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EXTENDED ABSTRACT

Le frane sono tra i fenomeni naturali che hanno maggior impatto sulla popolazione al mondo. Diverse tecniche di telerileva-
mento sono state utilizzate per studiare questi fenomeni negli ultimi decenni, inclusi Global Navigation Satellite Systems (GNSS)
e I’Interferometria Differenziale SAR (DInSAR).

L’area dove sono presenti le strutture dell’Universita di Azuay (Cuenca - Ecuador) e le vicine infrastrutture di trasposto sono
state interessate nel tempo da frane a cinematica lenta. Gli eventi gravitativi hanno impattato sia settori urbanizzati nella zona di
coronamento dove sono stati registrati i maggiori effetti, e sia aree non urbanizzate nella zona di piede. Per investigare in modo
completo I’estensione e la cinematica dell’area in frana ¢ stato necessario utilizzare due distinti approcci, applicati ad immagini
SAR satellitari, il primo PS-like ha consentito di investigare le zone maggiormente urbanizzate, il secondo, Distributed-like, per
investigare le aree maggiormente coperta da vegetazione.

A tal fine, due serie di immagini SAR, acquisite in banda X (COSMO-SkyMed (CSK)) e C (Sentinel-1 (S1-A)), rispettivamente,
sono state analizzate e confrontate per il monitoraggio delle deformazioni.

Le tecniche PS-like e Distributed-like sono state utilizzate per misurare i tassi di deformazione superficiale e le serie temporali
di spostamento riferite ai periodi 2017-2019 (S1-A) e 2015-2018 (CSK). I risultati ottenuti mediante tali approcci sono stati inte-
grati e georiferiti mediante 1’utilizzo di una vicina stazione GNSS, installata in un’area non interessata da deformazioni.

Al fine di determinare gli intervalli piu appropriati per la preparazione delle mappe dei tassi di deformazione media, ¢ stato utilizzato
un algoritmo di apprendimento automatico non supervisionato (K-Medians). Infine, ¢ stato effettuato un confronto tra gli output ot-
tenuti da questo studio e lo spostamento registrato in corrispondenza di due ulteriori stazioni GNSS situate nell’area interessata
dalle deformazioni. I risultati ottenuti dal monitoraggio SAR a doppia banda ed il confronto tra le diverse tecniche di elaborazione delle
immagini hanno consentito di analizzare in maniera efficace e completa la cinematica dei fenomeni dell’intera area di studio.
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ABSTRACT

Landslides are among the most intense geological disasters
worldwide. Several remote sensing techniques have been used
to study these phenomena over the last few decades, including
Global Navigation Satellite Systems (GNSS) and Multi-Temporal
Interferometric Synthetic Aperture Radars (MT-InSAR), in
particular, Small Baseline Subset (SBAS) and Permanent Scatterer
Interferometry (PSI). The University of Azuay and highway
infrastructure (Cuenca - Ecuador) were affected by slow-moving
landslides which in urban areas had more noticeable deformation
effects due to their crowns. Furthermore, evidence indicates that
the landslide toe was developed in a rural area. To study landslide
boundary and deformation kinematics comprehensively, we need
to observe two distinct scattering surfaces using SAR imagery
(high coherence areas in the urban area and low coherence areas
in the rural area). We can also observe different distributions
in X- and C-bands due to the rural area covered by vegetation
and trees at the toe of the landslide. Two sets of radar images
were analyzed and compared for monitoring the aforementioned
slow-moving landslide kinematics, including Sentinell-A (S1-
A) and COSMO-SkyMed (CSK). PSI and SBAS techniques
have been used to measure the rate of surface deformation and
displacement time series at CSK over the period (2017-2019)
and S1-A units over the period (2015-2018), respectively.
Furthermore, a GNSS station in the stable area was used as a
reference station to integrate the PSI and SBAS results over
space. Then, an unsupervised machine learning algorithm
(K-medians) was used to determine the most appropriate
intervals for preparing mean deformation rate maps. Finally,
a comparison was made between the outputs obtained from
this study and displacement recorded at two additional GNSS
stations located in the area affected by deformation. As a result,
by comparing and monitoring double-band SAR satellites and
different SAR image processing techniques, it became possible
to analyze the whole landslide of our case study appropriately.

