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Abstract: This study investigates vertical soil movement, a subsidence phenomenon affect-
ing infrastructure and communities in the Emilia-Romagna region (Italy). Building upon
previous research—initially based on leveling and GNSS observations and later expanded
with interferometric synthetic aperture radar (InNSAR)—this study focuses on recent data
from 2016 to 2021. A key innovation is the use of dual-geometry ascending and descending
acquisitions to derive the vertical and the east-west movement components, a technique
not previously applied at a regional scale in this area. The integration of advanced geode-
tic techniques involved processing 1208 Sentinel-1 satellite images with the SqueeSAR®
algorithm and analyzing data from 28 GNSS permanent stations using the precise point
positioning (PPP) methodology. By calibrating the INSAR data with GNSS measurements,
we generated a comprehensive subsidence map for the study period, identifying trends
and anomalies. The analysis produced 13.5 million measurement points, calibrated and
validated using multiple GNSS stations. The final dataset, processed through geostatistical
methods, provided a high-resolution (100-m) regional subsidence map covering nearly
11,000 square kilometers. Finally, the vertical soil movement map for 2016-2021 was devel-
oped, featuring isokinetic curves with an interval of 2.5 mm/year. The results underscore
the value of integrating these geodetic techniques for effective environmental monitoring in
subsidence-prone areas. Furthermore, comparisons with previous subsidence maps reveal
the evolution of soil movement in Emilia-Romagna, reinforcing the importance of these
maps as essential tools for precise subsidence monitoring.

Keywords: subsidence; INSAR; GNSS

1. Introduction
1.1. The Subsidence Phenomenon and Monitoring Techniques

Land subsidence is the gradual sinking, or lowering, of the Earth’s surface, driven by
both natural and human-induced factors such as groundwater extraction, soil compaction,

and geological processes [1-5]. This phenomenon can have significant consequences for
infrastructure, agriculture, and local communities, increasing the vulnerability in regions
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prone to subsidence [6-8]. Monitoring ground movements is therefore essential for effective
urban planning, environmental protection, and disaster risk management [9-11]. Over time,
subsidence monitoring techniques have advanced significantly, evolving from terrestrial
surveying methods to modern remote sensing approaches and their integration [12-14].
Traditional methods, such as spirit leveling [15-17] and global navigation satellite systems
(GNSS) [18,19], have long been used to assess ground deformation. More recently, remote
sensing technologies like interferometric synthetic aperture radar (InSAR) [20,21] have
gained prominence, offering high-precision, cost-effective monitoring over large areas.

Despite the substantial cost and time investment required, geometric leveling has
historically been the primary source of subsidence data, relying on an extensive network
of benchmarks. However, in recent years, GNSS technology has become increasingly
widespread, with permanent GNSS stations now serving as a standard method for geodetic
reference frame definition [22]. Additionally, GNSS stations play a crucial role in calibrating
InSAR data [23,24]. Since INSAR operates within a relative reference system, calibration
is necessary to align its observations with an absolute geodetic framework [25]. This
process ensures that the INSAR time series and velocity estimates are accurately referenced
to a predefined GNSS-based coordinate system [26-28]. Currently, integrating GNSS
measurements with INSAR data has become a key approach for high-precision subsidence
assessment at a regional scale [29-33]. In this context, the present study employs InNSAR
Sentinel-1 data in conjunction with GNSS observations to monitor subsidence, ensuring
alignment with a well-established geodetic reference system.

1.2. The Emilia-Romagna Region

The Emilia-Romagna region is part of the Po River Plain, an area that has experienced
natural subsidence for millions of years, a process that continues today [34]. The Apennine
mountain range, which stretches from the northwest to the southeast of the region, is
separated from the Emilia-Romagna Plain by a thrust system that causes the Apennines
to uplift while the plain subsides. Additionally, the Quaternary cover of the lowlands un-
dergoes slight folding due to tectonic thrusts between the Alps and the Apennines [35-37].
Over time, a series of geological processes have resulted in the deposition of sediments by
watercourses. This process has led to the formation of extensive sedimentary systems at the
outlets of these watercourses into the lowlands. These systems consist of alternating sandy
and gravelly lenticular sediments, interspersed with finer clay deposits. The presence of
highly compressible fine materials between more stable gravel and sand accumulations
further contributes to ongoing subsidence [38—41]. This phenomenon has been the subject
of rigorous study for decades [42]. While natural subsidence is primarily driven by the
region’s geological structure and the gradual compaction of fine sediments [43], human
activities have significantly accelerated the process. Urbanization, land reclamation, and
the extraction of subsoil fluids have all played a role [35]. Anthropogenic subsidence, partic-
ularly linked to fluid withdrawal from the subsoil, mainly groundwater and hydrocarbons,
became evident in the 1950s, reaching its peak in the 1960s and 1980s [44]. Although
the rate has decreased in recent decades, subsidence remains an ongoing issue [41,45,46].
The consequences of vertical ground movement in this region are profound, affecting
infrastructure, economic activities, and the stability of natural ecosystems [6]. Given its
significance, the quantitative assessment of subsidence in Emilia-Romagna has been the
focus of numerous long-term studies [47-49].

1.3. Evolution of the Emilia-Romagna Subsidence Maps

In 1998, the Emilia-Romagna region, in collaboration with the Regional Agency for
Environmental Protection of Emilia-Romagna (ARPAE) and the Department of Civil, Chem-
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ical, Environmental, and Materials Engineering (DICAM) at the University of Bologna,
established a regional subsidence monitoring network covering the entire plain. This
network comprises a high-precision geometric leveling system with over 2300 reference
points and approximately 60 GNSS stations [48]. The number of points was carefully
determined to ensure adequate spatial distribution for both techniques, thereby enabling
the accurate and reliable monitoring of the subsidence phenomenon. The first surveys
were conducted in 1999, with about 50% of the leveling network remeasured in 2005. The
difference in the number of measured leveling benchmarks, and consequently the length
of the surveyed leveling lines located along the roads, was influenced by the need for a
balance between the high costs associated with the leveling campaigns and the necessary
spatial distribution of these lines to enable a meaningful comparison with SAR data. It is
important to note that, in the meantime, the SAR technique had become a priority, proving
to be both economically advantageous and reliable due to its calibration using GNSS sta-
tions. Data from the 1999 leveling campaign were compared with previous measurements,
performed by different authorities for different purposes, leading to the creation of the first
vertical ground movement map. The GNSS stations were resurveyed in 2002, providing
additional insights into the local subsidence dynamics [49]. With the advent of satellite
radar data in 1992, various SAR constellations were integrated with GNSS to periodically
update the regional subsidence maps of the Po River Plain. ERS-1 and ERS-2 data were
used for the period 1992-2000, Envisat and Radarsat for 2002-2006 [48], Radarsat-2 for
2006—2011 [47], and Radarsat-1/2 along with Cosmo-SkyMed for 2011-2016 [49]. Over
time, the use of different SAR constellations introduced variations in the spatial resolution
and revisit frequency. Previous studies derived the vertical ground motion from a single
SAR acquisition orbit, calibrated with GNSS data [47]. This study, however, is the first to
analyze the Emilia-Romagna region at a regional scale by combining both ascending and
descending SAR acquisitions. To enhance the data accuracy, geostatistical interpolation
methods were applied to create a dense 100 m x 100 m regular grid, followed by the
generation of contour-based thematic maps using isokinetic isolines. Decades of experience
in subsidence monitoring have undoubtedly contributed to the continuous advancement
of these methodologies in the Emilia-Romagna region [47-49].

