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ABSTRACT
In this work, Multi Temporal Interferometry techniques (MTI)
based on advanced synthetic aperture radar differential interfer-
ometry (A-DInSAR) have been investigated for the monitoring of
deformation phenomena in slow kinematics. A-DInSAR methodol-
ogies include both Coherence-based type, as well as Small
Baseline Subset (SBAS) that Permanent Scatterers (PS). These tech-
niques are capable to provide wide-area coverage and precise,
spatially dense information on ground surface deformations. MTI
techniques have been applied to the town of Stigliano (MT) in
Basilicata Region (Southern Italy), where the social center building
has been destroyed after the reactivation of a known landslide. A
direct comparison of the results has been shown that PS and
SBAS techniques are comparable in terms of obtained coherent
areas and displacement patterns, with slightly different velocity
values for individual points. In particular, PS furnished a range of
velocity between �5/�25mm/year, while for SBAS we found val-
ues around �5/�15mm/year. Furthermore, on the crown of the
landslide body, a Robotics Total Station measuring distance values
on 24 points has been installed. The displacement values
obtained are in agreement with the results of the MTI analysis,
showing as these techniques could be a useful in the case of
early-warning situations.
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Introduction

Surface deformations like landslide can be monitored with a variety of sensors (Cal�o
et al. 2012). Current methods are, for instance, airborne and terrestrial laser scanning
(ALS and TLS), (Lichun et al. 2008; Monserrat and Crosetto 2008; Mallet and Bretar
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2009; Kasperski et al. 2010) prism measurements with robotic total stations (RTS)
(Artese and Perrelli 2018), GNSS measurements (Bovenga et al. 2013), and ground or
satellite-based differential interferometric synthetic aperture radar (DInSAR) (Tarchi
et al. 2003; Cascini et al. 2009; Lowry et al. 2013). All these techniques are classified
as ‘Remote Sensing’, which refers to the science aimed at collecting Earth
Observations (EO) by using non-contact methods. Remote sensing for landslide
investigation is widely documented in the recent literature, especially Advanced
Synthetic Aperture Radar Differential Interferometry (A-DInSAR) (Bovenga et al.
2006; Farin et al. 2006; Cascini et al. 2010; Notti 2010; Bovenga et al. 2012; Righini
et al. 2012; Herrera et al. 2013; Tofani et al. 2013). We refer to these methods as
multi temporal interferometry (MTI). Many MTI application opportunities are
emerging thanks to greater data availability from radar satellites and improved capa-
bilities of the new space radar sensors (C-bandSentinel-1) in terms of resolution
(from 20 to 5 m) and revisit time (about 12 days for C-band acquisitions). This
implies greater quantity and quality information about ground surface displacements
and hence improved monitoring capabilities of slow kinematic movements (Prati
et al., 2010). MTI users can rely on the following strengths of the technique:

� Large area coverage (thousands of km2) together with high spatial resolution (1–3
m) of the new generation radar sensors, and multi-scale investigation option
(from regional to site-specific);

� Very high precision (typically mm) of surface displacement measurements margin-
ally influenced by bad weather;

� Regular, high frequency (days–weeks) measurements over long periods (years);
� Retrospective studies using long-period (20 years) archived radar imagery.

However, in order to evaluate the degree of success of MTI analysis for investigat-
ing slope instabilities, it is necessary to keep in mind some factors that can be the
source of errors and/or wrong interpretations (Hanseen 2001). For example, many
objects with reflective characteristics stable over time modify their electromagnetic
response if observed from too different directions, namely the phenomenon of geo-
metric decorrelation. This means that only pairs of SAR images with a baseline less
than a few hundred meters can be effectively used for DInSAR measurements. The
temporal decorrelation often represents the main limiting factor if we analyze densely
vegetated areas. Atmospheric artefacts influence temporal correlation because they
add to the total interferometric phase a contribution that is often difficult to estimate
and remove (Zebker et al. 1997; Hanseen 2001). Furthermore, especially in mountain
areas, the high spatial variability of the atmosphere can influence spatial correlation.
Also, the morphology of the investigated area in relation to the satellite observational
geometry (the presence of steep slopes and the same orientation of the slopes) causes
the presence of distortion effects (foreshortening, layover, and shadow), which make
the interferometric technique inapplicable for identification and monitoring of slope
instabilities. Moreover, if we use images in ascending geometry we cannot study land-
slide phenomena on the west-oriented slopes and, vice versa, using descending images
we cannot analyze landslide insisting on the slopes exposed towards the eastern
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quadrants (Colesanti and Wasowski 2006). Another limitation is posed by the projec-
tion of the real deformaton, along the line of sight (LOS), which connects the target
to the ground with the sensor. This means that we measure only the satellite LOS
projection of the displacement (Colesanti and Wasowski 2006).