Keyworps: landslides, PSI, SBAS, COSMO-SkyMed mission, sentinel

mission, Cuenca

INTRODUCTION

Landslides represent one of the most frequent and impacting
geological phenomena on a global scale. The extensive scientific
literature on this topic attests to their worldwide distribution and
the severe consequences they can have on the built environment
and human life (AJMERA & Tiwari, 2021; Lu er alii, 2021).
Technological progress is constantly producing new improvements
for surveying and computational capabilities, providing more
sophisticated tools to investigate this kind of natural process
(GHORBANZADEH et alii, 2022; PETRUCCI, 2022).

Therefore, developing remote sensing and earth-monitoring
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technologies can help to address global challenges such as
disaster prevention, deformation monitoring (CopA et alii, 2019,
Avrrocca et alii, 2021), and risk assessments. Various remote
sensing techniques have been developed to study the deformation
caused by landslides, including GNSS (ATANASOVA-ZLATAREVA &
Nikorov, 2017) and MT-InSAR (WAsowskl & BOVENGA 2014,
DEeL SoLparo et alii, 2021; FouMmELIS et alii, 2016; SOLTANIEH
& MaccioTTa, 2022). GNSS stations in stable areas are used
for spatial coordination and adjustment, whereas GNSS stations
affected by deformation are used for evaluating and comparing SAR
image processing results. The MT-InSAR technique can provide
millimeter-precision and high spatial resolution for determining the
deformation rate map over a wide area (MIELE et alii, 2021).

Several techniques have been developed since the inception of
InSAR technology to improve precision. InSAR is a type of two
SAR image processing technique (GABRIEL et alii, 1989), while
MT-InSAR is a multi-SAR image processing technique. The
differential principle can be combined with time series analyses,
such as a SBAS (BERARDINO et alii, 2002, HOOPER, 2008) and PSI
(FERRETTI et alii, 2001). Each method (i.e., SBAS and PSI) has its
benefits and drawbacks when retrieving spatiotemporal aspects of
surface deformations over short and long periods of time. SBAS
technique utilizes a series of interferograms characterized by
small spatio-temporal baselines. This technique retrieves time-
series cumulative deformation using the distributed scatterers
(DS) (LANARI et alii, 2004), which are more available in rural
areas. While in the PSI method, deformation is measured only
over Permanent Scatterers (PS), which are prevalent and denser
in urban environments (GUERRIERO et alii, 2019). In this area,
the presence of buildings operating as natural reflectors due
to their backscattering capabilities allows images to remain
coherent. Moreover, comparatively to PSI, the SBAS method
uses DS pixels with shorter time coherence behavior. Thus, we
can investigate and analyze displacements in urban areas by
applying the PSI method. However, when landslides inventory
maps and geological settings (SELLERS et alii, 2021) indicate
that landslides occur in both urban and rural areas, using the
SBAS technique can bring better results.

C- and X-band imagery acquired in the S1-A, and the CSK
missions are satellite products that are particularly appropriate for
retrieving deformation data of landslides under urban and rural areas
because of their significant spatial resolution and short revisiting time
of acquisition (BOVENGA et alii, 2012; FiascHi et alii, 2017).

In this study, S1-A, and CSK radar images were analyzed
and compared for monitoring slow-moving landslide kinematics.
Surface deformation and displacement time series were measured
at CSK by applying the PSI technique and S1-A using the SBAS
technique. In addition, the PSI and SBAS results were spatially
georeferenced using a GNSS station in the stable area. An
unsupervised machine learning algorithm (K-medians) (AHUIJA
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et alii, 2020) was used to prepare proper intervals to mean
deformation rate maps (KHALILI et alii, 2023). In addition, two
additional GNSS stations located in the area affected by the
deformation were compared with the outputs obtained from
this study. The results of this study revealed that using different
processing techniques (SBAS and PSI) and different SAR images
in different bands can help us to investigate and analyze the
kinematics of landslides more effectively and accurately.

