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1. Introduction

Land subsidence is a geological hazard that affects several different communities
around the world. The main consequences of subsidence can be related to environmental
degradation, damage to buildings, and interruption of services [1]. The effects produced
by the lowering of the ground level on building and infrastructure can be considered as a
major problem in many countries. More than 150 cities all over the world have endured
land subsidence with rates up to tens of centimeters per year ([2] and references therein).

Land subsidence can have both natural and anthropogenic origin: natural subsi-
dence can be due to the compaction of lithological layers of the soil, the oxidation of peat,
and geodynamic processes (e.g., tectonic-plate movements, volcanism [3]); anthropogenic
subsidence derives mainly from the compaction of aquifers associated with groundwa-
ter/oil/natural gas extractions, drainage of organic soils, underground mining, hydro-
compaction, sinkholes, stress provided by newly-built man-made structures, and thawing
permafrost ([4,5] and references therein); the combination and coexistence of these factors
have a strong negative impact on the territory [1]. The effects of this global problem are
more evident along transitional environments, such as coastal areas, deltas, wetlands, and
lagoons, which are becoming increasingly vulnerable to flooding, storm surges, salinization,
and permanent inundation [6]. In these areas, the effects of subsidence are linked also to
the retreat of coastlines and disappearance of emerged surfaces [7,8].

The ground surface movements due to anthropogenic activities have been deeply
investigated, particularly in critical environments such as high-urbanized areas and coastal
zones [9].

The monitoring activities allow to acquire useful information that can be used to pre-
vent damage to buildings and infrastructures, plan more sustainable urban development,
and mitigate the risk; the knowledge of the temporal and spatial distribution of the ground
surface deformations is essential to delineate the areas most affected by subsidence and to
understand the involved mechanisms [1].

In the past, only the traditional leveling technique was used for the monitoring of
land subsidence; however, despite its high accuracy, its use has been reducing with time
due to the high costs and limited number of points potentially measurable.

The monitoring of ground movements made great progress in the last decades with
the development of Global Positioning System (GPS)-Global Navigation Satellite Sys-
tem (GNSS) [10] and Interferometric Synthetic Aperture Radar (InSAR) [11] technologies
together with the use of different approaches, from analytical to 3D numerical, for the
analysis of the involved physical processes [9]. Starting from the 2000s, further advances in
the satellite-borne and in-situ technologies made the monitoring of Earth surface motions
an easier and more common geodetic task [12].
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The GPS/GNSS technique allows the 3D monitoring of points based on continuous or
repeated surveys with lower costs in comparison with the leveling approach, but, generally,
with low spatial resolution.

The Differential Interferometric Synthetic Aperture Radar (DInSAR) approach, which
was developed from the INSAR technique, has the advantages of wide spatial coverage,
high spatial resolution, all-weather working conditions, and cost effectiveness [13].

However, the standard DInSAR technique is strongly limited by the presence of at-
mospheric effects that reduce the accuracy, and by the lack of time-series [1,2]. These
limitations were overcome by the development of multi-temporal DINSAR techniques
such as the Permanent Scatterer Interferometry (PSI, which looks for point-like scatterers)
and the Small Baseline Subset (SBAS, which looks for distributed scatterers within the
cell resolution) that allow improved time-series analysis with millimetric accuracies [2,14].
Both methods are based on the analysis of stacks of SAR acquisitions from which are
extracted suitable measure points. The PSI and SBAS approaches can be successfully
applied over many different ground targets such as buildings, infrastructures, outcrops,
base soils, low-vegetated area, etc. [11], and in several research fields, such as tectonics and
volcanology [15], landslides [10,11,16], clay deposits deformations [5,17], and groundwa-
ter/oil/natural gas depletion [9,18].

The possibility to combine the results obtained from the analysis of SAR images ac-
quired in both ascending and descending geometries allows the computation of the vertical
and east-west components of movement, which is fundamental for data interpretation and
for the integration with other techniques [18].

Despite the large advantages of the multi-temporal DInNSAR methodology, the acqui-
sition of ground-based data, mainly from leveling and GNSS techniques, is crucial for
validation and integration of the satellite measurements. Nowadays, the land subsidence
monitoring mostly relies on the integration between available and reliable INSAR data
and sparse, but highly accurate, GNSS measurements, which are often compared to other
geodetic observation methods [9-12,15,19,20].

