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ABSTRACT ARTICLE HISTORY
In the last decades, ground deformations were investigated, analysed and monitored using Received 15 November 2017
several methods. As a consequence of a spreading urbanization, several phenomena, e.g.  Revised 14 May 2018

landslide and subsidence, were emphasized or triggered causing not only socio-economic Accepted 18 May 2018

damages, but, in some cases, also casualties. The investigation and mapping of these KEYWORDS
phenomena are important for both local authorities and civil protection in order to promote Landslide; subsidence;
a higher conscientious urban planning and to highlight the more hazardous areas. Greece: PSINSAR:; state of
Furthermore, the information are a key point for social development connected to the activity

awareness of the environment and the related risk. The Achaia prefecture, in the north-

eastern Peloponnese (Greece), close to the Gulf of Patras, is an area strongly affected by

subsidence and landslides. Furthermore, this is an earthquake-prone area, a factor that can

trigger some mass movements. For this region, a landslide inventory was realized with the

help of the interpretation of Persistent Scatterers data, for the period 1992-2008, and high-

resolution optical satellite images, available until 2016, in addition to the investigation of the

landslide State of Activity. Moreover, for the coastal area, a section was investigated to

evidence subsidence.

Introduction monitoring applications since the early 2000s
(Bozzano et al., 2017; Colesanti & Wasowski, 2006;
Del Ventisette et al., 2013; Solari et al., 2018).
Moreover, the free availability of high-resolution
optical images and the possibility to combine all
information on GIS platforms, have given many
benefits in terms of costs, time and field work
(Farina, Colombo, Fumagalli, Marks, & Moretti,
2006). Indeed, the combination of remote sensing
techniques, in this case A-DInSAR study and image-
interpretation, allowed the investigation of wide areas
in the northwest of Peloponnese, Greece.

The aim of this work is to improve the knowledge
on landslide and subsidence phenomena affecting the
territory and to investigate the reliability of the simul-
taneous use of ancillary and remote sensing data to
estimate ground deformations in order to evaluate
the correlated hazards in the Achaia prefecture.
Territory featured by urbanized and rural areas
affected by deformations due to landslides and sub-
sidence phenomena.

The combination of different types of data allowed
to have a better overview and to cover wide areas,
including both urbanized and vegetated regions.
Photo and radar interpretation are the starting
points to create a landslide inventory (Govi, 1977;
Nichol & Wong, 2005, Van Westen, 2000). The

In the last two decades, the continuous urbanization
due to the population growth increased the risk
related to the ground deformation hazard in areas
landslide-, subsidence- and earthquake prone as the
north-western part of Peloponnese, Greece.
Frequently, moderate-to-large earthquakes afflict
the Gulf of Corinth (e.g. Briole et al., 2000; Hatzfeld
et al., 2000; Bernard et al., 2006) and the Gulf of
Patras (e.g. Beckers et al., 2015; Gobo, Ghinassi,
Nemec, Sjursen, & Hampson, 2014) triggering off
numerous mass movements and causing subsidences.
Subsidence and landslide phenomena affecting
urbanized areas generate important social and eco-
nomic losses (Klose, Damm, & Terhorst, 2015;
Schuster & Highland, 2001;) in addition to important
damage on structures and infrastructures (Bianchini,
Nolesini, Del Soldato, & Casagli, 2017; Ciampalini
et al., 2014; Del Soldato et al., 2017, 2016). To reduce
the cost of disasters influencing regions affected by
multi-risks, a proper land management and planning
play a key role (Del Ventisette, Righini, Moretti, &
Casagli, 2014; Guzzetti et al., 2012). The development
of multi-interferogram approaches (Ferretti et al,
2011; Ferretti, Prati, & Rocca, 2001) have helped to
make a step ahead in landslide research and
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image-interpretation is an essential tool to detect
landslides in wide areas also covered by vegetation
(Brardinoni, Slaymaker, & Hassan, 2003), while the
radar-interpretation allows better results in the urba-
nized area (Farina, Casagli, & Ferretti, 2007; Ferretti
et al., 2001).