CASE STUDY

The main campus of the University of Azuay is located in the
city of Cuenca, south of Ecuador (South America), whose average
height is 2,580 meters above sea level. This area has variable climatic
conditions between dry periods (between June and November) and
high levels of precipitation (between December and May), with an
annual average of 940 mm (SELLERS et alii, 2021).

The landslide of the University of Azuay is characterized
as a complex landslide (rotational, translational and creeping
movements) as a whole, the perforations carried out indicate
various landslide sliding surfaces, the main ones being at a depth
of 20 meters and a depth of 80 meters, making this landslide a
Macroslide, with an approximate projected volume of more than
35 million cubic meters.

The geology of the study area is conformed mainly by the
colluvial slope and alluvial deposits, the Turi and the Mangan
formations. A large part of the southern highlands of Ecuador is
covered by a layer of slightly consolidated and altered volcanic
deposits. Pyroclasts predominate in sequence, consisting of
agglomerates ranging from rhyolitic to andesitic, tuffs, volcanic
ash, and ignimbrites, most of which are heavily kaolinized and/or
silicified. The Turi formation comprises a well-stratified sequence
of conglomerates and fluvial sands, clays, tuffs, and volcanic
breccias, developed around the Cuenca basin and in broad areas of
southern Ecuador. It is over 1200 meters thick and lies concordantly
on the Ayancay (Santa Rosa) group, but also in certain places on the
Macuchi and Yunguilla formations, a Pleistocene age is attributed
to this formation (STEINMANN, 1997) (Fig. 1).

The Mangan Formation conformed of three units. The lower
unit includes the strata below the Washington lower coal seam. It
consists predominantly of limonites, shales, and sandstones of fine
grain and light colors, interspersed in layers less than 1 m thick.
The middle unit comprises the strata from Washington’s vein to the
Cafiari coal seam. And finally, above the Canari coal seam, the upper
unit consists mainly of coarse tuffaceous sandstones, with frequent
pebbles, becoming increasingly conglomeratic upwards. Activity
attributed to contemporary volcanic sedimentation is accentuated
by the presence of various interbedded tuffs (NOBLET ef alii, 1988).
A maximum thickness of 1,000 to 1,200 m is preserved in the
west-central part of the basin (STEINMANN, 1997). This formation
is in the Upper Miocene to Pliocene ages (HALL & CALLE, 1982;
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Fig. 1 - Geological sketch map of the case study (central sector of
Cuenca), showing the basement complex, sedimentary basins,
the study location (University of Azuay), and the location of
three GNSS stations

SHEPPARD, 1934; STEINMANN, 1997). Colluvial slope deposits
background relief of inter-Andean basins with partial pyroclastic
cover, characterized by a heterogeneous mixture of fine materials
and angular rock fragments, with the absence of stratification and
internal ordering structures. Alluvial deposits are characterized by
a mixture of sands, silts, clays, and conglomerates, representing the
most significant proportion of the Cuenca basin.

Based on geological settings, the campus is classified as an
unstable area due to the presence of materials such as clay and
sandstone and a large amount of surface and underground water. It is in
an area with soil saturation levels above eight meters according to the
geophysical studies (Seismic Refraction & Reflection, drilling with
core recovery) carried out in the area. These factors have triggered
for many years (first evidences of this phenomena are recorded 1997)
soil displacements that affect specific structures such as buildings,
highway facilities, and civil works on the campus.

DATA SETS

In this study, C- and X-band imagery acquired from the S1-A,
and CSK missions were used. These satellite products offer the
advantage of significant spatial resolution and a short revisiting
time, making them particularly suitable for deriving deformation
data from our case study landslides in urban and rural areas.

S1-A is parts of the Copernicus program conducted by the
European Commission in collaboration with the European Space
Agency (ESA). The mission period is 12 days, and data analyses are
achievable every six days; it also is an imaging Synthetic Aperture
Radar mission operating in the C-band. In this study, the S1-A radar
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images acquired between January 10, 2015, and November 26,
2018 (i.e., number of 61 SLC images) has been used respectively.
Tab. 1 summarizes the characteristics of these acquired images.

