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ABSTRACT

The paper introduces an approach based on the combination of multi-temporal Differential
Interferometric Synthetic Aperture Radar and geographical information systems analysis to inves-
tigate and separate several contributions to subsidence phenomena over the municipality of
Ravenna (Emilia Romagna, Italy). In particular, the relationship between displacements detected
over built environment and consolidation processes after construction was assessed and filtered
out from the subsidence map to quantify the local overestimation of subsidence phenomena due
to the mentioned processes. It requires descriptive attributes related to the age of construction and
intended uses. The outcomes of the present study highlight ground consolidation processes that
seem to be active over areas settled in the last 30 years with a component contributing to vertical
rates up to 3 mm/yr. Such contribution represents the 20% of the cumulative displacements
reported for coastal villages where different sources of subsidence increase the vulnerability to
coastal erosion. We discuss the contribution of consolidation processes over a couple of recently
settled areas to separate among contributions and avoid the misinterpretation of effects due to
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other anthropogenic sources of subsidence.

Introduction

Investigations about natural and anthropogenic com-
ponents of subsidence by satellite radar interferome-
try have been widely presented in the scientific
literature (Gabriel, Goldstein, and Zebker 1989;
Ferretti, Prati, and Rocca 2000; Teatini et al. 2006;
Stramondo et al. 2007; Bitelli et al. 2015; Del Soldato
et al. 2018; Ghorbanzadeh et al. 2018; Cian, Delgado
Blasco, and Carrera 2019; Delgado Blasco et al. 2019;
Mancini, Grassi, and Cenni 2021; Li et al. 2022) thanks
to the ability of the technique to detect the displace-
ment of targets at the ground along the line of sight
(LOS) direction at a high accuracy level (1-2 mm/yr)
and spatial resolutions up to few meters of the more
recent SAR missions (e.g. Sentinel-1, Radarsat,
COSMO-SkyMed, and TerraSAR-X) (Casu, Manzo, and
Lanari 2006; Crosetto et al. 2016). More recently, few
papers focussed on GIS-based post analyses of SAR
products for advanced applications have been
reported (Qiu et al. 2021; Radman, Akhoondzadeh,
and Hosseiny 2021; Barra et al. 2022). As additional
advantage of the SAR interferometry, the temporal
and spatial analysis of the detected displacements
provides further insights into the deformation

phenomena and their possible natural and anthropo-
genic drivers (Carminati and Martinelli 2002; Teatini,
Tosi, and Strozzi 2011; Tosi, Teatini, and Strozzi 2013).
Ground deformation phenomena were initially inves-
tigated thanks to interferograms produced by the
Differential Interferometric Synthetic Aperture Radar
(DInSAR) technique based on three, or four, satellite
passes. Today, ground deformation processes are
more frequently studied by persistent scatterer inter-
ferometry (PSI), homogeneous distributed scatterer
interferometry (HDSI), and small baseline subsets
(SBAS). PSI (Ferretti, Prati, and Rocca 2000, 2001;
Hooper et al. 2004; Hooper, Segall, and Zebker
2007), HDSI (Ferretti et al. 2011) and SBAS (Berardino
et al. 2002; Lanari et al. 2004) could refer to different
statistical approaches to select stable and coherent
targets and find the velocity of these scatterers from
the time series of displacement occurring between
successive satellite passes. However, whatever meth-
odology is selected, the mentioned approaches allow
to compute the displacement of a multitude of scat-
terers with respect to a reference position and
a reference epoch. Therefore, the absolute velocity
of one or more points within the studied area is
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required to transpose the relative displacement field
into absolute values in a defined reference frame. Due
to the wavelengths employed in the SAR systems
(typically, the C and X bands), the methodology is
particularly suited for the detection of ground defor-
mation phenomena occurring at very low rates
(few mm/year). Major limitations can be related to
spatial and temporal decorrelation phenomena and
the ability to detect only a minor part of the actual
displacements occurring at the ground due to the
slant-oriented acquisition geometry. Depending on
the incidence angle, satellite interferometry is mainly
sensitive toward displacement occurring along the
vertical and, at less extent, in the East-West directions
(Hanssen 2001; Samieie-Esfahany et al. 2009). The
abovementioned reasons make the SAR interferome-
try complemented by few global navigation satellite
systems (GNSS) observations a powerful method to
detect subsidence phenomena at the desired spatial
scale (Farolfi, Bianchini, and Casagli 2019).

