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Abstract: This paper discusses a full interferometry processing chain based on dual-orbit Sentinel-1A
and Sentinel-1B (S1) synthetic aperture radar data and a combination of open-source routines from
the Sentinel Application Platform (SNAP), Stanford Method for Persistent Scatterers (StaMPS), and
additional routines introduced by the authors. These are used to provide vertical and East-West
horizontal velocity maps over a study area in the south-western sector of the Po Plain (Italy) where
land subsidence is recognized. The processing of long time series of displacements from a cluster of
continuous global navigation satellite system stations is used to provide a global reference frame for
line-of-sight–projected velocities and to validate velocity maps after the decomposition analysis. We
thus introduce the main theoretical aspects related to error propagation analysis for the proposed
methodology and provide the level of uncertainty of the validation analysis at relevant points. The
combined SNAP–StaMPS workflow is shown to be a reliable tool for S1 data processing. Based on
the validation procedure, the workflow allows decomposed velocity maps to be obtained with an
accuracy of 2 mm/yr with expected uncertainty levels lower than 2 mm/yr. Slant-oriented and
decomposed velocity maps provide new insights into the ground deformation phenomena that affect
the study area arising from a combination of natural and anthropogenic sources.

Keywords: Interferometry; PSI; SNAP-StaMPS; Sentinel-1; Ground deformation

1. Introduction

Satellite radar interferometry is recognized as an effective technique in different
applications focused on deformation phenomena that occur on the Earth surface. The
successful application of this methodology is strictly related to the ability to depict the
displacement of ground targets at a very high level of accuracy (1–2 mm/yr) using synthetic
aperture radar (SAR) images and time series analysis of displacements oriented along
the Line Of Sight (LOS) directions. Since the first applications in the early 1990s, with
the first generation of SAR satellites (ERS-1 and Radarsat-1), the temporal and spatial
resolution increased, and a number of research fields have taken advantage of satellite
radar interferometry. Among these, applications to natural hazard assessment, ground
deformation, and investigations into polar cap dynamics, slope failures, and instability
processes are relevant to the present study [1–7].

Differential SAR interferometry (InSAR) was initially used to measure deformation of
the land surface through interpretation of interferograms, combined with digital elevation
models (DEM) to remove the topographic contributions. DEM were obtained with the
SAR interferometry by using one or two additional SAR images and it was called three,
or four, pass interferometry, respectively. Today, approaches based on the stacking of
interferograms are adopted more frequently, and the methodologies can be differentiated
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into persistent scatterer interferometry (PSI), small baseline subsets (SBAS), and methods
based on the search of distributed scatterers rather than the persistent ones (Homogeneous
Distributed Scatterer Interferometry, HDSI). These PSI [8–11], SBAS [12,13], and HDSI [14]
methods require different strategies for the generation of the interferogram stacks and the
statistical approach to find the velocity of stable and highly coherent scatterers from the
time series of displacement between satellite passes. Regardless of the methodology used,
one of the main advantages with respect to geodetic terrestrial surveys is that it is possible
to find the displacement of a multitude of points with significant improvement in spatial
density, and better delineation of the displacement phenomena at the required spatial scale.
These methodologies are based on differential approaches, and the displacement derived
is referred to a reference position. Thus, the absolute velocity of the scatterers is required
whenever the relative displacement field must be transposed into an absolute reference
frame. Major limitations can be associated with spatial and temporal decorrelation phe-
nomena, image gaps, the impossibility to detect fast motions due to the used wavelengths
(typically the radar bands C and X), and the ability to detect a minor part of the actual
displacements due to the sampling along the slant direction. In particular, also depending
on the acquisition geometry, the methodologies are more sensitive towards displacement
that occurs along the vertical and East-West directions. To obtain the final velocity field
in a geodetic reference frame, displacements along the vertical and horizontal directions
are required and a vector decomposition analysis must be applied. However, during the
decomposition from ascending and descending slant velocities to different directions the
uncertainties propagate. See [15] for details about the application of the error propagation
law to geodesic and surveying science.

A number of SAR images provided by ended (e.g., European Remote Sensing [ERS]1–
2, Environmental Satellite [Envisat], Radarsat 1, ALOS PALSAR), and active (e.g., Radarsat
2, TerraSAR-X, ALOS-2, COSMO SkyMed) satellite radar missions have been used for
deformation analyses through the InSAR approaches, with some remarkable results ob-
tained. In the framework of the Copernicus Earth Observation programme, Sentinel-1A
and Sentinel-1B (S1A, S1B) satellites equipped with radar sensors were launched in 2014
and 2016, respectively, as part of the Sentinel constellation of satellites. Under the umbrella
of Copernicus, the European Space Agency (ESA) started to provide worldwide free-access
SAR images at average spatial resolution and with very short revisiting times, which
opened new perspectives for continuous ground-surface monitoring [16]. The time series
of the S1 SAR images is now long enough to process reliable displacement maps with more
reliable detection of seasonal and/or long-term trends. Moreover, the extension of available
time series makes the validation procedure based on comparisons with external data more
reliable. The studies focused on ground deformations phenomena from the processing
of S1 SAR image could be based on single or dual-orbit S1 data. These studies depicted
ground deformation maps of large areas [17–22] with no further decomposition analysis
and validation of average vertical and East-West oriented displacements by comparison
with external data complemented by uncertainty analyses.

In addition, users now have the opportunity to process SAR images using trusted and
freely accessible toolboxes. Over the last years, the ESA has distributed the Sentinel Appli-
cation Platform (SNAP) software with incorporated utilities for interferogram generation
and stacking, with this complemented by the Statistical Cost Network Flow Algorithm for
Phase Unwrapping (SNAPHU) package, for phase unwrapping [23–25]. The displacement
histories of persistent scatterers can be derived from the stacks of interferograms using the
free Stanford Method for Persistent Scatterers (StaMPS) tool, which only requires interfero-
grams from the SNAP since it uses an unwrapping algorithm derived from SNAPHU [26].
A few studies have explored the combined use of SNAP and StaMPS for displacement anal-
ysis by the PSI method from ascending and descending orbits [18,19,27] but a validation
procedure complemented by uncertainty analysis has rarely been carried out. Manunta
et al. [20] used accurate continuous global navigation satellite system (CGNSS) positions
to refer the displacements for the whole Italian territory to a global reference frame, as
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obtained from descending S1 data and the SBAS method. Delgado Blasco et al. [19] devel-
oped a workflow based on the SNAP and StaMPS tools to process dual-orbit S1 data with
successive vector decomposition, to obtain the actual vertical motion component. They
used the velocities available from CGNSS sites as reference, with no further validation
steps. To date, the scientific literature does not provide evidence on the accuracy assess-
ment of ground deformation maps based on dual-orbit S1 data and the SNAP–StaMPS
workflow with respect to a defined global reference frame. However, a similar approach
was described by [28,29].