In this work, a landslides inventory with the
evaluation of the State of Activity (SoA) was devel-
oped by means of simultaneous image- and radar-
interpretations. The creation of a reliable landslide
inventory can support a better land and emer-
gency managing of territory affected by urban
expansion. Furthermore, the subsidence involving
the coastal part of the Achaia prefecture (northern
Peloponnese, Greece) was analysed by means of
Persistent Scatterers Interferometry and the subsi-
dence rate in some sample areas was evaluated.
Detection, measurement and monitoring of subsi-
dence, mainly close to wurbanized areas, were
important to evaluate the effects caused by the
expansion of the urban centres.

Study area

The study area is located in the northwest coastal
region of the Peloponnese, separated by the Gulf of
Corinth from the Greek mainland. This region is
identified as one of the most rapidly developed inter-
continental rifts in the Mediterranean area. The area
of interest, located between Patrasso and Ziria,
Achaia prefecture, is an area partially but heavily
urbanized that extends to about 200 km?
(Figure 1(a)).
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Geological setting

The evolution of the Gulf of Corinth involved the
formations of the northern part of the Peloponnese
accommodating the associated extension due to
theactive subduction between the African and
European plates (Koukis et al., 2009).

The geology of the area was investigated assembling
several maps of the Institute of Geology ¢ Mineral
Exploration - IGME-GR (Greek Geological Survey).
The faulting is widespread in all the northern part of
the Peloponnese area and faults resulted active during
Plio-Pleistocene with consequences in the sedimentary
column of the Quaternary formations. The lithology of
the Peloponnese was grouped in six main units, from
the bottom to the top (Figure 1(b)):

e Zarouchla unit composed by quartzites, quartz-
phyllites and pelitic schists; thin irregular alter-
nations limestone beds and sericite schists;
metavolcanic rocks; various metaclastic litholo-
gies; green and violet sandy schists; intercala-
tions of small calcarenitic lenses (Katagas,
Tsolis-Katagas, & Baltatzis, 1991);

e Gavrovo-Tripolis unit composed by carbonate
sedimentary rocks of shallow marine environ-
ment, sometimes dolomitized (Cretaceous-
Upper Triassic) and Eocene-Upper Oligocene
flysch derived from Mesozoic platform (Nikas,
Antonakos, Lambrakis, & Kallergis, 2007).

Formations with more than 1000 m of thickness
of limestone, dolomite and dolomitic limestone;
e Olonos-Pindos unit is characterized by calcar-
eous sedimentary rocks and pelagic sediments
derived from

the Mesozoic ocean basin
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Figure 1. Localization of the area of interest (a) and detailed lithology (b) of the Achaia region, NW Peloponnesus, Greece.
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accumulated on the passive margin (Piper,
2006): sandy, silty and more rarely conglomerate
flysch (Fo), sporadic Upper Cretaceous — Eocene
pelagic limestone (Ks), pelagic limestones with
thin intercalations and siliceous nodules, cherts
and limestones (Ki — S) with intercalations of
argillaceous shale and marls (Lower — Upper
Cretaceous). Jurassic — Lower Cretaceous red-
dish, white and microcrystalline siliceous layers
with sporadic levels of calcareous algae and red
radiolarites (J - Ki). Some tectonic window of
Upper Triassic formation (Jsk - fl) composed by
platy limestone and flysch of clay, sandstone and
marls.

® Recent deposits mantling the coastal region, is
alternation of transgressive and regressive sedi-
mentation of lacustrine and marine-lacustrine
material subsequently evolved in several deltas as
Gilbert-type, and influencing the production of
relevant thickness of Plio-Pleistocene sediments
(Koukis et al., 2009; Ori, 1989). Torrential weath-
ering (al) and alluvium deposits (Qal - Qc), in
which recent (Holocene) and older (Pleistocene),
more consolidated, talus cones (salcsl — sc2cs2)
are in evidence in the coastal region. Fine-grained
materials result from both vertically and horizon-
tally phases of development composing these geo-
morphological shapes. At the back, there are the
marine brackish and lacustrine deposits of the
Plio-Pleistocene period (Pl - Psr).

o Sedimentary-tectonic complex and detachment
rocks are respectively the olistolite formation
blocks from the overhead series and different
elements associated to the above. The dimen-
sions of the block are more variable and derived
from different allochthonous formations.

o Schists and Volcanic rocks are present in a small
extent and form the basement of the sedimentary
Alpine series often through tectonic contacts.