Very often, subsidence phenomena are investi-
gated over areas where major cities have been devel-
oped and, furthermore, the built environment is
particularly suited for analysis based on persistent
scatterers (PS). However, the different natural and/or
anthropogenic sources of subsidence in settled areas
cannot be distinguished, being the measured displa-
cement of scatterers the overall displacement occur-
ring at the ground. Different contributions compose
the overall displacement, such as long-time trends of
natural compaction processes of fine-grained sedi-
ments, groundwater table depth variation in response
to pumping for industrial and drinking purposes
(Stramondo et al. 2008; Abidin et al. 2011; Dang
et al. 2014; Chen et al. 2015; Qin and Perissin 2015;
Lyu et al. 2020; Bui et al. 2021), gas storage/exploita-
tion or activities related to oil industries (Bertoni et al.
1995; Teatini et al. 2005; Simeoni et al. 2017; Mancini,
Grassi, and Cenni 2021) mining activities (Samsonov,
d'Oreye, and Smets 2013; Wang et al. 2022).
Moreover, the consolidation processes due to
recently built structure load could further affect the
subsidence mapping, in particular for studies devoted
to the analysis of ground deformation phenomena at
local scale (superficial effects of groundwater and gas
reservoir exploitation, tunneling, excavation), where
the spatial deformation pattern could be strongly
affected by the consolidation processes for more
than two decades (Chen and Richard Liew 2002).

With reference to consolidation processes after con-
struction, Ketelaar et al. (2020) and Van Leijen, Marel,
and Hanssen (2021) proposed a method for the clas-
sification of scatterers to better distinguish between
deep and shallow processes; in these works the tar-
gets are separated into two groups (i.e. the well-
founded objects sensitive to deep processes only
and those sensitive to the total ground motion)
exploiting a criterion based on the relative scatterer
height with respect to the terrain height. However, in
the present paper, due to the stratigraphic setting,
that will be further discussed, the building displace-
ments are sensitive both to superficial and shallow
processes, and the approach proposed in the men-
tioned papers cannot be adopted.

The relationship between subsidence and possible
causal factors has been reported in particular for
megacities around the world and the attempt to
separate natural and anthropogenic components of
subsidence has been limited to further investigation
on imposed load and the construction age of the
buildings (Tang et al. 2008; Xu et al. 2012; Solari
et al. 2016). However, a quantitative separation
between natural and anthropogenic components of
subsidence into possible contributions is still an open
problem requiring a more advanced integration
between results provided by SAR interferometry and
available geospatial datasets. In particular, the quan-
tification and separation of target displacements
detected by SAR interferometry, which are not due
to common subsidence phenomena, provides
a better understanding of the specific phenomenon
of interest and avoid the overestimation and mis-
interpretation of subsidence trends because of the
influence of unexpected factors, such as the consoli-
dation processes of recent settlements. For this pur-
pose, an approach that integrates geographical
information systems (GIS)-based spatial analysis and
measurements from multi-temporal InSAR could be
employed. However, the application of these
approaches for consolidation process assessment is
still in a superficial stage. A deeper integration with
the GIS environment was proposed by Tomas et al.
(2019) and Macchiarulo et al. (2022) who adopted
clustering analyses to define structural deformation
processes and by Scivetti et al. (2021) who investi-
gated the relation between LOS velocities and urban
growth at the neighborhood scale and geomorpho-
logic features. In the attempt to better understand the



anthropogenic processes affecting subsidence stu-
dies by integrating GIS data about the built environ-
ment, Fiaschi et al. (2017) introduced the contribution
of the land use changes in the interpretation of land
subsidence retrieved from the analysis of ERS-1/2 and
TerraSAR-X images. A correlation between increasing
values of subsidence rates and a land use change to
construction unit was also shown and interpreted as
an effect of sediment compaction caused by the load
of the newly constructed building.

