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We extensively exploit advanced Differential SAR Interferometry (DInSAR) techniques for enhanced landslide
investigations. We focus on the Ivancich area, Assisi, Central Italy, which is affected by a deep-seated landslide
investigated through in-situ surveys. For this area, large data sets of SAR acquisitions were collected by
the C-band ERS-1/2 and ENVISAT sensors (from April 1992 to November 2010), and by the X-band radars of the
COSMO-SkyMed (CSK) constellation (from December 2009 to February 2012). We concentrate on the advanced
DInSAR technique referred to as Small BAseline Subset (SBAS) approach, benefiting of its capability to generate
deformation time series at full spatial resolution and from multi-sensor SAR data. This allows us to present one of
thefirst examples for a landslide area of ERS-1/2— ENVISAT deformation time series exceeding 18 years. The results
allowed characterizing the long-term behaviour of the landslide, and identifying sectors of the unstable
slope affected by different deformation dynamics. Analysis of the CSK data set, characterized by a reduced
revisit time and improved spatial resolution, resulted in a 15-time larger point density with respect to the
ERS-ENVISATmeasurements, allowing to investigate nearly all the buildings (and, in many cases, portions of build-
ings) in the landslide area. Lastly,we present an innovativemodelling approach based on the effective integration of
the DInSAR measurements with traditional geological and geotechnical information, providing deeper insights on
the kinematical evolution of the landslide. We consider our analysis a prototype example that can be extended to
different geological and geotechnical conditions, providing significant advances in the understanding of ground
deformations induced by active landslides.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
1. Introduction

Landslides are abundant and frequent phenomena in many regions
of the World, where they threaten private and public properties and
human life, with significant socio-economic losses (Brabb & Harrod,
1989; Petley, 2012). Understanding the spatial and temporal evolutions
of landslides is of primary importance for hazard assessment (Guzzetti,
Reichenbach, Cardinali, Galli, & Ardizzone, 2005; VanWesten, VanAsch,
& Soeters, 2006) and risk management (Glade, Anderson, & Crozier,
2005; Reichenbach, Galli, Cardinali, Guzzetti, & Ardizzone, 2005), and
for the definition, design, and implementation of effective prevention
and mitigation strategies. The availability of time series relevant to
erms of the Creative Commons
e, which permits non-commer-
rovided the original author and

lished by Elsevier Inc. All rights reser
slope failures (Rossi, Witt, Guzzetti, Malamud, & Peruccacci, 2010;
Witt, Malamud, Rossi, Guzzetti, & Peruccacci, 2010) and of ground
displacement measurements covering long periods (Angeli, Pasuto, &
Silvano, 2000; Corominas, Moya, Ledesma, Lloret, & Gili, 2005; Fastellini,
Radicioni, & Stoppini, 2011; Malet, Maquaire, & Calais, 2002; Peyret
et al., 2008; Tommasi, Pellegrini, Boldini, & Ribacchi, 2006) allows in-
vestigating the history of slope deformations, and deciding on effective
remedial works and mitigation efforts (Corsini, Pasuto, Soldati, &
Zannoni, 2005; Revellino, Grelle, Donnerumma, & Guadagno, 2010).
Ground-based monitoring systems, including distance metres, total
stations, Global Positioning System (GPS) receivers, extensometers,
tilt-metres, and inclinometers permit monitoring unstable slopes,
providing accurate spatial and temporal information on the surface
and subsurface displacements of a mass movement (Angeli et al.,
2000; Giordan et al., 2013; Petley, Mantovani, Bulmer, & Zannoni,
2005). However, the use of conventional monitoring techniques
proves to be difficult and resource intensive, especially where the in-
vestigation has to cover large slope failures for long periods (Giordan
et al., 2013). The sustainability of a ground-basedmonitoring network is
ved.
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often hampered by budget and technical limitations, such as inaccessibil-
ity of landslide sites, extent of the investigated area and high manage-
ment costs of the installed instrumentation, limiting the availability of
long-term studies of unstable slopes.

Data collected by space-borne Synthetic Aperture Radar (SAR)
sensors and processed through Differential SAR Interferometry
(DInSAR) techniques represent an important technological advance-
ment for landslide investigations (Bovenga, Wasowski, Nitti, Nutricato,
& Chiaradia, 2012; Cascini, Fornaro, & Peduto, 2009, 2010; Guzzetti
et al., 2009; Hilley, Bürgmann, Ferretti, Novali, & Rocca, 2004). DInSAR
is a remote sensing technique that exploits the phase difference (inter-
ferogram) between pairs of SAR acquisitions obtained for the same area
at different times and from sufficiently near orbits, allowing to compute
displacement maps with centimetre to millimetre accuracy. Developed
originally to detect andmap the displacements caused by a single natural
trigger event, for instance an earthquake (Massonnet et al., 1993) or a vol-
canic unrest (Massonnet, Briole, & Arnaud, 1995), DInSAR techniques
were subsequently extended to generate deformation time series obtain-
ed by inverting temporal sequences ofDInSAR interferograms (Berardino,
Fornaro, Lanari, & Sansosti, 2002; Ferretti, Prati, & Rocca, 2000, 2001;
Hooper, 2008; Mora, Mallorqui, & Broquetas, 2003; Werner, Wegmuller,
Strozzi, & Wiesmann, 2003). These interferometric approaches, referred
to as advancedDInSAR techniques, allow studying the temporal evolution
of ground displacements caused by different natural hazards and human
activities (Bell, Amelung, Ferretti, Bianchi, & Novali, 2008; Borgia et al.,
2005; Dixon et al., 2006; Hilley et al., 2004; Lanari et al., 2010). Advanced
DInSAR techniques have improved the measurement precision to
about 1–2 mm/year and to 5–10 mm for deformation velocity maps
and time series, respectively (Casu, Manzo, & Lanari, 2006; Lanari et al.,
2007). This advancement, coupledwith the improved temporal sampling
of the new SAR sensors, has made advanced DInSAR techniques particu-
larly suitable for landslide investigations, at different scales (Bovenga
et al., 2013; Calò, Calcaterra, Iodice, Parise, & Ramondini, 2012; Garcia-
Davalillo, Herrera, Notti, Strozzi, & Alvarez-Fernandez, 2013; Hilley
et al., 2004; Holbling et al., 2012; Peyret et al., 2008).

