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The potential use of the integration of PSI (Persistent Scatterer Interferometry) and GB-InSAR (Ground-based

Synthetic Aperture Radar Interferometry) for landslide hazard mitigation was evaluated for mapping and mon-

itoring activities of the San Fratello landslide (Sicily, Italy). Intense and exceptional rainfall events are the main

factors that triggered several slope movements in the study area, which is susceptible to landslides, because of

its steep slopes and silty–clayey sedimentary cover.

In the last three centuries, the town of San Fratello was affected by three large landslides, developed in different

periods: the oldest one occurred in 1754, damaging the northeastern sector of the town; in 1922 a large landslide

completely destroyed a wide area in the western hillside of the town. In this paper, the attention is focussed on

the most recent landslide that occurred on 14 February 2010: in this case, the phenomenon produced the failure

of a large sector of the eastern hillside, causing severe damages to buildings and infrastructures. In particular, sev-

eral slow-moving rotational and translational slides occurred in the area, making it suitable to monitor ground

instability through different InSAR techniques.

PS-InSAR™ (permanent scatterers SAR interferometry) techniques, using ERS-1/ERS-2, ENVISAT, RADARSAT-1,

and COSMO-SkyMed SAR images, were applied to analyze ground displacements during pre- and post-event

phases. Moreover, during the post-event phase inMarch 2010, a GB-InSAR system, able to acquire data continu-

ously every 14 min, was installed collecting ground displacement maps for a period of about three years, until

March 2013. Through the integration of space-borne and ground-based data sets, ground deformation velocity

maps were obtained, providing a more accurate delimitation of the February 2010 landslide boundary, with re-

spect to the carried out traditional geomorphologicalfield survey. The integration of GB-InSAR and PSI techniques

proved to be very effective in landslidemapping in the San Fratello test site, representing a valid scientific support

for local authorities and decision makers during the post-emergency management.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Landslidemapping in the field is often a quite complex task; this can

be owing to (i) the size of the landslide, often too large to be completely

observed in the field; (ii) the viewpoint of the investigator, often inade-

quate to see all parts of a landslide (e.g., the scarp, lateral edges, deposit,

toe) with the same detail; or (iii) the fact that old landslides are often

partially or totally covered by vegetation or have beenpartly dismantled

by other landslides, erosion processes, and human actions, including ag-

ricultural and forest practices (Guzzetti et al., 2012). The reduced visibil-

ity of the slope failure makes it difficult to accurately follow a landslide

boundary in the field: this is a consequence of the local perspective of

the size of the landslide and of the fact that the landslide boundary is

often indistinct.

Thus, the perspective offered by a distant view of the landslide is

preferable and can result inmore accurate andmore complete landslide

mapping (Guzzetti et al., 2012).

In this paper, an improvement of the 2010 San Fratello landslide

mapwas performed through the use of radar interferometry, specifical-

ly integrating the Persistent Scatterer Interferometry (PSI) with the

Ground-based Synthetic Aperture Radar Interferometry (GB-InSAR).

The PSI is awell-known powerful and advancedmultitemporal inter-

ferometric SAR technique, which allows measuring centimetric and

subcentimetric ground displacements occurring during a defined range

of time with millimeter accuracy (Ferretti et al., 2001). This work fully

exploits both the satellite systems operating in the microwave C-band

(i.e., ERS 1/2, ENVISAT, and RADARSAT-1 interferometric archives) and
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new generation SAR data acquired in X-band by the recent space mis-

sions, such as COSMO-SkyMed. The analysis of the benefits introduced

by the aforementioned new satellite missions, in terms of technical per-

formances and improvements in applications, was here investigated.

The GB-InSAR is a powerful terrestrial technique, widely used in en-

gineering and in geological applications to detect the target (structure

and ground) displacements (Casagli et al., 2002; Tarchi et al., 2003a;

Noferini et al., 2007; Casagli et al., 2009; Herrera et al., 2009; Casagli

et al., 2010; Del Ventisette et al., 2011). A GB-InSAR is a ground-based

system that works with the same principles as space-borne sensors

for monitoring ground deformation phenomena.

The interferometric technique is based on a comparison between

two SAR images acquired at different times; this permits evidence of

eventual displacements occurring during the time span between the

two acquisitions. The time necessary to the sensor to realize two subse-

quent acquisitions is connected to the range of displacement velocities

that the instrument can recognize. Therefore, satellite data are useful

in monitoring extremely or very slow movements, whereas the GB-

InSAR devices allow the assessment of ground deformations of faster

landslides, thanks to the possibility of realizing higher frequency mea-

surements (Corsini et al., 2006; Noferini et al., 2008). In addition, the

spatial coverage of satellite data is limited by the SAR imaging geometry

caused by layover, foreshortening and shadowing effects (Ferretti et al.,

2001). A GB-InSAR, on the other hand, also can be placed in front of

steep slopes, which are in most cases not visible from space-borne

platforms.

The PSI and GB-InSAR work at different spatial and temporal scales.

Because of the above-mentioned characteristics and differences, the in-

tegration of these techniques enables us to obtain useful information on

the ground displacement measurements, with high precision and im-

proved spatial and temporal resolution. In particular, the use of PSI al-

lows performing a preliminary study on ground displacements at a

basin scale, providing hotspot mapping (which can be useful prior to

planning a GB-InSAR system installation for a monitoring campaign)

over a specific area affected by landslides.

Between the end of 2009 and the beginning of 2010, the Nebrodi

Mountains (western Sicily, Italy) were highly affected by several land-

slide events causing intense damages and casualties. Some of these

landslides are still active at present day. Intense and exceptional rainfall

events (about 900mm in the period betweenOctober 2009 and January

2010) were the main factor that, combined with the strong topograph-

ical relief, triggered several slope movements. In this work, the PSI and

GB-InSAR techniques were qualitatively integrated in order to improve

the 2010 landslide map. The satellite data, measured along the satellite

Line Of Sight (LOS), were projected on the slope direction, providing the

component of the velocity registered by the sensors on the direction of

the slope (Vslope). The line of sight of the GB-InSAR system is quite sim-

ilar to the slope direction, so the displacements registered in this direc-

tion are comparable to the projected satellite data.

A list of the used satellite data is shown in Table 1 together with the

characteristics of the sensors. The GB-InSAR data were recorded during

the monitoring campaign, realized between March 2010 and March

2013: in this period the instrument generated interferograms continu-

ously, every 14 min.

The integration was based on a binary approach to divide the areas

characterized by displacements from the ones without displacements.

The method was validated comparing the results with the evidence of

the damage assessment map produced by the Department of Civil Pro-

tection (Fig. 5) and on the basis of the results of field trips, which

allowed us to detect soil fractures and landslide scarps (Figs. 4C

and 5). The integration was used to update the map of the San Fratello

landslide.

2. Geomorphological and geological framework

The town of San Fratello is located in northeastern Sicily, Italy

(Messina Province, Fig. 1B), on the northwestern hillside of the Nebrodi

Mountains (Fig. 1A), a 70-km-long ridge with an ENE–WSW direction,

within the southern Apennine chain.

The geomorphology of the study area shows the typical features of

the Sicilian Tyrrhenian coastline: steep slopes rise abruptly from the

coastal plain and are deeply cut by N–NW-directed creek valleys (called

fiumare). In this context, the town of San Fratello is located about 5 km

south of the seaside, on a divide separating the Furiano Creek valley to

the west from the Inganno Creek valley to the east (Fig. 1C).

From a geological point of view, the study area is part of the north-

eastern sector of theApennine–Maghrebian orogenic belt, and it is char-

acterized by the tectonic overriding of the uppermost Kabilian-Calabrid

units, consisting of dolomitic limestones and sandstones (Fig. 2A, B),

formed in this area mainly by marlstone and claystone formations

(Ogniben, 1960; Atzori and Vezzani, 1974; Lentini and Vezzani, 1975;

Atzori et al., 1978; Lentini et al., 1990, 1994, 1995; Finetti et al., 1996;

Lentini et al., 2000). This geological framework determines the overlap-

ping of geological formations with marked differences in geotechnical

properties, deeply influencing the study area landscape and slope

instability phenomena: hilltops, made of hard-brittle lithologies, are

undermined by the weathering and erosional processes taking place

in the underlying soft clayey formations. In the San Fratello area, on

the top of the bedrock, a silty–clayey cover lies with an average thick-

ness of about 10 m; the 2010 landslide affected this layer, involving all

the thickness or the biggest part of it, with a surface rupture 8–10 m

deep (Pino et al., 2010). The low quality of the geotechnical properties

of this layer probably played an important role in the landslide trigger,

together with the steep slope angle (more than 30°) and the intense

precipitation events of the period. In particular, the period between

October 2009 and January 2010 recordedmore than 900mm of precip-

itation (Fig. 3). The area was impacted by other similar phenomena in

the past; in 1754, a large landslide damaged the northeastern sector of

Table 1

Characteristics of the satellites used for the PS-InSAR monitoring of the San Fratello landslide.

Satellite ERS 1/2 ERS 1/2 ENVISAT ENVISAT RADARSAT-1 RADARSAT-1 COSMO-SkyMed

Band C C C C C C X

Geometry Ascending Descending Ascending Descending Ascending Descending Descending

Repeat time (days) 35 35 35 35 24 24 4

Temporal range 11/09/92–05/06/00 01/05/92–08/01/01 22/01/03–22/09/10 07/07/03–13/09/10 30/12/05–04/09/09 31/01/06–06/10/09 16/05/11–02/05/12

N° scenes 34 70 65 49 46 47 32

PS/km2 6.55 2.25 64.74 20.41 112.73 86.86 400.62

Spatial accuracy (m) ±4–±10 ±4–±10 ±4–±10 ±4–±10 ±4–±8 ±4–±8 ±3

0 ± dev. stand.

(mm/y) (0 ± σ)

0 ± 2.5 0 ± 1.7 0 ± 2.1 0 ± 1.5 0 ± 2.5 0 ± 2.1 0 ± 3.7

LOS vel. range

(min, max)

(mm/y)

−9.5, +7.2 −26.8, +8.6 −39.3, +10.1 −22.5, +5.9 −46.8, +19.8 −26.3, +20.5 −56.4, +31.8

Mean LOS vel.

(mm/y)

−0.5 −0.4 0.0 −0.6 −0.4 0.0 −1.0
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the town; in 1922 a wide area in the western hillside of the town was

completely destroyed by another landslide (Fig. 4A). In Fig. 4B, the land-

slide inventory map (PAI, Hydrogeological Setting Plan databases) of

the area is shown; it was performed before the 2010 collapse and con-

firmed the existence of a large, dormant, complex, landslide phenomena

as well as several other smaller, active, and shallow-seated mass

movements.

The 14 February 2010 landslide (Fig. 4) represents the most recent

event, causing the failure of a large sector of the eastern hillside, induc-

ing severe damages to buildings and infrastructures, in particular in the

quarters of Stazzone, Riana, Porcaro, and San Benedetto (Bianchini et al.,

2014) (Fig. 4C).

In detail, the 2010 landslide, affecting an area of about 1 km2, devel-

oped from the eastern sector of the town area toward the IngannoCreek

valley for a length of about 1.8 km (Fig. 4C). This landslide, mainly

involving the silty–clayey overlay, is a complex rotational mass move-

ment that intensively modified the topographic slope surface, produc-

ing multiple failures, traction cracks, and counterslopes (Fig. 4C). On

this geomorphological map, some kinematic indicators are represented,

emphasizing the direction of the flow toward the valley of Inganno

Creek (Fig. 4C); the areas characterized by ground and building lacera-

tions were also pointed out, together with the damaged drain pipelines

and the hydrographic network that was intensely modified, producing

concentrated runoff and several small landslide lakes. The landslide, in

its lower sector, evolved in an earth flow, channelizing into a stream

bed corresponding to a tributary of the Inganno Creek.

An overview of the building damages and of the fracture pattern is

represented in Fig. 5.

In particular, the landslide main scarps, characterized by heights be-

tween 5 and 10m, are located in themiddle and upper part of the slope

about 500m east of the town center (Fig. 5D, correspondent to sector 1,

Porcaro quarter, in Fig. 4C). In this latter sector, where the ground sur-

face planar translation reached 50 m, severe damages to some isolated

buildings and local roads occurred. In the eastern town sector, charac-

terized by a high building density, translational sliding phenomena de-

termined subparallel fracture systems and scarps in the Riana quarter

(sector 3 in Fig. 4C), while in correspondence with the Stazzone quarter

(sector 2 in Fig. 4C), rotational phenomena induced several extensional

and compressive fractures (Fig. 5). In both quarters, several buildings

were intensively damaged (e.g., the church and the primary school in

the Stazzone quarter in particular, Fig. 5A) or completely destroyed to-

getherwith the sewer system. The southern town sector (SanBenedetto

quarter, sector 4 in Fig. 4C) was affected by translational and rotational

phenomena, which induced intense ground laceration and formed

scarps up to 5 m high, destroying several buildings (Fig. 5C), water

pipes, and roads. The upper part of the town, in correspondence with

the divide (sector 5 in Fig. 4C), was also affected by intense ground de-

formation phenomena (Fig. 5B).

3. Methodology

The InSAR techniques, applied from space-borne and ground-based

platforms, have proven to be a powerful tool in the field of ground dis-

placement analysis, thanks to their high spatial and temporal resolution

as well as all-weather capability (Massonnet and Feigl, 1998; Singhroy

et al., 1998; Crosetto et al., 2011).

Radar techniques are an example of active remote sensing: radar

sensors emit a microwave radiation in order to scan objects and areas,

recording the reflecting or backscattering radiation of the target. The

SAR interferometry techniques are based on the evaluation of the

phase difference (interferometric phase) between two or more acquisi-

tions of SAR images, enabling us to detect movements along the Line Of

Sight (LOS) (Tarchi et al., 1997; Antonello et al., 2004; Crosetto et al.,

2005). In the absence of errors caused by the propagation of the radar

signal in the atmosphere, to the pixel scattering, and to the instrumental

and geometrical decorrelation, the lag owing to the propagation is pro-

portional only to the distance between the sensor and the target. When

a displacement occurs in the elapsing time between two acquisitions,

the interferometric phase will vary accordingly. The SAR interferometry

uses this effect in order to measure ground deformation (Ferretti et al.,

2000). Because of the ambiguous nature of the 2π interferometric

phase-wrapping, a quarter of the wavelength represents the maximum

displacement that can be recorded between two successive acquisi-

tions; this effect is called aliasing and it represents one of the main lim-

itations of the technique applications (e.g., Hanssen, 2005; Crosetto

et al., 2010).

3.1. PSI technique

Space-borne InSAR is an effective technique for ground deformation

measurements over large areas, ideal for monitoring subvertical dis-

placements of the ground surface characterized by low velocity. The

principal limitations of the classical DInSAR (Differential Interferometric

SAR) techniques are caused by temporal and geometrical decorrelation

Fig. 1. Geographic framework (A–B) and digital elevation model (C) of the San Fratello area.
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Fig. 2. Tectono-stratigraphic section (A) and geological map (B) of the San Fratello area (modified after Pino et al., 2010).

Fig. 3. Daily precipitation value (mm) registered in the San Fratello area between October 2009 and October 2010.
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Fig. 4. (A) The three landslides affecting San Fratello: the 1754 landslide in red, the 1922 landslide in yellow and the 2010 landslide in blue. (B) Inventory landslidemap of the San Fratello

area (PAI, 2010). (C) Geomorphological map of the 2010 landslide (Pino et al., 2010). San Fratello quarters: 1, Porcaro; 2, Stazzone; 3, Riana; 4, S. Benedetto; and 5, Latteri Street.
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and atmospheric noises (Colesanti et al., 2003). On the contrary, the

multi-interferogram approach, such as the PS-InSAR™ technique

(Ferretti et al., 2001), obtains a precise ground deformation map on a

sparse grid of phase-stable radar targets (the so-called permanent scat-

terer, PS). The PS targets correspondmainly toman-made (monuments,

metallic structures) or natural objects (such as rock outcrops) that are

stable and coherent scatterers (Ferretti et al., 2000). Therefore, urban-

ized zones and cities are characterized by a high PS density; whereas,

within vegetated, rural, and forested areas, benchmarks are very few

and PSI tends to occasionally fail. Satellites follow near-polar orbits

and are rightward side-looking. Thus, in ascending orbit, the LOS of

the satellite is oriented toward the east, and it is more useful to detect

the displacements that occur in this direction. On the contrary, the de-

scending orbit satellites are more suitable for the observation of west-

facing slopes.

The PS-InSAR™ technique is able to identify the PS displacement as

the only contribution to the signal phase shift, until the aliasing effect is

negligible; this technique permits us to have a long temporal series of

SAR data. Multiple differential interferograms obtained from a set of

radar scenes, acquired on the same track, provide displacement mea-

surementswith high precision. Specifically, the precision on the average

LOS deformation rate is about 0.1–1 mm/y; while on the displacement

time series a single measure is 1.5 mm/y (Ferretti et al., 2000, 2001,

2005; Hanssen, 2005; Raucoules et al., 2008; Crosetto et al., 2010). Ac-

cordingly, this technique has been successfully applied in the field of ge-

ology (e.g., subsidence, earthquakes, volcanic activities) for scientific

studies and for hazard and risk assessment strategies (Farina et al.,

2004; Meisina et al., 2008; Cigna et al., 2011; Pulvirenti et al., 2011;

Bianchini et al., 2012; Ciampalini et al., 2012; Cigna et al., 2012;

Raspini et al., 2012; Zhao et al., 2012; Del Ventisette et al., 2013;

Ciampalini et al., 2014). Within the study area, in order to produce

ground deformation velocity maps, the following satellite SAR data

were employed: ERS 1/2, ENVISAT (European Space Agency), and

RADARSAT-1 (Canadian Space Agency) data, provided by the Italian

Civil Protection Department (DPC), and COSMO-SkyMed (Italian Space

Agency) data. Satellite SAR frames cover areas up to 100 km2, with res-

olutions of a few meters. The revisiting time of the present satellites

over the same area ranges between 4 and 35 days. In Table 1, more in-

formation about the revisiting time, the temporal range and the number

of available satellite scenes, the PS density, and the spatial accuracy of

the SAR data are recorded; statistical data about the records of the sat-

ellites are also included in Table 1.

The ERS 1/2, ENVISAT, and RADARSAT-1 data stack in descending

and ascending orbits and the COSMO-SkyMed in descending orbit has

been processed by Tele-Rilevamento Europa (TRE) using SqueeSAR™,

which represents the evolution of the PS-InSAR™ technique (Ferretti

Fig. 5. Building damage and fracture patternmaps (courtesy of the Regional Civil Protection Department, Sicily) and example of ground deformations and damages to buildings and struc-

tures in the 2010 landslide area (A, structural damages to the primary school building, Stazzone Quarter; B, damages to the pavement of Latteri Street; C, building failure in San Benedetto

quarter; D damages to local road in Porcaro Quarter).
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et al., 2001, 2011). For measuring ground displacements, this new ad-

vanced multitemporal interferometric technique uses permanent scat-

terers and the so-called distributed scatterers (DS), which correspond

to homogeneous areas spread over a group of pixels in a SAR image

(rangeland, pasture, shrubs, and bare soils). The SqueeSAR™ technique

increases the density of the point targets that register ground motion

with respect to the traditional PS-InSAR™ technique, and it is very use-

ful in the case of sparse vegetation landscapes (Meisina et al., 2013;

Raspini et al., 2013; Bellotti et al., 2014). As recorded in Table 1, the

ERS 1/2, ENVISAT, and RADARSAT 1 satellites acquired in C-band

(COSMO-SkyMed uses the X-band data) that improves the level of de-

tail of the investigation and the PSI capability for landslide mapping

andmonitoring. Indeed, the X-band satellites produce a new generation

of SAR data, characterized by shorter revisiting time and higher spatial

and temporal resolution with respect to C-band satellites, that can rep-

resent an effective tool for rapid updating of landslide inventory maps

and for hazard and risk studies (Crosetto et al., 2010; Bovenga et al.,

2012; Frattini et al., 2013). Regarding the aliasing effect, velocities

compromising the PSI processing depend on the employed SAR micro-

wave length and on the satellite repeat cycle: they are about 15 cm/y

for ERS/ENVISAT data (C band), 21 cm/y for RADARSAT (C-band), and

about 70 cm/y for COSMO-SkyMed (X-band).

As the 2010 landslide affected the east-facing slope, the best infor-

mation about displacement was obtained from data stacks in ascending

orbit. On the other hand, the descending orbit acquisition was more

useful to identify recent displacements of the historical 1922 landslide,

which took place on the west-facing slope. Considering the limitation

related to the vegetation cover and in correspondence with the central

and lower parts of the 2010 landslide, the highest number of PS was lo-

cated in correspondence with the San Fratello town area, where the

crown of both landslides was located.