In this paper, we introduce an approach based on
the combination of SAR interferometry and spatial
analysis by GIS to improve the separation among
natural and anthropogenic components of subsi-
dence over the municipality of Ravenna (Italy), a 650 -
km? wide study area in which subsidence phenomena
can be observed. In particular, we focused on the use
of large dataset to quantify the displacement of tar-
gets due to external factors, such as consolidation
processes under building loads and their dependency
from the age of construction for selected intended
uses. To this aim, displacements obtained from
a processing workflow based on Sentinel Application

12.15

GISCIENCE & REMOTE SENSING (&) 1903

Platform (SNAP) and the Stanford Method for
Persistent Scatterers (StaMPS) and ascending and des-
cending Sentinel-1 data have been combined with
GIS geometric and descriptive data and GNSS
observations.

Study area

The present study investigates the area of the munici-
pality of Ravenna (Emilia-Romagna, Italy), a lowland
belonging to the eastern area of the alluvial Po plain
and faced to the Adriatic Sea. The area is characterized
by coastal zones with elevation not exceeding 2 meters
above sea level (a.s.l.), with large portions below mean
sea level, and the presence of land reclamation, wet
areas, and salt marshes (see Figure 1). Due to
a combination of anthropogenic and natural geologi-
cal processes, in the last decade the land has been
subjected to cumulative rates of subsidence up to
5 mm/yr in Ravenna and inner sectors and around
15 mm/yr over limited extent of coastal stretches (sub-
sidence rates from InSAR as provided by ARPAe,
Regional Agency for Prevention, Environment, and
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Figure 1. Map of the study area with borders of the municipality of Ravenna (Emilia Romagna, Italy), the extension of the gas field and
the shallow confined aquifers. ANGA: Angela and Angelina offshore platforms for natural gas exploitation; RAVE: Continuous GNSS

station.
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Energy of Emilia-Romagna, to the year 2016; see
ARPAe 2018, https://arpae.it/cartografia/, Polcari et al.
2022). Natural and anthropogenic components of sub-
sidence in the study areas have been deeply investi-
gated by several authors. Rates of natural land
subsidence arise from the combination of deep down-
ward tectonic movement (Carminati, Doglioni, and
Scrocca 2003) and the compaction of recent
Holocene (Quaternary) sediments (Teatini, Tosi, and
Strozzi 2011). Gambolati and Teatini (1998) estimate
a natural subsidence rate in the area of about 2-3 mm/
yr over the last 2,500 years and Antonellini et al. (2019)
assigned 0.9 mm/yr of the total estimate to primary
consolidation processes of the fine-grained prodelta
levels. In the area, the anthropogenic land subsidence
was caused by the fast industrial development
occurred in the years after the World War Il and is
mainly due to groundwater pumping from shallow
and deep aquifers and to gas exploitation from Plio-
Pleistocene inland and offshore reservoirs (Bertoni
et al. 1995; Teatini et al. 2005); Figure 1 shows the
extent of the shallow aquifers and the Angela and
Angelina offshore reservoir. These factors caused an
intense subsidence that reached the value of 110 mm/
yr during the 1970s. The actions undertaken in the late
1970s and 1980s by the municipalities reduced the
groundwater pumping, thus reducing the subsidence
rate to the values registered in the first half of the 20th
century (Teatini et al. 2005, 2006). During the last two
decades, the mainland appeared to be stable or
slightly subsiding, while part of the coastal areas still
present a subsidence of about 10 mm/yr. In particular,
some criticalities still remain in the area of Lido
Adriano, Lido di Dante and in the industrial area
between Marina di Ravenna and the city center
(Teatini et al. 2005). These trends were confirmed by
the DInSAR analyses carried out by Antoncecchi et al.
(2021) in the periods 1995-2010 and 2015-2018.

The total amount of land subsidence, in addition to
modern trends in sea level rise up to 2.2 £ 1.3 mm/yr
(Cerenzia et al. 2016), made the coastal areas strongly
vulnerable to erosive processes and open problems
connected to engineering works for coastal protec-
tion of the settlements (Sytnik and Stecchi 2014).