With the advent of the “second generation” of X-band SAR systems
(e.g., the Italian COSMO-SkyMed (CSK) and the German TerraSAR-X),
the mapping and monitoring capabilities of the DInSAR techniques
have improved significantly. The SAR images acquired by the new sen-
sors are characterised by reduced repeat cycles (b8 days for COSMO-
SkyMed, with the possibility of acquiring data with a 4-day and even
1-day separation) and improved ground resolutions (≤1 m for the
COSMO-SkyMed “spotlight” mode, Covello et al., 2010). Improvements
in the temporal sampling of the SAR data allow investigating deforma-
tion phenomena characterised by highly variable temporal trends. The
better spatial resolution results in a significant increase of the number
of the measurement points, improving the DInSAR capability of map-
ping and monitoring landslides (Bovenga et al., 2013, 2012; Iglesias
et al., 2012). The improved technological capabilities of the new SAR
sensors are of particular interest for site-specific investigations of single
landslides (Bovenga et al., 2013; Garcia-Davalillo et al., 2013), and
promise to turn the modern DInSAR techniques and their derivative
products (i.e., deformationmaps, velocitymaps, time series of deforma-
tions) into valuable additions to the existing traditional (consolidated)
monitoring techniques (Giordan et al., 2013). However, an effective
integration of DInSAR and traditionalmonitoring data that fully exploits
the characteristics and strengths of the different techniques remains a
challenge.

In this work, we show the relevance of the advanced DInSAR
techniques for the investigation of active landslides. For the pur-
pose, we exploit the advanced SBAS-DInSAR approach (Berardino
et al., 2002; Lanari et al., 2004) and we apply it to the Ivancich land-
slide that affects part of the Assisi urban area, Central Italy. The
Ivancich landslide is an ideal test site because of the large availabil-
ity of in-situ surface and sub-surface information, and of large data
sets of C-band and X-band SAR data. In particular, we demonstrate
the importance of the very large stacks of C-band SAR data acquired
by the ERS-1/2 and the ENVISAT satellites for the production of long
deformation time series covering almost two decades, to character-
ise the long-term behaviour of the landslide. Next, we show the im-
proved capability of the new generation of X-band SAR sensors (e.g.,
the COSMO-SkyMed sensors) for accurate spatial and temporal
analyses of the surface deformations caused by the active landslide
in an urbanised area. Lastly, we show how DInSAR measurements
can be used in combination with geological and geotechnical infor-
mation to explore the slope stress-strain state and the landslide ki-
nematic evolution by means of a Finite Element Method (FEM)
modelling approach. The proposed model was optimised through a
calibration of the numerical results with the available monitoring
data, by adopting an inverse analysis method (Manconi et al.,
2010; Tizzani et al., 2010), and provided new insights on the kine-
matical evolution of the slope failure. We conclude discussing the
achieved results and their potential application in other landslide
areas.

2. Rationale for the SBAS-DInSAR approach

Among the advanced DInSAR techniques developed in the last
decade (Berardino et al., 2002; Ferretti et al., 2000, 2001; Hooper,
2008; Mora et al., 2003, Werner et al., 2003), the Small BAseline Subset
(SBAS) technique (Berardino et al., 2002) exploits SAR image pairs
characterised by short temporal and spatial orbital separations (base-
line) to limit “decorrelation” (noise) effects, and to maximise the num-
ber of coherent SAR targets (point scatterers) detected on the ground.
Originally designed to investigate deformation phenomena affecting
large to very large areas, the technique was extended to analyse local
phenomena (Manunta et al., 2008), including slope failures (Bovenga
et al., 2013, 2012; Calò et al., 2012; Guzzetti et al., 2009). The technique
is particularly well suited to detect and measure displacements with a
non-linear variation in time, a feature of specific interest for landslide
studies, since landslides are known to behave non-linearly, in space and
time (Hergarten & Neugebauer, 1998; Rossi et al., 2010).

A peculiarity of the SBAS approach is the fact that the technique can
be applied at two spatial scales: the regional and the local scales (Lanari
et al., 2004). At both scales, the technique generates the same products
(i.e., deformation maps, velocity maps, time series of deformations),
albeit with different spatial resolutions. At the regional scale, the tech-
nique exploits average (i.e., multi-look) interferograms to obtain defor-
mation velocity maps, and associated time series, covering large to very
large areas (from a few hundreds to several thousands of square
kilometres) with a coarse ground resolution (e.g., approximately
100 m × 100 m when using ERS-1/2 and ENVISAT data, and approxi-
mately 30 m × 30 m when using COSMO-SkyMed data). At the local
scale, the technique uses single-look interferograms obtained at full
resolution (typically 4 m × 20 m for the ERS-1/2 and ENVISAT data,
and 3 m × 3 m for the Stripmap COSMO-SkyMed data) to detect local
deformations affecting single structures (e.g., a building or a portion of
a building, Manunta et al., 2008), single slopes or specific portions of a
slope.

