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Abstract: The evaluation of landslide specific risk, defined as the expected degree of loss due to
landslides, requires the parameterization and the combination of a number of socio-economic and
geological factors, which often needs the interaction of different skills and expertise (geologists,
engineers, planners, administrators, etc.). The specific risk sub-components, i.e, hazard and
vulnerability of elements at risk, can be determined with different levels of detail depending on the
available auxiliary data and knowledge of the territory. These risk factors are subject to short-term
variations and nowadays turn out to be easily mappable and evaluable through remotely sensed
data and GIS (Geographic Information System) tools. In this work, we propose a qualitative
approach at municipal scale for producing a “specific risk” map, supported by recent satellite PSI
(Persistent Scatterer Interferometry) data derived from SENTINEL-1 C-band images in the
spanning time 2014-2017, implemented in a GIS environment. In particular, PSI measurements are
useful for the updating of a landslide inventory map of the area of interest and are exploited for the
zonation map of the intensity of ground movements, needed for evaluating the vulnerability over
the study area. Our procedure is presented throughout the application to the Volterra basin and the
output map could be useful to support the local authorities with updated basic information
required for environmental knowledge and planning at municipal level. Moreover, the proposed
procedure is easily managed and repeatable in other case studies, as well as exploiting different
SAR sensors in L- or X-band.
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1. Introduction

Landslide hazard and risk analyses are important steps for urban planning in government
strategies, but they are often challenging tasks that require expertise and availability of multiple
datasets [1,2].

In the geo-hazard community, landslide risk is generally defined as a measure of the expected
probability of a damaging event in a given area and it results from the product of three
macro-factors: hazard, vulnerability and exposure of the elements at risk [3-5]. Hazard is the
temporal and/or spatial likelihood (susceptibility) of a potentially damaging landslide, occurring
within a given area; vulnerability is the degree of loss to specific elements within the area affected by
the landslide event; and exposure is an intrinsic value referred to the location, characteristics and cost
of the elements at risk [6]. The risk analysis, prior to risk management, is usually based on the
computation of these sub-components [7].
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The scientific literature about landslide risk estimation distinguishes the “expected degree of
loss due to a landslide for a given category of elements at risk” (i.e., specific risk) from the “expected
number of live lost, people injured, damage to property and disruption of economic activity” (i.e.,
total risk) [3,8].

Overall, the generation of total or specific risk zonation maps for landslide studies and
environmental designs still appears to be a difficult issue, especially at medium scale [3].

A wide variety of different approaches is available in the scientific literature for hazard,
vulnerability and risk zonation mapping. General reviews and summaries of developed methods on
the argument can be found, for instance, in Dai et al. [9], Fell et al. [2] and Van Westen et al. [3].

Landslide risk can be assessed qualitatively or quantitatively [3,9,10]. The choice of the method
strongly depends on the scale of the analysis, as well as on the availability, quality and precision of
input data [9,11]. The qualitative risk analysis exploits descriptive classes or rating scales to describe
the magnitude of expected consequences of a potential phenomenon, usually by means of
contingency matrices [7,12,13] or risk scoring [14]. Conversely, the Quantitative Risk Analysis (QRA)
is based on numerical values of the probability, vulnerability and expected damages, and it results in
a numeric estimation of the risk [15]. At site-specific scale, a QRA can be carried out by means of
limit equilibrium analysis [9].

Recently, Geographical Information System (GIS) has become a practical and useful tool for the
spatial analysis of natural hazard phenomena [16,17] and it makes the landslide risk mapping
scalable, computable over large areas and rapidly updatable.

Space-borne remote sensing techniques can support and enhance risk mapping by providing
precise point-wise measurements of ground motions with wide area coverage that can be efficiently
implemented in the risk maps generation-chain.

In the last decades, many advanced multi-temporal SAR (Synthetic Aperture Radar)
interferometric techniques have been developed after the first PSINSAR algorithm patented by [18].
All the different multi-temporal interferometric processing approaches [19-21] are usually called
Persistent Scatterer Interferometry (PSI) techniques.

PSI methods have been usually used for detecting and mapping slow-moving landslides at both
local and regional scales [22,23] in order to perform back-monitoring [24,25], to better define
boundaries within LIMs (Landslide Inventory Maps) [26], to identify the most critical sites [27,28], as
well as to assess the state of activity and the intensity of landslides over wide areas [29-31].

Some recent works have been published on the use of satellite interferometric radar data for
refining and assisting landslide susceptibility maps generation [32,33].

In this work, we propose a new approach for producing a qualitative map of “specific risk” at
municipal scale, supported by the use of recent satellite PSI data acquired in 2014-2017,
implemented in a GIS environment. In particular, PSI measurements are exploited for updating the
LIM of the area and for the landslide intensity estimation needed for evaluating the vulnerability.

Our procedure is presented throughout the application to the Volterra basin and the results
could be useful to support the local authorities with updated basic information required for
environmental planning at municipal level.