3.2. GB-InSAR technique

In recent years, the GB-InSAR has proven to be a reliable and consis-

tent technique for landslide monitoring applications (Luzi et al., 2004;

Casagli et al., 2010; Gigli et al., 2011). A GB-InSAR system consists in a

computer-controlled microwave transceiver, characterized by a trans-

mitting and receiving antenna that, bymoving along a mechanical line-

ar rail, is able to synthesize a linear aperture along the azimuth

direction. The transmitting antenna produces step-by-step continuous

waves at discrete frequency values, sweeping a specific bandwidth gen-

erally in Ku band. A SAR image contains amplitude and phase informa-

tion of the observed objects backscattered echo within the investigated

scenario, and it is obtained by combining the spatial resolution along the

direction perpendicular to the rail (range resolution, ΔRr) and the one

parallel to the synthetic aperture (azimuth or cross-range resolution,

ΔRaz) (Luzi et al., 2010). The working principle of the GB-InSAR

technique is the evaluation of the phase difference, pixel by pixel, be-

tween two pairs of averaged sequential SAR complex images, which

constitutes an interferogram (Bamler and Hartl, 1998). The latter does

not contain topographic information, given the antennas fixed position

during different scans (zero baseline condition); therefore, in the time

elapsed between the acquisition of two or more subsequent coherent

SAR images, it is possible to derive from the obtained interferogram a

map of thedisplacements that occurred along the sensor LOSwith amil-

limeter accuracy in the Ku band (Tarchi et al., 1997, 2000; Pieraccini

et al., 2000a,b, 2003). Specifically, using ground-based platforms it is

also possible to obtain centimetric spatial resolution with an accuracy

of b0.5 mm. According to the specific acquisition geometry, only this

component of the real displacement vector can be estimated, whereas

the displacements that occurred along a direction perpendicular to the

LOS aremissed. This is one of the limitations of the GB-InSAR technique.

The radar systemmust be placed in order tomake the sensor LOS as par-

allel as possible to the expected direction of the landslide motion. Nev-

ertheless, the GB-InSAR represents a versatile and flexible technology,

allowing rapid changes in the type of data acquisition, such as geometry

and temporal sampling, based on the characteristics of the monitored

slope failure.

In the post-event phase, in order to monitor the San Fratello 2010

landslide and to assess its residual risk, a GB-InSAR system was set up

on the left flank of the Inganno Creek valley in the Sanguinera village

area opposite the San Fratello town (Fig. 6). The instrument was

installed on 8 March 2010 and it started to acquire data two days

later. The employed system is a ground-based SAR, designed and imple-

mented by the Joint Research Centre (JRC) of the European Commission

and its spin-off company Ellegi-LiSALab (Tarchi et al., 2003a,b;

Antonello et al., 2004; Casagli et al., 2009, 2010; Gigli et al., 2011; Del

Ventisette et al., 2012a,b; Tapete et al., 2012; Di Traglia et al., 2013;

Intrieri et al., 2013). The radar system was installed at an average dis-

tance of 2100 mwith respect to the landslide (Fig. 6). The area covered

by a GB-InSAR systemdepends on this distance, which is usually limited

to a few hundreds of meters up to a few kilometers, corresponding to a

patch-landscape scale. In the specific case of San Fratello, the covered

area is about 1 km2, like the landslide extension. The accurate displace-

mentmaps can be produced only for the upper part of the landslide be-

cause the vegetated part is not visible by the GB-InSAR.

The radar parameters used during the measurement campaign are

summarized in Table 2. Regarding the aliasing effect, it reduces to

4.4 mm the maximum displacement that can be recognized without

ambiguity using the system installed on the test site. Contrary to the sat-

ellite systems, the repeat cycle of theGB-InSAR instruments is character-

ized by higher frequency; in the case of San Fratello, themeasures were

acquired every 14min: during themonitoring period the displacements

never exceeded the threshold of 4.4 mm in 14min, so the aliasing effect

was avoided.

Fig. 6. Location of the San Fratello GB-InSAR system installation (A) and resolution grid size and parameters used during the monitoring campaign (B).
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3.3. Data integration

Regarding the San Fratello 14th February 2010 landslide, the dis-

placementswere studied during the pre- and post-event by the integra-

tion between space-borne and ground based InSAR techniques. The

integration methodology is schematically described in Fig. 7 and

consisted of three principal steps: the data collection, the SAR data

post-processing, and the pre- and post-event data integration. During

the data collection phase, geological and geomorphological field surveys

were realized together with the acquisition of ancillary data (i.e., an

orthophoto of the study area, landslide inventory map PAI databases,

2010, damage assessment map). Then satellite and ground-based SAR

data were collected, covering a period of pre- (ERS 1/2, ENVISAT,

RADARSAT-1) and post-event (COSMO-SkyMed and GB-InSAR). During

the second step, the SAR data post-processing was performed: in order

to increase the comparability of the different data sets, the satellite data

were projected along the slope direction, which is quite similar to the

GB-InSAR LOS; the procedure used for the projection is the same de-

scribed in Colesanti and Wasowski (2006) and later in Bianchini et al.

(2013) and in Herrera et al. (2013). The downslope projected velocity

is called Vslope. Ground deformation velocity (Vslope)mapswere obtained

and superimposed on the orthophoto (characterized by a 1-m geomet-

ric resolution) and compared with the available landslide delimitation,

performed a few days after the event, on the basis of the field evidences

(geomorphological surveys and building damage assessment; Figs. 4C

and 5).

To classify the PSI data, a stability Vlos threshold at ±2 mm/y for C-

band data was considered. This threshold is based on several published

PSI analyses on landslide studies (e.g., Righini et al., 2012; Herrera et al.,

2013).

In the study area, the velocity ranges of PSI datameasured by the dif-

ferent satellite systems are comparable for all the PS populations: all the

maximum (positive) and minimum (negative) velocity values range

within a few tens of millimeters per year. The C-band data show a stan-

dard deviation of the velocity of about 2.0. The X-band PSI data have a

slightly higher standard deviation (3.7) than C-band. This featuremain-

ly depends on the number and distribution of SAR scenes used for the

processing over the temporal acquisition period. Nevertheless, in our

case, X-band COSMO-SkyMed data set includes a sufficient number of

images (i.e., 32 images) homogeneously distributed over one year ac-

quisition. Considering this characteristic, the same stability threshold

value (±2 mm/y) has been used for C-band and for X-band data in

order tomake all theused PSI data acquired bydifferent satellite sensors

as comparable as possible. Moreover, this value is acceptable as it does

not exceed the precision of the PSI technique.

To classify Vslope data, the same statistical considerations were taken

into account, considering the negative skewness of the Vslope PS popula-

tion. So the Vslope positive data that represent outliers in the distribution

are negligible, and therefore the Vslope stability value is chosen between

0 and −2 mm/y. Statistical data of the PSI data sets are displayed in

Table 1.

At the same time, GB-InSAR data were analyzed to obtain displace-

ment maps and time series of 10 stable points, chosen in areas where

the radar signal is characterized by high stability, high signal/noise

ratio, and high power and coherence parameters.

The third step is defined data integration and consisted of the quali-

tative integration between space-borne Vslopemaps and ground-based

displacement maps; the integration was based on a binary approach

to identify the areas characterized by displacements to the oneswithout

evidence of movement, during the pre- and post-event period. The

Table 2

GB-InSAR system parameters used to monitor the San Fratello landslide.

Central frequency Band width Synthetic aperture Min. distance Max. distance ΔRr ΔRaz

(at 900-m distance)

ΔRaz

(at 3300-m distance)

Scanning time

17.1 GHz 200 MHz 3.00 m 900 m 3300 m 1.5 m 3 m 11 m 14 min

Fig. 7. Flowchart showing the used methodology.
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targetwas to update the landslide limit, to perform amore precise land-

slide map. The combined use of the space-borne and the ground-based

SAR data provided ground displacement measurements with high spa-

tial and temporal accuracy, allowing us to better and more accurately

trace the delimitation of the 2010 landslide. Furthermore, the integra-

tion of PS- and GB-InSAR approaches allows overcoming their physical

limitations. Therefore, in order to compare the results of both tech-

niques, it is possible to study the same area from different points of

view and in different temporal intervals.

In order to validate the integration results, the new landslide map

resulting from the SAR data integration was qualitatively compared

with the field survey results, i.e., the geomorphological map (Fig. 4C),

the building damage assessment and the fracture pattern map (Fig. 5).

4. Results

4.1. PSI data

The ground deformation velocitymapswere characterized by differ-

ent PS density and acquisition periods. The ERS 1/2, ENVISAT, and

RADARSAT-1 data were acquired during the pre-event phase (1992–

2010) with respect to the 2010 landslide and COSMO-SkyMed data

were collected during the post-event phase (2011–2012). The PS distri-

bution within the 2010 landslide is not homogeneous; most of the PS

are located in correspondence with the buildings of San Fratello,

allowing the observation of the ground deformation phenomena along

the landslide crown, whereas within the landslide body, the presence

of PS is strongly reduced from the absence of reflectors. Each PS is char-

acterized by a Vlos that can be positive or negative. The first case occurs

when the target approaches the sensor along the LOS; on the contrary,

negative values characterize PS moving away from the sensor.

Projecting PSI data on the downslope direction, only the negative por-

tion of the displacements is emphasized and−2 mm/y is considered

the stability threshold value.

4.1.1. ERS 1/2

In Fig. 8, the ground deformation velocity maps, obtained using ERS

1/2Vslope data (1992–2001), are shown in both acquisition orbits. The PS

average density is low (Table 1), but it is sufficient to make some obser-

vations about the stability of the town of San Fratello. In Fig. 8, it is pos-

sible to note that the crown of the 2010 landslide is basically stable,

except an area characterized by displacements between −2 and

−5 mm/y, emphasized with a red dashed line in the figure; neverthe-

less very little information can be retrieved about the landslide body.

The areas involved in the crowns of the historical landslides of 1754

and 1922 show a residual activity, with average velocities between

−2 and more than −20 mm/y (Fig. 8), as highlighted by the Vslope

maps acquired in ascending and descending orbits (Fig. 8A and B).

4.1.2. ENVISAT and RADARSAT-1

The ground deformation velocity (Vslope) maps obtained through the

processing of ENVISAT (2003–2010) and RADARSAT-1 (2005–2009)

images, acquired in ascending and descending orbits, are shown in

Fig. 9. The data obtained by these two satellites were superimposed

on the same map because the temporal range of acquisition of

RADARSAT-1 data partially overlaps to that of ENVISAT, therefore their

results have proven to be useful for a comparison of the measured

ground deformations. These maps proved to be more useful with

Fig. 8. PS grounddeformation velocitymaps (Vslope), using ERS 1/2, obtained through data acquired in ascending (A) and descending (B) orbits. The areas characterized by higher displace-

ments are emphasized with a red dashed line.
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respect to those obtained by ERS 1/2 because of their higher PS density

(Table 1). In particular, the map obtained using the ascending orbit

(Fig. 9A) is characterized by a good density of targets, also within the

2010 landslide body, allowing a better understanding of the pre-event

ground deformations affecting the east-facing slope.

The ENVISAT data, indicated with crosses in Fig. 9, show the pres-

ence of relevant displacements on the east-facing slope since 2003,

more evident in ascending orbit (Fig. 9A) data stacks, where they are

characterized by velocities between −5 and more than −20 mm/y

(Fig. 9A). Considering the 2010 landslide body, most of the unstable

PSs are placed outside the landslide boundary. Data acquired in de-

scending orbit clearly show displacements located on the west-facing

slope in the area affected by the 1922 landslide crown (Fig. 9B). Further-

more, several PSs showdisplacements in correspondencewith the 1754

landslide crown (Fig. 9A).

As regards RADARSAT-1 data among the C-band sensors, they are

characterized by the highest PS density (Table 1).

According to ENVISAT data, the ascending RADARSAT-1 ones (indi-

cated with circles in Fig. 9A) clearly show within the 2010 landslide

body two areas affected by ground deformation that reach velocities

ranging from−5 to more than−20 mm/y and that are marked with

red dashed lines in Fig. 9A. These data sets are very interesting because

the acquisition interval ends a fewmonths before the 2010 landslide. In

addition, thesemaps clearly showdeformations in correspondencewith

the area affected by the 1754 landslide crown (Fig. 9A). The descending

data set highlights ground deformation in the 1922 landslide area

(Fig. 9B) with velocities between−5 and more than−20 mm/y.

4.1.3. COSMO-SkyMed

The COSMO-SkyMed data were available only in descending orbit;

the related ground deformation velocity map (Vslope) is shown in

Fig. 10. The COSMO-SkyMed data are representative of the 2010 land-

slide post-event period and are related to a shorter acquisition period

(2011–2012) with respect to the other employed satellites. The ac-

quired COSMO-SkyMed ground deformation Vslopemap is characterized

by a higher PS density with respect to those obtained using the C-band

sensors, but the PS population is affected byhigher velocity standard de-

viations because of the short acquisition period (1 year).

In particular, Fig. 10 shows the presence of relevant displacements

located in the northern part of the 2010 landslide (Stazzone quarter,

sector 2 in Fig. 4C). The southern part of the San Fratello town (San

Benedetto quarter, sector 4 in Fig. 4C) is also affected by deformation,

highlighted by the presence of a cluster of PS showing velocities be-

tween−5 and more than−20 mm/y. The qualitative ground valida-

tion, based on the damages of buildings and structures, and on the

scarps and fractures observed during the field surveys confirms dis-

placement trends according to those registered by the satellite data.

The COSMO-SkyMed ground deformation velocity (Vslope) map, if com-

pared to those acquired during the pre-event phase, clearly shows

that most of the deformation phenomena are located along the 2010

landslide crown; nevertheless evidence of ground displacement is also

present in the landslide body. Thesemore recent satellite data continue

to show the presence of deformation phenomena located in correspon-

dence with the 1754 landslide crown, according to the C-band satellite

data. Information about the 1922 landslide displacements is spatially

Fig. 9. PS ground deformation velocity maps (Vslope), using ENVISAT and RADARSAT-1, obtained through data acquired in ascending (A) and descending (B) orbits. The ENVISAT PSs are

shown as crosses, and the RADARSAT are shown as circles. The areas characterized by higher displacements are emphasized with red dashed lines.
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reduced because the town of San Fratello is located along the western

boundary of the used COSMO-SkyMed SAR scenes. Nevertheless, in

this area deformation velocities, N−20 mm/y, were detected between

2011 and 2012 along the crown of the 1922 landslide (Fig. 10). Howev-

er, correspondence is goodbetween thedamages to buildings and struc-

tures and the evidence of movements observed during the field surveys

and the ground deformation recorded by the COSMO-SkyMed data

(Figs. 4C and 5).

4.2. GB-InSAR data

During the monitoring campaign (10 March 2010–14 March 2013),

GB-InSAR data such as cumulative displacement maps were produced

aswell as displacement time series of some representative points select-

ed prevalently on the town area for civil protection purposes. The col-

lected displacement maps are shown in Fig. 11 with a color scale

visualizing (i) stable areas in green; (ii) sectors characterized by light

displacements (between about 50 and 300 mm) with colors ranging

from yellow to red; and (iii) sectors characterized by the highest mon-

itored displacement in purple (from light to dark tones). The logistic

of the GB-InSAR system installation favored a good spatial coverage of

the data on the monitored area, especially with regard to the Stazzone,

Riana, San Benedetto, and Porcaro quarters (located as shown in

Fig. 4C). Nevertheless, shadowing effects caused by the ridge divide,

hide part of the western town area from the radar scene; counterslope

surfaces cause the same effect in correspondence with some eastern

slope sectors, so that in these areas no GB-InSAR data are available, as

it is possible to observe in Fig. 11. According to the collected cumulative

displacement maps, the peak deformations within the monitored area

(dashed ovals in Fig. 11D) are located in correspondence with the San

Benedetto (2294 mm) and Porcaro quarters (2178 mm); whereas in

correspondencewith the Stazzone and Riana quarters, grounddeforma-

tions reached 604 and 545 mm, respectively.

Displacement time series were also extracted on the displacement

maps of 10 control points, selected in correspondence with areas

where the radar signal is characterized by high stability, high signal/

noise ratio, and high power and coherence parameters to accurately

monitor the deformations of structures and buildings (Fig. 11E). The

control points selected in correspondence with the Stazzone quarter

(P1, P2, P3, P4) record cumulative displacements between 15 (P1) and

226 mm (P3); whereas in the Riana quarter (P5, P6, P7, P8), they

range from 86 (P5) to 321 mm (P7). The peak displacements are

Fig. 10. PS ground deformation velocity map (Vslope), using COSMO-SkyMed, obtained by data acquired in descending orbit.
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recorded in the Porcaro (P9 = 299 mm) and San Benedetto quarters

(P10 = 360 mm). The displacements recorded in correspondence

with the control points are related to their specific location, thus they

do not necessarily reflect the maximum displacement of the whole in-

vestigated area (Fig. 11).

5. Discussion

On 14 February 2010, a complex landslide occurred along the east-

ern slope of the San Fratello town. In this paper, space-borne and

ground-based InSAR data were analyzed and integrated to perform a

more accurate delimitation of the landslide.

Space-borne InSAR techniques are useful to monitor unstable areas

only under specific conditions: the main limitations related to its appli-

cability regard the revisiting time, the slope exposure with respect to

the satellite LOS, and the velocity of the investigated movements. Nev-

ertheless, the space-borne InSAR technique ability of measuring very

slow and gradual ground displacements (up to few millimeters per

year) represents a valuable support to landslide hazard prevention ac-

tivities, giving the opportunity to detect extremely slow movements

that usually occur several weeks or months before the catastrophic fail-

ure, preceding major landslide disasters as highlighted by ENVISAT and

RADARSAT-1 data.

On the other hand, GB-InSAR allows a continuous monitoring of the

displacements from fewmillimeters per day up to 1 or moremeters per

day over unstable areas. Furthermore, the instrument versatility enables

the investigation of very steep unstable slope not visible from the satel-

lite, and it permits us to choose the best LOS. These characteristicsmake

this technique particularly useful for emergency phases.

Information about ground deformation, obtained using the GB-

InSAR technique, can be refined when combined with space-borne

InSAR data.

As regard the San Fratello landside, the GB-InSAR instrument was

installed on the facing slope of the landslide: this location represents

the best solution considering the geomorphology of the area. The dis-

tance is quite high, and this can determine noise, especially where the

cross range resolution is lower. The presence of wide vegetation cover,

on the interested slope, limits the possibility to investigate the whole

landslide area. Only the portion of the landslide that involves the village

can be analyzed because the housing and infrastructure represent good

reflectors for radar monitoring. This problem can be solved using the

space-borne SAR data, which allow the observation of the higher part

of the study area nonvisible to the GB-InSAR.

The combined space-borne and ground-based InSAR analysis was

performed in order to monitor the evolution of the 2010 landslide and

to manage the post-emergency phase. With respect to the 2010 land-

slide geomorphological map (Fig. 4C), the analysis of the available SAR

data enhanced areas affected by ground deformations also outside the

surveyed landslide perimeter, showing that the latter was slightly

underestimated.

The PSI data projected along the downslope direction, which is quite

similar to the GB-InSAR LOS, that confirm the presence of widespread

slope instability in the area, not only in correspondence with the 2010

landslide: ground deformations within two large areas, but also in cor-

respondence with the two historical landslide crowns (1754 and

1922) are also detected (Figs. 8, 9, and 10).

As regards the 2010 landslide, ground deformation velocity maps

obtained through PSI projected data (Vslope), acquired since 1992,

allowed highlighting the occurrence of ground displacements during

the pre-event phase and identifying eventual displacements in the

post-emergency phase related to the landslide.

In particular, between the 1992 and 2001 (ERS 1/2 acquisition peri-

od), no important deformations were detected; whereas ENVISAT and

RADARSAT-1 ground deformation velocity maps (Vslope) highlight the

occurrence of displacements between the 2003 and the beginning of

the 2010. During this period, the landslide crown area was character-

ized by stability, and an area characterized by ground deformation ve-

locities higher than −20 mm/y is located on the landslide body,

partially outside the DRPC boundary, performed by Pino et al., 2010

(Fig. 4C). This latter area was intensely damaged on 14 February 2010.

Unfortunately, no evidence of displacements can be retrieved in corre-

spondence with the landslide toe because of the lack of PS, owing to

the intense vegetation cover. These results are in agreement with the

landslide evolution trend, which was characterized by a retrogressive

behavior: indeed, the pre-event data (ERS 1/2, ENVISAT, and

RADARSAT) show the major displacements in the body area and the

minor in the crown area. Observing in sequence ERS 1/2, ENVISAT,

and RADARSAT data, an increase of ground deformation velocities in

the crown area that became more marked in the post-event data, was

observed. This is in agreement with the cumulated GB-InSAR

displacements.

The PSI data acquired between 2003 and 2010 were useful to high-

light the potential risk of the area, but their distribution could not be

used to forecast the possible 14 February 2010 landslide spatial extent.

Considering the post-event available PSI data, COSMO-SkyMed ones

were very useful to refine the 2010 landslide crown boundary. The

higher PS density allowed us to detect a high number of targets in cor-

respondence with the town area; several buildings located outside the

DRPC landslide boundary (Pino et al., 2010) showed deformations.