Available data and processing workflow

The present paper integrates displacement from the
implemented PSI method and a GIS dataset of the

built environment. The interferometric processing is
based on the combination of open-source routines
from SNAP, StaMPS, the Toolbox for Reducing
Atmospheric INSAR Noise (TRAIN), and MATLAB rou-
tines introduced by the authors for the calibration
and decomposition of the dual-orbit dataset.

Sentinel-1A and -1B radar dataset

Sentinel-1 (S1) Single Look Complex (SLC) data
acquired with the Interferometric Wide (IW) mode,
with a resolution of 20 m in the azimuth and 5 m in
the range directions, were downloaded from the
Sentinel Scientific Data Hub (scihub.copernicus.eu)
and processed with an open-source procedure. The
resolution achieved by the IW mode makes the S1 SLC
IW data particularly suitable for land deformation
studies; moreover, the high incidence angles of the
selected acquisitions (reported in Figure 2) ensure
a greater sensitivity to horizontal component in the
decomposition procedure. The extent and details on
the interferometric ascending and descending data-
sets can be found in Figure 2.

Interferometric data processing

The full chain of SAR data processing was performed
using a combination of SNAP (provided by the
European Space Agency, ESA) and StaMPS open-
source tools (developed by Stanford University,
University of Iceland, Delft University, and University
of Leeds). In particular, SNAP was used to generate
the stack of interferograms and remove the topo-
graphic phase. SNAP contains all the necessary tools
for the processing of ESA (S1, ERS-1, ERS-2, Envisat)
and other space agencies (e.g. COSMO SkyMed) radar
mission data and ensures the integration with the
StaMPS package. The StaMPS package provides PSI
time series analysis from the stack of interferograms
and extracts ground displacements also for non-
steady deformation (Hooper et al. 2012, 2018). At
the end of the StaMPS processing, the removal of
the atmospheric contribution was performed by the
TRAIN module, implemented in StaMPS (Bekaert,
Hooper, and Wright 2015; Bekaert, Walters et al.
2015). Finally, the last part of the processing (i.e. the
calibration, decomposition, and, eventually, the vali-
dation steps) was performed with MATLAB routines
written by the authors. The validation step of the SAR
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Figure 2. Extension and details of the processed Sentinel-1 ascending and descending dataset.

results using GNSS observations is omitted in the
present work; however, the adopted procedure was
previously validated in Mancini, Grassi, and Cenni
(2021). The whole processing procedure is presented
in Figure 3 (see Mancini, Grassi, and Cenni 2021 for
a comprehensive description of the adopted
workflow).

The interferometric processing performed in SNAP
includes firstly the selection of the optimal master
image (Zebker and Villasenor 1992), the splitting,
and the orbital correction of the products. Secondly,
the coregistration of the products, the deburst, the
generation of the interferograms, and the removal of
the topographic phase component using the shuttle
radar topography mission (SRTM) 3 arcseconds are
performed. Lastly, the folders for the StaMPS proces-
sing are generated from the stack of and the debur-
sted products and the stack of the interferograms

*  Precise orbit
* DEM

without the topographic phase (i.e. the StaMPS export
step).

The PSI processing performed in StaMPS starts with
the setting of the processing parameters using the
appropriate script. In the present work, we adopted
an amplitude dispersion D, = 0.40, a number of over-
lapping pixels in the azimuth (n,) and range direction
(n,) of 200 and 50, respectively. The patch dimensions
in azimuth and range were set to 3. Then, the com-
plete workflow of the processing was carried out
following the eight steps of the StaMPS procedure
(i.e. data loading, phase noise estimation, persistent
scatterer selection, persistent scatterer weeding,
phase correction, phase unwrapping, spatially corre-
lated look angle error estimation, estimation of other
spatially correlated noise) as described in Hooper
et al. (2018). Once the StaMPS workflow processing
is completed, the TRAIN correction can be performed;

INPUT 1: 3D velocity of the GNSS
*  ASCENDING Products colibration site

Projection along the LOS l

SNAP | H StaMPS/TRAIN |
Processing Processing i
o Vector Vertical and East oriented
SAR calibration fid —n
/ ! decomposition PS mean velocity
SNAP J StaMPS/TRAIN | +
t v
Processing {  Processing
- - Exporting LOS displacement
[ and mean velocities
INPUT 2:

*  DESCENDING Products
*  Precise orbit
= DEM

Figure 3. The SNAP-StaMPS workflow adopted for the processing of S1 data (from Mancini, Grassi, and Cenni 2021 with

modifications).
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among the available models, the phase-based linear
was adopted in the present work.

