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Integration of GNSS and Satellite InSAR Data:
Derivation of Fine-Scale Vertical Surface

Motion Maps of Po Plain, Northern
Apennines, and Southern Alps, Italy

Gregorio Farolfi , Silvia Bianchini, and Nicola Casagli

Abstract— Global Navigation Satellite System (GNSS) and
satellite synthetic aperture radar (SAR) interferometry represent
the most important space geodetic techniques usually exploited to
measure millimetric ground deformation on earth surface at both
local and wide-area scale. SAR images processed with persistent
scatterers interferometry (PSI) multitemporal approach lack of
an absolute reference datum. In this paper, SAR images are
calibrated with data derived from permanent GNSS stations,
in order to obtain absolute and more accurate displacement
values. The method used to correct PSI with GNSS is based on
existing methodologies commonly applied in the geodetic practice
of combining crustal and local deformation studies with geospa-
tial statistical analysis. The spatial distribution of vertical terrain
deformations and their temporal changes are coherently mea-
sured, leading to a fine-scale surface velocity map in the central-
eastern Po Plain, Northern Apennines, and Southern Alps in
Italy. The results reveal significant subsidence rates on the north-
western Adriatic coast including the Po Delta and the lagoon of
Venice, as well as on Bologna and Ferrara cities in agreement with
long-term displacement motion values provided by geological
data and other previous works performed at local scale. This
paper demonstrates the importance and effectiveness in creating
a single, unique surface motion map by merging different data
sets in which geodesy plays a relevant role in the datum alignment
of PSI products before the stacking of the SAR maps.

Index Terms— Calibration, Global Navigation Satellite System
(GNSS), integration, persistent scatterer interferometry (PSI),
synthetic aperture radar (SAR).

I. INTRODUCTION

GLOBAL Navigation Satellite System (GNSS) and syn-
thetic aperture radar (SAR) represent the most com-

mon space geodetic techniques used to study both local
deformations and spatial and temporal changes in earth’s
lithosphere.
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Researchers Bekaert et al. [1], Komac et al. [2],
Simonetto et al. [3], and Catalão et al. [4] have long studied
these methods and attempted to combine the two techniques;
however, the problem is complex and spans several scientific
disciplines, such as physics, geodynamics, estimation theory,
differential geometry, and elasticity theory.

The first permanent GNSS networks were developed in the
early 1990s; since then, a high number of networks have been
distributed across many regions to collect high-quality data
(with high signal-noise ratios, instrumentation, and antenna
calibrations).

Persistent scatterers interferometry (PSI) is a technique
applied to satellite SAR images that produce persistent scatter-
ers (PS), which are sparse ground point-wise radar benchmarks
characterized by long-term stability of the electromagnetic
backscattered signal and high reflectivity [5].

These radar targets allow retrieving estimates of move-
ment in terms of mean yearly velocity and single displace-
ment measures at each acquisition date, along the satellite
line of sight (LOS) with millimetric accuracy [6]. When a
LOS diversity and much higher temporal sampling are needed
for specific applications, ground-based SAR sensors can be
used [7], [8].

The number of PS can change between different regions,
depending on the number of available SAR images and
on the presence of reflecting elements on the ground, both
artificial (e.g., buildings, bridges, pylons, street lights, above-
ground pipelines, and any rectilinear structure that can create
a dihedral signal reflection back to the satellite) and natural
(e.g., rocky outcrops, hard unvegetated surfaces, and boulders).
Given that the PSI technique is based on a differential method,
i.e., multitemporal interferometric approach, PS time-series
analysis is a powerful technique for detecting and monitor-
ing surface movements of unstable areas at a detailed scale
(e.g., buildings and landslides). However, all the measurements
are made in the satellite’s LOS radar beam and are “relative”
(not “absolute”) measurements, both in space and time. This is
because each measurement is referred temporally and spatially
to, respectively, a unique reference image (“master” image)
and to a stable point (“reference point”) supposed to be
motionless. The master scene is chosen in order to maximize
the total coherence of the interferometric stack and to keep the
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dispersion of the normal baseline values as low as possible.
The selection of the reference point is arbitrarily made within
a stable subarea of the investigated area of interest. Therefore,
as PS are not georeferenced and their relative velocities
must thus be corrected, the PSI technique is not an ideally
stand-alone technique for studying larger areas involved in
phenomena such as subsidence and uplift zones, but it requires
comparison and calibration with other kind of information.