The original SBAS technique (Berardino et al., 2002)was extended to
exploit SAR data captured by different radar systems that acquire with
the same illumination geometry, e.g., the ERS-1/2 and ENVISAT systems
(Bonano, Manunta, Marsella, & Lanari, 2012; Pepe, Sansosti, Berardino,
& Lanari, 2005). The multi-sensor approach considers images acquired
by the ERS-1/2 and ENVISAT sensors as belonging to independent
subsets, and cross-interferograms (ERS/ENVISAT) are not generated.
The integration of ERS/ERS and ENVISAT/ENVISAT sequences of inter-
ferograms is performed at the stage of the generation of the time series
of deformations, merging the two independent time series obtained by
processing the ERS and the ENVISAT acquisitions (Pepe et al., 2005). As a
result, the SBAS technique can nowbe used to obtain deformationmaps
and associated time series spanning very long periods (decades),



Fig. 1. Location of the study area. (A) Map showing terrain morphology in Umbria, Central Italy. Yellow star shows localization of the Ivancich study area (Assisi). Black stars show local-
ization of the Bastia Umbra and Cannara rain gauges. Coloured polygons show footprints of the descending ERS-1/2 and ENVISAT (blue), and COSMO-SkyMed (red) data used in the study.
(B) Landslide inventory map for part of the Assisi municipality (modified from Antonini et al., 2002). Shades of blue show ancient and relict landslides, and shades of red show recent
landslides. The landslide crown areas (darker colours) are mapped separately from the landslide deposits (lighter colours). Black crossed circles show location of inclinometers. Thick
black line shows the longitudinal cross section S–S' used for modelling (see Figs. 9, 10, 11).
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providing unprecedented information for studying long-term ground
displacements. The capacity is of particular interest for landslide inves-
tigations, as it allows preparing very long time series of displacements
for single or multiple points on the topographic surface. This premium
information is seldom available to landslide investigators (Giordan
et al., 2013).



Fig. 2. Top: topographic profile along the unstable slope, and location of inclinometers. CPT1 and CPT2 indicate direction changes of the profile trace. Bottom: inclinometer measurements
for the 103, 113, 117 and 202 inclinometers.
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The full resolution multi-sensor SBAS approach also exploits the
Doppler centroid variations of the post-2000 ERS-2 acquisitions,
and the carrier frequency difference between the ERS-1/2 and the
ENVISAT systems. This information is used to identify the coherent
SAR pixels exhibiting a response that deviates significantly from a
single-scatterer backscattering, and to improve the geocoding of
the scatter points (Bonano et al., 2012). Moreover, because some of the
SAR images acquired by the COSMO-SkyMed sensors are characterised
by a significant Doppler centroid offset (Bonano, Manunta, Pepe, Paglia,
& Lanari, 2013), the full-resolution SBAS approach exploits this informa-
tion to improve also the final geocoding of the coherent COSMO-
SkyMed pixels (Bonano et al., 2012). The improved ability to accurately
geocode the SAR coherent targets is important for landslide studies,
where the surface deformation can vary irregularly from point to point
in response to local conditions (e.g., the presence of a geological or
geomorphological boundary, the presence of human made structures
that respond differently to the landslide movement).

3. Study area

For our experiment, we selected the Ivancich test site, in the Assisi
municipality, Umbria, Central Italy (Fig. 1A). The Ivancich residential
neighbourhood extends to the E of the mediaeval part of the town,
and is affected by a known active landslide (Fig. 1B). The landslide has
been the subject of geological and engineering investigations since the
late 1970s, when roads, and private and public buildings, including
a new hospital, were damaged (Angeli & Pontoni, 2000; Canuti,
Marcucci, Trastulli, Ventura, & Vincenti, 1986; Felicioni, Martini, &
Ribaldi, 1996; Pontoni, 2011). The Assisi local government and the
Umbria regional government have made several efforts to define and
characterise the unstable area, to monitor the active landslide, and to
design and implement effective remedial works. As part of this long-
term effort, the Ivancich landslide was monitored from 1982 to 2008
with topographic and inclinometer measurements (Fastellini et al.,
2011; Pontoni, 1999, 2011). Geomorphological and geotechnical inves-
tigations and repeated topographical surveys revealed that the mass
movement is an old translational slide with a rotational component in
the source area. The movement develops along the slope (Fig. 2) from
an elevation of 660 m a.s.l. to an elevation of 350 m a.s.l. and involves
a debris deposit, 15 to 60 m in thickness, that overlays the bedrock
represented by a pelitic–sandstone unit and layered limestone (Angeli
& Pontoni, 2000; Canuti et al., 1986; Cardinali, Antonini, Reichenbach,
& Guzzetti, 2001; Servizio Geologico Italiano, 1980). Inclinometer mea-
surements (Fig. 2) performed between 1998 and 2008 revealed that the
shear zone separating the landslide material from the stable bedrock is
relatively thin (b2 m), and that the bulk of thematerial above the shear

image of Fig.�2


Fig. 3. Distribution of ERS-1/2 (black) and ENVISAT (red) acquisitions used for the analysis, in the temporal (x-axis)–perpendicular (y-axis) baseline plane. Black diamonds are
single ERS-1/2 images. Red diamonds are single ENVISAT images. Black lines show individual ERS/ERS interferograms. Red lines show individual ENVISAT/ENVISAT
interferograms.
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zone moves as a nearly rigid body (Angeli & Pontoni, 2000; Pontoni,
2011).

4. SBAS-DInSAR analysis

4.1. Available SAR data

To investigate the ground deformations in the Ivancich landslide
area (Fig. 1B), we used two sets of SAR images. The first set consisted
of 91 ERS-1/2 and 39 ENVISAT, C-band images taken between 21 April
1992 and 12 November 2010 (18.6 years) along the satellites descend-
ing orbits, with a 35-day revisit time and a spatial resolution of about
10 m. The second set consisted of 39 COSMO-SkyMed, X-band images
taken between 2 December 2009 and 22 February 2012 (26 -

months), also along descending orbits with a 7-day revisit time and a
3 m × 3 m spatial resolution.

