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Abstract. Land subsidence is a geological phenomenon that consists of the grad-
ual sinking of the earth’s crust and can damage to the urban infrastructure and
the population. This phenomenon is caused, among other factors, by the overex-
ploitation of aquifers and the excessive extraction of hydrocarbons. The Synthetic
Aperture Differential Radar Interferometry (DInSAR) technique has been used
since the late 1990s to detect deformations on the ground, including subsidence
in higher spatial and temporal coverage compared to traditional methods such as
geodesic, instrumental, GPS at a sensitivity of mm/year. The Villahermosa city,
Tabasco, concentrates 512 oil wells in an area of 10 km2 located in the north-
west of the town. The DInSAR technique was implemented to quantify the sub-
sidence of the land in the Villahermosa city. Twenty-eight SAR images from the
Sentinel-1A satellite from 2014 to 2018 were used. These images were processed
with SNAP, the SNAPHU algorithm, and QGIS. Maximum land subsidence of
4 cm/year (2014–2015) was obtained in the southwest region in an area of 327 ha.
For the period 2016–2018, the land subsidence was 15 cm/year in an extension of
6,232 ha.
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1 Introduction

Subsidence is considered a risk factor in urban areas. Subsidence is a type of land
collapse characterized by near-vertical deformation or settlement of earth materials [1].
The study of subsidence in urban areas is essential, where the damages caused can
become considerable, being a significant risk for the urban infrastructure [2].

Surfaces that can be affected by subsidence can occupy areas from a few square
meters to thousands of square kilometers [3].

Land subsidence has been calculated using traditional geodetic techniques such as
leveling, Global Positioning Implementation Systems (GPS), as well as instrumental
methods. Also, methodologies have been implemented with synthetic aperture radars
(SAR), such as interferometry (InSAR) and differential interferometry (DInSAR),which
began to be developed from the 1990s.

Many investigations have been carried out to obtain the deformation of the terrain
associated with various causes such as water extraction [4, 5], mining exploitation [6, 7],
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geothermal fields [8, 9], river delta [10, 11], anthropic influence [12, 13], hydrocarbon
extraction [14, 15], among others.

This last technique has become a useful and essential tool in remote sensing as it can
estimate both spatial and temporal surface movements due to ground subsidence [16].
DInSAR has a series of advantages compared to traditional geodetic and instrumental
techniques, such as its wide spatial coverage in different areas, such as urban areas, and
being able to be used as monitoring services at lower costs [2]. The possibility of the
DInSAR technique to detect subsidence makes it viable to monitor almost any earth
structure subject to displacement [17].

1.1 SAR Images and DInSAR

SAR images are used to implement a conventional technique in which the terrain is
illuminated with electromagnetic waves of microwave frequency [9, 17]. The wave
round-trip time and the signal amplitude reflected by objects in the ground are used to
determine the distances from the sensor to the ground and generate a two-dimensional
image of the interest area [18]. The bright regions in a radar image represent a large
amplitude of the returned wave energy, which depends on the surface slope and the
roughness and dielectric characteristics of the surface material [18]. Amplitude is a
measure of the target’s reflectivity, while the phase encodes changes in the surface, and
a term proportional to the range of the target [17, 18].

The InSAR technique began to be implemented in the late 1990s. It consists of
exploiting the information contained in the phase of at least two SAR images taken from
slightly different points in the same area. The images are processed to relate the difference
between their distances to the same point on the ground with the scene topography [9,
19]. InSAR uses the phase information in two SAR images to determine the phase
difference between each pair of points in the corresponding images, thus producing an
interferogram.

Differential SAR interferometry (DInSAR) is a variant of InSAR. It is an image
processing technique that allows the generation of terrain displacement maps and the
calculation of relative coherence [20]. It is also used to detect and measure movements
so small that the topography component must be discarded [17].

The primary sources of noise and error of the InSAR technique are the loss of
coherence due to the high intensity of the vegetation, the lack of temporal correlation,
the topographic residuals due to the precision of the Digital Elevation Model (DEM)
and the atmospheric factors such as temperature and variations of water vapor in the
atmosphere [21].

