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Abstract: The article addresses anthropogenic and geological conditions related to the development
of soil subsidence in the western zone of Recife (Brazil). Over the past 50 years, human activity
has intensified in areas previously affected by soft soils (clay, silt, and sandstone) resulting in
subsidence due to additional loads (landfills and constructions). The duration of the settlement
process can be significantly influenced by the specific characteristics of the soil composition and
geological conditions of the location. This work presents, for the first time, accurate INSAR time
series maps that describe the spatial pattern and temporal evolution of the settlement, as well as
the correlation with the geological profile, and validation with Global Navigation Satellite System
(GNSS) data. Persistent Scatterer Interferometry (PS-InNSAR) was employed in the analysis of Single
Look Complex (SLC) images generated by 100 ascending COSMO-SkyMed (CSK) and 65 PAZ
(32 ascending, and 33 descending) from the X-band, along with 135 descending Sentinel-1 (S1)
acquisitions from the C-band. These data were acquired over the period from 2011 to 2023. The
occurrence of subsidence was identified in several locations within the western region, with the most
significant displacement rates observed in the northern, central, and southern areas. In the northern
region, the displacement rates were estimated to be approximately —20 mm/year, with the Varzea
and Caxanga neighborhoods exhibiting the highest rates. In the central region, the displacement rates
were estimated to be approximately —15 mm/year, with the Engenho do Meio, Cordeiro, Torroes,
and San Martin neighborhoods exhibiting the highest rates. Finally, in the southern region, the
displacement rates were estimated to be up to —25 mm/year, with the Cagote, Ibura, and Ipsep
neighborhoods exhibiting the highest rates. Additionally, east-west movements were observed, with
velocities reaching up to —7 mm/year toward the west. These movements are related to the lowering
of the land. The study highlights that anthropogenic effects in the western zone of Recife contribute
to the region’s vulnerability to soil subsidence.
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1. Introduction

Land subsidence is a geological and environmental hazard that results in the ground
sinking. It can occur in natural or urbanized areas and significantly impacts the environ-
ment, infrastructure, and urban development [1,2]. The process of subsidence can take a
long time and can reach notable sink rates and cumulative values [2,3].

This phenomenon is frequently the result of high-impact anthropogenic activities [4],
which can lead to a reduction in the subsoil’s bearing capacity or the settlement of its
compressible layers. Examples of such activities include the extraction of oil, gas, and
minerals [5] as well as the overexploitation of groundwater resources [6-10]. Additionally,
the construction of new buildings in urbanized areas can place further loads on the soil,
contributing to the phenomenon of soil subsidence. Cases of soil subsidence due to
urban development have been reported worldwide, including in Roma [11], Tuscany [12],
Shanghai [13], Beijing [14], Uppsala [15], and Riad [16].

Recife, the capital of the Brazilian state of Pernambuco, is one of the oldest cities in the
country, with a history that can be traced back to the 16th century. The city’s population is
estimated to be approximately 3.7 million in the metropolitan area [17], which encompasses
an extensive coastal plain. Recife’s urbanization has primarily occurred in the estuarine
region of the Capibaribe River, where land has been reclaimed from mangrove forests,
streams, and wetlands. As is the case with developing countries, the rapid urbanization
that has occurred over the past 50 years has had several consequences, with the most
notable being the reduction in groundwater recharge and over-exploitation in the southern
region of the city [18].

In Recife, the consequences of groundwater over-exploitation have been extensively
investigated, particularly the salinization of saltwater intrusion in regional aquifers (e.g.,
Montenegro et al. [19]), and its effects on soil subsidence have become a concern of the
technical and scientific community. In this context, the investigations conducted by San-
tos [20] and Luna et al. [21,22], who employed geodetic techniques (leveling, GNSS) to
detect vertical displacements, are noteworthy.

Further investigation is required to elucidate the causes of soil subsidence in Recife,
particularly in light of the growing availability of SAR data. Recently, Bedini [23] employed
Persistent Scatterer Interferometry (PS-InSAR) analysis over 68 Sentinel-1 time series im-
agery datasets spanning 2.5 years from April 2017 to September 2019 to study this region.
This work represents a preliminary investigation of the phenomenon of ground subsidence
using SAR data. The main findings of this study are as follows. (1) The subsiding area,
which is situated in the West Zone of Recife (WZR), is the result of the broadening of neigh-
borhoods in Afogados, Torrdes, and Cordeiro. The subsidence rate is up to —15 mm/year.
(2) Smaller areas, which are located in several localities, have a subsidence rate of up to
—25 mm/year. These areas have experienced subsidence due to the construction of new
buildings in the last decade.

Further research is required to quantify and monitor soil subsidence in other re-
gions of the Recife Metropolitan Region (RMR), particularly the WZR, which has been
subjected to recent urbanization and the construction of numerous buildings. This is in
addition to the southern areas, which have experienced groundwater overexploitation and
subsequent subsidence.

This study aimed to expand the scope of soil subsidence analysis in the West Zone of
Recife through the use of high-spatial-resolution SAR images, which were supported by
geotechnical and GNSS data. For the first time, the study provides accurate INSAR time
series maps that describe the spatial pattern and temporal evolution of the displacements,
as well as the correlation with the geotechnical profile and validation with GNSS data. The
mapping of detailed surface displacements enabled the identification of locations with the
potential for ground subsidence, irrespective of field observations or previous studies.

The ground subsidence of the WZR was evaluated using the PS-InSAR technique on
the SLC images dataset, which consisted of 100 ascending COSMO-SkyMed SAR images,
65 PAZ SAR images (32 ascending and 33 descending) of the X-band, and 135 Sentinel-1
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SAR images of the C-band, acquired between July 2011 and March 2023 (11.7 years). The
study confirmed the active presence of several sinking sites in the WZR, with the main
displacement rates observed in neighborhoods in the central parts (Torroes, Engenho do
Meio, Curado, San Martin, Cordeiro, Prado, and Afogados) and south (Cagote, Ibura, and
Ipsep), as well as in the north (Caxanga, and Varzea). The displacement rates were found
to be consistent with the thickness of compressible sedimentary layers, including clay, silt,
and sandstone.

2. Study Area
2.1. Geographic and Topographic Setting

The study focuses on the WZR, the capital of the State of Pernambuco, located in
northeast Brazil. Recife is the fourth most densely populated metropolitan area in the
country, with an area of approximately 218 km? and an estimated population of 1.66 million
inhabitants [24]. Recife is situated on the estuarine region of the Capibaribe River (Figure 1)
and is crossed by the Beberibe and Tejipid’s Rivers. It is also known as an archipelago
city [25] or commonly as “Brazilian Venice”. The sea level elevation varies from around
5 m in the city’s central area, which is characterized by flat topography, to more than 100 m

in high-rugged hills. Nevertheless, over half of the territory is situated at altitudes below
20 m.
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Figure 1. Location of the study area with elevation map.