GNSS and PSI data sets are referenced to different reference
systems. GNSS provides Cartesian geocentric data in the
International Terrestrial Reference Frame 2008 (ITRF2008),
which is updated from the ITRS89. GNSS velocity vectors
can be transformed to the local system established on each
site, where the vertical axis is the normal to the international
ellipsoid (GR80), the horizontal plane is perpendicular to the
normal, and north is orientated in the meridian direction pass-
ing through the site. The ground rates derived from PSI data
are only estimated along the satellite LOS that is direction
between the satellite sensor and the ground radar target.

These two techniques thus present complementary charac-
teristics; GNSS data obtained from permanent stations are
continuous, with high temporal resolution and low spatial res-
olution. PSI data yield a solution with low temporal resolution
from the orbit-repeating cycle and a high number of point-wise
benchmarks. The two techniques also differ somewhat in their
sensitivities to the components of ground movements. In terms
of vertical motion, SAR is more precise but less accurate than
GNSS; with respect to horizontal motion, GNSS accurately
measures both horizontal components, whereas SAR cannot
detect movements along satellite ground track. SAR satellites
with quasi-polar orbit and side-looking acquisition well detect
movements along the east–west direction, while they provide
less information about movements along the north–south direc-
tion. An additional drawback of the PSI technique is that it
cannot recognize constant movements involving ground refer-
ence points, such as crustal movements that occur over large
areas, and the accuracies of low wavenumber components
of the velocity field decrease with increasing distance from
them [9].

Thus, an important improvement in the combination of
these techniques is a new, more detailed and coherent vertical
velocity field, which is the topic of this paper.

Both techniques yield the velocities of a discrete number of
ground points and sites, while the desired velocity field has
a spatially continuous distribution. For this reason, both the
method of interpolation and the geometrical approach play an
important role in solving the problem.

The method used to validate PSI with GNSS is based
on existing methodologies commonly applied in the geodetic
practice of combining crustal and local deformation studies
with geospatial statistical analysis.

II. AREA OF STUDY

In order to test the procedure, the southeastern Po Plain
(Fig. 1), which is a wide foreland sedimentary basin bounded
between the fold-thrust chains of Northern Apennines and
Southern Alps [10], was chosen because it features a high
rate of subsidence with strong spatial and temporal variations.

Fig. 1. Locations of the area of study including the southeastern Po Plain,
a wide area of Italian peninsula between Northern Apennines and Southern
Alps. Some important Italian cities are also pointed out.

The area of study presents one of the largest lowland
of Europe that runs for 300 km along the north-western
Adriatic coast including the Po Delta and the lagoon of Venice.
It includes lagoons, distributary bays, salt and fresh-water
wetlands, channels system, and rivers that flow from the Alps
and Apennines. Thus, this area stands out for nature and
also culture, as important UNESCO heritages such as Venice,
Ravenna, and Ferrara rise up.

This area has a dense distribution of PSI data and
177 permanent GNSS stations that allow the process of
validating the time series and calculating vertical velocities.

The validation process is based on the comparison of GNSS
and SAR data sets, using their complementary features to
check and then correct each single technique before merging
all the data. The high spatial distribution of information in
the area of study provides a more detailed field of study of
the subsidence and also provides a better understanding of the
processes of deformation.

The subsidence of the selected study area is twofold: first,
it is partly due to anthropogenic causes, driven by water and
gas exploitations during last century; second, it is also due to
tectonic processes, including the subsidence of Po Plain and
the northern Adriatic Sea and the uplifting of the nearby Alps,
Apennines, and Dinarides [11]–[17].