The presence of areas affected by ground deformation along the

crown can be related to the higher X-band sensibility in the detection

of displacements and/or to the retrogression of the landslide, which

continued after 14 February 2010, affecting part of the town not severe-

ly involved in the event. The most interesting results were obtained in

thewestern sector of the San Benedetto quarter, whichwas not initially

damaged by the landslide. Here field-surveyed fractures and building

damages started to develop from 2011, as confirmed by COSMO-

SkyMed data. However, other buildings affected by deformation are

also located outside the DRPC boundary, also in the Riana quarter and

north of the Stazzone quarter, confirming the need to refine the land-

slide boundary crown.

The GB-InSAR monitoring, carried out during the post-2010 land-

slide event phase, provided the monitoring of the related displacement

pattern evolution. The GB-InSAR data also proved to be very useful to

confirm the results obtained through COSMO-SkyMed grounddeforma-

tion velocitymap (Vslope), given its temporal coveragewith the latter PSI

data. In Fig. 12, the GB-InSAR cumulative displacement map (from

March 2010 to March 2013) is shown together with the COSMO-

SkyMed Vslope, whose acquisition period partially corresponds to the

GB-InSAR period (May 2011–May 2012). On the map (Fig. 12), it is

also possible to observe the proposed new landslide boundary. The cu-

mulative displacementmap highlights that the higher ground deforma-

tions (up to 2.3 m) took place in correspondence with the San

Benedetto-Riana quarters (Fig. 12). Furthermore, a widespread area

affected by ground deformation is detected in correspondence with

the Porcaro quarter and north of the Stazzone quarter. The above-

mentioned areas are partially located outside the DRPC landslide

boundary (Pino et al., 2010).

The use of the GB-InSAR cumulative displacement maps proved

their usefulness also to recognize the areas affected by the most impor-

tant residual risk, which are placed in correspondence with the Porcaro

and San Benedetto quarters. Considerable deformation can be assessed

also in the Stazzone and Riana quarters confirming the instability of the

Fig. 11. San Fratello landslide cumulative displacement maps: (A) 2010; (B) 2010; (C) 2011; and (D) 2012. Dashed ovals represent the areas affected by the peak displacements; P1–10

stand for the location of the control points. (E) Time series of the selected control points.
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crown area during the post-event phase and the retrogressive behavior

of the mass movement.

The extension of the landslide boundaries is confirmed by the spatial

distribution of the damages of buildings and infrastructures. In particu-

lar, in Fig. 12 it is possible to observe how the main scarps delineate

areas affected by major displacements, also recognized by the SAR

data (Fig. 12). The new boundary determines a new estimation of the

landslide area, from 1 to 1.2 km2.

Considering the historical landslides, the space-borne multisensor

approach allowed the detection of deformation phenomena located

along the crown of the 1922 landslide. This instability was observed

since the beginning of the ERS 1/2 acquisition (1992–2001) and con-

tinues today passing from−9mm/y tomore than−20mm/y recorded

by COSMO-SkyMed.

6. Conclusions

The integration between PS and GB-InSAR data, applied to the 2010

landslide in San Fratello test site, allowedus to analyze the landslide dis-

placements in different time intervals and with different LOS and

ground resolutions for a period spanning between 1992 and 2013.

This multisensor approach was employed in order to improve the

2010 landslide boundary obtained through geomorphological mapping

and performed immediately after the event. The new boundary con-

siders the areas affected by ground deformation, detected by the C-

band sensors (ERS1/2, ENVISAT, and RADARSAT-1), and the areas char-

acterized by slope instability, highlighted during the post-event phase

by the X-band COSMO-SkyMed satellite and by the GB-InSAR system lo-

cated inside and outside the previous limits.

In order to better compare space-bornedatawith theGB-InSAR data,

satellite data were projected in the downslope direction that is quite

similar to the GB-InSAR LOS direction.

In this work, the combined use of GB-InSAR and PSI techniques was

applied to improve the capacity of the monitoring system of slow-

moving landslides. Results prove the usefulness of this methodology

to accuratelymap andmonitor the area affected by grounddeformation.

The GB-InSAR, coupled with traditional and innovative space-borne

SAR, allowed for the production of maps benefitting from the different

spatial and temporal resolutions of the radar sensors. The PSI data

were used primarily to perform regional scale investigations for the de-

tection of unstable areas and for the assessment of the long-termbehav-

ior of the considered landslide. The GB-InSAR system was used in a

specific area of interest, improving the spatial resolution of the mea-

surement and reducing the revisiting time.

The obtained accuracy in mapping and in monitoring an area sub-

jected to mass movement is fundamental in risk management and in

preparation of emergency plans.
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Multi-Temporal Evaluation of Landslide Movements and Impacts on Buildings in San Fratello

(Italy) By Means of C-Band and X-Band PSI Data
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Abstract—This work provides a multi-temporal and spatial

investigation of landslide effects in the San Fratello area (Messina

province within the Sicily region, Italy), by means of C-band and

X-band Persistent Scatterer Interferometry (PSI) data, integrated

with in situ field checks and a crack pattern survey. The Sicily

region is extensively affected by hydrogeological hazards since

several landslides regularly involved local areas across time. In

particular, intense and catastrophic landslide phenomena have

recently occurred in the San Fratello area; the last event took place

in February 2010, causing large economic damage. Thus, the need

for an accurate ground motions and impacts mapping and moni-

toring turns out to be significantly effective, in order to better

identify active unstable areas and to help proper risk-mitigation

measures planning. The combined use of historical and recent

C-band satellites and current X-band Synthetic Aperture Radar

sensors of a new generation permits spatially and temporally

detection of landslide-induced motions on a local scale and to

properly provide a complete multi-temporal evaluation of their

effects on the area of interest. PSI ground motion rates are cross-

compared with local failures and damage of involved buildings,

recently recognized by in situ observations. As a result, the analysis

of landslide-induced movements over almost 20 years and the

validation of radar data with manufactured crack patterns, permits

one to finally achieve a complete and reliable assessment in the San

Fratello test site.

Key words: Synthetic Aperture Radar, Persistent Scatterer

Interferometry, field survey, landslides, San Fratello.

1. Introduction

The occurrence of landslides in populated areas

can pose a serious threat to human lives, property and

structures. Moreover, where significant cultural

heritage is present, the socio-economic losses and

damages are stronger because of the higher value of

the elements at risk.

The detection of active ground movements on

unstable slopes and landslide-prone areas can greatly

benefit from advanced remote sensing techniques,

i.e,. Persistent Scatterer Interferometry (PSI), thanks

to their non-invasiveness, availability and high pre-

cision (FERRETTI et al. 2001). Furthermore, radar

satellite data analysis and traditional geomorpholog-

ical tools, like field surveys and in situ observations

are complementary for the mapping and monitoring

of the impacts of such natural phenomena on build-

ings and manufactures of affected areas.

Persistent Scatterer Interferometry throughout the

use of medium resolution Synthetic Aperture Radar

(SAR) data in C-band (e.g., from ERS/ENVISAT sat-

ellites) has been demonstrated to be a valuable tool for

back-monitoring slow-moving landslides, with good

accuracy (up to 1 mm/year) and maximum detectable

movement of about 15–20 cm/year (HANSSEN 2005;

FERRETTI et al. 2005; ADAM et al. 2008; CASCINI et al.

2010; CIGNA et al. 2013).

The launch of new SAR sensors that operate at

3 cm wavelength in X-band, i.e., TerraSAR-X and

COSMO-SkyMed, with higher spatial resolution and

reduced revisiting time (4–16 days) compared to the

previous C-band satellites, has enhanced PSI capa-

bility for landslides detection and monitoring,

allowing the identification of more recent and faster

ground movements affecting small areas with

improved precision. X-band SAR images make the

number of retrieved PS targets higher by a factor of

approximately 100–200, compared to medium reso-

lution data (CUEVAS et al. 2011). Most of the PS
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targets show up on housetops and especially on

facades and roofs of buildings, enabling a site-spe-

cific investigation. Therefore, the use of X-band data

significantly improves the level of detail of the ana-

lysis, since small structures now act as stable

scatterers and PS from different surfaces can be

separated due to the very high resolution of up to 1 m

in azimuth and range direction (ROTH et al. 2003; GE

et al. 2010; GERNHARDT et al. 2010; NOTTI et al.

2010).

C-band satellites provide the availability of long

historical archives of motion rates and time series,

covering wide areas at a relatively low cost and

medium spatial resolution. On the other hand, X-band

data, with higher spatial and temporal resolution,

allow for a more detailed investigation even at the

scale of a single building movement, in a recent and

shorter span of time (e.g., some months) (CROSETTO

et al. 2010; TOMÁS 2010; BOVENGA et al. 2012; BRU

et al. 2013).

Radar data can provide an initial and non-invasive

evaluation of most critical unstable areas, to be per-

formed ‘‘at desk’’, prior to in situ survey. Thus, PSI

data give a preliminary and rapid discrimination of

the most unstable slopes over wide areas and, con-

sequently, need to be integrated with additional geo-

information and auxiliary data to obtain a more

robust interpretation at a local scale. A detailed

structural damage analysis of several buildings is

required for cross-comparing crack pattern survey

with PSI motion rates, for achieving a complete

investigation (HERRERA et al. 2010).

The Sicily region of Italy is extensively affected

by hydrogeological hazards, and several landslides

occurred at localized areas across time, causing

casualties and large economic damage (ARDIZZONE

et al. 2012; CIAMPALINI et al. 2012; CIGNA et al. 2012).

In particular, intense and catastrophic landslides have

recently occurred in the San Fratello area. The recent

activity coupled with the historical significance of

many of the affected structures, field observations of

damage, and the availability of SAR data make this

an ideal field site.

In this paper the impacts of landslides in San

Fratello are investigated from 1992 to 2012 by

combining the available C-band and X-band SAR

data along with a field survey of structural damages.

Multi-temporal estimation of radar velocities and

related impacts on cultural and social heritage lead to

an assessment of ground movements and landslide

damage occurring within San Fratello over 20 years.

2. Study Area

2.1. Geographical and Geological Setting

San Fratello village is located in the NE sector of

the Sicily Region (Southern Italy), within Messina

province, at 640 m a.s.l. on the Nebrodi Mountains,

which, together with the Peloritani Mountains, rep-

resent part of the Apenninic-Maghrebian orogenic

chain (CUBITO et al. 2005) (Fig. 1).

This area is made up of imbricate sheets of

Mesozoic–Tertiary rocks, made of the lowermost

autochthonous African foreland units, overlapped by

the Appenninic-Maghrebian sequences (CORRADO

et al. 2009). These Appenninic units are tectonically

overthrusted by allochthonous Kabilo-Calabrian

Units, which represent different tectonic assemblages

derived from the European continental margin

(according to OGNIBEN 1969; KNOTT 1987; DIETRICH

1988) or, according to an opposite interpretation, to

an Eo-Alpine chain (Austroalpine sector) piled up

toward the European foreland (AMODIO-MORELLI et al.

1976). Overall, the tectonic nappes are E–SE verging

and show a total thickness of about 15 km.

The rocks outcropping in the area consist of a

sequence of terrigenous to calcareous sedimentary

sequences belonging to the different already men-

tioned paleogeographic domains (Fig. 1). The

western and southern part of the study area are

mostly characterized by terrigenous terrains, since the

lower Cretaceous clayey sequences—called the Arg-

ille Scagliose Unit—extensively crop out (Appeninic-

Maghrebid Units). In the northern portion of the area,

the top units (Kabilo-Calabride Units) made of

predominantly carbonate complexes outcrop, repre-

sented by Liassic limestone platform sequences,

overlapped by a terrigenous Late Eocene–Oligocene

Flysch (Frazzanò Flysch). The uppermost Cretaceous

pelagic dolostones and limestones close the tectonic

sequence (San Marco D’Alunzio Unit), outcropping

towards N–NW San Fratello village (NIGRO and SULLI

1995; LAVECCHIA et al. 2007).
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Throughout the inhabited area, an aquifer is also

present, at a depth of between 0.5 and 2.5 m from the

surface ground level (D.R.P.C. 2010).

From a geomorphological point of view, the test

site is strongly influenced by the geo-structural

conditions and the recent tectonic activity. The

landscape is typical of recently uplifted areas: steep

slopes, narrow valleys, high topographical gradient

and remarkable relief energy are the most impressive

geomorphological features of the study area. More-

over, all the geological units are highly tectonized,

being these clays highly fissured and the stone-like

lithotypes extensively fractured.

3. Landslides Occurrence

Messina province is prone to landslide hazard,

mainly due to the steep topography, the nature of the

lithotypes, mainly consisting of flysch units with tect-

onized silt–clay levels, and the occurrence of intense

and seasonally high rainfall events (MONDINI et al.

2011; DEL VENTISETTE et al. 2012; RASPINI et al. 2013).

The main landslide types can be prevalently

classified as debris flows, complex slides (VARNES

1978) and shallow and deep-seated landslides.

San Fratello has been chronically affected by

landslides (Fig. 1). A severe landslide event dates

Figure 1
Study area: 1 Geographical location of San Fratello village (Messina province) in South Italy; 2 geological map and stratigraphic sequence; 3

photos referred to the most recent recorded landslides and present scenario

Multi-Temporal Evaluation of Landslide Movements



back to 1754 and almost completely destroyed the

village. The most recent phenomena are recorded in

1922 and 2010 (Fig. 2). On 8 January 1922, a land-

slide occurred in the northwestern sector of San

Fratello, causing hundreds of deaths; about ten

thousand people were evacuated and another village

(called Acquedolci) was built along the coast, as

ordered by a Royal Decree (FARANDA 2010). How-

ever, San Fratello was re-populated again across time

and, more recently, on 14 February 2010, another

wide landslide, triggered by intense rainfall and

extended up about 1 km2, developed on the opposite

southern–eastern slope, causing huge damages to the

roads and structures (Fig. 2). This landslide affected

Figure 2
Boundaries and main directions of the three most important and recorded landslides in San Fratello, occurring in 1754, 1922, 2010. Location

and photos of the main cultural sites of interest: 1 sanctuary of the three Saints Alfio, Filadelfio and Cirino on the Old Mountain; 2 Maria St.

delle Grazie Church; 3 rocky massif Roccaforte; 4 St. Antonio Abate Church; 5 St. Nicolò Old Cathedral; 6 complex of St. Maria Assunta,

former convent of S.S. Maria di Gesù and library; 7 St. Crocifisso Church; 8 St. Nicolò New Cathedral (now demolished); 9 St. Benedetto Il

Moro Church; 10 Apollonia Archeological site; 11 ruins of St. Filadelfio Castle; 12 St. Nicolò Arcway 13 Stesicorea Arcway; 14 Historical

Mammana palace; 15 Historical Stairway of Vittorio Veneto knights
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the eastern urban districts (i.e., the Stazzone and

Riana districts) and the first boundary of damaged

area was released on 22February 2010 (Fig. 2).

About 2,000 inhabitants were initially evacuated,

approximately 300 houses were slightly damaged and

50 needed to be demolished (D.R.P.C. 2010).

This latest landslide affected the whole E-facing

slope, consisting of roto-translational slide and flow,

and involving the surface debris cover, which is about

10 m thick and mainly made of wet and fissured

clayey lithotypes. As a result, the phenomenon has

been caused by predisposing variables that deal with

soil and rock geo-mechanical properties, and with the

geostructural and hydrogeological setting of the area.

The triggering factors may have been the intense

rainfall that has increased the static water table within

the shallow aquifer, determining soil saturation pro-

cesses in the clays and causing mass movements.

Ground movements kept on being active up to

nowadays, and, thus, the instability scenario is still

very critical in San Fratello area.

4. Cultural Heritage

San Fratello is an old village, characterized by

several sites of cultural-artistic interest that have been

affected by the long-lasting catastrophic natural

phenomena (Fig. 2). The remains of the very first

inhabited territory of San Fratello, dating back to the

III century B.C., are located uphill on the Old

Mountain (718 m a.s.l.), northward of the present

town (Fig. 2, point 1), where the ancient Norman

Sanctuary of the three Saints, built up in the XII

century, is also located (Fig. 2, point 1). Since the

Norman age, San Fratello village expanded near the

rocky massif called Roccaforte (Fig. 2, points 3 and

11) and developed until the Middle Age, when many

churches and religious sites were built across time.

Thus, on the one hand ,San Fratello was a rural vil-

lage, mainly inhabited by farmers and artisans, but on

the other hand, about a hundred households were

among the richest and most powerful of Sicily region

and undertook a struggle for possessions and interests

even in building and embellishing the churches of the

town: some examples are the St. Crocifisso Church

characterized by an octagonal medieval shape plant

(Fig. 2, point 7), the St. Maria delle Grazie Church

dating back to the XVIII century (Fig. 2, point 2), the

St. Benedetto il Moro Church (Fig. 2, point 9) and the

St. Antonio Abate Church (Fig. 2, point 4).

Many cultural sites of San Fratello have been

destroyed by landslides and re-built again across

time. The landslide that occurred on 8th January 1922

destroyed most of the town (about two-thirds of San

Fratello village). The Maria St. Assunta mother-

church, built in the XIII century in the western por-

tion of San Fratello, was completely destroyed by the

phenomenon. The newly built Maria St. Assunta

church, together with the former convent of Santiss-

ima Maria di Gesù and the library (Fig. 2, point 6),

can be regarded today as the center of religion, cul-

ture and art of San Fratello.

The Old St. Nicolò Cathedral (Fig. 2, point 5),

dating back to the XVI century, has been severely

damaged by the 1922 landslide and nowadays the

only remaining portions are the right sector and the

lower part of the bell tower. In the 50s a new St.

Nicolò Cathedral was built in the modern Stazzone

district (Fig. 2, point 8). Unfortunately also this

church has been affected by the 14 February 2010

landslide and has recently been demolished, in Feb-

ruary 2013, due to the irreversible and non-repairable

damages.

The majority of the historical old houses of San

Fratello, the oldest ones dating back to the Norman

settlement, have remained uninjured after the natural

disasters up to nowadays (Fig. 2, points 12–15).

Hence, the damage assessment and conservation

strategies for the cultural heritage are strongly rec-

ommended and can be addressed to the most

important sites of interest of the village.

5. Methodology

The approach of this work consists in a multi-

temporal and spatial investigation of landslide effects

by means of PSI technique and field survey (Fig. 3).

Firstly, we analyzed the available PSI data that

highlighted ground motions in historical, recent and

current time intervals. A down slope projection of

Line-of-Sight (LOS) velocities was performed, fol-

lowing the procedure of COLESANTI and WASOWSKI

Multi-Temporal Evaluation of Landslide Movements



(2006), in order to homogenize all the PSs in the

same direction of the maximum local slope, and to

obtain vectors of displacement that account more

specifically for topographic features of landslides

phenomena.

Then, radar movement rates were cross-validated

and compared with local failures and with the in-situ

observations on historical buildings carried out in the

spring of 2010 and in the winter of 2012–2013. The

radar mapping and subsequent zoning of the unstable

urban sectors of San Fratello were performed by

focusing on individual targets, i.e., buildings within

the built-up area. In particular, PSI data, local

cadastre, the distribution of churches and sites of

cultural interest, and pre-existing landslide bound-

aries were compared and over-layered in a

Geographical Information System environment

(Fig. 3).

Radar-interpretation and photo-interpretation

procedures (e.g., FARINA et al. 2006; BIANCHINI et al.

2012; CIGNA et al. 2013; RIGHINI et al. 2012) com-

bined with a field survey allowed the mapping and

characterization of landslides. In particular, on the

one hand, the recognition of features related to

topographic surface movements and the typology

classification were mainly based on visual interpre-

tation of orthophotos; on the other hand, the

evaluation of the velocity and state of activity of

phenomena took advantage from multi-inter-

ferometry-based information. For newly detecting

and enlarging phenomena, the two most recent

available datasets (i.e., RADARSAT-1 and COSMO-

SkyMed data) were employed when improving the

landslide inventory map of the study area.

Only ‘‘very slow’’ and ‘‘extremely slow’’ phe-

nomena (velocity \16 mm/year and 16 mm/year

Bvelocity \1.6 m/year, respectively, according to

CRUDEN and VARNES 1996) can be detected by PSI

data due to the satellite technical acquisition param-

eters (i.e., signal wavelength and revisiting time;

CANUTI et al. 2004). Moreover, N–S oriented ground

movements are not or only partially illuminated by

InSAR sensors, due to the intrinsical acquisition

parameters of the satellites that move along N–S

orbits with a right-side looking system.

Overall, the outcomes of the work leads to an

accurate mapping and monitoring of ground motions

and impacts at a local scale, permitting proposing

new boundaries of the landslide-affected areas in San

Fratello village, and to update the landslide inventory

map of the site (Fig. 3).

