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Mapping Land Subsidence in Bogota,
Colombia, Using the Interferometric
Synthetic Aperture Radar (InSAR) Technique
with TerraSAR-X Images

Héctor MORA-PAEZ™ (0, Fredy DIAZ-MILA? (2, and Leonardo CARDONA?

Abstract Bogota, the capital city of Colombia, is the largest and most populous urban
center in the country. Established in a moderate seismic zone, its complex topogra-
phy facilitates the occurrence of landslides and floods. The city has been subject to a
massive migration process in recent years, which has generated the accelerated urban-
ization of the city and increased its vulnerability to various natural hazards. Bogota is
located within the Sabana de Bogota, a tectonic-sedimentary basin consolidated after
the uplifting of the northern Andes approximately 5 Ma. With TerraSAR-X radar images,
a quantitative analysis of the subsidence in the Sabana de Bogota was carried out us-
ing the interferometric synthetic aperture radar technique for the city of Bogota. The
obtained results allowed establishing subsidence values in the central region of the
city on the order of 3.3 cm/y. It is important to note that the BOGT GPS Continuously
Operating Reference Station, which is part of a global network, indicates a decreasing
value in its vertical component on the order of 3.5 + 0.09 cm/y.
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Resumen Bogota, la capital de Colombia, es el centro urbano mas poblado y grande
del pais. Establecida en una zona sismica moderada, su compleja topografia facilita
la ocurrencia de deslizamientos e inundaciones. La ciudad ha sido objeto de un
proceso de migracion masiva en los Gltimos anos, lo cual ha generado la urbani-
zacion acelerada de la ciudad y un incremento en la vulnerabilidad ante diversas
amenazas naturales. Bogota esta localizada en la Sabana de Bogota, una cuenca
tectonosedimentaria consolidada después del levantamiento del norte de los Andes
hace aproximadamente 5 Ma. Mediante el uso de imagenes de radar TerraSAR-X se
realizo el analisis cuantitativo de la subsidencia en la Sabana de Bogota empleando
la técnica de interferometria de radar de apertura sintética para la ciudad de Bo-
gota. Los resultados obtenidos permitieron establecer valores de subsidencia en la
region central de la ciudad del orden de 3,3 cm/ano. Es importante senalar que la
estacion GPS permanente de referencia denominada BOGT, que forma parte de la
red global, indica un valor de descenso en su componente vertical del orden de 3,5
+ 0,09 cm/afo.
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1. Introduction

The generic term subsidence refers to the phenomenon that in-
volves the settlement of the Earth’s surface in a certain area
due to several factors, which may be natural or anthropogen-
ic caused by the impacts of various human activities (Poland,
1984; Poland et al., 1972,). Corapcioglu (1984) describes the
phenomena of land subsidence, its main features and its occur-
rence in different parts of the world.

Natural subsidence is the result of the isostatic loading of
sediments and natural compaction of Holocene deposits, or it
could be the result of tectonic or volcanic processes. Subsid-
ence of anthropogenic origin is the result of processes such as
the heavy withdrawal of ground water, geothermal fluids, oil,
and gas; the extraction of coal, sulfur, gold, and other solids
through mining; underground construction (tunneling); or other
mixed causes, such as the hydrocompaction of loosely deposit-
ed sediments, oxidation and shrinkage of organic deposits, the
development of sinkholes in karstic terrain, and changes in the
drainage of surface water and sediment load (Raucoules et al.,
2007; UNESCO, 2018; Yuill et al., 2009). In some cases, it can
affect buildings and urban infrastructure. This type of subsid-
ence is generally of greater magnitude than natural subsidence
(Meckel, 2008) and is the consequence of land modifications
in environments with compressible deposits. Subsidence due to
the removal of fluids, such as extractions of groundwater, oil,
and gas, can reach values on the order of centimeters per year.

The phenomenon of subsidence has been observed in var-
ious places in the world, such as México, the United States,
Thailand, Italy, France, Portugal, China, Taiwan, Vietnam, and
Egypt. In North America, it is notable that the intense exploita-
tion of aquifers that underlie various urban areas in México
have generated high rates of subsidence. In the eastern sector
of Mexico City, rapid subsidence is experienced due to the
extraction of groundwater that exceeds the natural recharge
and therefore compacts lacustrine sediments (Osmanoglu et
al., 2011). Studies carried out by different authors using radar
interferometry techniques show subsidence rates that reach up
to 37 cm/y and indicate the spatial variation of the subsid-
ence, which is closely related to the boundaries of the ancient
lake of Texcoco and the thickness of its sediments (Cabral—
Cano et al., 2008; Strozzi & Wegmuller 1999). In other cities
in central México, the subsidence process occurs at relatively
lower rates, between 4 and 9 mm per year, which remain high
enough to cause significant surface faulting. These high sub-
sidence rates are attributed to the increase in water demand due
to population growth, which leads to a drop in groundwater
level and the consolidation of sediments. The growth of the
Mexican economy, especially in the most industrialized zone
of central and northern México, suggests that the demand for
water will continue to grow, which will increase the process
of subsidence and the associated risks in various urban areas
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of the country (Chaussard et al., 2014; Universidad Nacional
Auténoma de México, 2017).