In addition, CSK was commissioned and funded by the
Italian Space Agency (ASI) and the Italian Ministry of Défense
(MoD). A constellation of four medium-sized low-Earth orbit
satellites is deployed, each equipped with a high-resolution
multi-mode SAR sensor operating in the X-band. Depending on
the availability of all four satellites (i.e., CSKSI1, ..., CSKS4),
the CSK constellation can be revisited in up to four days. CSK
launched its first satellite in June 2007, and the whole system
has been operational since 2011. Fifty-five images were acquired
over an ascending geometry track between March 12, 2016, and
January 13, 2018, with a 40 x 40 km footprint have been used in
this study. An overview of the acquired images can be found in
Tab. 1. ERAS reanalysis data published by the European Centre
for Medium-Range Weather Forecasts are used to eliminate
atmospheric, particularly tropospheric delays. This model
published values of meteorological data, including water vapor
pressure and temperature for 37 pressure levels. This study uses the
same strategy to evaluate the obtained results from different SAR
processing techniques on double-band SAR images (i.e., processing
setting). Finally, this method uses the calculated displacements from
observations of two GNSS stations in the study area.

Mission
S1-A CSK
Janvary March 12,
Acquisition 10, 2015, 2016, and
Time November January
26, 2018 13,2018
Type SLC SLC
Images (Nr) 61 57
Swath W2 -
Pass Ascending | Ascending
Central
Look Angle 38 32
©
Polarization \AY HH

Tab. 1 - Specifications of the Sentinel-1 and COSMO-SkyMed acquisi-
tions.

METHODOLOGY
SAR Data Processing

A differential interferometry satellite aperture radar
(HansseN, 2001) has been demonstrated to be a helpful tool for
measuring ground motions resulting from subsidence, landslides,
earthquakes, and volcanic phenomena and monitoring structures
and infrastructures. However, the DInSAR method is affected
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by spatial and temporal decorrelation, signal delays due to
atmospheric effects, and orbital or topographic errors. Over time,
the development of these techniques has allowed us to overcome
some of the inherent limitations of the algorithms (temporal and
spatial decorrelation, atmospheric disturbances, as mentioned
above). Two primary approaches to interferometry are PSI
(HOOPER, 2008; HOOPER et alii, 2004) and SBAS (LANARI et alii,
2004). By using these advanced DInSAR (A-DInSAR) techniques,
the precision of the rate maps and time series of deformations has
improved to about 1-2 mm/year and 5-10 mm, respectively.

PSI

By utilizing the PSI technique, radar targets (known as
permanent scatters or PSs) (CROSETTO et alii, 2016) are virtually
immune from geometric and temporal interferometric effects
and demonstrate high interferometric coherence because of their
remarkably high stability over time. The Digital Elevation Model
(DEM) used to implement this technique was chosen with a cell
resolution of 3 m x 3 m, and a multi-looking factor was considered
3 x 3 in rage and azimuth, respectively. To apply the PSI method,
the Coherent Pixels Technique (MoRra et alii, 2003) implemented
in SUBSIDENCE software, developed at Universitat Politecnica
de Catalunya (UPC — Barcelona), has been used. This software
processed the co-registered images, and all possible interferogram
pairs (235) with spatial baselines lower than 300 meters were
identified. A Temporal Phase Coherence threshold equal to 0.7 was
set to select the points for further analyses. Finally, the line of sight
(LoS) of the displacement rate map and time series were elaborated. It
is noticed that this technique is implemented on CSK images.

SBAS

The SBAS method in the ISCE package was implemented
using several steps, starting with data pre-processing, and ending
with generating displacement maps and time series. The first step
was the co-registration of the S1-A images using the precise orbit
files provided by the ESA. After co-registration, the images were
resampled to a typical grid to enable interferometric processing.
The next step was interferogram generation, where all possible
pairs of images were used to create interferograms. In the SBAS
approach, only a subset of these interferograms was selected based
on the baseline values to minimize temporal decorrelation effects.
The resulting interferograms were then filtered to remove residual
noise and atmospheric disturbances. After filtering, the differential
interferograms were unwrapped to obtain the phase information,
which was then converted to LoS displacement values. The
unwrapped phase values for each pixel were analyzed over time
to obtain the displacement time series. Finally, the displacement
values were geocoded to generate displacement maps.