2 Study Area

The study area corresponds to Villahermosa city in the Centro municipality, Tabasco,
with an area of 61,232 ha. The Villahermosa city, the capital of Tabasco, is in the
Southeast region of the country at 92◦ 55′ west longitude and 17◦ 59′ north latitude,
corresponding to the physiographic region of the Southern Gulf Coastal Plain sub-
province Tabasco Plains and Swamps [23] (see Fig. 1).
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Fig. 1. Study area location. The red rectangle shows the sub-swath IW3, corresponding to the
scene of a Sentinel-1A satellite image with descending orbit. (Color figure online)

This city is in the floodplain of the Grijalva River, being the most important urban
settlement in Tabasco, due to the development in recent decades of hydrocarbon extrac-
tion as the main economic activity [23]. The oil boom in the 1960s was a determining
factor for urban growth, beginning in the second half of the 20th century, as it became
the main economic activity. This boom led to an increase from 23,947 (first half of the
20th century) to 297,268 inhabitants [23, 24].

Regarding lithology, it is based on sandstone and sedimentary rocks from the Ceno-
zoic era [25]. A predominance of soils formed in the alluvial quaternary is found. The
most abundant soils are gleysols characterized by a clay texture, and slow drainage,
formed on unconsolidated materials.

The area belongs to the Hydrological Region Grijalva-Usumacinta, the largest and
most flowing region in Mexico. It has a wide lake system with a high density of bodies
of water. Hydrological conditions contribute to the area being subject to flooding [22]
due to the high precipitation regime. The topography characterizes the area with few
slopes, as well as the low permeability of the soils [22, 23]. Furthermore, in the region
there is an intense activity of hydrocarbon extraction. Villahermosa has a density of 512
wells per 10 km2 in the northwest of the area.

The climate is warm humid with abundant rains in summer, according to the Köppen
classification,with average temperatures of 27.5 °C.Average annual rainfall of 1,992mm
[22].

On the other hand, the changes in land use became more notable at the same time as
the discoveries of hydrocarbon deposits. In the period 2000–2008, the noteworthy loss of
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arboreal vegetation (1,624 ha) andwetlands (213 ha) began to be evident, while grassland
(540 ha) and urban areas (1,334 ha) continued to increase. This trend of land-use change
has been maintained (2008–2020), reaching 15,697 ha [23].

3 Data and Methods

3.1 Data

The SAR images used to implement the DInSAR technique in this work correspond to
the Sentinel-1 satellite. These satellites operate in the Interferometric Wide swath (IW)
imaging band mode and acquire data with a 250 km range at a spatial resolution of 5 ×
20 m. IW captures three sub-swaths using the Terrain Observation with Progressive
Scans SAR (TOPSAR) acquisition principle. IW products that are Single Look Complex
(SLC) contain one image per sub-band and one for polarization channel, for a total of
three images (single polarization) or six (dual polarization) in a single product [26].
Sentinel-1 images are available from its start of operation in 2014 (Sentinel-1A) until
today.

Twenty-eight images from the Sentinel-1A satellite from 2014 to 2018 of the
European Space Agency (obtained from https://search.asf.alaska.edu) were used.

The images were selected considering the following: 1) The perpendicular baseline
between the image pair should be as small as possible, while smaller (closer to zero),
the contribution of the topography component that is subtracted from the interferometric
process is less. 2) The time interval between images, the shorter it is (less than 1,000
days), the less deco-relationship there will be for the scale of the movement that is
to be measured [26, 27]. Using a DEM with good precision improves the quality of
the phase by subtracting the topographic component. Sub-swath IW3 corresponding to
Sentinel-1A descending orbit was processed.

Table 1 shows the image dates used for DInSAR processing. From these, 25
interferograms were formed.

3.2 Methods

The terrain’s deformation was obtained with the implementation of a series of processes
(see Fig. 2) that make up the DinSAR technique. Sentinel-1A images were processed
with SNAP software (Sentinel Application Platform) to generate the interferograms.
The interferograms were then unwrapped to obtain the interferometric phase with the
SNAPHU algorithm (Statistical-cost, Network-flow Algorithm for Phase Unwrapping).
Then, the terrain deformation rate was determined using SNAP software. For the car-
tographic output of the deformation, visualization, and interpretation, QGIS was used.
Next, DInSAR processing will be described in more detail.

Image Co-registration. For interferometric processing, two or more images must be
registered together. One image is selected as master and the others as slaves with dates
after the first. The pixels in the slave images must be aligned with the master. This
procedure ensures each pixel (of both images) belongs to the same location on the
ground (in range and azimuth) [26].

https://search.asf.alaska.edu
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Table 1. Sentinel-1A images used to form the interferometric pairs. Date: image acquisition date,
T: images type (M: master, S: slave), : perpendicular baseline, BT: temporal baseline (frame:
99, path: 530, descending orbit).