There are several methods for monitoring land subsidence,
including conventional practices and proven instrumental in—
ground sensing systems (Tomds et al., 2009). The convention-
al techniques include repeated optical levelling and Global
Positioning System (GPS) surveys, ground reconnaissance,
photogeological analysis, groundwater monitoring, and the
use of tape—extensometers. Advanced techniques include the
processing and interpretation of interferometric synthetic aper-
ture radar (InSAR), borehole tiltmeter and microseismic array
data, excavations of monitoring trenches, and time domain re-
flectometry (TDR; Fergason et al., 2015). Traditionally, sub-
sidence measurements have been based on obtaining GPS data
or optical-leveling lines. Although these data provide accurate
measurements, they require many hours of field work as well
as the acquisition of data at specific sites and positions, which
are spatially discrete although continuous over time and ob-
tained at high sampling rates, 1 Hz, for example. GPS technol-
ogy has some favorable characteristics. First, it depends very
little on the nature of the surface in which the geodetic antenna
is installed, although it requires the stability of such a surface
as well as optimum visibility for the reception of signals from
the satellites in the selected sites. Second, it has the ability to
perform measurements on the three rectangular components,
although the vertical component is less accurate than the hori-
zontal components. On the other hand, the fundamental advan-
tage of interferometry lies in the extensive spatial coverage of
the measurements, which allows a good understanding of the
phenomena to be studied, especially for the cases of complex
morphologies. Monitoring land subsidence is one of the most
successful applications of InSAR (Massonet & Souyris, 2008).
It has been applied to many metropolitan areas and has shown
that land subsidence is a rather common phenomenon occur-
ring in various cities around the globe, including Las Vegas
(Amelung et al., 1999; Burbey, 2002; Hoffmann et al., 2001),
Los Angeles (Bawden et al., 2001), Mexico City (Cabral—
Cano et al., 2008; Lopez—Quiroz et al., 2009; Osmanoglu et
al.,2011), Paris (Fruneau & Sarti, 2000; Fruneau et al., 2005),
Naples (Tesauro et al., 2000), Venice (Bock et al., 2012; Teatini
et al., 2007), Lisbon (Heleno et al., 2011), Jakarta (Bayuaji et
al., 2010; Chaussard et al., 2013), Shanghai (Damoah—Afari
et al., 2007), and Cairo (Aly et al., 2009). Most urban subsid-
ence occurs as the result of excessive water withdrawal from
underlying aquifers (Burgmann et al., 2000). Other causes for
subsidence are hydrocarbon extraction, subsurface excavation
(Burgmann et al., 2000), sediment compaction, and peat oxi-
dation (Muntendam—-Bos et al., 2009). Urban subsidence can
induce various hazards. In low elevation coastal areas, sub-
sidence can amplify flooding due to hurricane—induced surges
(New Orleans and Houston), extreme tide conditions (Venice)
(Bozzano et al., 2015; Lanari et al., 20004), and rising sea
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levels (Bangkok). The flooding of New Orleans by hurricane
Katrina demonstrated that the long—term effects of urban sub-
sidence can lead to catastrophic consequences because the ac-
cumulated subsidence reduced the elevation of the protecting
levees below their designed protective heights (Dixon et al.,
2006; Yuill et al., 2009).

2. Land Subsidence in the Sabana
de Bogota

The Sabana de Bogot4, as it is locally known (i.e., Bogotd Sa-
vanna, a term that does not correspond to the geographical defi-
nition), is an old, slightly dissected plain of lacustrine origin
located at an altitude of 2600 masl (meters above sea level) in
the central axis of the Colombian Eastern Cordillera (Figure 1;
Carvajal & Navas, 2016). It represents a tectonic—sedimenta-
ry basin consolidated after the final upheaval of the northern
Andes at approximately 5 Ma (van der Hammen et al, 1973;
Wijninga, 1996a, 1996b). It was a high—altitude lake with an
area of 157 000 ha in the center of the Eastern Cordillera of the
Colombian Andes that gradually filled with sediments during
the uppermost Pliocene, Pleistocene, and Holocene (Figure 2).
These horizontal sediments of lacustrine, fluvial, and fluvial—
glacial origin are mostly clays, with thin intercalated silt, sand,
and gravel lenticular beds and numerous layers. They also con-
tain many ash layers, which come from the volcanoes located on
the Central Cordillera. The aggregate thickness of the Pliocene —
Quaternary units is some 600 m in the center of the former lake,
and they thin out toward the edges and in the tributary river val-
leys. The Holocene sediments are unconsolidated, whereas the
Pleistocene beds are semiconsolidated (Lobo—Guerrero, 1992;
Lobo—Guerrero & Gilboa, 1987). The main city, the capital city
of the country, is located within the Sabana de Bogota. By 2018,
the population of Bogota was estimated as 7 378 400 inhabitants
( Departamento Administrativo Nacional de Estadisticas, 2020).
The urban development of Bogotd has progressed from the south
in a northerly direction along the flanks of the mountains. These
areas of higher relief are composed of sedimentary rocks, which
are highly fractured and covered by thick colluvia, alluvia, river
terrace sands and gravels, as well as fluvio—glacial and fan de-
posits (Ojeda & Donnelly, 2006).