III. DATA SETS AND TECHNIQUES

The ideal condition for the comparison between two differ-
ent time series is to have both measurements performed both at
the same site and in the same period of time. SAR ENVISAT
frames in ascending and descending geometries cover the
whole area where GNSS stations are located (Fig. 2), and the
SAR processing output is discrete point-like PS benchmarks.
As the spatial problem of correlation of the two kinds of data
can be solved through interpolation, the temporal condition
was corrected by noting that the GNSS and PSI data sets
overlap for more than eight years and by using the hypothesis
of linear motions. The PSI product is obtained by sampling and
cropping different original SAR frames and tracks. Because
each frame has its own reference, arbitrarily selected by the
firm who processed the original images, therefore at least one
GNSS station is necessary to shift all the cluster to the same
common reference.

A. GNSS

The GNSS velocity field of the southeastern Po Plain
has been derived by the combination of two independent
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Fig. 2. Horizontal velocities of GNSS permanent stations over the study
area and their ellipses of error (95% confidence level) represented in the
European reference system (ETRS89). Background is shaded-relief map
ETOPO1 Global Relief Model Topography [30].

solutions consists of a subset of 177 sites extrapolated from
the computation of 784 permanent GNSS stations displaced
in the Italian Peninsula and surround it.

Both velocity solutions were determined by using a new
absolute antenna phase center correction model (igs08),
through precise orbits recomputed in 2014 by the International
GNSS Service (IGS), following the International Earth Rota-
tion and Reference Systems Service Conventions 2010 [18],
the EUREF guideline 2013 [19], and a new function to
calculate the tropospheric delay [20]. Single weekly normal
equations, aligned to ITRF2008, were analyzed to determine
the linear velocity by checking for possible outliers and
estimating the periodic annual and semiannual fluctuations.

The first velocity solution is the result of the processing
of 113 permanent GNSS stations that belong to the Italian
GNSS geodetic network [21] calculated for a time period
of 6.5 years [22], [23]. Data processing was carried out
using Bernese GPS Software [24] and velocity errors were
estimated using the maximum-likelihood estimation technique
(CAT Software) [25], which modeled the correlated noise with
a combination of flicker and white noise.

The second velocity solution [26] was obtained by using
the GAMIT/GLOBK software packages [27]. This data
set consists of 784 continuous GNSS stations with more
than 2.5 years of observations. The velocity uncertainties were
estimated adopting the first-order Gauss–Markov extrapolation
algorithm proposed by Herring [28].

The two velocity solutions were compared by treating the
velocity differences as a stochastic process. A time-derivative
Helmert transformation involving a rigid roto-translation
(six parameters) were applied to minimize the differences
of the two velocity frames by using a least-squares
approach. Then, a weighted combination provided the final
velocity solution.

The horizontal ITRF2008 velocities were transformed into
the European Terrestrial Reference Frame ETRF2008 (Fig. 2)
by applying a rigid roto-translation [29]; vertical velocities
of GNSS data in the period 2008–2014 over the Po plain

Fig. 3. Vertical velocities bars and errors circles with 95% confidence
level calculated from GNSS permanent stations displayed over the study area.
Background vertical velocity field contour plot are determined with multilevel
B-spline interpolation model [31]. Green represents the stable area, cyan
represents areas with uplift ≥2.0 mm/a, and orange represents areas with
subsidence ≤−2.0 mm/a.

obtained through surface interpolation are drawn in Fig. 3,
where stability range was set within ±2 mm/a and displayed
in green, while cyan and orange colors, respectively, represent
areas with ground uplift ≥2.0 mm/a (millimeter per annum)
and ground lowering ≤−2.0 mm/a.

B. SAR

The ground surface deformation measurements were cal-
culated by PSI processing with PSInSAR approach [5] using
all available ENVISAT data from the Italian peninsula. These
SAR displacement measurements are a part of the program
“not-ordinary plan of remote sensing” developed by the Italian
Ministry of the Environment with the purpose of mapping to
prevent geohazards and available from the Italian Geoportale
Nazionale (www.pcn.minambiente.it).