A phase-based linear correction can be performed. To
refer displacements to a global reference frame, the
StaMPS provides the chance to select a reference
point/area with known velocityfor instance, where
continuous GNSS (CGNSS) sites are available. For this
purpose, the velocity of the reference site is projected
along the local LOS for both the orbits; the velocity
components along the vertical (UP), North (N), and
East (E) directions are obtained by (Hanssen 2001;
Samieie-Esfahany et al. 2009):

V10s,GNSS = VUP,GNSS C05(9inc)

. 3
— sm(G,-,,c) (VN,GNSS cOos <ClH — 7)

. 3
~+VE,Gnss Sin <GH — 2> > (1)

where 0;nc is the incidence angle, ay is the satellite
orbit heading angle, Vup,GNSS VN,GNSS and VE GNnss are the
mean velocity components in the vertical, North, and
East directions, respectively. Using the GNSS velocities
projected along the LOS, the SAR displacements can
be referred to a global reference frame (calibration
step).

Successively, the decomposition analysis can be
performed. Given the low sensitivity of the method
along the North-South direction (Hanssen 2001), only
velocities along the Up and East directions were
derived from the ascending and descending cali-
brated LOS velocities (v/5$ and viE) by the formula:

vop | _ a1 | vigs ]
| = [ 2
where
_ |: cos (einc,asc) sin (einc,asc) cos (aH,asc) :| 3
cos (einqdesc) —sin (einc,,desc) Cos (aH,,desc)

It is worth noting that the value of 8j,c s is negative
because of its counter clockwise counting.

GIS dataset

The GIS dataset is composed of information relating to
the urbanized and natural environment. These data are
available in the geographic repositories of the Emilia
Romagna Region and the Municipality of Ravenna. The
dataset is available through the open-source data man-
agement system CKAN (Comprehensive Knowledge

Archive Network) developed by Open Knowledge
Foundation to publish, share, and use open data by
handling geospatial ArcGIS portals and major meta-
data schemas. The layers representing the built envir-
onment are available as shapefiles (shp) and
FeatureCollections in geoJSON (JSON) formats.
Besides the geometric entities included in the layers,
detailed descriptive attributes fundamental in the suc-
cessive spatial analysis have also been provided. In
particular, this work used the information layers relat-
ing to the classes of buildings and constructions. In this
layer, 60,700 buildings are represented with additional
fields containing information used in the present study
such as the intended use, year of construction, subse-
quent maintenance, restructuring interventions, and
many others. Among the list of intended uses listed
in the attributes of the dataset, civil and industrial have
been considered in the present study.

Results

The combined SNAP-StaMPS processing of dual orbit
S1 SLC images produced a geocoded LOS-oriented
velocity map over the study area. Pixels characterized
by D, > 0.4 were filtered out to scatterers that showed
low temporal coherence. The local deformation trend
provided by Bonetti et al. (2022) was taken into
account to refer the LOS velocities to a common
reference frame. In particular, the continuous GNSS
station named RAVE was chosen to guarantee
a reliable constraint to the global reference frame.
Moreover, as can be seen from Figure 1, the selected
GNSS station is located in the center of the study area.
The velocities at the RAVE site refer to a period of
observation that overlaps with the interferometric
dataset and amounts at: Vyp = —4.6 mm/yr, Veast =
1.0 mm/yr, and Vy = 3.1 mm/yr (the European
Terrestrial Reference Frame is adopted to remove
the Eurasian plate motion). Similar rates of subsidence
have been reported by ARPAe (ARPAe 2018). After
projecting the GNSS velocities along the ascending
and descending LOS directions, the LOS-oriented
velocity maps of the study area were obtained
(Figure 4).