2. Methodology

We propose a GIS-based methodology for computing the specific risk (Figure 1), supported by
ground velocity information derived from PSI data that are used for LIM updating and landslides
intensity evaluation. The specific risk, defined as the expected degree of loss resulting from a natural
geo-hazard of a given intensity, is expressed as the product: Rs = H x V(E, I), where H is the landslide
spatial hazard and V is the vulnerability that depends on the elements at risk type (E) and on the
intensity (I) of the phenomenon [34].

The basic environmental data available for the study area are: geological map, relief and land
use maps.
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Three pre-existing maps, i.e., the LIM (Landslide Inventory Map), the landslide hazard map of
the whole Volterra municipality and the landslide intensity map of a portion of the municipality, are
employed and enhanced throughout the procedure.

PSI data are exploited either for better defining the landslide boundaries, thus improving the
LIM of the area by means of radar-interpretation, or for supporting the Intensity map (I) generation,
necessary for next steps of the procedure. In particular, we rely on the mean yearly ground velocities
measured along the satellite Line of Sight (Vios) of each radar benchmark, purposely converted into
mean yearly velocities estimated along the downslope direction (Vstore), according to some
procedures already tested and used in scientific literature [23,26].

The Elements at risk map (E) is derived from a merge of the land use map with the database of
structures and infrastructures at municipal scale and it includes a classification of properties and
facilities exposed to risk according to their nature and functionality. The E map and the I map are
combined by means of a contingency matrix (MATRIX 1) for providing the vulnerability map (V) of
the study area.

Finally, the computation of the Specific Risk was produced using another contingency matrix
(MATRIX 2) by combining the Vulnerability classes with the Hazard classes (Figure 1).

Environmental factors Pre-existingmaps Radardata Structure and facilities
Geology LIM Ground Velocity Roads and
| | Buildings
Topography H map, | map g
Land Use
Intensity (1) Elements at risk (E)
L MATRIX 1 E—
¥
Spatial Hazard (H) Vulnerability (V)
' MATRIX 2 I
)
Specific Risk| Rg=H * V (I,E)

Figure 1. The work flowchart for the proposed landslide Specific Risk analysis.

3. Study Area

The study area, extending about 250 km?, is the Volterra municipality in Central Italy, and it
comprises the Volterra basin between Era River valley and Cecina River valley.

The area is divided into two sub-basins, which belong to two different administrative
Hydrogeological Setting Plans referred to a wider regional river basin (Arno River and Cecina River)
(Figure 2a).

3.1. Environmental Setting

The environmental setting of the area is characterized by a hilly morphology with moderate
relief and gentle slopes: the highest mountains are the Volterra tableland at 530 m above sea level
(a.s.l.), Mt. Nero with an altitude of 508 m a.s.l., located NE of Volterra city, and Mt. Soldano (556 m
a.s.l.) in the SE portion of the Volterra municipality (Figure 2).

The land-use map of the study area, derived from merging levels 2 and 3 of the CORINE Land
Cover map published in 2000 and distributed by ISPRA (Istituto Superiore Protezione
Ambiente—Environmental Protection Agency, Rome, Italy) shows that permanent crops and arable
lands (“cropland”) cover the 50% of the total area, while the land-use class defined as
“agricultural/natural areas” (Figure 2a) [35]. Forests cover the 28% of the area and mainly occur in the
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southern and eastern sectors of the Volterra basin. Grassland and pasture, as well as sparse
vegetation and scrubs, are scattered over the whole study area and represent, respectively, 7% and
8% of its spatial extension [17].

The most significant built-up zones (1% of the land use coverage map) are Volterra city sited in
the center of the study area, and Saline di Volterra town in the southwestern portion (Figure 2a).

From a geological point of view, the Volterra basin is a wide Pliocene graben-basin, which is
NW-SE oriented and bordered by normal faults [36]. This tectonic depression was generated during
the Neogene post-orogenic extensional stage. The outcropping terrains are mainly Miocene-Pliocene
clayey and sandy marine formations (respectively “Blue Clays” and “Villamagna sands”) that
represent the sedimentary filling of the basin. Calcarenites and limestones close the marine
sedimentary succession and constitute the tableland on which Volterra city was built [37]. Fine and
coarse detritic sediments (e.g., conglomerates and breccias), developed in lacustrine or lagoonal
cycles or in a continental fluvial-deltaic environment are also present. Chemical sedimentary
deposits, e.g., gypsum levels and travertine, crop out in the southern sectors of the area (e.g., on
Saline di Volterra area), deriving from some Miocenic evaporitic episodes [38]. Along the margins
towards SE of the basin, some underlying Jurassic-Cretaceous ophiolitic rocks, made of
serpentinites, basalts and gabbros, sporadically outcrop. Marls and sandstones belonging to various
sedimentary cycles also crop out in the eastern-southern portion of the municipality (Figure 2b).
Recent colluvial and alluvial deposits finally fill the valleys incised by rivers and streams over the
whole area [38].
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Figure 2. Environmental setting of the Volterra study area: (a) location of the Volterra municipality,
sub-basins division and land cover map derived from Corine Land Cover map; and (b) geological
map at the scale 1:50,000 from the Italian CARG Project [39]. Background layer is a DEM (Digital
Elevation Model) with 20 m cell size extracted from TINITALY/01 DEM Project [40].
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3.2. LIM

The geological setting and the topography of the Volterra municipality influence the spatial
distribution and typology of the instability processes in the area, mainly represented by badlands
and landslides.