The WZR region is characterized by a predominantly flat topography, with elevations
below 10 m in the central region and below 100 m in the northern and southern extremities.
The region is traversed by three rivers: Capibaribe, Tejipio, and Jiquia. It encompasses
approximately 48.92% of Recife’s urban area and is home to an estimated population of
830,000 individuals. The location is readily accessible from the interior of the state via the
BR-232 highway and from the north—south axis via the BR-101 highway.
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2.2. Geological and Geomorphological Features

The WZR’s geological setting is predominantly situated in a coastal marine environ-
ment, comprising sandy sediments, river lagoons, and mangroves (Figure 2). The sandy
sediments are intermixed with clayey layers and organic matter (peat), which rest on top of
older Quaternary sediments [26]. In several locations, a layer of silty-sandy and clay-sandy
grain size with a soft consistency is found just below the sandstone, along with a sandstone
package and resistant material from 15 to 30 m deep. Silty clay deposits with soft to very
soft consistency, high compressibility, and a thickness greater than 25 m are common. The
mangrove sediments are composed of clay, silt, fine sand, and a considerable quantity of
organic matter that accumulates in peat deposits in estuarine environments situated in the
final courses of rivers.
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Figure 2. Geological environment of the Recife. Base map © Geodiversity map of the metropolitan
region of Recife-PE © Geological Survey of Brazil (CPRM). Black rectangles (a—c) represent the
mapped areas in Figure 3.

2.3. Urban Development

The process of occupation and urban expansion of Recife commenced on relatively flat
terrain in the 17th century, a period during which Recife was under Dutch rule (1630-1654).
From that time until the present century (21st), the city of Recife underwent profound
transformations in its physiognomy and structure. These transformations were largely the
result of the reclamation of land from mangroves, streams, and wetlands for urbanization
purposes. In chronological order, the city’s construction dynamics originated from the
center (port activity) to the north (hills), south (beaches), and, finally, the west (interior)
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regions. In this regard, the western zone is the most recently urbanized due to its relatively
late occupation process. The city’s central area was among the most significantly impacted.
A landfill of approximately 190 ha with an average depth of 2.50 m was in operation until
the beginning of the 20th century.

During the 20th century, Recife’s urban development continued by expanding into
new areas of plain waters and geographical features in the north, south, and west (as
shown in Figure 3). The city experienced a period of rapid growth during this period,
which was achieved through the occupation of hills, the embankment of river beds, and
the expansion over flooded areas. The unplanned urbanization of Recife resulted in the
loss of numerous secondary watercourses and the confinement of the river floodplains,
leading to significant changes. In the middle of the century, the WZR underwent significant
transformations including the construction of government institutions (UFPE, SUDENE,
and IFPE), the implementation of industrial areas, and the expansion of highways (BR-101
and BR-232) (Figure 3). These actions contributed to the accelerated urban growth in the
WZR, particularly the neighborhoods of Véarzea, Curado, Engenho do Meio, Iputinga,
Caxanga, Cordeiro, and Torrdes, which placed greater strain on the city. Among these, it
is notable that the urban drainage system is overloaded and insufficient, with numerous
flooding points, particularly in areas of low elevation [18,27].

1974
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34°55'20"W
-y s

—
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Figure 3. Evolution of urbanization from 1974 [28] to 2021 [29]. West Zone of Recife (WZR) areas:
(a) Varzea and Caxanga neighborhoods, (b) Engenho do Meio, Cordeiro, Torrées, and San Martin
neighborhoods, and (c) Cagote, Ibura, and Ipsep neighborhoods.
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3. Data and Methods
3.1. SAR Dataset

The analysis of ground subsidence detection in WZR employed Single Look Complex
(SLC) SAR images from the COSMO-SkyMed, Sentinel-1, and PAZ satellites.

The multi-temporal SAR datasets (Table 1) employed in the study spanned the period
from 2011 to 2023. As illustrated in Figure 4, the time series datasets consisted of the
following SLC SAR images: 100 ascending COSMO-SkyMed (CSK) images from July 2011
to December 2019, 135 descending Sentinel-1 (S1) images from September 2016 to April 2021,
and 65 PAZ (32 Ascending and 33 Descending) images from October 2019 to March 2023.

Table 1. SAR dataset specifications.

Parameters COSMO-SkyMed Sentinel-1 PAZ
Wavelength 3.4 cm (X-band) 5.6 cm (C-band) 3.4 cm (X-band)
Sensor mode StripMap HIMAGE w1 StripMap
Polarization Single (HH) Single (VV) Single (HH)
Pass direction Ascending Descending Ascending and Descending
Spatial resolution 26m x 2.6m 23m x 14.1m 1.76 m x 3.01 m
Incidence angle 19.93°-20.11° 37°-39° 38° (asc)-22° (desc)
Swath width 40 km 240 km x 170 km 30 km x 50 km
Temporal resolution 30 days 12 days 33 days

SAR satellite

Note: spatial resolution is range x azimuth and IW1 is Interferometric Wide Swath with Sub-swath 1.

CSK
D 4.5 years -----------+ >
S1 CCEEEEEE GG G @ @ e
© 100 COSMO-SkyMed (CSK) R — 3.4 years ------- >
@ 135 Sentinel-1 (S1)
PAZ asc fescJeececeocsofeolicocecceyeloocecocd)
032 PAZ Ascending (PAZ asc)
PAZ desc © 33 PAZ Descending (PAZ desc) COIOEOCOO0N0000000.  GO000a00 O G000 O

Jan-11 Oct-11 Aug-12 Jun-13 Apr-14 Feb-15 Dec-15 Oct-16 Jul-17 May-18 Mar-19 Jan-20 Nov-20 Sep-21 Jul-22 Apr-23 Feb-24

Date [month-year]

Figure 4. Temporal coverage of SAR images.

3.2. PS-InSAR Processing

The PS-InSAR technique [30] was employed to identify deformation in the WZR. The
method exploits phase information to measure the ground displacement by selecting a set
of measuring points (or targets) known as Persistent Scatterers (PS). PSs are characterized
by stable radiometric behavior over time. They are typically natural structures (e.g., rocky
outcrops or exposed soil) or artificial structures (e.g., buildings and infrastructures) [31].
The PS-InSAR application has proven effective in identifying PS pixels in urban and non-
urban areas that are subject to permanent or periodic deformation [32].

