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Abstract: The study presents an integrated investigation of a complex landslide based on multitem-
poral stereo aerial photographic interpretations, existing geotechnical monitoring data, and different
PSInSAR datasets. The available information allowed for the quantification of the deformation
history, also in periods with no monitoring in the field, making it possible to revise the geometry
of the landslide compared to the official landslide mapping. Data from sparse inclinometers are
compared with more spatially continuous satellite measurements, showing that the two monitoring
techniques are consistent in terms of cumulative deformation trend and in terms of response to pro-
longed drought and wet periods. Therefore, reliable landslide mass displacements can be monitored
using satellite products when ground instrumentations are no longer operating. Understanding the
landslide behavior to rainfall conditions offers an important insight into the velocities and cumulative
displacements expected during similar stages of enhanced landslide activity. The findings can be
helpful to support urban planners in re-evaluating hazard and risk classification and implementing
efficient mitigation techniques to reduce landslide damage.

Keywords: PSInSAR; ERS; ENVISAT; COSMO-SkyMed; complex landslide; ground-based monitoring;
landslide mapping

1. Introduction

Landslide mapping is the key element of assessing landslide risk and the primary
step for landslide prevention [1]. Field surveys, including geomorphological, geotechnical,
and geophysical investigations, can provide detailed data for a landslide study, useful for
obtaining information about the shape and movement of a landslide [2–4]. Although these
approaches are commonly used in the recognition and study of landslides, they can be
time-consuming and, in some cases (e.g., large landslide areas, where the topography is
hummocky and/or the vegetation is dense, etc.) could be inefficient in identifying all the
parts of a landslide [5]. Moreover, it can be difficult to follow a landslide boundary in the
field because it is often indistinct [6]. During the past decades, studies have paid attention
to approaches for site-specific landslide mapping and analysis based on the integration
of traditional field surveys and remote sensing investigations, including GPS monitoring,
e.g., [7], multitemporal satellite Synthetic Aperture Radar Interferometry (InSAR) and
Ground-Based InSAR monitoring [8–17]. The measure and monitoring of targets with-
out a direct approach to the landslide source area is increasingly used, making satellite
PSInSAR (Permanent Scatterers InSAR) investigations an effective tool to investigate the
deformations induced by relatively rapid landslides, contributing to more accurate and
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complete landslide mapping. This approach can also help revise the Landslide Inventory
Maps (LIMs) and assess landslide hazards and risks. The need for updated knowledge on
landslides is a very timely issue; according to the River Basin District Authorities (RBDA),
the 10% territory of Central Italy is interested by high and very-high landslide hazard areas
(P3 and P4) on a scale from P1 to P4 [18]. The existing landslide mapping was obtained
by multitemporal aerial photographic interpretations coupled—in a few cases—with in-
formation taken by field surveys. Since the landslide mapping of the RBDA planning is
a dynamic instrument, it may be subject to change over time following new studies and
surveys [18]. The 2016 earthquake in Central Italy (mainshocks up to Mw 6.5) produced
several co-seismic effects [19–25], including the triggering of hundreds of landslides [26–31],
which requires the implementation of the existing landslide inventory.

