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The Sorrentina Peninsula is a densely populated area with high touristic impact. It is located
in a morphologically complex zone of Southern Italy frequently affected by dangerous and
calamitous landslides. This work contributes to the prevention of such natural disasters by
applying a GIS-based interdisciplinary approach aimed to map the areas more potentially
prone to trigger slope instability phenomena. We have developed the Landslide
Susceptibility Index (LSI) combining five weighted and ranked susceptibility parameters
on a GIS platform. These parameters are recognized in the literature as the main predispos-
ing factors for triggering landslides. This work combines analyses conducted on Remote
Sensing, Geo-Lithology and Morphometry data and it is organized in the following logical
steps: i) Multi-temporal InSAR technique was applied to Envisat-ASAR (2003–2010) and
COSMO-SkyMed (2013–2015) datasets to obtain the ground displacement time series and
the relative mean ground velocity maps. InSAR allowed the detection of the areas that are
subjected to ground deformation and themain affectedmunicipalities; ii) Such deformation
areas were investigated through airborne photo interpretation to identify the presence of
geomorphological peculiarities connected to potential slope instability. Subsequently, some
of these peculiarities were checked on the field; iii) In these deformation areas the suscept-
ibility parameters were mapped in the entire territory of Amalfi and Conca dei Marini and
then investigatedwith amultivariate analysis to derive the classes and the respectiveweights
used in the LSI calculation. The resulting LSI map classifies the two municipalities with
high spatial resolution (2m) according to five classes of instability. The map highlights that
the high/very high susceptibility zones cover 6%of the investigated territory and correspond
to potential landslide source areas characterized by 25°-70° slope angles. A spatial analysis
between the map of the historical landslides and the areas classified according to suscept-
ibility allowed testing of the reliability of the LSI Index, resulting in 85% prediction
accuracy.

Keywords: landslide; remote sensing; GIS-based; susceptibility index; Sorrentina
Peninsula

1. Introduction

The Sorrentina Peninsula is located in Southern Italy (Campania Region) between Salerno and
NaplesGulfs. Covering an area of 197 km2 the peninsula constitutes the final termination of the
NE-SW trending Lattari Mountains carbonatic ridge, perpendicular to the Apennines chain
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(Figure 1). The Peninsula includes 21 municipalities, 18 along the coast and 3 inland, and
represents one of themore densely populated areas in the Campania region, with a high tourism
impact, in particular along the coastal localities. During the last 1000 years, hundreds of
disastrous terrain instability and flooding events have affected the Peninsula, also involving
human settlements located at the base of slopes and/or inside valleys (Porfido et al. 2009). These
events, often catastrophic, caused fatalities and heavy damage to infrastructures, private
property and road networks. In chronological order, the first documented event was the
“Cappuccini landslide,” a rock fall with a volume of about 2 × 104 m3, that affected the
Amalfi town on 21 December 1899. In October 25–26, 1954, heavy flood and landslides
affected many coastal villages between Salerno and Ravello causing disastrous consequences:
316 casualties; 320 buildings were completely destroyed and 279 damaged; the road network
was interrupted for days; and 10,064 people became homeless (Esposito, Porfido, and Violante
2004). This event was triggered by strong rain that hit several localities simultaneously,
particularly in Salerno town where 500 mm of rain fell in 16 hours reaching a peak of
150 mm/h (Esposito, Porfido, and Violante 2004). Finally, on January 9–11, 1997,
a volcanoclastic debris flow affected Pozzano village causing 4 fatalities, injuring 22 persons
and interrupting the main coastal road for about 2 months. This event was preceded by intense
rainfall that reached a total of 160 mm in 48 hours (Calcaterra and Santo 2004).

The large number and variety of landslides recorded in the Peninsula are mainly due
to the peculiar geomorphology and lithology of the area where the calcareous bedrock of
very steep hillslopes, characterized by faults and fractures, is mantled by ash-fall deposits
produced by the explosive activity of Mt. Somma-Vesuvius complex and Phlegrean
Fields over last 40 k.y. (Calcaterra, Parise, and Palma 2003; Cioni et al. 2003; Budetta,
De Riso, and Santo 2005).

Figure 1. Sorrentina Peninsula Geological map (modified after Apuzzo et al. 2013).
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The historical landslides occurred in the Peninsula in the last 1000 years have been
collected by the Regional Basin Authorities into a database (http://adbcampaniasud.it/
web/pianificazione/documenti-generali) updating at 1:5000 scale two existing catalogues
PSAI (Piano Stralcio di Bacino per l’Assetto Idrogeologico) and IFFI (Inventario dei
Fenomeni Franosi in Italia). The PSAI catalogue includes 3253 landslides at regional
scale and is based on geomorphological data. The IFFI catalogue contains more than
460,000 landslides all over Italy, in particular 4255 in Sorrentina Peninsula (Trigilia and
Iadanza 2007).

Most of the previous studies aimed to map the areas that are potentially prone to
slope instability, and were generally based on inventory of historical landslides (Guzzetti
et al. 2012; Apuzzo et al. 2013; Luca’ et al., 2014). This work, instead, starts from the
analysis of long sequences of Synthetic Aperture Radar (SAR) scenes to identify areas
that are undergoing slow deformation (few mm/y). A GIS-based interdisciplinary
approach has been applied by combining Geo-Lithology and Morphometry data with
Remote Sensing analyses to map the source zones that are potentially prone to landslide
triggering.