PS-InSAR represents an advancement of the Differential Interferometric Synthetic
Aperture Radar (DInSAR) technique, which employs the integration of multiple SAR
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images acquired over the same area [31]. The application of DINSAR is constrained by tem-
poral and geometric decorrelation. Multitemporal INSAR approach (MT-INSAR) methods
are useful to overcome these limitations. This study employed the PS-InSAR technique
in conjunction with the classic MT-InSAR processing approach [33], which involved the
estimation of linear deformation over time to generate a displacement time series. The
selection of potential PS candidates (PSC) was based on different parameters including
the amplitude stability index (ASI), spatial coherence, and reflectivity. The processing
workflow is depicted in Figure 5.

Data . APS PS Displacement
, Preprocessing , X .
preparation analysis processing analysis
P S ' 4 ™ 4 N
SAR | Reflectivity | s First PS Second PS _, | Displacement
dataset map selection selection estimation
N T (N — o CE—
) TR o = N N
Precise ASI Delaunay Lineargrend ; :
. o and height Time series
orbits estimation graph SET
estimation
N T P el N T
) 'S Y T ) S U
Study area General mask | __ | Lncarirend Statistical PS results
et and height - -
delimitation for all PS W cvaluation and geocoding
estimation
N \ Nl S
. 'S 'S
Pl\/lastpr and Preliminary Connc_ctlons APS ] .
slave images geocoding processing and Ceran S export
selection coherence
S il ey N
l External l
p ~ DEM ——
External _, [Co-registration 1 Reference_:
DEM parameters point selection
N S/ GCP N
l selection l
—
Co-registered | __| Statistical
dataset evaluation
- N
APS
estimation

Figure 5. PS-InSAR processing workflow.

In Figure 5, the PS analysis was conducted using the SARPROZ software [34]. The
utilization of this software permitted the processing of data from different SAR sensors.
For Sentinel-1 images, the software automatically downloaded Precise Orbit Ephemerides
(POE). For COSMO-SkyMed and PAZ images, precise orbits were employed that were spe-
cific to the respective scenes. The Digital Elevation Model (DEM) with a spatial resolution
of 1 m provided by the Pernambucana Water and Climate Agency (APAC) was employed
to flatten the interferograms.

The N-1 interferograms were generated by selecting a single SAR image as the ref-
erence N (master image). SARPROZ automatically selected the master SLC image to
minimize the effects of decorrelation of normal and temporal baselines [35]. Figure 6
depicts the relationship between the slave images and interferograms in the normal and
temporal baselines in relation to the master image. The dates of the master images are as
follows: 17 January 2016 (COSMO-SkyMed), 21 October 2018 (Sentinel-1), 9 June 2021 (PAZ
asc), and 4 May 2021 (PAZ desc).
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Figure 6. Interferogram formation for the SAR datasets with interferometric pairs between the master
and slaves.

The utilization of a master SLC image served as a reference in the co-registration of
radar scenes with precise orbit applications. To eliminate the topographic phase compo-
nent, an external digital elevation model (DEM) was employed. Additionally, the SAR
datasets were geocoded using a high-reflection Ground Control Point (GCP) identified on a
reflectivity map generated by the software. The removal of the Atmospheric Phase Screen
(APS) component was performed based on the selection of PSCs points with an ASI value
greater than 0.8. The reference point was chosen manually in a stable area, with no record
of deformation.

The final analyses involved the selection of PSCs pixels with an ASI value greater than
0.6 and temporal coherence greater than 0.7. The data were geocoded and exported from
the software and then transformed into PS points. The products of the PS-InSAR analysis
included the Line-Of-Sight (LOS) velocity and deformation time series.

Furthermore, the availability of ascending and descending geometries of PAZ images
permitted an investigation of the direction of ground motion and the calculation of the com-
ponents of the vertical zenith-nadir (dy) and horizontal east-west (E-W) (dy) displacements
as follows [36] (Equation (1)):
|:de| _ |: sin Osc cos Pasc oS Opsc :| - |:dasc :| )

dy Sin Besc COS Paesc  COS Ogesc Aiesc

where dgsc and d . represent the LOS deformation for the ascending and descending
datasets, respectively. ¢usc and ¢, are the horizontal angles of the LOS directions mea-
sured from the south in a clockwise direction; 8,sc and 6. are the satellite beam angles
for the ascending and descending directions. North—south horizontal displacements pro-
jected in the LOS (line-of-sight) are considered negligible and are mapped into the other
components of the estimated displacements.
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3.3. Land Cover Data

To identify changes in land cover that occurred in the study area, vector data of plots
were utilized with information from the year of its implementation made available by the
City of Recife’s administration [37]. The analysis entailed classifying built-up areas over
time to infer the age of changes resulting from urbanization. To ascertain the extent of
urban expansion in the west zone, population data from Recife [24] were employed to
cross-relate the observed trends.

3.4. Geotechnical Profiles

To analyze and discuss the research findings in the context of the local geological and
geotechnical conditions, in situ geotechnical profiles were analyzed. The objective was to
establish a correlation between the verified PS-InSAR displacements and the characteristics
of the subsoil layers. Six borehole profiles were selected from a standardized research
project database maintained by the Group of Geotechnical Engineering of Slopes, Plains,
and Disasters (GEGEP) at the Federal University of Pernambuco (UFPE) [38,39]. These
profiles are situated over the plains of Recife (as shown in Figure 2).

3.5. GNSS Data

Information from the Brazilian Network for Continuous Monitoring of the GNSS
Systems (RBMC), stations RECF (Recife) [40], and PERC (Pernambuco Recife) [41] was
employed to evaluate the vertical and horizontal displacement of WZR and validate
the PS-InSAR results. The stations (Figure 1) were equipped with high-performance
GNSS receivers to obtain geodetic coordinates and their velocities referred to SIRGAS2000
(Geocentric Reference System for the Americas, based on ITRF2000) at epoch 2010.0 [42].
The geodetic network is part of the Brazilian Geodetic System (SGB) maintained by the
Brazilian Institute of Geography and Statistics (IBGE). IBGE is responsible for implementing,
defining, and maintaining geodetic structures in the country.

As a consequence of the displacement of the South American tectonic plate, which
affected the RECF and PERC stations, the SARI software [43] was employed to remove the
plate velocity from the north, east, and vertical components. Subsequently, the residual
velocity of the actual ground motion, where the stations are located, was projected onto
the LOS direction, as described in Hanssen [44]. This approach enabled the results of the
stations” motion to be validated.

