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Abstract: Land subsidence affects many areas of the world, posing a serious threat to human
structures and infrastructures. It can be effectively monitored using ground-based and remote
sensing techniques, such as the Global Navigation Satellite System (GNSS) and Interferometric
Synthetic Aperture Radar (InSAR). GNSS provides high precision measurements, but in a limited
number of points, and is time-consuming, while InSAR allows one to obtain a very large number of
measurement points, but only in areas characterized by a high and constant reflectivity of the signal.
The aim of this work is to propose an approach to combine the two techniques, overcoming the limits
of each of them. The approach was applied in the Po River Delta (PRD), an area located in Northern
Italy and historically affected by land subsidence. Ground-based GNSS data from three continuous
stations (CGNSS) and 46 non-permanent sites (NPS) measured in 2016, 2018, and 2020, and Sentinel-1
and COSMO-SkyMed SAR data acquired from 2016 to 2020, were considered. In the first phase of the
method, InSAR processing was calibrated and verified through CGNSS measurements; subsequently,
the calibrated interferometric data were used to validate the GNSS measurements of the NPS. In
the second phase, the datasets were integrated to provide an efficient monitoring system, extracting
high-resolution deformation maps. The results showed a good agreement between the different
sources of data, a high correlation between the displacement rate and the age of the emerged surfaces
composed of unconsolidated fine sediments, and high land subsidence rates along the coastal area
(up to 16–18 mm/year), where the most recent deposits outcrop. The proposed approach makes it
possible to overcome the disadvantages of each technique by providing more complete and detailed
information for a better understanding of the ongoing phenomenon.

Keywords: InSAR; GNSS; integration; monitoring system; land subsidence; Po River Delta

1. Introduction

Ground deformation due to land subsidence affects many areas around the world [1].
This phenomenon increases the risk of flooding along with transitional environments,
such as river deltas, which are often characterized by a large population and extensive
economic activities [2,3]. The consequences of environmental degradation caused by land
subsidence are related to coastline and surface changes, services interruption, buildings
damage, salinization, and flooding of large areas [4–10]. In the next few years, rising sea
level caused by climatic changes could dramatically increase the negative impact of land
subsidence [11–13].

Monitoring areas affected by land subsidence is crucial for the implementation of risk
mitigation strategies. Various techniques can be used to carry out monitoring activities. In
the past, only ground-based precise geometric leveling was used, while at present time
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the development of high-precision remote sensing techniques, such as InSAR, and ground-
based GNSS methodology, can integrate and/or replace the leveling measurements that
require high costs and very long execution times. The integration of the two techniques
can be used to align the remote sensing data with ground-based measurements, validate
each other, and overcome the limits of each methodology by increasing the spatial and the
temporal resolution together with the cost-effectiveness of both approaches [14].

Many authors have combined InSAR and GNSS measurements in the management and
monitoring of different phenomena. Magnússon et al. [15] integrated InSAR from ERS-1/2
satellites with CGPS measurements to detect localized anomalies in the vertical ice motion
of an outlet glacier of Vatnajökull (Iceland). Cheng et al. [16] compared atmospheric delay
between GPS and InSAR in both differential and pseudoabsolute modes, demonstrating the
potentiality to correct atmospheric errors in SAR interferometry with high-precision GPS
meteorological products. Bovenga et al. [17] applied different space-borne SAR data (both
in the C-band and in the X-band), and in situ GNSS measurements for the deformation
monitoring of the Assisi landslide (Italy). Tapete et al. [18] applied InSAR together with
measurements collected by real-time kinematic (RTK) GPS surveying for the structural
motion detection of the Roman Aqueducts in Rome (Italy). Gudmundsson et al. [19] used
aircraft-based altimetry, satellite photogrammetry, radar interferometry, ground-based
GPS, the evolution of seismicity, radioecho soundings of ice thickness, ice flow modeling,
and geobarometry to describe and analyze the spatial evolution of land subsidence in
the Bárdarbunga caldera volcano (Iceland). Wilkinson et al. [20] used low-cost GNSS
receivers located in the Mt. Vettore–Mt. Bove fault system recording the near-field coseismic
displacement during the 30 October 2016 Mw 6.6 earthquake (Central Italy) and observing
a clear temporal and spatial link between the near-field GNSS record and InSAR, far-field
GPS data, regional measurements from the Italian Strong Motion and National Seismic
networks, and field measurements of surface ruptures. Saleh and Becker [21] estimated
the vertical motion in the Nile Delta (Egypt) through a persistent scatterer (PS) InSAR
analysis, using the available CGPS stations to validate the obtained subsidence rates.
Farolfi et al. [22] performed the datum alignment of the InSAR products using precise
velocity fields derived from the CGNSS stations to provide a detailed map of the movement
of the ground in Italy. Benetatos et al. [23] used InSAR and GNSS for a fully integrated and
multidisciplinary geological, fluid-flow, and geomechanical numerical modeling approach,
developed to reproduce the main geometrical and structural features of the poromechanics
processes induced by the storage operations in the Po Plain area (Italy). Grgić et al. [24]
analyzed the vertical land motion of the Dubrovnik area (Croatia) using Sentinel-1 InSAR
data, continuous GNSS observations, and differences in the sea level change obtained
from available satellite altimeter missions and tide gauge measurements. Cenni et al. [14]
integrated InSAR Sentinel-1 data with aerial photogrammetry and CGNSS in monitoring
the Patigno landslide (Italy). Chen et al. [25] combined InSAR data from Sentinel-1A/B
satellites with GNSS multitemporal measurements for the validation of the remote sensing
data and the monitoring of ground and structural deformations of buildings located in the
Rovegliana landslide (Italy). Maltese et al. [8] used Sentinel-1 images, Landsat 8 thermal
infrared sensor (TIRS) images, and CGNSS stations for interpreting the motion of the top
of a dam (Italy). Mancini et al. [26] provided a full interferometry processing chain based
on dual orbit Sentinel-1 SAR data combined with open source routines from the Sentinel
Application Platform (SNAP), Stanford Method for Persistent Scatterers (StaMPS), and
additional routines introduced by the authors, using data from CGNSS stations to provide
a global reference frame for line-of-sight projected velocities and to validate velocity maps
after the decomposition analysis. Many other applications integrating InSAR and GNSS
data are available in the literature.