6. InSAR Processing and Data

Available radar data used in this work consist of

SAR images acquired in historical (1992–2001),

recent (2005–2010) and current (2011–2012) time

intervals. In particular, in C-band (5.6 cm wave-

length), 104 SAR images were acquired by ERS 1/2

Figure 3
Methodology flow chart

S. Bianchini et al. Pure Appl. Geophys.



satellites in the period 1992–2001 in ascending (34

scenes) and descending orbit (70 scenes), and 93 SAR

images were acquired by RADARSAT-1 satellite, in

ascending (46 images) and descending (47 images)

modes, in the spanning time 2005–2010. Moreover,

32 SAR scenes were collected by COSMO-SkyMed

satellite in X-band (3.1 cm wavelength) in descend-

ing geometry, in a 1 year-long period from May 16th,

2011 to May 2, 2012 (Table 1).

All the SAR images were processed through the

SqueeSARTM algorithm (FERRETTI et al. 2011) to

obtain PSI data. The SqueeSARTM is a new multi-

temporal interferometric processing technique, being

an advance on the PSInSARTM algorithm (FERRETTI

et al. 2011), which permits measurement of ground

displacements by means of traditional Permanent

Scatterers (PS) like buildings, rock and debris, as well

as from Distributed Scatterers (DS). DS are homo-

geneous areas spread over a group of pixels in a SAR

image such as rangeland, pasture, shrubs and bare

soil. These targets do not produce the same high

signal-to-noise ratios of PS, but are, nonetheless,

distinguishable from the background noise and their

reflected radar signals are less strong, but statistically

consistent. The SqueeSARTM algorithm was devel-

oped to process the signals reflected from these low-

reflectivity homogeneous areas, but it also incorpo-

rates PSInSARTM; hence, no information is lost and

movement measurement accuracy is improved (FER-

RETTI et al. 2011). As a result, the SqueeSARTM

algorithm extracts geophysical parameters not only

from point-wise deterministic objects (i.e., PS), but

also from DS. PS and DS are jointly processed taking

into account their different statistical behavior. The

coherence matrix associated with each DS is properly

‘‘squeezed’’ to provide a vector of optimum (wrap-

ped) phase values (FERRETTI et al. 2011). The

SqueeSARTM technique allows an increase of density

of the point targets that register ground motion,

especially in non-urban areas, as sparse vegetation

landscapes (MEISINA et al. 2013; RASPINI et al. 2013;

BELLOTTI et al. 2014).

Table 1

Main acquisition characteristics of the used SAR datasets and PSI velocity values before and after downslope projection of LOS values

Satellite ERS 1/2 RADARSAT-1 COSMO-SKYMED

Microwave band C C X

Acquisition mode Ascending and descending Ascending and descending Descending

Incidence angle (°) 23 34 26

Track angle (°) 348

192

349

191

185

Repeat cycle (days) 35 24 4

Cell resolution in azimuth (m) and range (m) 4 9 20 4 9 10 3 9 3

Critical baseline (m) 1,286 1,825 5,728

Number of SAR images 34 Ascending

70 Descending

46 Ascending

47 Descending

32

Temporal span 1992–2001 2005–2010 2011–2012

Acquisition dates interval Ascending

11/09/1992–05/06/2001

Descending

01/05/1992–08/01/200

Ascending

30/12/2005–26/01/2010

Descending

31/01/2005–03/02/2010

16/05/2011–02/05/2012

Processing technique SqueeSARTM SqueeSARTM SqueeSARTM

PS density (PS/km2) 16 112 400

VLOS PSI data velocity range (mm/yr) Ascending (-9.5, ?7.2)

Descending (-26.8, ?8.6)

Ascending (-46.8, ?19.8)

Descending (-26.3, ?20.5)

(-56.4, ?31.8)

Correction factor (C) Ascending (-0.33, ?0.96)

Descending (-0.41, ?0.96)

Ascending (-0.54, ?0.99)

Descending (-0.52, ?1.00)

(-0.45, ?1.00)

Maximum VSLOPE

values (VLOS/C)

Ascending (-33.4, ?6.8)

Descending (-84.5, ?50.0)

Ascending (-142.1, ?146.6)

Descending (-71.5, ?21.0)

(-119.8, ?111.3)

VSLOPE PSI data velocity range (mm/yr) Ascending (-33.4, ?0.0)

Descending (-84.5, ?0.0)

Ascending (-142.1, ?0.0)

Descending (-71.5, ?0.0)

(-119.8, ?0.0)
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Persistent Scatterer Interferometry datasets for

each satellite used on the San Fratello village in

descending geometry are shown in Figs. 4, 5

and 6

Since satellite systems measure velocities just

along their LOS, only the component of motion that

is parallel to the LOS direction is measured. A pro-

jection of the LOS displacement measures along the

most probable direction of movement can be per-

formed. Thus, assuming a simple translational

movement parallel to the slope, in this work LOS

velocity of each available PS point (VLOS) was pro-

jected along the direction of the maximum slope

(VSLOPE), in order to account more specifically for

topographic and geomorphological slope conditions

within a local-scale landslides analysis. Moreover,

this conversion permits comparing landslide veloci-

ties with different slope orientations, resolving the

satellite acquisition orbit differences and allowing a

more feasible interpretation.

Figure 4
ERS PSI dataset in descending geometry within the study area: a PS LOS data distribution and reference point location; b VLOS values on the

San Fratello village; c correction factor (C) distribution values; d VSLOPE values on the San Fratello village

S. Bianchini et al. Pure Appl. Geophys.



Following the procedure initially proposed by

COLESANTI and WASOWSKI (2006), and then success-

fully applied in several scientific works (CIGNA et al.

2013; GRIEF and VLCKO 2012; BIANCHINI et al. 2013;

HERRERA et al. 2013), a correction factor (C) was

applied to each LOS measurement, in order to

determine the ‘‘real’’ VSLOPE velocity (intended as not

the one measured in the LOS direction, but the one

occurring in the landslide direction), taking into

account satellite-dependant parameters, i.e.,

incidence angle and track angle, as well as topo-

graphic parameters, i.e., terrain slope and orientation,

The track angle and the incidence angle are provided

within the processed SAR images for each satellite

(Table 1). The slope and aspect of the area of interest

are derived from a DEM with 20 m cell resolution.

The C correction factor represents the fraction of

movement that can be registered by the SAR sensor,

ranging from a negative value up to 1. It depends on

the angle between the steepest slope and the LOS

Figure 5
RADARSAT-1 PSI dataset in descending geometry within the study area: a PS LOS data distribution and reference point location; b VLOS

values on the San Fratello village; c Correction factor (C) distribution values; d VSLOPE values on the San Fratello village
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direction, being close to 0 when this angle is almost

90°. The factor C shows negative values when the

movement is registered with reverse direction. The

VSLOPE values are obtained through the VLOS/C ratio

(BIANCHINI et al. 2013) (Figs. 4, 5, 6). When the

C value is close to 0, then the VSLOPE rate tends to

infinity. In order to reduce any exaggeration of the

downslope projection when C tends towards 0, we set

C = -0.3 when -0.3\C\ 0 and C = 0.3 when

0\C\ 0.3, according to previously tested

procedures (BIANCHINI et al. 2013; HERRERA et al.

2013). The maximum VSLOPE values obtained after

the downslope projection calculations, as well as the

PS velocity distribution features are included in

Table 1.

It is worthwhile to highlight that PS rates on flat

areas (slope gradient lower than 5°) were not pro-

jected downslope and that positive VSLOPE values,

which would represent uphill movement, were dis-

carded, following the approach of BIANCHINI et al.

Figure 6
COSMO-SkyMed PSI dataset in descending geometry within the study area: a PS LOS data distribution and reference point location; b VLOS

values on the San Fratello village; c correction factor (C) distribution values; d VSLOPE values on the San Fratello village

S. Bianchini et al. Pure Appl. Geophys.



(2013) and HERRERA et al. (2013). This is because

landslide occurrence on almost flat areas is very rare

and positive VSLOPE values indicate that a landslide is

going up the slope. Although positive movements

may be present at the toe of landslides where vertical

displacements can occur, the horizontal vector of the

movement should remain oriented downhill (HERRERA

et al. 2013).

VLOS and VSLOPE measurements of each satellite

employed within the analysis on San Fratello village,

as well as the C factor values, are shown in Figs. 4, 5

and 6, As the coefficient C represents the percentage

of real motion measured by the satellite, the projec-

tability map showing C distribution reveals the

amount of velocity along the local slope seen for each

PS and can be considered as a quantitative evaluation

of the projection procedure of VLOS along the local

slope.

The pre-existing available inventory map of the

study area is the Piano Assetto Idrogeologico (PAI,

Hydrogeological Setting Plan), which is dated up to

2012 and includes landslide phenomena classified

according to the type and the state of activity. The

most representative typologies are slow-moving

complex, translational slides, and earth slips. Land-

slides are classified as active, dormant, inactive

(including relict and abandoned phenomena) and

stabilized, according to a simplified version of CRU-

DEN and VARNES (1996) classification.

In situ observations and crack pattern survey were

performed in two different time periods: just after the

2010 landslide, and during the period November

2012–January 2013.

Field surveys focused on both ground surface

cracks and building cracks. Fractures on buildings

were qualitatively classified with respect to orienta-

tion (vertical, oriented or horizontal) and typology,

according to ALEXANDER (1989) (Fig. 7a, b).

Although building cracks differently develop

according to building material and foundation typol-

ogy, from the features and distribution of the crack

system observed on the facades, the main cause and

movement direction can be supposed (HARP 1998).

Some examples are shown in Fig. 7c. Many exten-

sion cracks with a unique dip direction on a facade

reveal a failure due to a differential foundation set-

tlement induced by a translational movement

(Fig. 7c1). Cracks showing up as an arc on a facade

can be induced by a sinking motion of the foundation

(Fig. 7c2). Vertical extensional cracks are usually

caused by a translational mass movement and show

up orthogonally to the main tensile stress direction

(Fig. 7c3) (DI ROMOLO 2008).

7. Cross-Validation Between PSI Data and the Field

Survey

Radar-interpretation combined with photo-inter-

pretation analysis (FARINA et al. 2006) permitted one

to successfully update the pre-existing inventory map

of the whole area around San Fratello village,

extended up about 25 km2 (ADB 2012). In particular,

this procedure allowed detecting some new poten-

tially hazardous areas and enlarging the boundaries of

most of the already mapped phenomena (BIANCHINI

et al. 2014) (Fig. 8).

At a more detailed and local scale, PSI analysis

compared with the in situ survey was exploited over

the urban fabric of San Fratello village. Historical,

recent and current PS VLOS and VSLOPE ground

motion rates were analyzed for instability detection

over the most significant areas of San Fratello, pri-

marily considering the distribution of the sites of

cultural interest of the village and the boundaries of

the two most recent catastrophic landslides occurring

in 1922 and 2010.

The soil crack pattern mapping within San Fra-

tello built-up area was performed just after the 2010

landslide. Moreover, further and more recent site-

specific field checks and building cracks surveys were

carried out in November 2012 and January 2013, in

order to validate PSI-based impact assessment per-

formed at a desk, prior to in situ investigations.

At the northern entrance of San Fratello, where

the Church of St. Maria delle Grazie is located on a

raised position close to the road running along the

slope crest (Fig. 9), the spatial distribution of VLOS

and VSLOPE displacements in the historical time per-

iod (ERS descending data in 1992–2000) seems to

show a quite relative stability over the buildings and

infrastructure (i.e., yearly motion rate not exceed-

ing ±2.0 mm/year), with no PS identified over the

east-facing slope. Nevertheless, PS RADARSAT-1
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data acquired in the recent period (2005–2010) reveal

a significant ground instability of the area, with

velocity rates up to -15 mm/year along the slope.

Field checks also allowed the recognition of indica-

tors of landslide movements and soil creep over the

upper part of the slope, such as the loss of verticality

of the lights poles and vineyards (Fig. 9). Further-

more, a severe crack pattern affects the concrete

structures and retaining walls located along the scarp.

The presence of extension fractures, with wide

aperture up to 2 cm (Fig. 9), confirms the slow-

moving slide displacement downslope, permitting

one to locally update the pre-existing landslide

inventory accordingly (Fig. 9).

High motion rates were detected in historical,

recent and current time periods, in and close to the

two main landslides occurring on opposite slopes in

1922 and 2010, affecting several urban sectors of San

Fratello.

In particular, in the north-eastern portion of the

village, both historical and recent PS data allow

detecting the persistence of a suspicious W-directed

displacement pattern over an enclosed sector within

the area of the 1922 landslide, north-westward of the

old districts of the village (Fig. 10). The yearly

Figure 7
Symbology for ground surface and buildings cracks: a symbology for plotting cracks on the map; b typology of cracks (from ALEXANDER

1989); c building crack examples (modified from: http://www.controllofessure-mg.it/): 1 oriented extensional cracks showing a unique

orientation and dip direction; 2 extensional cracks distributed as ‘‘an arc’’ on the building façade; 3 vertical tension cracks

Figure 8
Updating of the landslide inventory map within the whole study

area around San Fratello village: a Pre-existing landslide inventory

map from PAI (Piano di Assetto Idrogeologico–Hydrogeological

Setting Plan) referred to 2012 (ADB 2012). Phenomena are

classified according to typology and state of activity; b Improved

landslide inventory map updated to 2012 by means of photo-

interpretation and radar-interpretation. Phenomena are classified

according to typology and comparison with a pre-existing inven-

tory map

c

S. Bianchini et al. Pure Appl. Geophys.
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motion rates reach values of -6 mm/year measured

along the LOS (VLOS) and -11 mm/year along the

local slope (VSLOPE) in the historical period (ERS

data), and values ranging from -5 to -14 mm/year

and from -8 to -19 mm/year, respectively, in the

LOS and local slope directions, during the recent

acquisition time (RADARSAT-1 data). These rates

indicate that the area has been continuously unstable

in the last 20 years, and allow confirming the

boundary and state of activity of this landslide-

affected sector of the slope. Persistent and compara-

ble high ground motion rates from 1992 up to 2012

are also observable along the mapped 1922 landslide

boundary, and needed to be taken into account, due to

the near presence of some cultural sites of interest

(the Roccaforte and the St. Filadelfio Castle ruins)

(Fig. 10).

Close to the eastern boundary of the 1922 land-

slide, unexpected high displacement rates were

detected (Fig. 11), especially by COSMO-SkyMed

data, around the Old Cathedral of St. Nicolò, which

was severely damaged by the 1922 landslide. Ground

surface cracks and building fractures near the Old

Cathedral of St. Nicolò were surveyed in November

2013. Radar-detected movements retrieved by

COSMO-SkyMed show good correlation with the

distribution and the opening of the cracks along the

pavement, which are located orthogonally to the

Figure 9
Northern portion of San Fratello village: 1 PSI ERS (VLOS and VSLOPE) displacement map in the historical time interval, 1992–2001 2 PSI

RADARSAT-1 (VLOS and VSLOPE) displacement map in the recent time interval, 2005–2010. Photos are explained within the text

S. Bianchini et al. Pure Appl. Geophys.



ground motion direction, and along wall surfaces of

the old districts. The vertical extension cracks

observed on the walls reveal the subhorizontal vector

of displacement. Overall, the instability affects the

Old Cathedral of St. Nicolò and most of the sur-

rounding civil buildings along the scarp, as well as

the apparently stable Church of St. Crocifisso, with

VSLOPE displacement up to -30 mm/year estimated

in the most recent time interval, 2011–2012.

It is worth noting that for the Church of St. Cro-

cifisso, the field checks completed the PS-based

mapping of ground deformation. Although the radar

processing did not provide a sufficiently dense set of

PS over the monument neither in X-band, the in situ

Figure 10
Area within the 1922 landslide on the W-facing slope in San Fratello village: 1 PSI ERS displacement map (VLOS and VSLOPE) in the historical

time interval, 1992–2001; 2 PSI RADARSAT-1 (VLOS and VSLOPE) displacement map in the recent time interval, 2005–2010
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inspections permitted one to discover and survey not

only surface cracks, but also a sort of bulging of the

external walls (Fig. 11), as a further indicator of the

structural instability currently affecting the church,

due to the general instability of the terrace on which it

is built.

As a result, radar data validated with in situ data

led us to assign a high level of criticality to the entire

sector of the old districts along the scarp, and to

update the boundary of the damaged area of the 1922

phenomenon, including further buildings and monu-

ments within the crown of the ancient landslide. The

proposed newly mapped boundary is shown in

Fig. 11. Moreover, this area will need careful moni-

toring, since it is the oldest remaining part of San

Fratello village.

Regarding the opposite slope and the area in and

close to the 2010 landslide, PS data and field vali-

dation survey allowed the landslide boundary to be

updated, thereby including further urban districts

Figure 11
Displacement map of the area in and close to the crown of the 1922 landslide, representing the oldest reaming part of San Fratello village:

VSLOPE COSMO-SkyMed PSI data acquired in 2011–2012 overlapped on a recent (2011) orthophoto. Above and below the map: photos

showing some of the pavement and building cracks surveyed in November 2012–January 2013

S. Bianchini et al. Pure Appl. Geophys.



Figure 12
Displacement map of the area in and close to 2010 landslide, focusing on Scaglione-Europa streets area and Stazzone quarter: a VLOS

COSMO-SkyMed PSI data; b VSLOPE COSMO-SkyMed PSI data and cracks plotting: pavement cracks mapped in March 2010 and location of

the main building cracks surveyed in November 2012–January 2013. Below the map: 1 pavement crack in Scaglione street (November 2012);

2 oriented extensional cracks on buildings in Fontana Nuova street (November 2012); 3 St. Nicolò New Cathedral (photo taken in November

2012), now demolished; 4 severely damaged wall in Generale Artale street (March 2010); 5 oriented extensional cracks on buildings in

Pirandello street; 6 extensional cracks in Stazzoni street (November 2012)
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previously not considered as being critical (Figs. 12,

13). COSMO-SkyMed (2011–2012) PS data in

descending geometry show up on housetops and

facades of buildings, enabling a highly detailed

investigation and precisely detecting the buildings

affected by ground deformation. In particular, four

main areas located close to the official zoning of the

2010 landslide were definitely recognized as affected

by ground motions instability in the last years of

monitoring (Figs. 12, 13). A strong spatial correlation

Figure 13
Displacement map of the area in and close to 2010 landslide, focusing on Riana and St. Benedetto districts: a VLOS ERS PSI data overlapped

on a historical (2000) orthophoto (Volo Italia 2000) and time series of two selected PS targets; b VLOS COSMO-SkyMed PSI data overlapped

on a recent (2011) orthophoto; c VLOS COSMO-SkyMed PSI data and cracks plotting, overlapped on a recent (2011) orthophoto. Photos: 1 St.

Benedetto Il Moro Church; 2 Example of damages on a building in Roma street

S. Bianchini et al. Pure Appl. Geophys.



between the identified COSMO-SkyMed PS targets

and the surveyed cracks and damages was found.

Northward of the 2010 landslide boundary, some

PS show high motion rates, confirmed by the damages

observed in situ along Scaglione and Europa streets.

In particular, the presence of tension cracks along the

pavement may indicate the occurrence of a surface

ground deformation (D.R.P.C. 2010) (Fig. 12).

Another unstable area is the Stazzone district,

located on the upper part of the 2010 landslide. The

N–S-oriented cracks on the ground, mapped after the

2010 landslide, derive from tensile stresses within the

translational landslide characterized by a main planar

motion component (D.R.P.C. 2010). Severe crack

patterns were found on the buildings of the whole

quarter during the recent field survey, revealing that

soil moved away from foundations. The New Cathe-

dral of St. Nicolò was demolished in February 2013

due to non-repairable damages (Fig. 12).

PS data and field checks in the Riana district,

located just out of the mapped landslide boundary,

also reveal high motion rates up to -12 mm/year

along the satellite LOS and up to -15 mm/year along

the steepest slope, during the acquisition period

2011–2012 (Fig. 13).

In the southern St. Benedetto district, ground

deformations are the highest (up to -21 mm/year in

2011–2012) and visible only through the current data

measured by the satellite COSMO-SkyMed, while, in

the previous periods, ERS and RADARSAT data do

not reveal any movements (Fig. 13). Therefore,

buildings in this part of the village started being

affected by instability since 2011, as confirmed by the

inhabitants and from the in situ survey carried out in

November 2012.

In conclusion, thanks to the cross-comparison of

local failures and displacement features of single

edifices observed in situ with radar data, an updating

of the pre-existing landslide inventory map of the

whole study area was performed. In particular, within

the San Fratello urban area, radar data validated by

localized field checks allowed a new zoning of the

western boundary of the 2010 landslide with respect

to the official mapping released on 22 February 2010,

enlarging it to include urban areas previously not

considered as being unstable.

If the above result was reasonably expected in

light of the state of activity and actual extent of the

recent 2010 landslide, the satellite data evidenced

critical conditions retrieved also for the historical

districts of San Fratello along the scarp of the old

1922 landslide, proposing a new mapping also for the

eastern boundary of this mapped phenomenon.

8. Discussion

The multi-temporal comparison of PS motion

velocities of all the available datasets (i.e., ERS-1/2

1992–2001; RADARSAT-1 2005–2010; COSMO-

SkyMed 2011–2012) highlighted persistent ground

deformation in San Fratello village, especially over

the old districts around the crown of the 1922 land-

slide and along the western boundary of the 2010

landslide. In particular, COSMO-SkyMed data defi-

nitely proved the current critical condition of this

sector of San Fratello, thereby increasing the alert

level for an area otherwise classified as stable.