The last two classes, tectonics and volcanic rocks,
were maintained separated from the others due to
their different geotechnical characteristics.

Available data and methodology

The study area was investigated using a Digital Elevation
Model (DEM) with 20 m cell resolution, derived maps
and ancillary data, in addition to high-resolution optical
images and PSI (Persistent Scatterer Interferometry) pro-
ducts. Relevant parameters for the conducted analysis
were the slope, and the lithology of the area (derived by
merging and digitalizing IGME maps).

The main support to the investigation was provided
by means of C-band radar data from ERS1/2 and
ENVISAT satellites, available for the area of interest
from 1992 to 2008 (Table 1). All the images were
captured with a Line Of Sight (LOS) of 23° with respect

Table 1. Time period and number of permanent scatterers
(PS) of satellite data sets in the investigated area.
Orbit Ground

Images Time angle resolution
Satellite  Track number Period n° PS °) (m)
ERS desc T279 39 19,922,000 17,250 = 101 25
ERS desc  T7 35 19,922,000 = 101 25
ENVISAT T145 19 20,022,008 1639 = 259 30
asc
ENVISAT 1279 25 20,022,008 6601 = 101 30

desc

to the vertical and a vertical polarization (VV). In
addition to the SAR images, optical data on Google
Earth Pro covering for the whole investigated area until
2015 were taken into account. Over the area, several
images were available until to 2015: the first images
covering the entire scenario date back 2003 but only
from about 2010 they have a good temporal resolution
to make a precise interpretation. A regular time span is
impossible to have due to the cloudy covering. These
resources permitted to analyse the SoA of many land-
slides as well as to identify and evaluate the spatial
distribution of landslide phenomena. The radar images
were processed by Telerilevamento Europa s.r.l.
through the PSInSAR technique (Ferretti, Prati, &
Rocca, 2000; Ferretti et al., 2001) generating Persistent
Scatterers (PS) outputs.

A pre-processing analysis showed that the possible
geometrical distortion, relevant to have a more
awareness in the investigation and interpretation of
the products (Novellino et al., 2017), is low influence
and the following track were chosen in order to
capture as many as possible slope.

The sample region shows an average distribution of
PS data of about 127.7 PS km™2, concentrated in the
coastal area due to a spreading urbanization (Figure 2).

The different density of PS between ERS and
ENVISAT satellite is due to the different number of
the used images in the processing as well as in the
different spatial resolution, i.e. 25 m and 30 m, respec-
tively, for ERS and ENVISAT, in as much the incident
and inclinationangle are the same for both satellites.
The ground deformations at regional scale were
mapped through the integration of the SAR interfero-
metry products with high-resolution optical satellite
images and thematic maps (e.g. Del Soldato et al,
2016; Del Ventisette et al., 2013; Farina et al., 2006;
Tofani, Del Ventisette, Moretti, & Casagli, 2014).
Taking into account these characteristics, the merging
of data by superimposing the PS data on the high-
resolution images (Bianchini et al., 2012; Farina et al,,
2006) was fundamental for an exhaustive interpreta-
tion. In Figure 3 the flow chart of the work is illustrated.

The high-quality optical images analysis permits to
recognize the morphological shapes and features
associated with large and medium mass movements
that also in vegetated areas can be recognized, while



ENVISAT ascending
Deformation mmiyear

. s

* 1499--1000

+ 999-500

499-200

. 199-200

© 201-500

« >s01

EUROPEAN JOURNAL OF REMOTE SENSING

[ENVISAT descending

| Deformation mmlyear

. <1500

+ -1499--1000

© 999500
499200

© -199-200

© 201-500

© 713

Figure 2. PS products by ERS descending (a), ENVISAT ascending (b) and descending (c) in the Achaia prefecture, NW of

Peloponnese.
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available images of other dates were analysed, and
the presence and derivable information of PS were
checked. The procedure to combine the results of the
two methodologies is commonly used to map ground
deformations such as landslides (Bianchini et al.,
2012; Casagli, Colombo, Ferretti, Guerri, & Righini,
2008; Farina et al., 2007; Righini, Pancioli, & Casagli,
2012) and subsidence (Galloway & Burbey, 2011;
Raspini, Loupasakis, Rozos, Adam, & Moretti, 2014;
Raspini, Loupasakis, Rozos, & Moretti, 2013) as well
as to investigate the spatial distribution and kine-
matic evidence related to ground deformation risks.