Despite the numerous previous studies, the integration between interferometric data
and GNSS can still be improved, thanks to the ever-increasing availability of remote
sensing data and the refinement of processing techniques. In the above-mentioned works,
the comparison between the two techniques was generally performed using: (i) single SAR
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datasets, in terms of band and/or resolution; (ii) specific GNSS observations (continuous or
non-permanent); (iii) a limited number of GNSS points, making the comparison not fully
explored. For these reasons, in this study, different InSAR data: Sentinel-1 and COSMO-
SkyMed (CSK), and different GNSS observations (3 CGNSS and 46 NPS GNSS sites) are
used, and the comparison between GNSS and InSAR techniques is investigated in detail.
Moreover, the availability of 49 GNSS points makes the process statistically stronger. Only
after comparison, calibration, and validation, can the satellite- and ground-based data be
fully integrated to provide the complete monitoring system of the study area.

In detail, InSAR data derived from Sentinel-1 from 1 October 2016 to 27 December
2020 and CSK from 25 May 2017 to 5 August 2020 were combined with the PODELNET (PO
DELta NETwork) GNSS network (surveys performed in 2016, 2018, and 2020) to provide
a land subsidence monitoring system of the PRD. The study area, located in northeastern
Italy (Figure 1), was characterized in the past by high land subsidence rates, and today
the phenomenon, even though it is reduced, is still ongoing [27–31]. In the first phase,
data gathered from CGNSS stations (i.e., coordinates and velocities) were used to calibrate
InSAR results and process PODELNET measurements (Figure 2); subsequently, space and
ground-based data were compared to evaluate: (i) uncertainties, (ii) local deformation
effects, and (iii) outliers. Finally, the datasets were integrated, providing the deformation
pattern of the study area.

Figure 1. (a) Location of the study area with the coverage of Sentinel-1, CSK West, and CSK East
stacks; (b) the Po River Delta (PRD) and PODELNET network with the indication of the CGNSS
stations and the NPS points. The 130 measured baselines are also shown.
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Figure 2. Scheme of the approach proposed in this work to estimate the land subsidence affecting the
PRD area.

2. The Study Area

The PRD is a complex ecosystem with an extension of about 400 km2 in North-East
Italy, where the Po River flows into the Adriatic Sea. It is the result of natural sedimentary
processes linked to human activities, such as filling the wetlands area and engineering
endeavors [32]. A large part of the delta is characterized mainly by reclaimed territories
and is a complex system of shallow water bodies.

This area is inserted in the broad foreland region located between the NE-verging
Northern Apennine to the south and the Venetian Plain, limited by the SSE-verging Eastern
South-Alpine, to the north. The sedimentary infill is composed of terrigenous Apennine
and Alpine sediments up to 2000 m thick, accumulated in different environments during
the Pliocene and the Quaternary, mostly made of sandy and silty-clay layers of alluvial and
marine deposition. Despite the different thickness, the stratigraphy of the Quaternary soils
is quite similar to the well-developed freshwater multi-aquifer systems that are located in
the upper 500–600 m. Semi-confined aquifers occur within the Holocene deposits where
clayey and sandy layers are discontinuous and heterogeneous [28,31,33].

Land subsidence in this area is due to natural and anthropogenic factors: the natural
component is strongly correlated with the age of the highly compressible Holocene deposits
that compose the shallowest 30–40 m of the sedimentary sequence [28] and tectonic move-
ments [34,35], and is characterized by rates in the order of 2–4 mm/year [28,33,34]. In terms
of contribution to the land subsidence rate, it can be considered that the long-term natural
factors (tectonics and glacio-isostasy) are not so crucial, while the natural compaction of
recent alluvial fine-grained deposits, which increases from the mainland toward the sea,
has a major importance [36].

The anthropogenic component is linked to the extensive exploitation of non-confined,
semi-confined, and confined aquifers [37] and can reach velocities from tens to hundreds of
mm/year (for more details see [14]).

Currently, a large portion of PRD is below the mean sea level and it has a very low
sediment supply due to artificial levees built to prevent flooding [38]. The extensive
exploitation of the multi-aquifers system of the Po Plain for anthropic (industrial and
agricultural) uses after the Second World War, and the methane–water withdrawals from
onshore and offshore reservoirs, led to a significant increase in subsidence in the 1950s.
Many researchers [28–30,39,40] have estimated subsidence rates of up to 300 mm/year
in the period from 1950 to 1957 in the Po plain and PRD, by using geometric leveling
measurements. Therefore, at the beginning of the 1960s, the Italian Government suspended
the anthropogenic withdrawals leading to a progressive benefit, highlighted by vertical
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settlement rates of about 30 mm/year from 1962 to 1974 [29,41]. From the late 1970s
to the present time, land subsidence rates have continued to decline to values less than
10 mm/year [4,14,27,36,40,42,43], demonstrating the successful policies applied 50 years
ago to reduce the effects of anthropogenic factors.

3. Materials and Methods
3.1. SAR Data and Processing

The SAR data used in this study included X-band CSK and C-band Sentinel-1 images.
CSK has a short wavelength (3.1 cm) and a higher spatial resolution (about 3 m), and thus
it can achieve high-density and precise measurements in monitoring buildings, structures,
and infrastructures. Sentinel-1 satellites have provided free accessible images since 2014.
The longer C-band wavelength (5.55 cm) satisfy the demand for monitoring a larger land
subsidence rate. In addition, the wide width of the swath (250 km) makes it easy to find
a stable point as a reference point.

Two stacks of CSK data covered the study area. The east stack (E) included 128 images
acquired from 13 March 2012 to 10 August 2020 from descending orbit in the Stripmap
Himage mode at horizontal transmit and horizontal receive (HH) polarization, with an in-
cidence angle of 34◦ and a heading angle of 194◦. The west (W) one included 57 images
acquired from 25 May 2017 to 5 August 2020, in the same mode and polarization, with
an incidence angle of 26◦ and a heading angle of 194◦. The spatial resolution was 3 × 3 m.

Sentinel-1 dataset consisted of 180 images spanning from 1 October 2016 to 27 Decem-
ber 2020, acquired along the descending orbit 95, in terrain observation with progressive
scans (TOPS) mode at vertical transmit and vertical receive (VV) polarization, with an inci-
dence angle of 39◦, a heading angle of 194◦, and about a 10 × 5 m spatial resolution.