1.4. The 2016-2021 Emilia-Romagna Subsidence Map

The vertical movement map for the Emilia-Romagna region from 2016 to 2021, pre-
sented in this study, marks a significant advancement over previous analyses. The SAR data
were acquired from the Sentinel-1 twin satellites, part of the Copernicus program [50-52],
supported by the European Space Agency. Sentinel-1 provides comprehensive coverage of
the entire region, spanning both lowland and mountainous areas, throughout the 2016-2021
period. Its shorter revisit time enabled high-frequency monitoring, while the dual-geometry
processing of images—captured from both ascending and descending orbits—allowed for
the determination of vertical (up) and horizontal (west—east) components of surface mo-
tion [53]. This study is the first to leverage both ascending and descending lines of sight
(LOS) from Sentinel-1 to generate a regional-scale subsidence map for Emilia-Romagna.
The methodological approach enabled the extraction of the up and east components of soil
movement, providing a more comprehensive understanding of the ground deformation
patterns. The datasets were calibrated using a regionally distributed network of GNSS
stations, combined with an ad hoc calibration strategy. To ensure data reliability, an outlier
rejection process was applied to mitigate local anthropogenic influences on subsidence.
Finally, the validated and calibrated data were spatialized using geostatistical techniques
on a 100 x 100 m grid, allowing for the creation of isokinetic contour maps of the vertical
ground motion, with a resolution of 2.5 mm/year.
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2. Materials and Methods
2.1. SAR Data and the SqueeSAR® Approach

The radar dataset comprises 1,208 Sentinel-1 satellite images, acquired in interfero-
metric wide mode [54] from four different orbital tracks. These acquisitions provide full
coverage of the Emilia-Romagna region from 2016 to 2021, with each track detailed in
Table 1.

Table 1. Overview of the INSAR datasets analyzed. Data include images from four distinct satellite
tracks, acquired along both ascending and descending orbits. The incidence angle values represent
nominal values at mid-swath. The number of acquisitions may vary depending on the number of
bursts processed.

Track Orbit Incidence Angle Acquisitions Period

T117 Ascending 39° 307 12 January 201626 June 2021
T95 Descending 40° 297-301 11 January 201625 June 2021
T15 Ascending 41° 288-293 17 January 2016-25 June 2021
T168 Descending 37° 306-307 16 January 2016-30 June 2021

The interferometric analysis of the InNSAR dataset was conducted by TRE ALTAMIRA
using the SqueeSAR® algorithm [55], applied to the ascending and the descending datasets.
As is well known, the result of a multi-temporal INSAR analysis is a set of measurement
points corresponding to coherent scatterers identified within the area of interest [56]. Each
radar target is associated with a time series of displacement values estimated along the
satellite’s line of sight (LOS), along with its mean velocity, standard deviation, and temporal
coherence. The analysis for the Emilia-Romagna region benefits from several improve-
ments over the original SqueeSAR algorithm [55]. First, it employs an optimized, faster
algorithm to estimate the optimal phase values of distributed scatterers (DS), leveraging
a full coherence matrix derived from all possible image pair combinations. Second, it
utilizes more advanced filtering techniques to mitigate atmospheric disturbances. In fact,
even for highly reflective, stable radar scatterers (i.e., persistent or permanent scatterers),
tropospheric and ionospheric effects can significantly corrupt phase measurements [25].
After 3D phase unwrapping, motion and atmospheric components are separated using a
Model Order Selection (MOS) procedure [57], which allows for the adaptive modeling of
displacement time series and improved filtering of the atmospheric phase screen in each
interferogram. This approach enhances the estimation of non-linear motion components
compared to traditional polynomial fitting methods, where the polynomial order must
be predefined and remains fixed for all measurement points throughout the analysis. By
combining InSAR datasets acquired from ascending and descending orbits, it is possible
to estimate vertical and horizontal (east-west) displacement components. This is because
modern satellite SAR sensors operate in near-polar orbits, with only a small deviation from
the north—south axis, making InSAR relatively insensitive to motion in the north-south
direction. Since different acquisition geometries observe, with a few exceptions, different
objects, and each InSAR dataset contains distinct families of measurement points, the point
clouds must be resampled onto a common spatial grid. Additionally, because the acquisi-
tion dates vary between datasets, displacement time series are interpolated and resampled
onto a unified temporal grid. At the end of the resampling process, all InNSAR datasets are
aligned to the same spatial reference point and share a common temporal origin. For the
present study, a grid of centroids spaced 50 m apart is chosen, and the measurements along
the LOS provided by the radar targets located in the same cell are averaged, as shown in
Figure 1. The projection matrix described in [53] is then inverted, assuming that the impact
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of relative displacements along the north—south direction can be neglected, to derive both
vertical and eastward displacement components.
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Figure 1. Two-dimensional measurements are estimated by subsampling ascending and descending
data on a common spatial grid. The measurements of all points contained within the same cell are
averaged to produce 2D measurement points located at the center of the cell. The 2D procedure only
produces readings for cells containing points from both orbits (white cells).

The composition matrix described in [53] is then applied to derive both the time series
and mean velocities for the up and east components. The north component is excluded
due to the inherent limitations of the side-looking satellite acquisition geometry, which has
significantly lower sensitivity to motion in the north-south direction [25].