4. Results
4.1. PS-InSAR Deformation Maps and Time Series

PS-InSAR monitoring is presented in maps of mean deformation rate (Figure 7) and
displacement time series for the 11.7-year time interval from July 2011 to March 2023
(Figure 8). The analyses identified a phenomenon of soil subsidence that extended over an
area of 28,388 km?, as depicted by the black dashed line in Figure 7. This phenomenon was
quantified by measuring its magnitude (see black observation points in Figure 7 with time
series in Figure 8).

To ensure greater reliability of the analysis, only SAR pixels that presented temporal
coherence greater than 0.7 were utilized in the analysis. This approach enabled PS-InSAR
processing to achieve a quantity (density) of 110,000 points (13 points/ha) for PAZ (ascend-
ing and descending), 50,000 points (6 points/ha) for COSMO-SkyMed, and 25,000 points
(3 points/ha) for Sentinel-1. The highest density of measurement points was observed on
the PAZ satellite, which exhibited superior spatial resolution compared to the SAR images
from COSMO-SkyMed and Sentinel-1.

PS-InSAR measurements were related to a reference point located in a common area
in SAR images, which were assumed to be geologically stable and therefore not suscep-
tible to soil subsidence processes (for location, see the lilac star in Figure 7). The results
achieved an accuracy of approximately 0.6 mm for displacements and 0.5 mm/year for
deformation velocity.
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In Figure 7a—d, the maps with rates and spatial patterns of surface deformation of
both satellite orbits, that is, ascending and descending can be observed. Displacements
were measured along the LOS direction. In Figure 7e, the true displacement along the
vertical component is observed from PAZ data (2019-2023). In all of these maps, negative
values (yellow to red) represent movements away from the satellite (compatible with soil
subsidence), while positive values (cyan to blue) represent movements toward the satellite
(compatible with soil elevation). Furthermore, the similarity between the vertical maps and
the LOS direction of the COSMO-SkyMed and Sentinel-1 satellites is observed.
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Figure 7. Velocity maps of the study area. (a) COSMO-SkyMed ascending, (b) Sentinel-1 descending,
(c) PAZ ascending, and (d) PAZ descending show velocity measured along the satellite Line-Of-Sight
(LOS) direction; (e,f) show velocity PAZ components computed along the vertical and east-west

horizontal directions, respectively. The black dashed line represents the contour of the common area
of land subsidence in SAR images. The black dots represent observation locations from the time

series in Figure 8.
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Figure 8. Average deformation time series covering the time interval of July 2011-March 2023. LOS
velocity observations in the neighborhoods: (a) Varzea and Caxanga, (b) Torrdes, and (c) Cagote,
Ibura, and Ipsep.

In Figure 7f, surface movement is represented in the horizontal direction (E-W). The
negative values (yellow to red) represent movements toward the west (left side), while
the positive values (cyan to blue) represent movements toward the east (right side). Green
pixels were considered to be stable, exhibiting velocities within the range of £0.3 mm/year
for COSMO-SkyMed, £0.6 mm/year for Sentinel-1, and +0.4 mm/year for PAZ (ascending
and descending). In general, the horizontal displacement of the study area is practically
stable, exhibiting slight movement in the west direction. The horizontal displacement
exhibited a velocity of up to —7 mm/year. For the period from October 2019 to March 2023,
the accumulated displacement to the west was approximately 20 mm.

The time series depicted in Figure 8a—c were derived from observation sites situated
in the northern, central, and southern regions of the WZR (Figure 7), respectively. In
Figure 8a, the observed LOS velocities were close to —20 mm/year throughout the Varzea
and Caxanga neighborhoods. The accumulated settlement was approximately 210 mm
for the period from 2011 to 2023. In Figure 8b, the LOS velocities were observed to be
approximately —15 mm/year in the Torroes neighborhood. A similar value was also
observed in the Engenho do Meio, Curado, San Martin, Cordeiro, Prado, and Afogados
neighborhoods. The central part of the WZR exhibited the most extensive settlement area
within the western region of the WZR. The accumulated displacement was approximately
—175 mm for the period from 2011 to 2023. In Figure 8c, the lowest observed LOS velocity
was —25 mm/year. The southern part of the WZR was the primary contributor to the
city’s most significant decline. The movement resulted in a displacement of approximately
—260 mm over the period from 2011 to 2023. In general, the displacement rates of the
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north, central, and south parts of the WZR were consistent with the velocity in the vertical
direction (Figure 7e).

4.2. Land Cover Change Analysis

The urbanization analysis resulted in maps and graphs depicting the occupation
process in the WZR for the period from 1950 to 2019 (Figures 9 and 10). The maps explored
the north, central, and south parts of the region are represented, respectively, by Figure 9a—c.
The study identified the widespread urbanization of the WZR throughout the second half
of the 20th century, which represented the most significant anthropogenic impact on the
region. This impact was greatest during the period depicted in Figure 10.

As illustrated in Figure 9a, urban expansion occurred along Caxanga Avenue and the
Capibaribe River, accompanied by alterations to the watercourse (see Figure 3a). Addition-
ally, residential and commercial properties were constructed as well as circulation roads.
The process of urbanization intensified in the 2000s.

In Figure 9b, urban growth occurred along the BR-232 and BR-101 highways and
Recife Avenue (see Figure 3b). In addition to the construction of residential and commercial
properties, the implementation of the construction of circulation roads, hospitals (Pelopidas
Silveira, and women’s), public offices (Sudene, Chesf, Forum), and educational units (UFPE,
IFPE, Military College) also occurred during this period. The process of urbanization
intensified in the 1980s.

Figure 9c illustrates the expansion of urban areas along Recife Avenue (situated on
the banks of the Tejipi6 River) close to the airport (see Figure 3c). This period saw the
construction of lots for the development of residential and commercial properties, the
construction of circulation roads, and the establishment of the Areais General Hospital and
public body (EMLURB). The process of urbanization intensified once more in the 1990s.

Figure 10a illustrates the period of greatest population growth in Recife, which oc-
curred between 1950 and 1970. This period saw an increase of 550,000 inhabitants, repre-
senting a growth of approximately 107% in the urban area. Over the past five decades, from
1970 to 2019, a similar population increase was observed, with a value of approximately
560,000 inhabitants, representing 52% growth.
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! 1 1
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Figure 9. Evolution of urbanization in the west zone: (a) north, (b) center, and (c) south divisions.
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Figure 10. (a) Population growth in Recife. (b) Evolution of urban lots in the west zone.