We must not forget the enormous advantage offered by MTI techniques for the
study of slope instabilities (Wasowski and Bovenga 2014), that is, the creation of an
archive of movements. The latter provides important and essential information espe-
cially for areas where monitoring data are not available or when too large areas can-
not be investigated by ground-based and airborne remote sensing systems. The
temporal continuity represents a unique opportunity to develop very long deform-
ation time series suitable to perform back-analysis of the investigated deformation
phenomena. This approach provides valuable information for understanding the
behaviour of slow deformation phenomena over long time interval, thus playing a
key role in risk mitigation strategies and civil protection activities (Del Ventisette
et al. 2015). Interferometric techniques are also very useful in cases where it is neces-
sary to quickly map the territory after the occurrence of earthquakes or large natural
disasters (heavy rainfall) that cause many landslide and widespread events in the area
(Colesanti et al. 2003). In this framework MTI techniques, such as Persistent Scatters
(PS) (Ferretti et al. 2000; 2001) and Small Baseline Subsets (SBAS) (Berardino et al.
2002; Lanari et al. 2004) approaches, can provide operational benefits and advantages
to identify and monitor landslide areas.

In this work we calculate the InSAR deformation time series, based on Permanent
Scatters (PS) and Small Baseline Subset (SBAS) algorithms, for the entire municipality
of Stigliano, using Sentinel 1A and 1B data acquired through the ESA archive. We
found that InSAR time series analysis agree well with RTS time series acquired locally
in the investigated area, in terms of deformations rates. This work shows that
A-DInSAR techniques can be applied to define risk mitigation strategies, especially
when joint temporal/spatial deformation data set are available.

Geological setting of study area

The town of Stigliano (Basilicata, Italy), rests on the inner boundary of the Bradanic
Foredeep, that is in the external strip of Lucanian Apennine. The geologic formations
include the ‘Varicoloured Clays’ of Cretaceus-Eocene age, the ‘Stigliano Formation’
(or Numidian Flysch), the ‘Serra Cortina Marls’ and the ‘Serra Palazzo Formation’, all
of Aquitanian-Helvetian age, the Calcarenites and Subapenninic Marly-blu Clays of
the Plio-Pleistocene age. A briefly sketch of geological map is reported in Figure 1.

A part of the town corresponding to the north of the present historical centre was
destroyed by large ancient landslide. The oldest Chiesa-Villa quarter rests on a calcar-
enitic plate, which overlies transgressively the Serra palazzo and the Stigliano
Formation, and is undergoing further disintegration. After the year 1907, this quarter
was supposed to be transferred; but it was never done.

The main landslide types include ‘lateral spreadings’ of the stony masses resting on
argillitic soils, such as those of the varicoloured scaly clays or the Serra palazzo
sequences, particularly those rich in clay levels. Such movements, conditioned by the
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stratigraphic sequences, influenced by the basement, produce in these last a short of
‘expulsion’ phenomena and buildings due to pressure. Other types of landslides are
slumps and slips that pass to very long and wide multiple flows. These 50–60 m thick
bodies fill the valley at the foot of the Stigliano hill stopping for a certain period the
remounting erosion phenomena and buildings due to pressure (Guerricchio and
Melidoro 1988).

The actual landslide phenomena, starting on 2014, develops, along the southern
slope, a complex type of slide (roto-translational) with very deep failure surface
(>40m) in the high part of the slope, and earth-flows that involve the middle-low
portion of the slopes for about 1.2 km length. The crown area can be detected in the
contact between clayey units and calcarenite, although a retrogressive activity is now
involving also area where the calcarenite outcrops. Most of the accumulation area
produced by rotational component constitute the alimentation zone of slow earth-
flows that can affect from the top to the valley. The roto-translational movement
along the slope determined in the upper part of the slide, a lateral spreading of the
calcarenitic plaque on which was built the news part of the Stigliano town. This com-
plex landslide, whose activity has been progressively increased in time, caused severe
damage to the building and infrastructures. A first model of the landslide of Stigliano
is reported in Figure 2.