In the literature, the identification and measurement of ground deformations include
Remote Sensing techniques (Metternicht, Hurni, and Gogu 2005; Jaboyedoff et al. 2012)
such as Airborne/Satellite Photogrammetry, Airborne/Terrestrial Laser Scanning (Slob
and Hack 2004) and SAR (Colesanti et al. 2003). In particular, Interferometric SAR
techniques (InSAR/DInSAR) were applied to long temporal datasets to identify and
measure with high accuracy (sub cm) the ground displacements investigating large and
sparsely vegetated areas at reasonable cost (Massonnet et al. 1994; Singhroy and Molch
2004). Since 90ʹ years the InSAR technique has been developed to detect small ground
deformations (Bürgmann et al., 2000). In fact, it is possible to detect very slow mass
movements up to 16 mm/y if the displacement gradient between adjacent pixels in a SAR
dataset is less than half the radar wavelength (Metternich et al., 2005). Such movements
represent possible precursors to slope deformation that often precede landslides (Corsini
et al. 2006). The European space missions of the Earth Resource Satellite (ERS-1/2) and
ENVISAT SAR sensors, operating in C-band frequency, measure the long periods ground
displacements. By quantifying such displacement it is possible to investigate the history
evolution of slope deformation (Hopper, 2008; Bovenga et al. 2012). Most recently, with
the advent of the new SAR systems, such as Sentinel-1 and X-band COSMO-SkyMed
constellations with improved temporal sampling (Sentinel-1 up to 6 days) and high
ground resolution (up to 1m in COSMO-SkyMed “Spot light” mode), it is possible to
investigate the ground deformations with highly variable temporal trends (Bovenga et al.
2013; Calò et al. 2014; Herrera et al. 2013 Raspini et al. 2018). Thanks to the high
ground resolution there is a significant increase in the number of the measurement points,
improving SAR capability in terms of mapping and monitoring landslides (Calo’ et al.
2014, Bovenga et al. 2013, 2012; Cascini, Fornaro, and Peduto 2010; Colesanti and
Wasowski 2006). In order to investigate slope instability on Peninsula Sorrentina, this
work analyses the SAR C-band Envisat-ASAR and X-band COSMO-SkyMed datasets
characterized by a displacement gradient less than 2.8 and 1.5 cm, respectively. These
gradients, since they correspond to half wavelength of C and X bands radar pluses, are
suitable for the detection of slow deformations that often characterize the time-period
prior to landslides events (García-Davalillo et al. 2014). The use of both SAR bands
maximizes the correlation level in vegetated areas and the number of measurement
points. In detail, the deformations are identified and measured by a Multi-temporal
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InSAR technique. The radar images acquired at different times on the same region (i.e.,
repeat pass interferometry) are combined to obtain interferometric phases that, by
measuring the radar-to-ground distance between image pairs, identify deformation that
occurred in the time interval of the dataset in the satellite Line of Sight (LoS) direction
(Bϋrgmann, Rosen, and Fielding 2000).

This work, aimed to map the Landslides Susceptibility, is organized in a series of
logical steps. The workflow used in this study is illustrated in Figure 2 and starts with
InSAR processing to identify areas that are subjected to ground deformation. In
the second step, such areas are investigated by airborne photo-geological analysis and
then checked on the field in order to find out morphological peculiarities connected to
slope instability phenomena. In the third step a multivariate analysis is applied to the
susceptibility parameters mapped in the checked deformation areas in order to derive the
classes and the respective weights for each parameter in the LSI calculation. Finally, the
LSI Susceptibility map and the relative accuracy are performed.

2. InSAR: analyses and results

This section presents the InSAR processing: the dataset, visibility analysis, multi-
temporal technique and the resulting deformation areas investigated in the subsequent
steps indicated in the workflow of Figure 2.

2.1. SAR dataset

Two sets of SAR images have been processed in ascending and descending tracks (Table 1).
The C-band ASAR dataset is composed of images with spatial resolution of 9 m (ground
range) × 6 m (azimuth) acquired in the period 2003–2010 with a 35day revisit time. The
X-band CSK dataset is composed of images with spatial resolution of 3 m (ground
range) × 3 m (azimuth) acquired in the “StripMap” mode in the period 2013–2015 with
a 16-day revisit time. Each image in the two datasets covers the entire Peninsula.

Figure 2. Methodological approach scheme.
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2.2. InSAR visibility analysis

In the areas characterized by complex morphologies, such as the Sorrentina Peninsula,
the radar image acquisitions can be limited by the view geometry. For this reason, before
processing SAR data, “a priori” InSAR visibility maps (Cascini, Fornaro, and Peduto
2009) were generated to quantify the SAR areal coverage in each municipality. These
maps are obtained by combining the ascending and descending tracks of Envisat-ASAR
(ASAR) and COSMO-SkyMed (CSK) sensors with aspect and slope angles of the
terrain, two factors that influence the SAR surface visibility (Table 2a, b). In the specific,
the slope and aspect angles were derived from Shuttle Radar Topography Mission

Table 1. Elaborated SAR dataset details.