Where clays crop out, i.e., in the southwestern portion of the study area, the morphology is
gentle and widely affected by badlands, which are typical landforms of clayey soils due to erosional
processes, and flows [37] (Figure 3a).

Landslides are widespread throughout the whole municipality. The most representative types
are translational slides and complex phenomena. Some ground deformations are partially induced
and maintained by gullying and slaking erosional processes of badlands. The colluvial and chaotic
deposits, with thickness up to 20 m, contribute to determine diffuse and shallow ground instability
as surface soil creep [17,37].

The pre-existing information on landslides in the Volterra municipality relies on a landslide
inventory provided by the Volterra municipality authority and dated back to 2010 [41] (Figure 3a).

3.3. Radar Data

In this work, we used space-borne ascending and descending Sentinel-1 SAR images acquired
in microwave C-band (5.6 cm wavelength) in the time span 2014-2017 and processed with the
SqueeSAR™ approach [42].

The SqueeSAR™ technique, which is an evolution of the PSINSAR™ approach [18], is based on
the processing of the radar signals reflected from point-like deterministic objects with high
signal-to-noise ratio (i.e., Persistent Scatterers (PS)) and from distributed scatterers (DS) that are
extensive homogeneous areas (rural areas, pastures, bare soils, etc.), with lower back-scattered
energy and moderate coherence, but anyway detectable from the background noise. The
homogeneous areas that produce DS usually includes several pixels and single displacement time
series assigned to each DS are estimated by averaging the time series of all pixels within the DS,
effectively reducing noise in the data. The SqueeSAR™ basically ensures a significantly increased
number of radar targets identified over the non-urbanized areas for ground measurement. Both DS
areas and PS points converge to the PSI data as output of the SAR processing.

For each PSI radar benchmark, the geographic coordinates (latitude, longitude and elevation)
with meter precision, the average LOS (Line Of Sight) velocity (Vios) of the observation period with
about 1 mm/year precision, and the displacement time series (i.e.,, LOS displacement at each
acquisition) are available. The main features of the exploited PSI Sentinel-1 datasets are shown in
Table 1.

The spatial distribution of Vios velocities of PSI data (Figure 3b) reveals that the PSI targets
density is low, equal to 14/km? this fact reflects the reflectivity characteristics of areas widely
covered by crops and vegetation. The highest ground motion rates, up to about 15-20 mm/year, are
recorded: (i) in the S-SW portion of Volterra city, corresponding to translational landslides involving
Blue clays and shallow colluvial detritus; and (ii) in the N-NE portion of Saline di Volterra town, due
to the extensive salt mining human activities in this area.

Table 1. Main features of PSI Sentinel-1 ascending and descending datasets in the study area.

Geometry Ascending Descending
Track angle (°) 12.14 8.05
Incidence angle (°) 36.34 40.44
Revisiting time (day) 12 12
Time span 12 December 2014-12 May 2017 12 October 2014-17 May 2017
NP° of used SAR images 77 75

NF° of PSI data 2786 4022
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Stable targets are displayed in a green color (Figure 3b). The stability threshold, in both
descending and ascending tracks, is fixed at +2 mm/year, based on standard deviation values and on
threshold choices already tested in scientific literature [26,27,29]. The increasing negative sign
corresponds to a downward motion moving away from the sensor direction and it is displayed in
yellow-red color range, while the positive sign stands for a movement towards the satellite and it is
displayed in blue colors (Figure 3b).
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Figure 3. (a) Landslide inventory map and badland inventory maps. Background layer is a DEM
(Digital Elevation Model) with 20 m cell size extracted from TINITALY/01 DEM Project [40]. The
landslide inventory is derived from [37]; the badland inventory map is provided by Bianchini et al.
(2016) [17]. (b) SENTINEL-1 PSI descending data (2014-2017) overlapped on orthophoto taken in
2013 and made available from Tuscany Region authority

The LIM was improved and updated to a more recent setting thanks to the individuation of
geomorphologic evidence related to landslide phenomena, using the visual analysis of digital color
orthophotos (not stereo) at 1:2000 scale, taken in 2013 and made available from Tuscany Region and
PSI measurements, relying on photo- and radar-interpretation procedures [27,29], as well as on some
field surveys performed in 2014-2016.

In particular, the recorded Vios velocities of PS data permitted to better verify or enlarge the
landslide boundaries and evaluate their state of activity, while aerial imagery and field checks
allowed tracing the present boundaries of slide movements and determining the typology of
landslide movements. In total, 60 landslides were modified in boundaries with respect to the
existing inventory that includes 1140 phenomena. Due to the low density of PSI data, it was possible
to update the state of activity of only five landslides located nearby the urbanized area of Volterra
and Saline di Volterra towns.

