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Abstract: The municipality of Fusagasuga is located 50 kilometers from the city of Bogotd, Colombia,
in the eastern cordillera of the Andes in South America. Due to its geographical location, a moun-
tainous area with heights between 1000 and 2000 meters above sea level and two rainy seasons a
year, it is affected by processes of instability and surface deformations. The objective of the present
investigation was to identify and quantify the displacement speeds of the zones affected by processes
of instability and superficial deformation. In this study, 20 radar satellite images from the Sentinel-1
program were used in the SLC format between 30 January 2020 and 19 April 2022 in descending orbit,
applying the Small Base Line (SBAS) technique. On the other hand, 21 SAR images were also used in
descending orbit between 6 January 2020 and 14 December 2021, applying the persistent scatterers
(PS) technique. With the above information, it was possible to map and update the data of the
municipality of Fusagasugd in order to include them in the monitoring processes at the regional level.
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1. Introduction

Increasing populations in big cities and land use changes in the rural zones exacerbate
the problems of instability processes and deformation over the Earth’s surface [1,2], in-
creasing the risk of landslides of huge proportions [3]. These events have been increasingly
common [4] and are mainly generated by hydrogeomorphological factors [1], which are
associated with climate change [5,6]. The delimitation and monitoring of these events
make a difference and can mitigate a potential natural disaster into a simple natural event
that does not include the loss of human life [7]. Landslides have affected human life,
the economy and infrastructure in major parts around the globe, and these events have
appeared in Portugal [8], the Indian Himalayas [9], China [10], the United States [11] and
Colombia [12].

Differential interferometry using radar images (DINSAR) is a novel tool that can cover a
huge spatial area to show instability processes, monitor landcover deformations [13-17], make
landslide predictions [18], monitor geological faults [19,20], monitor volcanic activity [21],
monitor seismic movements [22], monitor extraction of resources from the subsoil [23], and
show unstable areas of the Earth [24].

The municipality of Fusagasuga has areas with steep topographic slopes and, mixed
with hydrometeorological factors, can produce huge landslides; therefore, the production
of spatial information related to these processes is very important because this infor-
mation allows the municipality to monitor possible landslides and prevent a possible
natural disaster.
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The objective of the present investigation was to identify the active zones with defor-
mation and surface instability using DINSAR tools as a contribution to the municipality’s
risk monitoring and management program.

2. Materials and Methods
2.1. Evaluated Area

The municipality of Fusagasuga is located in the eastern cordillera of the Andes in
South America. It has mountain landscapes, high mountain landscapes and a 54% flat relief,
and the remaining landscape is moderately inclined [25]. There are sedimentary rocks from
the Cretaceous period that are associated with the depositional processes that formed the
landscape. Geologically, the Fusagasuga and Silvania faults and the Fusagasuga syncline
are present (Figure 1). According to morphogenesis, it presents some mountain landscapes,
and terrain formations, such as structural and erosional slopes, stand out.
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Figure 1. General location of the study area. The different geological faults that cross the municipality
are observed, especially the Fusagasugd syncline and the Silvania fault. In the municipality, erosional-
type mountain soils predominate, and to the south, there are glacio—volcanic-type soils.

The research area presents two rainy periods in March-May and September-November,
with rainfall volumes around 270 mm/month in the first period, which are more abundant
in the second period, about 330 mm/month, as of 2022. The city is located at a north
latitude of 4°20'38" and a west longitude of 74°22'04"".

2.2. Selection of Method and Materials

In the present investigation, satellite images taken from the Synthetic Aperture Radar
of the Copernicus Sentinel-1 program with a wavelength of 5.6 cm in a Single Look Complex
(SLC) format were used.

In this study, 20 SAR images were downloaded from the Alaska Satellite Facility (ASF)
geoportal between 30 January 2020 and 19 April 2022 in descending orbit and processed
with the Small Base Line technique (SBAS) [26], which allows for the calculation of the
phase difference by means of distributed scatterers; that is, those elements that do not
have a high intensity in backscattering but are statistically stable. On the other hand,
21 descending-orbit SAR images were used between 6 January 2020 and 14 December 2021,
applying the persistent scatterers (PSs) technique [27]; this technique is widely used to
carry out deformation analysis with elements that maintain their intensity value over time,
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such as buildings, exposed soil, civil works, among others. Both techniques were processed
with vertical-vertical (VV) polarization. Interferometric processing was implemented with
the ENVI SarScape licensed software, which offers a high capacity for calculating strain
series and advanced DINSAR analyses [2,28,29].

Using the SBAS technique, Figure 2a shows the connection graph between SAR
images, with which 58 interferograms were generated, and Figure 2b shows the connection
graph of interferometric processing with the scatterer technique. PS permanent images
and 20 interferograms were generated, taking the shot dated 1 November 2020 as the
master image.
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Figure 2. SAR image pair connections graph, (a) Small Base Line method, 58 interferograms were
generated by analyzing distributed scatterers. (b) Graphic of permanent distributors’ technical con-
nection, specific for urban centers and civil infrastructure. Interferometric processing was performed
with ENVI Sarscape software. Source: The data belongs to the authors.

