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A B S T R A C T   

Slow instability phenomena can turn into rapid events, showing sudden accelerations and potentially developing 
in a threat for structures and people. In such scenarios, an in-depth understanding of the spatial and temporal 
evolution of the ground surface displacement field becomes essential for preventing potential catastrophes. In 
this work, Multi-Temporal Interferometry SAR (MTInSAR) technique based on COSMO-SkyMed and Sentinel-1 
SAR acquisitions and ground measurements have been used to study an ongoing instability occurrence, 
affecting the urban area of Chieuti, a town located in the Southern Italy. Archives of C and X-band SAR data and 
geomatic monitoring observations spanning seven, five and one year, respectively, have been analyzed exploiting 
the complementary characteristics of these datasets. This enabled the accurate spatial-temporal characterization 
of the ground displacement field in the study area, the identification of sectors evidencing instability problems 
and a comprehensive reliability assessment of the detected displacements trends, characterized by strong non- 
linearities. Moreover, the multi-geometry DInSAR analysis allowed to evaluate the horizontal and vertical 
components of the detected motion, confirming the nature of the instability process, related to a deep landslide 
mechanism affecting the western slope of the town.   

1. Introduction 

Slow ground instability phenomena involving the built environments 
may impact the safety of structures and people (Sonnessa et al., 2020), 
since the decay of the structures’ integrity can lead to fragile collapse 
(Hungr et al., 2014). Furthermore, slow displacements resulting from 
the progression of failure underground (Chandler et al., 1975; Potts 
et al., 1997) can determine the transition from slow to rapid and cata
strophic events, as made evident by the Vajont disaster (Alonso et al., 
2010). Therefore, the prevention of damage and collapse of structures 
and infrastructures (Achu et al., 2021; Morgese et al., 2020; Nibigira 
et al., 2018) benefits from the thorough knowledge of the spatial and 
temporal evolution of the ground surface displacement fields, even for 
low motion rates (Cotecchia et al., 2020; Dai et al., 2002; Esposito et al., 
2021). 

The geomatic monitoring of structures and ground surface is often 
carried out by integrating different methodologies (Furst et al., 2021; 

Karila et al., 2013), such as automated total stations (Artese & Perrelli, 
2018; Crespi et al., 2012), high-precision geometric levelling (de Luna 
et al., 2017; Hsu et al., 2018), Synthetic Aperture Radar (SAR) (Mazzanti 
et al., 2015; Milillo et al., 2016; Scifoni et al., 2016) or Global Naviga
tion Satellite Systems (Del Soldato et al., 2018; Sonnessa & Tarantino, 
2021). 

In the last thirty years, the increasing number of Earth observation 
satellite missions has made available a huge amount of data, providing a 
consolidated tool for Civil Protection institutions in addressing landslide 
risk (Raspini et al., 2017), due to the possibility of investigating ground 
shifts of large areas over years the with a progressively smaller revisit 
time, equal to few days for the most recent satellite sensors. In this field, 
the European Space Agency (ESA) plays a crucial role (Raspini et al., 
2018) through the Copernicus Programme including Sentinel-1 (S1) 
satellites and contributing missions, such as COSMO-SkyMed (CSK). S1 
consists of two quasi-polar-orbiting satellites, mounting a SAR sensor 
that operates in C-band. CSK, exploiting the X-band, comprises four 
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quasi-polar-orbiting satellites. 
Data acquired by means of space-borne SAR sensors and processed 

through MTInSAR techniques represent a powerful tool to support the 
analysis of natural hazards, such as ground deformation phenomena 
involving infrastructures and buildings (Calò et al., 2014; Uemoto et al., 
2019). The capability of covering wide areas with a high-frequency 
temporal sampling allows to investigate diffuse instability through 
Persistent Scatterer Interferometry (PSI) (Crosetto et al., 2016; Ferretti 
et al., 2001), which provide information about displacements and 
displacement rates along the line-of-sight (LoS) of scatterers distributed 
in the target area. However, uncertainties may affect the assessment of 
the displacement patterns when the investigated phenomenon is char
acterized by a strong non-linear evolution (Shi et al., 2020). 

This paper reports the results of a research work within which multi- 
sensor MTInSAR data and ground-based techniques were combined to 
evaluate the development of the displacements generated by the low 
progression of a complex instability process (Cruden and Varnes, 1996), 
affecting the urban area of Chieuti, in Southern Italy, characterized by 
non-linear stages of the displacement–time evolution. The area is under 
the attention of the Government Commissioner for the environmental 
risk of the Apulia region, which oversees the implementation of proper 
risk mitigation strategies and funded the research work, aimed at the 
analysis and interpretation of a relatively large stack of X and C-band 
SAR data, acquired by means of CSK and S1 satellites respectively, over a 
timespan of seven years (2015–2022). 