2.2. GNSS Data and the PPP Approach

To achieve the comprehensive and precise management of the GNSS data, we opted to
process the GNSS stations using a specialized software program for GNSS data processing.
This approach ensured greater control over data processing, facilitating accurate calibration,
validation, and consistency with geodetic reference frames. In this study, daily observations
from 28 GNSS permanent stations (Figure 2) were analyzed to calibrate the InNSAR data and
validate the calibration process. Of these, 21 stations were selected for the calibration phase,
ensuring homogeneous spatial coverage across the regional area, while 7 stations were
used for validation. The validation stations were chosen either near GNSS stations used
for calibration or in areas without stations, allowing for an assessment of the calibration’s
reliability under both conditions. The geographic coordinates of these stations are provided
in Table Al.

The daily positions of the GNSS permanent stations were evaluated using the precise
point positioning (PPP) approach [58]. This method allows for faster and less computation-
ally intensive data processing than the traditional differential approach, while maintaining
the same level of accuracy [59]. A key advantage of PPP is that it directly aligns the
coordinates within a global reference system. After obtaining the daily data, the time
series of positioning across the three components were analyzed to estimate the veloc-
ities in all three dimensions. The accuracy of three-dimensional coordinate variations
over time for permanent stations is typically within a few tenths of a millimeter per year,
which requires data collection spanning at least 2.5 years to account for periodic seasonal
effects [60,61]. The PPP approach was implemented using the GIPSYX 1.7 software pack-
age (https://gipsyjpl.nasa.gov, (accessed on 10 January 2022)) to analyze the Rinex data
recorded from 2016 to 2021. Key processing parameters included the Vienna Mapping
Function (VMF) [62] as the tropospheric model, a cut-off angle of 10°, and the absolute
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calibration of the antenna phase center variations using the models from the IGS absolute
correction file, igsl4.atx (https://cddis.nasa.gov/Data_and_Derived_Products/GNSS/
GNSS_product_holdings.html, (accessed on 10 January 2022)). Non-fiducial products
from the Jet Propulsion Laboratory (JPL) were used for satellite orbits. The results from
GIPSYX were then transformed into the International Terrestrial Reference System (ITRS)
using a set of local Helmert transformation parameters derived from a regional network of
20 GNSS permanent stations. This network includes stations from the International GNSS
Service (IGS, https:/ /network.igs.org, (accessed on 10 January 2022)) and from the IAG
Reference Frame Sub-Commission for Europe (EUREF, https:/ /epncb.oma.be, (accessed
on 10 January 2022)), as shown in Figure 3. The ITRF coordinates were then transformed
into ETRF to remove the Eurasian plate motion using the parameters published by Z. Al-
tamimi (Table 3) in the corresponding technical note [63]. The final products were the time
series in the north, east, and up components of the GNSS stations, along with the relative
mean velocities.

t

0 100 200km
—

Figure 2. On the (left), the locations of the 21 GNSS permanent stations used for calibration (pink

triangles) and of the 7 stations used for post-calibration (yellow triangles). On the (right), the map of
the Italian regions with Emilia-Romagna highlighted.
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Figure 3. The IGS/EUREF geodetic stations composing the regional network, identified with the
international codes.

2.3. InSAR Calibration

InSAR and GNSS are complementary techniques for the monitoring of surface move-
ment, and their integration is employed to leverage the strengths of both technologies in
terms of spatial density, precision, and accuracy. By combining INSAR and GNSS mea-
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surements, a high spatial density of information is obtained with optimal precision and
accuracy, provided that both datasets are aligned to a common reference system. InSAR
data, initially aligned in a relative reference system [27], require calibration to an absolute
reference system for absolute results. This is true whether the data are represented in
terms of LOS or planimetric components [64]. The InNSAR calibration workflow used in the
present study is outlined in Figure 4 and described in detail below.

1 SQUEESAR®
2D DATA

2b Average e Serie 2D Filtered Time Series 2a
A (GNSSTS)

3 Plane Removal

Absolute Calibration

H

Figure 4. InSAR calibration process. The blue blocks refer to the INSAR dataset, the green blocks
refer to the GNSS dataset, and the orange blocks contain the step in which the INSAR and the GNSS
datasets are integrated.

2D—average InSAR time series. Generally, GNSS benchmarks and InSAR points are

not perfectly co-located, and the accuracy of the InNSAR point location is typically within a
few meters, while GNSS benchmark locations are known with centimeter-level precision.
Due to this disparity, INSAR measurement points within a certain radius of each GNSS
benchmark are selected. These selected points are then used to calculate an average time
series that will be compared with the corresponding GNSS time series. This approach
ensures that data collected at the same location, over the same period, can be directly
compared for accuracy and consistency.

2D—filtered time series. Generally, the time sampling of GNSS data differs from that

of InNSAR. To address this, the GNSS time series are filtered using a moving window, which
includes data from several days before and after each SAR acquisition date. This method
ensures that the GNSS data are aligned with the INSAR measurements, improving the
accuracy of the comparison between the two datasets.

Plane removal. The difference in the average velocity is calculated for each average
time series and the corresponding GNSS data. To calibrate the INSAR measurements, a
first-order surface (plane) is statistically estimated at the regional scale by minimizing the
residuals between the average time series and the corresponding GNSS. This plane is then
removed from all INSAR measurement points. Since the plane alignment only accounts
for a linear regional trend, additional calibration is performed to account for potential
non-linear regional trends. This is achieved by deriving a unique common residual series
at the regional scale, based on the residuals between the individual measurement points
and the GNSS. The resulting residual time series reflects the movement of the local INSAR
reference points relative to the global GNSS reference frame. Finally, this residual time
series is removed from each individual INSAR measurement point time series, ensuring
more accurate calibration across the entire dataset.
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Absolute calibration. The obtained InSAR data, after the removal of the plane and the
calibration of the time series, are then aligned to the same GNSS reference system. In this

case, the data are referenced to the ETRF2000 intraplate reference system. This alignment
ensures that the INSAR results are consistent with the GNSS reference frame, providing a
unified and accurate representation of surface movements across the region.

3. Results

The following analysis encompasses INSAR processing, calibration, verification, and
the final production of the Emilia-Romagna subsidence map. The interferometric analysis
results were applied using a novel approach, differing from the methodology employed in
the previous survey campaign, which covered the period from 2011 to 2016. This updated
approach introduces improvements in precision and spatial coverage, contributing to a
more accurate and comprehensive assessment of subsidence in the region [49]. The data
used in this work were as follows:

*  The mean velocities and the time series of the GNSS permanent stations, obtained
from the precise point positioning approach;

e The LOS and east-up results of the SqueeSAR® interferometric analysis;

¢  The basic cartographic data and database of high-resolution satellite images.