Date T BT Date T BT

2014-10-24 M 2017-04-11 S 29 192

2015-01-04 S 33 72 2017-05-05 M

2015-05-04 S 11 192 2017-06-22 S 44 252

2015-06-21 S −73 240 2017-10-08 S 18 360

2015-07-15 S −159 264 2017-10-20 S 8 372

2015-08-08 S −108 288 2017-11-01 S 30 384

2015-09-01 S −112 312 2017-11-25 S 25 408

2015-10-19 S −115 336 2017-12-07 S −61 420

2016-10-13 M 2017-12-19 S 31 432

2016-11-30 S 44 48 2018-03-01 S 43 504

2016-12-24 S 16 72 2015-10-19 M

2017-02-22 S −15 132 2016-10-13 S −5 361

2017-03-06 S −98 144 2015-05-04 M

2013-03-18 S −35 156 2017-02-10 S −33 648

Fig. 2. Methodological scheme showing the procedures performed to implement the DInSAR
technique and the software (SNAP, SNAPHU) used in each stage.

Interferogram Formation. The interferogram is formed by cross-multiplying themas-
ter imagewith the slave conjugate complex. The amplitudes of both images aremultiplied
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while the phases are subtracted to form the interferogram [26]. Therefore, the interfer-
ogram is the phase variation between the two images and is related to the differences in
object distances [19].

The integral DInSAR equation to calculate the interferometric phase, where M is the
master image, and S is the slave image (1) [19]:

�ϕD_Int = �ϕInt − �ϕToposimu

= �ϕDispl + �ϕTopores + �ϕAtmS − �ϕOrbS − �ϕOrbM + �ϕNoise + 2kπ
(1)

Where:

�ϕInt : Interferometric component.
�ϕToposimu : Simulated topographic component, which implicitly contains a flat earth
component.
�ϕTopores : Component of the residual topographic error (RTE).
�ϕAtm: Atmospheric phase component in the acquisition time of each image.
�ϕOrb: Phase component due to orbital errors of each image.
�ϕNoise: Phase noise.

2 k π: Phase ambiguity (the result of the wrapped interferogram of �ϕD_Int).
The quality of the terrain deformation data obtained using the DInSAR technique

depends on the quality of the differential interferometric phase [9].
The interferometric bands represent a 2π cycle of phase change. They appear on an

interferogram as colored bands, where each represents a relative range difference of half
the sensor wavelength. Relative ground motion can be calculated by counting the stripes
and multiplying by half the wavelength [26].

The parameter called coherence (0 < “coherence” < 1) is calculated to evaluate
the interferometric phase. If the coherence is close to zero, it means that the scene is
uncorrelated, and therefore the interferogram is noisy. Values close to 1 indicate high
correlation, low noise on the interferogram, and a high-quality strain map [9]. Values
less than 0.3 indicate that the phase estimates are too noisy to be used [27].

TOPS Deburst. Sentinel-1 images (due to the way they operate), present some bursts
that cause noise and distortions to extract information. It is necessary to carry out this
process TOPS deburst to eliminate such bursts [26].

Remove the Topographic Phase. The topographic phase’s contribution is removed
(Eq. 1) to disregard the components that do not contribute to the phase to obtain terrain
deformation. For this, a well-known DEM is used to simulate the reference DEM based
interferogram, in this case, the DEM SRTM1 (Shuttle Radar Topography Mission) [26,
27].

Multilooking. It is done to decrease the noise of the interferogram. It consists of obtain-
ing the average of the pixels in each direction (several looks) in the interferograms.
Interferograms of approximately 14 m2 were obtained [9, 28].
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Phase Filtering. Subsequently, the Goldstein filter was performed, a pre-processing
technique that reduces noise from the interferometric phase, facilitating its development
in terms of precision [29]. By completing this filtering, the interferometric strips are
accentuated and become sharper.

Phase unwrapping. In the interferogram, the interferometric phase is ambiguous
and is only known within 2π. The phase must first be unwrapped to separate the
interferometric phase from the topographic height [26].

Starting from the phase and amplitude information (see Fig. 3), the phase unwrap-
ping is performed using the SNAPHU algorithm. SNAPHU is a statistical cost network
flow algorithm for phase development developed at Stanford University [30] as a com-
plement to the SNAP software developed by ESA and freely available. The focus of radar
interferometry in this step is to work with the two-dimensional relative phase signal, the
modulus 2π of the absolute phase signal (unknown). In this sense, the biggest drawback
is the wrapped phase given in an interval of (−π, π ) and, on the other hand, the phase
unwrapping, being more complex due to its non-linearity and non-singularity [31].