Figure 10b illustrates the occurrence of three distinct periods of lot expansion in the
WZR between the 1970s, 1980s, and 1990s. The smallest lot expansion was observed
between 1970 and 1979, with a total of 4700 lots registered. The largest quantity was
observed in the 1980s with a value of approximately 23,000 lots registered between 1980
and 1989. The year 1982 exhibited a particularly noteworthy value, with 18,500 lots
registered. The value exhibited a 491% increase compared to the previous decade (1970)
and a 58.8% reduction in relation to the subsequent decade (1990), with registration of 9500
lots for the period from 1990 to 1999.

4.3. Geotechnical Profiles Analysis

Figure 2 depicts the locations of the selected drilling sites in three different regions of
the study area, as illustrated in Figure 11. The study analyzed six Standard Penetration Test
(SPT) boreholes, with two in the northern part (SPT-1 and SPT-2, as shown in Figure 2a),
two in the central part (SPT-3 and SPT-4, as shown in Figure 2b), and two in the southern
part (SPT-5 and SPT-6, as shown in Figure 2c).
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Figure 11. Description of Standard Penetration Test (SPT) profiles. Northern region: (a) SPT-1 and
(b) SPT-2. Central region: (c) SPT-3 and (d) SPT-4. Southern region: (e) SPT-5 and (f) SPT-6.

Figure 11a,b presents the descriptions of the soil profiles of the northern part (Figure 2a),
which reached depths of 27.24 m (SPT-1) and 30.24 m (SPT-2). In general, the first four layers
of profiles 1 and 2 exhibit the presence of silty clay and/or clayey silt, which are soft in
consistency and contain organic matter. In profile 1, these layers extended from a depth of 0
to 16.83 m, while in profile 2, they span from 0 to 7.68 m. From the fourth layer onward, sandy
soils (e.g., silty sand and sandy silt) of medium to very compact classification are present.
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Figure 11c¢,d illustrates the soil profiles of the central region (Figure 2b), which reached
depths of 30.50 m (SPT-3) and 24.80 m (SPT-4). In the initial layer of both tests, the presence
of a sandy landfill layer is evident, as this is a historically common practice in the Recife
plain, aimed at reclaiming unfavorable lands. The intercalation of clay layers with sand
layers was evidenced from the second layer. In the case of SPT-3, two thick organic clay
layers of soft consistency were identified. The first of these was 6.40 m thick and was
located between the depths of 2.50 m and 8.90 m. The second was 18.55 m thick and was
located between the depths of 11.95 m and 30.50 m. In SPT-4, three organic clay layers of
soft consistency were identified. The first layer was 3.20 m thick (between depths of 0.90
and 4.10 m), the second layer was 0.45 m (between depths of 5.80 m and 6.25 m), and the
third layer was 16.80 m (between depths of 8.00 m and 24.80 m).

Figure 11e,f represents the descriptions of the SPT profiles of the southern region
(Figure 2c), which reached depths of 10.05 m (SPT-5) and 20 m (SPT-6). In SPT-5, no
evidence of a landfill layer was identified. The four layers identified are intercalated
between silty clay and clayey sand. The two clay layers are 1.80 m and 3.15 m thick,
respectively, and are located at depths between 0 and 1.80 m and between 6.90 and 10.05 m.
In SPT-6, two layers were identified: the first, designated as silty fine sand with few gravels,
is situated between 0 and 16.60 m, while the second, designated as silty sandy clay with
fine sand, is located between 16.61 and 20 m depths.

4.4. GNSS Data Analysis

Monitoring at the RECF and PERC GNSS stations revealed the presence of movement
in the WZR over the past 20 years (Figure 12). The stations exhibited similarities in terms
of the displacement rates of the north, east, and vertical components. The RECF station
was situated at UFPE and observations were made over the period from January 2003 to
February 2018. The PERC station is situated at IFPE, at a distance of 875 m from the first
initial geodetic structure. It has been operational since August 2018 until March 2022.
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Figure 12. Positional monitoring of RECF and PERC GNSS stations. (a) North, (b) East, and
(c) Vertical components.
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Figure 12a illustrates the linear trend of the stations, which exhibited a positive
northward movement. This component exhibited the highest velocity compared to the
others. The highest value was observed in PERC with 14.50 mm/year, while in RECF it was
13.90 mm/year, both heading north. The difference between the seasons was the smallest in
relation to the differences observed in the others, with 0.60 mm/year. For the period from
January 2003 to August 2010 and from then until February 2017, the displacement in the
RECF was approximately 110 mm in a southerly and northerly direction, respectively. For
the period from August 2018 to July 2021 and from then until March 2022, the displacement
in the PERC was close to 30 mm in a southerly and northerly direction, respectively.

Figure 12b illustrates a linear trend of the stations exhibiting a negative trajectory. The
greatest rate of displacement rate was observed in RECF, with a value of —4.54 mm/year,
while in PERC it was —3.79 mm/year, both in a westerly direction. The difference between
seasons was 0.75 mm/year. The simultaneous displacements of the north (Figure 12a)
and east (Figure 12b) components indicated horizontal movement to the northwest, with
velocities of 14.62 mm/year and 14.99 mm/year for RECF and PERC, respectively. For
the period from January 2003 to September 2010 and from then until February 2017, the
displacement in RECF was approximately 40 mm in the east and 30 mm in the west,
respectively. For the periods from August 2018 to May 2021 and from then until March
2022, the displacement in PERC was approximately 10 mm in the east and west, respectively.

Figure 12c illustrates the linear trend of the stations, which exhibited a negative
trajectory in the vertical component. It exhibited the lowest displacement rate in comparison
to the other two components. The highest velocity was observed in PERC with a rate
of -3.52 mm/year, while in RECF it was —2.24 mm/year, both in a downward direction
(compatible with soil subsidence). The seasonal variation exhibited the greatest discrepancy
in comparison to the other observed variations, with a magnitude of 1.28 mm/year. For
the periods spanning from January 2003 to June 2016 and from then until February 2017,
the displacement in RECF exhibited a close to 35 mm upward movement and a 5 mm
downward movement, respectively. For the periods from August 2018 to March 2021 and
from then until March 2022, the displacement in PERC was approximately 5 mm in both an
upward and downward direction.

The time series descriptions for the RECF and PERC stations (Figure 12a—c) indicated
movements relative to the South American tectonic plate. After removing the displacement
of the plate, the obtained values for the average north, east, and vertical velocities of the
stations were determined to be 0.5 mm/year, —0.1 mm/year, and —2.1 mm/year for RECF
and 1.0 mm/year, 1.1 mm/year, and —2.4 mm/year for PERC, respectively. These values
represent the actual ground movement.