3.4. Structure and Infrastructure

The structure and infrastructure of the Volterra municipality are enclosed in a vector db
(database), which includes liner elements and polygonal elements. The linear elements are railways
and roads that are classified according to a hierarchical order in regional, county, local and private
roads. The polygonal features correspond to all the buildings and facilities in the study area,
classified based on their typology, provided by the municipal Land and Population Registry Office.
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4. Specific Risk Analysis in the Study Area

The Specific Risk of the Volterra municipality was computed by evaluating the landslide
hazard, the landslide intensity and the vulnerability of the elements at risk within the study area
[34]. These components and related maps were combined by means of contingency matrixes and led
to the Specific Risk zonation of the study area.

4.1. Susceptibility Map

The landslide hazard is usually defined as the probability of occurrence of a potentially
damaging phenomenon within a certain area and in a given period of time [8].

Thus, a landslide hazard zonation requires identifying those areas which could be affected by a
damaging landslide and assessing the probability of landslide occurrence within a time span.
However, the indication of a recurrence time for landslides is very difficult to determine, even under
ideal conditions. As a result, landslide hazard is often represented by the landslide “susceptibility” [9].
The landslide susceptibility only identifies areas potentially affected by instability phenomena and
does not imply an occurrence time for the events.

In our case study, we consider the term landslide “susceptibility” as we refer to the spatial
likelihood of landslides occurrence without taking into account the temporal probability or return
time [9]. The used susceptibility map of the study area was the one included within the strategic
environmental Plan of the Volterra municipality and it was provided us by GEOPROGETTI
Company [41].

The landslide susceptibility map is a raster map with 20 m cell resolution, compiled by
GEOPROGETTI Company through a qualitative approach, by considering LIM and geomorphological
and geological/lithological features (Figure 4). On hilly zones, morphology is the main predisposing
factor, while, on low-gradient areas, litho-technical causes are predominant [37,41]. Five spatial
hazard levels (HO, H1, H2, H3, and H4, sorted by increasing susceptibility level) are determined
according to the Italian Regional guidelines (Law 1/2005 “Rules for the environmental management”
and Law 94/1985 “Geological technical surveys for Urban Planning Support”), as summarized in
Table 2 and Figure 4.

Table 2. Susceptibility (spatial hazard) classes according to the Italian Regional laws.

Hazard Class Description
Null/Very Low: geological features and natural processes are not triggering
Class HO :
factors for landslide events
Low: geological features and natural processes determine a low susceptibility to
Class H1 >
landslide occurrences
Class H2 Medium: presence of naturally or o artificially stabilized landslides
Class H3 High: presence of dormant landslides and subsidence areas

Class H4 Very High: presence of active landslides and active erosional processes
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Figure 4. Susceptibility map after GEOPROGETTI [41]. The pie chart shows number of pixels and
related percentage for each Susceptibility class. The box with black line shows the location of
close-up area of Figure 5.

4.2. Intensity Map

The landslide intensity refers to the geometric or kinematic severity of a potentially dangerous
or catastrophic phenomenon. The intensity of a landslide is a difficult parameter to be evaluated
since many features can be accounted [2]. In the scientific literature, the intensity is usually
considered depending upon potential consequences, velocity, volume, or kinetic energy (e.g.,
[43,44]). For instance, in Einstein et al. [45], the landslide intensity expresses the destructive power of
the phenomenon associated with its spatial extent and its mechanical behavior. In Cardinali et al.
[46], the landslide intensity is function of the volume of displaced material (in link with landslide
depth) and of the expected velocity of the movement. Hungr [43] defines the intensity as the
destructiveness of a landslide, in terms of energy, volume, area, depth, movement velocity or total
displacement.

The assessment of the landslide intensity based on the possible consequent damages is not a
proper choice, since it presumes the definition of the landslide intensity as an evaluation of the
possible consequences (i.e., which is into the Risk definition). Conversely, it is better to a priori
define the severity of the phenomenon without evaluating the expected consequences and by solely
using the geometric or kinematic characteristics of the landslide.

Hungr [47,48] proposes an intensity scale of landslides in terms of movement velocity and
provides specific velocity thresholds associated with the different intensity classes. This intensity
scale was also related to potential damages and modified by Cruden and Varnes [44] and then
adopted by the IUGS/WGL [49].

At basin scale, the intensity is not easily measurable, due to the frequent lack of detailed
information on volume and/or expected velocity for a large number of landslides [7].
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In the Volterra municipality, we evaluated the intensity (I) of landslide hazard by means of two
phases:

1. We produced a preliminary I raster map over the whole area. We here distinguished “known
landslides”, whose morphometry was known, and “no landslide areas”.