The present study introduces the strategies adopted in the processing of S1 dual-orbit
data using the SNAP and PSI–StaMPS open-source routines with constraint of single orbit
products to a global reference frame, decomposition analysis and accuracy assessment at
validation sites complemented by an error propagation analysis. To align PSI slant velocities
to a reference frame and validate results on selected sites, we processed GNSS observation
from continuous stations distributed over the study area. In particular, we discuss the
performances of the SNAP–StaMPS workflow for the investigation of ground deformation
over metropolitan areas located in the southeastern border of the Po Plain (Italy). This
represents a unique case study where significant ground deformation phenomena have
been reported over a large area due to the combination of natural (e.g., quaternary sediment
compaction of the Plio-Quaternary deposits and deep tectonics) and anthropogenic (e.g.,
mainly pumping of groundwater for industrial and drinking purposes or deep gas field
exploitation) factors [30,31]. Subsidence phenomena have been previously investigated
through analyses based on PSI from data provided by both single and dual ERS and Envisat
satellite orbits [29,32,33]. However, no updates have been provided using data from dual
orbits modern satellite radar sensors and CGNSS data. To cover this gap, we processed the
full range of the available ascending and descending S1 data, along with the observations
provided by the CGNSS permanent stations installed in the area. We retrieved the vertical
and East-West oriented velocity fields after vector decomposition and validate results
following the above discussed approach. We obtained a ground deformation map which
updates the present knowledge about phenomena occurring in the investigated area and
discussed a few case studies where vertical and horizontal displacements can be linked to
different factors.

2. Study Area

This paper investigates an area of the eastern sector of the alluvial Po plain (Figure 1,
inset). This area is characterized by the historical and present lowering of the ground
soil due to a combination of anthropogenic and long-term geological processes. The
human-induced contribution is mostly connected to the demand for the groundwater
from a well-developed multi-aquifer system that started during the second half of the
20th century, in parallel with the increasing industrial activities [34,35]. A further minor
human contribution has come from the extensive agricultural and zootechnical techniques
and from gas exploitation [36], the latter strongly limited to the extents of productive
areas. Indeed, the loading and compaction of the Holocene sediments is the main source of
subsidence from natural processes in the alluvial plain, in addition to minor contributes
due to deep active tectonics. As reported by [37], the modern rate of subsidence is at least
an order of magnitude greater than the historical rate. The major cities included within the
study area are Bologna and Ferrara, settled on areas that are characterized by very different
geological settings and superficial deformation processes [37] (Figure 1).
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Figure 1. Map of the study area, including the main urbanized areas and seismogenic faults (dotted
lines, SHARE project, [38]. Eleven continuous global navigation satellite system (CGNSS) sites used
in the present work as constraint to a reference frame and validation purposes are located. Labels,
composed of four alphanumeric codes, are printed above the CGNSS locations.

3. Interferometric Data Processing and Analysis of GNSS Observations

In this section, main theoretical foundations for the SAR interferometry and the
workflow adopted to process the S1 SAR images and observations from the CGNSS sites
are discussed.

3.1. Interferogram Generation

To produce the stack of interferograms, the whole dataset of ascending and descending
S1 SAR images were processed with respect to a single master image. The selection of
the master image was based on minimization of the possible geometrical and temporal
decorrelation effects [7,8,39]. The selection of the master image might thus have a significant
role in the effectiveness of the whole procedure. The joint effects of sources of decorrelation
have to be considered, with estimation of the total correlation coefficient [40],

ρtotal = ρtemp · ρspat · ρDoppler · ρtherm ≈
(

1− f
(

T
TC

))
·
(

1− f
(

BPERP
BPERP,C

))
·
(

1− f
(

FDC
FDC,C

))
· ρtherm (1)

where:

f (x) =
{

x , f or x ≤ 1
1, f or x > 1

and ρtemp is the temporal correlation coefficient, ρspat is the spatial correlation coefficient,
ρDoppler is the Doppler correlation coefficient, ρtherm is the thermal correlation coefficient,
BPERP is the perpendicular baseline, T is the temporal baseline, FDC the Doppler centre
frequency difference between two images, and the term C is the critical one. BPERP,C and
FDC,C terms do not represent limiting factors in S1 data processing being the S1 mission
designed to minimize these sources of decorrelation. Then, assuming ρtherm is constant, the
master is chosen where the value of ∑N

i=1 ρtotal is maximized, where N is the total number
of images.

The interferometric processing of data acquired using the Terrain Observation with
Progressive Scan (TOPS) mode follows the approach presented by [41,42]. The interfero-
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metric operations are performed at a burst level, and thus the selection of the same swaths
and bursts for the master and slave images is required. Then, the coregistration of the
SAR images is performed by exploiting the precise orbit information (provided after two
weeks from the acquisition time) and an external digital elevation model (DEM) of suitable
accuracy and spatial resolution. After coregistration of the image pairs, the merging of
adjacent bursts in azimuth direction (i.e., the deburst step) and the selection of the study
area can be performed. The image pairs are then used in the generation of the stack of
interferograms. Finally, the contribution of the topography to the interferometric phase
must be removed, with the support of the external DEM.