The analysis of the multi-sensor MTInSAR data, performed through 
the SPINUA algorithm developed by GAP, a spinoff company of the 
Polytechnic University of Bari, has been integrated by measurements 
obtained through a high-precision geometric levelling, designed on the 
basis of the MTInSAR analysis findings, in order to investigate the 
outcropping effects of the instability phenomenon within the western 
slope of the urban centre, recognised to be subsiding since 1800. 

The study provided a comprehensive spatial and temporal charac
terisation of the displacement field at the top of the slope, allowing for 
the recognition of the instability area as the active retrogressive rear 
scarp of a landslide. Furthermore, the obtained results shed novel light 

on the reliability and consistency of the MTInSAR techniques in proper 
detecting non-linear ground displacement patterns. Once examined 
considering the framework of geomorphological and geo-mechanical 
characteristics of slope failures, the achieved outcomes have sup
ported the hypothesis that the underground failure is connected to the 
current activity of very large soil volumes downslope. 

2. The town of Chieuti 

Chieuti is a small town located close to the northern border of Apulia, 
in the south of Italy (Fig. 1a). The old town, perched on a hilltop at 221 
m a.s.l, is characterized by the presence of masonry buildings and nar
row streets. The western side of the site is bounded by the Taverna canal 
to the north, and the Fico stream valley to the west (Fig. 1b). The hill
slope is formed of a foredeep marine succession, where stiff clays 
(Montesecco clay formations, Pliocene) underlie a layer of marine 
regression sands and sandy silts (Serracapriola sand formation, Pleisto
cene). The historical centre is built above a top-hill thinner continental 
layer, made of fine soil matric including coarser grains, which overlies 
the marine deposits. 

Evidence of instabilities involving the old town along the top of the 
western slope has been logged since the first decades of 1800, as re
ported by municipal archive documents referring to collapse and de
molition of buildings, located in the north-western sector bordered by 
Largo Quattro Novembre, Via dei Martiri di Via Fani and part of Via 
Vitalia (Fig. 1b and Fig. 2a). Buildings located westward the red dash- 
dotted line (Fig. 2a) have suffered from the cumulation of mainly 
downward displacements, caused by ground instability processes never 
thoroughly characterized. 

In the last 60 years, several mitigation interventions, encompassing 
retaining structures and storm water management works, have been set 
in place at the western edge of the urban centre to minimize the dam
ages, with limited success. The last intervention, built between 2004 and 
2006 (yellow line in Fig. 2a), consists of a concrete counterfort retaining 
wall (Fig. 2b) on pile foundations (12 m long piles of 80 cm diameter 
arranged in quincunx) connected to the pre-existing counterfort wall 

Fig. 1. a) Chieuti, located at the borders between Molise and Apulia Italian regions; b) the hillslope affected by slope movements (in the white square).  
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founded on shallow footings (dated 1987–1989). These engineering 
operas are currently damaged, as shown in 4.1. 

3. Employed methodologies 

In the study, MTInSAR techniques provided an insight into the 
magnitude and the spatial–temporal evolution of the ground displace
ment field suffered by the built area, while high-precision geometric 
levelling complemented the analysis validating the deformation 
patterns. 

3.1. High-precision geometric levelling 

High-precision geometric levelling is a well-established geomatic 
technique, widely used for monitoring ground movements and con
trolling structures (Bitelli et al., 2018). The methodology allows the 
measuring of height differences through automatic levels and invar rods, 
on benchmarks built on purpose in the monitored areas, with accuracy 
up to few tenth of millimeters (Vaniček et al., 2001). 

Fig. 2. a) Sector of the old town involved in the instability phenomenon and b) view of the retaining structure located along Via dei Martiri di Via Fani.  
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3.2. MTInSAR approach and the SPINUA algorithm 

MTInSAR approach makes use of the coherent image principle of 
SAR, whereby the intensity and the phase of the received signal is 
recorded. SAR sensors send out a pulse of electromagnetic waves and 
measure amplitude and phase of the signal reflected or scattered back 
from the target material. By exploiting the phase differences among the 
backscattered signals of SAR acquisitions displaced in time and received 
from slightly different positions, MTInSAR techniques allow to measure 
ground surface displacements with sub-centimetric or even millimetric 
precision. The methodology is based on the identification of coherent 
targets, i.e. Persistent Scatterers (PS), associated with a single pixel, and 
Distributed Scatterers (DS), related with a group of statistically homo
geneous pixels, whose reflectivity is sufficiently independent from both 
temporal and geometric baselines, and with high phase stability. 
MTInSAR technique limitations are mainly related to the lack of PS in 

vegetated areas, the need of a reference point for the retrieved dis
placements, the detection of the displacements along the LoS and a very 
low sensitivity to the North-South component, due to the quasi-polar 
orbits of the current satellite missions. 

In this work, the MTInSAR SPINUA algorithm (Bovenga et al., 2005), 
whose processing flow is illustrated in Fig. 3, has been employed. The 
algorithm has been successfully applied to detect the evidences of 
infrastructure instabilities, and validated by comparison with in-situ 
measurements (Bovenga et al., 2013; Radicioni et al., 2012) and cross- 
comparisons with other MTInSAR techniques (Reale et al., 2011; 
Wasowski & Bovenga, 2015). 