The main aspects of the study include the definition of a velocity datum for the interfer-
ometric analysis and the subsequent verification of its effectiveness during the calibration
phase of the interferometric data. Additionally, the study included a statistical analysis of
the spatial distribution and type of measurement points, as well as the implementation of
screening procedures to identify and remove any outliers. The entire dataset was validated
to ensure the reliability of the results. Finally, the velocities derived from the interferometric
analysis were interpolated to create a raster model of the vertical ground motion velocities
for the Emilia-Romagna plain area, along with the mapping of isokinetic curves.

3.1. InSAR Measurement Points and East—West Components

The SqueeSAR® analyses resulted in a total of 13,555,277 measurement points (MP)
across the entire Emilia-Romagna region (Figure 5). For each MP, displacement time series
were generated, representing the evolution of the displacement for each acquisition date,
measured along the LOS direction. Additionally, the annual average displacement rate for

each MP was also calculated and provided.

Figure 5. Distribution of Sentinel-1 MP, resulting from the SqueeSAR® interferometric analysis.
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The density and distribution of the MP identified by the analysis are influenced by
several factors, including the resolution of the imagery, surface characteristics, changes over
time, and topography of the region. The highest densities of MP are found in urbanized
areas, built-up regions, and locations with man-made infrastructure. In contrast, cultivated
and vegetated areas generally exhibit much lower MP densities. To calculate the vertical
and horizontal movement components, radar measurement points for each LOS were
resampled and averaged onto a regular grid with 50 m x 50 m points (pseudo-MP). This
process involved applying the decomposition matrix, which incorporates the satellite’s
incidence and heading angles. The resulting mean velocities, derived from combining the
ascending and descending LOS in both the up and east-west directions, are presented
before the calibration process in Figures 6 and 7.

Up Mean Velocity [mm/yr]
- — _;}(:(m
<-20 0 25

Figure 6. SqueeSAR® MP mean velocity along the up component, expressed in mm /yr.

East-West Mean Velocity [mm/yr]

West East
| | : 3 km
<-5 0 25

Figure 7. SqueeSAR® mean velocity along the east-west component, expressed in mm /yr.

3.2. GNSS Mean Velocities and Time Series in ETRF

Table 2 presents the north, east, and vertical up velocity components for each GNSS sta-
tion within the Emilia-Romagna region under investigation, along with the associated mean
square deviations. The uncertainties (sigma) shown in Table 2 were calculated using the
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RealSigma option implemented within the TSVIEW package [65] for the GAMIT-GLOBK
(MIT) GNSS analysis software (http://geoweb.mit.edu/~tah/GGMatlab/ (accessed on
10 January 2022)). This approach employs an autocorrelated noise model for the time series,
rather than assuming white noise, thus avoiding the assumption of temporally independent
errors. This is achieved by calculating the reduced chi-squared statistic (chi-squared per
degree of freedom) for increasingly longer time averages of the residuals. Autocorrelation
is estimated by identifying the point at which the reduced chi-squared statistic begins to
increase significantly with the averaging time. The RealSigma option yields more realistic
and conservative uncertainty estimates. These uncertainties are larger than those obtained
under the white noise assumption because the autocorrelated noise model accounts for
the increased inherent uncertainty in the data due to temporal error correlations. These
velocities are expressed in the ETRF2000 intraplate reference system. The table includes
data from both the 21 GNSS stations used to calibrate the interferometric data and the
7 GNSS stations used for the a posteriori verification of the interferometric results. This de-
tailed dataset allows for the comparison and validation of the InNSAR-derived velocities and
provides insights into the accuracy of the calibration process applied to the satellite-based
measurements. The markers for stations XXX1 and XXX2 have been modified because they
do not belong to public GNSS networks.

Table 2. GNSS north, east, and up velocities and the relative standard deviation of the time series
with respect to the linear trend of each component.

Marker VN [mm/yr] o VN [mm/yr] Vg [mm/yr] o Vg[mm/yr] Vylmm/yr]l o Vy [mm/yr]
Calibration
BGDR 21 0.04 0.24 0.03 0.98 0.05
BLGN 5.68 0.02 —0.81 0.02 —8.25 0.05
BOBB 1.09 0.01 0.31 0.01 —0.54 0.04
BRAS 1.65 0.02 0.09 0.01 0.48 0.04
BRIS 3.41 0.02 1.09 0.01 0.63 0.05
CAST 1.76 0.02 0.09 0.01 0.83 0.05
CODI 2.19 0.01 0.01 0.01 —2.81 0.03
FERR 2.56 0.01 0.39 0.01 —-1.12 0.03
GARI 1.29 0.01 —0.28 0.01 —2.75 0.04
GUAS 1.81 0.01 0.1 0.01 —1.65 0.05
ITIM 3.46 0.01 0.82 0.01 —0.37 0.03
MODE 2.83 0.01 0.82 0.01 —41 0.04
MSEL 2.81 0.01 0.92 0.01 —1.83 0.03
MTRZ 3.83 0.02 1.57 0.02 —0.85 0.08
PARM 1.86 0.01 0.75 0.01 -0.3 0.05
PIAC 1.41 0.01 0.16 0.01 —-0.71 0.03
RAVE 294 0.01 0.31 0.01 —3.75 0.04
REGG 2.35 0.01 —-0.23 0.01 -3.12 0.04
SGIP 3.11 0.01 1.49 0.02 —6.97 0.04
TARO 1.12 0.01 0.29 0.01 —0.58 0.05
VERG 2.53 0.01 1.86 0.01 1 0.05
Validation
BOL1 4.17 0.02 0.37 0.01 —0.32 0.04
BOLG 4.14 0.02 0.32 0.02 —2.04 0.06
COLL 1.59 0.02 1.25 0.02 —2.33 0.05
XXX1 2.39 0.01 3.27 0.02 —8.71 0.04
ITRN 3.94 0.01 0.95 0.03 —1.23 0.04
MOPS 3.17 0.01 0.73 0.02 —3.92 0.04
XXX2 2.7 0.02 —0.6 0.02 —3.72 0.06
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3.3. Calibration of SqueeSAR® Pseudo-MP

To align the SqueeSAR® results (up and east-west components) with the ETRS, the
calibration process requires the use of the GNSS station network outlined in Section 2.2. This
alignment is achieved by utilizing both the average velocity from the GNSS time series and
the relative time series, following the calibration workflow described in Figure 4. To ensure
spatial correspondence between the GNSS stations and the nearby radar targets, only InNSAR
points within a 100 m radius of the GNSS station are selected. From these, the five highest-
quality targets are identified and used to calculate the mean time series. This mean time
series is then compared with the time series from the nearest GNSS station, after filtering the
GNSS data using a 21-day moving window (spanning 10 days before and after each SAR
acquisition date). The time series of the difference between the averaged SqueeSAR® data
and the GNSS data is evaluated. The next step in the calibration process involves assessing
and subtracting the averaged difference time series from the SqueeSAR® targets. As a result,
the final calibrated INSAR data are aligned with the same reference system as the GNSS
permanent station network. The plain values and the residual time series that were removed
for calibration are provided in Tables A2 and A3. Table 3 summarizes the calibration
accuracy achieved, showing that the vertical and horizontal velocity residuals between the
InSAR and GNSS measurements are less than 1 mm/year on average. This performance
aligns with the expected accuracy of these high-precision monitoring techniques [66].