3.2. PSInSAR

It is worth noting that the developed workflow for the selection of persistent scatterers
and the computation of their displacement history follows the theory of the persistent
scatterer InSAR technique. The basic method to identify and select persistent scatterers
considers a constant velocity model for targets motion [9,39]. Once these pixels are selected,
their phase history is analyzed, and only the pixels with a history similar to the functional
model are included as final persistent scatterer candidates [9]. This approach can limit the
application of the technique when the actual deformation model differs from that stated in
the initial hypothesis. According to the StaMPS method, initial selection of the persistent
scatterer candidates is performed based on amplitude analysis [11]. First, by exploiting
the statistical relationship between the amplitude and phase stabilities, a high value of the
amplitude dispersion as defined by [9] is used as a threshold value:

DA =
σA
µA

(2)

where σA is the standard deviation, and µA is the mean of the amplitude of the pixel; a
value of 0.4 was suggested by [10] for such parameter. Then the phase stability of each pixel
is analyzed by estimating the phase noise contribution [11] through an iterative process
and checking that it does not obscure the signal and, in particular, the displacement term.
Indeed, the wrapped phase of the x-th pixel and the i-th interferogram is given by the
following equation:

ψx,i = W{φD,x,i + φA,x,i + ∆φS,x,i + ∆φθ,x,i + φN,x,i} (3)

where W{·} is the wrapping operator, φD,x,i is the phase change due to displacement along
the line of sight (LOS) of the pixel, φA,x,i is the phase contribution due to atmospheric
refraction, ∆φS,x,i is the residual phase that depends on the satellite orbit inaccuracies,
∆φθ,x,i is the residual phase due to look angle error, and φN,x,i is the phase noise term [11].

The final selection of eligible persistent scatterers is performed through a statistical
approach. In this step, pixels that do not have stable behavior along the period spanned by
the data and/or are affected by the response from neighbouring pixels can be removed.
Indeed, even if scatterers remain dominant in a specific pixel, as its characteristics can
change over time, so can its response to radar signals. Such a pixel would not be considered
a persistent one, and it must be discarded. Moreover, pixels adjacent to a persistent scatterer
are considered to belong to the same scatterer, and the physical location corresponds to
the pixel with the highest γx (see Equation (20) in [11]). The spatially uncorrelated part of
the signal is primarily due to the spatially uncorrelated part of the look angle error (∆φu

θ )
and the contribution of the master (φ̂x

m,u). This part is estimated and subtracted from the
unwrapped phase. This step is mandatory, because the spatially uncorrelated contribution
can affect the wrapped phase, and thus the success of the whole unwrapping process. The
wrapped phase can be written as:

W
{

ψx,i − ∆φu
θ − φ̂x

m,u} (4)
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Then, the unwrapping, performed by the method discussed in [26], yields the un-
wrapped phase:

φ̂x,i = φD,x,i + φA,x,i + ∆φS,x,i + ∆φc
θ,x,i + φN,x,i − φ̂x

m,u + 2kx,iπ (5)

where ∆φc
θ,x,i is the spatially correlated part of ∆φθ,x,i, and kx,i is the remaining unknown

integer ambiguity. The spatially correlated phase terms are estimated using temporal and
spatial filtering and subtracted in order to retrieve the displacement term. Finally, the
atmospheric phase can be removed.

3.3. Atmospheric Filtering

For the estimation of the tropospheric phase contribution, we used the linear phase-
based model included in the Toolbox for Reducing Atmospheric InSAR Noise (TRAIN), a
module developed by the University of Leeds to reduce the atmospheric noise [43,44]:

∆φtropo = K∆φh + ∆φ0 (6)

where ∆φtropo is the interferometric tropospheric phase contribution, h is the topography,
K∆φ is the coefficient that relates the phase to the topography, and ∆φ0 is a constant
phase shift that is applied to the extent of the interferogram. The atmospheric filtering is
performed in a final step of the PSI processing to remove residual and local artifact.

3.4. Vector Decomposition with Uncertainties

The LOS-oriented displacements, detected from the interferometric processing of the
ascending and descending orbits, can be decomposed into the actual displacement along
the North, East, and vertical directions using the procedure introduced in [45]. In general,
for a satellite orbit with heading αH the mean velocity along the LOS can be expressed
following the theory of [46], where instead of the displacement, the mean velocity of the
persistent scatterer is considered, without losing the validity of the discussion, as shown in
the equation:

vLOS = vUp cos(θinc)− sin(θinc)

(
vN cos

(
αH −

3π

2

)
+ vE sin

(
αH −

3π

2

))
(7)

where θinc is the incidence angle, vUP is the mean velocity component in the vertical
direction, vN is the mean velocity component in the North direction, and vE is the mean
velocity component in the East direction. Equation (7) can be adopted to project absolute
velocities provided by the processing of CGNSS time series into ascending and descending
slant range directions. In the present work, this procedure is used to constrain and align
slant-oriented velocities to a global reference frame. This is performed prior of further
decomposition analyses. In addition, from Equation (7), the propagation of uncertainties
that affect the CGNSS site velocities along the North, East and vertical (up) directions can
be performed to obtain the level of uncertainty of the LOS-oriented velocities:

σ2
VLOS

= cos2 θINC · σ2
VUP

+ sin2 θINC

[
cos2

(
απ −

3
2

π

)
· σ2

VN
+ sin2

(
απ −

3
2

π

)
· σ2

VE

]
(8)

Following the theory proposed by [46], the sensitivity to displacement oriented along
the North-South direction is very low. The S1 orbit is designed with a mean incidence angle
of approximately 37◦ and a heading angle of 190◦. Given the acquisition geometry, the
sampling of the actual displacement oriented along the North-South direction by the slant
looking shows a sensitivity of −0.10. Consequently, the vector decomposition procedure
aims to compute the displacement along the Earth-West (E) and vertical (Up) components
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from the ascending and descending passes only. Using the matrix notation, the expression
given in the following equation holds:[

vUP
vEAST

]
= A−1 ·

[
vASC

LOS
vDESC

LOS

]
(9)

where:

A =

[
cos(θASC) sin(θASC) cos(αH,ASC)

cos(θDESC) − sin(θDESC) cos(αH,DESC)

]
Note that θASC has a negative value because of its counterclockwise counting. From

Equation (9), the variance–covariance matrix of decomposed velocities can be expressed
through the uncertainty error propagation law as:

CVdecomp = A−1CVLOS

(
A−1

)T
(10)

Equation (10) allows the computation of uncertainty level to be assigned at velocities
along the Earth-West (E) and vertical (Up) directions after the decomposition of slant-
oriented velocities.

3.5. Accuracy Assessment with Error Propagation Analysis

To provide an accuracy assessment of PSI-derived velocities a comparison with CGNSS
time series can be used. This comparison could be performed at the level of time series
projected along a common direction or by using decomposed velocities. The comparison of
average annual velocities from regression analysis applied to PSI and CGNSS time series
could be poorly sensitive to unmodelled effects. However, its significance increases when
comparing linear trends of slow ground deformation phenomena.