The stack of focused images in input is co-registered using the 
approach presented in (Nitti et al., 2011); a further alignment step is 
applied to S1 data, as highlighted in (Prats-Iraola et al., 2012). The 
InSAR processing allow to generate the stack of differential interfero
grams. Image calibration enables the detection of both candidate PS 

Fig. 3. SPINUA flow chart modified from (Bovenga et al., 2005).  

Table 1 
Main characteristics of the exploited SAR datasets.  

Satellite Acquisition mode Spatial resolution 
(AzimuthxRange) 

Wavelength 
(λ) 

Pass 
direction 

Best temporal 
resolution on the 
area 

Timespan Number of 
images 

Incidence 
angle 

Heading 
angle 

CSK Stripmap/Himage 3mx3m 3.1 cm Ascending 16 days Jan 2015- 
Dec 2020 

58 32,0◦ 169,2◦

Descending Feb 2016- 
Dec 2020 

71 31,0◦ 10,9◦

S1 Interferometric 
wide-swath 

20mx5m 5.6 cm Ascending 6 days (12 days 
after December 
2021) 

Apr 2015- 
May 2022 

367 42,1◦ 170,4◦

Descending Apr 2015- 
May 2022 

361 41,2◦ 9,7◦
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Fig. 4. a) Ascending and b) descending mean velocity maps resulting from the processing of the CSK datasets between January 2015 and December 2020, with a) the 
location of damages (1, 2 and 3) indicated in Fig. 7 and b) clusters A and B within white squares evidencing differential displacements. 

Fig. 5. Mean CSK velocity map (descending orbit) of the study area, with a magnification of the purification plant in the orange square. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(PSC) and DS (DSC) (Bovenga et al., 2005; Even & Schulz, 2018; Ferretti 
et al., 2001), which phase values are used to remove atmospheric/ 
orbital artifacts from the input differential phase, with a robust kriging- 
based interpolation (Even and Schulz, 2018). The resulting stack of 
rephased differential interferograms is then analyzed inter-image to 
improve the PS/DS spatial density and perform a joint estimation of 
their height and displacement time series, whose reliability is measured 
through the temporal coherence. 

The following contributions are also estimated and corrected for 
minimizing inconsistencies in geolocation: atmospheric signal delay, 
azimuth bistatic residual correction (Schubert et al., 2015), and azi
muth/range sub-pixel position estimation of point scatterers. 

With reference to the height estimation of PS/DS of the analyzed 
datasets, S1 shows a much lower sensitivity to topography than CSK, 
since the S1 orbital tube was mainly designed to facilitate DInSAR ap
proaches in displacement mapping, where short perpendicular baselines 
are more favorable (Barat et al., 2015). This limitation results in a lower 
vertical geolocation accuracy of the PS detected by processing the S1 
datasets. Therefore, the absolute height of S1 targets has been corrected 
by using a high-resolution 0.5 × 0.5 m Light Detection And Ranging 
(LiDAR) point cloud available over the scene (Hu et al., 2019a). 

4. Characterization of the ground surface displacement field 
through MTInSAR analysis 

The MTInSAR analysis was based on four interferometric datasets, 
listed in Table 1. An extensive assessment of the trends detected using 

the different sensors and the corresponding possible ambiguities/limi
tations in the study context has been performed. Since the analysis was 
intended to exploit the best available spatial resolution, the interpreta
tion of the displacement field across the built environment relied on the 
examination of PS. Moreover, the absence of deformations of the ma
sonry structures (small rigid buildings) has been assumed as hypothesis. 

Thanks to the high variability of the CSK orbital tube (over 1 km), 
enabling a precise estimation of the scatterer height (<1 m), and the 
high spatial resolution, such sensors provided the generation of accu
rately geocoded PS, allowing a precise identification of unstable areas, 
which cannot be reached by the S1 sensors, characterized by a relatively 
poor spatial resolution (Table 1). Conversely, the reduced revisit time of 
S1 satellites ensured a tight monitoring of the surveyed zone, useful for 
the detection of relatively rapid velocity variation in case of non-linear 
displacements. 

4.1. Analysis of the settlement area using CSK data 

CSK mean velocity maps retrieved along the ascending and 
descending orbits (Fig. 4) were estimated along the satellite LoS over the 
period Jan. 2015–Dec. 2020. Negative values indicate motions away 
from the sensor. The maps highlight the spatial features of the ground 
surface displacement field, which involves the top of the slope, con
firming that part of the settling area (about 9000 m2) is bordered by Via 
dei Martiri di Via Fani, Largo Quattro Novembre and the north part of 
Via Vitalia, and structures around the purification plant located in the 
north-western sector of the slope (Fig. 5). This finding proves that the 

Fig. 6. Damages on the retaining wall (indicated by the red arrow) and the adjacent sidewalk. The dashed line borders a) the sector location of a marked subsidence 
compared to the surrounding area, displayed in b) and c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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displacements affecting the old urban center are connected to an 
instability mechanism involving at least part of the western slope. 