This Special Issue consists of nine individual works that used different approaches and
methodology for land subsidence applications. In the next section, each work is presented
and the general contribution to this Special Issue is summarized.

2. Overview of Contributions

The papers included in this Special Issue cover a wide spectrum of applications related
to the land subsidence monitoring in different areas of the world using remote sensing
techniques integrated with ground-based data. The accepted works are presented here in
order of publishing.

Zhou et al. [2] analyzed the overexploitation of groundwater in the Beijing-Tianjin—
Hebei (BTH) area in China, in the 2012-2018 period, using the Interferometric Point
Target Analysis (IPTA) with Small Baseline Subset (SBAS) technique. Authors used 126
RADARSAT-2 and 184 Sentinel-1 images acquired in ascending and descending orbits,
respectively, to derive land subsidence rates in the study area: they validated the results
using 72 leveling benchmarks and compared the measured vertical land motion with data
of groundwater monitoring wells from 2012 to 2015. Moreover, the authors correlate the
detected land subsidence rates with eleven subsidence features and land use types: the
results showed serious vertical land motion with rates up to 131 mm/y. They demonstrate
that the land subsidence changes are consistent with the seasonal trends of the groundwater
level changes.

Gido et al. [5] used the Permanent Scatterer Interferometry (PSI) technique and histor-
ical leveling data to study the ground surface deformation of Gévle city in Sweden: two
ascending and descending Sentinel-1A /B datasets (91 images in total), collected between
January 2015 and May 2020, were processed and analyzed together with a long record of
a leveling dataset (4 leveling lines), covering the period from 1974 to 2019. The authors
performed the comparison between the obtained data at some locations showing a close
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agreement between the subsidence rates extracted from precise leveling and PSI. Land
subsidence rates were compared also with the geological information of the analyzed area:
they suggest that the land subsidence (with maximum displacement rate that reaches up to
—6 £ 0.46 mm/y in the LOS direction and only in localized deformation zones) occurred
due to relatively weak subsurface layers (hazard zone reported as an artificial fill area) that
either was affected by loading of new constructions or by hydro-compaction.

Doke et al. [15] performed an INSAR time series analysis of the Hakone Volcano
(Japan) from 2006 to 2011 using the SBAS method and ALOS-PALSAR scenes (24 from
the ascending and 22 from the descending orbits, respectively). The authors corrected the
obtained InSAR displacements using the available GNSS data. The results showed highly
localized subsidence (500 m in diameter, with maximum vertical rates of about 25 mm/y)
to the west of Owakudani from 2006-2011. The authors suggested that the land subsidence
was caused by a reservoir contraction at approximately 700 m above sea level. Based on the
structure of the hot spring wells and their chemical components, they suggested that the
contraction source can be considered as a reservoir containing hydrothermal fluids, which
demonstrates the feasibility of the INSAR technique to monitor hydrothermal activity in
shallow parts of volcanic areas.

Even et al. [18] applied InSAR using both PS and SBAS approaches to study the
complex displacement field caused by convergence and operational pressure changes of
the natural gas storage field at Epe (N-W Germany). The authors processed 86 and 118
SAR images, respectively, in ascending and descending orbits; they compared the INSAR
results with leveling data acquired during three surveys between 2015 and 2017 (517 points
in total) and ground water measurements at 97 locations. The authors combined separately
the different components of the phase model (geometric orbit combination) for a better
understanding of the phenomena that contribute to the displacement field; in addition, a
method that allows to perform an orbit combination based on simplistic geomechanical
modeling of the spatial displacement field was presented (Multi-Mogi approach). They
demonstrated that the INSAR-derived displacements were in reasonable agreement with the
leveling data taking into account the geometric orbit combination, and in good agreement
with the Multi-Mogi approach; for the vertical components, the comparison with leveling
data provided Root Mean Square (RMS) of 3.41 mm/y and 2.39 mm/y for the geometric
orbit combination and for the Multi-Mogi approach, respectively.