The ENVISAT mission presents a temporal solution
of 35 days (which represents the satellite’s repeat cycle) and
covered a long-term continuous period from 2003 to 2010.
The ENVISAT program was a continuation of the European
remote sensing (ERS) 1 and 2 missions, which provided long-
term continuous data from 1992 to 2000 and were primarily
intended for scientific research.

Ground movements were measured along the LOS with an
offnadir angle of 23° (angle defined by the incident radar
beam and the vertical to the ground) on a grid of point-like
benchmarks on the ground. A negative sign of the movement
stands for an increasing distance of the benchmark from the
satellite sensor, while a positive sign means a movement
toward the satellite. Within the PSI velocity, for distinguishing
stable targets (displayed in a green color) from moving ones,
stability threshold is fixed at ±2 mm/a for all the data
frames, according to the standard deviation value of the PSI
populations and to minimum value exceeding the precision of
the PSI technique. These values are also in accordance with
stable threshold choices already tested and accepted by the
scientific community [32]–[36]. In the study area, the spa-
tial distribution of LOS mean yearly velocities recorded by
ENVISAT satellite in the time span 2003–2010 in ascending
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Fig. 4. Velocity maps of PSI ENVISAT points, GNSS permanent station sites
(black points), and some selected of them (black squares). (Top) Ascending
LOS velocities. (Bottom) Descending LOS velocities.

and descending orbits provide similar values in both sign and
intensity, demonstrating almost vertical ground movements.

LOS mean yearly velocities of PSI ENVISAT data (Fig. 4)
show an overall stability north of the Po River on the Southern
Alps belt, while the southern portion of Po Plain toward North-
ern Apennines reveal diffuse subsiding areas nearby Modena
and Bologna cities and Adriatic coastline (around Ravenna and
Rimini cities), with estimated average deformation rates lower
than −2 mm/a. Some areas with downward motion of surface
can be also recognized south of Northern Apennines chain,
i.e., north-west of Prato (PRAT) city and between Pisa city
(Madonna Dell’Acqua site) and Florence city (Italian Military
Geographic Institute site).

IV. PSI OUTCOME CALIBRATION

A. Stability of GNSS Sites

To compare the two data sets, the PS velocities of ascending
and descending orbits must be calculated for each GNSS site.
Since it is rare for a PS point to be located in the same
position as a GNSS station, an interpolation procedure should
be applied.

PS velocities for ascending and descending orbits are cal-
culated by interpolation, using a cloud of PS around each
GNSS sites to apply a deterministic method with inverse

Fig. 5. Comparison of PSI LOS velocities determined in the area around
a subset of 14 GNSS locations with different inverse exponential weighting
bandwidths for (Top) ascending and (Bottom) descending orbits. Five series
of calculated PSI LOS velocities with different bandwidths (250, 550, 750,
and 1000, see legends) are compared with those with a bandwidth of 100 m.
Black lines represent the isolines of the 100 m bandwidths; discrepancies are
shown as increasing distance of points from the isoline.

distance weighting [37], [38]. The interpolated value v at
a given point p = (x, y, z) based on samples vi = v(pi)
located at position pi = (xi , yi , zi ) for i = 1, 2, . . . , N is
given by

v(p) =
�N

i=1 wi (p)vi�N
i=1 wi (p)

(1)

where the weight wi (p) is the negative exponential function
of its Euclidean distance d(p, pi, ) from pi to p

wi (p) = exp

�
−d(p, pi, )

α

�
(2)

where α is the bandwidth.
The choice of the bandwidth is important because it pro-

duces different results: short bandwidths give a higher weight
to closer points than to ones that are farther away. In this
paper, the interpolation of PS velocities was carried out
using different bandwidths (Fig. 5) because discrepancies yield
information about the stability of the GNSS site, which is
usually a building.