The approach followed in the present paper uses the error propagation law. As
reported in Section 3.4, a level of uncertainty can be assigned to the decomposed PSI
velocities and used to establish the statistical significance of the comparison with CGNSS
actual velocities. This approach requires: (a) the assessment of uncertainties introduced
by the alignment of PSI-derived slant velocities to the reference frame and (b) the error
propagation analysis to obtain uncertainties of decomposed PSI velocities in the vicinity
of a CGNSS sites used in the error assessment procedure. The decomposition procedure
requires a preliminary sampling and averaging of PSI-based velocities over regular grid
for ascending and descending products. Then, during the step (b), uncertainties linked
to averaging procedure of slant velocities and decomposition procedure (the latter using
Equation (10)) propagate. The comparison between PSI and CGNSS velocities could be
therefore complemented by the uncertainty level.

3.6. GNSS Data Processing Strategy

The absolute reference frame for the differential displacement provided by the PSI
methodology was defined using a network of CGNSS sites that are unevenly distributed
within the study area. Moreover, CGNSS time series can provide fundamental information
about the tectonic and geodynamic behaviors of the region and help in the understanding
of the superficial kinematic phenomena. Unfortunately, CGNSS sites belonging to interna-
tional networks are usually a limited number over an area of interest and stations from
other positioning services could be of interest in the validation processes. Figure 1 shows
the distribution of the CGNSS stations used in this work to provide a constraint to the
global reference frame and reference absolute velocities at sites used in the assessment
of PSI-derived velocity. These CGNSS sites are managed by different public and private
agencies for different purposes, and for this reason, they are not evenly distributed, and
the observation time spans might differ. Some sites were developed for scientific investi-
gations by public research authorities, while others make up part of the national services
for real-time positioning. However, [47,48] demonstrated that CGNSS sites designed and
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realized for technical operations do not introduce noise into the data recorded, with respect
to sites used for scientific applications.

In the present study, we have considered only the CGNSS sites located in the study
area with observations acquired between 1 March 2015, and the end of 2019 were processed
using the GAMIT-GLOBK software package (Herring et al. 2018a, b). In particular, the
processing strategy excluded the sites with data from <2.5 years and efficiency <50% (i.e.,
number of days with regular observations with respect to the whole period of observation).
During the processing, a loose constraint approach (i.e., 100 m) was applied to a-priori
coordinate of each site, while tight constraints were used for the precise ephemerides
and the Earth Orientation Parameters. The FES2004 ocean-loading model [49] and an
atmospheric propagation delay based on the global mapping function [50] were used in
addition to the absolute antenna phase center model provided by the International GNSS
Service for satellites and ground stations. At the end of the first step of the processing, the
daily solutions were loosely constrained using the GLOBK package [51] to the European
Terrestrial Reference Frame (ETRF2014; [52]) using a seven-parameter Helmert transfor-
mation, where the differences between the positions of the 14 International GNSS Service
stations surrounding the study area were minimized [53]. The daily time series of the
North, East and vertical components estimated was modelled as:

yj(ti) = Dk + vkti +
N

∑
k=1

djkH(ti − Tk) +
M

∑
k=1

(
A1k cos

(
2πti
Pk

)
+ A2k sin

(
2πti
Pk

))
+ εk(ti) (11)

where j represents the North (j = 1), East (j = 2) and vertical (j = 3) components.
Assuming a linear trend of displacement in the time series within the analyzed time span,
the initial position (D) and velocity (v) obtained from an ordinary least squares linear
regression analysis were used to model the long-term trend. The N discontinuities due
to instrumental changes and seismic events that occur near the sites are modelled with
the djk terms, εk(ti) is time-dependent noise, and A1k and A2k are the amplitudes of the
M (M ≤ 5) seasonal signals with period Pk. During the first phase of the analysis, only
the initial position (Dk), velocity (v), discontinuities (dki), and noise (εk(ti)) were estimated
by a weighted least-squares method. To obtain a residual time series, a model of the
motion was computed using the parameters estimated and, successively, this motion was
removed from the time series. Residuals were used to compute the standard errors of
the linear regression analysis and, successively, analyzed using a non-linear least-squares
technique to estimate the spectra, following the Lomb–Scargle approach [54,55]. The
spectrum of each component was analyzed to estimate the period, P, of the five (statistically
meaningful) principal signals in the interval between 1 month and half of the observation
time span. Periodicities were therefore used in Equation (11) to estimate discontinuities,

the intercept, and velocities, with amplitude Ak =
√

A2
1k + A2

2k and phase φ = arctg A2k
A1k

for each component.

4. Available Data and Processing Workflow

The interferometric processing discussed here was performed using free and open-
source tools and software. Indeed, the complete workflow is based on the sequential use
of the software packages of SNAP for interferograms generation, and StaMPS to process
persistent scatterer time series, with the following reduction of the atmospheric effects by
the model discussed in Section 3.1 and included in TRAIN.

4.1. Sentinel-1A and -1B Radar Dataset

The satellite radar data used in this study was delivered under the Copernicus pro-
gram and acquired by the S1A and S1B platforms placed in near-polar Sun-synchronous
orbits, with inclination of 98.18◦ at an altitude of 693 km. Each satellite has a repeat cycle
of 12 days, while for joint use of S1A and S1B, this is reduced to 6 days. Each satellite has a
C-band radar with a frequency range of 4–8 GHz and a wavelength range of 37.5–75.0 mm.
The acquisition is carried out with the TOPS acquisition mode, in which the antenna beam
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is steered in terms of both range (to acquire data from three sub-swaths, as in ScanSAR
mode) and azimuth (from backward to forward for each sub-swath). As a consequence,
the targets are illuminated by the entire azimuth antenna pattern, thus strongly reducing
the scalloping effect and leading to constant signal-to-noise ratio and ambiguities along
the azimuth direction. The main drawbacks are the reduced spatial resolution along the
azimuth direction caused by the fast azimuth beam steering and the need for extremely
precise coregistration. Single Look Complex (SLC) images acquired by the Interferomet-
ric Wide (IW) acquisition have been downloaded from the Sentinel Scientific Data Hub
(scihub.copernicus.eu) of the Copernicus Open Access Hub.