Currently, a re-assessment of hazard and risk affecting landslide areas is taking place
in the territory managed by the Autorità di Bacino Distrettuale dell’Appennino Centrale
(ABDAC) by integrating updated field data and multitemporal satellite PSInSAR investiga-
tions, which allows measuring ground displacements occurring during a defined range
of time with millimeter accuracy [32]. In the framework of an agreement with ABDAC,
the University of Perugia is carrying out the revision of about 100 landslides falling in
12 municipalities of the Umbria Region affected by the earthquakes in Central Italy in 2016
(https://www.modom.it/elenco-comuni-terremoto-2016, accessed on 9 January 2023).
Among the landslides examined, the Montemartano landslide (Spoleto, Central Italy) is
taken as reference, a complex landslide (rotational slide-earth flows) involving debris and
clayey layers lying on highly tectonized calcareous and marly-arenaceous bedrock. Ac-
cording to Grana e Tommasi [33], even though the slope processes are slow for this type
of landslide, it frequently affects dwellings and roads connecting villages situated on the
stable parts of the mountain flanks. The main objective of the research is to improve the
Montemartano landslide map by integrating results from new geomorphological surveys,
multitemporal aerial photographic interpretations, existing geotechnical monitoring data,
and satellite remote-sensing PSInSAR technique. Different satellite systems are considered,
such as ERS 1–2 and ENVISAT archives (operating in the microwave C-band) and COSMO-
SkyMed, CSK (operating in the X-band). Moreover, the assessment of hazard and risk is
presented providing information for the land-use planning to the local and administrative
authorities in charge of landslide hazard management.

2. Study Area
2.1. Geological and Geomorphological Setting

The Montemartano landslide is located in the eastern part of the Monti Martani
ridge (Figure 1), a box-shaped anticline oriented NW–SE involving the deformation of
the sedimentary rocks of the Umbria–Marche sequence. An overthrust, dipping towards
WSW–SSW, determines the overlapping of the series on an eastward syncline [34].

The landslide area is included in the central sector of the anticline, where the structure
takes an NNW–SSE direction and is overturned with a series of minor folds involving
marly–clayey rocks. The area is characterized by the outcropping of the Umbria–Marche se-
quence from the Scaglia Rossa, SAA (stratified and fractured pelagic limestones and marly
limestones, Turonian–middle Eocene) to Bisciaro, BIS (ochraceous marls and marly lime-
stones, Aquitanian–Burdigalian), and Schlier, SCH (grey silty–clayey marls, Burdigalian).
Figure 1 shows the geological map of the study area as derived from the digital geological
mapping for GIS systems by the Umbria Region (https://dati.regione.umbria.it/dataset/
carta-geologica-dell-umbria, accessed on 9 January 2023). Debris deposits, remolded clayey
layers, and part of the disarticulated rock layers of the Bisciaro formation characterize the
landslide mass. The bedrock is mainly composed of the Bisciaro and Schlier formations,
the upper part of which is softened and fractured due to the minor folds developing in a
compressive stress environment (see the geological section in Figure 1). The historic center
of the Montemartano village (altitude of 570 m a.s.l.) is located on the Bisciaro formation
that is lowered by a NE–SW normal fault.

https://www.modom.it/elenco-comuni-terremoto-2016
https://dati.regione.umbria.it/dataset/carta-geologica-dell-umbria
https://dati.regione.umbria.it/dataset/carta-geologica-dell-umbria


Remote Sens. 2023, 15, 1221 3 of 18

Remote Sens. 2023, 15, 1221 3 of 18 
 

 

of the Bisciaro formation characterize the landslide mass. The bedrock is mainly 
composed of the Bisciaro and Schlier formations, the upper part of which is softened and 
fractured due to the minor folds developing in a compressive stress environment (see the 
geological section in Figure 1). The historic center of the Montemartano village (altitude 
of 570 m a.s.l.) is located on the Bisciaro formation that is lowered by a NE–SW normal 
fault. 

 
Figure 1. Geological map of the Montemartano landslide area, based on the geopackage of Umbria 
Region (https://www.onegis.it/2019/06/19/cartografia-geologica-umbria-stilizzata-per-qgis/, 
accessed on 10 January 2023), with an NE–SW geological cross section. (1) Marne a Fucoidi–FUC; 
(2) Scaglia Bianca–SBI; (3) Scaglia Rossa–SAA; (4) Scaglia Variegata–VAS; (5) Scaglia Cinerea–SCC; 
(6) Bisciaro–BIS; (7) Schlier–SCH; (8) Marnoso-Arenacea Romagnola (Galatea member)–FMA; (9) 
Talus; (10) Landslides; (11) Normal fault; (12) Thrust; (13) Dip direction of beds; (14) Inverted beds; 
(15) Anticlinal axis; (16) Geological cross-section trace. 