These discrepancies thus typically register the pres-
ence of a local movement; therefore, GNSS sites should
not be used to account for geodetic and geodynamic
scopes.
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B. Determination of PSI Velocity Maps

The LOS direction of satellite SAR is referenced to the
vertical direction, normal to the equipotential surface of grav-
ity from the SAR satellite. In contrast, GNSSs represent local
velocities with respect to the normal of the ellipsoid of points
at each station. These data sets can be directly compared,
assuming that the difference between the vertical of the SAR
satellite and the normal of an ellipsoid is negligible. The
velocity vLOS measured by the SAR satellite can thus be
represented by the unit vector S, which travels from the ground
to the satellite (LOS direction) and is defined as

vLOS = vNorthSNorth + vEast SEast + vVert SVert (3)

and the velocities measured by the SAR satellite in ascending
and descending orbits can be written as

�
vAsc
vDes

�
=

�
SNorth,Asc SEast,Asc SVert,Asc
SNorth,Des SEast,Des SVert,Des

� ⎛
⎝ vNorth

vEast
vVert

⎞
⎠.

(4)

Equation (4) can be written as a function of the inclination
of the orbits with respect to the equator, ζ , and the mean
offnadir, ε

�
vAsc
vDes

�
=

�− sin εcos ζ − sin εsin ζ cos ε
sin εcos ζ sin εsin ζ cos ε

� ⎛
⎝ vNorth

vEast
vVert

⎞
⎠.

(5)

For ENVISAT satellites, in which the inclination of the orbits
with respect to the equator is 98.5° and the mean offnadir
is 23°, the modules of components of S are [0.05, 0.38, 0.92].

Equation (5) is a system of two equations with three
variables and is thus not solvable. Displacements occurring
along the north–south direction, almost parallel to the satellite
orbit, cannot be measured accurately, as their projection along
the LOS is negligible for both ascending and descending
orbits. Assuming that the projection of the north component of
velocity along the LOS is negligible, (5) can be approximated
as �

vAsc
vDes

�
∼=

� − sin ε cos ε
sin ε cos ε

� �
vEast
vVert

�
. (6)

The vertical velocity vVert and the east component of velocity
vEast can be calculated as

�
vEast
vVert

�
∼= 1

2 sin ε cos ε

� − cos ε cos ε
sin ε sin ε

� �
vAsc
vDes

�
. (7)

Now, the velocity vLOS is approximated to the 2-D unit
vector T pointing from the ground to the satellite

vLOS ∼= vEastTEast + vVertTVert (8)

where T has the components [0.39, 0.92] for ENVISAT
satellites.

Fig. 6. (Top) Vertical velocities of PSI points determined by combination of
ascending and descending LOS velocities calculated for the cells that present
both values. (Bottom) Vertical velocities map derived by multilevel B-spline
interpolation [31] of sparse PSI points calculated for a regular grid with cells
of 0.25 km × 0.25 km. Green represents the stable area, cyan represents
areas with uplift of 2.0 mm/a, orange–pink represent areas with downward
movement of less than −4 mm/a, and violet represents areas of downward
movement less than −8.0 mm/a.

C. Comparison of Vertical Velocities Derived
by SAR and GNSS

The vertical velocity map derived by the combination of
the velocities measured by the SAR satellite in ascending and
descending orbits (7) is represented in Fig. 6.

Comparison of vertical velocities calculated using SAR and
GNSS are shown on map of Fig. 7. PSI velocities were calcu-
lated using a cloud of PS around each GNSS site and merged
by applying a distance scaling function w(d) = exp(−d/α)
with α = 100 m.

In particular, north of the Po Delta, the historical town
of Venice, which lies into a barrier island lagoon system
swamped by high tides and floods, appears to be stable and no
longer affected by subsidence, as also stated by some recent
works [11], [15], [39] (Fig. 8, top left).