Satellite Track
Temporal
interval

Images
extent (Km)

Incidence
Angle Polarization Images

ASAR Envisat Ascending 13/11/02–16/12/09 100x100 23° VV 48 scenes
ASAR Envisat Descending 05/06/03–21/10/10 100x100 23° VV 37 scenes
COSMO-SkyMed Ascending 04/02/13–15/04/15 40x40 26.6° HH 34 scenes
COSMO-SkyMed Descending 03/03/12–19/12/13 40x40 32.2° HH 29 scenes

Table 2. SAR “a priori” visibility analysis: Terrain aspect and slope (SL) constraints for ASAR
(a) and CSK (b) dataset.

ASAR (a)

Aspect Ascending Descending Notes

E SL<67° Enhanced range
resolution

SL>67° Shadow

SL<23° Foreshortening SL>67° not covered

W SL<23° Foreshortening SL>23° Layover

SL<67° Enhanced range
resolution

SL>67° not covered

N/S SL>23° Layover SL>67° Shadow Low system sensitivity to
translational

displacement along N/S

CSK (b)

Aspect Ascending Descending Notes

E SL<67° Enhanced range
resolution

SL>64° Shadow

SL<32° Foreshortening SL>64° not covered

W SL<26° Foreshortening SL>32° Layover

SL<64° Enhanced range
resolution

SL>64° not covered

N/S SL>26° Layover SL>58° Shadow Low system sensitivity
to translational
displacement along N/S
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(SRTM-3 DEM) with cell size of 90 m (http://www2.jpl.nasa.gov/srtm). The ascending
tracks of ASAR and CSK reveal the highest SAR visibilities covering 68% and 60% of
the Peninsula, respectively (Figure 3). These percentages represent good visibility values
taking into account the complex morphology of the Peninsula itself. On the other hand,
the visibility of ASAR and CSK descending tracks are scarce covering only the 10% and
33% of Peninsula, respectively (Figure 3).

2.3. Multi-temporal InSAR analysis

The multi-temporal InSAR technique adopted in this study is the Small Baseline
Subset (SBAS). It combines a large number of SAR differential interferograms
characterized by short temporal and spatial orbital separations (baseline) in order to
limit decorrelation effects and to maximize the number of coherent SAR targets
detected on the ground (Berardino et al. 2002). Since this technique is able to identify
isolated pixels surrounded by pixels that completely decorrelate (Hooper 2008;
Cascini, Fornaro, and Peduto 2009), it is suitable to investigate the complex areas
of Sorrentina Peninsula. The SBAS outputs are the ground displacements time series
obtained through the inversion of the corrected interferometric phases and the mean
ground velocity in the period covered by the dataset and calculated along the LoS
direction. Conventionally, the velocity and the deformation are positive or negative
when the radar pulse path length decreases or increases in LoS, respectively. The
displacement time series and the mean ground velocity maps are affected by uncer-
tainties due mainly to orbital errors, atmospheric heterogeneities, DEM and

Figure 3. InSAR “a priori” visibility: a) ASAR ascending; b) ASAR descending; c) CSK
ascending; d) CSK descending.

6 C. Spinetti et al.
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unwrapping errors (Casu, Manzo, and Lanari 2006). In particular, the influence of
DEM errors on the ground velocities measured by SBAS is rather limited since the
errors are iteratively estimated and removed during the processing. The estimation
and removal of the atmospheric phase components includes a double-pass filtering in
the temporal and spatial domains, considering that the atmospheric phase signal is
highly correlated in space but poorly in time (Berardino et al. 2002). In order to
improve the signal to noise ratio and the result quality, at the beginning of the
processing, a multi-looking operation is performed to reduce the image radar noise
and to define the output map cell size. The SBAS technique estimated error is ±
1mm/y on ground velocities and ±5 mm on ground displacements (Casu, Manzo, and
Lanari 2006).

In this work, the SBAS technique has been performed using the SARScape
software (Sarmap SA 5.2 version) for CSK data and Geohazards thematic
Exploitation Platform for ASAR data (http://terradue.github.io/doc-tep-geohazards/).
To produce the interferograms, we selected pairs of SAR acquisitions that satisfy the
following conditions: (i) a spatial baseline (i.e., the perpendicular distance between
the two tracks) <300 m for ASAR and <500 m for CSK; (ii) a temporal baseline (i.e.,
the separation in time between two images) of 1000 days for ASAR and 115 days for
CSK. In detail, the ASAR dataset processing generated 182 and 177 interferograms
for ascending and descending tracks, respectively. Whereas, the CSK dataset proces-
sing generated 77 and 91 interferograms for ascending and descending tracks, respec-
tively. In the SBAS retrieval, the interferograms are coupled for maximizing the
number of coherent pixels setting the most suitable output map cell size to preserve
the coherence and investigate such phenomena (Berardino et al. 2002). The CSK
mean multi-temporal coherence, obtained by combining the single interferogram
spatial coherence maps, is 0.30 ± 0.13 and 0.38 ± 0.15 for ascending and descending
tracks, respectively. At the end of the SBAS processing, the displacement time series
are obtained and the respective mean ground velocity maps are produced without any
spatial interpolation with a cell size of 40 m (ASAR) and 20 m (CSK).