Negative displacement rates, representing downward movements, 
range from millimeter to centimeter per year, with the lowest values 
equal to − 12 mm/year along the ascending orbit and − 16 mm/year on 
the descending track. The favorable orientation of the structures, placed 
in alignments nearly perpendicular to the LoS, and the expected direc
tion of motion, which is assumed to follow the steepest path (i.e. west
–northwest), made the observations along the descending track (Fig. 4) 
particularly suitable to detect most part of the displacements. A detailed 
analysis of the map in Fig. 4b suggests that clusters A and B are lowering 
more slowly with respect to the neighboring areas. Focusing on Via dei 
Martiri di Via Fani, the cluster A (average velocity of − 9 mm/year) 
moves away from the sensor more slowly than the surrounding portions 
of the retaining wall and footpath infrastructure (displacement rates of 
about − 12 mm/year), giving rise to differential displacements whose 
effects are visible on site, as exemplified by the cracks running through 
the retaining wall and along the Via dei Martiri di via Fani footpath 
(Fig. 6) and damages on buildings and road pavements crossing 1) Via 
Bianchi, 2) via De Figlia and 3) Via Tumolo (3) (Fig. 7), located at the 
border between the stable area, characterized by almost null displace
ment rates, and the unstable area, identified by high displacement rates 
(Fig. 4). Velocities vary from significant values to zero along west-east 
sections, occurring in a narrow west-to-east distance in the southern 
part of the subsiding area, and developing across a larger distance in the 
northern part, characterized by more extended differential movements 

(e.g. red to yellow to green dots in cluster B). This spatial distribution 
(Fig. 4) is indicative of a currently active retrogression of underground 
processes, already significantly developed in the northern portion. Such 
process match the typical effect of the retrogression of underground 
progressive failure within the rear scarp, related to the activity of very 
large soil volumes downslope and classifiable as compound roto- 
translational (Cruden and Varnes, 1996), which brings about the 
outcropping of multiple rear scarps, where the more recent one is 
identified by the red line in Fig. 2. 

The temporal evolution of the instability emerges from the analysis 
of a PS subset (points A-L in Fig. 8), distributed from south to north in 
the subsiding area, selected by applying the coherence value threshold 
of 0.7, to provide more reliable results. The related displacement time 
series (Fig. 9) indicate maximum values ranging from about 30 mm to 
70 mm away from the sensor over the period Feb. 2016–Dec. 2020, 
giving evidence to a peculiar subsidence trend, common to all points. 

Almost linear motion patterns are interspersed by short acceleration 
stages, during which the displacement increments are equal, on average, 
to about 10 mm (Fig. 9), hence of the same magnitude as the CSK motion 
ambiguity limit, occurring when the difference between two consecutive 
measurements exceeds a quarter of the sensor wavelength. This required 
a further analysis to check whether they are affected by motion ambi
guity artifacts. 

Fig. 7. Damages caused by differential displacements between the stable (indicated with green arrows) and unstable area (highlighted with red arrows) on 1) Via 
Bianchi, 2) via De Figlia and 3) Via Tumolo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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4.2. Evaluation of the non-linear displacement trends through the 
combined analysis of CSK and S1 datasets 

CSK time series are affected by ambiguities when the displacements 
are greater than 7.8 mm (i.e. λ/4) in 16 days (Table 1). The availability 
of SAR sensors working with different wavelengths offers the opportu
nity to assess the reliability of the trends detected. To this aim, addi
tional PS from S1 measurements along the descending track have been 
selected using as reference CSK PS (Fig. 8), with the following criteria:  

1. temporal coherence ≥ 0.7;  
2. planimetric distance from the reference CSK PS ≤ 10 m (half of the S1 

range resolution);  
3. altimetric distance (dH) from the reference CSK PS − 1.5 ≤ dH ≤ 1.5 

m;  
4. difference in velocity along the LoS |v LoSCSK-v LoSS1| ≤ 1.5 mm/ 

year. 

The comparison between the two datasets is shown in Fig. 10, where 
CSK-derived reference time series are superimposed with the 

Fig. 8. High-coherence PS (≥ 0.7) extracted from the CSK displacement map along the descending track. The red dots identify the targets investigated. (background: 
LiDAR Digital Elevation Model). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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corresponding related to single PS obtained from S1 observations. 
Levelling measurements acquired from May 2021 to May 2022 are also 
displayed (green triangles) and will be discussed in section 5. The largest 
cumulative displacements are measured in the southern sector (scat
terers A and B), reaching a maximum of 100 mm, while displacements of 
about 50–60 mm have been detected in the north part of the old town 
(scatterers H and I) and at the purification plant (point L). Both datasets 
confirm the non-linear features of the displacement evolution, but the 
extended temporal coverage and high temporal resolution of S1 obser
vations enable further consideration on its progress. The acceleration 
stages, recurring approximately once a year, show a duration of about 
one month (dashed lines in Fig. 10), while between two steps the ve
locities are almost constant and relatively low (~7–13 mm/year) over 
periods of 10 to 16 months. 