The intensity value of “no landslide areas” was extracted from the existing intensity map of the
sub-basin 1 (Arno River Basin) and extended to the sub-basin 2, published in Catani et al. [7],
classified into five intensity classes based on a statistical analysis of the predisposing factors for
slow-moving landslides. In particular, firstly we chose the predisposing factors that mainly
influence volume and velocity, i.e., the lithology, the slope and the curvature of the area, and we
joined them for the whole area (both sub-basins) by means of Overlay GIS operation, obtaining a map
conventionally classified into three main combinations: flat areas with alluvial deposits almost
without hazard; hilly areas, characterized by bare soils on terrigenous lithologies (e.g., clays, marls,
flyshes) and most predisposed to hazard; the remaining area of Volterra municipality with
intermediate predisposing condition. Then, this map was cross-compared with the existing intensity
map of the sub-basin 1 [7], for finding out correspondence between the three conditions and
intensity and extending them to the sub-basin 2 (Class 10 matched to the flat areas, Class I1 to the
most part of the area, and Class 12 to the hilly terrigenous area. Higher-intensity classes, which are
likely to be landslide areas, were not considered in this extrapolation operation since it refers to “no
landslide areas”). The output Intensity map from these operations consisted of five classes (I0
negligible, I1 slight, I2 medium, I3 high, and 14 very high).

Regarding the “known landslides”, which are 12 translational slide and flow types located in
the SW portion of Volterra city (Figure 5), their morphometric parameters, i.e., depths, extents and
volumes, were derived from GEOPROGETTI [41] and the landslide intensity was evaluated in four
classes, already defined in Catani et al. [7]: I1 (V <10°m3), I2 (10° m3 < V <5 x 10* m3), I3 (5 x 10* m3 <
V <106 m3), 14 (V 2 106 m?). Based on this log-frequency distribution classification, the mapped
landslides were assessed as classes 13 and 14 (Figure 5).
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Figure 5. Close-up area whose location is shown in Figure 4: (Left) location of 12 known landslides
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parameters of known landslides and I Class.



Remote Sens. 2017, 9, 1093 10 of 20

2. The preliminary I map derived from the first phase was then enhanced in second phase using

PSI data. The second phase is composed of a sequence of steps as follows:

PSI LOS velocities conversion: The LOS velocities of Sentinel-1 PSI data were converted in
ground velocities by means of a downslope projection [23,26,50]. In particular, all the PSI
average yearly Vios (mm/year) were projected into the same direction of the steepest slope
through a correction factor (C), in order to determine the “real” velocity (not the one
measured in the LOS direction, but the one occurring in the landslide direction). The
relation between the “real” velocity in the direction of the landslide direction (Vstore), the
measured velocity in the satellite LOS (Vios) and the correction factor is given by the
equation: Vsiore = Vios/C, where the correction factor C depends on the topographic
parameters (slope and aspect map of the area) and satellite-dependent parameters (LOS
directional cosines) [50]. The VsiLore values were taken as absolute values (VsLore-ass) and no
longer referred to as movements away from/towards the satellite. This procedure allows
providing Vstore-ass values with stability thresholds set to 2 mm/year, according to the
standard deviation of the PSI population and in agreement with similar choice already
tested in scientific literature [22,23,50]. The Vsore-ass conversion allows merging ascending
and descending geometries, thus avoiding misinterpretation and underestimation of the
motion due to combination of topography and satellite acquisition orbit (i.e., layover and
shadowing problems) and obtaining absolute velocity values corresponding to movement
rates along the local steepest slope, which is assumed to be the most likely motion
direction.

Correlation of PSI Vsiope-ass velocities with Intensity class: The PSI Vsiore-ass velocities are
exploited for the evaluation of intensity in four different classes: “ND” (not defined),
“negligible”, “extremely slow” and “very slow”. These classes are defined according to the
velocity scale of Cruden and Varnes [44] and IUGS-WGL [49]: velocity class “very slow”
refers to PSI targets with Vsiore-ass velocity higher than 16 mm/year; velocity class
“extremely slow” refers to PSI targets with Vsiore-as velocity between 2 and 16 mm/year);
PSI targets with by VsLore-ass velocity lower than 2 mm/year are classified as “negligible”.
“ND” class is for no data, due to the point-wise discrete distribution of PSI data (Figure 6).
Conversion of PSI Vsiore-ass into raster map: The PSI Vsiope-ass velocities are converted in
raster format with 20 m cell size in a GIS environment.

Conwversion of Preliminary I map into discrete centroids: The preliminary I map is converted to a
point-grid of points positioned at the centers of the starting raster map cells (centroids).
This last operation allows converging the I value information of the previously
raster-converted PSI data to the centroids of the Preliminary I map. Therefore, two I values,
the one from I map point-grid and the one from PSI raster, are concurrently present in the
attribute table of the preliminary I map centroids.