The CSK images were connected to a reference image dated 21 February 2016 (east
stack) and 25 May 2017 (west stack), respectively. The maximum temporal baseline was
1632 days, and the maximum spatial baseline was 1786 m for the east stack, and 1168 days
and 1761 m for the west stack. All available CSK data in the east stack from 13 March 2012
to 10 August 2020, were processed. Then, the time series deformation in the period 12 June
2016–10 August 2020 (overlapping the PODELNET GNSS surveys) was extracted from
the long-term time series displacement and fitted into a linear model to obtain the linear
deformation rate. Sentinel-1 images were connected to the reference image dated 7 January
2019, with a maximum temporal baseline of 828 days and a maximum spatial baseline of
178.2 m (Figure 3).

Multi-temporal InSAR (MT-InSAR) techniques have become a widely used tool for
monitoring land surface deformation. The two main classes of MT-InSAR techniques
are PS [44–46] and small baseline subsets (SBAS) [47]. The PS technique is usually used
in urban areas to identify buildings and man-made structures as PS candidates. All the
images are referenced to one primary image. The deformation rate and height correction are
usually solved by a linear function. The SBAS technique establishes points by multi-look
processing, identifying points both in urban and nonurban areas [48]. The connection is
built according to small temporal and spatial baselines to maintain good coherence. Then,
singular value decomposition (SVD) is applied to calculate the linear rate of deformation.
The atmospheric phase is regarded as spatially correlated and temporally uncorrelated and
filtered in spatial scale.

In this case study, the PS technique was adopted, because (i) the land subsidence rate
in this area is near-linear; (ii) the low urbanization with a large area of lagoons has a very
low coherence even after multi-look processing using the SBAS technique.

PS processing was achieved by applying the interferometric point target analysis
(IPTA) implemented in GAMMA software (https://www.gamma-rs.ch/software, accessed
on 1 September 2022) [36,49]. The IPTA steps are as follows. A single reference interferomet-
ric network is built considering a primary image in the center (or at the beginning) of the
period. The PS candidates are identified by considering points with low spectral diversity
and low temporal backscatter variability. For spectral diversity, the minimum average

https://www.gamma-rs.ch/software
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spectral correlation is usually set to 0.4, and the minimum average mean to sigma ratio is
usually 0.8; for temporal intensity variability, generally, the minimum temporally mean to
standard derivation ratio is 1.4 and the minimum intensity relative to spatial average is 1.5.
A digital elevation model (DEM) is applied for the initial topographic estimation and later
for geocoding. In this case study, a DEM of 1 arc-second (approximately 30 m) resolution
from NASA’s Shuttle Radar Topographic Mission (SRTM), was used. The interferometric
phase in each candidate point is imported from single-look complex (SLC) images and
unwrapped using the minimum cost flow algorithm (MCF) [50] with respect to a reference
point located in the center of the images. A two-dimensional linear regression concerning
the baseline, time interval, and a phase constant is applied to initially estimate a height
correction and the deformation rate. The phase unwrapping errors are checked in the resid-
ual phase and corrected using the MCF algorithm. The least squares (LS) algorithm [51]
is applied to correct the orbital phase ramp. A two-dimensional linear regression is itera-
tively applied concerning the baseline, time interval, and a phase constant to calculate the
height and the deformation rate. A spatial filter with a spatial window of about 3600 m is
applied in the residual phase to obtain the atmospheric phase. The discrimination of the
atmospheric phase, deformation, and error terms is based on their spatial and temporal
differences. The atmospheric phase is spatially correlated but temporally uncorrelated. The
non-linear deformation is assumed to be temporally correlated. The noise phase is random
in both spatial and temporal dimensions. A final mask was generated using a temporal
coherence threshold of 0.35 to maintain high quality PS points.
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(d) Temporal distribution of non-permanent GNSS. CGNSS data of TGPO, PTO1, and CODI stations
were available continuously in the analyzed period.

3.2. The PODELNET Network

Ground-based GNSS data were derived from surveys of the low-cost PODELNET
network. It is made up of 46 non-permanent sites (NPS) and the 3 CGNSS of Taglio di Po
(TGPO), Porto Tolle (PTO1), and Codigoro (CODI) (Figure 1). The network, developed in
2016 in agreement with the Italian Military Geographic Institute (IGMI) and the Veneto
Region, is measured every two years and the sites are uniformly distributed in the PRD,
both in urbanized and vegetated areas (Figure 4) (for more details on the characteristics
of this network, see [14]). In this work, data collected in June/July 2016, 2018, and 2020,
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were considered (Figure 3). The acquisitions were designed to reduce the impact of the
measurement conditions on the estimation of the 46 NPS positions. In detail, the three
surveys were carried out measuring the same 130 baselines (highlighted in Figure 1 and
characterized by an average distance of 6.4 km), with the same sampling rates, minimum
time stationing, and instruments when possible: GNSS receivers that collect GPS and
GLONASS and others that collect GPS, GLONASS, GALILEO, and BEIDOU constellations
were used. Anyway, TGPO and CODI are permanent stations where receivers that collect
only the GPS constellation are placed: for these reasons, in the processing of the baselines,
all the available constellations were selected. Finally, many baselines are GNSS, and some
baselines are GPS. The observations were made with a sampling rate of 15 s and a minimum
observation time at each site for each baseline of 3 h.

Remote Sens. 2022, 14, x FOR PEER REVIEW 8 of 22 
 

 

 

Figure 4. Examples of NPS sites of the PODELNET network located in urbanized (a,b) and vege-

tated (c,d) areas. 

3.3. Integration between InSAR and GNSS Data 

In order to solve the uncertainties that characterized the two techniques, a compari-

son between the GNSS points and the PSs located at a distance up to 200 m from them 

was performed. It was necessary to consider an increasing distance due to the different 

ground conditions: CGNSS stations are located in urban areas and many close PSs can be 

found; on the contrary, most of the NPS sites of the PODELNET network are located in a 

vegetated area and it is often difficult to find PSs in proximity of the GNSS station (see 

Figure 4c,d). In the first phase, the vertical velocities measured at the CGNSS stations were 

projected along the line of sight (LOS) of the satellites and compared with the mean ve-

locities of the nearest PSs. In the case that there was a difference between the velocities of 

PSs and the CGNSS measurements, the interferometric data were calibrated, considering 

the ground-based CGNSS measurements more reliable. In the second phase, to validate 

the NPS measurements, the LOS component projected from the vertical rates was com-

pared with the calibrated interferometric data. After comparison, calibration, and valida-

tion, data were integrated to provide a complete monitoring system and to build up the 

land subsidence map of the PRD. 