The IW SLC images have a nominal resolution of 20 m × 5 m (azimuth × range,
respectively) and a ground swath width of 250 km. Moreover, they are composed of three
sub-swaths (IW1, IW2, IW3) and by three images in single polarization and six images for
dual polarization. Each of the sub-swaths has a different mean incidence angle (IW1, 32.9◦;
IW2, 38.3◦; IW3, 43.1◦) and consists of a series of bursts in the azimuth which partially
overlap in both directions to guarantee the continuity of the image spatial coverage.

In the present study, the ascending and descending Sentinel-1A and Sentinel-1B IW
SLC products reported in Table 1 were selected for the successive processing. The temporal
and perpendicular baselines between the master and the slave images are reported in
Figure 2.

Table 1. The Sentinel-1 datasets used in this study.

Orbit Track Number of
S1 Images

Master Image
Acquisition Date Period Number of

Bursts (n) Sub-Swath
Mean

Incidence
Angle (◦)

Start End

Asc. 117 171 3 October 2017 30 March 2015 17 September 2019 5 IW2 38.3
Desc. 95 132 16 May 2017 15 April 2015 12 May 2019 5 IW1 32.9
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4.2. Software

The Sentinel Application Platform is an architecture that is provided by the ESA and
incorporates all the necessary tools to ensure visualization and processing of the Sentinel
mission data. The Sentinel-1 Toolbox includes the functionalities for the processing of
both ESA (e.g., Sentinel-1, ERS-1, ERS-2, Envisat) and third party (e.g., Cosmo SkyMed,
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Radarsat-2, TerraSAR-X, ALOS PALSAR) SAR missions. In particular, the SNAP TOPSAR
capabilities allow InSAR processing for integration with the StaMPS package, to provide
full PSI time series analysis [27]. StaMPS is a software package that was developed by
Stanford University (Stanford, USA), University of Iceland (Reykjavík, IS), Delft University
(Delft, NL), and University of Leeds (Leeds, GB) that implements the PSInSAR method
to extract ground displacements from time series of synthetic aperture radar acquisitions.
StaMPS works even in the case of non-steady deformation [56]. The TRAIN tool is available
in StaMPS for reduction of the atmospheric noise. In addition to the phase-based linear cor-
rection used in this work, TRAIN includes several other models: phase-based power-law
correction; spectrometer correction (Moderate/Medium Resolution Imaging Spectrome-
ter [MODIS/MERIS]); weather model correction (European Reanalysis-Interim [ERA-I];
Modern-Era Retrospective Analysis for Research and Applications [MERRA/MERRA-2];
Generic Atmospheric Correction Online Service [GACOS]; Weather Research and Forecast-
ing model). See [43,44] for further details.

4.3. The Processing Workflow

The SNAP–StaMPS workflow used in the present study is summarized in Figure 3
and further commented on in this section, with details of the single steps performed during
the processing.

The SNAP InSAR processing strategy used in the present study includes all the
necessary steps for the preparation of products needed for persistent scatterer processing
in StaMPS, which are, in particular:

1. Master image selection. The Optimal InSAR master selection tool is used, which
implements the theory reported in [40];

2. Product splitting. For all of the SLC data, the same sub-swath and bursts have to be
selected, to ensure the success of the co-registration;

3. Orbital correction. The Sentinel precise orbit files are applied to all of the prod-
ucts, with these files made available approximately 20 days after acquisition, and
automatically downloaded during the processing;

4. Coregistration. This step is performed exploiting the Back Geocoding operator;
5. Deburst. In this step, adjacent bursts are merged in the azimuth direction according

to their zero-Doppler times, with resampling to a common pixel spacing with the S1
TOPS Deburst operator (VV polarisation selected);

6. Interferogram formation. Computation of the complex interferograms;
7. Topographic phase removal. The topographic phase is estimated and subtracted

from the interferograms with the shuttle radar topography mission (SRTM) 3 arc-
seconds DEM downloaded by the software. During this step, the output file contains
the topographic phase band, the elevation band, and the orthorectified positions as
latitude/longitude;

8. StaMPS export. In this step, the folder structure required by StaMPS is prepared,
starting from the stack of coregistered and deburst products and the stack of interfer-
ograms free from the topographic phase contribution. The export is performed using
the PSI/SBAS interferometric tool.

The processing parameters for PSI analysis by StaMPS are set using the available
mt_prep_snap script. Parameters like the amplitude dispersion (Da) and the number of
overlapping pixels in the azimuth (na) and range (nr) are left as default (Da = 0.4; nr = 50;
na = 200), while the number of patches is selected depending on the computational
characteristics of the computer. As an example, for the descending orbit, five patches
were produced, both for azimuth and range. The amplitude dispersion parameter was
left as default because, due to the prevalence of vegetated land cover in the study area, no
improvements were found increasing its value as total number of candidate PS.
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The stack of interferograms is processed using MATLAB procedures implemented in
StaMPS, complemented by linear-phase-based tropospheric corrections using TRAIN [43,44].
In more detail, this includes:

1. Data loading. Preparation of the dataset required for the PSI processing;
2. Phase noise estimation. Estimation of the phase noise for each candidate pixel in

every interferogram;
3. Persistent scatterer selection. Selection of eligible persistent scatterer pixels on the

basis of noise characteristics;
4. Persistent scatterer weeding. Discarding of noisy persistent scatterers or persistent

scatterers affected by signal contributions from neighbouring elements;
5. Phase correction. Correction of the wrapped phase for spatially uncorrelated look

angle error, and merging of the patches of interest;
6. Phase unwrapping;
7. Spatially correlated look angle error estimation. This error is due to errors in the DEM

and incorrect mapping of the DEM into the radar coordinates;
8. Estimation of other spatially-correlated noise.

At the end of StaMPS processing, the TRAIN linear phase-based correction is applied.
Further details about these steps can be found in the reference StaMPS/MTI Manual [56,57].

At this stage, the user can select a reference area/site and introduce an average velocity
for it (usually known from the CGNSS data). The whole persistent scatterer dataset will be
referred to this reference velocity. However, by default, StaMPS uses the whole extent as a
reference area. The mean of the interferometric unwrapped phases from all the persistent
scatterers is computed, and its value is set to zero. In this way, the mean stability behavior
across the entire scene is assumed. This step is shown in Figure 3 as the SAR calibration and
introduces a constraint to a global reference frame. Whenever data have to be visualised
in a GIS environment, a vector shapefiles format can be exported, which contains the
coordinates of each persistent scatterer and an attribute table including the time series
of slant-oriented displacements for relevant epochs and the average velocity from a least
squares regression analysis. We added a MATLAB procedure for vector decomposition
and computing of the vertical and East-West oriented displacement. In the decomposition
procedure, the variation of the incidence angle all over the study area was considered and
the correct value for each resolution cell was used.