3. Results

Figure 3 was derived from the development of the present research, where it shows
the result of applying differential interferometry with the Small Base Line technique, which
allowed for the identification of five zones (a), (b), (c), (d) and (e), with active deformation
that had not been mapped by the municipal administration in the monitoring processes
due to affectations associated with mass removal processes.
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Figure 3. Instability and surface deformation processes are evident in the municipality of Fusagasuga.
The areas of (a) Bermejal village present deformations that affect civil works and constructions in the
sector and (b) Jordan Sector, mainly affecting the road that connects the city of Fusagasuga and the
capital Bogota and some civil works in rural areas. (c), (d), and (e) correspond to Espinalito, El Placer,
Guayabal, and Bochica villages, in which active deformations occur that severely affect agricultural
areas, civil infrastructure, and communication routes. Source: The data belongs to the authors.
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As evidenced in Figure 3, the zones present deformations with severe LOS (Line of
Sight) velocities, with maximum values of 96 mm/year. This is evident in the visiting areas
and is ratified in the interferometric processes. Other areas that reach the same displacement
speed are observed; however, to date, these have not been visited by researchers. As a result,
when applying the permanent disperser (PS) technique, some areas identified through the
use of the previous technique were corroborated. It should be noted that the area has rural
characteristics; therefore, this technique was able to evaluate the deformation only with
geographical elements, such as construction works, civil works, and roads, among others
that were in the study area.

Figure 4 shows the distribution of permanent spreaders, resulting in LOS velocities
between 10 and 25 mm/year, especially in zone (b), where the main road and some
commercial buildings are located. In zones (d) and (e), when carrying out the field visit,
effects were evidenced in the houses of the residents, especially in walls and floors, realizing
the severity of the deformation and instability of the sector. In zone (c), the technique does
not offer more information concerning deformation due to the fact that its context relates to
crop fields and some open-air resting farms.
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Figure 4. When applying the persistent scatterers (PS) interferometric technique, it was observed
that the visited areas were affected due to deformation processes. It was also observed on the left
side of the lower image that a high deformation zone intersects with a reverse-type geological fault,
with values of LOS displacement velocities between 10 and 25 mm/year. Source: The data belongs to
the authors.

The decomposition of the LOS velocities in the up-down and east-west component
was carried out when applying Equations (1) and (2) and using only the descending orbit
with the two SBAS and PS techniques. According to [30], the results can be seen in Table 1.

LOS Displ
displacement (up-down) = OS5 Displacement (1)
cos ¢
LOS Displ
displacement (east—west) = o5 ISSII; Zcement (2)

where LOS Offset is the offset in the line of sight of the satellite, and y0 is the angle of
incidence of the SAR image. Permanent scatterers and distributed scatters were taken in
a range between 300 and 500 m in a circular fashion in each study area to quantify the
average displacements. Table 1 shows the values of magnitude obtained.
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Table 1. Calculation of the average up—down (column 4) and east-west (column 5) displacement
components when using Equations (1) and (2). The displacements of the two techniques, SBAS and
PS, are compared. In zone (c), permanent dispersants were not obtained; therefore, the calculation of
the deformation could not be carried out. Since the components were calculated with a descending
orbit, the negative sign indicates that the area moves away from the satellite; therefore, they are
movements downwards and towards the west. The north-south component is not calculated due to
the geometry of the SAR image.

SBAS Technique PS Technique
Zone (];H(LS) InI:irc;ge;lt u-d (mm) e-w (mm) (];11(118) In?irc;ge.nt u-d (mm) e-w (mm)
(a) —60.4 38.4717 —20.6 —21.2 —6.4 38.4788 -9 —9.1
(b) —56.8 38.4863 —80.4 —80.1 -21.9 38.484 —30.9 —30.9
(c) —422 38.8217 —-97.3 —46.8 NA NA NA NA
(d) —102.9 38.7789 —218.2 —116.6 —5.2 38.7844 —11.1 —5.8
(e) —774 38.6752 —138.1 —93.44 —4.6 38.678 —8.2 -55

Observing Table 1, the area that presents the greatest deformation is (d) when using
the SBAS technique, with about 22 centimeters of subsidence from the observation of the
first scene to the last image captured and approximately 12 centimeters of displacement
towards the west. Zones (c) and (e) present displacement in terms of subsidence and,
to a lesser extent, displacements to the west when using this same technique. With the
PS technique, zone (b) presents high magnitudes of around 3 centimeters in the range of
dates studied. Additionally, the subsidence movements and displacements to the west are
ratified with the PS technique when using different magnitudes.

A geovisor was developed from the research data, the mapping of the deformations
and the different field visits, which were carried out with the municipal administration in
order to corroborate the data obtained with the application of advanced interferometric
techniques; the reader can consult the results of the geovisor via the following link DINSAR-
FUSAGASUGA, https:/ /unicundi.maps.arcgis.com/apps /dashboards /6ac30bd772234c9
986a9b4d03459d9a7 (accessed on 6 October 2022)

4. Discussion

It is possible to appreciate the identification of the active zones due to processes of
instability and superficial deformation in the municipality of Fusagasuga. Within the
methods proposed in this study, it is observed that the SBAS methodology identifies the
active zones caused by deformation processes much better due to the context of the study
area. However, additional investigations could be carried out using other techniques, such
as SQUEESAR [27]. It can also be concluded that the identification of deformation zones
is correlated to some extent with hydrometeorological processes. The foregoing can be
seen in Figure 5 when the deformation magnitudes are high and precipitation has relative
maximums, especially in zones (a) and (b) in the first rainy period of 2021.

Likewise, it can be inferred that the deformation of zones (c), (d) and (e) could be
caused by the norm fault that crosses the study zone, evidencing the fact that the fault is
active in the zone. The contribution of this research to the monitoring and risk reduction
processes due to processes of surface instability and mass removal in the municipality of
Fusagasuga are of great importance in terms of mitigating and reducing the impact of
landslides. With the above information, it was possible to map and update the data of the
municipality of Fusagasuga in order to include them in the monitoring processes at the
regional level.
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Figure 5. Graph where the magnitude of the LOS displacement is related, as obtained via the SBAS
methodology of the five study areas, compared with the monthly precipitation meteorological data
for the years 2020, 2021, and 2022, obtained from the meteorological station “El Pinar”, located in the
study area.
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