Starting from the results shown in Figure 4, the
main objectives of the work were a) the computation
of the residual rates due to local phenomena and b)
the estimation of the contribution of the building
consolidation to the phenomenon of subsidence.
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Figure 4. Ascending (left) and descending (right) LOS-oriented velocity maps(mm/yr) of the study area. In the legend, the red color
indicates an increase of the range (i.e. a movement away from the satellite).

We define as residual rates the components of the
velocity that still remain after the computation and
subtraction from ascending and descending slant
velocities of the natural component and the tempor-
ary effect due to the consolidation processes under
building loads; to this aim, the GIS dataset including
buildings with the related ages of construction was
used. In particular, the purpose of this step is to
investigate the possible relationship between the dis-
placements of scatterers representing buildings and
the age of construction with successive subtraction of
such an effect from the budget of subsidence phe-
nomena and analysis of residual displacements. The
workflow in Figure 5 summarizes the proposed
approach in which the LOS-oriented velocities for
each orbit are used to preserve the full resolution of
the SAR data.

However, establishing the spatial relations (e.g.
membership or proximity) between the permanent
scatterers and building parts producing a response
to the radar pulses (i.e. intersection with the building
dataset step of Figure 5) is not trivial when data from
a moderate resolution (i.e. tens of meters) satellite
sensor are used. Furthermore, the geocoding of scat-
terers over a grid oriented along the azimuth-range
directions and errors at few meters level in the spatial
positioning of the scatterer make the analysis at build-
ing-scale even more difficult. Thus, in order to define
the spatial relation between scatterer locations and
building shape complemented by descriptive

attributes, a preliminary spatial clustering was per-
formed to delineate urban areas characterized by
a common age of construction.

The clustering was achieved with a sequence of
operations based on vector geometry tools available
in QGIS and data attributes. Initially, polygons repre-
senting buildings were grouped based on the
construction year and intended uses. A buffer with
a fixed distance of 2 m was therefore created for all
the features in the input layers. Successively, buffers
characterized by the same construction year and
a particular intended use were dissolved into single
multipolygon layers. Finally, spatial criteria were used
to assign attributes such as the year of construction
and intended use of derived polygons to the descrip-
tive features of single PS. PS falling into more than
one polygon or outside any polygon were excluded
from the dataset.

The relationship between averaged ascending and
descending slant velocities for civil- and industrial-
intended uses and year of construction are shown in
Figure 6. The steps followed to produce the plot are
described in the following. First, the attributes (e.g.
the mean LOS velocity and the year of construction)
of a building were inherited from each PS belonging
to that building. Then, for all the PS of all the buildings
with the same year of construction, the mean of the
mean velocity is computed, thus, having a single
value of velocity representing each year of construc-
tion. For the computation of the mean velocity, forty-
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I
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Figure 5. Workflow adopted in the processing of residual slant velocities after subtraction of natural subsidence and displacements

due to built areas consolidation.

four thousands and thirty-eight thousands of PS were
considered for ascending and descending orbit,
respectively. Finally, the mean LOS velocity values
versus the years of construction and the fitting of
these scatterers were plotted. The color of the scat-
terers represents the number of PS belonging to
buildings constructed in the same year (i.e. the

number of PS used to compute the mean velocity
related to a given year). The vertical bars in correspon-
dence with the scatterers represent the standard
deviation of the computed mean velocity. The fitting
function is a piecewise continuous function of the
construction year composed by a constant and
a parabola branch. The value of the constant,
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Figure 6. Descending (top) and ascending (bottom) mean LOS velocities of the PS versus the buildings year of construction and their

fitting.

the year in which the two functions join and the
parabola concavity (i.e. the variables of the fitting
function) were obtained solving a constrained non-
linear multivariable minimization problem in which
the mean squared error between the fitting function
itself and the mean velocity values is minimized.

The described procedure was carried out for both
the orbits to compute the LOS mean velocity of build-
ings PS versus the year of construction of the build-
ings themselves and infer the relation between them.