Figure 1. Geological map of the Montemartano landslide area, based on the geopackage of Um-
bria Region (https://www.onegis.it/2019/06/19/cartografia-geologica-umbria-stilizzata-per-qgis/,
accessed on 10 January 2023), with an NE–SW geological cross section. (1) Marne a Fucoidi–
FUC; (2) Scaglia Bianca–SBI; (3) Scaglia Rossa–SAA; (4) Scaglia Variegata–VAS; (5) Scaglia Cinerea–
SCC; (6) Bisciaro–BIS; (7) Schlier–SCH; (8) Marnoso-Arenacea Romagnola (Galatea member)–FMA;
(9) Talus; (10) Landslides; (11) Normal fault; (12) Thrust; (13) Dip direction of beds; (14) Inverted beds;
(15) Anticlinal axis; (16) Geological cross-section trace.
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From a geomorphological perspective, the area can be divided into two zones that
exhibit distinct characteristics: a mountainous western part (slope angle of 20–30◦) and
a hilly-type eastern part (slope angle of about 15◦). The latter includes most parts of the
landslide area, which shows widespread surface deformations, flattened areas, and terraces
responsible for several damage to buildings and infrastructure. Figure 2 shows the main
geomorphological features in the different landslide parts, with some examples of cracks,
distortions and dislocations produced by mass movements on some structures.
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Figure 2. (a) Main geomorphological features obtained by the field survey with some examples
of effects produced by the landslide on some structures; (b) Backward rotation of a sparse house;
(c) Cracks in the floor pertaining to a dwelling; (d) Opening of a retaining wall; (e) Cracking on a
building wall.

In the landslide head scarp area, some springs are fed by groundwater hosted in the
Scaglia Rossa formation, emerging at contact with the low-permeability Scaglia Variegata
formation. A detailed survey along the head scarp area showed that the draining system of
springs is founded on the debris outcropping along the slope. As Alta Scuola [35] reported,
the draining system of spring n. 3 in Figure 2 has been progressively detached due to
the movement of that debris body. Despite extensive remedial work in the late 1990s, in
2004, the drainage tunnel showed new signs of movement. This information gave valuable
insights into the delimitation of the extent of the landslide perimeter in the head scarp area,
which included the debris body responsible for the movement of the drainage tunnels of
the springs.
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3. Materials and Methods
3.1. Characteristic of Landslide Mass Materials and Field Monitoring Data

The Montemartano landslide area was surveyed for the first time in 2002 to charac-
terize the landslide materials overlying the bedrock and implement a monitoring plan
between 2003 and 2005, with new data acquired in 2008. The pioneer studies were carried
out by Grana and Tommasi [33] and Alta Scuola [35], who reported and analyzed the
results of the geognostic surveys (2002 campaign), and the monitoring campaign carried
out during 2003–2005. The monitoring system was integrated in 2008 (IP3) with new
information collected in 2018–2019 by Regione Umbria [36]. Table 1 shows a synthesis of
instruments, geotechnical and geophysical investigations within the landslide area taken
from the above studies.

Table 1. Synthesis of instruments, geotechnical and geophysical investigations within the landslide
area. I = inclinometer; P = Piezometer; DPSH = Dynamic Probing Super Heavy test.