The scattering due to the spread vegetation, the
threshold based on the wavelength of the instrument,
as well as the exposition of the target with respect to the
satellite LOS, the chance to observe only slow displace-
ments are the main restriction in the identification and
monitoring of landslides. In any case, information
about spatial distribution, temporal evolution, type of
movement and geometry of landslides can be extracted.
A standard palette is used to visualize the PS using
colours that characterize the values of the displacement:
hot colours for negative values, indicating an increase of
the distance between the target and the sensor; cold
colours for positive values, revealing reduction of the
gap; green for the stability range of +2 mm/y. The
stability range was established according to the standard
deviation deriving on the processing chain.

This approach allowed the study of the SoA
back in time. A long time series of images was investi-
gated to retrieve the SoA of the mass movements per-
mitting to recognize morphological and displacement
evolution (e.g. Cigna, Bianchini, & Casagli, 2013;
Strozzi, Ambrosi, & Raetzo, 2013). The multi-temporal
photo-interpretation (Guzzetti, Carrara, Cardinali, &
Reichenbach, 1999) and the radar-interpretation sup-
port the discrimination of the SoA thanks to reflecting
elements, such as nude outcrops, roads, buildings, that
allow to recognize displacements or movements affect-
ing them. The analysis of the SoA was carried out
combining the higher mean velocities between ascend-
ing and descending PS on mass movements recognized

in the investigated areas by ERS1/2 (1992-2001) and
ENVISAT (2002-2007) data applying the activity
matrix identifying nine different classes of activity
(Table 2). A further back analysis to investigate a longer
time-evolution was impossible to realize because a pre-
vious landslide inventory was not available.

In case of absence of PS on landslide, in ERS or
ENVISAT datasets, the SoA was assessed using cate-
gories considering the two possibilities that can be
occurred with the presence of the missing data
(Righini et al., 2012). In these cases, the image-inter-
pretation of pictures shot in the same period or
successively with respect to ENVISAT can help to
investigate the evolution of the phenomena, even if
no values of velocity of movement can be estimated
with this method.

The SoA made by means of the velocity of displa-
cement by PS is tied until 2007. For further evolu-
tions and for phenomena where no PS are present,
the high-resolution optical images were used to inves-
tigate their development in time.

Furthermore, the PSI approach resulted useful to
investigate subsidence widespread in the north-wes-
tern coastal area (Figure 4). A section in the coastal
area involved by subsidence was traced and the PS
contained in a buffer of 50 m were examined in order
to analyse the subsidence ground effects. The PS
were interpolated by means of the Inverse Distance
Weighted (IDW) method (Shepard, 1968), based on
the weighted average of the neighbourhood PS fol-
lowing the role that more the distance between the
known point increase, more the weight of its values
decrease.

The sensor-target displacement, the projection of
the real motion along the LOS, can be estimated
through the PS interferometry. To obtain the real
vertical deformation (Vv), the measured displace-
ment (ALOS) has to be corrected by the look angle
(0°) of the LOS:

_ ALOS

Vv
cos

Table 2. Landslide State of Activity matrix from ERS and ENVISAT.

ERS
No V < 2 mm/year V > 2 mm/year No data
ENVISAT V < 2 mm/year Stabilized Reactivated Stabilized
V > 2 mm/year Dormant Active Reactivated
Continuous Dormant
Active
Continuous
No data Dormant Active
No info
Stabilized Continuous photointerpretation

Reactivated
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Figure 4. PS products along the traced section to investigate the subsidence of the coastal area of the Achaia prefecture, NW of

Peloponnese.

By means of the interpolation of average velocity
acquired by PS for the buffer zone, a subsidence
profile can be generated to investigate the displace-
ment that affected the coastal region.

Data analysis and results

Combining image- and radar interpretation, more
than 600 mass movements were recognized and traced
(Figure 5(a)). This approach permits to investigate
the whole territory affected by mass movements.
Furthermore, for about 300 landslides, the SoA analy-
sis (Figure 5(b)) was detected (Table 3).