4.2. Long-term C-band measurements

Weused the 91ERS-1/2 and the 39 ENVISAT acquisitions to generate
347 interferograms, including 230 ERS/ERS and 117 ENVISAT/ENVISAT
interferograms. To produce the interferograms, we selected pairs of
SAR acquisitions that satisfied the following conditions: (i) a spatial
baseline (i.e., the perpendicular distance between the two orbits)
b400 m, and (ii) a temporal baseline (i.e., the separation in time
between two images) b1500 days (Fig. 3). For the processing, we
used precise information on the satellite orbits obtained from the Ger-
man Aerospace Center (Deutsches Zentrum für Luft-und Raumfahrt,
DLR), and topographic information obtained from the Digital Elevation
Model (DEM) with a 3-arc-second spacing (approximately
90 m × 90 m) produced by the Shuttle Radar Topography Mission
(SRTM) in February of 2000. The coarse resolution DEMwas used to es-
timate and subtract the topographic phase component from the
computed interferograms, to single out information relevant to the
ground deformations in the study area.

The multi-scale SBAS approach allows performing analyses at
regional and local scales, exploiting multi-look (averaged) and single-
look (full-resolution) interferograms. For a complex multi-look process-
ing, we used 4 looks in the range direction and 20 looks in the azimuth
direction. Considering that the pixel size of the ERS-1/2 and ENVISAT
images is about 20 m (ground range) × 4 m (azimuth), the averaged
result consisted in interferograms with a ground resolution of about
80 m × 80 m. Conversely, the local scale SBAS analysis was performed
using the full-resolution single-look interferograms.

Application of the SBAS-DInSAR approach to the C-band (ERS and
ENVISAT) images resulted in the production of ground deformation
maps and associated time series covering the 18.6-year period from
April 1992 to November 2010 (Fig. 4). This period is longer than the
8.7-year period (April 1992–December 2000) used by Guzzetti et al.
(2009) to investigate landslides in the same general area, and longer
than the 6.6-year period (October 2003–May 2010) used by Bovenga
et al. (2013) to investigate the Ivancich landslide. The significantly longer
observation period allows a better understanding of the long-term
dynamic behaviour of the Ivancich landslide.

Inspection of the full resolution deformation map (Fig. 4A) and the
associated time series (Fig. 4B) reveals that the Ivancich landslide,
classified as active in the regional landslide inventory map of Antonini
et al. (2002) (Fig. 1B), comprises sectors characterised by different
displacement rates and patterns. Particularly interesting is the active
sector in the NW part of the landslide that has suffered cumulated
displacements exceeding locally 15 cm, corresponding to an average
displacement rate of 8 mm/year. The result is in general agreement
with the outcomes of a reconnaissance survey carried out on 6 September
2011 to detect the damage caused by the moving landslide. The survey
revealed that damage was most severe along the boundary between the
active landslide sector and the portion of the slope not affected by

image of Fig.�3


Fig. 4. SBAS-DInSAR processing results of C-band (ERS-1/2 and ENVISAT) SAR data between April 1992 and November 2010 for the Ivancich landslide, Assisi. (A) Full resolution (pixel
size ≈ 20 m along azimuth × 4 m along range) deformation velocitymap, superimposed on the landslide inventorymap (see Fig. 1B for legend). Displacementsmeasured along the sat-
ellite Line of Sight (LOS). (B) Time series of deformation for two unstable scatter points (black triangles) and two inclinometers (purple stars) in the active landslide sector. For location of
the two inclinometers see 113 and 117 in (A). The inclinometer measurements are projected along the satellite LOS. (C) Examples of damage in the Ivancich landslide area. Photographs
takenon6 Sep 2011. For location of thedamage see P1 and P2 in (A). (D) Rainfallmeasurements andmonthly cumulative rainfall for the BastiaUmbria andCannara rain gauges. See Fig. 1A
for location of the rain gauges.
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displacements (Figs. 4A, C). Inspection of the history of deformation for
two scatter points located in the active landslide (Fig. 4B) confirms the
quasi-linear displacement rate of the Ivancich active slide (Guzzetti
et al., 2009), in the observation period.

Information on the sub-surface geometry of the Ivancich landslide is
available from boreholes and inclinometer measurements (Angeli &
Pontoni, 2000; Pontoni, 2011). We used this in-situ information to
investigate the accuracy of the DInSAR measurements. For the purpose,
we compared theDInSARmeasurements to those recorded by two incli-
nometers installed in the NE (113) and the NW (117) parts of the upper
portion of the landslide area (Figs. 1B, 2, 4B). For the 113 inclinometer,
the measurements covered the 7-year period from December 1998 to
December 2005 with a cumulated displacement at the ground surface
of 75 mm (approximately 11 mm/year). For the 117 inclinometer, the
measurements cover the 5.6-year period from December 1998 to July
2004 with a cumulated displacement at the ground surface of 59 mm
(approximately 10 mm/year). To compare the two types of data (incli-
nometer and DInSAR), the inclinometer measurements were projected
along the Radar Line Of Sight (LOS), considering the orbital
information of the SAR data and the local topography (i.e., the slope in-
formation retrieved from the SRTMDEM). The result of the comparison
is shown in Fig. 4B where the inclinometer measurements projected
along the satellite LOS (purple stars) are superimposed on the corre-
sponding SBAS-DInSAR deformation time series (black triangles). The
agreement between the DInSAR and the inclinometer data is clear. We
further computed the standard deviation σ of the differences between
the two time series of independent measurements, obtaining
σ = 5 mm for the 113 inclinometer and σ = 4 mm for the 117 incli-
nometer. These results are consistent with other independent analyses
on the quality of the SBAS-DInSAR technique and the derivative products
(Bonano et al., 2012, 2013; Casu et al., 2006; Lanari et al., 2007).