In the alluvial plain, maximum subsidence rates up
to 26–28 mm/a, occur in the urban zone of Bologna with an
increasing spatial pattern northwards (Fig. 8, top right). Present
intense subsidence in this area started during the second half
of the 20th century, due to sharp increase of groundwater
withdrawal following an accelerating economic growth [11].
The area around Modena city also experiences strong terrain
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TABLE I

COMPARISON OF GNSS AND SAR VELOCITIES AND COMPONENTS (VERTICAL AND EAST) AND
THEIR ERRORS DISPLAYED FOR SOME REPRESENTATIVE GNSS PERMANENT SITES

Fig. 7. Map of vertical velocities and errors circles with 95% confidence
level determined by GNSS (black) and PSI (red) techniques for each GNSS
permanent sites. Red arrows represent the vertical velocities calculated with
PS points displaced approximately 100 m from each GNSS permanent site.
Black arrows represent the vertical velocities calculated by GNSS processing.
Some results are displayed on Table I.

subsidence with velocity values up to 19 mm/a in the satellite
monitoring period 2003–2009 (Fig. 8, bottom left). These
values are consistent with subsidence rates recorded by means
of SAR interferometry by [16] and [40].

South of Northern Apennines fold-thrust belt, the
Florence–Prato–Pistoia area is also affected by high rates of
vertical ground movements. On one hand, the city of Prato is
characterized by a terrain uplift, with rates of about 5 mm/a,
related to the drastic reduction of the water extraction deter-
mined by crisis of the textile industrial district in the observa-
tion period; on the other hand some areas are subsiding NW
of Prato, nearby Pistoia city, reaching average vertical velocity
values of 20–25 mm/a, due to the water exploitation for exten-
sive plant nursey districts in this area (Fig. 8, bottom right).

Full time series of vertical displacement of some significant
PS benchmarks collected for the whole period of SAR moni-
toring (2003–2009) are reported in Fig. 9 as well as temporal
series of GNSS stations. For each site, the PS radar target
as the most representative and nearest to the GNSS station
was chosen to be shown in the graphs of Fig. 9. The graphs
show an overall stability on the Venice site (VEN1), while
Bologna (BOLG) and Modena (MOPS) sites are dominated by
downward vertical motion with a linear and almost constant
pattern across time. The PRAT site on Prato city reveals an
uncorrelated trend that means general stability, as displacement
that varies randomly over time, and possibly a slight uplift,
since the GNSS site is located on a stable area out of the
moving zones, as shown in Fig. 8.
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Fig. 8. Vertical velocity maps of PSI ENVISAT data. GNSS permanent
station is shown with white points. Background layers are digital color aerial
orthophotos “Volo Italia” acquired in 2000, with 1 m resolution. (Top Left)
Venice (VEN1) site. (Top Right) Bologna (BOLG) site. (Bottom Left) Modena
(MOPS) site. (Bottom Right) Prato (PRAT) site.

Fig. 9. Vertical displacement time series of representative PS benchmarks
compared to vertical displacement of four GNSS stations. (Top Left) Venice
(VEN1) site. (Top Right) Bologna (BOLG) site. (Bottom Left Modena
(MOPS) site. (Bottom Right) Prato (PRAT) site. BOLG site presents a
discontinuity at Julian day 137 of the year 2009 but any information is related
to this event, while the discontinuity of PRAT (340/2011) is due to the change
of antenna and receiver. In any case, the linear velocity of each GNSS site
is calculated after the determination of discontinuities and the estimation of
annual and semiannual seasonal fluctuations.

D. Calibration and Data Integration

The offset calibration vPSIOC,i of PSI data set was performed
for each i -GNSS permanent site as the difference of vertical
velocities determined by the two techniques

vPSIOC,i = vGNSS,i − vPSI,i for each i-GNSS site (9)

Fig. 10. Vertical velocity corrections contour plot to apply to original PSI data
set. Green represents the area where no correction is due. Cyan represents
areas where the correction of vertical velocity is positive ≥2.0 mm/a.
Yellow–orange represents areas where the correction of vertical velocity is
negative ≤−2.0 mm/a.

then, sparse points vPSIOC,i were interpolated with multilevel
B-spline model [31] to create a smooth surface of vertical cor-
rection vPS I Corr (Fig. 10). Multilevel B-spline is well suited
to interpolate sparse points by using a hierarchical structure at
different refinement levels providing a C2 continuous bicubic
interpolation surface. A smooth surface for vertical correction
was achieved with eight levels of iteration, providing a suffi-
cient accuracy and avoiding the surface picking up of the finer
details.