Table 3. GNSS mean velocity (mm/yr), SqueeSAR® post-calibration mean velocity (mm/yr), and
residuals with respect to the GNSS mean velocity (mm/yr), for the up and east components.

Marker Vu GNSS  Vy SqueeSAR® A Vy VE GNSS Vg SqueeSAR® AVy
[mm/yr] [mm/yr] [mm/yr] [mm/yr] [mm/yr] [mm/yr]
BGDR 0.9 - - 0.2 - -
BLGN -8.3 -75 1 -0.9 —-14 -0.5
BOBB —0.6 0 0.6 0.3 0.5 0.2
BRAS 0.5 -0.9 —-14 0 0.3 0.3
BRIS 0.6 - - 1.1 - -
CAST 0.8 —0.6 —14 0 —0.1 —0.1
CODI —-2.8 —-3.1 —-0.3 0 0.1 0.1
FERR -1 —24 —-14 0.4 0.4 0
GARI —2.8 -2.9 -0.1 -0.3 0.1 0.4
GUAS -1.6 -1.8 -0.2 0.1 0.2 0.1
ITIM —-04 -1.3 -1 0.8 0.3 —0.5
MODE —44 —2.6 1.8 0.8 0.3 -0.5
MSEL -1.9 -0.3 1.6 0.9 1 0.1
MTRZ 0 - - 1.5 - -
PARM -0.1 -0.5 -0.7 0.8 0.5 -0.2
PIAC —0.7 -15 —0.8 0.1 0.2 0
RAVE —-3.8 —-3.1 0.7 0.3 0.4 0.1
REGG -3.2 -1.9 1.2 —-0.2 0.7 0.9
SGIP -7 —5.6 14 1.5 1.8 0.3
TARO —0.6 -0.7 -0.1 0.2 0.5 3
VERG 0.7 —0.6 -1.3 1.8 1 —0.8

3.4. Validation of SqueeSAR® Calibrated Up and East-West Mean Velocities

Following the calibration of the SqueeSAR® dataset, the results were validated by
comparing the velocities from the calibrated SqueeSAR® data with those from GNSS
stations that were not involved in the calibration stage. To conduct this validation, two
pseudo-MP capture radii around the GNSS stations were chosen: 100 m and 250 m. The
velocities of the pseudo-MP falling within these buffer areas were averaged, and the
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resulting velocities were then compared with the velocities from the GNSS stations. The
mean residual over the seven blind control points was found to be

*  0.17 mm/year, with a standard deviation of 1.3 mm/year, for the 100 m capture radius;
*  0.01 mm/year, with a standard deviation of 1.3 mm/year, for the 250 m capture radius.

Overall, for the 100 m radii case results, reported in Table 4, the velocity differences
obtained are smaller than the accuracy provided by the SqueeSAR® data, validating the
calibration process (for the station showing the greatest difference, a heterogeneity was
found in the values of the surrounding pseudo-MP points).

Table 4. Validation of the calibrated SqueeSAR up component. In the table, for the 100 m radii, we
reported the GNSS station marker name, the GNSS mean up velocity [mm/yr], the pseudo-MP up
mean velocity [mm/yr], and the difference between the SqueeSAR and GNSS up velocities [mm/yr].

®

Marker V[Lrjmill:rsls Vu [Snilrl:s;f]AR A Vy [mm/yr]
BOL1 -0.3 -1.8 1.5
BOLG -2 —-2.8 0.8
COLL -23 —-1.1 —-1.2
XXX1 —8.7 —6.7 -2
ITRN —-1.2 —2.2 1
MOPS -39 —-2.7 —-1.2
XXX2 —-3.7 -3.7 0

The sample examined, although limited, includes a total of 21 permanent GNSS
stations distributed across the analysis area, in addition to the seven stations used for
the blind validation of the results following calibration. The values obtained from this
validation process can be considered entirely satisfactory, reinforcing the methodology’s
reliability. Based on this validation, an overall uncertainty threshold of approximately
+2 mm/year was assigned to the displacement velocity analysis. Given this uncertainty
threshold, it was decided to represent the results in the final cartography with isokinetic
curves spaced at intervals of 2.5 mm/year. This approach aligns the current dataset with
the precision observed in the previous analysis conducted during the 2011-2016 period.
Following the successful validation and calibration of the data, both the vertical and
horizontal (east-west) velocity time series were integrated into a georeferenced database.
The results were then visualized and are presented in Figures 8 and 9, which show the
aligned displacement velocities for the region under study.

The map of the east-west horizontal mean velocities (Figure 9) represents an important
new feature in the updated subsidence cartography, distinguishing this monitoring cam-
paign from the previous one (2011-2016). The map helps to highlight—particularly in the
lowland areas, where significant vertical ground movements are present—the associated
horizontal movements. In these regions, the horizontal movements predominantly move
eastward in the Bologna, Reggio Emilia, and coastal areas (such as the mouth of the Fiumi
Uniti and Lido di Dante). Conversely, a westward direction is observed in parts of the
Reggio Emilia and Bologna areas. In the hilly and mountainous regions, the influence
of tectonic and gravitational processes contributes to more pronounced variability and
intensity in the horizontal movements. This contrasts with the plains, where the horizon-
tal movements tend to be less variable and less intense. The detailed mapping of these
horizontal velocities provides a better understanding of the spatial relationship between
vertical and horizontal subsidence, which is crucial in evaluating the broader geodynamic
processes affecting the Emilia-Romagna region.
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Figure 8. Mean up calibrated SqueeSAR® velocity [mm/yr] obtained for the 20162021 time span.
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Figure 9. Mean east-west calibrated SqueeSAR® velocity [mm /yr] obtained for the 2016—2021 time span.