Use of MATRIX 1 for final Intensity value Ir. The final intensity value (If) is chosen according
to the contingency matrix shown in Table 3, which consists of cell grids, whose inputs are I
values from PSI Vsiore-as and from the preliminary I map, and whose outputs are five
Intensity classes. If there is no PSI data (ND case) or if the I obtained from the VsLort ass
value of PSI is lower than the one derived from the preliminary I map, then the intensity
class of the latter has been maintained as I:. If the I value class obtained from the VstorE s
of the PSI data is higher than the preliminary I map class, then the intensity class It has
been changed, assigning it the highest value obtained from the PSI data.

Conversion of centroids with If values into final Intensity map: The centroid points were
converted into raster map surface using the new value I as value field of the map with a
resolution cell of 20 x 20 m. The final output represents the Intensity map of ground
movements over the study area (Figure 7) to be considered for the Specific Risk
computation.
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Figure 6. Distribution of PSI VsLore-ass velocities with Intensity value (I value) on known landslides

SW Volterra city center.
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Figure 7. Intensity map (Ir) of ground movements improved with PSI Sentinel-1 data. The pie chart
shows number of pixels and related percentage for each Intensity class: The 0% percentages of
Intensity classes I3 and 14 actually correspond to decimal values 0.001 and 0.003, respectively.
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Table 3. Contingency matrix (MATRIX 1), which combines I values from PSI VsLope-ass and from the
Preliminary I map for deriving five final Intensity classes Ix.

I Value from PSI Data
NDO  Negligible 1 [[Extremely Slow 2 [IVCHISIOWISN
0 1 2 3
I Value from 1 1 1 2 3
Preliminary I 2 2 2 3
Map 3 3 3 3
4 4 4 4 4

4.3. Elements at Risk and Their Vulnerability

For the estimation of the vulnerability, we used a simple approach based on the inferred
relationship between the intensity of ground movements of expected landslides, and the potential
damage a landslide would cause in a given area due to the presence of different elements at risk.

The vector database of buildings and linear elements (roads or other communication paths) was
merged with the polygons of the second-level CORINE Land cover map for the evaluation of
elements at risk.

This element at risk map was converted, within GIS system, firstly into raster surface with 20 m
cell size and then into points corresponding to the centroids of the pixel cells of the raster.

At this point, the quantification of the vulnerability was performed by assigning a percentage of
expected damage for each degree of ground movement intensity to the centroids, for each type of
element at risk. Since the intensity classes are 5, we will have five different values V(I) for each
category of element.

The chosen V values are average and do not take into account the differences between the
construction type of buildings, nor their maintenance status. For this reason, the provided
vulnerability data are sufficient for a municipal risk assessment, unless not suitable for more
detailed analysis.

Table 4 shows the expected damage to buildings, roads and population in terms of vulnerability
(V) affected by ground motions of different intensity (I0-14).

It is worth noting that the V values have been chosen by qualitatively referring to the damage
that a potential ground movement due to landslide may cause to buildings and manufactures.

In particular, residential buildings where people live and touristic complex areas are
characterized by the highest loss values, being usually located in areas of high environmental/cultural
interest and at high risk due to natural events such as floods and landslides [5,32].

According to the adopted criteria, it can be noticed that no building typology is supposed to
suffer a 100% potential loss (V = 100), even in case of occurrence of an event of high intensity (I =14),
since all the investigated and mapped landslides in the study area are slow-moving phenomena.
Differently, for roads and railways a vulnerability value of 100 was attributed in case of maximum
intensity event, since even a slow-moving landslide can determine interruption of road/rail network.

Regarding land use coverage, it can be seen that the maximum loss values were allocated to
crops and vineyards or olive groves, as the occurrence of landslide phenomenon would cause huge
production damages [34].

Table 4. Vulnerability values (V) in percent of each element at risk type for ground motions of
different intensity

Code Description Vo vi va v3 va
(I=10) I=11) (1=12) (I=13) (I=14)

A Public/administrative building 3 5 20 30 60

B Industrial/Commercial building 3 5 15 30 50

C Building under construction 3 5 10 30 40

D Abandoned/Ruined building 3 5 10 20 40

E Power station/Power shed 3 5 15 20 50
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Once an intensity value and a consequent vulnerability value have been attributed to each
centroid of the Element at risk map according to Table 4, the points have been transformed into a
raster map with a resolution of 20 m x 20 m, where pixels have a V value, ranging from 0 to 100. To
homogenize and match the vulnerability map to the previously obtained H map, all values were

grouped and reclassified in five classes, as shown in Figure 8.
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Figure 8. Vulnerability map. The pie chart shows number of pixels and related percentage for each

Intensity class. The 0% percentages of Intensity classes V3 and V4 actually correspond to decimal

values 0.004 and 0.001, respectively.
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4.4. Specific Risk

The integration of the results from the different maps leads to the elaboration of specific risk
mapping, since the specific risk (Rs) is based on H and V components that are function of E and I,
according to the equation: Rs=H (I) x V (I, E).

In particular, the specific risk assessment (Rs) was obtained by using the contingency matrix
(MATRIX 2) shown in Table 5, which cross-checks the H classes of spatial hazard with the V classes
of expected loss.