Ground motion within the area is assumed to be

characterized by a steady-state nature, given the lin-

ear deformation model assumption made in the PSI

processing approach (CROSETTO et al. 2010; HOOPER

2006). A linear regression model is fitted to the data

within the processing technique, and, thus, PSI time

series show a linear deformation trend in time

(Fig. 13). As a result, the non-linear nature of the

deformation cannot be analyzed by the PSInSARTM

and SqueeSARTM (HOOPER 2006). However, in this

case, the non-steady and episodic motion within the

landslide is assumed to be actually small in magni-

tude, just determined by intense rainfall that cause

acceleration and groundwater level change, because

plastic deformations were recognized along the whole

slope, being independent from the recently occurred

catastrophic movements (D.R.P.C. 2010).

The affordability of X-band data rely on their

potential for accurate deformation measurements that

benefits from high spatial and temporal resolution.

Overall, the use of X-band SAR sensors, i.e.,

COSMO-SkyMed, with high spatial resolution up to

1 meter (ROTH et al. 2003; GERNHARDT et al. 2010)

and short revisiting time improves PSI capability for
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ground motions detection (BIANCHINI et al. 2013;

HERRERA et al. 2010; NOTTI et al. 2010).

X-band radar data turn out to be particularly sui-

ted for local detection of landslide processes at small

scales, especially in urbanized areas, since the great

density of PS point targets in X-band permits to better

understand and accurately describe deformation

phenomena, entering at the level of the site-specific

ground motions investigation. In the San Fratello test

site, COSMO-SkyMed data show a PS density 40

times higher than the one of the medium resolution

satellite (i.e., ERS) (Table 1). These advantages

improve the level of detail of the analysis and allow

studying highly localized surface displacements and

their dynamic evolution patterns. Although temporal

decorrelation is more problematic at X-band com-

pared to longer wavelengths like C-band, the high-

bandwidth data acquired by COSMO-SkyMed sensor

permit more PSI targets to be identified, and so higher

deformation gradients can be detected compared to

C-band satellites (GE et al. 2010). This is due to the

shorter monitoring period of only 12 months (05/16/

2011–02/05/2012) as well as to the shorter temporal

sampling (up to 4 days), allowing the retrieving of

more coherent pixels that show displacements. Some

of the PS targets identified by X-band sensors would

not be detected over a longer monitoring period or

with a worst temporal resolution because the coher-

ence would be lost.

The use of the new SqueeSARTM algorithm

(FERRETTI et al. 2011), exploiting both ‘point-wise’

PS and ‘spatially distributed scatterers’ (DS),

increases the PS targets retrieval also in not-densely

urbanized areas and produces improvements in the

quality of the displacement time series (MEISINA et al.

2013; RASPINI et al. 2013). PSI technique is not a

stand-alone technique, and it must be considered as a

complementary support to the analyses of the areas

affected by slope instability. Ground movement evi-

dence obtained from radar data need always to be

validated and compared as much as possible with

other kinds of techniques and auxiliary information,

in order to achieve a reliable investigation (FARINA

et al. 2006; RIGHINI et al. 2012). Thus, the combined

use of radar data with traditional geomorphological

tools like photo-interpretation, field surveys and

in situ campaigns give useful effort for the mapping

and monitoring of the impacts of landslide phenom-

ena on buildings and manufactures of the investigated

sites (HERRERA et al. 2010; PARCHARIDIS et al. 2010;

CIGNA et al. 2011; TAPETE et al. 2012; FRATTINI et al.

2013).

In this work, PSI radar-interpreted data were

successfully cross-compared with a field survey,

which includes observations on landslide-induced

damages and crack pattern survey of urban structures.

A good agreement between the satellite ground

motion evidences and the ground truth was found in

the San Fratello village.

In order to compare more specifically InSAR

results with local failures and building damages, PSI

data measured along the satellite LOS were projected

downslope along the maximum steepest slope, fol-

lowing the approach presented and applied in

previous works by the scientific community (COLE-

SANTI and WASOWSKI 2006; CASCINI et al. 2009; CIGNA

et al. 2012, 2013; GRIEF and VLCKO, 2012; BIANCHINI

et al. 2013; HERRERA et al. 2013).

The so-called VSLOPE values obtained through the

projection of LOS displacement values (VLOS) allow a

more intelligible interpretation of radar data with

respect to the local morphology (CIGNA et al. 2013;

BIANCHINI et al. 2013). Several limitations need to be

accounted for when projecting the velocity along the

slope. The VLOS projection is only valid when the

landslide movement is parallel to the slope, thus, this

requirement typically holds for planar slides with slow

flow but not for rotational landslides, which generally

possess a vertical movement at the crown and hori-

zontal movement at the toe. The landslide movements

in San Fratello are mainly ascribed as translational

slides associated with localized flows (D.R.P.C. 2010;

ADB 2012), so they are compatible with the assumed

limitations of the projection procedure. Moreover,

VLOS values may vary due to vertical displacements,

i.e., soil consolidation, which should not be projected,

and, if the VLOS data are noisy, the projection will

amplify any errors. In the San Fratello test site, in

order to reduce these problems within the PSI ana-

lysis, the VSLOPE positive values were discarded as

indicating uphill motion and only PS velocities over

5° slope were projected since movement on flat areas

(slope \5°) would be related to other causes. As

shown in Figs. 4, 5 and 6, for the same area of interest

S. Bianchini et al. Pure Appl. Geophys.



and the same satellite, the value of the correction

factor C can vary strongly with the irregularity of the

slope. The real direction of motion is most likely more

uniform. For this reason, when calculating the C fac-

tor for performing the downslope projection, it is

better to use a DEM with a lower resolution or

resample a detailed DEM to smooth out these varia-

tions. In the San Fratello test site, a DEM with 20 m

resolution was used to perform the analysis.

The outcomes of this work are a valuable proof of

the capability of PSI-based approach to selectively

detect areas actually unstable especially if combined

with in situ data, useful for cultural heritage appli-

cations. As a result, the implementation of PSI data in

this work expands the current applications of PSI to

landslides monitoring, by suggesting review of the

pre-existing landslide inventory and consequently by

demonstrating it to be potentially for supporting

strategies of land planning and activities of built

heritage management.

9. Conclusions

In this paper a multi-temporal landslide effects

investigation was performed in San Fratello (Italy)

chronically affected by landslide phenomena, in order

to evaluate the ground motion impacts on the village,

especially on the cultural heritage of the site. The

analysis combines InSAR data, which maps the

active slide movements over 20 years, with a recon-

naissance of damage observed in built structures.

The most recent landslide phenomena in the San

Fratello site occurred in 1922 and in February 2010,

on the two opposite slopes on which the village is

built.

The combined use of historical C-band from 1992

and new generation X-band SAR data up to 2012

permitted one to spatially and temporally detect and

monitor ground deformations at a local scale,

achieving a comprehensive detailed multi-temporal

and spatial investigation of the village.

The InSAR results come from a dual persistent

and distributed scatterer approach by means of

SqueeSARTM processing technique.

Persistent Scatterer Interferometry data were

analyzed and combined with other available

information on the test site, such as orthophotos and

field survey observations carried out in March 2010

just after the 2010 phenomenon, and more recently in

November 2012 and January 2013.

The obtained results allow improving the

landslide inventory map of the area, properly

providing an updated assessment of the instability

on the study area. In particular, the outcomes of

the work lead to proposed new boundaries of the

landslide-affected areas in San Fratello village, not

only for the 2010 landslide, where PSI data

revealed four main unstable areas otherwise clas-

sified as stable, but also for the 1922 landslide,

where a suspicious ground motion pattern was

recognized by means of historical and recent PSI

datasets up to 2010.

The cross-comparison of PSI data with local

failures and damage of single edifices observed in situ

allowed a validation of radar data, to finally achieve a

complete analysis that can be particularly useful for

strategies of cultural heritage and building

management.
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a  b s  t  r a  c  t

Buildings are  sensitive  to movements  caused  by ground deformation. The  mapping  both  of spatial

and temporal  distribution,  and of the  degree of building damages  represents a useful tool  in order  to

understand the  landslide evolution, magnitude and stress distribution. The  high spatial resolution  of

spaceborne  SAR  interferometry  can be used  to  monitor  displacements  related  to building  deformations.

In  particular, PSInSAR  technique  is  used  to map and monitor ground  deformation  with millimeter  accu

racy.  The  usefulness  of the  above mentioned methods  was evaluated  in San Fratello  municipality (Sicily,

Italy),  which  was  historically  affected  by  landslides:  the most  recent one  occurred  on 14th February 2010.

PSInSAR data  collected  by ERS  1/2,  ENVISAT,  RADARSAT1  were  used to  study the  building  deformation

velocities before the  2010 landslide.  The  Xband  sensors  COSMOSkyMed  and  TerraSARX  were  used  in

order  to monitor  the  building deformation  after  this  event. During  2013, after  accurate  field  inspection

on buildings and  structures,  damage  assessment  map  of  San Fratello were  created and then  compared

to  the  building deformation  velocity maps. The  most interesting  results  were  obtained by the compari

son  between the  building deformation velocity  map obtained through  COSMOSkyMed  and  the damage

assessment  map.  This approach  can  be profitably used by local  and  Civil Protection  Authorities to manage

the  postevent  phase and  evaluate the  residual  risks.

©  2014  The  Authors. Published  by Elsevier B.V. This  is an  open access  article  under the  CC  BYNCND

license (http://creativecommons.org/licenses/byncnd/3.0/).

Introduction

Landslides are globally widespread phenomena, causing a sig

nificant number of human loss  of life and injury, as well as  extensive

economic damages to private and public properties. In Europe and

in Italy in particular, where half a million active landslides exist,

mass movements represent the primary cause of death caused by

natural hazards (Guzzetti et  al.,  1999, 2012). Recently, significant

results in the study of ground deformation were obtained using

spaceborne Synthetic Aperture Radar (SAR) sensors, locally inte

grated with ground observations (Ferretti et al.,  2001; Guzzetti

et  al., 2009; Lauknes et al.,  2010; Herrera et al.,  2010, 2013;

Tomás et  al., 2012). This approach allows delivering innovative

and accurate information relevant to  the Civil Defense Authori

ties covering the preevent, event and postevent management

phases. Nowadays slow ground deformations can  be  easily detected

and monitored using satellite radar techniques at a  relatively low

∗ Corresponding author. Tel.:  +39 0552757785.

Email addresses: andrea.ciampalini@unifi.it,

andrea.ciampalini76@gmail.com (A. Ciampalini).

cost. Cband satellites acquire SAR  images since 1992, providing a

very wide archive of the ground displacements historical evolution

of a selected area. These sensors are characterized by  a medium

spatial resolution (20 m × 4  m)  and a  35  days revisiting time. The

new Xband COSMOSkyMed (CSK)  and TerraSARX (TSX) mis

sions reduced the revisiting time to 4 (CSK) and 11  (TSX) days,

enhancing the spatial resolution to 1 m  ×  1 m. Classical Differen

tial interferometry (DInSAR) is used to measure the relative motion

between two  image acquisitions (Costantini et al., 2000; Crosetto

et al., 2011). A  phase difference image or interferogram, which is

directly connected to ground motion, can  be obtained. PSInSAR is

a  noninvasive surveying technique used to calculate motions of

individual ground  and structure pointlike target over wideareas

(Ferretti et al., 2000). The PSI technique takes conventional DInSAR

a step further by  correcting the atmospheric, orbital and DEM errors

in order to derive relatively precise displacement and velocity mea

surements at specific points on the ground. This wellestablished

technique is  particularly useful in landslides mapping and mon

itoring (Liu  et al., 2013; Bianchini et al., 2014a). San Fratello is

a town located in the Messina Province (Sicily, Italy), which was

affected in the last three centuries by at  least three important

landslides: the first two, occurred in 1754 and 1922 respectively,

http://dx.doi.org/10.1016/j.jag.2014.05.011

03032434/© 2014 The Authors. Published by Elsevier B.V. This  is an open access article under the  CC  BYNCND license (http://creativecommons.org/licenses/byncnd/3.0/).
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Fig. 1. Location of  the study area and 1922 and 2010 landslides boundaries. (a) Stazzone quarter; (b) Riana quarter; (c)  San Benedetto quarter.

destroyed the northern sector of the town, while the most recent

one took place on  the 14th February 2010, affecting the mideastern

quarters of the town. This latter landslide, which is still active,

caused severe damages to buildings and infrastructures with an

estimated cost of 300 million Euros for the disaster mitigation

and reconstruction program. This work presents an  analysis of  the

San Fratello town building deformation velocities, obtained by the

combined of  PSI  data and buildings map, with the aim of under

standing the deformation evolution of  the involved structures. In

particular, Cband data collected before the 2010 event, were used

to evaluate the presence of  precursory symptoms of instability,

whereas the Xband data,  collected after the event, were  analyzed

in order to  detect the residual risks in  the postevent phase. Finally,

the obtained postevent building deformation velocity map  was

compared with the damage assessment map. This application,

based on the PSInSAR technique, can be suitable to evaluate how

the abundance of  the elements at risk in  a  landslide affected area

may  change with time, contributing to  the risk assessment, which is

very important for decision making by Civil Protection Authorities,

especially during the landslide postevent phase.

Geological setting

The town of  San Fratello is located in the northeastern sector of

Sicily (Italy), along the Tyrrhenian coastline (Fig. 1), close to  the

boundary between the Nebrodi and Peloritani mountain chains.

The study area was  historically affected by landslides (Goswami

et al., 2011; Mondini et al., 2011; Del Ventisette et  al., 2012;

Fig. 2.  Schematic geological map of the  town of  San Fratello (courtesy of  DRPC).
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Fig. 3. Damage assessment map  of San Fratello according to  the  degree of  damages of  Table 1 (a); and the  related frequency of buildings considering the degree of damages

(b).  Some examples of  the  damages of  San Fratello (c) class  3; (d) class 6; (e) class 7; (f) class 5; (g)  class 2;  (h) class 5.

Table 1

Ranking scheme of building damage categories (modified after Cooper, 2006).

Class

0 No damages.

1 Hairline cracking not visible from outside. Fine cracks, generally restricted to internal wall finishes: rarely visible in external brickwork. Typical crack widths

up to 1 mm.  Generally not  visible from outside.

2 Cracks not necessarily visible externally, some external repointing may  be required.

Doors and windows may  stick slightly. Typical crack widths up to 5  mm.  Difficult to record from outside.

3  Cracks that can be patched by a builder. Repointing of external brickwork and possibly a  small amount of brickwork to  be replaced. Doors and  windows

sticking, slight tilt to walls, service pipes may  fracture. Typical crack widths are 5–15  mm,  or several of say  3  mm.  Visible from outside.

4  Extensive damage that requires breakingout and  replacing sections of walls, especially over doors and  windows. Windows and  door frames distorted, floors

sloping noticeably; some loss  of bearing in  beams, distortion of  structure. Service pipes disrupted. Typical crack widths are 15–25 mm,  but also depends on

number of cracks. Noticeable from outside.

5  Structural damage, which requires a  major repair job,  involving partial or complete rebuilding. Beams lose bearing capacity, walls lean badly and  require

shoring. Windows broken with distortion. Danger of  instability. Typical crack widths are >25 mm, but  depend on  the number of cracks. Very obvious from

outside.

6  Partial collapse. Very obvious from outside.

7  Total collapse. Very obvious from outside.

Table 2

used PS InSAR datasets.

Sensor Geometry Time interval No.  of scenes Density (PS/km2)

ERS 1/2 Ascending 11/09/92–05/06/00 34 6.55

ERS  1/2 Descending 01/05/92–08/01/01 70 46.45

ENVISAT Ascending 22/01/03–22/09/10 65 64.74

ENVISAT Descending 07/07/03–13/09/10 49 20.41

RADARSAT Ascending 30/012/05–26/01/10 47 85.86

RADARSAT Descending 31/01/06–03/02/10 47 85.86

COSMOSkyMed Descending 16/05/11–02/05/12 32 400.62

TERRASarX Descending 28/10/11–22/09/12 30 813
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Fig. 4. (a)  Buildings deformation velocity  map obtained using ERS  1/2 descending data. (b) Details of the 1922 landslide with the PS dataset. The red asterisk stands for the

PS  time series of (c).  The red line corresponds to the  2010 landslide boundary; the orange line corresponds to the 1922  landslide boundary.

Bianchini et  al., 2014b). The oldest documented one occurred in

1754, destroying the northeastern part of  the town, medieval in

age. The 8th of  January 1922 another large  landslide seriously dam

aged the northwestern quarters, causing the town delocalization.

The most recent landslide occurred on February 14th 2010 caus

ing several damages to buildings and infrastructures. This landslide

affected the eastern sector of the town, determining the evacua

tion of more than 2000 people. From a  geomorphological point of

view San Fratello is located at about 650 m  a.s.l. along a  N–S ori

ented divide on which both the west and east facing slopes are

characterized by a steep  gradient and creek erosion at their toe.

From a  geological point of  view, the study area is part

of the collisional system, developed since the Late Cretaceous,

as the result of the convergence between the European and

AfricanAdriatic plates (Corrado et  al., 2009). The study area is char

acterized by the presence of  two main structural domains: the

KabilianPeloritanCalabrian units at northeast, overthrusted on

the  ApenninicMaghrebian domain to the southwest (Lentini et al.,

2000; Lavecchia et al., 2007). The KabilianPeloritanCalabrian

units are made of  imbricate sheets of Paleozoic metamorphic and

igneous rocks and the related Mesozoic sedimentary cover (Somma

et al., 2005). These units, cropping out within the Peloritani moun

tains, are covered by Upper OligoceneLower Burdigalian deposits

(Lentini et  al., 2000).  The ApenninicMaghrebian domain crops

out in the Nebrodi Mountains and is  made of imbricate sheets of

MesozoicTertiary sedimentary rocks. The boundary between these

two domains, corresponds to the limit between the Peloritani and

Nebrodi mountain chains; this boundary is represented by  an  active

frontal thrust marked by the LongiTaormina lineament (Catalano

et al., 2006; Billi et  al., 2007). San  Fratello is located in proximity to

this fault (Fig. 2). The rocks outcropping within the San Fratello

area consist of a  CretaceousOligocene terrigenousflyschoid to
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Fig. 5. (a)  Building deformation velocity map  using both ascending and  descending ENVISAT datasets. (b) ENVISAT PS dataset related to the  1922 landslide with two selected

time  series (c and d).  (c) Corresponds to the yellow asterisk; (d)  corresponds to the orange asterisk.

calcareous sedimentary sequence. In particular, the western and

southern part of  the study area is mostly characterized by  ter

rigenous terrains, represented by  the AppeninicMaghrebid Units

(clays alternating with sandstones and clayeymarly formations).

In the northern portion of the area, the uppermost units (Kabilo

Calabride Units) crop out, occurring as Liassic carbonate platform

sequences overlapped by a terrigenous Late  EoceneOligocene Fly

sch. Cretaceous pelagic dolostones and limestones (San Marco
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Fig. 6. (a) ENVISAT ascending PS dataset; (b) comparison between the  ground deformation velocity  map and the damage assessment map; (c) time series correspondent to

the  yellow asterisk; (d) time series correspondent to the orange asterisk.

D’Alunzio Unit) crop out in the NNE sector of San Fratello

(Giunta et  al., 2000; Lavecchia et al., 2007).  The poor geotech

nical properties of the claysilt and flyschoid lithotypes are one

of the triggering factors of  the landsliding phenomena, combined

with the steep topography and the occurrence of intense rainfall

events.

Methodology

Damage assessment map

The damage assessment map  was performed after an  accurate

field survey, covering the whole town area of  San  Fratello. A total
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Fig. 7. Building deformation velocity map  using both ascending and descending

RADARSAT1 datasets.

amount of 738 buildings were mapped on  the basis of the damages

observable on their walls and facades. Buildings interior damages

were evaluated by interviewing the local inhabitants. The degree of

damages for each building was  evaluated using a modified version

of  ranking scheme of  building damage categories of Cooper (2006)

(Table 1).