Name Type Depth
(m)

Monitoring Period or Test
Execution Date

IP2 Borehole with I and
P 27.3 n. 3 acquisition during

October 2003–April 2004

IP3 Borehole with I and
P 54.5 n. 4 acquisition during

January 2008–December 2008

IP4 Borehole with I and
P 23.5 n. 8 acquisition during

February 2003–May 2004

IP5 Borehole with I and
P 15.0 n. 8 acquisition during

February 2003–April 2004

IP6 Borehole with I and
P 23.0 n. 14 acquisition during

February 2003–March 2005

IP8 Borehole with I and
P 21.0 n. 8 acquisition during

March 2003–May 2004

IP9 Borehole with I and
P 18.0 n. 6 acquisition during

February 2003–February 2004

IP11 Borehole with I and
P 12.0 n. 8 acquisition during

February 2003–July 2004

IP20 Borehole with I and
P 17.0 n. 8 acquisition during April

2003–June 2004

IP21 Borehole with I and
P 34.0 n. 1 acquisition in 2018

P1 DPSH 4.0 7 October 2002
P2 DPSH 11.0 7 October 2002
P3 DPSH 7.0 7 October 2002
P4 DPSH 6.0 7 October 2002
P5 DPSH 9.2 7 October 2002
P6 DPSH 8.8 8 October 2002
P7 DPSH 10.6 8 October 2002
P9 DPSH 9.0 15 October 2002
P10 DPSH 9.4 15 October 2002
P11 DPSH 4.6 15 October 2002
P12 DPSH 6.2 8 October 2002
P13 DPSH 5.2 15 October 2002
P14 DPSH 13.8 15 October 2002
P15 DPSH 7.8 16 October 2002
P16 DPSH 12.2 15 October 2002

CH1 Cross-hole 50.0 October 2002
CH2 Cross-hole 50.0 October 2002
CH3 Cross-hole 50.0 October 2002

Figure 3 shows the location of the field geotechnical investigations and the moni-
toring system, including a rain gauge (Montemartano, 618 m a.s.l., coordinates WGS84
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12.5947222–42.7880555) installed in 2008 in the crown zone of the landslide, which helps
investigating the effect of prolonged rainfall periods on the landslide movement. Before
2008, rainfall data were available from the San Silvestro rain gauge (383 m a.s.l., coordinates
WGS84 12.6738888–42.7558333), located about 5 km SE of Montemartano. Standard Penetra-
tion Tests in boreholes (SPT) and Dynamic Probing Super Heavy tests (DPSH) were used to
distinguish the transition between remolded materials and more preserved soil structures
in the landslide mass [36]. These tests were integrated with the results of the cross-hole
seismic profiles; the shear waves velocity (VS) in CH2 (Figure 3) reached a maximum value
of about 1600 m/s seismic at the top of the bedrock (16–19 m depth) with values lower than
1200 m/s in the overlying layers.
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Figure 3. Location of the rain gauge, field investigations, and landslide mass monitoring system
(only those falling in the landslide area are reported). Displacement vectors (maximum values during
the monitoring period) and the depth of the slip surface were obtained with data collected during the
monitoring campaign carried out between February 2003–May 2004, except for IP3, the data of which
are referred to 2008.

Materials are mainly characterized by low- to medium-plasticity soils with Plasticity
Index (PI) in the range 8–20% and low Clay Fraction (CF = 8–15%). Moreover, the residual
shear strength angle values (ϕ′R) along pre-existing surfaces show a bimodal distribution
with the most recurrent values of 13◦ and 22◦ [33,35].

Inclinometers were installed in ten boreholes with monthly measurements carried out
between February 2003–May 2004, representing the only monitoring campaign investigat-
ing most of the landslide area. An additional inclinometer was installed in 2008 (IP3 in
Figure 3), and a new monitoring campaign, highlighting no significant displacements, was
carried out on IP21 in 2018–2019. Unfortunately, as reported by [36], the latest monitoring
campaign (2018–2019) highlighted that all the inclinometers placed in the past, excluding
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IP21, were damaged by the landslide movements, making them ineffective. By analyzing
the data of the different monitoring campaigns, the maximum depth of the slip surface was
registered at about 38 m (IP3, Figure 3). The maximum displacement vector was recorded
during 2004 (6.6 mm/month in IP8 inclinometer, Figure 3).