Table 5. Contingency matrix MATRIX 2 for deriving Specific Risk and Specific risk map over the
study area. Cell numbers are associated to the Specific Risk class and then referred as R1-R5.

Vulnerability Class
Vo0 Vi1
HO
i H1
Spatial Hazard
H2
Class
H3
H4

The square matrix permitted deriving five classes of Rs. For the Rs cell assignment, the highest H
or V class value has always been considered to take into account the most cautionary situation. The
specific risk is higher where most potential ground movements due to landslides, i.e., high H classes
are present, whereas it decreases in areas characterized by lower hazard and lower vulnerability.

The derived risk index Rs is based on five classes of specific Risk, named R1-R5 (very low, low,
medium, high, and very high) based on cell-grid numbers of the matrix (Figure 9). The resulting
map is shown in next section.
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Figure 9. The pie chart shows the number of pixels and related percentage for each Rs class. The 0%
percentage of Specific Risk class R4 actually corresponds to a decimal value of 0.001.
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5. Results

The output Rs map derived from the matrix is shown in Figure 8. The map is a raster surface
with 20 cell size resolution based on five classes of specific risk.

The pie chart in Figure 8 presents the pixel value percentages of the Rs map, revealing that 72%
(454,282 pixels) is in R1 class and 18% (113,850 pixels) in R2 class, respectively, corresponding to
very low and low specific risk. The highest specific risk, represented by class R5, is almost only
localized in the southwestern portion of Volterra city, where vulnerability is high due to the urban
fabric and the presence of mapped landslides characterized by the highest intensity of ground
motion.

This work allows evaluating the spatial landslide hazard, intensity and vulnerability at basin
scale and then combines them for the qualitative assessment of the landslide “specific risk” on a
sample area, by exploiting various thematic layers and available satellite interferometric radar data.

In particular, in this work we propose a new approach, tested over an area extended up about
250 km?, for producing a map of specific risk, supported by the use of recent satellite SENTINEL-1
PSI data acquired in recent time period 2014-2017, implemented in a GIS environment.

PSI measurements are used for updating the LIM (Landslide Inventory map) and for enhancing
the related intensity map of the study area. The use of PSI data referred to the intensity of landslides
has already been tested in scientific community for defining an intensity scale in terms of ground
motion [27-29]. Thus, in this work, we exploited the PSI-derived ground rates for estimating the
landslide intensity and consequently for evaluating the vulnerability over the whole study area. In
particular, Sentinel-1 PSI data support the creation of the intensity map using a contingency matrix
(Table 3), allowing the modification of 9% of the I value of pixels from the preliminary I map.

The determination of landslide specific risk as “expected damage” provides for the
parameterization and the combination of a number of factors of socio-economic nature and
geological environment, the valuation of which often requires interaction of different skills and
expertise (geologists, engineers, planners, administrators, etc.). The three sub-components of risk,
i.e., hazard, vulnerability and value of elements at risk, can therefore be determined with a different
level of detail, depending on the skills of the operators and on the availability of the environmental
information.

The susceptibility map of the study area, based on the spatial hazard classification according to
the Italian Regional laws and provided within the strategic environmental plan of the Volterra
municipality [38] reveals that the highest geomorphological susceptibility classes H4 and H3
account for 2% and 43%, respectively, of the total area (Figure 4). They correspond to the areas
characterized by erosive processes (badlands) and mass movement occurrences (landslides) as
mapped in Figure 3a.

The intensity map of the study area shows that the highest intensity of ground movements is
located nearby Volterra city, where PSI measures recorded the maximum velocity rates up to about
15-20 mm/year corresponding to translational landslides on clays and shallow colluvial debris. The
most part of the study area falls in class I1 (low intensity) and class 10 (very low), accounting
respectively for 15% and 73% of the total spatial extent (Figure 7).

The vulnerability map of the Volterra municipality that relies on the intensity classes and
elements at risk types reveals that the 87% of the area is characterized by a very low value of
vulnerability (V0), whereas the highest values V3 and V4 are basically localized in the S-SW portion
of Volterra city (Figure 8).

The Rs map shows that many areas characterized by landslides and badlands fall in class R2
(low) due to the absence of vulnerable elements at risk (Figure 9). Classes R4 and R5, corresponding
to high and very high Rs values, only account for 2% of the total area: they are localized in some
areas S-SE of Volterra city, where some mapped phenomena involve the road network and various
residential and touristic structures, and on the S-SW portion of Volterra city where vulnerability is
high due to the urban fabric and the presence of mapped landslides characterized by the highest
intensity of ground motion. Overall, it can be noted that the mapping of areas with higher Rs
primarily relies on intensity zonation since the rates of ground movements categorized as intensity
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are included within the hazard map (for the LIM) and within the computation of the vulnerability
map (for the intensity of potential events affecting elements at risk).

6. Discussion

In this work, the specific risk map at municipal scale in Volterra area was produced by the
evaluation of each risk sub-component, i.e., hazard, intensity, and vulnerability, of the exposed
elements at risk.