As can be inferred from Figure 6 for both orbits, the
mean LOS velocities of PS belonging to buildings
constructed before 1980 have a constant rate. Up to
this year, the mean LOS velocity has a constant value
of approximately —2 mm/year and —5.5 mm/year for
the descending and ascending orbits, respectively.
This rate is detected differently by the observing geo-
metry (i.e. from different incidence angles as can be
seen from Figure 2) and can be accounted for as the
long-period natural component of the subsidence,
affecting all the scatterers in the study area. The build-
ings constructed in the last three decades exhibit
increasing values of the mean LOS velocity. For
instance, for the descending orbit, as can be seen
from the fitting, the mean LOS velocity has a value
of —2.2 mm/yr for 1980 and —4.2 mm/yr for 2014.
Similarly, for the ascending orbit, the values read by
the fitting are —5.8 mm/yr and —7.5 mm/yr for 1980
and 2014, respectively. Figure 6 could be therefore
considered as representative of the cumulative sub-
sidence produced by long-term subsidence and time-
dependent consolidation processes. Besides the

relationship between the slant velocities and
the year of construction, an increase of the standard
deviations could be observed from the last decades
involved. This is likely due to the influence of conso-
lidation processes that, based also on the local strati-
graphic setting and construction mode, start to show
their effects on more stable long-term displacements.
Increasing values of displacements along the slant
direction with respect to the year of construction of
buildings could be referred to an anthropogenic
source due to consolidation processes under the
building loads. It contributes to an overestimation of
the natural subsidence phenomena or any other
deformation processes investigated by the SAR
interferometry.

To bring phenomena that deviate from the beha-
vior represented by the fitting curve into evidence,
the mean velocity values as read by the fitting curve
for each year of construction were subtracted from
the corresponding mean LOS velocities of PS. The
computed residues are therefore related to local
deformation phenomena where long-term displace-
ments and the effect of consolidation processes have
been filtered out. The results of the described proce-
dure for both orbits and the corresponding decom-
position along the vertical and E-W directions are
shown in Figures 7 and 8, respectively.

Residual vertical and horizontal velocities (see
Figure 8) show well-defined ground deformation
patterns. In the vertical direction, the residual sub-
sidence phenomena other than the natural long-
term trend and consolidation processes are located
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Figure 8. Vertical (left) and horizontal (right) residual velocity maps

in the coastal villages and industrial areas. As can
be seen from Figure 8, the horizontal displace-
ments in the East-West direction show very well
delimited spatial pattern mostly located in the
coastal village of Lido di Dante and nearby indus-
trial area where velocity field pointing at the East is
visible. The possible connection with an offshore
gas exploitation activity will be further addressed
in the discussion section. Conversely, a wide area
located in the central-western portion of the muni-
cipality of Ravenna exhibits horizontal velocities
oriented in the West direction.

(mm/yr).

To quantify the effect due to consolidation processes,
the mean rate of natural subsidence detected along the
LOS directions (i.e. the constant value of the fitting in the
plot of Figure 6) was subtracted from the rates detected
at any time of construction. Such a procedure enabled
the computation of the anthropogenic contribution to
the overall subsidence due to consolidation processes.
For a better understanding of ground deformation pro-
cesses due to the mentioned process, the obtained
ascending and descending velocities due to anthropo-
genic processes were decomposed into the correspond-
ing vertical and horizontal components (Figure 9).
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In agreement with the hypothesis of consolidation
processes, Figure 9 shows a major contribution along
the vertical direction, whereas the horizontal compo-
nent of displacements is very close to zero through-
out the area.

For a clearer interpretation about the contribution
of consolidation processes to subsidence, Figure 10
shows detailed maps of LOS-oriented displacements

over the coastal villages of Casalborsetti and Lido di
Classe marked in Figure 9 as area 1 and area 2,
respectively.

These areas have been selected to better represent
the effect of the consolidation processes over recently
built sites. Their limited areal extension allows to
represent at detailed scale the LOS-oriented displace-
ments that appear more and more pronounced as the
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Figure 10. Comparison between the anthropogenic ascending slant velocity maps (left) and the building age (right) for the coastal

villages of Lido di Classe (top) and Casalborsetti (bottom).
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construction age increases. The effect of anthropo-
genic processes due to consolidation processes is
very well detected once the natural processes have
been subtracted. Conversely, the consolidation pro-
cesses could be masked by natural phenomena when
a cumulative effect is observed by the INSAR analysis.