In the SBAS method (BERARDINO et alii, 2002), for S1-A
images, the minimum threshold of Snaphu is considered 0.05,
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the geocode threshold is considered 0.05, the spatial baseline
orthogonal to the line-of-sight is 100 (m), and the temporal
baseline is 90 (day). The DEM used to implement this technique
was chosen with a cell resolution of 10 m x 10 m. Also, multi-
looking was considered 3 x 9 for this technique in the ISCE
package, co-registered images were processed, and all possible
interferogram pairs (234). Finally, the LoS mean displacements
rate map and time series of displacement were elaborated. It is
noticed that this technique is implemented on S1-A images.

K-medians Unsupervised Clustering Algorithm

Clustering algorithms such as K-medians (AssenT, 2012;
SALEEM, 2021) are used to cluster data. Clustering algorithms
are designed to assign instances within a dataset to clusters
based on their similarity rather than to instances belonging to
other clusters. Three primary and variable features are used in
this study: longitudes, latitudes, and velocities obtained from
each processing method (PSI and SBAS) (KHALILI et alii, 2023).
In unsupervised clustering, five clusters are introduced to the
algorithm, and a centroid is selected for each cluster based on the
dataset available. Five clusters were selected based on knowledge
from the study area to implement this algorithm. Each clustering
algorithm’s point or row is entered individually and measured
with a different distance. After five updates, they will be placed
in a proper cluster. Then we use the union—intersection principle,
which is proportional to the clusters. An appropriate interval is
determined by the number of points and their changes. Based on
these algorithms’ interval outputs, QGIS software produces mean
deformation maps that are more accurate and reliable.

Evaluation by GNSS Stations

A time series of the relative positions of the receivers was
derived using the Differential GPS (DGPS) technique, which
involves utilizing two or more GNSS receivers to measure
the difference in position between them. By comparing the
raw observations from each receiver and applying differential
corrections for atmospheric effects and other errors, it is possible
to derive a time series of the receivers over time for evaluating
our results obtained by different MT-InSAR techniques.

A comparison will be made between the results obtained from
the above methodology and the GNSS dataset. The locations of
the GNSS stations available in our case study area are shown in
Fig. 1 (stations with time series available). It is noticed that to
compare InSAR-derive results with GNSS data, both datasets
must have the same datum (reference point).

When comparing InSAR-derived results with GNSS data, it
is essential to ensure that both datasets are referenced to the same
geodetic datum (i.e., the same reference point). This is because
both InSAR and GNSS measurements are sensitive to the Earth’s
surface deformation, and the deformation can be expressed in
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Fig. 2 - The time-series cumulative deformation maps along the LOS
according to the SBAS technique (S1-A)

different reference frames depending on the chosen datum. In
this case, we have three GNSS stations, and the M09 station was
located in the stable area. Therefore, we geo-referenced CSK and
S1-A according to this station separately.

So, our InSAR and GNSS datasets have been compared using
the same reference point, its location highlighted in Fig. 1.

RESULT AND DISCUSSION
Time Series of S1-A Cumulative Displacement

Based on S1-A images processed by the SBAS technique in the
ISCE package, 61 time series cumulative displacement graphs of the
University of Azuay landslide are obtained. It should be noted that all
accumulated displacement was referenced in the first image, which
was for S1-A on January 10, 2015, date (Fig. 2).

As can be seen in Figure 2, relating to the results of SI1-A
image processing, a significant shift (§ cm) can be observed in
the central sector of the area, at the site where Azuay University
is located, as early as March 2015. Further acceleration appears to
have occurred in October 2017 and finally in July 2018 until the
end of processing (November 2018). It is important to note that the
negative values confirm the NW-SE direction of displacement and
the direction of the deep slope of the area.

More precisely, the deformations in the southern part to the
eastern and north-eastern parts are mainly positive in the LoS and
reach up to nearly 6 cm from the eastern part to the south-eastern part.
This analysis is critical for Azuay University and the deformations
around it, which began on November 19, 2017, and continued until
6 cm of deformation along the LoS. Based on the analysis of S1-A
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images, the eastern part of the region had positive deformation.