Radar interferometry

Spaceborne Interferometric radar approach represents a pow

erful tool to detect movements on the Earth’s surface. Mapping

geomorphologic processes and monitoring slope instability can

greatly benefit from satellite data analysis due to the great

cost–benefits ratio, noninvasiveness, wide area coverage and high

precision. Spaceborne InSAR can offer a  useful support in the detec

tion and characterization of  slow surface displacements, providing

rapid and easily updatable ground velocity measurements, along

the satellite line of sight (LOS). Multiinterferometric InSAR tech

nique has turned out to be a  valuable and successful tool to  detect

and measure surface displacements with millimeter accuracy, and

also to reconstruct the deformation history of the investigated areas

(Bovenga et al., 2006; Colesanti and Wasowski, 2006; Cascini et al.,

2009; Cigna et  al., 2011; Hung et al.,  2011; Bianchini et al.,  2012;

Ciampalini et al.,  2012; Raspini et al., 2012; Del Ventisette et al.,

2014; Bianchini et al., 2014b). In the last 20 years,  several dif

ferent radar satellite missions were launched, providing different

types of  SAR images to be used for ground  movement detection

and monitoring. Consequently, today many satellite interferomet

ric data are  available, including both historical archives, acquired

since the early 1990s (e.g. ERS 1/2, ENVISAT), and images from

currently operating satellites (e.g. TerraSARX, COSMOSkyMed),

spanning a  time interval of  more than 20 years, which can allow

the analysis of both past and recent ground displacements of the

observed scenes (Bianchini et al., 2012). PSInSAR can be used to ana

lyze archival SAR data, providing annual velocities and deformation

time series on grids of  stable reflective pointwise targets, called

Persistent Scatterers (PS), characterized by a  coherent electromag

netic behavior in all the radar images (Ferretti et al., 2001). Several

of these PS  correspond to handmade artifacts, such as  buildings,

railways or highways, making this method suitable for the moni

toring of urbanized areas where the density of  the PS  is higher. This

can provide exclusive information for an improved understanding

of the long term behavior of slow and veryslow ground deforma

tion phenomena (Del Ventisette et  al., 2013). PSI analysis, properly

integrated with auxiliary data, has been mainly used for mapping

and monitoring slowmoving landslides, and for evaluating their

state of activity and intensity (Ferretti et al., 2000; Meisina et al.,

2008; Herrera et al., 2009, 2010; Guzzetti et al., 2009; Notti et al.,

2010; Righini et al., 2012; Bianchini et al., 2014b). The recorded

displacements are measured considering a ground  point of known

coordinates, called reference point, considered stable on the basis

of the geological knowledge of  the area. Satellite sensors are side

looking and acquire images in two different geometries, following

an approximately N–S direction and a  perpendicular line of  sight

(LOS). For  this reason, sensors moving from south to north acquire

in ascending geometry and are more suitable to detect movements

located on west facing slopes. On the contrary, sensors moving

from north to south acquire in descending geometry making them

suitable for the observation of eastfacing slopes. Five different

sensors were used to monitor the buildings of San Fratello: ERS

1/2, ENVISAT, RADARSAT1, COSMOSkyMed (CSK) and TerraSAR

X (TSX) (Table 2)  covering a very long interval of  time, spanning

from 1992 up to 2012. Satellite SAR data were processed by T.R.E.

(Tele Rilevamento Europa). The ground deformation velocity of

each building was  calculated considering the average velocity of

all the PS  included in the polygon corresponding to  the building.

The calculation was performed for each  C and Xband dataset. To

avoid problems related to a possible shift between the buildings

and the PSI  layers, due to a nonextremely accurate georeferencing

process, PS located in a range of  2  m outside the buildings were

included in  the calculation of  the average velocity. Furthermore,

the use of  these 2 m wide buffer improved the number of  usable PS.

Considering the ground deformation velocity, a  stability threshold

was chosen between ±1.5 mm/y  for the Cband data and ±2  mm/y

for the Xband data. These thresholds were decided on the basis of

both the investigated phenomena (slow moving) and the standard

deviation of  the PS population.

Results

Damage assessment map

The damage assessment map  (Fig. 3)  reports the degree of dam

ages of  a  total of  738 buildings classified following the scheme

reported in  Table 1. The map shows that more than half of  San

Fratello buildings are  affected by damages caused by  slope insta

bility; amongst them 20% of buildings are strongly damaged (more

than class 4).  The most affected areas are located on the town east

ern slope, within the Stazzone quarter and East of  the city center

(Fig. 3a). In these areas, also some of the most recent buildings

collapsed or were damaged to  the point that they required to be
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Fig. 8. (a)  RADARSAT1 ascending PS dataset; (b) comparison between the ground deformation velocity map  and the  damage assessment map; (c) time series correspondent

to  the yellow asterisk; (d)  time series correspondent to the orange asterisk.

demolished. Intense damages can be observed also in the Riana and

San Benedetto quarters along the 2010 landslide crown (Fig. 3e).

The field surveys revealed also the presence of  several damaged

buildings located in  the northwestern part of town, corresponding

to the 1922 landslide crown area.

Radar interferometry

ERS 1/2 (1992–2001)

The buildings deformation velocity maps using the ERS 1/2

datasets highlight that no buildings located in  the area of  the 2010
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landslide are affected by deformation, however a  maximum of

178 (24.12%) buildings were mapped using the descending dataset

(Fig. 4a). Along the 1922 landslide crown, some buildings show

a deformation velocity, which is consistent with the damages

observed on their walls and facades. In this case, the extent of the

area affected by deformation is underestimated. A better result  can

be  obtained by the observation of the whole PS  dataset (Fig. 4b).

PS targets clearly show the presence of at least two  other areas

characterized by ground deformation, one located along the 1922

landslide crown (Fig. 4a), where the mean deformation velocity is

up to −9  mm/y  (Fig. 4b and c), and another one within the landslide

body (Fig. 4b).

ENVISAT (2003–2010)

The use  of the ENVISAT datasets allowed the mapping of  up to

279 (37.80%) of the town buildings. The related building deforma

tion velocity map  (Fig. 5a) is very similar to those obtained with ERS

1/2  datasets. Results highlight a substantial stability of  the town.

A very small amount of  buildings is characterized by deformation

velocities outside the stability range. Along the eastern slope, only

one edifice shows an average velocity of  −10 mm/y. On the west

ern slope, along the 1922 landslide crown, the buildings affected by

deformation are almost  the same of those highlighted by the map

obtained with ERS 1/2. The use  of  ENVISAT sensor increased the

number of monitored buildings; however, these PS  data were  still

not suitable to  detect possible ground displacements to be consid

ered as landslide precursors. Also in this case using  the whole PS

datasets it was possible to retrieve more information about slope

instability (Fig.  5b). Along the western town sector the area affected

by  ground deformation could be better recognized using PS which

highlighted the presence of  a wide area affected by deformation,

located along in  the eastern sector of the 1922 landslide (Fig. 5b).

The most interesting information obtained using the ENVISAT data

concerns the ground deformation of  the eastern slope (Fig. 6a). Here

two  areas, showing clusters of PS  characterized by high ground

deformation velocities, can be recognized. Even though both these

areas are located inside the 2010 landslide body, including a very

low number of buildings, the number of  PS is sufficient to high

light ground deformation. The comparison between the PS and the

damage assessment map  shows a  good agreement between the

distribution of  the PS  having the highest velocities and the most

damaged buildings by the 2010 landslide (Fig. 6b).

RADARSAT1 (2005–2010)

RADARSAT1 data can be used to confirm the results obtained by

ENVISAT data due to the partial overlapping of their temporal cov

erage. The main advantage of the use of RADARSAT1 is represented

by  the higher density of PS  that allows mapping the deformation

velocity of almost the half (48.37%) of the monitored buildings.

Results clearly highlight three areas where buildings are affected

by deformation (Fig. 7). The first area is  located within the eastern

slope, confirming the  results of ENVISAT data. In addition, the defor

mation of the edifices located along the 1922 landslide crown is

confirmed. The third area corresponds to the San Benedetto quarter,

where four buildings show velocities slightly higher than the stabil

ity range. Considering the whole PS RADARSAT1 ascending dataset

(Fig. 8a), the area affected by  ground deformation located within the

eastern slope is clearly recognizable. Also, in this case, the agree

ment between the ground deformation velocities and the damage

assessment map is good (Fig. 8b), confirming the usefulness of the

Cband sensors relatively to this area,  where the buildings affected

by severe damages are surrounded by  PS  showing the highest

velocities. Also along the western slope, RADARSAT1 confirms the

results obtained by ENVISAT highlighting the presence of ground

deformation within the body and along the 1922 landslide crown.

Fig. 9. Building deformation velocity map using both ascending and descending

COSMOSkyMed datasets. The black lines correspond to the secondary scarps devel

oped during the 2010 landslide.

COSMOSkyMed (2011–2012)

CSK  images were acquired after the 2010 landslide, thus they

can be useful to evaluate possible postevent ground  deformation

phenomena. The available data were acquired only in descending

orbit, making them suitable especially to study the deformation

of the western slope. Anyway, the high density of the PS  allowed

to retrieve also interesting information about the eastern slope

deformation. The stability range for CSK data was increased to

±2 mm/y  because of  the higher average standard deviation of  PS

velocity, if compared to those of  the Cband data. The increase of

the standard deviation is  related to  the short  acquisition period

(only one year) and to  the location of San Fratello, which turns

out to be far  from the reference point and at the boundary of the

used SAR images. In this case, the building deformation velocity

map  permits to recognize three different areas (Fig. 9), along the

2010 landslide crown, where several buildings are affected by  a

considerable deformation. These areas correspond, from north to

south, to the Stazzone, Riana and San Benedetto quarters, which

were intensely damaged during the event. The difference in colors

between the Stazzone and San Benedetto quarters, that represent

different displacement direction, is related to the different position

of the areas within the 2010 landslide. Buildings that are mov

ing toward the satellite characterize Stazzone quarter, whereas

in San  Benedetto the edifices are  moving away with respect to

the sensor. The first  ones are  located inside the landslide body,

whereas the second ones are placed along the landslide crown.
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Fig. 10. Standard deviation (a), ground deformation velocity map  with ±7 mm/y  stability range (b) and building deformation velocity  map with ±5 mm/y stability range (c)

using  the descending TerraSARX dataset.

The fractures patterns developed on the building facades sug

gest that Stazzone is moving downhill, on the contrary part of

the building located within the San Benedetto is characterized

by mainly vertical movement. This is consistent with the geom

etry of  the landslide, which is rotational in  the upper part and

translational downward. Another interesting result is represented

by the presence of a strip, located along the crown of  the 1922

landslide, characterized by several buildings showing high defor

mation velocities. These edifices present well developed fractures

on their facades, confirming that this area is interested by slow

but continuous ground deformation. The comparison between the

building deformation velocity map, obtained using CSK data, and

the damage assessment map shows a very good agreement, con

firming that the most intensely damaged area during the 2010

landslide are, today, characterized by  residual movements, which

compromise their stability. Several of  these buildings were  recently

evacuated and some of  them completely demolished. The measure

ment of the velocities related to residual movements must be used

with caution because of  the high standard deviation.

TerraSARX (2011–2012)

The available TSX data were  acquired between October 2011 and

December 2012. Part  of  the acquisition period is overlapped with

that of the CSK data. This  dataset is affected by a very high standard

deviation, especially in  correspondence of  San  Fratello town  area,

where the average standard deviation is 7.6 (Fig. 10a and b). These

high values depend on several factors (e.g. the choice of the refer

ence point, the short acquisition period, the topographic factor and

the position of  the area,  located close to the boundary of the SAR

images). For these reasons, TSX data could not be used to calculate

the building deformation velocities. However, some consideration

about the ground deformation can be made considering as not

moving the areas resulting stable from CSK.  A differential analy

sis can be  useful to highlight areas affected by ground deformation.

In this case, the applied stability threshold was  selected between

±7 mm/y, considering the standard deviation. Results suggest that

almost three areas of the town are affected by ground  deformation:

the northern one is located along the crown of  the 1922 land

slide, the second one is represented by  part of the Stazzone quarter

and the southern one corresponds to the San Benedetto quarter

(Fig. 10c). Ground displacements highlighted by TSX confirm the

results obtained using CSK but, considering the standard deviation,

the evaluation of the ground deformation velocities can be made

only with the last  one.

Reprocessed Xband data

Considering the interesting results highlighted by  Xband sen

sors, the TSX and CSK datasets were reprocessed, choosing a

different reference point, in order to  minimize the standard devi

ations. The new reference points were located inside San Fratello,

in correspondence of  buildings considered stable. This procedure

allowed a more  accurate measurement of building deformations

velocities. During the reprocessing of  the CSK  data, several PS,

located in the western part of the town were lost, but the build

ing deformation velocity map  clearly shows that Stazzone and

San Benedetto quarters are  affected by important deformations

(Fig. 11). In  addition the reprocessed TSX data (Fig. 12) con

firmed that these two areas are  subjected to ground deformations,

especially San  Benedetto where the extent, the geometry of the

deformations and the average velocities are  comparable to the

CSK data. TSX data can be useful also to observe the deformations

located along the western slope, where several buildings show high

velocities.

Discussion

Landslides may  affect different kind of buildings in different

ways. Construction methods, with  regard to depth of foundations

and used material, can counteract the development of  the dam

ages caused by ground displacement. This fact is fundamental to  be

taken into account in a town such as  San Fratello, where very differ

ent  kinds of buildings are  present. San Fratello town is  composed

by historical buildings made of bricks, having very  shallow foun

dations, as well as  recent buildings with deeper foundations and
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Fig. 11. (a) CSK ground deformation velocity map; (b) building deformation velocity map obtained by using CSK data; (c)  time  series correspondent to the  orange asterisk

and  (d) time series correspondent to the  yellow asterisk.

a reinforced concrete structure. After the 2010 landslide the first

ones show various degrees of damages, going from welldeveloped

fractures on their walls and facades, distortion of  windows and

door frames, up to the structural partial or total collapse (Fig. 3).

The more recent buildings stood  up well to  the landslide induced

deformations, but in some cases, they show a  rotation of the whole

structure. The combined use  of the buildings map and the PS  radar

datasets (Table 3) highlighted that the PS density is a  fundamental

parameter in order to evaluate the feasibility of this application for

building monitoring activities. Only the Xband datasets, bearing

a high target density (≫200 PS/km2), resulted useful to under

stand the displacement velocities of  at least more than the half

of the buildings of the San Fratello town. Anyway, some  informa

tion were also retrieved by RADARSAT1 datasets. The number of
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Fig. 12. (a) TSX ground deformation velocity map; (b) building deformation velocity map  obtained by using TSX data; (c)  time series correspondent to the orange asterisk

and  (d) time series correspondent to the  yellow asterisk.

monitored buildings was  sensibly improved considering a  buffer of

2 m for each building. The size of  the buffer was  decided consider

ing the proximity among the buildings. A  wider buffer can  lead

to consider PS belonging to another building, especially in the

city center, where several streets are  very narrow. The use of  a

2 m wide buffer allowed a considerable PS number improvement,

which were used to calculate the buildings deformation velocity

(Table 4). This improvement was observed for all the dataset even if

the Cband sensors (ERS 1/2  and ENVISAT) were still  characterized

by a low percentage of monitored buildings. Only RADARSAT1,

among the Cband sensors, permitted the monitoring of a suffi

cient amount of buildings. When the percentages of monitored

buildings were less than 40%,  the use of  the whole PS dataset  was

considered more appropriate in  order to avoid the loss of  informa

tion. The comparison between the building deformation velocity

maps, highlights that before the 2010 event, all the Cband satellites
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Fig. 13. Percentages of buildings monitored with the available sensors considering the used velocity (in mm/y) classification described in  the  previous paragraphs. For Cband

sensors:  class 1:  <−5; class 2:  −4.99 to −3.00; class 3:  −2.99 to −1.5; class 4: −1.49 to  1.5; class 5: 1.51–3.00; class 6: >3. For  CSK: class 1: <−5; class 2: −4.99 to −3.00; class

3:  −2.99 to  −2.0; class 4: −1.99 to 2.0;  class 5: 2.01–3.00; class 6: >3. For TSX D: class 1: <−10; class  2: −9.99  to −8.00;  class 3: −7.99  to −7.0; class 4: −6.99 to 7.0;  class 5:

7.01–9.00; class 6: >9; for TSX D  2:  class 1: <−10; class 2:  −9.99 to −7.00; class 3:  −6.99 to  −5.0; class 4: −4.99–5.0; class 5:  5.01–7.00; class 6: >7.

Table 3

Results of the interpolation between the considered PS datasets and the buildings

map  using a simple intersection.

Dataset No. of PS PS/km2 No. of buildings %

ERS 1/2 asc 63 35 45 6.10

ERS  1/2 desc 247 137.2 128 17.34

ENVISAT asc 418 232.2 199 26.97

ENVISAT desc 115 63.89 75 10.16

RADARSAT1 asc 298 165.56 203 27.51

RADARSAT1 desc 480  266.67 259 35.10

COSMOSkyMed desc 1447 803.89 405 54.95

TerraSARX 1567 870.56 442 59.98

Table 4

Results of the interpolation between the considered PS datasets and the buildings

map  using an intersection with a  2 m tolerance.

Dataset No. of  PS PS/km2 No. of  buildings %

ERS 1/2 asc 149 82.22 101 13.69

ERS  1/2 desc 359 199.44 178 24.12

ENVISAT asc 634 352.22 279 37.80

ENVISAT desc 310  172.22 170 23.04

RADARSAT1 asc 653 362.78 357 48.37

RADARSAT1 desc 757 420.56 348 47.15

COSMOSkyMed desc 3036 1686.67 506 68.56

TerraSARX 4718 2621.11 608 82.38

indicate a substantial stability of  the town (Fig. 13).  In particular,

up to the 96% of  the monitored buildings with ERS 1/2 are char

acterized by velocities included within the stability range. Despite

of the low number of  monitored edifices, the ground deformation

velocity maps for the eastern slope also confirm these results: no

significant deformations were observed. The number of buildings

affected by higher deformation velocities increases considering

ENVISAT and RADARSAT1. This increase can be related to the

higher PS density. The ground deformation velocity maps obtained

using ENVISAT and RADARSAT1 suggest that the area correspond

ing to the 2010 landslide body was affected by ground deformation.

Thanks to the higher PS  density of RADARSAT1, the instability can

be  also appreciated in the related building deformation velocity

map. The number of buildings affected by deformation increases

sensibly considering the Xband sensors, especially with regards to

CSK, which highlights that only 60% of the monitored buildings are

characterized by  velocities within the stability range. These results

are  confirmed by the comparison between the building defor

mation velocity map  and the damage assessment map. Buildings

characterized by the highest residual velocities are located in the

area affected by the 2010 landslide. A direct correlation between

the deformation velocity and the degree of the damage was not

observed because of  the type of  building affects their response to

the deformation. For example, modern buildings having reinforced

concrete foundations better resist to the stress with respect to the

historical buildings. The Xband data highlighted the presence of

considerably residual movements along the eastern slope even two

years after the event. TSX data can be used with caution because

of their high standard deviation, which makes PS velocities not

reliable. Only a  differential analysis can  be performed to highlight

moving areas with respect to stable areas. The TSX building defor

mation velocity map  confirmed the same areas affected by ground

deformation detected by CSK.  An improvement in the measured

velocities accuracy was obtained thanks to the reprocessing of the

Xband datasets. Using these datasets, it was possible to  reduce

the standard deviation and to  evaluate the deformation velocities

more  accurately. Interesting results were obtained also along the

1922 landslide crown. In this area, slow but continuous deforma

tion was detected since 1992. In this sector, the correlation between

the damaged buildings and the building deformation velocity map

is very high. Some evidences of  deformations of the edifices can be

observed also using Cband sensors, but the lower PS density sug

gests that the use of the ground deformation velocity map  is  more

suitable.

Conclusions

PSInSAR technique, using  five different sensors, was success

fully used to evaluate the building deformation velocities of the

San Fratello municipality, which was  affected by two landslides

occurred in 1922 and 2010 respectively. The Cband data were

acquired before the 2010 event, in order to observe the presence

of landslide precursory symptoms, whereas Xband satellite radar

data were acquired during the post event phase, with the aim of

detecting the landslide residual risk.

The advantages of the Xband data are represented by the high

PS density, which allowed to measure the deformation velocity of
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a large number of  the surveyed buildings (more than 80%). On the

contrary, the Cband satellites were characterized by  a low per

centage of mapped edifices. Only RADARSAT1 data seemed to be

effective in order to understand possible presence of deformation

areas within the San Fratello town. The low density of the Cband

sensors suggests that the use of the ground deformation veloc

ity  map  is  more suitable with respect to the building deformation

velocity map. Using the latter, several information about ground

deformation can be lost, in case of  several PS do not correspond

to buildings. Usually Xband SAR images are  most expensive but,

at the local scale, the advantages of the higher PS  density is much

greater in  terms of obtained results.

This work proves the effectiveness of the combined use  of

ground and building deformation velocity maps to understand

the behavior of landslide phenomena during the pre and post

event management phase. In particular Xband data, applied to

the monitoring of  building deformation, combined with the dam

age assessment map, can be profitably used by the Civil Protection

and local Authorities during the post  event, in order to evaluate

the residual risk and to  plan evacuation procedures and mitigation

measures regarding the most damaged and unstable buildings. This

work also highlights the importance of the continuous monitoring

of urbanized areas affected by slope instability phenomena. In  this

case, the long term monitoring was performed using five different

sensors, but  this approach can be  relevant to the design of  future

products based on data routinely acquired by the new ESA Sentinel

mission.
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Abstract Stromboli volcano (Aeolian Archipelago, Southern

Italy) experienced an increase in its volcanic activity from late

December 2012 toMarch 2013, when it produced several lava

overflows, major Strombolian explosions, crater-wall col-

lapses pyroclastic density currents and intense spatter activity.