2.4. InSAR results

The processing of ASAR and CSK ascending tracks identified ground deformations
that cover 37% and 24%, respectively, of the entire Peninsula taking into account the
“a priori” visibility. Figure 4a and 4b show the ASAR and CSK mean ground
velocity maps derived from the respective displacement time series. The ASAR
mean ground velocity map covers an area of 1.7 *106 m2 that, as expected, is greater
than the CSK one (1.4 *106 m2). This is due to the different time windows of the
datasets and the incidence angle of the CSK X-band with respect to the ASAR
C-band (Table 1).

Both mean ground velocity maps highlight that the deformations affect mainly the
coastal areas located between Conca dei Marini and Maiori municipalities (Figure 4a
and 4b). In particular, calculating for each municipality the extent of ASAR and CSK
areas in deformation (Table 3), Atrani, Amalfi and Conca dei Marini result the
municipalities characterized by the highest percentage of total areas in deformation
(90%, 32% and 23%), whereas the most significant velocity values affect the Amalfi

GIScience & Remote Sensing 7
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Figure 4. InSAR processing results on the entire Peninsula: (a) ASAR mean ground velocities
map; (b) CSK mean ground velocities map.
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and Conca dei Marini territory. Focusing on these two municipalities, the highest
ground velocity areas are characterized by a large range of coherence (0.10–0.70). In
order to detect the reliability of these areas we have investigated the highest coher-
ence sites (>0.4). In detail, the ASAR map (Figure 5a) is characterized by a mean

Table 3. Areal ground deformation coverage obtained by the combined ASAR and CSK InSAR
processing versus municipalities.

Municipality

ASAR area affected
by ground

deformation (%)

CSK area affected
by ground

deformation (%)

Total area affected
by ground

deformation (%)

META 1.5 0.3 1.9
POSITANO 2.0 0.4 2.4
SORRENTO 2.8 0.0 2.9
MASSA LUBRENSE 3.2 0.0 3.2
SANT’AGNELLO 3.8 0.0 3.8
PIANO DI SORRENTO 3.8 0.1 3.9
MAIORI 1.6 2.8 4.4
PRAIANO 2.6 2.1 5.0
VICO EQUENSE 2.9 2.8 5.8
CASTELLAMMARE DI STABIA 8.1 8.1 9.1
PIMONTE 6.1 3.4 9.6
CETARA 8.4 2.5 11.0
MINORI 3.4 9.0 12.3
SCALA 7.4 5.7 13.2
VIETRI SUL MARE 5.9 9.6 15.7
FURORE 10.3 7.1 16.9
AGEROLA 7.6 9.8 17.6
RAVELLO 10.1 11.5 21.7
AMALFI 11.9 11.1 22.8
CONCA DEI MARINI 2.7 29.4 32.2
ATRANI 53.8 29.8 89.6

GIScience & Remote Sensing 9



Figure 5. a) ASAR mean ground velocity map in Amalfi and Conca dei Marini; b) ASAR ground
displacement time series for the selected sites (A, B, C and AMCH) obtained by meaning the
adjacent pixels with ground velocity < –1 mm/y. c) 3D reconstruction of ASAR mean ground
velocity in Conca dei Marini; d) 3D reconstruction of ASAR mean ground velocity of in Amalfi.

10 C. Spinetti et al.



ground velocity ranging from −6 mm/y to −4 mm/y. We have analyzed (A), (B), (C)
and (AMCH) points where the maximum displacement values are −58 mm and
−55 mm (Figure 5b) recorded in (A) and (B) points, respectively located in Conca
dei Marini bay (Figure 5c) and in the sector above Amalfi harbor (Figure 5d). The
lowest value of −100 mm is referred to the (C) point located in the Agerola
municipality slightly north of the Amalfi boundary (Figure 5c). In the CSK map,
characterized by mean ground velocities ranging between −15 mm/y and −9 mm/y,
we have analyzed the (D), (E), (F) and (AMCH) points (Figure 6a). The maximum
value of displacement is −40 mm recorded in (E) point, whereas the (AMCH) point
shows a displacement of −28 mm (Figure 6b). Both sites are located in Amalfi
municipality. As regards ASAR and CSK descending tracks, the data processing
does not reveal any deformation due to the poor visibility induced by the acquisition
geometry and the complex topography of the area.

3. Airborne photo interpretation and fieldwork

The deformation areas detected by the InSAR technique in Amalfi and Conca dei
Marini municipalities have been investigated through airborne photo interpretation
and subsequently through investigation in the field. The interpretation was based on
aerial images acquired at the scale of 1:40,000 by BLOM CGR S.p.A (Compagnia
Generale Riprese Aeree http://www.cgrspa.com/) during a 2006 flight. The analogic
stereoscopy technique has been applied to 6 aerial images with spatial resolution of
1 m and covering an extent of 16 km2. Thanks to the relief exaggeration technique
(vertical amplification of 3x), the stereoscopic view allowed to distinguish geomor-
phological evidences related to slope instability phenomena outlined in Figure 7.