The used spatial hazard map was the one included within the strategic environmental Plan of
the Volterra municipality, relying on the LIM as well as on geomorphic and lithological features of
the territory. The LIM provided by the Volterra municipality authority was firstly checked and
improved by means of radar- and photo-interpretation combined with some field observations. In
this case, monoscopic photo-interpretation of recent aerial photos was used, as considered
sufficiently appropriate for the scale of investigation. Nevertheless, for higher level of detail or
future in-depth analysis, the stereoscopic photo-interpretation of optical images would be
recommended since it better allows the recognition of single geomorphologic indicators, soil erosion
or anomalies in vegetation coverage, reaching a higher precision. Moreover, PSI velocity rates and in
situ checks permitted to support the delineation of the geometry of some unstable areas.
Unfortunately, PSI data show a low density (14 PSI targets/km?) due to extensive presence of crops
and vegetation across the area, so it is worth to highlight that they permit to enhance boundaries and
activity of LIM on almost exclusively urban areas (Volterra and Saline di Volterra) and
surroundings. Only 5% of the total amount of mapped landslides (60 phenomena among a total
number of 1140 landslides) was updated in boundaries.

The intensity map was produced over the whole study area for both landslides and “no
landslide” areas, relying on the predisposing factors that mainly influence volume and velocity
(lithology, slope and curvature), on morphometric parameters of known landslides, as well as on
velocity rates derived from PSI data. To obtain a more homogeneous assignment of intensity value
over the whole area, the use of “slope units” [51] would be a good choice as future enhancement of
the procedure.

The used method for specific risk analysis is a qualitative approach, as it is based on a system of
contingency matrices to derive classes rather than numerical values. Nevertheless, despite its minor
precision with respect to a complete QRA, the proposed method is more intelligible and readable by
public local authorities for urban and environmental planning purposes over wide area e.g., at
municipal level, so it would be effective to support administrative users with updated basic
information on risk evaluation on a given area. Moreover, the methodology was designed as a
reproducible GIS-procedure that can be easily updated with new and more accurate information.
This is particularly useful because risk factors are characterized by short-term variations and can be
rapidly mapped and evaluated through remotely sensed data, which nowadays are readily available
and have a frequent temporal sampling.

Overall, the limitations of the approach are due to the intrinsic limitation of SAR data: firstly,
applicability of the PSI technique is limited to extremely slow and very slow movements (vel. < 16
mm/year and 16 mm/year < vel. < 1.6 m/year, respectively) because of the signal wavelength and
satellite acquisition parameters [32]; and, secondly, PSI ground measurements recorded on single
targets may not be indicative of landslide processes, but potentially due to single instable structures
(i.e., building settlement), even if this second possibility is less likely to be, given the investigation on
known landslide-affected and landslide-prone areas.

On the one hand, as qualitative approach of specific risk evaluation, the proposed procedure is
more feasible at medium scale. On the other hand, at detailed scale with higher spatial resolution,
the exploitation of PSI data for ground motion intensity would allow to better refine the intensity
zonation with an improved accuracy and spatial resolution. The use of SAR data acquired by
different microwave bands (i.e., X-band or in L-band) with different PSI targets density would lead
to the velocity assessment of a higher number of pixels within the creation of the I map point-grid,
providing an improved precision and thus a more accurate intensity and specific risk mapping. In
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particular, L-band would increase the PSI density on rural areas due to the high penetration capacity
in vegetation coverage in this microwave band; conversely, X-band data would work well on
urbanized areas since in this band many coherent targets can be identified on site-specific built-up
areas and a high the number of PS benchmarks that show up on housetops and facades of buildings
is higher compared to medium resolution data, enabling a more site-specific investigation on
built-up areas. Moreover, the proposed GIS-based procedure does not include a validation of the
approach. Thus, as further future improvement, the possible availability of further recent event
inventories would be useful to test the effectiveness of the hazard and intensity mapping of the area
and the validity of our specific risk assessment.

7. Conclusions

In this work, we presented a qualitative approach at municipal scale for producing a “specific
risk” map, supported by the use of recent satellite PSI data implemented in a GIS environment. In
particular, ground velocities derived from PSI measurements of SENTINEL-1 sensors in C-band in
the spanning time 2014-2017 were exploited for the zonation map of the intensity of terrain motions,
needed for evaluating the vulnerability over the study area.

The risk sub-components, i.e., hazard and vulnerability of elements at risk, and the final specific
risk classes were assessed by means of contingency matrixes.

Results reveals that the highest specific risk in the study area is localized in the southwestern
portion of Volterra city, where vulnerability is high due to the presence of roads and residential
buildings within the urban fabric, as well as mapped landslides characterized by the highest
intensity of ground motion.

The presented procedure could be useful to support the local authorities with updated basic
information required for environmental knowledge and planning at municipal level. Moreover, the
methodology is easily repeatable to other case studies and it could be handled by using also different
SAR sensors in L- or X-band.
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