The major number of the categorized landslides
falls into the Dormant/Active continuous class or
Active continuous category.

— Faults

Landslides inventory
O Landslides

Examples of two landslides areas are here indivi-
dually reported.

The first area is located southern with respect to
the municipality of Mintzeika, Achaia, where a group
of landslides were mapped and classified as Active
continuous (Righini et al., 2012) due to the presence
of both ERS and ENVISAT descending data with
annual mean velocity values up to 10 mm/year
(Figure 6).

During the field trip carried out in June 2009, the
reliability of the radar-interpretation was checked for
most of the movements. In particular for the Achaia
south-west part, many unstable areas were identified
mainly along the road network where cracks or
scarps in the road fill showed landslides evidence;
indeed, a consistent correspondence between PS and
significant damage on the main road was evident and

Faults

State of Activity
@ stabiized

Figure 5. Landslides inventory (a) classified based on the SoA detected by the ERS1/2 and ENVISAT PS data from 1992 to 2008 (b).



716 (&) M. DEL SOLDATO ET AL.

Table 3. Summary of classification of the state of activity of
the landslides.

Stabilized 3
Reactivated 1
Dormant 14
Active continuous 27
Reactivated/Stabilized 16
Stabilized/Dormant 2
Active continuous/Dormant 45
Reactivated/Active continuous 3
No categorized 194

many displacements were also evident on some
cement barriers and nets (Figure 7(a,d)). Moreover,
a panoramic overview of deformations behaviour was

observed on several slopes (Figure 7(b)) characterised
by horizontal displacements, especially near the land-
slide foot, stronger vertical components very near to
the crown of the landslide and scarcity of growing
vegetation such as bushes or grass, on the main land-
slide body (Figure7(c)).

The second area concerns a mass movement
located in the centre of the investigated area of the
NW of the Peloponnese (red circle in Figure 8(a)).
Close to Choradro village, three important landslides
affecting the same basin were recognized and ana-
lysed (Figure 8(a)). Only ERS data (Figure 8(b)) were
collected, no ENVISAT data were recorded, and

ERS descending
ENVISAT ascending  State of Activity
ENVISAT descending @3 Stabilized
Deformation mm/year Reactivated
= -2527--15,00 () Dormant
= -14,99--10,00 @D Active Continuous
-9,99--500 Reactivate/Stabilized
4,99 --2,00 Stabilized/Dormant
© -1,99-200 @B Active Continuous/Dormant
© 201-500 @9 Reactivated/Active Continuous

@ NoData

= 501-1105

0 0375 075

Figure 7. Picture captured during the field surveys conducted on selected landslides to validate the results obtained by remote

sensing interpretations.
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@ No Information

Figure 8. (a) Second sample area affected by three landslides investigated (in light-blue circle). (b) ERS descending data on the
area of interest. High-resolution satellite images shot on 2004 (c) and 2016 (d), respectively.

high-resolution images of different years are available
to control the possible evolution of the landslide.
According to (Righini et al., 2012) the classification
based on the SoA, two landslides in this area are
categorized as Dormant/Active continuous and one
as Stabilized/Dormant. The high-resolution images
from 2004 (Figure 8(c)) to 2016 (Figure 8(d)) suggest
that, as in the last decades, all the investigated land-
slides seem not to show any increment of dimensions.
Without ENVISAT PS data and only with optical
images, the velocity of displacement is undetermin-
able and it is not possible to discriminate the SoA.
Taking advantage of the availability of the optical
images, it is possible to suppose that the landslide
could be Dormant or Stabilized, because no incre-
ment of dimension or new denudated areas are
recognizable.

Moreover, the analysis of the PS velocities in the flat
urbanized coastal region of the area of interest, built
over Quaternary formations, shows negative deforma-
tion rates. This area results interested by subsidence
close to the main urban centre, showing deformation
rates reaching values up to 10 mm/year. Several vil-
lages/locations exhibit subsidence rates of particular
interest, e.g. Agios Vesileios, a village in the munici-
pality of Rio, showing velocities exceeding 7.5 mm/
year. To investigate the subsidence affecting the coastal
area, a section was traced through the urbanized cen-
tres from Valtos municipality, in the western coast, to
Arachovitika, a village in the municipal unit of Rio
(Fig. 9(a)). The section line, about 12 km long,

intersects the sedimentary cones and urbanized areas
where PSs suggest relevant negative displacements.
The same limit of stability of +2 mm/year was used
to analyse and identify the subsidence hazard.