In Colombia, subsidence occurs in major cities and caus-
es structural damage to buildings and infrastructure. The land
subsidence in Colombia was classified as the fourth risk in
building the Formal Housing Index (FHI; Arbeldez et al.,
2011). Bogoti is the largest and most populous city and has a
high concentration of natural hazards. Located in a moderate
seismic zone, its complex topography makes it prone to land-
slides and floods; in addition to these geographical factors,
mass migration and unbridled growing urbanization processes
in recent years make it susceptible to the increase in vulnera-
bility to geodynamic phenomena.

During the last 60 years, numerous tube—wells have been
constructed in the Sabana de Bogota to supply groundwater
for irrigation, several town aqueducts and numerous factories.
Lobo—Guerrero (1995) showed two case studies to prove the
descent of the groundwater potentiometric level in the western
portion of the artesian Sabana de Bogota basin. The first case,
located in Facatativa in the western part of the Sabana de Bo-
gota (Figure 3), documents the groundwater level descent in
free aquifers of the Guadalupe Formation over 24 years. The
second, in the El Rosal region (Figure 3), presents descent in ar-
tesian leaky aquifers in the Sabana and Tilatd Formations during
1990-1995. All groundwater users in the basin face a problem:
They have to pump deeper every year and must replace wells
for others of higher cost. This takes place precisely when sur-
face water resources are insufficient to satisfy demand. Ground-
water level descent is the main cause of uneven compaction and
land subsidence observed in surface layers of the Sabana For-
mation, of severe damage to construction and pavement, and of
overpressure in deep water wells. Therefore, it is possible to say
that negative experiences in the México valley, also composed
of nonconsolidated lacustrine sediments, are being repeated in
the Sabana de Bogota. Subsidence due to uncontrolled ground-
water extraction is now well understood by hydrogeologists and
may be remedied. Groundwater are indispensable for several
towns, agricultural irrigation, and industrial applications in the
Sabana de Bogota. The regional lowering of the potentiometric
level has caused the disappearance of mountain front springs,
streams, and wetlands, as well as land subsidence, cracks on the
ground, in buildings and roads, well collapses, the fall down
of submersible pumps, and replacements with deeper wells
(Lobo—-Guerrero, 2003). Other authors and institutions have
also carried out advanced research on subsidence in the Sabana
de Bogotd. Among the studies aimed at illustrating this phe-
nomenon, those prepared by the Departamento Administrativo
del Medio Ambiente (DAMA; Departamento Administrativo
del Medio Ambiente, 1999), Antonio—Fragala & Obregén—Nei-
ra (2011), the Universidad Nacional de Colombia (2011), and
Veloza (2013) stand out, to name a few.

3. Methodology

Subsidence can be quantified by means of spatial geodesy
techniques, both through Global Navigation Satellite System
(GNSS) based methods of high precision positioning, and
through imaging geodesy. Imaging geodesy uses radar images
and the InSAR technique, that is, the measurement of signal
phase change over different time periods (Sousa et al., 2013).
The Earth’s surface is illuminated with synthetic aperture radar
(SAR), with short pulses radiated by a radar antenna (Deutsch-
es Zentrum fiir Luft— und Raumfahrt [DLR], 2009). The radar
pulse is reflected from the Earth’s surface, and the so—called
radar echo is again received by the antenna and recorded. Fig-
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Figure 1. Location of the Sabana de Bogota high plain (yellow area) with respect to Colombia and South America.

ure 4 corresponds to a representation of the fundamentals of
InSAR. The satellite, when making its first pass over the ter-
restrial surface, establishes what is known as the initial ground
surface, and obtains the radar waves that are reflected from
the surface. Subsequently, depending on the time interval of

taking images from the different space platforms that exist,
the satellite makes a second pass and obtains the radar signals
reflected from the surface. If there are changes in the surface
of the ground between the data collection period of the two
images (two passes) (subsided ground surface), it is possible
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Figure 2. Location of the Sabana de Bogota (yellow area) and Bogota city (red area) on the Eastern Cordillera.

to observe a phase difference in the radar waves by comparing
the signals obtained between the two satellite passes, as shown
in Figure 4, waves A to E; in other words, away from the sat-
ellite in this case. This phase difference of the waves is used
to estimate the component of ground movement along the line
of sight of the satellite (either to or from the satellite), which
is represented by a color as part of a complete cycle of color.
Since this technique is based on the phase difference of multi-
ple waves, the accuracy is limited by the detectable fractions

of the radar wavelength ()) that is used (Biirgmann et al., 2000;
Global Volcanism Program, 2012).

