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Abstract: Landslides are among the most devastating natural disasters globally, causing
significant economic and environmental damage. The aim of this study was the use of two
different Advanced Differential Interferometry SAR (A-DInSAR) approaches applied to double
band SAR dataset for the overall reconstruction of mass movements affecting the southern sector
of the city of Cuenca (Ecuador) where the buildings of the University of Azuay are located. The
University of Azuay and highway infrastructure have been affected by slow-moving landslides
since twenty years ago. A-DINSAR approaches are Small Baseline Subset (SBAS) and
Permanent Scatterer Interferometry (PSI). The study area covers both urban and rural regions
where mass movements occur. The central sector of phenomena is more evident because they
are located in the urban area, while the upper sector is less obvious because it involves very
vegetated areas. This study comprehensively analyses movements in and around The University
of Azuay and compares two different A-DINSAR techniques based on different wavelengths of
satellite radar images. The SBAS method works best in rural areas because it can work with
distributed scatter (DS), while the PSI method is highly effective in urban areas because of finding
stable scatterers (PS). To prepare the mean deformation rate map, two sets of radar images with
different wavelengths: Sentinel 1 (C-band) and COSMO-SkyMed (X-band), ascending tracks,
which penetration and measurements on green land are different at these double band SAR
images. The time series analysis was conducted in the regions affected by landslides, and the
periods of landslide activity were identified and compared with two GNSS positioning. The study
appropriately identified the whole landslide's boundary and deformation kinematics by comparing
and monitoring double-band SAR satellites and different processing techniques. The findings of
this study can help develop better landslide hazard assessment and monitoring systems for
disaster risk reduction strategies.
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Introduction

Landslides are a significant geological phenomenon that affects many areas worldwide, causing
damage to infrastructure and posing a significant risk to human life (Ajmera and Tiwari, 2021; Lu
etal., 2021). With technological advancements, remote sensing and Earth-monitoring techniques
have become more sophisticated, providing more accurate tools to study these natural
phenomena (Coda et al.,, 2019; Valente et al., 2021). These technigques have significantly
addressed global challenges, such as deformation monitoring, disaster prevention, and risk
assessment (Ghorbanzadeh et al., 2022; Petrucci, 2022).

Among the remote sensing techniques used to study landslide deformations, GNSS and
Advanced-Differential Interferometry SAR (A-DInSAR) are two popular methods (Atanasova-
Zlatareva and Nikolov, 2017). GNSS stations in stable areas are used for spatial georeferencing
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and adjustment, while those affected by deformation are used to evaluate and compare to other
monitoring techniques (Bovenga et al., 2012; Foumelis et al.,2016; Soltanieh and Macciotta,
2022). Moreover, A-DINSAR can provide high spatial resolution and millimeter precision for
determining the deformation rate map over a wide area (Miele et al., 2021).

Over the years, several approaches have been developed to improve precision and accuracy in
using SAR images. INSAR is a type of two-SAR image processing technique (Gabriel et al.,1989),
while A-DInSAR is a multi-SAR image processing technique. The differential principle can be
combined with time series analyses, such as Smal BAseline Subset (SBAS - Berardino et al.,
2002; Hooper, 2008) and Permanent Scatterers Interferometry (PSI - Ferretti et al.2001). Each
method has its benefits and drawbacks when retrieving spatio-temporal aspects of surface
deformations over short and long periods.

The study area is the University of Azuay, located in Cuenca, Ecuador, which is characterized by
the presence of diffuse mass movements, as witnessed by the numerous damages to the
buildings present (Sellers et al., 2021a). Previous studies have indicated that landslides in this
area affect two different contexts: urban and rural areas (Sellers et al.,2021b). These variations
in the type of area affected by landslides highlight the importance of using multiple approaches
and types of SAR images to obtain a comprehensive understanding of the behavior of landslides
in the region.

The SBAS technique utilizes a series of interferograms characterized by small spatio-temporal
baselines. This technique retrieves time-series cumulative deformation using distributed
scatterers (DS) (Lanari et al., 2004), which are more available in rural areas. In contrast, the PSI
technique measures deformation over Permanent Scatterers (PS), which are prevalent and
denser in urban environments (Guerriero et al., 2019). Due to their backscattering capabilities,
buildings operating as natural reflectors allow images to remain coherent. Compared to PSI, the
SBAS method uses DS pixels with shorter time coherence behavior, making it suitable for
investigating and analyzing displacements in rural areas.