The PS data of ERS (Fig. 9(b)) and ENVISAT
(Fig. 9(c)), were analysed, identifying three areas
characterized by significant subsidence recognizable
in both profiles, highlighted with red, yellow and blue
stripes.

The area highlighted in yellow in (Fig. 9) is super-
imposed on sedimentary alluvial deposits cones and
close to an industrialized area. These could justify the
important value of subsidence identified by means of
the PS analysis along the section with a maximum
value of —6.3 mm/year. The area coloured in red is
close to the mouth of a river almost completely filled
by alluvial deposits. Furthermore, in the area where
the section was traced several industrial constructions
are present. It allows to suppose that the subsidence is
caused the combination of compaction of the sedi-
mentations and over-pumping of water. In this area,
the highest value of subsidence was recorded by the
ERS1/2 data reaching about -8.95 mm/years. The
blue area is close to Arachovitika where a river is
partially filled by alluvial sediments. Moreover, this
area is featured by a low density urbanization mostly
devoted to cultivation and agricultural fields. This
can suggest that the subsidence could be related to
high rate of water pumping. Also in this area, the
highest rate recorded during the ERS1/2 period
reached a maximum value of about —6.6 mm/year.
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Figure 9. Section line (red line in a) traced to analyse the ERS (b) and ENVISAT (c) subsidence profile along the section. The
areas with important subsidence are highlighted in yellow, red and blue. For a precise localization of the section see Figure 4.

Time series of a representative ERS and ENVISAT
point inside the three zones highly affected by the
subsidence (Figure 10) show two phases: (i) in the
ERS period (1993-2000) there are low displacements,
but cyclical; (ii) the ENVISAT period is featured by a
more constant displacement, mainly in the yellow
and red areas, with less influence due to cyclical
trend.

Discussion and conclusions

The main purpose of this work was to improve back-
ground knowledge offering a synoptic view of the
deformations caused by extensive natural disaster phe-
nomena, such as landslides and subsidence, affecting
the NW region of Peloponnese, Greece, through the

simultaneous radar- and image interpretation.
Furthermore, a field observation for several landslides
was carried out to have validation of the resulting
interpretation. The potentialities of the image-inter-
pretation and the SAR interferometry are largely
exploited in literature on both landslide and subsi-
dence phenomena. ERS and ENVISAT data combined
with high-resolution optical images were analysed in
order to realize a landslide inventory with an assess-
ment of the SoA. In this case, a previously existing
landslide inventory of the region of interest was not
available. It would be an important information to
correlate the interpreted PS data with the ground
truth (Psychogyiou et al, 2015). The results of this
work confirmed the potential of multi-interferometric
InSAR data to support landslide investigation at
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Figure 10. Sample of the time series measured along the LOS by PS ERS and ENVISAT in the three sample PS in the areas
affected by subsidence and coloured as in the previous image in yellow, red and blue.

regional scale and the contribution for sustainable
urban planning and infrastructure development. The
main limitations of the PSI techniques, such as not
enough benchmarks or the low availability and relia-
bility on vegetated area, were overcome by means of
the use of high-resolution satellite images. In this way,
it was possible to investigate wide urbanized and vege-
tated areas for a long period, from 1993 to 2016.
More than 600 landslides were recognized mainly
concentrated in the hinterland of the region of inter-
est; the major number of them were categorized as
Active continuous/Dormant and Active Continuous,
but several mass movements are featured by absence
of PS data (Figure 11,4). This confirms the relevant
contribution of the high-resolution images for the
spread vegetation in the area. It is worth noticing
that using optical images the velocity of displacement
is impossible to assess, but the image-interpretation
results to be, in any case, a fundamental support to
investigate the evolution of the mass movements by

identifying the growing of the vegetation or the
extension of sliding and nude areas.