4. Results 

4.1. Processing of the GNSS Data 

Vertical velocities derived from CGNSS data are reported in Table 1 where negative 

values indicate downward movements. The second column of Table 1 shows the velocities 

calculated by [53] considering the entire observation period: 2007–2019 (CODI), 2010–2019 

(PTO1), and 2008–2019 (TGPO). The third column shows the velocities during the first 

two years of the PODELNET survey; they were extracted from the complete time series 

using a velocity moving window approach (VMWA). The last two columns report the 

estimation made in this work using data acquired in 2016, 2018, and 2020 during the meas-

urements of the PODELNET network. The results show a very good agreement between 

the previous and current approach. The CODI dataset provided a vertical velocity of 

about 3 mm/year and PTO1 and TGPO of about 5 mm/year. 
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tated (c,d) areas.

GNSS observations of the PODELNET network were processed considering the data
of the 3 CGNSS stations. In the first phase, the coordinates of the 3 permanent stations
in the ITRF2014 reference frame, and in particular to the ETRF2014 realization, where
the horizontal Eurasian plate motion was removed [52], were calculated; the Bernese
software was used in the processing of the observations acquired during the 3 PODELNET
surveys (that required about 2 weeks each time) and the Italian GNSS network (a network
composed of about 600 stations located on the Italian territory and surrounding areas).
Subsequently, for each survey, the baselines between the PODELNET points of the network
were calculated. Using the baselines related to the minimum distance between the NPS and
the CGNSS, which generate the 130 sides of the triangles (Figure 1), and the coordinates of
the 3 CGNSS calculated for each campaign, the network was adjusted and georeferenced.
From the computed coordinates of each point (both for continuous and NPS) the velocities
were extracted by means of the multi-temporal comparisons.

3.3. Integration between InSAR and GNSS Data

In order to solve the uncertainties that characterized the two techniques, a comparison
between the GNSS points and the PSs located at a distance up to 200 m from them was
performed. It was necessary to consider an increasing distance due to the different ground
conditions: CGNSS stations are located in urban areas and many close PSs can be found; on
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the contrary, most of the NPS sites of the PODELNET network are located in a vegetated
area and it is often difficult to find PSs in proximity of the GNSS station (see Figure 4c,d).
In the first phase, the vertical velocities measured at the CGNSS stations were projected
along the line of sight (LOS) of the satellites and compared with the mean velocities of the
nearest PSs. In the case that there was a difference between the velocities of PSs and the
CGNSS measurements, the interferometric data were calibrated, considering the ground-
based CGNSS measurements more reliable. In the second phase, to validate the NPS
measurements, the LOS component projected from the vertical rates was compared with
the calibrated interferometric data. After comparison, calibration, and validation, data were
integrated to provide a complete monitoring system and to build up the land subsidence
map of the PRD.

4. Results
4.1. Processing of the GNSS Data

Vertical velocities derived from CGNSS data are reported in Table 1 where negative
values indicate downward movements. The second column of Table 1 shows the velocities
calculated by [53] considering the entire observation period: 2007–2019 (CODI), 2010–2019
(PTO1), and 2008–2019 (TGPO). The third column shows the velocities during the first
two years of the PODELNET survey; they were extracted from the complete time series
using a velocity moving window approach (VMWA). The last two columns report the
estimation made in this work using data acquired in 2016, 2018, and 2020 during the
measurements of the PODELNET network. The results show a very good agreement
between the previous and current approach. The CODI dataset provided a vertical velocity
of about 3 mm/year and PTO1 and TGPO of about 5 mm/year.

Table 1. Vertical velocities of the 3 CGNSS stations estimated by [53] and during the present work
(see text for more details).

Code * Vv (mm/Year)
(Period)

* Vv (2016–2018)
(mm/Year)

** Vv (2016–2018)
(mm/Year)

** Vv (2016–2020)
(mm/Year)

CODI −3.5 ± 0.7
(2007–2019) −3.1 ± 0.4 −2.8 ± 1.7 −2.8 ± 1.8

PTO1 −5.8 ± 1.0
(2010–2019) −5.8 ± 0.4 −5.1 ± 2.2 −5.1 ± 2.0

TGPO −5.6 ± 0.8
(2008–2019) −6.5 ± 0.4 −5.0 ± 1.8 −5.1 ± 1.9

* [53]. ** This work.

Fixing the coordinates of the three CGNSS stations, the baselines obtained were used
in the adjustment of the PODELNET network, providing the coordinates of the 46 NPS sites
for each survey. By comparing the 3-D coordinates in time for each point, the displacements
and the velocities were obtained (Figure 5). The general trend of NPS points shows land
subsidence rates greater than the CGNSS stations: this was probably due to anomalies
in ground displacements related to local anthropic activities and/or geological features.
However, NPS points around TGPO and PTO1 provided similar values, confirming the
order of magnitude of the land subsidence rate in the central area of PRD measured using
NPS and CGNSS stations.

The results show a general subsidence of the delta with increasing vertical velocities
from the inland to the coast, with values up to 18 mm/year. Only two points can be
considered stable, in the northeastern part and around the CODI station. Significant
displacement rates were estimated in the western sector.
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4.2. Comparisons between the GNSS and Interferometric Data

The first step of the approach used in this work was to compare the interferometric
data with the measurements of the three permanent stations. Even if the analyzed datasets
did not cover perfectly the same period, the obtained velocities could be directly compared
thanks to the linearity of the land subsidence phenomenon that characterizes the PRD
(Table 1, [28,53]). Vertical velocities derived from CGNSS data using all the available time
series in the period 2016–2020 were obtained from the processing and projected along
the LOS of the satellites. The east and north components were not considered due to the
absence of deformation in the east–west direction and the low values in the displacement
rate along the north–south direction (in the order of 1.5 mm/year; [53]). Moreover, as is
well known, deformation in the north–south direction, which is close to the flight direction,
cannot be measured by InSAR [54].