C- and X-band imagery acquired in the Sentinel 1-A (S1-A) and COSMO-SkyMed (CSK) missions
are satellite products that are particularly appropriate for retrieving deformation data of landslides
under urban and rural areas due to their high spatial resolution and short revisiting time of
acquisition (Bovenga et al., 2012; Fiaschi et al., 2017). X-band SAR images can capture detailed
deformation thanks to the higher ground resolution (3 x 3 meters), while C-band SAR images
have a better temporal resolution but a lower spatial resolution (20 x 4 meters). In this study, S1-
A and CSK radar images were processed utilizing SBAS and PSI approaches and then compared
to two GNSS stations located in the area affected by the deformation to better recognize the
boundary of the slow-moving landslide kinematic.

The results of this study revealed that using different processing techniques (SBAS and PSI) and
different SAR images by means of the double band can help to investigate and analyze the
kinematics of landslides more effectively and accurately in both urban and rural areas. The study
identified various deformation patterns in the area affected by the landslide, and the findings could
be used to monitor the area and implement preventive measures to mitigate the risks.

Case Study

The University of Azuay's main campus is located in the southern part of the city of Cuenca,
characterized by an average elevation of 2,580 meters above sea level. Regarding the geological
setting, colluvial and alluvial deposits, Turi and the Mangan formation are outcropped. The area
experiences variable climatic conditions, including dry periods between June and November and
high precipitation levels between December and May, with an annual average of 940 mm (Sellers
etal., 2021b).

The Tarqui formation is dominated by slightly consolidated and altered volcanic deposits, primarily
consisting of Pyroclasts ranging from rhyolitic to andesitic tuffs (Noblet et al., 1988), volcanic ash,
and ignimbrites. The thickness of the formation reaches 1200 meters, with fossil wood ages
around 25,000 and 34,000 years, indicating the Upper Pleistocene's age (Steinmann, 1997). The
Mangan Formation comprises three units, with a maximum thickness of 1,000 to 1,200 meters
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preserved in the west-central part of the basin. This formation is in the Upper Miocene to Pliocene
ages (Sheppard, 1934; Hall and Calle, 1982; Steinmann, 1997).

The campus is classified as a hazardous area, as reported on the PRECUPA map (Sellers et al.,
2021a), due to the presence of rocks such as clay and sandstone and a large amount of water.
The area also has soil saturation levels above eight meters, which have triggered displacements
affecting specific structures such as buildings, highway facilities, and civil works on the campus
(Sellers et al.,2021b). The study identified various deformation patterns in the area affected by
the landslide, and the findings could be used to monitor the area and implement preventive
measures to mitigate the risks.
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Figure 1. Geological sketch map of the case study, showing the boundary of the mass
movements and the location of three GNSS stations.

Data Sets

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

S1-Ais part of the Copernicus program conducted by the European Commission in collaboration
with the European Space Agency (ESA). It is an imaging SAR mission operating in the C-band.
The study utilized the S1-A radar images acquired between January 10, 2015, and November 26,
2018, comprising 61 SLC images.

In addition, CSK was commissioned and funded by the Italian Space Agency and the Italian
Ministry of Defense. 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., CSKS1, ..., CSKS4), the CSK constellation can be
revisited between 8 and 16 days. CSK launched its first satellite in June 2007, and the whole
system has been operational since 2011. Fifty-seven images were acquired over an ascending
geometry track between March 12, 2016, and January 13, 2018, with a 40 x 40 km footprint used
in this study. An overview of the acquired images can be found in Table 1.

Information S1-A CSK
Acquisition Time January 10th, 2015, March 12th, 2016,
q November 26th, 2018 January 13th, 2018
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Type SLC SLC
Images (Nr) 61 57

Swath W2 -

Pass Ascending Ascending
Central Look Angle () 38 32
Polarization vV HH

Table 1. Specifications of the S1-A and CSK acquisitions.