GIScience & Remote Sensing 11
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Debris flows (in green) and debris avalanches (in orange) are identified in the upper
sectors of the investigated area and in correspondence with the main joint-sets and
tectonic features (i.e. faults and folds) on both sides of canyons located in the NW
and SE sectors of the image. These two typologies of landslides could represent
a particular evolving mechanism of massive rock-falls. The rock-fall accumulation
zones (pink areas) are well identified on the coast and probably involve toppling
phenomena occurred at different elevations in the back cliffs. Finally, the rock-fall
calcareous scarps (in red) show linear trends parallel and perpendicular to the coast-
line and could be influenced by the low-stand of the sea controlled by some tectonic
features (faults system) characterized by NW-SE and NE-SW trends as shown in
Figure 1. After the photo-geological interpretation, these areas have been checked
during a field survey carried out on September 28–29, 2015. In detail, 9 Ground
Control Points (GCPs) were individuated and surveyed (Table 4 and Figure 8). The
relative plano-altimetric coordinates have been retrieved with the GPS-RTK (Global
Positioning System – Real Time Kinematics) technique based on the signals trans-
mitted by satellite systems (GPS, GLONASS, Galileo) and on two signal receivers

Figure 6. a) CSK mean ground velocity map in Amalfi and Conca dei Marini; b) CSK ground
displacement time series for the selected sites (D, E, F and AMCH) obtained by meaning the
adjacent pixels with ground velocity < −1 mm/y.
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Figure 7. Aerial image and interpretation of Amalfi and Conca dei Marini area. The numbers 1
and 2 indicate the position of the sites shown in Figures 9a and 9b, respectively. The inset shows
the 6 aerial images coverage and their respective numbers.

Table 4. GPS reference stations and surveyed Ground Control Points (GCP) coded names and
characteristics. Reference stations are equipped with Leica GRX1200+ receiver and LEIAT 504
antenna (choke ring). GCPs have been measured by Leica GX1230 receiver and LEIAX1202
antenna. The AMCH has been used as reference point in the GEP procedure during ASAR
processing.

TYPE CODE Lat Long

Ellipsoid
Height
(m)

Reference Station FISC (Ref 0035) 40° 46ʹ 13.74380” N 14° 47ʹ 24.91181” E 309.97
Reference Station SORR (Ref 0228) 40° 37ʹ 45.44149” N 14° 23ʹ 47.13702” E 131.74
GCP CECI 40° 39ʹ 04.91717” N 14° 42ʹ 07.09366” E 220.62
GCP CETA 40° 39ʹ 25.20402” N 14° 42ʹ 27.60510” E 173.67
GCP CETB 40° 39ʹ 26.39523” N 14° 42ʹ 27.41213” E 173.08
GCP CETC 40° 39ʹ 21.09330” N 14° 42ʹ 24.41803” E 172.89
GCP AMCH 40° 38ʹ 14.14255” N 14° 35ʹ 34.79730” E 360.02
GCP AUDI 40° 39ʹ 02.79838” N 14° 36ʹ 52.63663” E 373.87
GCP CEBA2 40° 38ʹ 55.98605” N 14° 42ʹ 13.38502” E 84.33
GCP RAVE 40° 39ʹ 01.24085” N 14° 36ʹ 58.60647” E 295.17
GCP SCAL 40° 39ʹ 03.97808” N 14° 36ʹ 09.13341” E 561.55

GIScience & Remote Sensing 13



Figure 8. GPS surveyed points map.

Figure 9. Fieldwork pictures; a) Amalfi upper sector above harbor site; b) Conca dei Marini bay
site.

14 C. Spinetti et al.



(mobile and reference stations) that acquire the GCPs coordinates with horizontal (x,
y) and vertical (z) accuracy of 1 and 2 cm, respectively. In particular, the points
recorded in Amalfi and Conca dei Marini municipalities have been corrected via
GPRS/UMTS from the Fisciano CGPS reference station (RTCM-ID 35). The field
survey reveals that the deformation areas detected by the InSAR processing (sites in
Figures 5a and 6a) are characterized by morphological elements individuated also by
photo-geological interpretation (Figure 7). In particular, the most relevant ground
deformations are concentrated in the upper sector of Amalfi municipality (Site (B) in
Figure 5a, Site (E) in Figure 6a, Site (1) in Figure 7 and picture in Figure 9a) and in
the Conca dei Marini bay (Site (A) in Figure 5a, Site (D) in Figure 6a; Site (2) in
Figure 7 and picture in Figure 9b). These areas show sub-vertical planes and isolated
rock masses characterized by columnar and trapezoidal shapes linked to the joint-set
system. These rock masses of huge dimensions can evolve into rock-falls and
toppling phenomena causing disastrous consequences in the near inhabited zones.
Areas potentially subjected to these phenomena are highlighted in Figure 5c where
the (A) site is represented by the cliff above Conca dei Marini beach (Figure 9b) and
in Figure 5d with the (B) site represented by the fractured rock block above the
building area (Figure 9a).

4. Landslide susceptibility index mapping

In order to extent the identification of the areas potentially subjected to slope instability
in the entire territories of Amalfi and Conca dei Marini, the Landslide Susceptibility
Index (LSI) is here developed. This index is based on the equation that combines the
susceptibility parameters on a GIS platform (ESRI Environment, ArcGIS Deskstop 10.5).
These parameters are stored in a geospatial matrix (ESRI GRID) having coherent spatial
resolution with the LiDAR DEM (2 m cell size). The following equation is used to
calculate the Index:

LSI ¼
Xm

j¼ 1

Xn

i¼ 1

pi � wij

� �
(1)

where i represents the selected parameter and j is its class, Pi is the weight of the selected
parameter (primary weight) and wij is the weight of each class j belonging to each
parameter i (relative weight).