Methodology of investigation

Methodologies have been chosen taking into account two main aspects: firstly, the
necessity to obtain information on geometric characterization of the area involved on
landslide phenomenon; secondly, the capacity for monitoring building and infrastruc-
tures in the crater area. With this in mind, we used both PS-InSAR and SBAS

Figure 1. Geological Sketch of Stigliano. Figure modified from Guerricchio and Melidoro 1988 and
Bentivenga et al. 2005.
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techniques that represent a specific class of DinSAR techniques. Such techniques
exploit the information contained in the radar phase of at least two complex SAR
images acquired in different time over the same area, which are used to form an
interferometric pair. For a general review of SAR interferometry and PSI techniques,
see Bamler and Hartl (1998), Rosen et al. (2000), and Crossetto et al. (2016).

As ‘ground truth’, detailed information coming from a RTS installed near the land-
slide body has been used.

PSInSAR technique

PSInSAR technique has been developed and patented at the Polytechnic of Milan in
2000 (Ferretti et al. 2000, 2001). It is an extremely effective tool for the millimetre
accuracy monitoring of earth surface deformation phenomena, based on the use of
time series of satellite radar images. This approach is based on the observation that a
small subset of radar targets, consisting precisely of permanent scatterers (PS), is
practically immune to the effects of decorrelation. They maintain the same
‘electromagnetic signature’ in all images as the acquisition geometry and climatic con-
ditions vary, thus preserving phase information. PS are typically parts of buildings,
metal structures, exposed rocks, or more generally ground targets for which the elec-
tromagnetic characteristics do not vary significantly from acquisition to acquisition.
Conversely, this condition does not apply for time-changing scenarios, such as the
vegetation, which exhibit continuous backscattering variations over time. The elabor-
ation originates from a statistical analysis of the images, which leads to the selection
of PS, substantially immune to decorrelation phenomena. This property allows to
overcome most of the limitations related to conventional DInSAR analysis (Crossetto
et al. 2016). Using the historical series of acquisitions, it is possible to estimate both
the atmospheric phase screen (APS) contribution and the possible superficial defor-
mations of the test area. After removing the APS from the data, it is possible to
accurately estimate the movements of the permanent diffusers. A fundamental aspect

Figure 2. Preliminary model of Stigliano landslide.
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is the ability to estimate and compensate the APS, carrying out a detailed statistical
analysis of ground deformation phenomena for the selected subset of PS. To perform
accurate estimates of APS it is necessary that the spatial density of PS is sufficiently
high (greater than 5–10 points/km2). In areas with high urbanization, the spatial
density reaches very high values: 100–400 points/km2. The PS are correctly positioned
in the resolution cell on the ground and for each of them a deformation measure-
ment is provided along the whole acquisition time series, with accuracy up to
1–2mm. Therefore, the average rate or velocity of annual deformation can be recon-
structed, with accuracy between 0.1 and 1mm/year. The latter depends on the num-
ber of images and the ‘quality’ of the PS itself, that is, how much the phase
information is immune to disturbing phenomena.

SBAS technique

SBAS differential approach allows to produce deformation time sequences through
the use of small spatial and temporal baseline interferograms (Berardino et al. 2002;
Lanari et al. 2004). Compared to the PS technique, SBAS is less sensitive to the num-
ber of input images, since it seeks spatially distributed rather than pointwise coher-
ence. Obviously, the greater the number of input images, the better the results will
be, thanks to the ability to estimate and remove the atmospheric contribution.
Leakage errors (such as the presence of phase jumps) can be corrected thanks to the
passage of ‘Phase Editing’ implemented in the SBAS processing chain (Berardino
et al. 2002; Lanari et al. 2004). In detail, if we assume that adjacent pixels have similar
behaviour, such phase jumps should not be present. In fact, the step of Phase Editing
allows to remove, from the DInSAR stack, those interferograms that present precisely
phase jumps or areas without data (because for example there are too many vegetated
areas with low temporal consistency). As a general rule, not only for landslide moni-
toring, the deformation rates in LOS should be <4 cm/year (for ESA sensors) to
ensure a very low probability of error (Crossetto et al. 2016). Even the lack of acquisi-
tions for long time periods or the small number of available observations can induce
phase ambiguity in the study of the phenomenon to be monitored. Advantages
offered by the SBAS regard the high coherence and spatial density (intrinsic charac-
teristics of the interferograms with little baseline) as well as error reduction due to
information redundancy (more interferograms for each image) (Berardino et al. 2002;
Lanari et al. 2004). The disadvantages are represented by the solving of a linear over-
determinated problem, and the wide large computational capacities required
(Crossetto et al. 2016).