Without going into detail about the steps associated with
generating interferograms, which are not the purpose of this
article, some basic elements are presented. SAR systems re-
cord both the amplitude and phase of the backscattered echoes.
The phase of each pixel of a focused SAR image is the sum
of three distinct contributions: (a) The two—way travel path
(sensor—target—sensor: Hundreds of kilometers in the satellite

519

Quaternary



MORA-PAEZ et al.

Madrid .. £ o0

Caribbean Sea

/

L\ Venezuela
o Medeliin R
E
>\\J

Colombia

Ecuador \\

Brasil
PeM

4,

Figure 3. Boundary of the Sabana de Bogota (white line), perimeter of Bogota city (black line), and some towns (dark gray areas) located

near to Bogota city.

case) that, divided by the used wavelength (a few centimeters),
corresponds to millions of cycles; (b) the interaction between
the incident electromagnetic waves and the scatterers within
the ground resolution cell; (c) the phase shift induced by the
processing system used to focus the image. Therefore, the phase
of a single SAR image is of no practical use. In contrast, if two

SAR images from slightly different viewing angles are consid-
ered (an interferometric pair), their phase difference (interfer-
ometric fringes) can be usefully exploited to monitor terrain
changes (Rocca et al., 2014).

An InSAR interferogram is an image formed by the differ-
ence of two coregistered SAR phase images (Zhou et al., 2009).
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Program (2012).

It represents a relative change in the earth’s surface, especially
vertical displacement of the ground. For its generation, two im-
ages are required to establish if there are terrain changes over the
time interval defined by the date of acquisition of each image.
The reference image acquired in the first pass is known as the
“master”, and the image taken in the second pass is called the
“slave” (Figure 5). The SAR interferogram is generated by cross—
multiplying, pixel by pixel, the first SAR image (master) with
the second one (slave) (Ferreti et al., 2007). The interferogram
is represented by fringes of complete color cycles (red, orange,
yellow, green, blue, and purple) that allow determination of the
relative displacement of one site compared to another, as shown
in Figure 6 (U.S. Geological Survey, 2017). A fringe is a line of
equal phase in the interferogram, and the number of fringes is
counted from a reference point where the surface displacement
is supposedly zero (Zhou et al., 2009). The colored fringes ob-
served in an InSAR image can be regarded like contour lines
on a map. The order of the colors indicates whether the image

corresponds to an uplift or sinking of the ground, i.e., subsidence.
Each interferogram is, in turn, subjected to additional processing
called phase unwrapping, that is, the process of recovering unam-
biguous phase data that are measured modulo 27t rad (wrapped
data) (Goldstein et al., 1988; Hooper & Zebker, 2007). These
unwrapped images are digitally stacked in a three—dimensional
cube of data; the dimensions correspond to range direction, az-
imuth, and number of interferograms (Agram et al., 2012a), as
shown in Figure 7. This processing permits generation of maps of
accumulated displacements, velocities per year, and time series.

3.1. Previous Studies
3.1.1. GPS Positioning
The GPS IGS BOGT (Bogotd) station was installed on 4 No-

vember 1994, under a partnership between National Aero-
nautics and Space Administration (NASA) and the Servicio
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Figure 5. Example of the generation of an interferogram of Bogota city.