Rainfall is a driver for the Ivancich landslide (Angeli & Pontoni, 2000;
Pontoni, 2011). Ardizzone et al. (2011) performed an analysis of the
temporal relationship between the local rainfall record and the history
of ground deformations in the Ivancich landslide area (Figs. 4B, D). In
particular, Ardizzone et al. (2011) considered the surface displacement
measurements obtained through DInSAR processing of C-band ERS-1/2
and ENVISAT images in the 18.4-year period fromApril 1992 to Septem-
ber 2010, and rainfall measurements acquired by two rain gauges locat-
ed 5.5 km W and 9 km SSW from the Ivancich landslide, for the same
period (Figs. 1A, 4D). The performed cross-correlation analysis, based
on monthly-cumulated rainfall, revealed a lack of temporal correlation
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Fig. 5.Distribution of COSMO-SkyMed acquisitions used for the analysis in the temporal (x-axis)–perpendicular (y-axis) baseline plane. Black diamonds are single images, and black lines
show individual interferograms.
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between landslide deformations and rainfall. We extended the analysis
considering the rainfall cumulated over different time periods (7, 15,
and 90 days), and obtained cross-correlation values b0.2, confirming
the lack of a clear relationship between landslide displacements and local
rainfall history (Ardizzone et al., 2011).

Unpublished piezometer data acquired in the landslide deposit reveal
that the groundwater regime affects quite moderately the landslide kine-
matics. In particular, the ground water surface was measured to be, in
general, only a few metres above the shear band. This results in very
low piezometric heights, when compared to the total stress levels. Also,
the piezometric surface was observed to be approximately constant in
time,with limited seasonalfluctuations.We consider this a further indica-
tion of the limited influence of the rainfall pattern and of the slope
groundwater regime on the landslide kinematics, which is characterised
by displacement rates approximately constant in time over long periods.

4.3. Spatially dense X-band measurements

We used the 39 CSK acquisitions to generate 110 interferograms
collectively covering the 26-month period between December 2009
and February 2012. For this analysis, we selected pairs of images that
satisfied the criterion of having a spatial baseline of b300 m (Fig. 5).
No constrain was imposed to the temporal separation between the
acquisitions. For the complex multi-look processing, we used 10 looks
in the range and in the azimuth directions, obtaining averaged interfero-
grams with a pixel size of about 30 m × 30 m.

We focus on the results of the full resolution processing for theurban
area of Assisi (Fig. 6), and specifically for the Ivancich neighbourhood.
Visual comparison of the results obtained processing the X-band, CSK
data (Fig. 6A) with the results achieved processing the C-band, ERS-1/2
and ENVISAT data (Fig. 6B) reveals that the two analyses resulted in
very similar spatial patterns of deformations, for two different periods:
(i) 18.6 years between April 1992 and November 2010 for the ERS-1/2
and ENVISAT data, and (ii) 26 months between December 2009 and
February 2012 for the CSK data. We maintain that this is consistent
with the quasi-linear trend of displacement of the Ivancich landslide.
Comparison of Figs. 6A and B reveals a significantly larger density
of coherent points detected by the CSKdata, compared to the ERS-1/2 and
ENVISAT data. This is in agreementwith similarfindings by Bovenga et al.
(2012, 2013) in landslide areas, and by Bonano et al. (2013) in urban
areas. Processing of the shorter X-band, CSK data series resulted in the
identification of 30,000 coherent points in the area covered by Fig. 6A,
corresponding to an average density of about 15,000 points/km2. This
compares to 2000 coherent points detected in the same area by process-
ing the significantly longer C-band, ERS-1/2 and ENVISAT data series, for
an average density of 1000 points/km2 (Fig. 6B). The 15-time increase in
the spatial density of coherent points is particularly significant to investi-
gate the Ivancich landslide, allowing for a more detailed analysis of the
spatial distribution of the ground deformations.

Close inspection of Fig. 6A reveals trends in the pattern of the defor-
mation (shown by the spatial variation in the red and orange colours)
that are not visible in Fig. 6B. This is emphasised in Fig. 7 where the
displacements measured along three profiles are compared. The A–B
profile, 362 m in length across the active landslide, shows a clear varia-
tion in the displacement rate across the landslide deposit, and outlines a
distinct band of deformation of about 50 m in width along the NW
boundary of the landslide. The sparse ERS-1/2 and ENVISAT scatter
points (purple triangles) did not detect the variation in the surface ve-
locity across the landslide deposit. The C–D profile, 500 m in length
along the active landslide, also shows distinct variations in the surface
displacement rate, with faster movements (red colours) in the upper
part of the landslide and slower movements (orange colours) in the
lower part of the investigated area.

The considerably larger density of coherent points detected process-
ing the CSK data is particularly significant in urban areas, where buildings
and other structures and infrastructures are abundant. In Fig. 7, the E–F
profile, 80 m in length, crosses longitudinally a set of two-storey, mason-
ry buildings typical of the Ivancich neighbourhood. Close inspectionof the
E–F profile reveals variations in the rate of displacement between build-
ings, and even within individual buildings. This characteristic, distinctive
of the high-resolution X-band data, is particularly relevant for the defini-
tion of the spatial pattern of the deformations. Moreover, such
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Fig. 6. Full resolution, ground deformation velocitymaps obtained through SBAS-DInSAR processing of SAR images for Assisi superimposed on the landslide inventorymap (see Fig. 1B for
legend). Displacementsmeasured along the satellites Line of Sight (LOS). (A) Deformation velocitymap obtained processing 39X-band SAR images taken by the COSMO-SkyMed satellites
in the 26-month period fromDecember 2009 to February 2012. (B) Deformation velocitymap obtained processing 130 C-band SAR images taken by ERS-1/2 and ENVISAT satellites in the
18.6-year period from April 1992 to November 2010.
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Fig. 7. Full resolution, ground deformation velocity maps obtained through SBAS-DInSAR processing of SAR images for the Ivancich area, Assisi, superimposed on the landslide inventory map
(see Fig. 1B for legend). Displacementsmeasured along the satellites Line of Sight (LOS).White lines show traces of profiles. In the graphs, black and purple triangles represent COSMO-SkyMed
and ERS-ENVISAT scatter points, respectively. Upper map shows displacement velocity obtained processing 39 X-band SAR images taken by the COSMO-SkyMed satellites in the 26-month
period from December 2009 to February 2012. Lower map shows displacement velocity obtained processing 130 C-band SAR images taken by ERS-1/2 and ENVISAT satellites
in the 18.6-year period from April 1992 to November 2010.