3.2. Historical Aerial Photographs

Photo interpretation is one of the simplest but fundamental techniques for identifying
landslides. It consists of an integrated study of several indicators, such as photographic
(tone, texture, pattern), morphological (shapes, slopes, concavity, and convexity, etc.) and
photogeological (lithology, stratification, and discontinuity surfaces). In particular, the
multi-temporal photo interpretation of the same landslide area represents a valuable tool
to assess the different morphological evolutionary phases due to natural and anthropic
processes [37–39]. In the case of the Montemartano landslide, an extensive repository
of aerophotographic materials from the Umbria Region is available. The flights cover
about 40 years, from the post-war period to the end of the 20th century, in which the
anthropogenic component of the landscape, linked to increasing urban and infrastructural
development and transformations of agricultural activities, often prevailed over the natural
one. Photointerpretation was carried out using specific software (Menci Z-Map Photo,
version 3.6) on a PC workstation with a suitable graphics card and monitor 3d capable of
managing high-resolution frames in a digital format derived from aerial photo scans. A
free image editor (StereoPhoto Maker-https://stereo.jpn.org/eng/stphmkr/, accessed on
10 January 2023) made it possible to create stereographic images (anaglyphs), which can be
observed by the operator equipped with bicolor or polarized glasses. Table 2 shows the
information about the frames used for the multi-temporal comparison of the landslide area.

Table 2. Characteristics of the imagery database used in the study area.

Type Date Scale Executing Company Flight Strips Photograms

AR 06–“Volo GAI”
B/W 1954–55 1:33.000 Istituto Geografico

Militare
32
33

733–734–735
929–930

“Volo Umbria a
colori” 1977 1:13.000

Compagnia Generale
Riprese Aeree di

Parma
43A 049–050

“Volo AR34” B/W 1996–1997 1:28.000
Compagnia Generale

Riprese Aeree di
Parma

2 4019–4020

3.3. PSInSAR Technique

The PSInSAR is a technique for processing satellite data that allows the estimation of
displacements of the Earth’s surface, proving efficient in the monitoring of low deformation
phenomena belonging to “extremely-slow” to “very-slow” classes according to [40]. It is
based on using a time series of SAR satellite images [41,42]. A radar sensor mounted on
the satellite radiates an electromagnetic pulse towards stable reflectors, both natural and
anthropic, located on the Earth’s surface, which reflects the backscattered signal [43]. By
measuring the time elapsed between sending the signal and receiving the backscattered
component, the radar system can determine, with millimeter accuracy, the distance between
the sensor and the target [13,32].

According to Pigorini et al. [44], SAR datasets covering the Italian territory are available
from 1992 (ERS 1–2 satellite), followed by other SAR sensors orbiting the Earth, such as
ENVISAT and CSK. Table 3 shows the main characteristics and resolution of the different
datasets for PSInSAR analysis in the Montemartano landslide area.

https://stereo.jpn.org/eng/stphmkr/
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Table 3. Characteristics of the satellite images.

Satellite Property Revising Time (Days) Resolution
(Azimuth × Range) Band Period

ERS 1–2 European Space
Agency (ESA) 35 20 × 5 m C 1992–2000

ENVISAT European Space
Agency (ESA) 35 20 × 5 m C 2003–2010

Cosmo SkyMed
(CSK)

Italian Space
Agency (ASI) 8 up to 1 × 1 m X 2011–2014

The PS outputs include the average displacement rates over the observed period
and the time series of the deformation per point, providing information on the temporal
evolution of the displacements [13]. According to Ciampalini et al. [45], satellite sensors are
side-looking and can acquire images in two different geometries, ascending (following an
approximately S–N direction) and descending (following an approximately N–S direction).
In detail, observations with the ascending geometry are suitable for detecting movements
on west-facing slopes. In contrast, the descending geometry ones are suitable for detecting
movements located on east-facing slopes. The analysis of PS time series allows for studying
the evolution of displacements in the different seasons, also considering the meteo-climatic
conditions. For each target, cumulated displacement values (mm), the annual rate of defor-
mation (mm/year) and the quality parameters (standard deviation, stdev., and coherence,
coher.) are reported. The displacement of PS is represented by a color scale gradation from
red (negative values) to blue (positive values).