The susceptibility parameters were selected according to their capacity to be desta-
bilizing factors (Montgomery and Dietrich 1994; Brenning 2008). They are: slope,
relative relief, aspect, geo-lithology and land use. The Slope (SL), Relative Relief
(RR) and Aspect (A) are morphometric parameters derived from high resolution (2 m)
Digital Elevation Models (DEMs) obtained by Airborne Lidar data (Pizzimenti et al.
2016), whereas the Geo-Lithology (L) and the Land Use (LU) are derived from raster
cartography and multispectral satellite data, respectively (Bisson et al. 2013a; Bisson,
Spinetti, and Sulpizio 2014).

– The Slope parameter has been calculated applying formula of Burrough and Mc-
Donell (1998) to the DEM. The Slope is the morphometric parameter that most
influences the instability of the terrain since it controls directly the balance
between resistant and gravitational forces causing any type of landslide (Mejià-
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Navarro et al. 1994; Bovis and Jakob 1999). In particular, the surface slope plays
a key role as a predisposing factor for both rock fall and volcanoclastic debris flow
triggering. In the case of rock fall, according to Dorren (2003), rock freefall occurs
if the slope gradient exceeds 76°; for values around 70° the rock motion ranges
from falling to bouncing and for values around 45° the rocks begin to roll.
Anyway, literature data confirm that most of rock fall occur with slopes greater
than 50° (Marquinez et al. 2003). In the case of volcanoclastic debris flows, the
triggering slopes can range from 25° (minimum slope following the model of
Takahashi 2000) to 45° (limit of internal slope angle of granular deposits). In
particular, the events recorded on the Peninsula involve volcanic fall out deposits
mantling the carbonatic bedrock with slopes generally between 25° and 35° (De
Riso et al. 1999; Calcaterra et al. 1999, 2000; Pareschi et al. 2000; De Vita,
Agrello, and Ambrosino 2006) even if recent studies (Bisson et al. 2013b) indi-
viduated lower triggering thresholds (< 25°).

– The Relative Relief is a parameter that quantifies the relief energy and strongly
influences the potential triggering of the landslides since it is linked to the erosion
activity (Vergari et al. 2011). The parameter is defined as the elevation range
within a specific area and in this study, it has been calculated from the DEM by
subtracting the minimum elevation matrix from the maximum elevation matrix and
using a 3 × 3 window.

– The Aspect indicates the exposure of the face surface defined by the direction of
slope maximum and has an indirect influence on slope instability. The zones
exposed southward are affected by a greater thermal diurnal cycling due to the
exposure to sun radiation that increases the slope face temperature. In the boreal
hemisphere, the zones exposed northward are often shaded, while the ones
exposed southward receive more solar radiation for a specific surface area. This
may also influence the amount of humidity absorbed by the exposed face. Both
thermal stress and humidity may favor erosion activity. Moreover, surfaces
exposed to the South present lower vegetation density compared to surfaces
exposed to the North (Bennie et al. 2006). The growth of vegetation roots helps
to keep terrain material in place (De Baets et al. 2006). Due to the paucity of
protective vegetation cover (Pimentel and Kounang 1998), south and southeastern
exposed areas are subject to more erosion and therefore are potentially unstable.

– The Geo-Lithology parameter derives from the geological raster cartography at the
scale 1:25,000 (Bisson et al. 2013a) covering the entire Sorrentina Peninsula. The
digitized polygon features were grouped into 8 main typologies according to
similar lithological characteristics: Cretaceous limestone series (L), Oligocene
clay shale (OL2); Jurassic calcareous dolomitic series (LD), Quaternary pudding
stones and breccia (Q), Recent alluvial deposits (A), Reworked volcanic products
and slope debris (RVP), Triassic marly dolomitic calcareous series (MDL),
Volcanic products (VP). Subsequently, the vector layer relative to Amalfi and
Conca dei Marini was extrapolated and transformed into a georeferenced raster
coherent with the spatial resolution and extent of the other parameters. The role of
the geo-lithology parameter in landslide occurrence is evidenced by Apuzzo et al.
(2013) and Budetta (2010). In detail, the rock falls recorded on the Peninsula affect
the calcareous sequences (LD and L) often characterized by structural-slopes and
fault-slopes. This suggests that high-energy calcareous slope and rock-mass frac-
turing can be considered rock fall predisposing factors, especially if combined with
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thermo-weathering, karst phenomena and marine erosion, phenomena that occur
frequently on the Peninsula. Instead, the volcaniclastic debris flows are triggered
on steep slopes of carbonate bedrock mantled by pyroclastic deposits, often
reworked (VP and RVP) and with variable thickness (De Vita et., 2006; Del
Soldato et al. 2018). During heavy or prolonged rainfall (e.g. Onorati, Braca,
and Liritano 1999) these deposits become shallow landslides that rapidly move
under the influence of gravity on the impermeable carbonate substratum transform-
ing into volcanoclastic debris flows.