Fig. 8. Full resolution, ground deformation velocitymaps for the toe of the Ivancich landslide obtained through SBAS-DInSAR processing of COSMO-SkyMed (A) and ERS-1/2 and ENVISAT
(B) SAR images. Displacements measured along the satellites Line of Sight (LOS).
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Fig. 9. Two-dimensional model geometry with geological units superimposed on the triangular modelling mesh. Inset shows the modelled longitudinal cross section S–S'. I, II, III and IV
represent four shear band sectors. CPT1 and CPT2 indicate direction changes of the profile trace.

Table 1
Physical and mechanical properties of the geo-mechanical units used for the Finite Element
Modelling of the Ivancich landslide.

Rock material Density
[kN/m3]

Young's modulus
[MPa]

Poisson ratio
[−]

Limestone bedrock 22 8 × 103 0.28
Pelitic–sandstone bedrock 18.5 7 × 103 0.26
Debris deposit 16 1 × 10 0.24
Alluvial deposit 17 6 × 10 0.24
Shear band 16 1 × 10 0.23
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characteristic is also important to support the design of effective remedial
measurements, and to monitor their efficiency.

As a final remark, we emphasize the possibility offered to by the CSK
DInSAR-SBAS analysis to detect the effects of ground deformations not
revealed by the previous ERS-ENVISAT processing. This is demonstrated
in Fig. 8 that shows a building located on the toe of the Ivancich land-
slide. Such building is clearly affected by displacements that were
detected and measured by processing the X-band CSK data (Fig. 8A),
and were not detected by processing the C-band ERS-ENVISAT data
(Fig. 8B).

5. Landslide modelling using DInSAR measurements and
sub-surface data

In this section, we discuss the use of the spatially dense CSK DInSAR
measurements, in conjunction with independent geological, geomor-
phological, and geotechnical information, for the two-dimensional
modelling of the kinematical evolution of the Ivancich active landslide
(Fig. 1B). In this paper, our modelling approach is based on the simula-
tion of the materials undergoing shear strain as Newtonian fluids. For
the modelling, the geometry of the topographic surface was defined
based on the available topographicmaps, and the sub-surface geological
settingwas determined according to the available borehole information
and the local geology. The geometry of the shear band delimiting the
landslide mass was determined from in-situ geomorphological evi-
dences, and from the depth and thickness of the shear deformation
measured in the inclinometers installed in the landslide deposit
(Fig. 2). Thematerial properties were obtained from existing geotechni-
cal investigations (Angeli & Pontoni, 2000; Pontoni, 1999). Next, by
assumingNewtonian viscosities for thematerials involved in the failure,
a kinematical analysis was performed. The viscosity parameters were
obtained through the same FEM simulations by adopting an “inverse
analysis” approach. Specifically, the approach optimised the viscosity
parameters in order to obtain the best-fit between the simulated slope
kinematics and the SAR measurements of the surface displacement
rates, as described below.

We performed the two-dimensional modelling along the longitudi-
nal cross section S–S' traced in the centre of the landslide (Fig. 1B),
and we subdivided the modelling domain into four geo-mechanical
units, namely (Fig. 9): (i) the landslide deposit, consisting chiefly of
unsorted debris, (ii) the limestone bedrock, in the upper part of the
slope, (iii) the pelitic–sandstone bedrock, in the central and the lower
parts of the slope, and (iv) the shear zone, characterised by a thickness
lower than 2 m and a depth between 15 and 60 m. The stress state in
the slope and the distribution of the shear stresses in the slope were
first defined by an elastic analysis under gravitational loading, for
which we adopted the unit weight and the elastic parameters of the
materials listed in Table 1. To simplify our analysis and to reduce the
computation time, we considered four nearly homogeneous sectors
along the landslide shear band (Fig. 9). This hypothesis is supported
by the analysis of DInSAR measurements that allowed us to identify
four areas characterised by a similar kinematical behaviour. In addition,
the partition of the shear band in four different sectors is consistentwith
the geomorphological evidences of the presence of inner landslide
deposits, which are part of the larger Ivancich landslide, with crests at
different elevation and inclination of the shear band.

For the comparison of the numerical modelling with themonitoring
data, we considered all the CSK coherent pixels located within a distance
of 20 m from the representative longitudinal cross section S–S'. The long-
term DInSAR analysis revealed a quasi-linear trend of displacement
for the active landslide (Section 4.2, Fig. 4B). As already shown in
Section 4.2, this kinematical trend was confirmed by the analysis of
inclinometric measurements performed in different boreholes
(Angeli & Pontoni, 2000), which also revealed that the shear defor-
mation concentrates within a narrow zone, so that the overlying
landslide debris is moving approximately as a rigid body (Fig. 2).