Statistical analyses between the number of the land-
slides recognized, SoA, involved lithology and slope
gradient were conducted. Combining the number of
the landslides with the lithology it is possible to recog-
nize a predominance of involvement of the “Ks” forma-
tion, belonging to the Olonos-Pindos zone, a pelagic
limestone strictly connected with the sandy, silty and
more rarely conglomerate flysch (Fo) (Figure 11(a)). In
the study of the South Pindus mountain range, one of
the main affected formation was the flysch of Pindos
zones (Psychogyiou et al., 2015) as occurred in this case
of study. Analysing the relationship between the slope
and the distribution of the landslide (Figure 11(b)), it is
possible to observe that between 15-25 and 25-35
degrees quite all the mass movements occurred (42%
and 36%, respectively). The third investigation shows
the relationship between the SoA and the number of
landslides. In this case, the analysis was conducted only
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Figure 11. Statistical analysis of the landslide with respect to the lithology (a), the SoA (b) and the slope classes (c).

on the 300 landslides for which the SoA were assessed.
The Active Continuous and Active Continuous/Dormant
in addition to a less percentage of Dormant and
Dormant/Stabilized classes represent the entire set of
landslides (Figure 11(c)). Furthermore, in Table 4, the
distinction for each class of SoA was related with every
lithology unit.

The result of the work is a landslide inventory map
supplied by the SoA and a subsidence section in
the coastal area useful for land management and
urban planning, in addition to civil protection pur-
poses. The combination of different remote sensing
approaches and ancillary data, as demonstrated in
literature (e.g. Del Ventisette et al., 2014) and in
this work, represents a valuable tool and a sustainable
method, in terms of time and costs, to investigate
landslide inventory and SoA of urbanized and vege-
tated wide areas.

Taking advantage of the spread of PS data in the
coastal area subsidence rates were investigated and
detected by means of an analysis along a section,
principally close to the mouth of the rivers and the
urbanized centres. The analysis of the time series
of the PS and their location with respect to the
lithology and geomorphology allow to suppose that
the subsidence is caused by the combination of the
possible compaction of alluvial sediments and the
over-pumping of the water. It is important to report
that bigger displacements and cyclical trends were

recorded by the ERS data with respect to the
ENVISAT.

The time series of the three areas affected by sub-
sidence were shown by means of a representative point
of each zone both in ERS and ENVISAT. For each area,
they show a trend of moving away from the sensor in
addition to a cyclical one, trends usually identified in
cases of over-pumping mainly remarked for the ERS
period. It results comparable with the hypothesis of
contribution of over-pumping and compaction of sedi-
mentary soils. The cyclical trend is less recognizable
in the ENVISAT data, probably because the over-
pumping was controlled and reduced.

At the end the obtained maps are important tools
for civil protection purposes, for urban managing and
planning as well as useful information for the society.
The results can help the population to be awareness
to the exposition to risk.

A consistent improvement of this work could
come from recent satellite constellations, e.g.
Sentinel-1, in order to monitor the evolution of the
landslide displacement, to categorize the presently
SoA and to investigate the evolution of the subsi-
dence in the coastal areas. Furthermore, with more
data and with high spatial resolution, landslide and
subsidence effects on structures and infrastructures
could be investigated (Herrera et al., 2010; Ciampalini
et al., 2014; Sanabria et al, 2014; Bianchini et al,
2017; Del Soldato et al., 2017; 2018).

Table 4. Distribution of each class of the state of activity of the landslide related to every present lithology.

SoA vs Lithology al Fo J—Ki Jsk fl Ki - S Ks Pl — Psr Qal - Qc sclesl sc2cs2
Stabilized 0 1 2 0 0 3 0 1 0 3
Reactivated 0 0 0 0 0 1 0 0 0 0
Dormant 0 4 9 2 1 18 2 0 2 1
Active Continuous 1 10 9 0 0 38 3 4 2 2
Reactivated/Stabilized 2 6 1 4 5 13 2 1 1 2
Stabilized/Dormant 0 0 1 0 0 3 0 0 0 0
Active Continuous/ 2 9 7 0 10 52 4 1 1 0
Dormant
Reactivated/Active Continuous 0 0 0 0 0 4 0 0 1 0
No data 8 31 41 1 31 181 65 1 5 9
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