– The Land Use (LU) has been obtained by analyzing the NASA Landsat 5 scene
acquired in 19–10-1997. The scene has been processed to obtain the 3 main classes
of Land Cover: barren soil, vegetation and build-up areas. The vegetation and bare
soil maps have been derived by applying the NDVI (Normalized Difference
Vegetation Index, Crippen 1990) and NDBSI (Normalized Difference Soil Index,
Baraldi et al. 2006). NDVI uses band 4 (b4) and band 3 (b3) and is calculated
according to the following relation: ([b4 – b3]/[b4 + b3]), whereas the NDSI uses
band 5 (b5) and band 3 (b3) and is calculated according to the following formula:
([b5-b3]/[b5 + b3]). The map of the build-up areas has been derived by subtracting
the NDVI and NDSI maps from the initial image. In order to maintain spatial
resolution coherent to the DEM resolution, the three maps have been resampled at
2 m and transformed into a vector polygon layer. Subsequently they were checked
by using 1 m resolution airborne images acquired during 1997–1998 by the AIMA
(State Agency for Interventions on the Agricultural Market) (Bisson, Spinetti, and
Sulpizio 2014). Finally, the three vector layers have been merged to create the
Land Use map.

4.1. Multivariate analysis

For each susceptibility parameter used in the LSI, a multivariate analysis was applied to
individuate the classes and the respective weights (Figure 10). In detail, the values
assumed by each parameter in the deformation areas characterized by mean ground
velocities < -1 mm/y have been analyzed with frequency histograms to individuate
significant thresholds and the relative classes. These classes have been compared and
combined with the literature classes in order to assign the final weight to each class
(Bisson, Spinetti, and Sulpizio 2014 and references therein). Table 5 reports for each
susceptibility parameter (i) the weight (primary weight) and the classes (j) with the
respective weights (relative weight). Since the Slope is recognized as the main predis-
posing factor to instability we have assigned the maximum weight of 10. For this
parameter the statistical analysis has confirmed the 5 classes already individuated by
previous studies (Bisson, Spinetti, and Sulpizio 2014). The second predisposing factor to
instability is the Relative Relief directly connected to the slope. The weight of this factor
depends on the dimensions of the calculation window that, in this study, covers an area of
6m x 6m. For this reason, we have assigned a primary weight comparable to the Slope
weight, whereas the classes and the respective weights have been defined by analyzing
the relative frequency histogram (Table 5). As a third parameter, we have selected Geo-
Lithology. This parameter does not directly cause the triggering of the landslide, but
influences the typology of landslides that can occur. In fact, a very cohesive and compact
lithology is more prone to be fractured to generate rock falls, whereas incoherent and
loose deposits favor sliding or flow phenomena. Regardless, in both lithology types,
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Figure 10. Susceptibility parameters statistical histograms in the deformation areas of Amalfi and
Conca dei Marini.
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a triggering factor it is necessary as intense or prolonged rainfall, earthquakes, volcanic
activity or multiple human actions. Taking into account these considerations, Table 5
reports the primary and relative weights of the Geo-Lithology. The last two susceptibility
parameters are Land Use and Aspect. The weights and the respective classes assigned to
the Land Use have been defined considering their major or minor influence on slope
instability according to literature data (Reichenbach et al. 2014). Barren soil is the type of
land cover more exposed to rain and wind, which are the two primary causes of surface
erosion (Pimentel and Kounang 1998).Vegetation stabilizes loose deposits (Gyssels and
Poesen 2003) whereas built-up areas interfere with the gravity equilibrium of loose
deposits (Vrieling 2006). As a consequence, the highest weight of this parameter was
assigned to barren soil, followed by vegetation and then built-up areas (Table 5). Finally,
the weight assigned to Aspect is slightly higher than the Land Cover weight (Table 5).
The influence of Aspect in landslide generation can change according to the Land Use
present in the investigated area. Nonetheless, its influence is always strongly dependent
on the slope. In this study, two classes of Aspect (Table 5) were defined considering
exposure to sun radiation and according to considerations already discussed previously.

5. Results and discussion

The resulting 2 m high resolution LSI map classifies thoroughly Conca dei Marini
municipality and almost the entire territory of Amalfi into 5 classes of susceptibility
(Figure 11). The 5 classes were defined by the Jenk’s method applied to the entire range
of LSI values (from 69 to 291) derived from equation (1). The very low instability class
covers almost 80% of all the investigated area, whereas the others four classes cover the
20%. In detail, the high and very high LSI areas affect 6% of the investigated territory
(red and purple areas in Figure 11).

Table 5. LSI parameters. For each selected parameter the table reports the acronym the assigned
weight (Pi), the classes (j) with the respective weights (Wij).

