.
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