5. Results

The interferometric processing of S1 SLC images acquired from ascending and de-
scending orbits generated a geocoded LOS velocity map over the study area. To filter
out scatterers that showed low temporal coherence, we assumed as coherent pixels those
characterized by Da < 0.4. As indicated, the displacements are initially computed under the
hypothesis of mean stability behavior across the entire scene. Then, to align the ascending
and descending LOS velocities to a common reference frame, we used the local deformation
trend provided by the processing of a single CGNSS station included in the study area
during an overlapping period. In particular, the BOLG CGNSS station was chosen as
the reference by a criterion based on the time length of the series, number of days with
regular observations with respect to the whole period of observation and quality of the
monument used in the antenna installation. BOLG is part of the EUREF Permanent GNSS
Network. It guarantees a reliable constraint to the global reference frame (see Figure 1). The
velocities processed at the BOLG site using Equation (11) and referred to an observation
time span that overlaps with the interferometric dataset are: VUP = −1.0± 1.2 mm/yr,
VE = 0.3± 0.5 mm/yr and VN = 4.6± 0.5 mm/yr. The residual horizontal components
(North and East) are estimated by removing the Eurasian plate movements modelled with
the parameters provided by [52]. The CGNSS velocities projected along the ascending and
descending LOS directions are processed with uncertainties according to Equations (7)
and (8), respectively. The following values are obtained: VLOS,ASC = −1.4± 0.9 mm/yr,
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VLOS, DESC = −1.1 ± 1.0 mm/yr. Figure 4 illustrates the LOS-oriented velocity maps
within the study area.
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sites indicate the locations of the sites within the study area. BOLG represents the reference CGNSS site adopted for the
calibration for the LOS-oriented velocities to the European Terrestrial Reference Frame, ETRF14.

The uncertainties introduced by the alignment procedure arise from the linear com-
bination of errors characterizing the average velocities from CGNSS and PSI time series
adopted for alignment purposes. The uncertainty included in the average velocity of radar
targets located in the vicinity of BOLG station could be quantified by a statistical analysis
applied to the group of selected PSI time series used. In particular, a sample of 36 slant
velocities in both orbits has been used and averaged to find reliable average values to be
aligned with slant projected CGNSS velocities. Figure 5 provides a sample of ascending
PSI time series for targets located in the vicinity of BOLG reference site. The uncertainty of
average slant velocities could be placed at 0.1 mm/yr.

As shown by time series of Figure 5, the scattering of points displacements is within a
couple of mm among the epochs. Successively, uncertainties introduced by the alignment
procedure are transferred to single slant velocities within the study area and will be further
propagated in the final error propagation analysis.

The LOS-oriented velocity maps in Figure 4 show deformation phenomena to different
geographic extents. It can be noted, three zones (1, 2, and 3 in Figure 4) where the ground
deformation is higher than the surrounding areas. As pointed out by a number of studies
carried out in this area [32,47,48,58], the displacement pattern is mainly related to lowering
of the ground soil due to mainly anthropogenic causes. Previous studies in the area that
were based on satellite radar interferometry did not perform decomposition analysis from
ascending and descending slant displacements. However, a contribution from horizontally
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oriented displacement cannot be excluded a priori. This assumption fails in the case of
phenomena characterized by the horizontal displacement of the same order as the vertical
one, as detected by previous studies in the Po plain area [47,48,53,58]. These investigations
reveal horizontal and vertical displacement rates from GNSS data of comparable magnitude.
Thus, to achieve full knowledge of the superficial velocities field as seen by the SAR
acquisition geometry, there is the need for vector decomposition analysis from ascending
and descending velocity maps acquired in the slant geometry complemented by the error
propagation analysis (see paragraph Section 3.4).
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Before the decomposition procedure can be performed, the ascending and descending
dataset are sampled over a common grid with a cell size comparable with the spatial
resolution of the Sentinel-1 data. A grid of 20 m × 20 m in the ground range is selected
and Equation (9) is used to compute the velocities along the vertical (up) and East-West
directions for cells with at least 1 persistent scatterer included in both orbits. After the
decomposition procedure with a 20-m grid size, vertical and horizontal velocities for
111,306 targets were obtained. The use of larger grid size in the decomposition analysis
produces a decrease in the cells associated with decomposed velocities, and a smoothing
effect on the resulting decomposed velocities. For instance, a sampling grid size of 30 m ×
30 m corresponds to a reduction of the final cells by 10%. The results obtained from this
decomposition procedure are shown in Figure 6, where the displacement oriented in the
vertical (up) and East-West directions are shown.

In particular, Figure 6a shows the significant vertical deformation patterns over a
wide area in the western sector of the metropolitan area of Bologna (area 1), where vertical
rates of up to 20 mm/yr can be seen over an extent of ~200 km2. The horizontal velocity
pattern shows increasing eastern movement in the same area where the greatest subsidence
velocities are seen. These data suggest that the subsidence processes also involve the
horizontal displacement.

Velocity maps visible within the areas 2 and 3 differ and an insight will be provided
with the aim to show the ability by the maps to inform on ground deformations even by
using decomposed velocities. Figure 7 shows the vertical and horizontal velocity maps
within the area 2, located in the municipality of Minerbio (district of Bologna).
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As visible in Figure 7a, the area exhibits subsidence rates up to 10 mm/yr. Moreover,
a prevalent East-West component is well depicted in Figure 7b over a delimited area. In
this area, an industrial activity (gas storage in depleted deposits) takes place. However,
the authors do not have any other evidence for this relationship and detailed study of the
causes of such superficial deformation field is far from the aims of this study. Similarly,
Figure 8a,b, shows vertical and horizontal velocity maps processed in the municipalities of
Budrio (area 3).
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In the remaining part of the investigated areas the horizontal velocity pattern shown
on Figure 6b indicates widespread and eastward movement (i.e., positive values) in the
range of a few mm/yr, especially in the northern area, where the city of Ferrara is located.
The eastern sector of this area was stricken by the seismic events in May–June 2012. This
area below the Po plain sedimentary cover is characterized by a buried arcuate thrust
system and growth folds related to the Apennines chain [59], the principal lineaments
of which are also shown in Figure 6b. The moderate uplift in this area (Figure 6a) might
be connected to the tectonic movements of the buried Apennines chain, as suggested
by several studies for the eastern movements shown in Figure 6b [60]. Finally, minor
contributions to the eastward displacement might derive from actual displacements along
the North direction, which would contribute to a lesser extent in the slant direction and in
successive decomposition analysis.