The LOS velocity measured by CGNSS data was compared with the mean velocities
of the PS located up to 200 m from the permanent stations (Table 2). Good agreement
was found between the CGNSS and Sentinel-1 data. In the case of CSK data, a difference
was observed in the order of −2 mm/year with the CGNSS points; then, considering the
CGNSS technique more precise and reliable, the PS velocities were calibrated through the
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TGPO CGNSS station, located in the center of the study area. In other words, the difference
between the PS velocities and the CGNSS results at the TGPO CGNSS station was calculated
and subtracted from all the PS velocities. After calibration, the interferometric data showed
good agreement with the measures derived from the other two permanent stations (Table 2)
with differences of less than 1 mm, below the precision of the InSAR techniques.

Table 2. Comparison between the vertical velocities of CODI, PTO1, and TGPO CGNSS measurements
projected along the LOS of the satellites and PS points located up to 200 m from the permanent stations.
In the case of CSK, the velocities before and after calibration are reported (see text for more details).

CGNSS
Station
Code

Distance
from the

Station (m)

Sentinel-1 COSMO-SkyMed

N. of PS PS Vel.
(mm/Year)

CGNSS Vel.
(mm/Year) N. of PS * PS Vel.

(mm/Year)
** PS Vel.

(mm/Year)
CGNSS Vel.
(mm/Year)

CODI

- 1 −2.7

−2.2 ± 0.4

1 −5.0 −3.0

−2.5 ± 0.4

- 2 −2.6 ± 0.1 2 −4.7 ± 0.3 −2.7 ± 0.3
- 3 −2.7 ± 0.2 3 −4.7 ± 0.2 −2.7 ± 0.2

50 4 −2.7 ± 0.2 6 −4.4 ± 1.1 −2.4 ± 1.1
100 32 −3.0 ± 0.4 44 −4.5 ± 0.5 −2.5 ± 0.5
150 55 −3.1 ± 0.4 92 −4.6 ± 0.7 −2.6 ± 0.7
200 71 −3.2 ± 0.5 147 −4.6 ± 0.7 −2.6 ± 0.7

PTO1

- 1 −4.5

−4.0 ± 0.5

1 −6.8 −4.8

−4.2 ± 0.5

- 2 −4.5 ± 0.0 2 −7.3 ± 0.6 −5.3 ± 0.6
- 3 −4.5 ± 0.0 3 −7.3 ± 0.5 −5.3 ± 0.5

50 10 −4.5 ± 0.3 31 −6.9 ± 0.4 −4.9 ± 0.4
100 38 −4.5 ± 0.3 171 −7.2 ± 0.5 −5.2 ± 0.5
150 62 −4.4 ± 0.9 315 −7.2 ± 0.5 −5.2 ± 0.5
200 102 −4.4 ± 0.8 461 −7.2 ± 0.8 −5.2 ± 0.8

TGPO

- 1 −4.1

−4.0 ± 0.5

1 −6.4 −4.4

−4.2 ± 0.5

- 2 −3.9 ± 0.1 2 −6.5 ± 0.0 −4.5 ± 0.0
- 3 −4.0 ± 0.1 3 −6.6 ± 0.2 −4.6 ± 0.2

50 3 −3.9 ± 0.1 16 −6.4 ± 0.4 −4.4 ± 0.4
100 21 −3.9 ± 0.4 75 −6.2 ± 0.6 −4.2 ± 0.6
150 42 −4.0 ± 0.3 128 −6.2 ± 0.6 −4.2 ± 0.6
200 60 −4.1 ± 1.2 199 −6.2 ± 0.6 −4.2 ± 0.6

* Before calibration. ** after calibration.

In the second phase, the PS velocities were compared with the velocities of the PODEL-
NET sites in the LOS of the satellites to test the precision of the NPS measurements. In
this case, because non-permanent stations are mostly located in non-urban areas, all PS
points within a circle centered on the NPS and with a radius of 200 m were considered.
The research radius was reasonable as the current subsidence is mainly connected with the
presence of superficial geological bodies that have been deposited in the last 1000 years [28].
Table 3 shows, for each NPS site, the GNSS velocity in the LOS of the satellite, the mean
and standard deviation of the PS velocity, the number of PS points within each circle, and
the differences between the velocities estimated using the two techniques. The comparison
shows that the differences in the velocities were acceptable considering the precision of the
GNSS survey, as examined in detail in the Discussion section.

To highlight the velocities distribution, the GNSS and InSAR points were then classi-
fied based on the LOS velocities considering only the points located in the same reference
area of the PRD highlighted in Figures 1b and 5, where the coverage of GNSS, Sentinel-
1, and CSK points overlapped, making direct comparisons of the data. Figure 6 shows
the results assuming six different classes, from 0 mm/year to −18 mm/year (in detail,
from 0 to −3 mm/year, from −3 to −6 mm/year, from −6 to −9 mm/year, from −9 to
−12 mm/year, from −12 to −15 mm/year, and from −15 to −18 mm/year).
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Table 3. Comparison between the LOS velocities of the PODELNET sites and the mean velocities of
PS points within a circle centered on the NPS and with a radius of 200 m.

NPS Code

Sentinel-1 COSMO-SkyMed

GNSS
Velocity

(mm/Year)

Number of
PS

PS Velocity
(mm/Year)

Difference
(mm/Year)

GNSS
Velocity

(mm/Year)

Number of
PS

PS Velocity
(mm/Year)

Difference
(mm/Year)

065704 −6.8 3 −3.2 ± 0.1 −3.6 −7.9 3 −3.1 ± 0.4 −4.8
065705 −3.9 5 −3.3 ± 0.1 −0.6 −4.2 6 −3.5 ± 0.5 −0.7
065706 −5.3 49 −4.1 ± 0.9 −1.2 −5.7 139 −5.5 ± 1.6 −0.2