An analysis of the displacement of the NE portion of the

summit crater terrace and the unstable NW flank of the vol-

cano (Sciara del Fuoco depression) has been performed with a

ground -based interferometric synthetic aperture radar

(GBInSAR) by dividing the monitored part of the volcano

into five sectors, three in the summit vents region and two in

the Sciara del Fuoco. Changes in the displacement rate were

observed in sectors 2 and 3. Field and thermal surveys re-

vealed the presence of an alignment of fumaroles confirming

the existence of an area of structural discontinuity between

sectors 2 and 3. High displacement rates in sector 2 are

interpreted to indicate the increase in the magmastatic pressure

within the shallow plumbing systems, related to the rise of the

magma level within the conduits, while increased displace-

ment rates in sector 3 are connected to the lateral expansion of

the shallow plumbing system. The increases and decreases in

the displacement rate registered by the GBInSAR system in

the upper part of the volcano have been used as a proxy for

changes in the pressure conditions in the shallow plumbing

system of Stromboli volcano and hence to forecast the occur-

rence of phases of higher-intensity volcanic activity.

Keywords Aeolian Archipelago . GBInSAR . Strombolian

activity . Volcanomonitoring . Stromboli

Introduction and rationale for the study

Hazard at Stromboli Island (Aeolian Archipelago, Southern

Italy; Fig. 1) is associated with tsunamis generated by sub-

aerial and/or submarine landslides of unstable portions of its

NW flank (Sciara del Fuoco (SdF)) frequently caused by the

opening of effusive fractures, as in the crisis of 1930 and

2002–2003 (Barberi et al. 2009; Rosi et al. 2013). Hazards

are also associated with “major” strombolian explosions,

whose ejecta may affect the summit area where visitors usu-

ally have access, and especially with the more violent “explo-

sive paroxysms”, that often affect the surrounding villages of

Stromboli and, especially, Ginostra with ash and bombs

(Barberi et al. 1993; Bertagnini et al. 2011). The “ordinary”

activity consists of frequent, small-scale, impulsive explosions

of gas and particles, producing 100–200 m high scoria-rich

jets, associated with persistent, quiescent magma outgassing

and discrete gas explosions (Rosi et al. 2013).
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Volcanic crises at Stromboli were not preceded by evident

accelerations of phenomena that are typical of quiescent close-

conduit volcanoes. However, variations of some parameters,

such as CO2 soil and SO2 plume flux (Inguaggiato et al. 2011),

CO2/SO2 within the volcanic plume (Aiuppa et al. 2009;

Aiuppa et al. 2010), deformation (recorded by the ground-

based interferometric synthetic aperture radar (GBInSAR);

Casagli et al. 2009) and the number and intensity of

Strombolian explosions (Andronico et al. 2008; Taddeucci

et al. 2013) provide evidence regarding of the state of the

volcano and abnormal variations demand the attention of Civil

Protection and monitoring institutions. When Stromboli ex-

periences a high level of activity, one of the primary questions

is whether the “crisis” will lead to a paroxysmal explosion

and/or to a flank effusion, during which tsunamis are more

likely.

Given the highly developed monitoring system installed at

Stromboli, which provides increased knowledge of volcano's

Fig. 1 a Geographical setting of Stromboli island; b SPOT (2009) image

with the main geomorphological features (from Intrieri et al. 2013a); c

field of view of the GBInSAR which shows the sectors described in the

text (modified after Intrieri et al. 2013a); sector 1, a new sector with

respect to Di Traglia et al. (2013); sector 2, corresponding to sectors 1 and

2 of Di Traglia et al. (2013); sector 3, as in Di Traglia et al. (2013); sector

4, corresponding to SdF1 in Intrieri et al. (2013a) and Nolesini et al.

(2013); and sector 5, corresponding to SdF2 in Intrieri et al. (2013a) and

Nolesini et al. (2013); d SPOT (2009) image and GBInSAR cumulated

(2010–2013) displacement map (max displacement, 150 mm in sector 2)

with the main structural features of the summit area of Stromboli volcano

(from Finizola et al. 2003)
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behaviour, indicators of change in volcanic activity have

become sufficiently apparent to prompt scientists to issue

public statements, to engage with media, local land managers,

public officials and to start other activities in preparation for an

emergency. However, de-escalation from a crisis, without

occurrence of paroxysmal explosion or flank effusion,

can threaten the credibility of the scientific community

and the civil protection authorities responsible for evac-

uations and/or access restrictions, and announcement of

a crisis can also bring unwanted economic and social

disruption (Moran et al. 2011; Garcia and Fearnley

2012; Intrieri et al. 2013b). To avoid these conse-

quences, it is necessary to analyse in detail different

crises, to identify any different trends in geophysical

and geochemical parameters which distinguish crisis that

does not evolved into flank effusion and/or paroxysmal

explosions from those that did, as the well-studied

2007 crises (Aiuppa et al. 2009; Casagli et al. 2009;

Inguaggiato et al. 2011).

To contribute toward this aim, the study presented here

examinee the displacement data recorded by the GBInSAR

monitoring system of Stromboli during the last crisis, which

lasted 4 months (December 2012 to March 2013) and during

which lava overflows from the summit vents, crater-wall

collapses and major explosions occurred.

Stromboli volcano

Geological background

The 916-m high Stromboli Island is the emerged portion of a

~3,000-m high stratovolcano located in the north-eastern tip

of the Aeolian Archipelago in the southern Tyrrhenian sea

(Fig. 1a) and it persistently erupts a potassium-rich, basaltic

magma at multiple vents residing in an area located at ~750 m

above sea level (Tibaldi 2001; Corazzato et al. 2008).

Together with Vulcano and Lipari, Stromboli is one of the

active volcanic islands of the Aeolian Archipelago (Rosi et al.

2013; Di Traglia et al. 2013). The rock composition at

Stromboli varies and includes basaltic andesite, shoshonite

and latite-trachyte (e.g. Hornig-Kjarsgaard et al. 1993), with

the oldest exposed products dated approximately 100 ka

(Gillot and Keller 1993).

Stromboli has been affected by three caldera collapses and

five sector collapse events, each followed by reorganisation of

the eruptive centres (Tibaldi 2001; Tibaldi et al. 2009). From

13 ka, lateral collapses formed a nested horseshoe-shaped scar

(Fig. 1b) opening to the northwest, called the SdF depression

(Tibaldi 2001; Di Roberto et al. 2010). Small-scale flank

instability and related tsunamis are also frequent and

occurred during many recent flank effusions (1879,

1916, 1919, 1930, 1944, 1954 and 2002; Barberi et al.

1993; Tinti et al. 2006). During the last flank effusion

(February-April 2007) a paroxysmal explosion occurred

(15th March 2007; Pistolesi et al. 2011; Andronico

et al. 2013), and the opening of effusive vents at the

base of the NE vents and in the SdF area produced

small landslides, but tsunamis were not detected

(Barberi et al. 2009).

Volcanic activity

Strombolian activity is characterised by mild to moderate

energy explosions that occur once a gas slug—a discrete

volume of gas rising in the conduit system at a relatively high

velocity with respect to the surrounding basaltic magma—

reaches the cooled upper surface of a magma column and

causes it to raise, up-dome and ultimately explosively release

of gas that is accompanied by ejected magma clots

(Blackburn et al. 1976; Parfitt 2004; Del Bello et al.

2012). This type of activity is fed by a mostly degassed,

high-porphyricity (HP) basaltic magma that is thought to

reside in the shallower, cooler portion of the conduit system

(Bertagnini et al. 2003).

Strombolian paroxysms and major explosions are

characterised by more efficient fragmentation, higher mass

discharge rates and total erupted mass, compared with the

“ordinary” Strombolian events (Rosi et al. 2006; Hougthon

and Gonnermann 2008; Andronico and Pistolesi 2010;

Pistolesi et al. 2011; Lautze et al. 2012; Houghton et al.

2013). Major explosions are clustered in a relatively short

time period (1 to 2 months), during which the activity is

characterised by frequent explosions (>5 events/h,

Andronico et al. 2008), high CO2 plume flux (>1,000 t/day,

Aiuppa et al. 2011), and they may be associated with lava

overflows from the summit vents (Rosi et al. 2013). These

periods are characterised by high displacement rates

registered by the GBInSAR monitoring system without

flank instability, corresponding to conduit overpressure

in the order of 10−1MPa (Di Traglia et al. 2013; Nolesini et al.

2013). Paroxysmal and major explosions commonly in-

volve a deep-derived, volatile-rich, low-porphyricity

(LP) basalt, together with the HP-type one (Bertagnini

et al. 2003; Pistolesi et al. 2008; La Felice and Landi 2011;

Bertagnini et al. 2011).

Flank effusions and paroxysmal explosions are gen-

erally correlated with substantial changes in the state of

volcanic activity state changes prior and after the main

event (Rosi et al. 2006; Pistolesi et al. 2011), and with

variations in the structural activity (intense fracturing, inflation

and deflation of the vents area, sliding of the SdF; Casagli

et al. 2009; Giordano and Porreca 2009) and degassing

pattern (Aiuppa et al. 2009; Aiuppa et al. 2010; Inguaggiato

et al. 2011).
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Materials and methods: the GBInSAR monitoring system

and the handheld thermal survey at Stromboli volcano

The northernmost part of the SdF depression has been contin-

uously monitored since the 2002 collapse event by a

GBInSAR system (Antonello et al. 2004; Casagli et al.

2010), that is able to detect instability phenomena such as

summit area collapse, pit crater formation, lateral vent opening

and explosion-related ground deformation (Tarchi et al. 2008;

Casagli et al. 2009; Di Traglia et al. 2013; Intrieri et al. 2013a;

Nolesini et al. 2013). This monitoring system is the only

reported example in literature of such technology used in

surveillance of an active volcano. The system consists of a

ground-based interferometer producing, on average, 130

images/day of the NE flank of the vents area and the upper

part of the SdF. Radar images (produced every 11 min) are

obtained through sampling techniques, so frequency and spa-

tial steps have to be selected to avoid ambiguity in range and

cross-range (Antonello et al. 2004).

The GBInSAR measures line-of-sight (LoS) ground dis-

placement in the time interval between two acquisitions. The

displacement is calculated from the phase difference between

the back-scattered signals received at different times, through

the cross-correlat ion between two SAR images.

Interferometric analysis of sequences of consecutive images

allows one to derive the displacement field of the observed

portion of the SdF and of the vents area in the elapsed time.

Negative and positive values of displacement indicate, respec-

tively, a movement towards or away from the sensor. As the

GBInSAR is located in a stable area north of the SdF, and its

LoS allows us to detect the N-S components of the move-

ments in all direction, negative and positive displacement may

represent inflation and deflation of the volcano (Casagli et al.

2009; Di Traglia et al. 2013).

Range and cross-range resolution (i.e. the minimum sepa-

ration of two targets or equal cross section that can be resolved

as separate targets) are on average 2×2 m, with a measure-

ment precision referred to the displacement (and not to the

displacement rate) of less than 1 mm (Casagli et al. 2009). The

displacement rate is the result of the mathematical division

between the displacement measured in an interferogram (re-

ferred to the difference between two SAR images) and the

elapsed time between the two images. The precision in the

displacement measurement is 0.1 mm for punctual (few

pixels) automatic extraction (see Intrieri et al. 2013a) or

0.5 mm for areal (entire sector) visual-based assignment

(made by the operator). The key concept of the GBInSAR

analysis is the elapsed time between the two SAR images used

to create interferograms (Antonello et al. 2004; Casagli et al.

2009; Di Traglia et al. 2013). This procedure allowed Nolesini

et al. (2013) and Intrieri et al. (2013a) to identify the displace-

ment rate (0.01–0.001 mm/h) related to the creep of the

northern sector of the SdF.

The ability of InSAR to measure volcano deformations

depends on the persistence of phase coherence over appropri-

ate time intervals on various types of volcanic deposits (Lu

et al. 2002). Loss in coherence mainly depends on chaotic

ground movements (Antonello et al. 2004), e.g. grain ava-

lanches. A coherence mask is set to avoid the noisy areas of

the interferogram; the pixels with coherence lower than a

threshold (set to 0.8) are filtered out and in the interferogram

these pixels are black. For the selection of coherent reflectors,

that is regions characterised by a stable phase, Ferretti et al.

(2001) introduce the dispersion index (DA), defined as the

ratio between the standard deviation and the mean of the

amplitude.

Deformation maps are derived by accumulating the dis-

placements from consecutive interferograms. The phase

values can be affected by ambiguity (unwrapped phase) but,

due to the short elapsed time (11 min) between two subse-

quent measurements on Stromboli volcano, the interferomet-

ric displacements are usually smaller than half wavelength and

unwrapping procedures (as described by Ghiglia and Romero

1994) are not necessary. Detailed description of the GBInSAR

system of Stromboli can be found in Antonello et al. (2004),

Bonforte et al. (2008), Casagli et al. (2010) and Luzi et al.

(2010).

In addition to the GBInSAR monitoring system, on the 9th

January 2013, during the December-March 2013 crisis, ther-

mograms of the SdF and the NE vents area were collected for

rapid detection of newly formed fractures connected to the

latest eruptive activity. Thermal imaging systems have been

increasingly adopted for volcano surveillance during the last

decade (Spampinato et al. 2011 and references therein). The

use of thermal imagery at Stromboli (obtained from handheld

or helicopter-based thermal infrared cameras) increased since

2001 (Bonaccorso et al. 2003; Calvari et al. 2005; Rosi et al.

2006; Lodato et al. 2007; Harris et al. 2008; Spampinato et al.

2008; Andronico and Pistolesi 2010; Pistolesi et al. 2011); it is

a powerful tool for the study of effusive and explosive erup-

tions, opening of fractures and eruptive vents, slope failures

and flank collapses.

Thermographic data were acquired by means of a hand-

held thermal camera from the GBInSAR system location

(Fig. 1c), for a period of about 1 h between 13:00 and 14:00

local time. A FLIR SC 620 thermal camera was used with a

24°×18° field of view and a 0.65-mrad angular resolution,

leading to a 640-by-480 pixel image. The camera sensor is a

Focal Plane Array micro-bolometer sensor, capable of mea-

suring electromagnetic radiation across the 7.5 and 13 μm

spectral band, with a thermal resolution of ±2 °C. The camera

software permits internal calibration and atmospheric correc-

tion using the proper input data: path length, air temperature,

relative humidity (collected by means of a pocket thermo-

hygrometer) and emissivity. A value of 0.95 emissivity was

used, according to the typical values adopted for basalt at
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Stromboli in the 8 to 14μmwave band (Calvari et al. 2005). A

built-in 3.2-Mp optical camera, acquiring images simulta-

neously with respect to thermal data, allowed us to compare

the latter with the optical images to improve interpretation of

the detected thermal anomalies.

The 2012–2013 effusive–explosive crisis

Early signs of renewed activity were observed, from the

Calabrian coasts 50–60 km opposite of the Island of

Stromboli, on 22nd November 2012, with a series of strong

strombolian explosions from the central vents (INGV

Report 2012) associated with the rise of an ash-free

plume. Afterwards (10th December 2012), an increase

in spatter activity was observed. The crisis comprised

five discrete phases, characterised by lava overflows and

major explosions.

The crisis started on 24th December 2012 with collapse of

the external rim of the NE vents followed by the emission of a

lava flow. The lava emission was unsteady and produced

frequent and isolated overflows during the following days

until 27th December 2012 (phase 1). Effusive activity stopped

for 10 days before renewing on 7th January 2013 and a third

overflow occurred on 10th January 2013 (phase 2). During the

period of no lava emission, intense spattering was produced

by the NE vents (INGV Report 2013).

On 12th January 2013, a second crater-wall collapse oc-

curred, producing a small pyroclastic flow, similar to the one

observed by Cole et al. (2005) at Arenal Volcano. The flow

travelled down the SdF depression and entered the sea, followed

by a large co-pyroclastic flow ash column that rose from the sea

(phase 3). The ash-column was drifted by the western wind and

produced ash fallout in the eastern sector of the island (Fig. 2).

During the 12th and 13th January, bomb and lapilli-sized prod-

ucts were launched and landed largely beyond the vents area

Fig. 2 Volcanic activity during the 2012–2013 eruption. a Ash plume

formed after the 12th January 2013 pyroclastic density current induced by

crater-wall collapse of the NE vents; b strombolian explosion (13th

January 2013); c ash-laden plume from the pit crater formed in the SW

vents area (20th January); d lava overflow from the breached NE vents

(15th January) taken from a helicopter
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(beyond maximum dispersal area for ordinary Strombolian ac-

tivity; Fig. 2). Samples collected soon after the explosions

showed the presence of mingled HP and LP magmas (detected

by hand specimen observations; Mauro Rosi, personal commu-

nications). During the afternoon of 13th January a pit-crater

formed in the south-western part of the vents area (Fig. 2).

On 14th January, two lava overflows occurred from the

NE vents (Fig. 2). During 16th–18th January, the activ-

ity was characterised by higher-intensity Strombolian

activity from the NE vents and ash-rich explosions from

the SW vents. Bomb and lapilli-sized pyroclasts, rich in LP

component (detected by hand specimen observations; Marco

Pistolesi, personal communication), were recognised beyond

the vents area during a survey carried on 20th January, with

the lapilli dispersed in the eastern sector of the Pizzo area

by the western wind. During the following days, the

activity decreased, albeit with fluctuations in the intensity

of the Strombolian bursts from the NE vents and the contin-

uous emission of ash-rich plumes from the SW vents.

Effusive activity recurred 11th–27th February (phase 4)

and on 1st of March (phase 5) with overflows from the NE

vents and intense spattering activity.

Fig. 3 Interferogram between 14:10 UT and 14:12 UT of 14th March 2013 (time interval of 2 min). The different sectors have been highlighted
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Data analysis

The analysis of displacement has been performed by dividing

the part of the volcano monitored by the GBInSAR into five

regions (Fig. 1): (1) the external rim of the NE vents; (2) the

flanks of the vents area; (3) the slope at the base of the NE

vents; (4) the portion of the SdF within the 2002 tsunamigenic

landslide; and (5) a small portion of the SdF outside the 2002

tsunamigenic landslide. The shadow zone (i.e. a topographi-

cally obscured area) between sectors 3 and 4 (Fig. 1) corre-

sponds to a flat zone in the upper portion of the SdF, called

Pianoro, which resulted from the seaward motion of the

northern part of the SdF occurred during the 2002–2003 and

2007 flank effusions (Casagli et al. 2009; Giordano and

Porreca 2009).

During routine operations, the SAR antennas are moved at

regular intervals every few millimetres along a track that

serves as a means to realise the synthetic aperture, a technique

used to achieve a higher spatial resolution. During the

emergency phases, the antennas can be moved continuously

on the rail without the usual stop-and-go procedure. This

procedure allows us to produce interferograms with a delay

between the two following SAR images of 2 min (Fig. 3).

In order to account for the geomorphological changes

occurred at Stromboli in the study period, an analysis of the

evolution of the debris cone (sector 3) has been carried out

from the power images, containing the reflectivity information

of the scenario to microwaves.

Sector 1

Detectable displacements in sector 1 are related to the slow

movement of pyroclastic materials (mainly spatter bombs and

agglutinate) deposited on the external rim of the NE vents

area. During the 2012–2013 crisis, displacement in this area

was rarely detected because of the low coherence (<0.8) of the

SAR signal caused by the fast remobilisation of ejecta from

the NE vents. Sector 1 has had large morphological

Fig. 4 a NE vents before the 12th January 2013 crater-wall collapse

(10th January 2013). The sectors recognized from the GBInSAR data are

highlighted. b Detail of the rim of the NE vents are before the 12th

January 2013 crater-wall collapse. c Rim of the NE vents area after the

12th January 2013 crater-wall collapse (13th January 2013). d Refill of

the breached rim of the NE vents area (20th January 2013)
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modifications resulting from frequent collapses before the

onset of lava overflows from the NE crater (Fig. 4).

Sector 2

The displacements in sector 2 were of two types: (1) long-

lived movements (from October to December 2012) which

have maximum displacement at the slip zone that accommo-

dated the collapse of the vents area during the 2007 crisis

(Fig. 5); (2) short-lived (minutes) movements, localised in the

upper part of the external flank of the vents area and already

interpreted as syn-explosive deformations linked to major

explosions (Di Traglia et al. 2013). A rise in displacement

rate in sector 2 was observed starting from 16th October 2012.

The displacement involved the entire external flank of the

vents area (Fig. 5). The geometry of the displacement was

very similar to the one detected before the 2007 flank effusion

(Casagli et al. 2009). A strong increase in the displacement

Fig. 5 SAR interferograms showing typical displacement signals in

sector 2. a Temporal baseline of 7 days during October 2012 (inflation);

b temporal baseline of 2 days during December 2012 (inflation); c

temporal baseline of 7 days during January 2013 (deflation); d temporal

baseline of 4-h during February 2013 (inflation)
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rate was observed during the period 11th–22nd December

2012 (0.09–0.12 mm/h) and then it decreased until 12th

January 2013 (red solid line in Fig. 6). In the following days

(14th–21st January), the GBInSAR system recorded displace-

ment away from the sensor (blue solid line in Fig. 6). This

displacement rate inversion peaked on the 14th January,

during a large lava overflow from the NE vents. Afterwards,

displacement was again toward the sensor, with rates

increasing from 1st February to 6th February (0.08 mm/

h), the again successively from 27th February until 13th

March (0.18 mm/h).