RTS technique

Modern RTS can automatically find and track prism targets. RTS are commonly used
for the monitoring during tunnel construction and to assess the stability of water
dams, landslides, and rock faces (Artese and Perrelli 2018). The instruments are often
placed in a measurement chamber and thus protected from adverse environmental
conditions. The accuracy of total stations always depends on three components: setup
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point, measurement path, and measurement target. The setup point includes the
instrument itself, the stability of the support, and the objects in the vicinity of the
instrument. The measurement path is influenced by the atmospheric conditions,
which have an impact on the travel speed of the signal. Furthermore, temperature
gradients can cause a curvature of the measurement path. The final critical compo-
nent is the target. The achievable accuracy depends on the target type, for example,
prism or rock, the inclination angle of the measurement path with respect to the tar-
get and the target material.

Results

Interferometric analysis

The first Interferometric Analysis on the Stigliano Municipality was conducted start-
ing from two Sentinel-1A images acquired along a descending orbit on 13 March
2016 (Master) and 25 March 2016 (Slave). These dates were chosen because on 24
March 2016 the partial collapse of the social center building occurred as a result of
landslides. Figure 3a shows the interferometric map, where false-colour bands refer to
the interferometric fringes observed in the test area. They give evidence that a notice-
able ground surface movements occurred between the two SAR acquisitions. A fringe
corresponds to a phase variation of 2p radians, which results in a displacement equal
to the half value of the radar wavelength; in our case, each fringe corresponds to a
displacement of 28mm (data in C band). The interferogram has good coherence on
more than half of the processed scene: in detail, in the coherent part we notice inter-
ferometric fringes that denote the presence of ground displacement phenomena. In
the remaining part of the interferogram a clearly effect of speckle is visible.

This speckle noise effect has been greatly reduced thanks to the multilooking phases
and to the various filtering carried out during image processing. Multi-look processing
in InSAR processing is used as an efficient algorithm to reduce phase noise in an inter-
ferometric image slice it is the optimal estimator in a maximum likelihood sense for an
interferometric image (Goldstein et al. 1988). In our processing chain, after the single-
look interferometric image is formed, an adaptive filter is used in the interferometric
image. The filter is based on the algorithm of Goldstein et al. (1988). This adaptive filter

Figure 3. Maps of (a) phase shift (interferogram), (b) coherence, (c) displacements, of
Stigliano area.
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significantly improves fringe visibility and reduces phase noise introduced by scene
dependent or system related decorrelation. The variable bandpass characteristic of filter
smooths the phase in region with high correlation, but remain broad band in region of
low correlation. The filtered interferometric image can form the final interferogram.

In summary, this Interferometric SAR analysis has led us to the conclusion that all
three maps (Interferogram, Coherence and Displacements) (Figure 3) highlight pre-
cise changes on the municipality of Stigliano and in particular in the area of the land-
slide that led to the collapse of the social center building. These results confirm that
the InSar analysis is a valuable tool to detect and highlight ‘fast’ movements.

A-DInSAR analysis

For the A-DInSAR analysis the multi-temporal series (Stack) of satellite images con-
sists of 24 acquisitions spanning from 24 October 2014 to 16 August 2016 (Table 1),
in S1A_IW_SLC__1SDV format. The technical details of the images are reported in
Table 2.

The series of displacements deriving from the PS and SBAS processing made it
possible to define the return times of landslides that have affected the Municipality of
Stigliano over time.