Geolégico Colombiano (SGC). Kaniuth et al. (2001) analyzed
data from the BOGT station together with another station,
BOGA, that is located on the top of the Instituto Geografico
Agustin Codazzi (IGAC) 11-floor building. The two stations
are separated by approximately 180 m. Previous episodic GPS
measurements at the BOGA marker as well as spirit levelling
between the BOGT and BOGA stations indicated that the
IGAC building might be subsiding. Their analysis comprises
the data processing between BOGA and a permanent station
also located atop a building in Cartagena city, corresponding to
a 656 km baseline, and obtained a vertical component of —25.2
+ 1.4 mm/y for the BOGA station. They considered that this
vertical velocity seems to apply not only to the BOGA station
located on the 11-floor building but also to the BOGT station
that is set up on the ground. They also considered, from the
GPS results, that the IGAC building, which was constructed
between 1953 and 1955, is probably tilting. Rudenko et al.
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(2013) reprocessed GPS data from 266 stations with a tracking
history longer than 2.5 years and found that the BOGT station
has a vertical trend of —44.21 + 0.19 mm/y, which is almost
twice the value obtained by Kaniuth et al. (2001). The Space
Geodesy Research Group of the SGC runs the GeoRED proj-
ect, which corresponds to the implementation of the GNSS
Satellite Geodesy National Network for geodynamic purpos-
es (Mora—Péaez, 2006; Mora—Paez et al., 2013, 2018, 2020).
Under the frame of this project, GPS data obtained from the
BOGT station are processed using GIPSY-OASIS II software
version 6.3 developed by the Jet Propulsion Laboratory (JPL)
of the California Institute of Technology (Bertiger et al., 2010;
Zumberge et al., 1997). The BOGT station velocity is com-
puted using HECTOR software (Bos et al., 2013), a package
developed at SEGAL (Space & Earth Geodetic Analysis Lab-
oratory at the University of Beira Interior, Portugal) that is
able to take into account temporal correlations in the data to
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estimate the associated uncertainties. HECTOR is based on the
maximum likelihood estimation (MLE), which is the method
of prediction in the stochastic modeling of the GPS time series.
Figure 8 corresponds to the BOGT time series of the vertical
component, which allows the observation of continuous down-
ward behavior that corresponds to a linear trend estimation
of —3.45 + 0.09 cm/y velocity, assuming a white noise mod-
el and generated using HECTOR software; a seasonal signal
is included in the estimation process. The figure also shows
the offsets associated with changes to the antenna, receiver,
or both, and, in some cases, firmware updates, issues that are
very important to take into account in order to obtain a very
reliable estimation of the GPS time series.

3.1.2. Imaging Geodesy

Previous InSAR results in Bogota were obtained by the Carto-
graphic Institute of Catalunya (CIC) under a consulting contract
for FOPAE (Fondo para la Prevencion y Atencion de Emergen-
cias), which is the former Oficina de Prevencion de Desastres
in Bogota city. Scenes from European Remote Sensing satel-
lite (ERS—1, ERS-2) and Earth observation ENVIronmental
SATellite (Envisat) were used from 1992 to 2005; in addition,
Envisat scenes were used to obtain vertical maps from 2006 to
2009 (Instituto Cartogréafico de Catalufia, 2007, 2009; Institu-
to Cartografico y Geoldgico de Catalufia, 2014). Envisat was
launched on 1 March 2002, (Wegmiiller et al, 2009), and the
European Space Agency declared the end of the mission on 9
May 2012. Figure 9 corresponds to a map of the linear velocity
of deformation in the urban area of Bogota city obtained using
19 Envisat images covering the time period between October
1997 and January 2009 (11.12 years), with a maximum value of
8 cm/y (Cartographic Institute of Catalunya, 2009).

4. Results

TerraSAR—-X is a German Earth—observation satellite that was
launched in 2007. We used 76 SAR images from descending
track acquired by the TerraSAR-X satellite from 28 September
2011 to 17 October 2017. The wavelength of those acquisitions
is 31 mm, which corresponds to the X—band in the electromag-
netic spectrum, and the spatial resolution is 3 m. The X-band is
less suitable for vegetated areas due to the limited penetrating
capability compared to L or even C-bands; however, it is ap-
proximately twice as sensitive to small deformation incidents
(Le et al., 2016).

4.1. Interferograms
A set of interferograms was generated to estimate the vertical

displacement in Bogota associated with land subsidence. These
images were processed using the ISCE (InSAR Scientific Com-

mm
16
32

<— Subsidence

B A
16 mm 0

Figure 6. Illustrative example of the form of representation of a
vertical displacement (subsidence) from one point compared to
another. In this case, the strip of radar images corresponds to one
cycle of colors representing 16 millimeters that is the half-wave-
length of the TerraSAR-X image. Adapted and modified from U.S.
Geological Survey (2017).

puting Environment) scientific software package (Agram et
al., 2016; Gurrola et al., 2010; Rosen et al., 2009; 2012, 2015),
which was designed from the ground up as a geophysics com-
munity tool for generating stacks of interferograms that lend
themselves to various forms of time—series analysis, with at-
tention paid to accuracy, extensibility, and modularity. Its ini-
tial development was funded by NASA’s ESTO (Earth Science
Technology Office) under the AIST (Advanced Information Sys-
tems Technology) in 2008 and is currently being funded under
the NASA-ISRO SAR (NISAR) project. ISCE can process data
from the Advanced Land Observing Satellite (ALOS—1, ALOS—
2) from Japan, ERS, Envisat, the Constellation of Small Sat-
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Figure 7. Example that represents how the unwrapped images are digitally stacked in a 3-D cube of data.