The final map of PSI velocities corrected by offset calibra-
tion (Fig. 11) is created by applying the vPSICorr correction
(Fig. 12, right) to the original PSI data set vPSIOrig

vPSICal = vPSIOrig + vPSICorr . (10)

E. Estimation of Errors

Total vertical errors are estimated as the square root of the
squared sum of GNSS and SAR velocities and are shown
in Fig. 13

σ 2
GNSS+SAR = σ 2

GNSS + σ 2
SAR. (11)

The two sources of errors in the interpolated GNSS data are
those resulting from linear regression and those resulting from
interpolation

σ 2
GNSS = σ 2

regression + σ 2
interpolation. (12)

Errors stemming from linear regression can easily be estimated
as a by-product of regression analysis, as these errors mostly
depend on the linearity of the time series, by checking
for possible outliers and estimating annual and semiannual
fluctuations. Errors associated with velocity measurements are
estimated by modeling correlated noise with a combination of
flicker and white noise.

These errors can be constrained only at the sparse locations
of the GNSS sites. Errors associated with interpolation can
also be estimated as a function that increases with distance
from a known position and reaches its maximum at the most
remote area. This method of error estimation is valid for each
discrete point or pixel on the continuous GNSS velocity field.
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Fig. 11. Vertical velocities of (Top) sparse PSI points geodetically corrected
by permanent GNSS stations and (Bottom) related continuous vertical velocity
field derived by multilevel B-spline interpolation [31]. Green represents the
stable area, cyan represents areas with uplift ≥2.0 mm/a, and yellow–orange–
pink represents areas with subsidence ≤−2.0 mm/a.

V. RESULTS AND DISCUSSION

The map of the vertical velocity field created by combining
both the PSI and GNSS data sets and shown in Fig. 11 is
extremely different from the map created with only SAR data
(Fig. 6). The most important differences between these two
maps are located along the Adriatic coast of Po Plain, which
is characterized by a diffuse and constant subsidence from
north to south.

In particular, by considering the vertical projection of
the PS velocities after calibration and correction as visually
reported in Fig. 12, the final map of Fig. 11 highlights a
quite different situation with higher values of subsidence
over the Adriatic coastal area compared to the previous
map of Fig. 6. This is due to the GNSS calibration proce-
dure that allows removing the effect of the low-frequency
velocity component of interferometric data, mainly due to
orbital errors. Therefore, a more realistic situation is provided,
since the coastal area of Ravenna–Forlì cities, eastward of
Bologna, is effectively affected by a wide historic ground
lowering of about 6–7 mm/a located in correspondence of
several rivers mouths and also extended up forward the
inland [11]. This coastal area is thoroughly strongly weakened
by marine erosion and human actions (i.e., urbanization,
marine dunes demolition, and anthropic coastal infrastruc-
ture works) and the land subsidence is worsened due to

Fig. 12. Comparisons of GNSS and SAR vertical velocities calculated for
each GNSS site (Left) before and (Right) after the corrections. SAR velocities
are calculated by applying inverse distance weighting [37], [38] to a cloud of
points approximately 100 m from each GNSS site. Orange lines represent the
Pearson correlation between the two techniques. The coefficient of Pearson
correlation is 0.34 and became 0.95 after the correction. The correlation coef-
ficient of two random variables is a measure of their linear dependence. The
Pearson correlation coefficient is defined as ρ(A, B) = (cov(A, B)/σAσB ),
where σA and σB are the standard deviation of A and B, respectively.

underground fluids extraction and water over pumping from
the aquifers.

More in detail, the area is characterized by minor subsidence
along Po river plain with localized higher rates on the Po
coastal delta along Adriatic Sea [13]–[17]. The highest ground
lowering rates are recorded in the area spanning between
Parma, Bologna, and Ravenna cities with maximum values
higher than 8 mm/a N-NW of Bologna because of both
natural and anthropogenic origins, due to presence of high
thickness of plio–quaternary sediments and due to extensive
groundwater withdrawals. These results are in line with works
of Baldi et al. [15] and Carminati and Martinelli [16], stating
the strongest subsidence areas were recorded in a zone north
of Bologna, on the Po Delta, and on the coastal eastern area
of Ravenna town.