Ground displacement velocity map and time series are measured along the LOS of
satellite. The results refer to SAR acquisitions available only along a downward orbit.
The scatterers provided by the PS analysis (Figure 4), identify the unstable areas
affecting the entire municipality, which we identify and report with 4 points, charac-
terized by deformation velocities between 5 and 25mm/year (Figure 5). The SBAS
results (Figure 6) exhibit less oscillation of the displacement values with respect to

Table 1. Stack of satellite images.
Number Data Day

1 26/10/2014 0
2 01/12/2014 36
3 25/12/2014 60
4 30/01/2015 96
5 23/02/2015 120
6 07/03/2015 132
7 31/03/2015 156
8 12/04/2015 168
9 30/05/2015 216
10 17/07/2015 264
11 03/09/2015 312
12 14/11/2015 384
13 20/12/2015 420
14 01/01/2016 432
15 06/02/2016 468
16 18/02/2016 480
17 13/03/2016 504
18 25/03/2016 516
19 06/04/2016 528
20 30/04/2016 552
21 05/06/2016 588
22 29/06/2016 612
23 23/07/2016 636
24 16/08/2016 660
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those provided by the PSInSAR technique and therefore allow the identification of
stasis and acceleration periods for the landslide movement (Figure 7). Indeed, the
landslide movement that led to the collapse of the social center is almost parallel to
the SAR LOS direction and therefore almost all the real movement is measured by
the interferometric analysis.

This emphasizes that the success of the A-DInSAR analysis depends on many fac-
tors including the relationship between movement, angle of view of the satellite and
LOS direction.

Discussion of the result

The critical issues of the case study have allowed to evaluate any limits in the applica-
tion of these data and techniques, identifying particular expedients to obtain as much
information as possible. The SAR images of the SENTINEL-1 satellites were

Table 2. Technical details of the images.
Instrument SAR-C

Mode IW
Satellite Sentinel-1
Pass Direction Descending
Phase Identifier 1
Polarization VV VH
Product Class S
Product Class Description SAR Standard L1 Product
Product Composition Slice
Product Level L1
Product Type SLC
Instrument Swath IW1 IW2 IW3

Figure 4. Deformation velocities at PS points in Stigliano area identified by PS-InSAR from Sentinel
satellite data. Base map courtesy of Google Inc.
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Figure 5. Cumulated displacement of 4PS points of Stigliano area.

Figure 6. Deformation velocities map of Stigliano area obtained by applying SBAS technique from
Sentinel satellite data. Base map courtesy of Google Inc.
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processed using the InSar procedure for the pre-post event evaluation and through
the A-DInSAR procedure, specifically PSInSAR and SBAS techniques for the evalu-
ation and time-series analysis of slow ground movements. All three techniques have
been applied to a real case study, that is, the landslides that have involved the
Municipality of Stigliano (MT) in Basilicata over the years. The results obtained show
how the characteristics of the new generation sensors (high spatial resolution and
short revisiting times) allow the use of A-DInSAR techniques in the analysis and
monitoring of slow deformation phenomena. Moreover, the reduced revisiting times
allow, in theory, to monitor deformation phenomena not only for long periods (sev-
eral years) but also for short periods (a few months), which is completely closed to
older generation sensors. The interferogram deriving from the InSAR analysis has
highlighted the fast movement derived from the collapse of social center building on
24 March 2016. Through the PSInSAR and SBAS techniques it was possible to obtain
a monitoring network of about 7057 and 1124 points, respectively. They allowed to
highlight three areas in the Stigliano area subject to ‘displacement’ phenomena
(Figure 8). The latter coincide with the three areas that rise above three distinct cal-
carenitic plaques and that previously had been affected by geological instability
(Guerricchio and Melidoro 1988).

The scatterers identified by the PS analysis show a deformation velocity between
5 and 25mm/year, with a cumulative deformation from October 2014 to August
2016 of about 50mm. Regarding the cumulative displacements obtained from the
SBAS analysis, they showed values up to 30mm/year not directly comparable to
those obtained by PSInSAR technique, since the point grids are different. The focus

Figure 7. Cumulated displacement of 4 SBAS points of Stigliano area.
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of this study was mainly addressed to the southern area of the country, which
affected the collapse of the social center building. To properly assess and validate
A-DInSAR investigations, an inspection analysis was carried out on 05 October
2016, in collaboration with some INGV researchers, the technicians of the
Municipality of Stigliano, and the technicians of the Basilicata Region. The com-
parative analysis between A-DInSAR results and in situ measurement campaigns
allowed to confirm the various injuries and building damages occurred in the sur-
rounding of the landslide, where A-DInSAR analysis provided the greatest displace-
ments (Figure 9).