As S1 time series can tolerate displacements up to 14 mm (λ/4 ac
cording to Table 1) every 6 days, and considering the average magni
tudes of the detected steps (10 mm in one month, well below the 14 mm 

S1 ambiguity limit), the analysis of S1 time series confirms that this 
trend is not caused by phase unwrapping ambiguity errors due to mo
tion. In addition, the strong advantages in proper tracking non-linear 
shifts and correcting potential artifacts, derived from the integration 
of the datasets, are highlighted examining the point G (Fig. 11), for 
which S1 observations allowed to correct the CSK original trend (green 
squares), shifted of λ/2 after March 16, 2020 (red squares). 

To rule out connections between the detected steps and modifica
tions in the scattering mechanism, which could introduce phase changes 
misinterpreted as displacement steps, also amplitude time series have 
been considered. The effect of a backscattering coefficient (σ0) alteration 
can be observed in Fig. 12, showing the plot of a target relative to a 
building interested by reroofing works a) and the associated displace
ment time series b) evidencing a fictious shift of about 10 mm in 
September 2015. Conversely, the CSK backscattering coefficient of the 
analyzed PS (Fig. 13) exhibit no significant variations, thus confirming 
that the steps identified cannot be ascribed to artifacts. 

Fig. 9. CSK LoS displacement time series (Feb. 2016–Dec. 2020) of the target A to L. The red-dashed lines indicate the acceleration stages. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. LoS displacement time series relating to the CSK targets A-L (red dots) compared to those extracted from the S1 descending displacement map (black dots), 
covering the period Apr.2015–May 2022. Dashed lines indicate the displacement acceleration stages. Green triangles represent the levelling measurements referring 
to benchmarks available around the PS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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According to the hypothesis that the displacement field results from 
the retrogression of failure in the rear scarp of a large landslides, the 
logged accelerations can be the effect of alternative processes:  

1. transient external actions accelerating the failure progression (e.g. 
water infiltration causing variations of the pore water pressures, or of 
the suctions in the soil pores);  

2. stages of fragile weakening of the soil system underground, 
prompting more sudden increase of straining (Chandler et al., 1975; 
Cotecchia & Santaloia, 2021; Potts et al., 1997);  

3. local slipping of the soil masses along underground discontinuities, 
result of the failure progression. 

The latter two hypotheses are compatible with a failure progression 
at the western edge of the slope occurring through the sand and silt 
strata overlying the higher plasticity and weaker clays, within which 
failure initiation occurred in the past, and developed largely before 
involving the stiffer top layers (Cruden and Varnes, 1996). At present, 
the maximum rates recorded during the recurrent acceleration stage 
represent a reference for the release of warning thresholds, the 
exceeding of which is indicative of the possible worsening of the stability 
conditions. 

4.3. Displacement patterns characterizing the upper part of the slope 

To characterize the displacement patterns over the investigated area, 
the trend of additional PS, spread out along the range acquisition di
rection, has been inspected. Reference CSK and corresponding S1 target 
have been selected along six alignments roughly parallel to the steepest 
slope path (Fig. 14) using the previous criteria. The main PS parameters 
are listed in Table 2. The CSK displacement time histories compares 
fairly well with the S1 displacement data sets, as depicted in Fig. 15 
showing the descending displacement of both sensors. No CSK scatterers 
are present in A3_1 position. 

The analysis gives further information about both spatial and tem
poral features of the displacement field, identifying stable and unstable 
portions and the timing of the acceleration. Indeed, along the A0 
alignment in the southern area a sharp difference in velocity allows to 
distinguish between stable (A0_2) and unstable (A0_1) zone. Moving 
northwards, alignments from A1 to A5 are characterized by similar 
settlement rates. Along both alignments A3 and A4, the points closest to 
the inner rear scarp, i.e. A3_3 and A4_3 scatterers, show lowest veloc
ities, suggesting a quasi-linear differential trend. Additionally, the 
analysis performed in azimuth and range directions on both datasets 
reveals that, in the upper part of the slope, different sectors are location 
of similar settlement-time trends, which though differ for total dis
placements, giving further evidence to a spatial distribution of the 

Fig. 11. LoS displacement time series relating to the CSK target G compared to the corresponding time series from S1 (black dots). Green and red dots represent the 
original and the corrected trend, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 12. Effects of a reroofing a) on the backscattering coefficient and b) the corresponding displacement time series.  
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displacement rates consistent with a retrogressive attitude of an un
derground failure. 