To provide quality assessment for the vertical and horizontal velocity maps after
the decomposition procedure, the rates produced by the PSI-based analysis were com-
pared with GNSS measurements relevant to the period of the InSAR analysis. The CGNSS
observations and time series were specifically processed here for this purpose. All measure-
ments are complemented by the uncertainty levels (provided as standard deviations) and,
based on the procedure discussed in Sections 3.4 and 3.5, the error propagation analysis is
performed to provide errors in the final comparison between GNSS and decompose PSI
velocities. The results are given on Table 2.

Table 2. Results of the comparisons between the velocities at the GNSS sites and the average persistent scatterer interferom-
etry velocities for a minimum set of five persistent scatterers located around the CGNSS site at a distance ≤500 m.

CGNSS Site
Code

GNSS Velocity (mm/yr)
with st. dev. PSI Average Velocity (mm/yr) with st. dev. Comparison (GNSS – PSI;

mm/yr) with st. dev.

East Up East Up #PS SD (m) East Up

BLGN −1.5 ± 0.2 −7.6 ± 0.8 −1.2 ± 0.1 −8.1 ± 0.1 13 50 −0.3 ± 0.2 0.5 ± 0.8
BOLO −0.4 ± 1 −1.9 ± 2 0.7 ± 0.1 −1.56 ± 0.1 7 50 −1.1 ± 1.0 −0.3 ± 2.0
BO01 0.7 ± 0.3 −4.0 ± 1.3 0.1 ± 0.1 −3.6 ± 0.1 10 100 0.6 ± 0.3 −0.4 ± 1.3

CTMG −0.9 ± 0.8 −12.8 ± 1.6 −0.4 ± 0.1 −13.2 ± 0.1 14 100 −0.5 ± 0.8 0.4 ± 1.6
MTRZ 0.5 ± 1 −1.7 ± 1.8 −1.0 ± 0.2 −0.9 ± 0.1 2 500 1.5 ± 1.0 −0.8 ± 1.8
MEDI 1.0 ± 0.4 0.2 ± 1 0.4 ± 0.1 −1.5 ± 0.1 11 500 0.6 ± 0.4 1.7 ± 1.0
MSEL 0.6 ± 1 −1.3 ± 1.6 0.4 ± 0.1 −1.5 ± 0.1 12 500 0.2 ± 1.0 0.2 ± 1.6
FNEM 1.2 ± 0.8 −1.5 ± 2.4 1.4 ± 0.1 −1.3 ± 0.1 24 100 −0.2 ± 0.8 −0.2 ± 2.4
FERR 0.5 ± 0.7 0.1 ± 1.7 2.2 ± 0.1 −1.1 ± 0.1 9 50 −1.7 ± 0.7 1.2 ± 1.7
FERA 0.6 ± 1.1 −4.3 ± 2.1 1.9 ± 0.1 −2.2 ± 0.1 6 50 −1.3 ± 1.1 −2.1 ± 2.1

#PS, number of averaged persistent scatterers; SD, Sampling distance around the CGNSS sites to achieve the minimum of five persistent
scatterers needed to compute the averages.
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In this comparison, the PSI-based velocities were computed as the average values from
a minimum of five persistent scatterers located in the vicinity of the GNSS site. A circle
area with a 50-m radius was used to sample and average the persistent scatterer velocities.
To reach the minimum number of required persistent scatterers, the search radius was
increased 50 m until the required number of persistent scatterers was achieved. Table 2
shows the number of averaged persistent scatterers and the resulting sampling distance
used around the CGNSS sites. These data reported in Table 2 show differences between
the GNSS and PSI-based velocities of <±2 mm/yr within the reference period, with larger
values detected for the East component for the GNSS site of FERR, and in the vertical (up)
component for FERA. FERR and FERA are in the urbanized area of Ferrara, at a distance of
about 40 km from the reference site. This distance might have a role. Table 2 shows levels
of uncertainties <2 mm/yr in the majority of comparisons.

6. Discussion

The processing of the full ascending and descending S1 radar data and the use of
contemporary GNSS observations provided the complete workflow based on PSI analysis
and combined SNAP–StaMPS open-source software for ground deformation monitoring.
The uncertainty levels introduced by the calibration procedure were also estimated, and
the comparison with the velocities provided by a limited number of GNSS sites provided
an assessment of the reliability for depicting the displacement field over an area affected
by subsidence phenomena. In particular, the contemporaneity of the ascending and de-
scending SAR data and the GNSS observations used in the present study offered us the
opportunity to perform a careful calibration procedure with respect to a global reference
frame, and for decomposition analysis with successive assessment of the ground defor-
mation phenomena. A similar approach can be found in [28,29], where the PSI velocities
from dual orbits were aligned and then the SAR velocities were corrected using the GNSS
values. In [61], a S1 descending orbit, dataset was also processed, and the results were
combined with in-situ measurements, such as groundwater and GNSS measurements, for
more complete interpretation of the data. However, these previous studies based on S1 data
lack contemporaneity between the datasets, and none of them explored the vertical and
horizontal displacements fields with calibrations in an absolute reference frame, followed
by assessment of the accuracy of the uncertainties.

Moreover, the processing workflow of the S1A and S1B data using open-source tools
and then the vector decomposition procedure offers some points of discussion. As shown
in Figure 5, the SNAP–StaMPS workflow provided a final persistent scatterer time series
that can depict linear trends and periodical signatures along the slant direction with a
points dispersion of few mm, with no further filtering procedures. After the persistent
scatterer time series was processed, we selected a CGNSS site with reliable time series to
align the persistent scatterer velocities from single orbits in an absolute reference frame
(ETRF2014).