In contrast, the western part to north and north-western had

negative deformation in the LoS direction, starting on February 10,
2016. The deformations then moved from the south to the north of
the region as the landslide deformation behavior was changed and
expanded to the middle and north parts of the area. In November
2016, the University of Azuay began to deform negatively, reached

86

its maximum deformation of nearly 8 cm on February 11, 2018, and
continued until September 15, 2018.

The deformation of the university of Azuay landslide exhibits

evident spatial heterogeneity, with the most considerable deformation

in the middle to the east and south part of the landslide, followed by
the landslide toe and deformation at the landslide crown.

BT B

s BPIET

Fig. 3 - The mean deformation rate maps along the LOS according to
left) PSI (CSK), and right) SBAS (S1-A)

Mean Deformation Rate Map

Before investigating and analyzing the deformation rate
obtained from each technique and different SAR images, it is
necessary to highlight that the K-medians were used to determine
the precision, reliability, and best interval for monitoring
straightforward mean deformation rate map and finding the zones
of risk to better decipher displacement distribution patterns for
better understanding and interpretation. The mean deformation
rate map (Fig. 3) has been created using the output intervals from
the K-medians clustering algorithm.

In this study, the SBAS and PSI techniques are utilized to
analyze the mean deformation rate of the University of Azuay
landslide in the radar LOS direction applied to S1-A and CSK,
respectively. As shown in Figure 3, the mean deformation rate of
the University of Azuay landslide in the LoS direction ranges from
—1 to -9 cm/year, and the mean velocity along LoS ranges from —9
to +7cm/year in the central to the east sector of the study area in
both CSK and S1-A images. Additionally, since the PSI method
failed to detect PSs in the CSK images related to the highway
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Fig. 4 - Comparison of GNSS and InSAR time-series derived from Sen-
tinel-14 and COSMO-SkyMed data at GNSSstation M22

section, which did not display deformations, the SBAS technique
was able to cover the remaining deformation effects resulting
from the landslide, which ranged from -8 to -1 cm/year, due to the
presence of DSs in the processed S1-A images.

In the processing of CSK images between March 12, 2016,
and January 13, 2018, most of the deformation was related to the
central part of the case study from -9 to -2 cm/year, while S1-A
images were processed to illustrate the complete landslides from
January 10, 2015, November 26, 2018, and October 01, 2016, and
November 20, 2018, with ranges from -7 to -1 cm/year which was
shown in cumulative deformation how the landslides of this study
area were completed that both the deformation in Azuay University
and the highway near the centre of the study area were covered.
The upper and lower sectors did not display significant movements,
except for the most up-sector of the southern slope, where values
lower than -2 cm/year were observed, and deformation did not
change significantly. The landslide deformation is concentrated in
the middle with a longitudinal length of approximately 600-700 m.
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Evaluation by GNSS Stations

GNSS 3D displacement measurements are projected to the
same reference date along the LoS as the InSAR time series to
compare results. To comparison was initially performed for the
two GNSS time series between the 2016- and 2018-time span.
Also, to match GNSS and InSAR time series to one common
period, we used spline interpolation. Results illustrate that the
GNSS time series are in good agreement with the InSAR time
series (Fig. 4). In this analysis, this comparison ensures that the
cumulated displacement is valid and effective for the investigation
of displacement caused by landslides. To express the results
more precisely, it can be said that the cumulative displacements
obtained from the SBAS technique with the C-band images are
more similar in behavior to the cumulative displacements obtained
from the two GNSS stations. Furthermore, even though the total
period in the GNSS stations is close to zero displacements, the
accuracy of the work done with both techniques and both types of
SAR images confirm periodic deformation behaviours which is
due to seasonal rainfall in the months of November to February.

CONCLUSION

The results obtained from this study reveal that: depending
on the geological setting of the study area, there is a significant
displacement rate, and several movements occur in the northern
and north-eastern parts of the landslide area as well as in the
urban areas. As it was obtained from the techniques and images in
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