The residual velocities of the north, east, and vertical components for the RECF (2003—
2018) station were projected into the LOS direction of the ascending COSMO-SkyMed
(2011-2019) and descending Sentinel-1 (2016-2019) satellites. This resulted in an identical
value of —1 mm/year. A similar analysis was conducted for the PERC (2018-2022) station,
with the velocities in the north, east, and vertical components projected into the LOS
direction of the ascending and descending orbits of the PAZ (2019-2023) satellite. The
resulting values were —2 mm/year and —1 mm/year, respectively.

5. Discussion
5.1. Correlation between Subsidence Zones and Geotechnical Profiles
Figure 13 presents a comparison between the vertical PS-InSAR velocity (2019-2023)

(Figure 7) and the locations of the SPT drilling sites that were previously analyzed in the
three parts of the study area (Figure 2).
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Figure 13. Land subsidence analysis detected by PS-InSAR (PAZ vertical 2019-2023) and SPT drill
sites, parts of the western zone: (a) north, (b) center, and (c) south. The observation sites are shown in
Figure 14.

It is essential to emphasize that the presence of compressible soil layers can provide
compelling evidence of potential subsidence issues. Nevertheless, other geotechnical
factors, such as the magnitude of building loads, the type of foundation design, which
directly affects pressure distribution at different depths (pressure bulb), and the thickness
of the compressible soil layer, among others, are crucial in determining the underlying
causes of soil settlement.

From Figure 2a, which depicts the northern portion of Figure 13a, it can be inferred that the
magnitude of the displacements observed in proximity to profiles 1 and 2 (Figures 11a and 11b,
respectively) can be attributed to the presence of thick layers of soft organic clays. These soils
exhibit highly compressible behavior and their occurrence is consistent with areas in proximity
to watercourses.

In the central region (Figures 13b and 2b), profiles 3 and 4, as shown in Figures 11c and 11d,
respectively, exhibit analogous behavior to those observed in the northern region. In these
profiles, there are layers of soft organic clays with considerable thickness, which correspond
to areas with higher-intensity displacements. This suggests that there is a probable correlation
between subsidence and soils with high compressibility, as observed in the northern region.

In the southern region (Figures 13c and 3c), the clay layers of SPT-5 (Figure 11e)
are observed to exhibit reduced thicknesses and lower compressibility compared to the
profiles observed in the northern and central regions. Conversely, the clay layer in SPT-6
(Figure 11f) is situated at a greater depth (from 16 m on). The displacements recorded in
the vicinity of SPT-5 (Figure 11e) and SPT-6 (Figure 11f) are of a smaller magnitude, which
is consistent with the properties of the soils analyzed in these profiles. Moreover, SPT-5 is
situated in a transition zone for displacements with greater magnitudes. In areas with more
significant displacements, it is anticipated that the compressible soil layers will exhibit
greater thicknesses than those identified in SPT-5.

To illustrate the impact of instability, buildings and infrastructures with different
deformation rates were identified in the northern, central, and southern areas from the
InSAR data. This was performed to conduct a technical field inspection to verify the
presence of defects. The inspections were conducted in June 2024 (Figure 14).

A differential settlement occurs when portions of a structure deform unevenly. This
phenomenon can be attributed to several factors, including variations in soil bearing
capacity, uneven load distribution of loads on the foundation, fluctuations in soil moisture
variations, construction errors, or the selection of an inappropriate foundation type.

In the northern area, a commercial warehouse for food distribution in the Caxanga neigh-
borhood exhibited vertical displacement rates ranging from —0.8 mm/year to —15.3 mm/year.
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As illustrated In Figure 14a, fissures and cracks extend from the interface between the prefabri-

cated structural element and the masonry, propagating through the masonry wall and reaching
the sidewalk pavement.
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Figure 14. Effects of settlements on the structures in the areas under consideration: (a) north, (b) center,
and (c) south.

In the central area, a residential condominium in the San Martin neighborhood had a
tower exhibiting vertical displacement rates ranging from —2.6 mm/year to —9.4 mm/year.
As illustrated in Figure 14b, fissures are visible throughout the facade of the building,
resulting in damage to window frames and other facade elements.
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In the southern area, a bridge spanning the Tejipio River on Recife Avenue, situated
between the Ibura and Ipsep neighborhoods, exhibited vertical displacement rates that
ranged from —1.7 mm/year to —8.3 mm/year. Figure 14c illustrates the presence of fissures
and cracks at the interface between the bridge’s superstructure and the avenue’s pavement,
thereby confirming the occurrence of differential settlements in the structure.

These examples illustrate the efficacy of employing INSAR as a continuous monitoring
tool, offering a comprehensive detailed representation of deformations in expansive urban
areas. This enables civil engineers and managers to make informed decisions, thereby
facilitating the implementation of corrective and preventive actions in a more effective
manner. Furthermore, the prompt identification of differential settlements allows for
intervention before the damage becomes severe, thereby conserving resources and ensuring
the safety of buildings and infrastructure.

5.2. Validation of the Results with GNSS Data and Previous Research in the WZR

Figure 15 presents a comparative analysis of the measured displacements and the
monitoring of the RBMC stations utilized. One of the main advantages of the PS-InSAR
time series analysis technique is that it provides a high degree of measurement density.
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Figure 15. Deformation maps at RECF and PERC GNSS stations. (a—d) Show displacements mea-
sured along the satellite LOS direction for COSMO-SkyMed ascending, Sentinel-1 descending, PAZ
ascending, and PAZ descending, respectively; (e f) Show displacement components computed along
the PAZ vertical and (E-W) horizontal directions, respectively.
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This approach permitted the investigation of the large-scale spatial pattern of ground
motion (see Figure 7), while GNSS provided a higher temporal resolution, which enabled
the analysis of the dynamics of surface displacement (see Figure 12) [45].

To conduct a more comprehensive analysis of the results, in Figure 15, PS points exhibit-
ing displacement rates proximate to those observed at the RECF and PERC GNSS stations
were selected. The time series were derived by averaging the deformation measurements
for each PS point.

The velocities of the PS points and GNSS stations were entered into Table 2 to compare
ground deformation. The validation was based on an analysis of the movement rate derived
from time series of LOS observations and displacements (vertical, E-W) from SAR data
and multi-annual GNSS monitoring. This process permitted the assessment of ground
displacement over the periods of coverage of the RBMC GNSS stations and SAR data. These
datasets included RECF (2003-2018), PERC (2018-2022), COSMO-SkyMed (2011-2019),
Sentinel-1 (2016-2021), and PAZ (2019-2023).