3.5. Outlier Rejection: Local Phenomena and Statistical Selection

The outlier rejection process aimed to identify and remove anomalous data points that
could be the result of local anthropic activities or the structural subsidence of infrastructure.
In this context, the term “outlier” refers to a pseudo-MP that shows little to no spatial
correlation with surrounding measurement points. This lack of correlation suggests that
the data do not reflect the regional subsidence phenomenon but may instead be caused
by local factors, such as thermal deformation, structural movements, or issues with the
interferometric method itself. These anomalies may also arise from urbanization or anthro-
pogenic land management activities that interfere with the measurements. Given the large
volume of data, the verification and validation of pseudo-MP is a critical and complex task
that requires the use of objective statistical methods. However, these methods need to be
complemented by visual assessments and specific evaluations conducted by the operator.
The combination of statistical tools and expert judgment ensures that only valid measure-
ments are retained, allowing for a more accurate interpretation of the subsidence data and
the production of reliable maps and models. To ensure the accuracy of the displacement
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data, two distinct verification procedures were employed to identify and remove outliers
from the dataset.

e Initial Identification of Outliers. The first step involved analyzing the frequency dis-

tribution of the mean vertical velocities over the period of observation. This allowed
for the detection of data points that were significantly outside the expected range.
The identified outliers were primarily points with vertical velocities of less than
—20.0 mm/year or greater than 5.0 mm/year. These values were then compared
with known references and cross-checked with available land use and territorial
context data.

* Automated and Statistical Selection of Outliers. Following the initial identification, an
automated statistical procedure was applied to further refine the selection of outliers.
This method helped to confirm and enhance the accuracy of the data by eliminating
those measurement points that deviated from the general pattern of subsidence in
the region.

As a result of these procedures, 145 pseudo-MP were removed from the dataset. These
outliers were primarily located in the lowland areas. After exclusion, the remaining
data better represented the regional subsidence phenomenon, free from the influence
of localized anthropic activities or infrastructure changes. The removed outliers were
associated with areas where local factors, such as urbanization, infrastructure development,
quarries, landfills, or new construction projects (like roads, overpasses, or photovoltaic
systems), caused anomalous displacement velocities. The exclusion of these outliers helps
to ensure that the resulting subsidence map accurately reflects natural ground motion
without interference from human activities. Figures 10 and 11 illustrate the locations
of these identified outliers and show examples at the local scale, highlighting how the
velocities of the anomalous points deviate significantly from the surrounding values. This
further emphasizes the role of human activity and infrastructure in producing these unusual
measurements.

Up Mean Velocity
[mmlyr]

e 5-55
©56-6
©6.1-7
® -20--25
® <-25

Figure 10. The location of outliers initially identified between the extremes (minima and maxima)
of the frequency distribution of the period —averaged vertical velocities was compared with known
anthropogenic activities in the area or highlighted individually by the mean velocity value.
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Figure 11. Examples of areas exhibiting anomalous vertical ground velocities resulting from anthro-

pogenic activities or infrastructure are identified as outliers. On the (left), a landfill; in the (center), a
photovoltaic solar park; and on the (right), a viaduct.

The further automated and statistical selection of outliers involved applying an auto-
matic procedure to the entire calibrated dataset of vertical velocities, which had also been
used in the previous 2011-2016 survey. This allowed for the comparison of the vertical
displacement velocity with the mean velocity of surrounding measurement points. The
analysis was conducted using Kriging, where the variogram of the calibrated average
vertical velocity data was used to determine the difference between the values of individual
measurement points and the corresponding values from the spatial analysis. This pro-
cess led to the identification of deviations between the measured values and the expected
values, which should ideally be zero to confirm the assumption of stationarity necessary
for Kriging analysis. The capture radius was defined according to the variogram model,
aligned with the goal of local outlier detection. In areas with low point densities, where
the minimum requirements could not be met, the algorithm increased the capture radius
locally, assigning greater weight to the closer points compared to the more distant ones. The
dataset was then cleaned of identified outliers through a recursive analysis process, with the
modeled dataset continuously moving closer to the measured data. This iterative process
ensured the production of a better-quality final map. A total of 942 potential outliers were
identified within the entire dataset of 704,444 pseudo-MP, which included both lowland
and hilly /mountain regions. Of these, all 145 initially identified outliers were confirmed.
After removing these outliers, the dataset corresponding to the plain zone was confined to
a polygon bounded by the regional boundary to the north, the coastline to the east, and
the 100 m elevation contour. Additionally, a 1000 m planimetric buffer was applied to
avoid edge effects in subsequent processing. This resulted in a final dataset consisting of
552,581 points.

3.6. The 2016-2021 Emilia-Romagna Subsidence Map

Based on the findings from previous periodic monitoring activities of vertical soil
movements and the assessment of the subsidence phenomenon on a regional scale, a map of
vertical soil movements for the period 20162021 was created. This map includes isokinetic
curves with an interval of 2.5 mm/year, specifically for the regional lowland area. The area
covered by this map is approximately 10,897 km?. The following procedure was employed.

* The final dataset of the calibrated interferometric analysis 2016-2021 was used,
cropped according to the regional boundary and the 100 m elevation line, with a
buffer of 1 km to remove edge effects and outliers, for a total of 552,581 pseudo-MP.

¢  The spatialization of the data was carried out using the Kriging technique, generating
a grid with a mesh size of 100 m x 100 m, co-registered with the grids calculated in
the previous monitoring periods, in order to facilitate the comparison of the results in
the GIS environment.

*  The areas occupied by transitional surface waters, such as the Comacchio Valleys,
were excluded from the calculated grid and thus from the final cartography.
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¢  The final cartography was provided via the contour process in a GIS environment,
giving isokinetic curves with a step of 2.5 mm/year.

The Emilia-Romagna subsidence map is presented in Figure 12.
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Figure 12. Map of vertical ground motion velocities for the period 2016—2021.

4. Discussion

The cartography of vertical soil movement in the Emilia-Romagna plains for the
period 20162021 (Figure 12) highlights limited areas of uplift (green), extensive zones
with velocities close to zero (white), and regions affected by soil lowering—both natural
and anthropogenic subsidence—primarily north of Bologna and in other localized areas
(orange and red). Natural subsidence results from sediment compression and the loss of
interstitial fluids due to overburden pressure, natural compaction, and tectonic activity. In
contrast, anthropogenic subsidence is mainly driven by groundwater extraction, which
induces sediment compaction [67]. During the 2016-2021 period, the mean vertical soil
velocity in the lowland area ranged between 0 and —5 mm/year across 89.6% of the
territory. Meanwhile, 6.1% of the area exhibited velocities between —5 and —10 mm/year,
while 2.9% recorded velocities below -10 mm/year. The highest subsidence rates were
observed in the province of Modena, followed by Bologna, which also displayed the
greatest variability at the regional scale. The overall frequency distribution of the movement
velocities for this period ranged from 5.15 mm/year to —27.29 mm/year, with a median
value of —2.37 mm/year.