GNSS stations are part of a global network of ground-based receivers that use signals from a
constellation of satellites to determine their precise location on the Earth's surface. These stations
are used for various applications, including surveying, navigation, and scientific research. They
play an essential role in geodetic and geophysical studies by providing highly accurate positioning
information, which measures ground deformation caused by various natural phenomena such as
landslides. The data obtained from GNSS stations establish a reference frame that allows us to
measure and compare the movements of the Earth's surface over time. In this study, the GNSS
station was used for spatial coordination and adjustment of the deformation measurements
obtained from the SAR images and for validating the results obtained from the SAR image
processing techniques. In this study, we use continuous (or high-rate) data which is collected at
a high sampling rate (1 Hz or higher) and provide a time series of raw GNSS observables to
obtain a time series of GNSS observables, such as carrier phase, that can be used for precise
positioning and displacement analysis. We monitor the data every month with one-hour sessions
to ensure the accuracy and consistency of the data over time. The continuous GNSS data was
processed using Trimble Business Center for monitoring and analysis. This powerful software
offers a range of tools and capabilities for surveying and geospatial data management.

Methodology

SAR Data Processing

The A-DINSAR has been widely used to measure ground motion caused by various natural
phenomena, such as subsidence, landslides, earthquakes, and volcanic activity, as well as to
monitor structures and infrastructure (Soltanieh and Macciotta, 2022). Among the different A-
DInSAR approaches, in this study, PSI (Fetterri et al.,2001) and SBAS (Berardino et al., 2002,
Lanari et al., 2004) have been implemented. PSI relies on analyzing PS points, which are stable
and persistent reflectors in the study area, to derive deformation measurements with high
precision and spatial resolution. SBAS, on the other hand, utilizes a series of interferograms with
small spatio-temporal baselines to derive time-series cumulative deformation using DS. Both PSI
and SBAS can considerably improve the precision and accuracy of deformation rate maps and
time series, with the rate maps and time series having an accuracy of approximately 1-2 mm/year
and 5-10 mm, respectively (Colesanti and Wasowski, 2006).

PSI

The PSI technique is widely used for measuring ground deformation and displacement rates
(Crosetto et al., 2016). It is based on identifying PS points, which are radar targets characterized
by high stability over time and high interferometric coherence, making them virtually immune to
geometric and temporal interferometric effects. This study used the PSI technique to analyze the
CSK images acquired between March 12, 2016, and January 13, 2018. The data were processed
using the Coherent Pixels Technique — Temporal Phase Coherence (CPT-TPC) (Mora et
al.,2003), identifying all possible interferogram pairs with spatial baselines lower than 300 meters.
A TPC threshold of 0.7 was set to select the points for further analyses. The line of sight (LoS) of
the displacement rate map and time series were elaborated, providing a high-precision view of
the deformation caused by the landslides in the study area. The Digital Elevation Model (DEM)
used to implement this technique had a cell resolution of 10 m x 10 m, and a multi-looking factor
was considered 3 x 3 in range and azimuth, respectively. More details can be found in Sellers et
al., 2021a

SBAS

The SBAS technique implemented in this study is a powerful approach for measuring ground
deformations using S-1A data. The parameters used for this method were carefully chosen to
optimize the results (Berardino et al., 2002).
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The SBAS method in the ISCE package (Rosen et al., 2011) was implemented using several
steps, starting with data preprocessing 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 European Spatial Agency. 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.

During the unwrapping phase, the Snaphu software (Kampes, Hanssen, and Perski, 2004) has
been used. The Snaphu threshold of 0.05 and the geocode threshold of 0.05 were selected to
minimize noise and ensure high-quality interferograms. The spatial baseline orthogonal to the
LoS was set at 100 meters, and the temporal baseline at 90 days, which were chosen to ensure
the detection of deformation patterns with different spatial and temporal scales. The DEM used
in this method had a cell resolution of 10 meters x 10 meters, which is suitable for identifying
small-scale topographic features. Additionally, multi-looking with a factor of 3 x 9 was applied to
the co-registered images to improve the coherence and reduce noise. The method produced a
total of 234 interferogram pairs, which were used to generate the LoS mean displacement rate
map and time series of displacement. It is worth noting that this method was applied to the S1-A
images, which offer high spatial resolution and short revisit times, making them suitable for
monitoring ground deformations in detail. Overall, implementing the SBAS method with carefully
selected parameters allowed for accurately measuring ground deformations in the study area.