Fig. 3. Filtered interferogram. Sub-swath IW3 corresponding to the pair of images on 2014-10-13
and 2015-01-04. The polygon in brown shows the limits of Municipality Centro and the black
one, the Villahermosa city boundary. (Color figure online)

Phase to deformation conversion. In this step, the unwrapped interferometric phase
is converted to heights. The phase of several discrete heights is calculated and compared
to the actual phase of the interferogram to determine the height. An external DEM is
used as a reference (SRTM 1 Arc-Second) [29–31].

Geometric correction of the terrain. Geometric correction or geocoding converts a
slope range image or terrain range geometry to a map coordinate system. Besides, the
use of a DEM is required to correct the mentioned distortions [31].

Land deformation map. As the last step, the terrain deformation map is obtained in
cm/year, and this is taken to the Geographic Information System for better visualization
and interpretation of this [9, 26, 28, 30].
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4 Results and Discussion

Six of the 25 interferograms formed (see Fig. 4) and their respective coherence maps
obtained from 2014 to 2018 (see Fig. 5) are represented. The thresholds obtained in the
coherence maps were very similar, ranging from 0.01 to 0.992, with an approximate
mean of 0.25 to 3.

Fig. 4. Flattened interferograms of the city of Villahermosa that contain information on
topography and terrain deformation for the period 2014-10-13 to 2018-03-01.

Fig. 5. Histograms of the coherence parameter corresponding to the city ofVillahermosa covering
the period 2014-10-13 to 2018-03-01.
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Acceptable results were obtained from the 25 processed interferograms in the image
pairs shown in Fig. 4. The contribution of those, as mentioned earlier, temporal and
atmospheric distortions, were detected in the interferograms. In an interferogram, the
deformation pattern is shown with a color cycle. Each stripe represents a change in the
distance from the satellite to the ground, which is equal to half the radar wavelength.
When the number of stripes visible on the interferogram is multiplied by half the wave-
length, a relative displacement of the points can be estimated. Since the images used are
from descending orbit, this is represented on the interferograms by positive values (see
Fig. 4). Negative values in the interferograms correspond to sinks, while positive values
represent the uprisings [32]. Interference stripes with the same color within the cycle
represent the same relative deformation.

The average coherence of the interferometric phase for processed images was
between 0.3 and 0.40 (see Fig. 5). The highest coherence values belong to interfero-
grams of 2016-10-13 to 2016-12-24 and 2016-10-13 to 2018-03-01 with 0.40 and 0.35
thresholds, respectively. Thresholds values greater than 0.3, indicate areas with similar
reflection characteristics. On the other hand, the areas with values less than 0.3 may be
due to a longer time interval between the two image acquisitions, the temporal, spatial
geometric decorrelation between the two SAR images [14].

Despite the temporal decorrelations caused by the acquisition of images at different
year seasons and with a temporality of 648 days, the deformation results were consistent
(3 to 15 cm/year from 2014-10-13 to 2018-03-01).

From 2014-10-13 to 2015-01-04, the city of Villahermosa had a sinking rate of
4 cm/year. From 2016-10-13 to 2018-03-01, the subsidence rate was 15 cm/year. The
lowest subsidence values corresponded to the interferograms with a smaller temporal
baseline. The areas affected by the sinking phenomenon increased from327ha from2014
to 2015, to 6,232 ha from 2014 to 2018. Urban expansion and the continued exploitation
of hydrocarbon wells contribute to this increase in the sinking rate from 2014 to 2018
in the city of Villahermosa (see Fig. 6).

Fig. 6. Deformation of the land obtained in the city of Villahermosa for the period 2014-10-13
to 2018-03-01.
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5 Conclusions and Future Work

The traditional DInSAR technique that obtains the deformation of the terrain from pairs
of SAR images is viable for measuring and quantifying the evolution of the subsidence
in urban areas at different periods. From 2014-10-13 to 2015-01-04, subsidence in the
city of Villahermosa had a sinking rate of 4 cm/year. For the period from 2016-10-
13 to 2018-03-01, the subsidence rate increased to 15 cm/year. The lowest subsidence
values corresponded to the interferograms with the smallest time scale. Atmospheric
and temporal distortions contributed to the erroneous development of interferograms.
These led to incoherent interferometric phases to obtain the terrain deformation. The
areas affected by the subsidence phenomenon increased from 327 ha (2014-2015) to
6,232 ha (2016-2018).

This work is part of an ongoing investigation on subsidence in the Tabasco and
Campeche coastal plain. As future work, control points will be obtained in the field, as
well as from the INEGI geodetic network, to validate the obtained results. Since there
have been no previous studies to monitor subsidence in this region, it is necessary to
quantify it to prevent and reduce the region’s vulnerability to this phenomenon and other
associated ones, such as floods and coastal erosion.
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