From the analysis of the reference site 3D GNSS time series of BOLG site, we found
a propagated uncertainty level on the LOS-projected velocities at the millimeter level,
which further propagates during the decomposition in the vertical (up) and East-West
velocities. Such propagated errors are reported in Table 2. The comparison between CGNSS
and PSI-derived velocities allowed to define differences of 2 mm/yr in worst cases with
uncertainties at mm/yr. In this computation, the incidence angle must be referred to the
area where the reference site is placed. The persistent scatterer time series appeared less
reliable at the beginning of the reference period, when only the S1A data were available,
and a void of data was found in the first half of the year 2016, due to the lack of S1 radar
images in the repository used.

The use of GNSS time series processed for even longer time periods in comparison
with PSI-derived series is suitable for accuracy assessments. This is due to long-term
fluctuations which could be not completely detected by the period of the satellite passages.
For this reason, the use of CGNSS velocities referred to different time spans could therefore
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affect the calibration procedure. The use of GNSS velocities available at the relevant time
is therefore advised. Nevertheless, a comparison of GNSS and PSI techniques based on
average annual velocities could be poorly sensitive to noises and unmodelled effects. To
remove part of these noises, a comparison at the level of time series of displacements
should be used. In Figure 9 the LOS-oriented ascending time series for a single target
(black dots, see the PS time series number 6 in Figure 5) is compared with the CGNSS
positions projected along the LOS. CGNSS are reported for the full time series (grey dots)
and for a subset of points sampled at the time of satellite passages (red dots). An epoch-by-
epoch comparison could be assessed by the root mean square error (RMSE). The RMSE
for comparison of series represented in Figure 9 is 2.9 mm. This is mainly due to periodic
fluctuations in the CGNSS time series that are not clearly visible in the response from
radar target.
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The linear phase-based model adopted in the present study to estimate the atmo-
spheric phase contribution is shown to be suitable for mapping deformation in the study
area. In particular, the atmospheric corrections processed for the interferograms affected
the hilly area that was part of the central Apennines. After the decomposition, this area
shows null vertical deformation rates, with only delimited areas characterized by very
small positive rates (Figure 6, southernmost sector). This behavior is consistent with the
theories related to the tectonics of the Apennine chain. Residual horizontal velocities visi-
ble on Figure 6 in correspondence with the hilly area are mostly due to slope instabilities.
Removal of the atmospheric phase with more complex models included in TRAIN could
be the objective of further studies.

The workflow is revealed to be useful in the detection of deformation phenomena at
the millimeter level, like those affecting the Po Plain sedimentary basin. The spatial and
temporal variability of the ground deformation driven by anthropogenic causes, such as
gas and groundwater exploitation, might be significant, and this dual approach based on
GNSS and InSAR offers a solution. A study of the spatial distribution of the phenomena
is also necessary, especially when the techniques adopted have an important difference
in terms of the spatial distribution: the single point for the GNSS measurements and a
relatively large number of persistent scatterers on the ground for the SAR technique. For
these reasons, we processed the same observation time span (2015–2019) for the GNSS and
SAR observations, and the comparison between the results obtained shows good agreement
between the vertical and horizontal (East-West) velocity values (Table 2). Moreover, the use
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of dual-orbit radar data for subsidence studies might be a requirement for the S1 satellites
that are designed to work with a wider look angle with respect to past sensors, and that
are less sensitive to actual vertical motion.

The workflow based on PSI analysis and combined SNAP–StaMPS open-source soft-
ware has some drawbacks. The processing was time demanding using computers equipped
with Intel Core i7 and 24Gb of RAM memory. The processing of ascending and descending
dataset in the investigated areas took a couple of months with the majority of the process-
ing time (roughly the 90%) used by SNAP. However, computing can be fastened using
high-performance or cloud computing. The open code of StaMPS represents a positive
point, and the users are able to introduce personalized routines, as we did in the calibration
and vector decomposition steps.

The ground deformation map produced in the present study updates previous in-
vestigations commissioned by the Regional Agency for Environmental Prevention, on
behalf of the Emilia-Romagna Region. Such studies were initially based on traditional
topographic surveying [33]. From 2005, single-orbit SAR interferometry based on radar
images provided by ERS, Envisat and Radarsat satellites was used to depict the subsidence
phenomena over the area, thus assuming a negligible horizontal motion. These previous
studies provided updates up to the year 2016 [62] and a reliable benchmark for the present
investigations, even though no studies based on dual-orbit and vector decomposition
are available.

The maps of Figures 6–8 depict the current subsidence phenomena in the metropolitan
area of Bologna, in addition to ground deformation phenomena that affect the nearby
settled areas. This might represent a recent update on the modern subsidence rates, and
a valuable tool for stakeholders involved in finding countermeasures to land subsidence
after the continuous reduction in the amount of groundwater pumped by supply stations
located within the study area [63].

7. Conclusions

In this study, we presented a PSI-based workflow to process dual-orbit S1 radar data
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 East-West
oriented velocity maps.

The workflow allowed the investigation of ground deformation due to subsidence
phenomena over large extents of Emilia Romagna (Italy). The combined use of the SNAP
and StaMPS processing tools offers an opportunity for users who are interested in process-
ing freely available S1 radar images with calibration of velocity maps and use of algorithms
included in TRAIN for the atmospheric phase removal. We have added a procedure to
process contemporary CGNSS site velocities to refer differential LOS-projected velocities
provided by the InSAR approach to the modern ETRF2014, and an algorithm for decompo-
sition analysis at preferred spatial resolution, with successive accuracy assessment carried
out at 10 CGNSS sites. The validation of the velocity maps through the comparison of the
decomposed SAR and GNSS annual rates provided differences at the millimeter level with
larger values at 2 mm/year, thus showing substantial agreement between the PSI-based
and GNSS measurements. Moreover, the computed difference values are compatible with
the uncertainty level provided by the error propagation analysis. Although a similar proce-
dure was already presented in other studies, they lacked the contemporaneity between the
SAR and GNSS datasets, and none of them explored the vertical and horizontal displace-
ment fields, with alignment in an absolute reference frame complemented by an accuracy
assessment with error propagation analysis. Even though the accuracy assessment pro-
vided a satisfactory outcome, more effort can be focused on investigation of the algorithms
other than the linear phase-based model for the atmospheric phase correction. However,
the study area is characterized by a prevalently flat topography, and these data can be
considered as an improvement in the understanding of ground deformation processes that
affect the area as a response to underground resource exploitation.
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