Evaluation by GNSS Stations

To obtain a time series of the relative positions of the receivers for analyzing displacement
behavior caused by landslides, we processed continuous GNSS data using Trimble Business
Center. Trimble Business Center allows us to easily import, process, and analyze GNSS data
from various sources. With its intuitive user interface and advanced processing capabilities, we
can perform various tasks such as network adjustment, baseline processing, and quality control
checks. It also provides us with the ability to create and export reports, maps, and 3D models for
further analysis and visualization. Using Trimble Business Center, we can ensure that the GNSS
data we collect is processed and analyzed accurately and efficiently. With this powerful software
tool, we can obtain precise positions and time series of GNSS observables that can be used for
displacement analysis and other geospatial applications.

By comparing the processed Trimble Business Center (Trimble Business Center | Trimble
Geospatial) 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 results obtained by different A-DINSAR techniques. We can then compare these
results with the GNSS dataset.

To ensure a meaningful comparison between InSAR-derived results and 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 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 using the M09
station's data. By referencing both our INSAR and GNSS datasets to the same reference point,
we could make a meaningful comparison between the other two GNSS stations, with the location
highlighted in Fig. 1.

To compare the A-DInSAR-derived results with the GNSS data, the displacement time series
were interpolated to the same time series as the GNSS observations using a linear interpolation
method. The GNSS observations were then subtracted from the interpolated A-DINSAR time
series to obtain the residuals.
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Results and Discussion

Time Series of S1-A Cumulative Displacement

The time series cumulative displacement figure obtained from the SBAS technique processing of
S1-Aimages in the ISCE package illustrated a clear deformation pattern in the University of Azuay
landslides area. The shift was observed as early as May 2016, with a significant acceleration in
July 2017 and finally in May 2018 until the end of processing in November 2018. It is important to
note that the negative values confirm the direction of the deep slope of the area, which is in the
SW-NE direction. The deformations were mainly positive and near zero in the southern, eastern,
and northeastern parts, with up to nearly 6 cm of deformation from the eastern part to the
southeastern part.

In contrast, the western part to the north and north-western had negative deformation in the LoS
direction, starting on July 10, 2017, and then moved to the center and west of the region. The
maximum deformation of nearly 8 cm was recorded on June 11, 2018, and continued until
November 26, 2018. The spatial heterogeneity of the deformation of the University of Azuay
landslide was evident, with the most considerable deformation in the middle to the west part of
the landslide, followed by the landslide toe and deformation at the landslide crown (Figure 2).

20150110 20150311 20151106 20151224 20160210 20160329 20160504

Satellite geometries

LoS Cumulative Disp.

Figure 2. The time-series cumulative deformation maps along the LoS according to the SBAS
technique (S1-A).

The time series cumulative deformation obtained from the SBAS technique processing of S1-A
images has provided essential information on the deformation behavior of the University of Azuay
landslides. The analysis of the cumulative deformation map (Figure 2) has helped to identify the
most critical areas of deformation, which could aid in mitigating the landslide's potential hazards.
The map's ability to show the direction and magnitude of deformation over time provides a
comprehensive understanding of the landslide's behavior, making it helpful in monitoring its
evolution. The time series cumulative deformation map obtained from the SBAS technique
processing of S1-A images has proved to be an effective tool for monitoring the behavior of
landslides and can be used in conjunction with other monitoring techniques, such as GNSS and
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field observations, to improve the understanding of the landslide's behavior and to develop
effective mitigation strategies.

Mean Deformation Rate Map

This study analyzed the mean deformation rate of the University of Azuay landslides using PSI
and SBAS techniques in the radar LoS direction applied to S1-A and CSK images, respectively.
The results demonstrate that the mean deformation rate of the University of Azuay landslides in
the LoS direction ranges from -1 to -9 cm/year, with the mean velocity along the LoS ranging from
-9 to +7 cmlyear in the central to the east sector of the study area in both CSK and S1-A images
(Figure 3). This information is critical for understanding the landslides' behavior and predicting
future movement.
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Figure 3. The mean deformation rate maps along the LoS according to the left) PSI (CSK), and
right) SBAS (S1-A).