ellites for Mediterranean basin Observatory (Cosmo—SkyMed)
from Italy, Canad4's Earth observation satellite (RADARSAT-1,
RADARSAT-2), the European Space Agency satellites (Senti-
nel-1; Sentinel-2), and the German TerraSAR-X platforms. The
InSAR technique measures ground displacement in the radar
line—of-sight (LOS) by computing the phase difference of two
SAR images that are temporally separated. The LOS is convert-
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ed into a vertical displacement taking into consideration the sat-
ellite incidence angle. The incidence angles of the TerraSAR-X
images used in this study are in the range of 31.5° and 34.76°;
thus, an average value of 33.2° was adopted as the incidence
angle for processing. To remove the topography, ISCE software
undertakes a simulation of the radar image amplitude from a
digital elevation model (DEM) and the reference track, projects
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Figure 8. Vertical time series from the GPS IGS BOGT station. Gray dots are the daily positions obtained using GIPSY-OASIS Il software;
the red line is a polynomial trend that corresponds to the behavior of the GPS station. The velocity value is obtained as a linear trend.
Blue lines indicate offsets associated with the change of geodetic instruments, such as the antenna or receiver.

the elevations into the radar coordinates of the interferogram,
then calculates the topographic phase and subtracts it from the
original interferogram. The NASA Shuttle Radar Topography
Mission (SRTM) DEM version 3 was used to remove the topo-
graphic components from SAR interferograms.

When the interferogram has been corrected for the topo-
graphic phase, ISCE calculates the spatial correlation of the
phase as a proxy for interferometric coherence (Rosen et al.,
2012). There are two important issues that must be considered
for InSAR processing: Coherence and baseline. The first im-
plies that the phase can be estimated from the interferometric
SAR pair by means of the local coherence, which is the cross—
correlation coefficient of the SAR image pair estimated at a
small window, once all the deterministic phase components are
compensated for. In an interferogram, coherence is a measure
of correlation; it ranges from O (there is no useful information
in the interferogram, the interferometric phase is just noise),
to 1 (there is no noise in the interferogram), in other words, it
is a perfect interferogram, with a complete absence of phase
noise. The coherence can be affected by several factors, such
as local slope, properties of the surface being imaged, time lag
between the passes in an interferogram, the baseline (because
large baselines lead to low coherence), and technical details of
the generation of the interferogram (European Space Agency,
2014). The second, the baseline, corresponds to the distance
between the two satellites (or orbits) in the plane perpendicular
to the orbit, and its projection perpendicular to the slant range
is called the perpendicular baseline (Ferreti et al., 2007). The
resulting stack of interferograms are inverted using the NSBAS
(new small baseline subset) method proposed by Doin et al.
(2011) that permits, in this case, building the temporal evolution
of the displacement associated with the subsidence phenomena
in Bogotd. The NSBAS package is a fully automatic chain of

processing that produces a timeline of the line of sight surface
movement over an area. It has been especially optimized for
monitoring transient ground motions of small amplitude taking
place over large areas and in natural settings. NSBAS corre-
sponds to an extension of the SBAS (small baseline subset)
approach developed by Berardino et al. (2002) that permits us-
ing a regularization function to compensate for missing links
in the interferometric networks that produce lack of temporal
and geometrical overlaps, which generates temporal and spatial
correlations (Agram et al., 2013; Lépez—Quiroz et al., 2009).
For this study, 319 interferograms were generated, of which
258 were selected for this study; these are connected by a net-
work (Figure 10). The selected interferograms have a baseline
of less than 250 m, following the conclusions about the optimal
parameters of determination and control of the TerraSAR—X sat-
ellite orbit according to the analyses carried out by Arbinger et
al. (2004), Eineder et al. (2003), and Kahle & D’Amico (2014).
Thus, the limit established in our baselines avoids low coherence
interferograms in the processing that can affect the results. For
example, the results of this processing can be observed in Figure
11a-1, in which twelve interferograms generated by the combina-
tion of thirteen images acquired on different dates are presented.

4.2. Ground Displacement Maps
and Time Series

To quantify the displacements associated with the subsidence
in Bogotd, GIAnT (Generic InSAR Analysis Toolbox) software
has been used (Agram et al., 2012a, 2012b, 2013). GIAnT is
a user—friendly, open—source, documented framework for the
rapid generation of time series of surface displacements using
InSAR data, and it is configured to work with several outputs
of processing packages, such as ISCE.
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Figure 9. Map of linear velocity of deformation in the urban area of Bogota city obtained from Envisat scenes, October 1997-January

2009. Modified from ICC (20009).

As a result of the processing of the TerraSSAR-X images,
a map of the subsidence model for Bogota from 28 Septem-
ber 2011 to 17 October 2017 was obtained by combining in-
terferometric pairs. The maximum observed velocity value
corresponded to 3.3 cm/y, which was observed in the central
sector of the city (Figure 12) and corresponds to a wide zone
with scattered patches with similar tendencies and concentrat-
ed within the same area; however, there is one area that stands
out above the others. Likewise, three time series are generated
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for three selected sites; high, medium, and low values of sub-
sidence are presented (Figure 13). Each time series is gener-
ated with GIAnT, Figure 14, which uses a Gaussian weighted
moving average filter that allows a discrepancy between raw
displacement observations (black circles) and filtered obser-
vations (red crosses) to be established (Figure 14). Site 1 is
located within the area that has the highest subsidence (3.3
cm/y) (Figures 13, 14a), in the industrial area named Puente
Aranda. Site 2, the medium value (2 cm/y) (Figures 13, 14b),
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Figure 10. Network of selected interferograms for the generation of the vertical displacement map and time series map.

is in the Normandia site to the southeast from the El Dorado
Airport in the city of Bogota. Site 3, the low value (0 cm/y)
(Figures 13, 14c¢), is in La Guaca sector.