4.4. Multi-geometry analysis 

With the purpose of evaluating horizontal and vertical displacement 
rates over the longest available timespan, a multi-geometry DInSAR 
analysis was performed on the S1 dataset, taking advantage from the 
capability of estimating the mean velocity of a pixel along the east–west 
and vertical (up-down) tracks by combining ascending and descending 
datasets (Di Traglia et al., 2021). Both viewing geometries have low 
sensitivity to north–south displacement, preventing from the detection 
of the ground motion component along that direction (Pepe & Calò, 
2017). However, the investigated slope faces towards west-northwest 
direction, such that the main component of the planimetric displace
ment is expected on the east–west direction. Therefore, the east–west 
(VE) and up-down (VU) velocities have been retrieved, adopting a patch 
approach considering a reduced area within which all selected PS are 
assumed to be overlapping. This leads to more robust estimations of the 
2D components thanks to multiple measurements in the same patch but 
implies a loss of spatial resolution generated by the observation aver
aging. After a pre-filtering on the coherence value (≥ 0.7), a 45 m × 45 
m-cell has been identified as the optimal balance between robustness 
and spatial extent of the investigated phenomenon. The obtained 

velocity maps gives evidence to a predominant vertical component in 
the upper portion of the slope, of about − 12 mm/year along the area of 
Via dei Martiri di Via Fani (Fig. 16b, light red PS), while low velocities of 
about − 3 mm/year (Fig. 16a, yellow PS) are measured in the horizontal 
direction. The resulting ratio of the vertical to the horizontal velocity of 
about 4 highlights that the ground block included between the western 
rear scarp, closest to the retaining wall, and the eastern innermost rear 
scarp is experiencing mainly vertical movements, suggesting that the 
most retrogressed portion of the slip surface is sub-vertical. Conversely, 
the purification plant area is characterized by a predominant horizontal 
velocity (VE of about − 7 mm/year, Fig. 16b, orange dots). 

5. Preliminary results of the ground measurements and 
comparison with MTInSAR outcomes 

Following the characterization of the displacement field in the built 
environment, a ground-based monitoring system (Fig. 17), encompass
ing 90 levelling benchmarks read once a month using a high-precision 
digital level, has been established in April 2021. High-resolution 
biaxial tiltmeters (red triangles in Fig. 17) have been positioned on 
the retaining wall to check its inclination once per hour. 

The levelling measurements, carried out from May 2021 to May 
2022, have been used to assess the displacement trends of 8 targets, by 
comparing them with the observations on levelling benchmarks, i.e. 12, 

Fig. 13. Backscattering coefficient time evolution of CSK PS located in the unstable area.  
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17, 20, 25, 29, 65, 66 and 41 in Fig. 17, located in the vicinity of the PS, 
i.e. A, B, C, E, F, G, H, I in Fig. 8. Since the vertical component of the 
movement is dominant, and accounting for the limitations discussed in 
section 4.4, displacements along the LoS and vertical direction are 
considered comparable (Fig. 10). The ground-based observations 
confirm the findings achieved through the MTInSAR technique, identi
fying both the acceleration phase between May and September 2021 and 
the onset of the transitional period starting from October 2021. The 
RMSE calculated using the levelling measurements as reference, equal to 

Fig. 14. Analysis of the displacement paths along the LoS. Circles enclose targets selected along the steepest slope. No CSK scatterers are present in A3_1 position 
(background: LiDAR Digital Elevation Model). 

Table 2 
Mean coherence and LoS velocity characterizing the PS analyzed along the 
steepest path.  

Satellite N. of scatterers Coherence V Los (mm/year) 

Mean St. dev. Mean St. dev. 

CSK 13 0.7 0.1  − 8.4 3 
S1 14  − 7.8  
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about 2 mm, is below the error on the single displacement measurement 
(ranging from 2.5 to 4.1 mm for the considered targets) estimated in 
SPINUA by computing the standard deviation of the differences between 
the radar displacement measurements and the non-linear model fitting 
the time series. The inclination Δθ (Fig. 18a), measured between 
September 2021 and May 2022 by the tiltmeters (about ± 0.02◦), shows 
slight changes with time, mainly related to temperature fluctuations, as 
observes for the CE04 instrument (Fig. 18). Only the southernmost in
strument (CE08), located on a section of the retaining structure affected 
by a localized failure, recorded increasing values of the inclination, up to 
0.1◦ in March 2022 (Fig. 18a). These measurements confirm, once again, 
the prevalence of the vertical component of the displacement in Via dei 
Martiri di Via Fani. 

6. Evaluation of the possible correlation with the weather 
conditions 

The hypothesis that the non-linear behavior of the system could be 
related to the climatic actions has been explored through an empirical 
analysis of the climatic conditions at the site. Slope movements may be 
connected to climatic conditions affecting the either inward or outward 
hydraulic fluxes at the ground surface, since these influence the water 
balance and corresponding piezometric regime across the slope (Guz
zetti et al., 2008; Pirone et al., 2012; Tommasi et al., 2013). Generally, 
shallow ground displacements in fine soil deposits may result from the 
variation of the pore water pressures over weeks, consequent to the 
cumulated infiltration of rain-water over 10 to 60 days (cumulative 

Fig. 15. LoS displacement time series related to fourteen PS (CSK + S1) located along the steepest slope path. Red lines indicate displacement acceleration stages. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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rainfalls), where a longer period (90–180 days) might be necessary to 
trigger deeper slope movements. 