Figure 8. Comparison of area subject to ‘displacement’ phenomena highlighted through (a) PS
technique and (b) SBAS technique. Red polygons delimite area with fast movements.

Figure 9. Damage to critical infrastructures and buildings in Stigliano area.
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RTS

RTS is a fundamental instrument for landslide monitoring. Accurate angle and
range measurement are useful when describing the surface of the ground, measur-
ing the displacements of selected points and evaluating morphological evolutions.
Monitoring has been performed by means of an automatic total station (Leica
TM50) measuring about 24 prisms located to a maximum distance of 300m, and
with a measurement rate of 20minutes. The accuracy of instrument is 0.6mm (in
precise acquisition mode). The RTS system was powered and equipped with data
transfer via GSM, and the instrument was posed in a special case (box). The glass
of the box would provoke a distortion in the measure that is lower than the meas-
urement accuracy, therefore it can be ignored. The RTS has been located in a rela-
tively stable geological area. Since November 2016, the system was automated in
order to allow continuous data acquisition and near-real time data processing. The
accuracy of RTS (of about 0.6mm thanks also to reduced distance between station
and prisms) has contributed to early detect the trigger of a landslide and to activate
warning procedures. In Figure 10 is reported the measurement network, showing
the 24 topographic reflectors (each point is identified with a number) and the pos-
ition of RTS (identified with a label ‘1000’). The measuring points have been

Figure 10. Measurement network of RTS, with a detail of main instrument and of the reflector.
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chosen to monitor, not only the landslide movement, but also facilities and infra-
structures still used by citizens. In the time, some reflectors have been lost defini-
tively and some replaced and renamed.

First measurements acquired on 16 November 2016, highlighted the areas character-
ized by different movements. In particular, the western area exhibits a greater stability
with negligible displacements on both dwellings and infrastructures. In the North area
of monitoring network, the recorded measurements showed significant movements on
both buildings and infrastructures. The most significant displacements are concentrated
mainly on the East area of the network. In Figure 11 is reported an example of the time
series of the displacement recorded from RTS in correspondence of topographic
reflector N� 7, 8, 13, 16 e 17 from November 2016 to January 2017. The maximum val-
ues of displacement, in terms of planimetric (East and North Component) and vertical
displacement, recorded in these points are reported in Figure 12.

Figure 11. Time series recorded from RTS in different points of the network. The colors are associ-
ated to the three components measured by RTS.
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By means of RTS we have obtained a monitoring network at high resolution, in
space and time, for the buildings and infrastructures in the landslide area. Thanks to
the availability of this monitoring data, an early warning system has been established,
and different alarm thresholds have been defined.

Conclusions

In this work we have shown MTI approach is particularly suitable for the above task.
MTI is also cost effective and can deliver large quantities of useful information for
managers involved in infrastructure instability hazards mitigation. Specifically, where
vegetation cover is limited, satellite MTI offers great surveying capability of terrain
and engineering structure instabilities. Some differences in result obtained by
PSInSAR and SBAS techniques have been observed. In particular, PS provided a
range of velocity between 5/25mm/year, while for SBAS we found values around 5/
15mm/year. These differences can be probably ascribed to the scattering characteris-
tics of the ground surface. This could be occurring because PS is optimized for reso-
lution cells dominated by a single scatterer, while SBAS focuses on distributed
scatterers (without any dominant element within the resolution cell). Moreover, the
latter are more sensible to both temporal and volume decorrelations than the firstly
(Crossetto et al. 2016).

The displacement values obtained by RTS are in agreement with the results of the
MTI analysis, showing as these techniques could be a useful tool in the case of early-
warning situations. After this work, on 16 January 2017, thanks to the results high-
lighted by means of MTI and to the presence of RTS, 6 eviction orders were issued
for all the building at north of investigated area. To improve the monitoring of the
area, a GPS network will be installed (almost two instruments), and a GPS master
will be posed on RTS box to control the stability of station pilaster.
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