3.4. Hazard and Risk Assessment Method

The hazard and risk assessment procedure in the territories currently managed by
ABDAC (about 42.500 km2) has been developed as part of the Piano Stralcio di Assetto
Idrogeologico del F. Tevere (PAI) [46].

Four levels of hazard are defined: P1 (moderate); P2 (medium); P3 (high); P4 (very
high), which correspond to possible actions that can be performed on the territory. In the
case of P3, building enlargement for hygienic and sanitary adaptations is permitted. In P4
areas, vulnerability reduction actions can be implemented (no increase in the surface and
volume of buildings). After defining the landslide through specific analyses (geomorpho-
logical survey, photo-interpretation, etc.), the procedure includes different steps, allowing a
uniform assessment of the specific risk and the predicted total risk for different landslide
types and different classes of exposed elements. Figure 4 shows the different steps to obtain
the hazard and total risk for a sliding landslide characterized by slow movements, such as
the Montemartano one.

Step 1 allows a preliminary definition of the intensity of the landslide based on the
estimated volume, which ranges from 1 to 4 (from fair to very high). The intensity obtained
in Step 1 is used in Step 2 to obtain the hazard by considering the frequency of the landslide
occurrence over 50 years (e.g., from one event to more than three events in the selected
period). As shown in Figure 4 the color of the cells indicates the hazard level.

Step 3 uses an expedition criterion for estimating the expected damage based on
the relationships between the element at risk and the intensity and type of the expected
landslide. For each element at risk (building, infrastructure, and population), a specific
level of damage is assigned from 100 to 300. In general, the expected damage for landslide
sliding types on buildings move from non-structural (100), in the case of fair intensity, to
structural (300), in the case of very high intensity. Step 4 allows the definition of the specific
risk based on the vulnerability and hazard resulting from the previous steps. In practice,
each color of the cells in step 4 corresponds to the risk level described in step 5, from R1
to R4.
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Assetto Idrogeologico, PAI [46]).

4. Results

Integrating field surveys, multitemporal aerial photographic interpretations, existing
geotechnical monitoring data, and satellite PSInSAR monitoring allow updating the Mon-
temartano landslide map, highlighting parts of the landslide mass where movements are
affecting infrastructure and housing.



Remote Sens. 2023, 15, 1221 10 of 18

The multitemporal stereoscopic analysis—based on the interpretation of the aerial
photos listed in Table 2—indicates that in all three photo-interpreted flights, the area is
affected by vast zones of active landslides characterized by complex movements with
the combination of roto-translational sliding and flow mechanisms. The largest landslide
area is south of the Montemartano village, characterized by a detachment area with high
escarpments (set on the calcareous bedrock), which appeared in 1954 to be very eroded and
devoid of vegetation, subsequently covered by dense forest cover (Figure 5a). Downslope,
the morphology appears very articulated with successions of terraces. In the flights of
1977 and 1997 (Figure 5b,c), the presence of localized secondary movements within the
vast landslide area does not alter its general planimetric configuration. Overall, landslide
movements develop on layers of debris and ancient landslides, showing a frequent tendency
to a coalescence of detachment niches and/or accumulations and occupy entire watersheds.
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Figure 5. Multitemporal photo aerial images with anaglyphs generated with StereoPhoto Maker
software (3D glasses for proper viewing are required). (a) AR 06–“Volo GAI” B/W 1954 photogram
734 with the anaglyph beneath built with flights 734–735; (b) “Volo Umbria a colori” photogram
43A–50 with the anaglyph beneath built with flights A43–49 and A43–50; (c) “Volo AR34” B/W 1997
photogram 2-4020 with the anaglyph beneath built with flights 2-4019 and 2-4020. The white boxes
indicate the study area.