Therefore, the possible connection between rainfall infiltration and 
ground shifts has been evaluated by comparing the cumulative total 
rainfalls (Ardizzone et al., 2011; Crosta et al., 2017; Hu et al., 2019b) 
over 30, 60, 90 and 120 days, to the S1 displacement time history of 
point A (Fig. 8), which undergoes the highest motion along the LoS 
(Fig. 19a). In the same figure, the analysis of the point A displacement 
gradient, calibrated over a reference period of five SAR image acquisi
tions approximatively corresponding to the acceleration phase duration, 
has been performed. The results, presented in Fig. 19a with the positive 
sign, highlight velocity peaks of about 120 mm/year during the accel
eration stage, while a quasi-constant velocity might be measured in the 
transitions between two accelerations, ranging from 7 to 13 mm/year, 
with an average value of about 10 mm/year. Due to the initial lack of S1 
acquisitions, in the period Nov - Dec 2015, the correspondence with 
peak velocity is not accurately identified, as the revisit time turned into 
six days only after the introduction of the S1B satellite in September 
2016. 

Total rainfalls together with the cumulative rainfall time histories, 
acquired by weather stations of Serracapriola (249 m a.s.l.) and Ripalta 
(64 m a.s.l), located 5 km and 10 km away from Chieuti town respec
tively, are depicted in Fig. 19b and c. The data between the end of 
August 2016 and January 2017 were not recorded by Serracapriola 
station (grey area in Fig. 19b). The analysis of both total and cumulative 
rainfall time histories revealed the same timing, but different amplitude, 
higher in Serracapriola than in Ripalta, as expected for the altitude of the 
station. 

The comparison of displacement time history with the cumulative 
rainfalls does not provide a clear indication of any correspondence 

between the cumulative rainfall peaks, displacement jumps and velocity 
peaks for either 90 or 120 days of rainfall. A better correlation seems to 
apply between the peaks of the 30-day cumulative rainfalls and the 
displacement accelerations, since these occur in correspondence of some 
30-day cumulative rainfall peaks, except for the last timespan (Sept–Oct 
2021) occurring after a long dry period. However, displacement accel
eration does not necessarily concur with 30-day cumulative rainfall 
peaks. A more refined analysis accounting for the slope-vegetation- 
atmosphere interaction is foreseen as next step. 

7. Discussion and conclusive remarks 

C and X-band SAR image stacks, acquired over a period of seven 
(2015 to 2022) and five years (2015 to 2020) by the S1 and CSK satellite 
constellations, respectively, has been processed through the SPINUA 
algorithm. The results enabled the identification of an ongoing insta
bility process affecting the western slope and part of the urban area of 
the town of Chieuti, whose first evidence dates from the 19th century. 
The use of multi-sensor SAR data allowed to perform, for the first time 
regarding this long-standing phenomenon, an accurate definition of the 
spatial and temporal features of the ground displacement field and the 
detection of areas characterized by differential displacements inducing 
damages on structures and infrastructures. An in-depth investigation on 
a subset of PS, both in range and azimuth direction, brought out non- 
linear displacement trends with time, where approximately annual pe
riods characterized by relatively slow velocities (10 mm/year on 
average) are followed by acceleration stages, lasting about one month, 
during which displacement rate peaks reach about 120 mm/year. 

This led to a broader reflection on the actual reliability of MTInSAR 
techniques in tracking the ground motion for non-linear instability 

Fig. 16. Displacement rates along the a) east–west and b) up-down directions (background: LiDAR Digital Elevation Model).  
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Fig. 17. Ground-based geomatic system monitoring the urban area (background: LiDAR Digital Elevation Model).  
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behaviors. Few studies have addressed this issue, although the analysis 
of non-linear displacement trends is becoming an increasingly discussed 
topic. In (Park & Hong, 2021), the a-priori knowledge of the deforma
tion process drove the implementation of a hyperbolic model, adopted to 
evaluate the non-linear behavior of the three independent subsidence 
occurrences. Other solutions (Jiang et al., 2021) (Perissin et al., 2012) 
try to identify non-linearities without having a-priori information on the 
deformation process. (Chen et al., 2021) compare two well-established 
techniques (PS and SBAS) by analyzing a S1 dataset on a landslide 
showing both linear and non-linear behaviors, evidencing the capability 
of SBAS to better estimate non-linear trends. In (Notti et al., 2014), non- 
linearities in the landslide kinematics are detected analyzing a Radarsat 
SAR dataset and focusing on the a-posteriori classification of the time 
series. A relevant case study regarding a well-known landslide evolving 
with a non-linear mechanism can be found in (Crosta et al., 2013), 
where the displacements are monitored through ground-based radar 
interferometry. In the latter, a similar behavior to the Chieuti landslide 
is being manifested. However, none of the investigated phenomena 
highlighted such a well-characterized trend and in no case the employed 
SAR sensors worked near their ambiguity limit. When displacements 
show the same order of magnitude of the sensor motion ambiguity limit, 
as for CSK observations in Chieuti, the processing chain could mistak
enly dismiss the corresponding time series, causing a loss of basic in
formation for a proper interpretation of the phenomenon or, 
contrarywise, producing processing artifacts. 