065707A −3.6 26 −3.8 ± 1.6 0.2 −4.2 28 −3.2 ± 1.5 −1.0
065708 −2.3 29 −3.3 ± 1.9 1.0 −2.5 166 −3.2 ± 1.0 0.7
065715 −3.2 18 −2.7 ± 0.4 −0.5 −3.4 22 −3.2 ± 0.6 −0.2
065901 −4.4 11 −5.3 ± 1.4 0.9 −4.7 19 −4.8 ± 1.1 0.1
065903 −6.8 39 −5.6 ± 1.1 −1.2 −7.2 172 −5.7 ± 1.0 −1.5
065904 −6.3 3 −3.2 ± 0.3 −3.1 −6.8 8 −3.3 ± 0.2 −3.5
065905 −4.2 7 −4.6 ± 0.8 0.4 −4.8 18 −4.6 ± 0.8 0.2
065906 −8.3 4 −6.1 ± 1.7 −2.2 −8.9 - - -
065907 −6.4 34 −4.2 ± 1.3 −2.2 −6.9 65 −5.3 ± 0.8 −1.6
065908 −6.4 10 −4.8 ± 0.8 −1.6 −6.9 17 −4.9 ± 1.4 −2.0
065909 −3.1 3 −1.3 ± 1.3 −1.8 −3.3 59 −3.5 ± 0.5 0.2
077703 −12.6 20 −3.9 ± 1.3 −8.7 −13.4 161 −3.8 ± 0.7 −9.6
077704 −12.3 2 −4.7 ± 0.3 −7.6 −13.2 - - -
077707 −7.8 60 −3.1 ± 0.6 −4.7 −9.0 125 −2.6 ± 0.6 −6.4
077708 −13.4 - - - −14.3 - - -
077710 −8.5 3 −3.9 ± 1.0 −4.6 −9.1 8 −4.8 ± 0.3 −4.3
077712 −3.5 17 −3.3 ± 0.6 −0.2 −3.7 72 −3.3 ± 0.9 −0.4
077713 −5.6 - - - −6.0 - - -
077714 −5.2 11 −3.4 ± 0.2 −1.8 −5.6 39 −4.2 ± 0.4 −1.4
077715 −7.2 - - - −7.6 - - -
077716 −7.5 12 −4.9 ± 1.2 −2.6 −8.0 27 −5.1 ± 1.5 −2.9
077717 −7.2 5 −4.3 ± 0.5 −2.9 −7.7 8 −5.1 ± 0.7 −2.6
077718 −11.6 8 −6.7 ± 2.7 −4.9 −12.9 1 −6.7 ± 0.0 −6.2
077719 −8.1 15 −4.5 ± 0.7 −3.6 −8.6 33 −5.7 ± 0.7 −2.9
077720 −9.2 7 −4.3 ± 1.0 −4.9 −10.1 24 −5.8 ± 0.7 −4.3
077721 −10.9 11 −3.8 ± 0.3 −7.1 −11.6 21 −4.6 ± 0.4 −7.0
077801 −11.4 36 −2.7 ± 1.3 −8.7 −13.2 93 −2.6 ± 0.9 −10.6
077902 −9.2 4 −5.6 ± 2.5 −3.6 −9.8 2 −8.4 ± 0.8 −1.4
077903 −2.7 11 −3.6 ± 1.3 0.9 −2.8 24 −3.4 ± 0.6 0.6
077904 −4.5 18 −4.7 ± 1.8 0.2 −4.8 61 −4.6 ± 0.6 −0.2
077905 −6.2 8 −5.5 ± 1.8 −0.7 −6.6 45 −6.2 ± 1.9 −0.4
077906 −9.5 8 −5.0 ± 0.6 −4.5 −10.2 9 −5.2 ± 0.8 −5.0
077907 −3.6 30 −2.4 ± 0.5 −1.2 −3.9 133 −2.6 ± 0.5 −1.3
077908 −8.5 57 −4.0 ± 1.0 −4.5 −9.1 378 −4.2 ± 0.7 −4.9
077909 −3.7 2 −4.2 ± 0.2 0.5 −4.0 9 −5.0 ± 1.3 1.0
077910 −3.7 7 −2.3 ± 0.8 −1.4 −4.2 7 −2.1 ± 1.9 −2.1
077911 −11.5 23 −3.4 ± 1.0 −8.1 −12.3 142 −4.8 ± 0.8 −7.5
077912 −9.7 55 −2.9 ± 1.6 −6.8 −10.4 188 −1.9 ± 0.7 −8.5
077913 −3.4 2 −1.9 ± 0.1 −1.5 −3.9 10 −3.5 ± 1.1 −0.4
077914 −5.5 71 −3.2 ± 0.8 −2.3 −5.9 319 −4.5 ± 0.7 −1.4
077916 −7.9 - - - −8.4 4 −6.9 ± 0.6 −1.5
077917 −5.6 - - - −6.5 - - -
065704 −6.8 3 −3.2 ± 0.1 −3.6 −7.9 3 −3.1 ± 0.4 −4.8
065705 −3.9 5 −3.3 ± 0.1 −0.6 −4.2 6 −3.5 ± 0.5 −0.7
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Figure 6. Classification of the GNSS and InSAR points based on the LOS velocities considering
six classes from 0 mm/year to −18 mm/year: (a) GNSS and Sentinel-1 points; (b) GNSS and CSK points.

The displacement time series of three NPS GNSS points, characterized by different
LOS velocities and located in different portions of the PRD area (065708, 077904, and 077902,
Figure 1) were compared with the closest Sentinel-1 and CSK points (Figure 7), to test the
reliability of the PODELNET network. The dashed lines show the linear deformation rate
between the subsequent NPS GNSS observations, which were consistent with the trend of
the InSAR time series.
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4.3. Integrated Monitoring System