For the correct assessment of any detected deformation
and its time evolution, it is necessary to perform an error es-
timation of the interferometric techniques. GIAnT software
enables mitigation of the effects of signal delays due to the
stratified troposphere in each interferogram using either an
empirical approach or estimates from global atmospheric
models (Agram et al., 2013).

To estimate the uncertainty of the time series of this study,
the statistical approach known as a jackknife is used. Thus,
from an original set of interferograms, successive subsets of
interferograms are generated excluding a SAR image each
time; the terms corresponding to the linear velocity and sea-
sonal are re—estimated for each of the subsets (Agram et al.,
2013). The standard deviation of the estimated time series of
the dataset represents the uncertainty for each epoch corre-
sponding to the images. The master image is included in all
subsets and is used as a reference. Time series are estimated
only in those pixels that are coherent in all interferograms;
a 0.2 value is used as a minimum coherence value to obtain
a sufficient number of pixels in the selection. Table 1 shows
the uncertainty values for the three selected sites, to which
the time series of Figure 14a, 14b, 14c correspond. These
sites are those with the highest, medium, and low velocity
values, respectively.

5. Conclusions and Recommendations

An analysis of the SAR images used in this study in Bogotd
shows a distributed subsidence pattern in the urban area with
maximum values in the central part of the city. However, in the
short—term, it is necessary to establish if the observed subsid-
ence originates mainly from the groundwater withdrawal from
the local aquifer, or it is a natural result due to compaction of
the zone, or both possibilities. The TerraSAR-X results present
very good distribution and spatial resolution for use in address-
ing the subsidence inside the city of Bogota.

It is important to consider that the soil of the city of Bo-
gotd is constituted geologically by clay deposits formed by the
drying of an ancient lake, with intermediate and discontinuous
layers of sand and organic soils. The thickness of the deposits
increases gradually from the areas near the eastern hills, with a
few meters of depth, to the western sector, with sediments up to
600 m thick. In the middle part of the city, close to the Univer-
sidad Nacional de Colombia and the SGC, the thickness varies
between 180 and 200 m. These are large layers of relatively soft
and compressible soils.

Few GPS permanent stations (cGPS) have been built in the
study region, which is also the case for field stations for cam-
paigns. So far, only one cGPS station, the previously mentioned
IGS BOGT station, could permit making any comparison with
the InSAR results. Four campaigns to gather data from the field
stations that are part of the Bogotd GPS Geodetic Network have
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Table 1. Uncertainties for the three selected sites.

Uncertainties (cm)

Uncertainties (cm)