Landslide

Parameters (i) Acronym Pi j Wij

SL < 15° 1
15°≤ SL < 25° 3

Slope SL (degrees) 10 25°≤ SL < 35° 8
35°≤ SL < 50° 9

SL ≥ 50° 10
RR < 6 5

6 ≤ RR < 13 7
Relative Relief RR (m) 9 13 ≤ RR < 25 9

RR ≥ 25 10
L 9

Geo-Lithology L 8 LD 8
VP 10

Aspect A 6 S, SE, SW E, 8
N, NE, NW, W 4
Build up area 5

Land Use LU 7 Vegetation 6
Barren soil 8
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In order to achieve the quality of landslide susceptibility map, as suggested by
Guzzetti et al. (2006), independent landslide data were introduced. A spatial analysis
was conducted in the GIS environment by overlapping the vector map of the 2011
historical landslides with the LSI map. The areas classified at high/very high LSI indicate
the potentially more exposed zones for triggering landslides. In fact, they correspond
mostly to steep zones (slope angles between 25° and 70°) that fall inside or very close to
the historical landslide upper boundary recognized as the landslide source zone. In order
to test the reliability of the LSI map, its accuracy was calculated by analyzing the
distances between the upper boundaries of historical landslides and the respective high/
very high LSI zones. The planimetric error of the historical landslides map, as derived
from a cartography at a scale of 1:5000, is ± 2 m, which is the same as the LSI map
calculated by considering the propagation of planimetric errors of each susceptibility
parameter. In detail, the planimetric error of morphometric parameters is ± 20 cm as
derived from the accuracy of the LiDAR DEM data (Pizzimenti et al. 2016). The Land
Use parameter assumes the same planimetric error for the high-resolution airborne
AIMA images (± 2 m). With regards to Geo-Lithology, the planimetric error is 10 m
as derived from the geological map at a scale of 1:25,000. This error can be considered
negligible as more than 90% of the territory is characterized by the same type of
lithological cover. Analyzing the distances between the 40 historical landslides and the

Figure 11. Amalfi and Conca dei Marini LSI resulting Map.
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areas at high and very high susceptibility, the LSI map prediction accuracy results equal
to 85%.

In order to better constrain the potential source areas individuated by the LSI map,
the slope instability peculiarities (e.g. scarps, very steep surfaces characterized by joints
system, fractures) individuated by the photo-geological interpretation (Figure 7) and then
checked in the field (Figure 9) were overlain on the LSI map (Figure 11). This spatial
analysis provides evidence that all the instability elements fall in the high and very high
LSI zones, confirming that those areas are most predisposed to landslide triggering.

To provide a quantitative analysis of the susceptibility areas, the deformation sites
detected by ASAR and CSK data processing (Figures 5a and 6a) were superimposed on
the LSI map (Figure 11). Those deformation sites fall in the high and very high susceptibility
zones. In detail, the time series of the four sites (Figures 5b and 6b) individuated in Conca dei
Marini bay and in the sector above the Amalfi harbor show similar values in the AMCH
survey point and a general decreasing trend interrupted by not linear features. This trend
indicates slow ground deformation, whereas the not linear features could be associated with
weathering crust phenomena and seasonal effects that are particularly evident in the Tovere
site (point C in Figure 5b). This slow deformation is also supported by low mean ground
velocities between −6 mm/y and −4 mm/y for the ASAR dataset and between −15 mm/y and
−9 mm/y for the CSK dataset. These elements indicate slow deformation constant in time,
probably due to the well-known geo-structural context affecting the entire Peninsula
(Apuzzo et al. 2013). Nevertheless, the areas characterized by the highest values of displace-
ment, −58 mm in Conca dei Marini bay (point A Figure 5b) and −40 mm in the upper sector
of Amalfi harbor (point E Figure 6b), result classified with high/very high LSI. This could
suggest potential slope instability phenomena such as slipping along the terrain slope,
landslides, or subsidence phenomena.

6. Conclusions

A GIS-based interdisciplinary approach involving Remote Sensing investigations, Geo-
Lithological elements and Morphometric analyses, was applied to identify the areas in
the Sorrentina Peninsula potentially more prone to trigger landslides. The Peninsula is
a densely populated and touristic area that is frequently affected by such natural disasters.
Multi-temporal InSAR analyses applied to the Envisat-ASAR (2003–2010) and
COSMO-SkyMed (2013–2015) datasets identified Amalfi and Conca dei Marini as the
municipalities most affected by ground deformation in the time window covered by the
two datasets. In particular, four sites were detected in areas close to Amalfi and Conca
dei Marini coast. These sites show deformations with the mean ground velocity values
between −6 ± 1 mm/y and −4 ± 1 mm/y (ASAR) and between −15 ± 1 mm/y and
−9 ± 1 mm/y (CSK). These velocities were derived from the respective time series that
reveal maximum ground displacement values ranging from −55 ± 5 mm (ASAR case) to
−40 ± 3 mm (CSK case). The identified sites, investigated by a photo-geological analysis
combined with checks in the field, provide evidence of unstable geo-morphological
elements such as rock-fall escarpments, detachment zones, steep surfaces with several
multiple fractures, and rock masses with columnar and trapezoidal shapes generated by
dense joint-set systems. All these elements, if subject to intensive rainfall or seismic
events, could evolve into landslide phenomena.

The LSI Index developed here classifies the entire territory of Amalfi and Conca dei
Marini municipalities into 5 different degrees of susceptibility with a prediction accuracy
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of 85%. The resulting LSI map shows that the high/very high LSI zones fall in the source
areas of all historical landslides and are characterized by 25°-70° slope angles corre-
sponding to steep zones with unstable geo-morphological elements such as the rock fall
scarps identified by the photo-geological analysis. Finally, the ASAR and CSK deforma-
tion sites detected in Amalfi and Conca dei Marini are classified at high/very high
susceptibility. These results demonstrate the high reliability of the LSI that, as shown
here, may represent a useful tool for the prevention and mitigation of landslide hazards
on Sorrentina Peninsula or in territories with geo-morphological characteristics similar to
the areas investigated in this work.
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