The obtained GNSS, Sentinel-1, and CSK LOS velocities provide an integrated and
effective land subsidence monitoring system for the PRD area. Figure 8 shows the dis-
tribution of PS velocities and GNSS vertical velocities projected along the LOS of each
satellite. Negative values indicate that the displacement is away from the satellites (i.e., land
subsidence) and values near zero indicate stability conditions. The PS-InSAR results show
a general increase in land subsidence from west to east, with rates of less than 3 mm/year in
the inland areas and more than 9 mm/year in the coastal areas. This trend, already detected
by the measurements of the PODELNET network, was clearly visible thanks to the good
coverage of PS both in the case of CSK and Sentinel-1 data; however, there were vast vege-
tated areas with a complete absence of PS. In these areas, it was possible to have an estimate
of land subsidence thanks to the GNSS measurement network. As highlighted in Table 3,
the velocities estimated through the two methods were very similar, but in some cases the
presence of anomalous high values in the GNSS points compared with the surrounding PS
was evident, as visible in the central–south and southeastern sectors of the PRD. Presumably,
these values are related to anthropic actions (pumping by water wells and/or construction
of new structures) that have locally accelerated the process of soil consolidation and can be
considered outliers with respect to the land subsidence pattern currently in place in the PRD.
Thanks to the integration of the results of the two techniques, it is possible to hypothesize
the causes of the land subsidence, both on a territorial and local scale.
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The areas indicated as A, B, and C in Figure 8 are zoomed in Figure 9 to show the
different performance of the Sentinel-1 and CSK data. Area A (Figure 9a,b) presented a high
density of Sentinel-1 PS and only one CSK PS, due to the high displacement rate suffered by the
breakwater shown in the figure, which could hardly be estimated using X-band data. The same
occurred in the case of area B (Figure 9c,d), where the levee shown in the figure was affected
by a displacement rate greater than −12 mm/year that could not be easily detected using
CSK data. Sentinel-1’s performance was also better in the case of area C (Figure 9e,f), even if
the estimated velocities were moderate. In this case, the low density of CSK PS on the levee
shown in the figure may have been caused by a sudden acceleration after some documented



Remote Sens. 2022, 14, 5578 14 of 21

remediation works on the infrastructure, which might have induced large displacements
(greater than the X-band limits) between some subsequent intermediate observations.
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Figure 9. Comparison between Sentinel-1 and CSK PS data. Due to the high subsidence rates caused
by marine erosion (a,b), and/or documented anthropogenic activities on levees (reinforcement
works) (c–f), Sentinel-1 data showed a better performance.
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To find the correlation between the distribution of the velocities and the land sub-
sidence of the study area, displacement data were linked to the age of the deposits.
Figure 10 shows the obtained LOS kinematic pattern combining GNSS and Sentinel-1
data (Figure 10a) and GNSS and CSK points (Figure 10b) on the highstand PRD lobe map
(modified from [55]). For each portion of the PRD expansion, using only the points enclosed
by the polylines that identify the different ages, average LOS velocities were calculated
together with the related standard deviation. Increasing velocities were found from west to
east, in agreement with the expansion of the PRD area and the degree of compaction of
recent sediments.
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Figure 10. Distribution of the LOS velocities in the study area overlapped to the highstand PRD lobe
map (modified from [55]). For each sector enclosed by the polylines that highlight the expansion of
the PRD over time, the LOS velocities and the related standard deviations were obtained by averaging
the values of the available points. (a) GNSS and Sentinel-1 points; (b) GNSS and CSK points.

Finally, the obtained LOS kinematic pattern, both for GNSS-Sentinel-1 and GNSS-
CSK data, were interpolated over the whole study area following a strategy similar to
that proposed by Tosi et al. [36]: (i) overlapping the InSAR data (both for Sentinel-1 and
CSK) and the GNSS points (both continuous and NPS) on a common map; (ii) removal
of the NPS GNSS points which are located at a distance less than 10 m (similar to the
characteristic pixel size of the Sentinel-1 data) from a Sentinel-1 point; similarly, removal of
the NPS GNSS points which are located at a distance less than 3 m (the characteristic pixel
size of the CSK data) from a CSK point, on account of the higher accuracy of the C-band
and X-band derived information respectively compared with the NPS points; (iii) on the
contrary, removal of the Sentinel-1 and CSK points closed to the three CGNSS stations
using the same approach, due to the highest accuracy of the CGNSS compared with the
InSAR data; (iv) removal of the values outside the interval (Mean + RMS, Mean – RMS) for
each polygon that characterizes the age of sediments (Figure 10), to eliminate outliers, both
for InSAR and GNSS points; (v) interpolating the generated “improved” datasets using
the Kriging method [56] on a 10 m and 150 m regular grid sizes for local and regional scale
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respectively (Figure 11). The interpolated data provided a full coverage of the PRD and
showed a uniform increasing trend from west to east of the velocities. Some exceptions are
shown with localized high velocities (more in Figure 11a) probably due to errors or local
effects that the interpolation algorithm propagated in the surroundings.
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5. Discussion

The main results obtained in this work clearly demonstrate the effectiveness of a mon-
itoring system based on the integration of SAR data with GNSS data, especially in the
case of a poorly urbanized areas such as the Po Delta. Integration of data derived from
InSAR and GNSS techniques requires first a validation of interferometric data, possibly
using CGNSS data. Subsequently, to overcome the limits of InSAR techniques in non-urban
areas, additional data are needed. However, the availability of GNSS data in the Po Delta,
as in many other areas, is spatially limited. For this reason, a GNSS network based on
surveys in non-permanent stations was implemented in the study area to provide mea-
surements in those sectors that are not covered by interferometric data. It is a network,
called PODELNET, that shows wide development possibilities and low costs. One of the
objectives successfully achieved in this work was to verify the accuracy of the PODELNET
using the interferometric data calibrated in the first phase of work.

After alignment and validation of InSAR LOS velocities using three CGNSS stations
(Table 2), Sentinel-1 and high-resolution CSK data were compared with the vertical ve-
locities of the 46 GNSS NPS points projected along the LOS of each satellite (Table 3).
Assuming vertical uncertainties of the PODELNET GNSS measurements in the order of
2–2.5 cm, corresponding to a velocity of about 10 mm/year and a displacement error of
4 cm in 4 years, all observed differences between InSAR and GNSS data can be considered
acceptable. If an optimistic uncertainty of 1–1.5 cm is assumed, which corresponds to
a velocity of about 5 mm/year for a displacement error of 2 cm in 4 years, the obtained
results showed differences of less than 5 mm/year in about 85% of cases. Differences
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greater than 5 mm/year could be due to: (i) real uncertainty of the techniques; (ii) local
subsidence of the NPS due to the compaction of soil foundation; (iii) technical problems
in data acquisition during the survey, probably due to the GNSS data because all the
anomalous NPS points show large differences both with Sentinel-1 and CSK data. The
comparison between GNSS and interferometric data was not always possible because of
the lack of PS in the surrounding of NPS sites. This is a demonstration of the advantage of
the GNSS technique to acquire information in vegetated areas not covered by the InSAR
data, which means that InSAR and GNSS techniques can complement each other [57].