Epoch Site 1 Site 2 Site 3 Epoch Site 1 Site 2 Site 3
Puente Aranda Normandia La Guaca Puente Aranda Normandia La Guaca
2011-09-28 0 0 0 2015-01-20 0.13 0.07 0.10
2011-10-09 0.00 0.00 0.00 2015-01-31 0.13 0.07 0.11
2011-10-20 0.00 0.01 001 2015-03-05 0.14 0.07 0.12
2011-12-14 001 0.03 0.03 2015-03-27 0.14 0.07 0.13
2012-01-05 0.02 0.03 0.03 2015-04-07 0.14 0.06 0.13
2012-01-16 0.02 0.03 0.04 2015-04-29 0.14 0.06 0.13
2012-01-27 0.02 0.04 0.04 2015-05-10 0.14 0.06 0.13
2012-02-07 0.02 0.04 0.04 2015-06-01 0.13 0.06 0.12
2012-02-18 0.02 0.04 0.05 2015-07-04 0.13 0.07 0.10
2012-02-29 0.03 0.04 0.05 2015-08-06 0.13 0.07 0.09
2012-03-11 0.03 0.05 0.05 2015-09-08 0.13 0.07 0.08
2012-04-13 0.03 0.06 0.05 2015-10-11 0.13 0.07 0.07
2012-05-16 0.05 0.08 0.06 2015-11-02 0.13 0.07 0.07
2012-07-21 0.08 0.09 0.05 2015-11-13 0.13 0.07 0.07
2012-08-01 0.08 0.09 0.05 2015-12-05 0.13 0.07 0.07
2012-08-23 0.08 0.08 0.05 2015-12-16 0.13 0.07 0.08
2012-09-03 0.08 0.07 0.04 2016-02-09 0.13 0.07 0.10
2012-09-14 0.07 0.07 0.04 2016-03-02 0.13 0.07 0.12
2012-09-25 0.07 0.07 0.04 2016-04-04 0.14 0.08 0.14
2012-10-17 0.07 0.06 0.04 2016-05-07 0.14 0.08 0.14
2013-04-11 0.12 0.06 0.05 2016-06-09 0.13 0.07 0.12
2013-11-28 0.13 0.08 0.07 2016-07-12 0.13 0.07 0.09
2013-12-09 0.13 0.08 0.07 2016-08-03 0.12 0.07 0.08
2013-12-20 0.13 0.08 0.07 2016-09-05 0.12 0.07 0.07
2014-03-29 0.13 0.07 0.08 2016-10-08 0.12 0.07 0.07
2014-04-20 0.13 0.07 0.08 2016-11-10 0.12 0.08 0.07
2014-05-01 0.13 0.07 0.08 2016-12-13 0.13 0.08 0.07
2014-05-23 0.13 0.08 0.08 2017-01-04 0.14 0.09 0.08
2014-06-03 0.13 0.08 0.08 2017-04-13 0.13 0.08 0.09
2014-06-14 0.13 0.08 0.08 2017-05-27 0.13 0.09 0.09
2014-06-25 0.13 0.08 0.08 2017-06-29 0.13 0.09 0.09
2014-07-17 0.13 0.08 0.08 2017-07-10 0.13 0.09 0.09
2014-07-28 0.13 0.08 0.08 2017-07-21 0.13 0.08 0.09
2014-08-08 0.13 0.08 0.08 2017-08-12 0.13 0.08 0.09
2014-08-19 0.13 0.08 0.08 2017-09-14 0.12 0.08 0.09
2014-11-15 0.13 0.07 0.09 2017-10-17 0.11 0.08 0.09
2014-12-18 0.13 0.07 0.09
—_—

Figure 11. (a-l). Illustration of the sequence of twelve interferograms generated by thirteen images taken at different dates in which
the vertical displacements are evident. The subsidence zones in the central zone of Bogota are clearly visible and represented in inter-

ferometric strips, where each color cycle, being band X, corresponds to 1.56 centimeters of relative vertical displacement.
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Figure 12. Map of subsidence model for Bogota, from 28 September 2011 to 17 October 2017, obtained using TerraSAR-X images.
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Figure 13. Map of the central area of the Bogota city in which it is possible to observe a wide zone with scattered patches. Three sites
with highest, medium, and low values of subsidence are located on the map.

been performed so far with the support of the Unidad Adminis-
trativa Especial de Catastro Distrital of the municipality. To ob-
tain more reliable results from the cGPS stations, it is necessary
to get data with at least 2.5 years of observation and to perform
more field campaigns.

Various authors have proposed similar arguments regard-
ing the possible causes of the subsidence in Bogota. The study
carried out by the Universidad Nacional de Colombia (2011)
summarizes these causes, among which the most important fac-
tors are reductions in the depths of groundwater potentiometric
levels, superficial drying due to lowering groundwater levels,
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effects of vegetation in some places, land overloads due to the
weights of buildings, and tectonic effects that can generate land
surface variations. Bogotd is a city that has been growing at an
accelerated rate, both horizontally and vertically.

A main consideration that must be taken into account in
order to gain better knowledge about the land subsidence in the
city of Bogotd is to combine InSAR with ground—based mea-
surements such as GPS and to obtain aquifer—related data that
would contribute to acquiring high temporal resolutions and the
formulation of hydrogeological models. That means that more
observation time is necessary to obtain very precise results that
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Figure 14. Time series of the sites located in the central area of the Bogota city that illustrate the behavior of the subsidence in those
sites (highest, medium, and low values, respectively). (a) Site 1, (b) Site 2, and (c) Site 3. Black circles correspond to raw data and red

crosses correspond to filtered observations.

will help local authorities adopt the necessary measures to re-
duce the risks associated with the land subsidence phenomena
in Bogota. In addition, information on ground or building dis-
placement that serves as a key for evaluating the subsidence
processes must be acquired. In this way, an interdisciplinary
approach focused on research based on relationships between
geodetic, geological, geotechnical, and hydrogeological issues
and subsidence phenomena must be used and constitutes the
main challenge of this project.

For this, it is necessary to continue carrying out these
types of studies in general on the entire Sabana de Bogota
and not just for the city of Bogota. The geodetic results ob-
tained, while spatially restricted, demonstrate the reliability
of the techniques used. Therefore, it is important to increase
the number of permanent and field GPS stations to expand
the spatial coverage of the geodetic network as well as using
other types of radar images in the C and L bands of the elec-
tromagnetic spectrum to take advantage of the benefits that
each offers and thus obtain more data.
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