During the processing of CSK images between March 12, 2016, and January 13, 2018, most of
the deformation was observed in the central part of the case study area, ranging from -9 to -2
cmlyear. The S1-A images were processed to illustrate the complete landslides from January 10,
2015, to November 26, 2018, with ranges from -7 to -1 cm/year. These results provide an
understanding of how the landslides in the study area developed over time and indicate that the
deformation in Azuay University and the highway near the center of the study area were covered.

The PSI method failed to detect PSs in the CSK images related to the highway section, which did
not display deformations. The SBAS technique covered the remaining deformation effects
resulting from the landslides, which ranged from -8 to -1 cm/year due to the presence of DSs in
the processed S1-A images. This highlights the importance of utilizing multiple techniques to
obtain accurate and comprehensive data for landslide monitoring and analysis.

The landslide deformation is mainly concentrated in the middle, with a longitudinal length of
approximately 600-700 m. The upper and lower sectors did not display significant movements,
except for the upper sector of the southern slope, where values lower than -2 cm/year were
observed, and deformation did not change significantly. These findings provide important insights
into the distribution of deformation and can help improve understanding of the landslide
kinematics in the study area, which is critical for developing effective strategies for hazard
management and disaster mitigation.

In conclusion, combining the PSI and SBAS techniques provided valuable insights into the
deformation behavior of the University of Azuay landslides in the study area. The analysis of the
mean deformation rate, the distribution of deformation, and the movement patterns and their
changes over time are essential for understanding landslide kinematics and developing effective
strategies for hazard management and disaster mitigation. The use of multiple techniques, such
as SBAS and PSI, can enhance the accuracy and reliability of the data and provide a more
comprehensive view of the behavior of the landslides over time.
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Evaluation by GNSS Stations

The comparison between the GNSS and A-DINSAR time series provides valuable insights into
the displacement behavior caused by the landslides in the study area. The GNSS 3D
measurements were projected to the same reference date along the LoS as the A-DInSAR time
series to ensure a proper and effective investigation of the landslide-induced displacement. A
spline interpolation matched the GNSS and A-DINSAR time series to a typical period. The
comparison was initially performed for the two GNSS time series between 2016 and 2018. Results
show that the GNSS time series agree with the A-DINSAR time series, as demonstrated in Figure
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Figure 4. Comparison of GNSS and InSAR time-series derived from S1-A and CSK data at
GNSS station M22 (Right plot), M19 (Left plot).

The cumulative displacements obtained from the SBAS technique with C-band images are more
similar in behavior to the cumulative displacements obtained from the two GNSS stations. 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
behaviors due to seasonal rainfall from November to February. These findings support the validity
and reliability of the cumulative displacement data obtained from the SBAS technique and the C-
band images in investigating landslide-induced deformation.

The agreement between the GNSS and A-DInSAR time series is critical for understanding the
kinematics of the landslides in the study area. This comparison enables researchers to identify
and analyze periodic deformation behavior, essential for understanding the deformation patterns
and predicting future deformation in the area.

Conclusion

The results of this study demonstrate that there are significant displacement rates in the study
area. Multiple movements were identified in the northern and northeastern parts of the area,
including in urban areas. The highest displacement rates were found in the vicinity of Azuay
University and the nearby highway. Meanwhile, the central part of the study area, which contains
rural areas, was also affected by the landslide. In contrast, other landslide areas showed no
deformation, which can help us better understand the shape of the landslide.

Comparing the results with two GNSS stations showed excellent agreement between the radar
image processing and GNSS results, confirming the accuracy and reliability of the analysis. The
cumulative deformation results also provided valuable information for further analysis. It should
be noted that the PSI technique with CSK images did not capture the complete deformation
patterns of the landslide, and the SBAS technique with S1-A images provided a more complete
analysis.

Using different techniques and double-band SAR images allowed a more accurate analysis of the
landslide kinematics in the study area. This highlights the importance of using multiple data
sources and processing techniques to obtain accurate results.

In conclusion, this study provides important insights into the study area's displacement rates and
deformation patterns of landslides. The findings suggest that different techniques and multiple

8
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data sources are necessary for accurately analyzing and monitoring landslides, especially in
areas with both urban and rural types. The results also suggest that geological formations can
play a critical role in investigating landslides, and a better understanding of these formations can
aid in identifying and analyzing landslide kinematics.
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