Because the data from the in situ conventional displacements monitoring system
date back more than 20 years [35], updated information about ground deformations was
extracted from PSInSAR analysis. Buildings are sensitive to movements caused by ground
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deformation, so the temporal distribution of deformations of PS allows for understanding
the landslide evolution, even in periods before the direct monitoring in the field.

Figures 6 and 7 show the cumulative displacements extracted from different selected
PS. In the new urban area of the Montemartano village—extensively affected by building
and dwelling damage (Figure 2—the analysis of ground deformations with ERS and
ENVISAT satellite (ascending) cannot be carried out due to the absence of measurement
points (Figure 6a). On the contrary, several PS represent the CSK ascending dataset well
(Figure 6b–d). PS clearly show a period with no or slow ground deformations (until
October 2012), followed by significant movements that have persisted up to the end of
the time series (velocity ranging from −10 to about −15 mm/y). The same behavior is
observed by analyzing the CSK descending dataset (Figure 7b), with a ground deformation
velocity of 10 mm/year detected starting at the beginning of autumn 2012.
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of CSK PS 20HA1001ylo. Data are in Table S1.
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Figure 7. Cumulative displacement extracted from three PS points. (a) Location of PS; (b) cumulative
displacement of CSK PS: 40KD10021qC; (c) cumulative displacement of ENVISAT PS: 1aejp000vop;
(d) cumulative displacement of ERS PS: A2TGX. Data are in Table S1.

Using the ERS and ENVISAT datasets allows the monitoring of the landslide in two
other periods, April 1992–December 2000 and October 2003–August 2010, respectively
(Figure 7c,d). The ERS descending dataset, apart from the data gap between 1993 and
1995, recorded a continuous ground deformation with a velocity of about 12 mm/year
(Figure 7d). On the contrary, the ENVISAT descending dataset (Figure 7c) shows very low
velocities with periods characterized by constant cumulative displacement values around
10 mm (September 2005–September 2008).

Figure 8 compares of the landslide polygon perimeter obtained in the present study
with those reported by [33] and by the official landslide inventory (Piano di Assetto
Idrogeologico, PAI). In the historic center of Montemartano, the data extracted from the
PSInSAR, in all the datasets, reveal no significant displacements (rate of velocity range
between−2.0 and 2.0 mm/year), indicating that this zone can be considered stable. Overall,
the landslide polygon perimeter presented here (area of about 520,000 m2) matches that
of [33], except in the head scarp area where the spring draining tunnels are located. The
PS available for the CSK ascending dataset close to the spring n. 3 intake work (Figure 6)
showed a velocity of the landslide mass of −10 ÷ −20 mm/year in the 2011–2014 period,
confirming the displacement of the debris body outcropping along the slope (see Section 2.1).
Considering the depths of the slip recorded by inclinometers (Figure 3) and the landslide
area, the landslide volume is estimated in about 7.7 Mm3.
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ported by [33] and by the official national landslide cartography (Piano di Assetto Idrogeologico, PAI).

The application of the procedure for hazard and risk assessment proposed by PAI
(Figure 4) allowed us to present a revision of the hazard and risk levels for the Montemar-
tano landslide. Step by step the procedure followed:

- Step 1: Total landslide volume of about 7.7 Mm3 with very-high intensity (4);
- Step 2: Very-high frequency (more than three events over 50 years), corresponding to

a hazard level 44 (P4);
- Step 3: Thirty-four buildings and streets on which a structural damage can occur (300);
- Step 4: By combining the hazard (44) and the structural damage (300), a specific risk

of 344 is obtained, falling in the risk level R4 (Step 5).

Compared to the current PAI planning, the total risk of the landslide area is re-classified
from R3 to R4, not including some buildings in the historic center of Montemartano
(Figure 8).