In this study, the integration of multiple SAR datasets allowed to 
overcome misinterpretations related to the motion ambiguity, also 
evidencing the reliability of CSK in detecting non-linear displacements 
in most of the cases, even when working near its resolution. Ground- 
based measurements, in good agreement with the remote-sensed ob
servations, enhanced the correct interpretation of the retrieved motion 
patterns. So far, the joint analysis of the available datasets hints a per
manent displacement rate trend; however, the monitoring in progress 
will provide key information on the short-term development of the 
instability. 

The analysis gave evidence to the importance of the open S1 acqui
sitions, whose time series confirmed the CSK-derived displacement 
evolution and broaden the period investigated. Therefore, the current 
reduced availability of S1 data, due to the definitive decommissioning of 
the S1B satellite announced on 3 August 2022 (ESA, 2022a), might 
weaken this capability. Whilst the acquisitions carried out by the S1A 
satellite every twelve days still represent a relevant asset, the full po
tential of the mission will be reached again with the launch into orbit of 
the next generation S1C satellite, scheduled in the first half of 2023 
(ESA, 2022b). 

As regards the characterization of the instability, the MTInSAR 
analysis allowed to identify the active retrogression of an underground 

progressive failure within the rear scarp of a large compound roto- 
translational landslide affecting the western slope, occurring through 
the sand and silt strata overlying clay layers, location of the failure 
initiation occurred in the past and recently developing in the stiffer top 
layers. This retrogressive behavior is confirmed by the evaluation of 
displacement trends along different alignments, while the multi- 
geometry analysis and the tiltmeters measurements highlighted the 
significant prevalence of the vertical component of the instability 
mechanism in the proximity of the retaining wall, four times higher than 
the east–west displacement velocity, suggesting that the most retro
gressed portion of the slip surface is sub-vertical. Therefore, the research 
provided indications about the effect of underground failures on the top 
of the slope connected to the activity of very large soil volumes down
slope. The acceleration stages detected through the MTInSAR analysis 
are indicative of the propagation of these failures, that could be related 
to weather conditions. Nevertheless, the joint examination of the rainfall 
data and displacement time histories highlighted a possible, but not 
clear, correlation. A more reliable assessment of the climatic action in
fluence, currently underway, is taking into account i) the computation of 
the net rainfall, that is the difference between the total rainfall and the 
evapotranspiration rates; ii) the numerical computation of the transient 
seepage through the slope connected to the infiltration of the net rainfall 
and accounting for the hydraulic and hydrogeological features of the 
slope, in order to verify the variations with time of the slope stability 
factor, which might concur with the displacement accelerations. 

As this work is framed in a broader project, aimed at further deep
ening the mechanism generating the ongoing process, the findings pre
sented in this paper are setting the basis for the current studies and will 
be integrated in a multidisciplinary analysis encompassing surficial and 
underground data for the three-dimensional modeling of the instability, 
addressed to the selection of the most sustainable slope stabilization 
strategy. 
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Ardizzone, F., Rossi, M., Calò, F., Paglia, L., Manunta, M., Mondini, A.C., Zeni, G., 
Reichenbach, P., Lanari, R., Guzzetti, F., 2011. Preliminary analysis of a correlation 
between ground deformations and rainfall: the Ivancich landslide, central Italy. SAR 
Image Analysis, Modeling, and Techniques XI 8179. https://doi.org/10.1117/ 
12.899453. 

Artese, S., Perrelli, M., 2018. Monitoring a landslide with high accuracy by total station: 
A DTM-based model to correct for the atmospheric effects. Geosciences 
(Switzerland) 8 (2). https://doi.org/10.3390/geosciences8020046. 

Barat, I., Prats, P., Duesmann, B., & Geudtner, D. (2015). Sentinel-1: Link Between Orbit 
Control and Interferometric Sar Baselines Performance. 25th International Symposium 
on Space Flight Dynamics ISSFD, 1. 

Bitelli, G., Roncari, G., Tini, M.A., Vittuari, L., 2018. High-precision topographical 
methodology for determining height differences when crossing impassable areas. 
Measur.: J. Int. Measur. Conf. 118 https://doi.org/10.1016/j. 
measurement.2018.01.013. 

Bovenga, F., Nitti, D.O., Fornaro, G., Radicioni, F., Stoppini, A., Brigante, R., 2013. Using 
C/X-band SAR interferometry and GNSS measurements for the Assisi landslide 
analysis. Int. J. Remote Sens. 34 (11) https://doi.org/10.1080/ 
01431161.2013.772310. 

Bovenga, F., Nutricato, R., Refice, A., Guerriero, L., & Chiaradia, M. T. (2005). SPINUA: 
A flexible processing chain for ERS / ENVISAT long term interferometry. European 
Space Agency, (Special Publication) ESA SP, 572. 
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