Furthermore, the new map in Fig. 11 reveals that the north-
western region of the Apennines is being slightly uplifted by
about 2 mm/a. This outcome turns out to be in agreement with
long-term displacement motion rates provided by geological
data [41]–[43] and with results from [15] and [17] that assess
that sites located in the northern part of the Apennine show
uplift with a velocity ranging between 1.0 and 2.0 mm/a.

The adopted procedure for calibration can be useful also
for analysis of SAR images acquired by different satellites,
condition where single PS images cannot be combined due
to their different acquisition characteristics (e.g., wavelength
and orbit). Therefore, each SAR satellite mission produces a
separate PS velocity surface, which is identified by the period
of acquisition and by its own reference system. This situation
will be the same for future missions, as the acquisition char-
acteristics will be different. However, the creation of a single,
unique surface motion map by merging different data sets
is extremely important, in which geodesy plays an important
role in the datum alignment of SAR products. The calibration
method is necessary for calculating PSI velocities, as it is
not possible to know a priori the velocities of the ground
reference points used for stacking acquired SAR images. The
knowledge of the relative motion between ground reference
points of SAR images thus plays a fundamental role in
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Fig. 13. Map of errors calculated by combining the error components of
vertical velocity fields derived from PSI and GNSS permanent stations.

obtaining correct PSI velocities. The hypothesis that relative
motion between ground reference points is constant can be
assumed within a restricted area, but it will not hold for larger
areas (i.e., on the regional, continental, or worldwide scales),
and the GNSS geodetic velocity field must be applied to obtain
correct results. For example, the Sentinel-1 PSI data set repre-
sents one of the possible applications of this method, as it was
possible to expand the area of interest from a regional scale
to a continental scale. Sentinel-1 regularly covers the globe,
with a short revisit time of six days and the interferometric
wide swath mode as its main acquisition mode over land.
It acquires data with three subswaths using terrain observation
with progressive scans SAR [44], producing 250 km of swath
at a spatial resolution of 5 m by 20 m (single look).

As future outlook, the method of data analysis presented
in this paper should be applied to validate PSI from newer
SAR systems, such as Sentinel-1, COSMO-SkyMed SAR, and
TerraSAR-X. The accuracy and density of the PS measure-
ments obtained with these new SAR satellites make it possible
to study fine-scale deformation phenomena that could not be
detected by the old ERS and ENVISAT low-resolution SAR.
In general, the theoretical condition to obtain correct results is
to determine the velocities of reference points selected during
SAR processing with GNSS observations, but most of time
their positions are not provided with SAR products.

VI. CONCLUSION

PS SAR interferometry analysis represents a well-known
and powerful technique used to detect and monitor surface
movements of unstable areas at a detailed scale, such as
unstable buildings and landslides, as well as wider-spread phe-
nomena such as subsidence and uplift zones. GNSS represents
the use of powerful instruments to realize a global reference
system and to collect geodynamic data.

Combining these techniques (GNSS and SAR) produces
a new technique that improves researchers’ knowledge of
surface movements for the following reasons.

Maps of surface movements that present correct information
about velocities at both a detailed and a wider scale can be
created, which improves current knowledge about processes
involved in phenomena such as subsidence and uplift.

Geodynamics can be improved by SAR data that verify the
stability of GNSS sites. It can also highlight the possible local
movements that necessitate the use of a GNSS velocity site for
geodetic purposes (i.e., crustal dynamics and reference frame).

SAR interferometry maps can be corrected for constant
movements and for low wavenumber components of the veloc-
ity field before being aligned to geodetic data.

Because the different systems of acquisition of the SAR
satellite mission produce velocity surfaces with different char-
acteristics, it is necessary to create a unique surface motion
map. Geodesy plays a fundamental role in the alignment of
data before the stacking of the SAR maps.
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