5. Discussion

The case presented provides useful insight into the use of the PSInSAR technique
in revising landslide mapping. Among the satellites used, the data coverage of CSK in
the new urban area of Montemartano is higher than ERS and ENVISAT satellites, also
allowing the quantification of the deformation history in periods with no monitoring
in the field. The cumulated displacements recorded in 2011–2014 (CSK) and 2003–2005
(ENVISAT) can be discussed considering the meteo-climatic conditions at that period
(Figure 9a,b). As shown by both CSK ascending and descending datasets (Figure 9a), long
periods characterized by average movements of about 12 mm/year were detected in the
new urban area of Montemartano village, preceded by several months with very low or no
movements (e.g., during April 2011–September 2012 period). Similar results were obtained
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in another observation period (2003–2005) by using the ENVISAT descending dataset
(Figure 9b). As reported by Wasowski and Pisano [47], data from sparse inclinometer and
more spatially continuous remote sensing measurements coupled with rainfall records can
provide information on the temporal variability of landslide motions. The sudden increase
in displacements observed in the two datasets correlates with an increase in precipitation
after prolonged dry periods. In Central Italy, and generally in the Mediterranean Region,
the 2001–2003 and 2011–2012 periods were characterized by low-rain periods [48–50],
followed by prolonged rainfall periods, with positive anomaly from mean monthly rainfall,
having significant effects on the landslide movement. Although interactions between
ongoing climate change and landslide behavior are challenging to assess [51], the shift
from drought to extreme rainfalls has recently been identified as responsible for driving
the re-activation of landslides [52]. According to Zheng et al. [53], droughts induce the
cracking of clayey soils, degrading the hydraulic–mechanical properties. The evolution of
the crack network significantly changes the pore distribution of soils and the seepage paths
for fluids [54,55], allowing the infiltration of water and increasing the pore pressure in the
landslide body during wet periods.
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Figure 9. (a) Cumulative displacement of two CSK PS points (Figures 5c and 6b) vs. rainfall anomaly
from mean monthly rainfall (Montemartano rain gauge data); (b) Cumulative displacement of the
ENVISAT PS point in Figure 6c and displacement registered at inclinometer IP6 vs. rainfall anomaly
from mean monthly rainfall (San Silvestro rain gauge data). Pi = rainfall of month i; Pm = mean
rainfall of month i.

Figure 9b also shows a comparative analysis between PS displacements (ENVISAT)
and those recorded at inclinometer IP6, located about 100 m west of the PS investigated. The
two monitoring techniques are consistent in terms of cumulative deformation trend, and—
as expected—the PS recorded lower deformation than the inclinometer. The comparison
confirms that the in situ measurements agree with the PSInSAR; thus, landslide mass
displacements can be estimated using either set of measurements. Moreover, the findings
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of PSInSAR data in periods with no on-site monitoring (e.g., after 2005), can be used to
improve the monitoring system’s design.

6. Conclusions

The satellite and ground-based displacement data analysis on a complex landslide
in Central Italy has shown a good agreement between PS displacement rates and the
in situ measurements. Moreover, the PSInSAR technique gave additional information
to be integrated with that derived from conventional methods for landslide mapping.
The landslide polygon has been re-examined thanks to the PSInSAR technique. All the
available datasets (ERS, ENVISAT, and CSK) provided a high density of stable PS over the
Montemartano historic center; therefore, some buildings have actually been removed from
the PAI polygon.

Although this type of landslide is characterized by slow movements and a complex
pattern of displacements, the transition between prolonged droughts and wet periods played
an essential role in driving the re-activation of the landslide. Identifying the behavior of the
landslide to rainfall conditions offers an important insight into the velocities and cumulative
displacements to be expected during similar stages of enhanced landslide activity.

The findings can be helpful to support urban planners in implementing efficient
mitigation techniques to reduce landslide damage.

Supplementary Materials: Surface displacement values can be downloaded at https://www.mdpi.
com/article/10.3390/rs15051221/s1, Table S1: Displacement values of PS of ENVISAT, CSK, and
ERS datasets.
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