Table 2. Comparison between GNSS and PS-InSAR data.

Velocity [mm/year] Period
Source -
North East Vertical LOS CSK LOS S1 LOS PAZ asc LOS PAZ desc
RECF 0.5 -0.1 -21 —1* —1* - - 2003-2018
PERC 1.0 1.1 —-24 - - —2* —-1* 2018-2022
CSK - - - —0.7 £03* - - - 2011-2019
S1 - - - - —0.8+£0.6** - - 2016-2021
PAZ asc - - - - - 0.9 £ 0.4 *** -
PAZ desc - - - - - - 0.5 £+ 0.4 ***
2019-2023
Vertical - - —0.4 ¥ - - - -
E-W - 0.9 *** - - - - -
Note: (*) Converted from north, east, and vertical components to LOS direction. (**) Regarding RECE.

(***) Regarding PERC.

A comparison of the results of the GNSS stations and PS points in Table 2 revealed
a high degree of similarity, with displacement values of less than 1 mm. The ground
movement at the locations of the RECF and PERC GNSS stations exhibited minimal ground
movement, indicating that the area is relatively stable for the use of permanent GNSS
stations. The use of GNSS velocities (i.e., removing the tectonic component) can be em-
ployed to facilitate the referencing of INSAR velocities. For practical purposes, the use of
InSAR components (vertical and east-west) can be useful for identifying tectonic plate
displacement from long-term GNSS monitoring time series, in which Brazil is situated in
the central portion of the South American tectonic plate [46].

5.3. Urbanization and Land Subsidence

The urban expansion of the WZR is a consequence of the process of interiorization of
Recife. The region has a high rate of urbanization due to the presence of buildings and
paved road systems, which have been constructed recently on unstable plains (estuarine
areas, recovered areas) [18]. The anthropogenic action in the locality has caused several
areas of soil subsidence due to the effect of ground compaction, which has been caused
by the presence of acting loads [23]. The process is the result of the addition of permanent
loads (landfills and construction elements) and movable loads (people and vehicles), which
exert pressure on the surface and can take a long time, from several to many years, for the
settlement of the soil material [47].

In this regard, the recent urbanization of the WZR, in conjunction with its geological
condition, contributes to the process of soil subsidence. The region is characterized by
mangrove sediments and alluvial and coastal deposits. The presence of compounds of clay,
sand, and silt is prevalent in the area (Figure 11). The clay and silt units are distinguished
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by high compressibility and act as a predisposing factor in soil subsidence induced by
recent urbanization. In this regard, the region underwent profound transformations in its
physiognomy and structure from the second half of the 20th century onward.

Over the decades from 1950 to 1970, a rapid population growth reached 550,000 inhabitants,
equivalent to 107% growth (Figure 10a). It took almost 50 years, from 1970 to 2019, to achieve a
similar increase, amounting to approximately 560,000 inhabitants. The considerable increase in
the latter half of the 20th century contributed significantly to the greater implementation of lots
in the region, particularly in the 1980s, with a value of approximately 23,000 lots. The greatest
growth periods occurred approximately three times with intervals of 11 to 15 years (Figure 10b).
The years with the highest growth were 1971 (1800 inhabitants), 1982 (18,500 inhabitants), and
1997 (4900 inhabitants). Consequently, the reduction in soil elevation resulting from recent urban
expansion was considerable in several areas of the region (Figure 7), with the greatest impact
observed in the north, central, and southwestern regions of the west zone (Figure 9).

As illustrated in Figure 9a, the urban expansion of the northern region was concen-
trated in the neighborhoods of Varzea and Caxanga. The construction activities were
concentrated in the vicinity of the Capibaribe River and Caxanga Avenue. In Figure 13a,
the rate of soil subsidence in the region ranged from a few millimeters per year to close
to —20 mm/year (Figure 8a). A correlation was observed between the areas of intense
subsidence (Figure 13a) and the most recent period of urbanization (Figure 9a), which
occurred in the locality between 2000 and 2009. The greatest subsidence in the region
is a consequence of the presence of extensive layers of soft organic clays present in the
Capibaribe River plain (Figure 11a,b).

Figure 9b illustrates the urban evolution of the central part, which occurred along
the neighborhoods of Torrdes, Engenho do Meio, Curado, San Martin, Cordeiro, Prado,
and Afogados. The construction activities were concentrated in proximity to the BR-232
and BR-101 highways, as well as Recife Avenue. In Figure 13b, the rate of soil subsidence
in the region ranged from a few millimeters per year to approximately —15 mm/year
(Figure 8b). This was characterized by the largest areas of subsidence in the west zone.
Although the implementation of lots in Figure 9b is incomplete, it is possible to infer
a correlation between areas of more intense subsidence (Figure 13b) and the period of
greater urbanization (Figure 9b) for the interval from 1980 to 1989. The most significant
deformations observed in the region reflect the presence of thick layers of soft organic clays
(Figure 11c,d), which are similar to those observed in the north part.

Figure 9c illustrates the urban evolution of the southern part, which occurred in the
neighborhoods of Cacote, Ibura, and Ipsep. The constructions took place along Recife
Avenue and the Tejipio River. Figure 13c depicts the soil subsidence in the region, which
ranged from a few millimeters per year to up to —25 mm/year (Figure 8a). This subsidence
was characterized by the highest displacement rate in the west zone. A correlation was
observed between the areas of intense subsidence (Figure 13c) and the most recent period
of urbanization (Figure 9c), which occurred in the locality between 1990 and 1999. The
greatest subsidence in the region under the effects of active loads may be due to thick layers
of compressible soils near the Tejipid River (Figure 11ef).

5.4. Geodetic Monitoring and Land Subsidence

The effect of soil subsidence in areas materialized by geodetic landmarks was ob-
served in 10 stations (Figure 16). These included four benchmarks (BM) related to the
IBGE high-precision altimetric network and six cadastral BM linked to the municipal
cadastral reference network of the city hall from Recife. The investigation also analyzed
horizontal movement.

As illustrated in Figure 16, the areas materialized by geodetic landmarks exhibited a
range of subsidence rates and horizontal velocities (Table 3). The lowering rate ranged from
a few millimeters per year to —20 mm/year, while the horizontal velocity ranged from a
few millimeters per year to a maximum of close to —3 mm/year in a westward direction.
These displacements have the potential to compromise the accuracy of BM and cadastral
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stations in surveying the physical and geometric characteristics of the WZR, which is crucial
for infrastructure design and management.
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Figure 16. Geodetic benchmarks in surface movement areas from PAZ analysis 2019-2023: (a) vertical
and (b) horizontal.