We solved the Navier–Stokes equations that relate the viscosity field
to the velocity field using the Comsol Multiphysics Finite Element
Model code (http://www.comsol.com/). To back-calculate the values of
the viscosity of the materials in the shear band, an optimization
procedure based on a genetic algorithm (Manconi et al., 2010; Tizzani
et al., 2010) was used to derive the best fit, within a quadratic norm,
between the displacement velocities computed by the model and the
CSKdisplacement rates. A goodfitwas obtainedby assuming the four sec-
tors of the shear band defined above (Fig. 9) as characterised by different
dynamic viscosities (μ1, μ2, μ3, and μ4) (Fig. 10A). The following values of
the Newtonian viscosities were derived [MPa × s]: μ1 = 7.5 × 1010,
μ2 = 3.0 × 108, μ3 = 1.0 × 108, and μ4 = 1.2 × 109.

http://www.comsol.com/
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Fig. 10. (A) Two-dimensional displacement field obtained from numerical modelling along the longitudinal cross section S–S' of the Ivancich landslide. μ1, μ2, μ3 and μ4 are the dynamic
viscosities for the four shear band sectors. CPT1 and CPT2 indicate direction changes of the profile trace. Inset shows themodelled longitudinal cross section S–S', superimposed on the full
resolution, ground deformation velocity map obtained processing COSMO-SkyMed data. (B) Comparison between the modelled velocity profile (red triangles) and the COSMO-SkyMed
measurements (black triangles) along the longitudinal cross section of the landslide.
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The resulting velocity field along the modelled landslide section is
shown in Fig. 10.We observe that the viscosity values decreasemarked-
ly in the central part of the shear band (μ2 = 3.0 × 108 MPa × s,
μ3 = 1.0 × 108 MPa × s), where the shear deformation is largest,
whereas in the upper and in the lower areas of the shear band the vis-
cosities are larger (μ1 = 7.5 × 1010 MPa × s, and μ4 = 1.2 ×109

MPa × s, respectively). Values of the viscosity significantly higher than
those in the shear zone were assigned to the landslide debris to obtain
significantly lower shear rates in the region overlying the shear surface.
This is in agreement with the available inclinometric data (Fig. 2).

The model allowed studying the magnitude and the direction of
movement in the active landslide. This was achieved by investigating
the horizontal and the vertical components of the movement. In
Fig. 11 we show the modelled horizontal velocity of movement, and
we compare this modelled information to the inclinometer data
obtained from four boreholes located in different parts of the active
landslide (Fig. 11B). The agreement between the modelled and the
measured (in the boreholes) horizontal velocities is good, except for
the 117 inclinometer. For this inclinometer, we attribute the difference
between the measured and the modelled velocity to the location of the
borehole, which is positioned at a distance of about 150 m to the W of
the cross section used for the numerical modelling. Lateral variations
in the geometry of the landslide justify the observed difference.
6. Discussion

The experimentwe have conducted in the Ivancich landslide area, in
the Assisi municipality, has shown that the modern DInSAR techniques
are particularly well suited to detect and monitor active landslides
in urban and sub-urban areas, and to conduct advanced landslide
modelling.
First, we exploited the capability of the advanced SBAS-DInSAR tech-
nique to processmulti-sensor SAR data to present one of the first exam-
ples of joint ERS-1/2 and ENVISAT deformationmap and associated time
series for an active landslide in an urban area (Fig. 4). Specifically, the
experiment has shown that the exploitation of the very large archive
of ERS-1/2 and ENVISAT data allowed producing maps (Fig. 4A) and
time series (Fig. 4B) covering a period of unparalleled length: almost
two decades between 1992 and 2010. This is an important and quite
rare information for landslide studies (Angeli et al., 2000; Giordan
et al., 2013; Malet et al., 2002; Peyret et al., 2008). We compared the
DInSAR time series to measurements obtained by two inclinometers
located in the Ivancich landslide, available for different periods between
December 1998 and December 2005. For consistency, the inclinometer
measurements were projected along the satellites LOS. The results
(Fig. 4B) proved the accuracy of the DInSAR measurements compared
to the inclinometric measurements, and revealed a quasi-linear tempo-
ral behaviour of the landslide deformation in the long observation peri-
od (18.6 years), with a velocity locally exceeding 8 mm/year. This is a
valuable information for the selection of themost appropriate remedial
works (Corsini et al., 2005; Revellino et al., 2010).

The ERS-1/2 and ENVISAT data used to investigate the Ivancich land-
slide are available for large areas of the Earth, allowing for the potential
investigation of active landslides in different geographic, physiographic,
and climatic regions, and particularly in themany landslide areaswhere
long-term, ground-based or sub-surface measurements are not avail-
able. The length of the deformation time series obtained by processing
the ERS-1/2 and ENVISAT data is of primary importance for understand-
ing the long-term kinematical behaviour of a landslide (Angeli et al.,
2000;Malet et al., 2002; Peyret et al., 2008), and for determining the re-
lationship (or the lack of a relationship) between the landslide history of
deformation and the precipitation record (e.g., Ardizzone et al., 2011).
This is a crucial information for designing remedial works and for
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Fig. 11. (A) Horizontal component of the displacement field obtained from numerical modelling along the longitudinal cross section S–S' of the Ivancich landslide. CPT1 and CPT2 indicate
direction changes of the profile trace. Inset shows themodelled longitudinal cross section S–S' and the location of the inclinometer boreholes, superimposed on the full resolution, ground
deformation velocity map obtained processing the COSMO-SkyMed data. (B) Comparison between the horizontal component of the modelled velocity profile (green triangles) and the
inclinometer data (black circles) along the longitudinal cross section of the landslide.
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deciding onmitigation strategies. The possibility of preparing long time
series of deformation formany landslides in different physiographic and
climatic regions of the World opens to the possibility of understanding
the complex, and largely unknown, relationships between climate and
its variations, and the initiation and activity of deep-seated landslides
(Crozier, 2010).