To better characterize the subsidence phenomena in the Emilia-Romagna region,
a comparison of the vertical soil velocities from the 2016-2021 period with those from
2011-2016 and 2006-2011 has been conducted, and the frequency distribution of each
period is reported in Figure 13 and Table 5. This analysis provides insights into temporal
variations and trends, allowing for a more comprehensive understanding of the evolution
of subsidence across the region.



Remote Sens. 2025, 17,947

17 of 25

Frequency distribution of vertical soil velocities

-10
-16
-20

-25

Vertical mean velocity [mm/yr]

-30

-85 —— median

-40

2006-2011 2011-2016 2016-2021
Figure 13. Frequency distribution of vertical soil velocities from 2006 to 2021 for each analyzed
period (2006—2011, 2011—-2016, 2016—2021). The distribution shows the range of velocities for each
period (grey line), from extreme subsidence to uplift, the values between the 10th and 90th percentiles
(purple box), and the median values (red line), providing insights into temporal changes in the soil
movement dynamics over time.

Table 5. Values of the frequency distribution of the vertical soil velocities from 2006 to 2021 for each
analyzed period (2006-2011, 2011-2016, 2016-2021) as reported in Figure 13, expressed in [mm/yr].

Maximum 10° Percentile Median 90° Percentile Minimum
20062011 442 0.70 —2.00 —7.08 —35.05
2011-2016 6.63 —-1.13 —1.93 —4.05 —25.24
2016-2021 5.15 -1.13 —-2.37 —4.75 —27.29

A comparison of the minimum velocity values with those from the 2006-2011 period
reveals that they are generally comparable, although slightly lower, as the subsidence
values in the earlier period reached —35.05 mm/year. The median velocity values for the
most recent period (2016-2021) are marginally lower at the regional scale compared to
previous periods (Figure 13 and Table 5). Additionally, when comparing the movement
velocities between the 2016-2021 and 2011-2016 periods, it is observed that 85.47% of
the plain territory does not exhibit significant changes in trend. However, 11.17% of the
area has experienced an increase in subsidence, while 3.36% of the surface has shown a
reduction in subsidence.

To further analyze the evolution of subsidence between 2006 and 2021 in the Emilia-
Romagna region, Figure 14 illustrates the vertical soil variations for the periods 20062011
to 2011-2016 and 2011-2016 to 20162021 [68]. This comparison highlights the temporal
changes in the subsidence and uplift patterns across the region, offering a detailed view of
the shifting dynamics of vertical soil movement over time. For both maps in Figure 14, the
reference period is the older one (20062011 for Figure 14A, 2011-2016 for Figure 14B).

Specifically, considering Figure 14B, at the provincial scale, the provinces of Piacenza,
Parma, and Reggio Emilia exhibit widespread negative variation (yellow areas), whereas, in
previous periods, they had consistently shown average trends toward a rising topographic
surface (yellow areas in Figure 14A). Furthermore, in the province of Bologna, a large area
north of the city exhibits negative variation (orange areas), while, to the east, some localized
areas display signs of improvement (green areas), whereas others indicate a worsening
trend (yellow areas). The plain area north of Bologna, historically characterized by high
subsidence rates, had shown a progressive reduction in the previous monitoring period
(2006—2016), as shown in Figure 14A, where the subsidence had significantly decreased
(green areas), with some areas even recording positive velocities (uplift) [69]. This de-
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cline was primarily attributed to reduced groundwater extraction and favorable climatic
conditions during that period. However, Figure 14B, which covers the 2011-2021 period,
indicates the resurgence of subsidence across this historically critical area (orange areas),
although at lower rates than in the past. Modena and Ferrara also show some areas of
improvement (green areas) compared with the period 2006-2016, while Ravenna presents
the most extensive zones of positive variation, even along the coast (green areas), with
only limited and fragmented areas of worsening (yellow areas). Finally, at the border
between Cesena and Rimini, a worsening trend is evident (yellow areas) compared to
the period of 2006-2016 (yellow areas in Figure 14A). Future studies will focus on further
investigating soil movement at the provincial level, correlating the vertical variation data
with groundwater levels, groundwater abstraction, and precipitation. This approach will
help to identify the specific causes and local dynamics behind the subsidence phenomena,
enhance our understanding of the interactions between natural and anthropogenic factors,
and contribute to more targeted and effective management strategies.
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Figure 14. Maps of the variations in the vertical movement velocities of the ground from the period
2006—2011 to the period 2011—-2016 (A) and from the period 2011-2016 to the period 20162021 (B).

5. Conclusions

The most recent map of vertical soil movement for the period 2016-2021, developed
through the integration of ascending and descending InNSAR data, represents a groundbreak-
ing achievement as the first ever subsidence map for the Emilia-Romagna region created
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using this advanced approach. This advancement significantly improves the monitoring of
subsidence by providing a more accurate, high-resolution, and comprehensive representa-
tion of the phenomenon across the region. The combination of these two InNSAR geometries
allows for the detection and analysis of vertical displacements with unprecedented spatial
precision, reducing uncertainties and enabling the more detailed interpretation of sub-
sidence patterns. Furthermore, the processing of GNSS data using specialized software
for precise point positioning (PPP) played a crucial role in calibrating the INSAR dataset.
This step ensures the accurate alignment of satellite-derived measurements with a well-
established and dense geodetic reference frame, enhancing the reliability and consistency
of the data. The integration of GNSS and InSAR technologies has thus led to a refined
dataset that minimizes systematic errors and provides a robust basis for long-term moni-
toring and trend analysis. This updated map is pivotal in assessing how the subsidence
patterns have evolved since the 2011-2016 period, offering critical insights into ongoing
shifts and emerging trends. Compared to previous analyses, it reveals not only areas of
continued subsidence but also potential changes in intensity and spatial distribution. The
ability to detect even subtle variations in ground deformation is essential in evaluating the
underlying causes, which may be linked to natural geological processes, anthropogenic
activities, or variations in groundwater extraction. The significance of this work extends
beyond scientific research, as it has direct implications for urban planning, infrastructure
maintenance, and risk management. The integration of advanced InSAR and GNSS tech-
niques provides regional authorities and stakeholders with the most precise and up-to-date
information available, enabling them to implement informed mitigation strategies and
policy decisions. This is particularly important in a region like Emilia-Romagna, where
subsidence can impact critical infrastructure, water management systems, and land stability.
In conclusion, this study underscores the dynamic nature of subsidence and highlights the
need for continuous monitoring using state-of-the-art geodetic techniques. The evolution
of remote sensing methodologies, combined with rigorous data processing and validation,
has allowed for a more refined understanding of the phenomenon. Looking ahead, further
advancements in satellite technologies, data fusion techniques, and machine learning appli-
cations will continue to improve our ability to monitor and predict subsidence with even
greater accuracy. By maintaining a proactive approach to monitoring, Emilia-Romagna
can better anticipate and mitigate the effects of subsidence, ensuring the resilience and
sustainability of its territory for future generations.
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Appendix A

The locations of the 28 GNSS stations exploited in the present study to calibrate the
InSAR data and validate the calibration process are reported in Table A1.