Short duration, elastic, displacements were observed only

on 22nd November 2012, coincidently with strong explosions

recorded by the INGV network (INGV Report 2012). The

displacement rate reached 3 mm/h (Fig. 6).

Thermograms of the NE vents area (collected at 850 m

mean distance, determining an approximately 361×271 m

field of view with 56.5 cm pixel dimension) revealed thermal

anomalies (Fig. 7b), corresponding to a persistent alignment

of fumaroles lying exactly at the boundary between sectors 2

and 3 and possibly related to a structural discontinuity sepa-

rating the two sectors (Fig. 7a).

Sector 3

Sector 3 is generally decorrelated in interferograms spanning

more than 12 h because of the fast accumulation and

remobilisation of ejecta. During the analysed periods, sector

3 was characterised by higher coherence, because of a consis-

tent movement of the entire sector (Di Traglia et al. 2013), and

allowing measurements of the increased displacement rate (1–

12 h interferograms, e.g. Fig. 8a–c, f). Short-term interfero-

grams (2–11 min) were used during periods of very high

displacement (23rd December 2012–21st February 2013)

Fig. 6 GBInSAR data during the September 2012–March 2013 period.

The velocities of sectors 2 and 3 have been plotted against time. The red

line represents a displacement toward the SAR sensor (negative radar

displacement); the blue line represents the deformation away from the

SAR sensor (positive radar displacement). The main events (overflows

and higher-intensity explosive activity) that occurred in the 2012–2013

crisis are reported

Fig. 7 Optical (a) and

corresponding thermal image of

the investigated crater area (b)

acquired on 9th January 2013 at

13:01. The thermal anomalies in

sector 3 are related to hot

materials ejected from the NE

crater, while the anomalies at the

border between sectors 2 and 3

correspond to fumaroles
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and also allowed us to pinpoint fast lava flows in sector 3,

which were easily visible because of the great loss of coher-

ence in longer-term interferograms for the lavas compared

with the surrounding area (Fig. 8d, e).

The twomain increases in displacement rate have also been

observed on 12th September and 30th–31st October (dashed

line in Fig. 6). A strong increase in displacement rate in sector

3 has been recorded since 18th December 2012 (1.7 mm/h) to

the time of writing, with an increase in the coherence of the

SAR signal compatible with a deep-rooted movement of the

entire sector (Di Traglia et al. 2013). This contrasts with the

less coherent signal of the typical surface processes (rolling

and minor sliding of erupted material) that characterised the

previous days. During the December 2012–early January

2013 period, sector 3 showed increases and decreases in

displacement rate, with two peaks respectively on the 24th

December 2012 (10.9 mm/h) and on the 14th January 2013

(10.9 mm/h). During late January, February and early March

the displacement rate trend has been more fluctuating, with 12

peaks respectively on the 24th January (2 mm/h), 27th

January (1.8 mm/h), 6th February (2.2 mm/h), 7th February

(8.6 mm/h), 17th February (2.4 mm/h), 22nd February 2013

(5.3 mm/h), 1st March (8.1 mm/h), 3rd March (7.6 mm/h) and

4th March (8.1 mm/h), 10th March (10.6 mm/h), 13th March

(6.6 mm/h) and 16th March (7.6 mm/h).

This sector experienced a considerable geomorphological

evolution assessable also through visual inspection. A quan-

tification of how much the debris cone grew in length can be

obtained by analysing daily power images over the period

15th November 2012–31st March 2013. In particular, this

analysis measures how much the central visible part of the

debris cone's bottom has reduced its range distance from the

sensor (i.e. its distance along the radar line of sight). By

comparing the first and last power images of this time interval

(Fig. 9) it is evident how the cone approached the GBInSAR,

moving from a distance of 804 m to a distance of 784 m

(around 20 m in 136 days), while on the right-hand side, a

whole new portion was set in-place from 800 to 751 m (white

circle in Fig. 9b). Even though a mean progradation value of

0.15 m/day can be extracted (that is a shortening between

target area and the GBInSAR in the power images), an aver-

age would not be representative of this evolution. In fact, as

shown in Fig. 10, the progradation increased during the period

15th November 2012–31st March 2013, occurred in pulses

rather than in a linear trend of the sort seen in the period 15th

November to 3rd December 2012 (around 7 m in 18 days). It

is also possible to identify three time intervals, during which

the debris cone was more or less stable, separated by two

abrupt “growth steps”, respectively between 24th and 25th

December 2012 (around 10 m in 1 day) and between 12th and

13th February 2013 (6 m in 1 day).

The dispersion of the measurements related to the temporal

variations in the reflectivity of the target area, has been

assessed using the dispersion index DA (Ferretti et al. 2001)

calculated on a region covering the central zone of the debris

�Fig. 8 SAR interferograms showing typical inflation signals in sector 3.

a Temporal baseline of 24 h during September 2012; b temporal baseline

of 4 h during October 2012; c temporal baseline of 1 h during December

2012; d temporal baseline of 11 min during December 2012 (same

inflation of c); e temporal baseline of 11 min during the 25th December

2012 lava overflow; f temporal baseline of 1 h during February 2013.

Displacements moved from the lower to the upper part of sector 2 after

the 12th January 2013 crater-wall collapse

Fig. 9 Comparison between two power images from 15th November 2012 (left) and 31st March (right), respectively. Dashed lines indicate the

minimum range distance reached by the debris cone. The circled area highlights the portion most affected by lava flows during this period
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cone. Over the period spanning 15th November 2012 to 31st

March 2013, for this region the DA has a value of 0.22, just

below the threshold of 0.25 suggested by Ferretti et al. (2001).

It is important to emphasise that, in this case, the index is not

used to define stable reflectors usable as persistent scatterers,

but to explain the variability in amplitude visible in

Fig. 10. We estimate a measurement precision of ±2.5 m

and hence we consider the abrupt changes described above

(10 m between the 24th and 25th December and 6 m between

the 12th and 13th of February) outside of the error range, as

evident from Fig. 9.

If we compare the time of occurrence of some important

events that characterised this period with the variation with

time of the range distance of the central part of the cone from

the GBInSAR, it is possible to note that both “steps” occur

during strong lava overflow phases and, in the first case, also

concurrently with a crater-wall collapse. Lava overflows

are also responsible for the growth of the right portion

of the debris cone which reaches a range distance of 751 m

(indicated in Fig. 9); this has been the preferred path for

lava flows from NE vents since 13th February 2013

(Figs. 2d and 7).

Sectors 4 and 5

During the entire investigated period, the GBInSAR detected

very slow displacement rates (0.001–0.003 mm/h) in these

sectors. The maximum values were recorded in sector 5

during January 2013. The analysis of displacement was

conducted using long (monthly) to very long (annual) tempo-

ral baseline interferograms, with the aim of distinguishing

superficial erosive processes from gravitational deep-rooted

movements (Intrieri et al. 2013a; Nolesini et al. 2013).

Monthly and annually based interferograms show that

sector 5 is clearly distinguishable for its nail-shaped

geometry with maximum displacement at its upper part,

while sector 4 is characterised by two different movements,

clearly visible in the annually based interferograms. One

movement is related to erosion in the central portion

of sector 4 and interpreted to indicate erosion of the

most superficial portion of the SdF because of accumu-

lation of material on the upper part, while the other move-

ment involves the entire sector and is interpreted as the creep

of a portion of the 2002 landslide (Intrieri et al. 2013a;

Nolesini et al. 2013).

Thermograms of the SdF, collected on 9th January 2013 at

a 250-m mean distance leading to an approximately 106×

80 m field of view with a 16.6-cm pixel dimension, were

focused on sector 5, where field inspections and optical im-

ages had detected a fracture developed in the lava and the

volcaniclastic cover (Fig. 11). The corresponding thermogram

did not highlight the presence of surface thermal anomalies

connected to magma intrusion, confirming the stability of the

investigated SdF sectors (Fig. 11). This is in good agreement

with evidences that many minor movements affected the

lower portion of the northern-part of SdF, both during the

2002–2003 and 2007 flank effusions (Puglisi et al. 2005;

Bonforte et al. 2008).

Fig. 10 Variation through time of the range distance (i.e. along sensor's line of sight) between the GBInSAR and the central visible part of the bottom of

the debris cone. The occurrence of lava overflows, crater wall collapses and higher-intensity explosive and spattering activity is also indicated
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Discussion

Structural setting of the summit vents area

The chronology and nature of the 2012–2013 crisis, together

with data from previous ones, could be used to constrain the

structural setting of the summit vents area of Stromboli vol-

cano. The 2007 and 2012–2013 events were preceded by a

strong increase in the displacement rate on the summit

vents area (sector 2) respectively 2 months and 15 days

before the onset of the 2007 and the 2012–2013 crises,

respectively.

The structural framework of the vents area at Stromboli

comprises the large Pizzo circular crater, about 350 m in

diameter, several nested craters (i.e. La Fossa) within the

Pizzo crater and the complex of presently active vents

(Fig. 1d). The presence of several slip zones regulating col-

lapse of the summit vents area in recent years has already been

recognised by Finizola et al. (2003) by means of geophysical

surveys. During the 2007 crisis, the collapse of part of the

upper SdF allowed observation of the inner structure of the

northern part of the summit area. This is affected by a series of

slip planes dipping towards the NW (i.e. towards the sea) at

angles of 60–80°. Field observations indicate the presence of

normal offsets and down-throw of the seaward blocks

(Casagli et al. 2009). The Pizzo slip zones are invoked to

explain the geometry of the summit collapses (large pit crater

formation) at Stromboli, while our GBInSAR data show that

the same structural features are also involved during the

inflation–deflation fluctuations of the volcano. By integrating

GBInSAR, numerical modelling and structural field data,

Casagli et al. (2009) interpreted the onset of the 2007 crisis.

Pressurisation of the shallow conduit system has been invoked

to explain the observed variations in the displacement rate

(Casagli et al. 2009). Increase in displacement rate in sector 2

has been related to the increases in the magmastatic pressure

within the conduit, as a consequence of the rise of the magma

level, while increases in displacement rate in sector 3 have

been considered as the evidence for lateral expansion of the

shallow conduit system of Stromboli volcano (Di Traglia et al.

Fig. 11 Optical image (a) and related zooms (b–c) of the SdF (sector 5) where the fracture was detected (acquired January 9th 2013 at 13:17 by the

digital camera built-in the FLIR SC 620). d Corresponding thermal image and e related zoom
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2013). Sector 3 corresponds to the opening area of the eccen-

tric vent for 2002-03 and 2007 effusive eruptions (Neri et al.

2008) and vent opening in sector 3 occurred when the magma

overpressure exceeded the rock stiffness (Casagli et al. 2009;

Nolesini et al. 2013).

In sector 3, the two main events that preceded the 2012–

2013 crisis occurred on 12th September and on 30th–31st

October, and each case is considered a pressurisation pulse

of the shallow conduit system, as proposed by Di Traglia et al.

(2013) for the same phenomenon observed at Stromboli dur-

ing the 2009–2011 period. In sector 2, the GBInSAR system

registered an increase in the displacement rate after the 25th of

November 2012, and, while in sector 3 since the 18th of

December 2012. Since 24th December 2012, when the first

lava overflow occurred after a small crater rim collapse,

fluctuation in inflation have been registered in both sector 2

and sector 3 (Fig. 6). Fluctuations in sector 2 were of longer

period than to the ones registered in sector 3. It is worth

remarking that the GBInSAR system at Stromboli is able to

detect only northward displacements and hence can constrain

only the N-S component of the NW-ward movement of sector

2, because the E-W direction is orthogonal to the LoS. The

external flank of the summit vent, however, involves move-

ments of the whole area with a radial deformation, coherent

with the inflation of the entire upper sector of the volcanic

system (Ferretti et al. 2008). The different behaviour of the

two sectors suggests a mechanical decoupling between sector

2 and 3, bounded by the slip zone of the 2007 crater collapse.

The decoupling occurred during the onset of the crisis (24th

December 2012). While sector 2 registered a decrease in the

inflation, related to a decrease in the isotropic magma over-

pressure on the entire summit area, deformation in sector 3

testified that the magma overpressure was mainly directed to

the NE portion of the crater area, as a consequence of the NE-

ward expansion of the very shallow feeder conduit (Casagli

et al. 2009). As shown before, major morphological changes

in sector 3 are related to the accumulation of lava overflows on

the external slope of the NE vents. This implies that the

displacements recorded by GBInSAR recorded before the

occurrence of lava overflows in sector 3 were mainly related

to the conditions within the shallow conduit of Stromboli

rather than to morphological phenomena.

At Stromboli, the upward flow is channelled toward the

central conduit, but it was also outward through intrusions that

extended mostly toward the marginal vents (NE or SW)

buttressed from the conduit, as also observed in other scoria

cones (Petronis et al. 2013). During lateral intrusion propaga-

tion in the summit vents area, the energy available to drive

fracture propagation could change, depending on the type of

boundary conditions applied and on the sheet geometry

(Gudmundsson 2012). When the boundaries of the summit

vents area cannot move during an unrest period (constant

displacement; Gudmundsson 2012), the source of potential

energy for intrusive sheet development is the strain energy

stored in the volcano (Gudmundsson 2009, 2011, 2012).

The constant-displacement boundary conditions result in sta-

ble lateral propagation, i.e. as the conduit propagates the

energy available to drive the fracture gradually decreases

(Gudmundsson 2012). Otherwise, if the boundaries of the

summit vents area can move (constant-load boundary condi-

tions; Gudmundsson 2012), the lateral propagation of

Stromboli conduit is stable. Loading is inferred to be primarily

related to inflation of the summit vents area. Thus, constant-

displacement boundary conditions favour lava overflows from

the NE or SW vents, while constant-load boundary conditions

result in unstable fracture propagation and, therefore, compar-

atively large effusions would be favoured by such boundary

conditions.

The chronology of the onset of the 2012–2013 effusive-

explosive crisis, in terms of inflation and NE-ward expansion

of the summit area vs. deflation, resembles the sequence of

events that occurred at the beginning of the 2007 flank effusion

(inflation; eccentric effusion at the base of the NE vents;

collapse of the summit area). At Stromboli, the GBInSAR

recorded displacement rates in sector 2 of 0.1–0.3 mm/h for

both the 2007 and the 2012–2013 crisis. The peak in displace-

ment rate in the 2007 crisis has been reached only during the

eccentric vent opening (>300 mm/h; 27th February 2007), i.e.

when the magma overpressure was high enough to drive lateral

propagation of the conduit system, forming a NE-SW trending

dike (Casagli et al. 2009; Nolesini et al. 2013). During the

(magmastatic) pressure built up of both crises, resulting from

the rise of the magma level in the conduit, the existence of an

upper limit to the displacement rate (0.1–0.3 mm/h) suggests

that the initial phases of Stromboli crises are characterised by a

constant load (the boundary of the summit area can move

during the pressure build-up). When the displacement rate

threshold is exceeded, the boundary conditions change and

the sheet propagation occurs at fixed boundary (constant dis-

placement) condition. Horizontally propagating intrusions can

only emplace themselves if edifice load prevents eruption

through the central area and if magma is negatively buoyant

at shallow depth (Pinel and Jaupart 2004; Di Traglia et al.

2013). In a volcanic edifice, at small distances from the axis,

confining stresses act to prevent vertical propagation and a

bulge develops at some distance from the focal area; this also

gives rise to eccentric eruptive vents (Pinel and Jaupart 2004;

Di Traglia et al. 2013). This implies that, if there is no magma

overpressure (due to pressurisation of the HP-filled conduit

that we interpret as resulting from degassing of the LP magma;

Di Traglia et al. 2013) or weakening of the country rocks, the

fracture stops to propagate, preventing the development of an

eccentric eruption. Shallow intrusive events are common dur-

ing the construction of mafic volcanoes that commonly appear

to be dominated by eruptions producing pyroclastic deposits

(e.g. Németh and Cronin 2008, 2011).
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Contribution to the understanding the conduit dynamics

at Stromboli volcano

Each phase of lava overflows observed during the 2012–2013

crisis was preceded by a repose period (characterised by a

slight increase in the displacement rate in sectors 2 and 3 and

by minor explosive activity at the vents) and was accompa-

nied by a rapid decrease in the displacement rate of both

sectors 2 and 3. The fluctuating displacement rate (Fig. 6)

can be related to variations in the flow rate through the shallow

conduit system and thus to increased rise speed of the magma

beneath the vent (Parfitt 2004). These variations in the flow

rate can be related to magma convection within the plumbing

system of Stromboli, which results from density difference

between ascending low-density magma and descending high-

density magma (Burton et al. 2007; Witham 2011). Magmas

with different vesicularity may reside in the upper part

(<1 km) of Stromboli's conduit system and their relative

abundances reflect on-going vesiculation and mixing/

mingling of different magmas (Lautze and Houghton 2005,

2007). Displacement rates in sector 2 decreased as the

degassed magma column was pushed out from the conduit

due to the rise of volatile-rich magma forming a lava overflow

(Fig. 12). After the crisis, the displacement rate decreased to a

low level again. Higher-intensity activity at mafic volcanoes is

generally followed by a reduction in the magma density (Di

Traglia et al. 2009; Cimarelli et al. 2010). Hence, the low

deformation rates observed in the summit vents area of

Fig. 12 Schematic representation of the SAR displacement fields in

sectors 2 and 3. a Lowmagma level during ordinary strombolian activity.

The structural features of the NE crater area derived from field survey

during the 2007 eruption (after Casagli et al. 2009) and geophysical

survey (Finizola et al. 2003) when a series of steep slip planes was

exposed; b increase in displacement rate in sector 2 as a consequence

of the isotropic expansion due to the rise of the magma level within the

Stromboli shallow storage system; c constant-displacement boundary

conditions (high displacement rate in sector 2) favour the lateral expan-

sion of the shallow storage system, as testified by the increase in dis-

placement rate in sector 3; d deflation of sector 2 as the degassed magma

column is pushed out from the conduit forming a lava overflow
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Stromboli volcano during normal activity can be related to a

conduit system filled with a smaller volume (lower gas frac-

tion) of HP magma (Di Traglia et al. 2013).

Implications for volcano monitoring

Displacement detected in the different sectors monitored by

the GBInSAR system could be used as a precursor of the shift

to more intense eruptive activity. In particular, the increase in

displacement rate in sector 3 (12th September) was followed

by the increase in the displacement rate in sector 2 since the

16th October 2012. Both phenomena are related to the conduit

pressurisation (increase in the magmastatic pressure and in-

crease in the overpressure component) due to the increase in

the volatile volume fraction in the magma.

Therefore, considering changes in the displacement rate of

both sectors, it may be possible to forecast not only the shift in

more intense period of activity, but also the pressure condi-

tions in the NE vents' conduit of Stromboli volcano.

Conclusions

During early December 2012, Stromboli volcano (Aeolian

Islands, Southern Italy) experienced an increase in its volcanic

activity that peaked with several lava overflows, major

Strombolian explosions, crater-wall collapses and intense

spatter activity from late December 2012 to March 2013.

Analysis of the displacement of the NE vents area and of the

SdF has been performed with the GBInSAR system by divid-

ing the monitored part of the volcano into five regions, corre-

sponding to the external rim of the NE vents (sector 1), the

flank of the summit vents area (sector 2), the slope of the NE

vents (sector 3), and two portions of the SdF within and

outside of the 2002 tsunamigenic landslide (sectors 4 and 5).

Major changes in displacement rate have been observed in

sectors 2 and 3. Rise and fall of displacement rate in sector 2

are related to changes in magmastatic pressure of the shallow

plumbing systems, while increases in the displacement rate in

sector 3 are interpreted as overpressure-related lateral expan-

sion of the shallow plumbing system.

The field and thermal survey revealed the presence of

thermal anomalies caused by an alignment of fumaroles in

the zone ofmaximum displacement in sector 2, confirming the

existence of a structural discontinuity between sectors 2 and 3.

This different behaviour, coupled with structural data from

published studies, suggests a decoupling between the two

sectors, localised along the slip zone of the 2007 crater col-

lapse (Pizzo fault; Finizola et al. 2003).

The use of power images permitted us to assess geomor-

phological variations of the debris cone and to link them to

major phases of lava effusion; this allowed us to discriminate

between the effects of geomorphological processes and

overpressure-induced deformations.

The GBInSAR installed at Stromboli volcano has been

used as a remarkable early warning tool for mass gravitational

movements on the SdF. Increases in the displacement rate in

sector 3 are related to anomalous degassing and could be used

as early warning signals for civil protection purposes before

the occurrence of major explosions and lava emission. Here,

changes in the displacement rate registered by the GBInSAR

system on the upper part of the volcano, corresponding to the

external flank of the summit vents (sector 2) and at the base of

the NE vents area (sector 3), can be used tomonitor the change

in the pressure conditions in the shallow plumbing system of

Stromboli volcano.
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