Next, our experiment has shown the improved capability of the new,
high-resolution SAR data captured by the X-band CSK satellite sensors
for landslide detection and monitoring. The significantly improved
ground resolution of the CSK data (3 m × 3 m) allowed generating
ground deformation velocity maps (Fig. 6A) with a 15-fold increase in
the number of detected coherent points, compared to the density of
points obtained using the ERS-1/2 and ENVISAT data (Fig. 6B). Although
the density of points depends on many factors, including the length of
the observation period (the longer the period, the lower the density of
scatter points), availability of a very large number of coherent points
is of the greatest importance for landslide studies. In the Ivancich land-
slide area, due to the large density of CSK coherent points, it was possi-
ble to: (i) detect and map the active portion of the landslide with
unprecedented geographical accuracy, and (ii) to outline accurately
the zones of the active landslide characterised by different mean veloc-
ities, including a narrowbandof deformation along theNWboundary of
the landslide, which was not visible in the ERS-1/2 and ENVISAT data.
This opens to the possibility of accurate, regional scale assessments of
the state of activity of landslides, in urban and sub-urban areas. The
high density of CSK coherent points also allowed detecting intra-
building and between-building differential settlements (Fig. 7), that
can be particularly dangerous for the structural integrity and the stabil-
ity of structures and infrastructures. This capability of the X-band, CSK
data contributes to produce accurate landslide vulnerability and
damage maps in active landslide areas. This result was difficult, or
impossible, to obtain using the C-band, ERS-1/2 and ENVISAT data.
Next, we attempted an innovative use of the high-resolution DInSAR
measurements obtained by processing the CSK data, in conjunction
with independent thematic sub-surface information and geotechnical
data, for the numerical modelling of the Ivancich active landslide
(Figs. 10, 11). This represents a new frontier in landslide studies aided
by remote sensing data and technologies (Bovenga et al., 2013;
Guzzetti et al., 2012; Holbling et al., 2012). Despite the simplicity of
the adopted physical approach, the modelling experiment produced a
coherent picture of the deformation field for the Ivancich landslide
area (Figs. 10, 11), with the modelled velocity in good agreement with
the measurements recorded by inclinometers installed in the landslide
area (Fig. 11). We maintain this is a significant advancement in the
use of DInSAR products.

Finally, we consider the experiment conducted in the Ivancich land-
slide area as a prototype example of the application of multi-frequency
SAR data for advanced landslide investigations, where the C-band,
ERS-1/2 and ENVISAT data are used to produce very long time series
of deformations, and the X-band, CSK data are used to prepare spatially-
dense maps of the ground deformation velocity. The combined use of
the different SBAS-DInSAR products maximises the advantages of the
different data sets, i.e., the long-term series of displacement to under-
stand the temporal behaviour of the slope, and the spatially-dense defor-
mation maps for accurate activity mapping, as well as for accurate
vulnerability and damage assessment in active landslide areas.

7. Conclusions

We used the advanced SBAS-DInSAR technique (Berardino et al.,
2002; Lanari et al., 2004) to extensively investigate a deep-seated,
slow-moving active landslide that affects the Ivancich residential
neighbourhood, in the Assisimunicipality, Central Italy (Fig. 1). Exploiting
the multi-sensor capabilities of the advanced SBAS-DInSAR technique
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(Bonano et al., 2012; Pepe et al., 2005), we jointly processed ERS-1/2 and
ENVISAT C-band images, and we obtained deformation velocity maps for
an unprecedented period of 18.6 years (Fig. 4), significantly longer than
previously available for the same area (Bovenga et al., 2013; Guzzetti
et al., 2009). Analysis of the DInSAR time series revealed a quasi-linear
rate of displacement for the Ivancich landslide in the long observation
period. The result has local and general implications. Locally, it is impor-
tant for the understanding of the long-term kinematical behaviour of
the active landslide, and for the design of effective remedial works. At
the global scale, the possibility of preparing very long time series of defor-
mation for landslides in different climatic regions opens to the possibility
of improving our currently limited understanding of the relationships
between meteorological triggers, climate variations, and the activity of
deep-seated landslides (Ardizzone et al., 2011; Crozier, 2010).

Application of the SBAS-DInSAR technique to the COSMO-SkyMed
X-band images allowed producing deformation velocity maps for the
Ivancich landslide area with an unparalleled number of SAR coherent
points, corresponding to a density of about 15,000 scatter points/km2,
a 15-time spatial density increase compared to the ERS-1/2 and
ENVISAT data (Fig. 6). This extremely high density of measure points
allowed to identify and accurately locating sections of the landslide
that weremore active than others, including a narrow band of deforma-
tion along the NW boundary of the landslide, and variations in the
deformation velocity between buildings and within individual build-
ings. This result opens to the possibility of mapping landslide activity
in urban areas with unprecedented accuracy, and to the production of
landslide vulnerability and damage maps in active landslide areas
(Galli & Guzzetti, 2007). The result is also important to support the
design of landslide remedialmeasurements, and tomonitor their efficacy.

The results of the SBAS-DInSAR processing, in conjunction with
topographic, geologic and geotechnical data, including inclinometer
measurements in different boreholes, were used to construct a simplified
numerical model of the active landslide. The model allowed obtaining a
coherent, two-dimensional picture of the landslide deformation field
that is in good agreement with deep inclinometric measurements in the
landslide deposit. Based on the obtained results, we foresee the possibility
of using the spatially dense SBAS-DInSAR measurements for the calibra-
tion and the validation of more sophisticated numerical models of com-
plex active landslides.

We conclude that the combined use of multiple SBAS-DInSAR
products generated at different spatial and temporal scales, maximises
the advantages of the different data sets, permitting an improved under-
standing of the long-term kinematical behaviour of the slope failure, and
allowing for an accurate mapping of a landslide activity, as well as for
vulnerability and damage assessment in active landslide areas.
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