Table Al. Geographical coordinates of the GNSS permanent stations selected for the calibration and
validation phase of the InNSAR data.

Marker Longitude Latitude
Calibration
BGDR 43.8891 11.8950
BLGN 44.5110 11.3506
BOBB 44.7706 9.3834
BRAS 441222 11.1131
BRIS 44.2248 11.7660
CAST 444316 10.4053
CODI 44.8367 12.1120
FERR 44.8279 11.6013
GARI 44.6769 12.2494
GUAS 449178 10.6623
ITIM 44.3475 11.7179
MODE 44.6289 10.9487
MSEL 44.5200 11.6465
MTRZ 44.3128 11.4250
PARM 44.7646 10.3122
PIAC 45.0431 9.6897
RAVE 44.4053 12.1919
REGG 44.7064 10.6368
SGIP 44.6355 11.1827
TARO 44.4879 9.7657
VERG 44.2874 11.1105
Validation
BOL1 44.4876 11.3288
BOLG 44.5002 11.3568
COLL 44.7528 10.2160
XXX1 44.4000 12.3000
ITRN 44.0483 12.5821
MOPS 44.6294 10.9492
XXX2 44.6000 12.3000
Appendix B

Tables A2 and A3 provide a summary of the calibration reference values for the vertical
and east-west components, respectively. In detail, in both tables, for the up and east velocity
components, we report

*  the mean velocity of the filtered GNSS data;

*  the mean velocity of the selected radar targets around the GNSS station;

*  the number of radar targets selected for the calculation of the average speed;

* the relative standard deviation of the average speeds of the selected radar targets;
* the differences used for plan estimation and removal.

The average difference time series and the average residual time series, obtained from
the comparison between the GNSS time series and the averaged MP ones, are reported
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in Figures A1 and A2. These time series represent the movement of the local SqueeSAR®
reference point relative to the absolute GNSS network. These time series were then removed
from the time series of all SqueeSAR® points, obtaining the calibrated SqueeSAR® data,
constrained to the same GNSS network reference system.

Table A2. Calibration reference values for the up component. In the table, we report the station
number, station marker, up GNSS velocity [mm/yr], up SqueeSAR® velocity [mm/yr], SqueeSAR®
standard deviation of the velocity [mm/yr], number of SqueeSAR® MP associated with each GNSS
station, and velocity difference between the SqueeSAR® and GNSS up velocities.

Vy GNSS Vu SqueeSAR® ® SqueeSAR® n°

Marker [mm/yr] U [n?m/yr] @ Vy SqueeSAR® [mm/yr] q MP AVg [mm/yr]
BGDR 0.9 - - 0 -
BLGN —-8.3 —-5.5 0.3 5 2.8
BOBB —0.6 1.1 0.5 5 1.7
BRAS 0.5 0.4 0 1 —-0.1
BRIS 0.6 - - 0 -
CAST 0.8 0.7 0.2 5 —-0.1
CODI —-2.8 —0.1 04 5 2.7
FERR -1 0.2 0.3 5 1.3
GARI —2.8 0 0.4 5 2.8
GUAS -1.6 0.3 0.3 5 2
ITIM —04 0.7 0.2 5 11
MODE —44 —-0.7 0.2 5 3.8
MSEL -19 1.9 0.5 2 3.8
MTRZ 0 - - 0 -
PARM —0.1 0.9 0.8 5 1
PIAC —-0.7 0.2 0.2 5 0.9
RAVE —-3.8 —0.6 0.4 5 3.2
REGG —-3.2 —0.1 0.2 5 3.1
SGIP -7 —-35 0.9 5 35
TARO —0.6 0.2 0.1 5 0.8
VERG 0.7 1 0.1 5 0.2

Table A3. Calibration reference values for the east component. In the table, we report the station
number, station marker, up GNSS velocity [mm/yr], east SqueeSAR® velocity [mm/yr], SqueeSAR®
standard deviation of the velocity [mm/yr], number of SqueeSAR® MP associated with each GNSS
station, and velocity difference between the SqueeSAR® and GNSS east velocities.

® ® 0

Marker V[fnli/ifls Ve [Sncﬂ;e/;flA R @ Vg SqueeSAR® [mm/yr] Squeel\S/Izl&)R n A Vg [mm/yr]
BGDR 0.2 - - 0 -
BLGN -0.9 —-1.8 0.3 5 —0.9
BOBB 0.3 0.2 0.2 5 —-0.2
BRAS 0 -0.1 0 1 -0.2
BRIS 1.1 - - 0 -
CAST 0 —-0.5 0.6 5 —-0.5
CODI 0 -0.3 0.6 5 -0.3
FERR 0.4 0 0.2 5 —0.3
GARI -0.3 -0.3 0.3 5 0
GUAS 0.1 -0.1 0.1 5 -0.3
ITIM 0.8 —0.2 0.2 5 -1
MODE 0.8 -0.1 0.1 5 -0.9
MSEL 0.9 0.6 0 2 -0.3
MTRZ 1.5 - - 0 -
PARM 0.8 0.2 0.4 5 —-0.6
PIAC 0.1 -0.1 0.1 5 -0.3
RAVE 0.3 0 0.6 5 —-0.3
REGG —-0.2 0.3 0.2 5 0.5
SGIP 1.5 1.4 1.1 5 -0.1
TARO 0.2 0.1 0.2 5 —0.1
VERG 1.8 0.5 0.2 5 -1.3
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Figure A1. The time series of the residuals between the averaged MP time series and the GNSS ones
in the up component (above). The average unique common time series of the residuals (cRTS) in the
up (vertical) direction (below).
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Figure A2. The time series of the residuals between the averaged MP time series and the GNSS ones
in the east component (above). The average unique common time series of the residuals (cRTS) in the
east direction (below).
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