Table 3. Movement in BM and cadastral geodetic stations from PAZ analysis (2019-2023).

Code Station Agency Updated  Vertical (mm/year) E-W (mm/year)
9320A -3.5 0.3
3640P 2018 -1.5 -2.5
3641C BM IBGE ~08 02
3641M 2021 -17 —2.2
V-15 —6.1 -2.7
V-15AZ -2.5 -1.9
V-37 —4.5 -0.2
V-37AZ Cadastral Recife 2013 _36 _01
V-35 -3.9 -0.8
V-35AZ -3.7 -1.0

Table 3 indicates that geodetic benchmarks materialized on land affected by soil
subsidence require continuous updating of the coordinates. In particular, the horizontal
component, which was the observable most impacted by the subsidence of the relief,
requires the greatest degree of updating. The data from the last update showed greater
outdatedness for registration stations, with surveys carried out in 2013 [48-55], while level
references were readjusted in 2018 [56-60]. However, this process did not involve the
measurement of elevation differences to calculate the altitude of the BM (Table 3). Rather, it
involved the readjustment of the altimetric network with geopotential numbers to obtain
altitudes with physical meaning.

Concerning geodetic benchmarks (Figure 16, Table 3), BM 3641M is situated in the
main area of land subsidence in the west zone. For the period between 2011 and 2023,
the accumulated settlement in the region results in a value close to 260 mm. According
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to IBGE, the BM 3641M belongs to a line that forms circuits, whose closing errors do not
meet high precision specifications. Therefore, the entity recommends caution when using
the altimetric network. This indicates that the impact of subsidence in the station region
is considerable.

5.5. Flooded Areas and Land Subsidence

Recife is one of the Brazilian capitals that is highly susceptible to flooding due to its
geographical features. Several factors contribute to this vulnerability, including geology,
geomorphology, pedogenetic conditions, climatic characteristics (especially rainfall distri-
bution), tidal events, unplanned urbanization, informal occupations on reclaimed lands,
and poor micro-drainage execution. As stated by Nobrega et al. [61], the combination of
these factors results in a significant vulnerability to flood events in the city.

Based on the Drainage Master Plan’s data, the city has 159 locations at a high risk of
flooding [62]. In total, 9 out of these 159 locations are situated in the WZR area, which is
affected by subsidence (Figure 17). Furthermore, 52% of the city’s population resides in
areas susceptible to flooding on rainy days. While 42% of the existing channels in the city
remain in a natural state, the majority of them have been encroached upon by irregular
constructions, with the banks of the channels themselves being affected as a result [63].

In May of 2022, heavy precipitation caused extreme floods in the eastern northeast
region of Brazil, resulting in the tragic deaths of over 100 people. According to Zachariah
et al. [64], these kinds of events are more likely to occur due to climate warming. To
enhance resilience and effectively mitigate and adapt to the impact of climate-related
disasters, Marengo et al. [65] and Nobrega et al. [61] have identified several actions that
can be taken. These include improving early-warning systems, providing decision support
for adaptation in climate-sensitive areas, and developing a strategic plan based on research
and analysis.

The data presented in this work underscore the significance of incorporating consid-
erations of soil displacements into the development of plans to mitigate flood hazards
and construct resilient cities. This work also demonstrates the susceptibility of micro
and macro-drainage solutions and urban infrastructure to the displacements presented
in Table 3. These displacements vary from —3.5 mm/year to —6.1 mm/year (cumulative
projection for the period from July 2011 to March 2023 varies from 41 mm to 72 mm).

These displacements can result in long-term alterations to the design conditions of
micro-drainage systems. Furthermore, the displacements observed in BM and cadastral
geodetic stations (discussed in previous sections) may lead to significant discrepancies
in topographic surveys, which can have a considerable impact on the conveyance of the
drainage system.

The preceding discussion has sought to demonstrate that SAR technology cannot be
excluded from considerations about urban planning in a city with a comparable case study,
irrespective of the purpose or phase of the study in question. The utility of SAR technology
in this context is twofold. On the one hand, it facilitates the design of urban infrastructure.
On the other, it permits the exploration of prospective scenarios under the influence of
climate change.
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Figure 17. Flood areas affected by soil subsidence: (a) Varzea neighborhood, (b) Varzea and Cordeiro
neighborhoods, (¢) Prado neighborhood, and (d) Bongi and Mustardinha neighborhoods.

6. Conclusions

The analysis of soil subsidence in the WZR revealed that the region has experienced
cases of subsidence induced by recent urbanization over the past 50 years. The phe-
nomenon’s development can be attributed to the addition of additional loads, such as
landfills and constructions, in recent decades on unstable plain sites, including estuarine
zones and reclaimed areas. The settlement process can take several years depending on the
characteristics of the soil and the geology of the location.

The use of the PS-InNSAR on COSMO-SkyMed, Sentinel-1, and PAZ SAR images ac-
quired between July 2011 and March 2023 revealed the presence of several areas of ground
subsidence. The most significant displacement rates were observed in the northern, central,
and southern regions, with rates of up to —20 mm/year, —15 mm/year, and —25 mm/year,
respectively. In these locations, coherence was observed between the measured displace-
ments and the geological profiles of the analyzed soils, indicating a possible correlation. It
can be concluded that

e  The use of PAZ data acquired in ascending and descending orbits presents advantages
in relation to the other SAR datasets used and acquired with only one orbit. It allows
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for a greater understanding and perception of displacement by obtaining the vertical
and E-W components;

e  The combined analysis of INSAR images and continuous GNSS data presents relevant
uses in the interpretation of displacement. This enables the identification of the spatial
pattern and temporal dynamics of deformation;

e The GNSS data acquisition must be positioned over an area where there is greater
ground movement, as determined by the PS-InSAR results. This is useful for analyzing
the correlation with PS points;

o  The West Zone of Recife is susceptible to subsidence due to its geotechnical character-
istics and the presence of a thick soft-clay layer. However, other factors, such as the
proper treatment (or absence) of the geotechnical foundations, control the settlement
process and hence subsidence rates;

e It is crucial to consider soil subsidence when developing plans to mitigate flood
hazards and build resilient cities;

e  SAR technology is an invaluable tool in urban planning, regardless of the purpose
or phase of the study. It is employed in the design of urban infrastructure and the
prospecting of scenarios under climate change.

Future research will focus on employing InSAR technology for geotechnical mon-
itoring in areas prone to slope instability and plains. This work will enhance method-
ologies for analyzing ground displacements and deformations, thereby contributing to
risk management and safety in regions susceptible to landslides, subsidence, and other
geotechnical instabilities.
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