Benetatos et al. [9] presented a multi-physics investigation of the ground movements
related to the cyclical and seasonal injection and withdrawal of natural gas in/from a
depleted reservoir located in the Po Plain area (Italy) using the Persistent Scatterer Pairs
InSAR (PSP-InSAR) approach and GNSS data. The authors developed an integrated
geological, fluid-flow, and geomechanical numerical modeling approach to reproduce the
main geometrical and structural features of the involved formations. They processed 432
and 428 SAR scenes (from 2003) in both ascending and descending orbits, respectively, from
RADARSAT-1/2 and Sentinel-1 satellites, and daily data from a continuous GNSS (CGNSS)
station (from 2008), using the Network approach and the Precise Point Positioning data
processing. They found (i) agreement between the InNSAR and the GNSS results; (ii) gentle
long-term subsidence trends; (iii) a strong correlation between the cumulative volumes
curve of the gas storage and the historical series of the ground displacements above the
reservoir, considering both the vertical and east-west planimetric components; and (iv)
cyclical subsidence /uplift limited to the field area.

Grgic et al. [12] showed the conjoint analysis of vertical land motion of the Dubrovnik
area (Croatia) using 75 ascending Sentinel-1 images from 2014 to 2020, continuous GNSS
observations at Dubrovnik site obtained starting from 2000, differences of the sea-level
change derived from all available satellite altimeter missions for the study area and tide
gauge measurements in Dubrovnik starting from 1992. The data from the CGNSS station
were used to correct the obtained InNSAR ground motion rates and to reference the motions
with respect to an absolute reference frame. They compared and analyzed trends obtained
with the different techniques in the overlapping period, from 2014 to 2020: the results
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showed vertical land motion velocities in the order of some mm/y with only some limited
areas characterized by rates exceeding —5 mm/y.

Sopata et al. [3] focused on describing vertical surface displacements related to seven
mining-induced tremors in the Upper Silesian Coal Basin in the south of Poland using the
standard DInSAR approach. The authors processed 15 interferograms of Sentinel-1A /B
satellites from March to May 2017 in ascending orbit, which overlap with seven reported
tremors of the rock mass of magnitude My, = 2.3-2.6. As a result that the obtained land
subsidence isolines showed residual signal noise, the authors developed a procedure to
eliminate the occurring irregularities interpolating the subsidence profile by means of
eighth-degree orthogonal polynomials and manually entering the corrections to the surface
distribution of isolines for each individual subsidence. Moreover, they evaluated the threats
to building structures according to the classification used in mining areas. They found that
the structures with resistance lower than the limit values of land subsidence speed can be
exposed to higher damage risk.

Mancini et al. [21] developed a PSI-based workflow to process dual-orbit SAR observa-
tions with open-source tools complemented by the use of GNSS observations as constraints
for the global reference frame and final accuracy assessment of the vertical and horizontal
velocity maps. The authors investigated the land subsidence processes in the eastern
sector of the Po Plain (Italy) and in particular in the metropolitan area of the Bologna city
analyzing interferometric and GNSS observations acquired between 2015 and 2019. With
respect to the INSAR analysis, they added a procedure to refer the LOS-projected velocities
to the GNSS reference frame and an algorithm for decomposition analysis. The validation
of the velocity maps through the comparison between the decomposed InNSAR and GNSS
annual rates provided differences at the millimeter level, which confirmed the substantial
agreement between the PSI and GNSS measurements.

Cenni et al. [22] highlighted the spatial and temporal evolution of the land subsidence
in the Po River Delta (PRD) area (Italy) analyzing time-series obtained from CGNSS stations
using a moving window approach temporally overlapping with both the surveys of a new
GNSS network (PODELNET—PO DELta NETwork) (46 non-permanent sites measured
in 2016 and 2018), and InSAR data (SBAS processing of Sentinel-1A /B images from 2014
to 2017). The authors investigated the integration between these data: since the InNSAR
technology does not perform well in high vegetated areas or areas with high temporal
variability, the PODELNET sites represent an important improvement for the monitoring of
the land subsidence in the PRD. Moreover, they highlighted that an integrated monitoring
system, combining GNSS and InSAR data, permit to overcome the limits of the two
techniques. The obtained results suggested that the land subsidence velocities in the
easternmost part of the area of interest (of about —10 mm/y) were characterized by values
greater than the ones located in the western sectors (in the order of —5 mm/y), which can
be linked to the different morphological characteristics of the subsoil in the PRD.
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