It should be noted that for Sentinel-1 data near the 077703, 077912, and 077801 NPS,
the InSAR points had significantly different velocities, in some cases similar to the GNSS
(Table 3). This condition, confirmed by the high standard deviations of PS velocities around
the NPS, could indicate: (i) the general correctness of the GNSS data with very localized
settlements of some elements (structures) separated by other more consolidated portions,
and, in general, the complexity of the deformation phenomenon that characterizes these
areas; (ii) the high noise of the data in these sectors.

In particular, the Sentinel-1 PS point closest to the 077703 NPS site had a velocity of
−7.7 mm/year, providing a difference from the GNSS data of −4.9 mm/year (less than
5 mm/year). Furthermore, point 077911 is located on a recent structure that is probably
characterized by deformation caused by the soil consolidation due to its load. Similarly, the
point 077721 is located on a gate valve where multi-temporal images show an area subject
by increasing backwater compared with the surrounding sectors, which could indicate
a very local phenomenon of increased deformation, confirming the high value of the NPS
site. In the next surveys, particular attention will be paid to these sites to better understand
the deformation process in progress and/or the quality of data acquisition.

The classification of the GNSS-InSAR points in six classes based on the LOS velocities
(Figure 6) showed that most of PS (about 93% and 94% respectively) belongs to the classes
0–−3 mm/year and −3–−6 mm/year, while only 43% of the GNSS points belongs to the
same classes; this effect seems to indicate a better ability of the GNSS data to describe
very local land subsidence. Moreover, 2.5% of the Sentinel-1 points belongs to the last
three classes (from −9 mm/year to −18 mm/year) reduced to 0.5% for the CSK data,
but it has to be noted that the CSK data, operating in X-band, could hardly identify high
velocities. This effect was confirmed by areas A, B, and C indicated in Figure 8: in many
cases, due to high marine erosion (Figure 9a,b) and documented anthropic works for levees
reinforcements (Figure 9c–f), large displacements between subsequent multi-temporal SAR
images were identified, generating the loss of points during the processing, especially for
the CSK data due to the limitations of the shorter wavelength and longer revisit time.

The kinematic patterns derived by the InSAR and GNSS surveys (Figure 8) as well
as the time series of the displacements (Figure 7), were very similar. Integrating the
two datasets, it was possible to obtain full coverage of the PRD (Figure 11). The spatial
distribution of velocities clearly indicated an increasing deformation rate from west to
east, towards the Adriatic Sea. This finding is consistent with the results obtained by [53]
using Sentinel-1 data integrated with GNSS points, Teatini et al. [28] using ERS-1/2 data
and Tosi et al. [36] using CSK and ALOS-PALSAR InSAR data. This evidence has been
correlated with the consolidation of the late Holocene sediments [28,38,40,58]. Overlapping
the land subsidence rate with the highstand PRD lobe map (Figure 10), a good correlation
between the evolution and expansion of the study area with the emergence of new surfaces
and the increased LOS velocities that characterized unconsolidated recent sediments was
shown. The displacement rate increased from 2 mm/year on sandy beach ridges (in the
west portion of the PRD) up to 10–15 mm/year in the eastern area, in correspondence with
the younger deposits, as also observed by [28].

The approach proposed in this work presents several aspects that can significantly
contribute to a more effective investigation methodology in coastal areas affected by land
subsidence and can be of interest to the scientific community. One of the main elements of
interest concerns the design and construction of a dense network of GNSS measurement
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points (PODELNET) and its contribution to the evaluation of land subsidence at the scale of
the entire PRD. The proposed solutions concerning how to integrate network data with SAR
data and permanent GNSS stations, even if not high innovative, represent new information,
providing a clear address for the evaluation of the land subsidence in contexts such as that
of the PRD, geological and geomorphological contexts very common all over the world.
The creation and measurement of a network such as the PODELNET requires great effort
and time, in fact, previous works have generally considered a limited number of GNSS
observations [8,15,20,21,24,26]. Demonstrating the actual usefulness of a dense network
is, in our opinion, an advance in the knowledge of the approaches to land subsidence
assessment. Another aspect to consider in this work concerns the results obtained using
different SAR datasets: these results enhance the fact that the effectiveness of the data
relates to several factors that concern both their characteristics and those of the investigated
territory. Our observations show that a priori choice of a given dataset based on the
band and/or resolution of the sensors is not possible, providing guidance information for
their use.

6. Conclusions

In this work, the integration between the GNSS and InSAR data, for monitoring land
deformations, was thoroughly investigated. Sentinel-1, CSK SAR data, and ground-based
GNSS measurements were used for the monitoring of land subsidence in the Po Delta area
from 2016 to 2020.

Three CGNSS stations were analyzed to establish the validation method for the inter-
ferometric data based on the comparison between the LOS velocities, testing the different
sizes of the buffer area centered on the continuous station. After the alignment and valida-
tion of the remote sensing data with the ground measurements, the comparison of the LOS
velocities was performed on the 46 NPS of the PODELNET network, a low-cost network
measured in 2016, 2018, and 2020. The results provided differences of less than 5 mm/year
for about 85% of the GNSS NPS sites, with a maximum value of about 10 mm/year. Subse-
quently, the datasets were integrated providing full coverage LOS velocities maps of the
study area.

Sentinel-1 and CSK data are characterized by high accuracies, high spatial and tempo-
ral coverage, cost effectiveness but loss of information on vegetated areas, measurements
restricted to the LOS (in this work) and influenced by the ground image resolution, and
the need for ground-based data for the calibration. On the other hand, the PODELNET
network provides good accuracies, homogeneous coverage of the study area, including
the vegetated portions, 3D displacement, low-cost measurements, but is characterized by
a limited number of points (low resolution). For these reasons, the two techniques were
integrated, increasing the spatial coverage of the study area, providing information in
the portions not acquired by the InSAR processing, and overcoming the limitations of
each other.

In coastal environments, the proposed monitoring approach can find large applications
for the protection of natural ecosystems and anthropogenic activities. Moreover, for areas
largely below the mean sea level, such as the PRD, the defense system against flooding
is crucial. Therefore, future developments will be linked to the monitoring of more than
350 km of the primary earthen levee network for the protection of the eastern portion of
PRD using also the data obtained in this study, in particular the high-resolution CSK data.
New information will be available for policies related to risk mitigation strategies on the
effects of land subsidence and sea level rise (SLR), which is expected to increase in the
coming years.
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