Discussions

Results described in the present paper by the spatial
analysis of multi-temporal DInSAR data support
a better understating of subsidence phenomena due
to natural and anthropogenic causes. The separation
of such components allows to quantify and filter out
the possible contribution of consolidation processes
under building loads occurring over recently settled
urban and industrial areas. Potentially, any investiga-
tion about ground deformation phenomena based on
multi-temporal DINSAR could be strongly biased by
such processes. Generally, the consolidation pro-
cesses are not accounted for and contributions to
subsidence of other driving factors could be overesti-
mated. It is the case of DInSAR-based investigations
focused to developing areas where consolidation pro-
cesses could be dominant and related to construction
and geotechnical factors (building loads, characteris-
tics of the foundation layer, superficial terrain strati-
graphy, geotechnical approaches to structural
designing). The relationship between consolidation
processes and the age of buildings found in the pre-
sent paper could further inform on deformation pro-
cesses occurring at the ground improving the ability
to detect displacements due to factors acting at local
scale. Moreover, in the investigated area, the consoli-
dations processes seems to be active for more than
two decades, a period covering the majority of inves-
tigations on subsidence phenomena based on
DInSAR methods. It is worth noting that the obtained
results are related to the stratigraphic setting of the
study area, however, the proposed methodology
could be applied in other study areas characterized
by different settings and the results will highlight
consolidation phenomena of different entities. In
this framework, the integration between DInSAR mea-
surements and GIS data, representing buildings with
the age of construction, provided a valuable tool in
distinguishing consolidation processes after construc-
tion from other factors. For instance, Figure 9 shows
residual vertical velocities due to such consolidation

processes up to 3 mm/yr in the study area, well
beyond the mm-level sensitivity of the DInSAR
method in the detection of annual rate of displace-
ments. To further improve the reliability of the pro-
posed analysis, the relationship between subsidence
rates and age of construction should be established
over areas characterized by an homogeneous strati-
graphy. It requires additional information as a vector
layer representing the superficial stratigraphic layers.
In the present paper the study area is characterized by
a repeated alternations of coastal and alluvial depos-
its due to marine transgressive-regressive cyclicity
and coastal villages suffering from major subsidence
phenomena were settled over well-drained floodplain
(Campo, Amorosi, and Vaiani 2017). Such stratigraphic
patterns could be considered as representative of the
whole coastal areas where major subsidence rates
have been detected. However, the presence of differ-
ent superficial sedimentary bodies (for instance
deposits of fluvial channels) may alter the susceptibil-
ity to consolidation processes after construction.
Future works on the effects of consolidations pro-
cesses would greatly benefit from improvements in
the GIS dataset with regards to the collection, stan-
dardization and introduction of parameters from the
geotechnic and structural engineering domains. In
fact, soil consolidation is potentially affected by sev-
eral factors such as the building dimensions and
weight and the type of foundation. However, founda-
tion design criteria typically limit the maximum soil
pressure and/or settlement that can be caused by the
building construction. This implies that different
buildings realized during the same period have been
conceived to cause the same soil pressure and/or
settlement. On the contrary, buildings realized at dif-
ferent ages can produce significantly different soil
pressure and settlement depending on the limit
imposed by the current foundation design criteria
and standards. However, such detailed information
regarding the buildings is not extensively available
in GIS repositories and more simple descriptions
must be adopted in their place to predict or assess
the consolidation settlements.

The relationship of Figure 6 should be considered
as a representative of a general behavior for the
dominant stratigraphic setting. However, across the
decades the foundation design criteria and the con-
structive technique of the building (and the typical
floor weight with it) evolved and, consequently, the



consolidation processes could reflect the designing
approach at the age of construction. For instance,
lightweight floors with no concrete slab were typically
realized in the 1960s and 1970s, while later in the
1990s concrete slabs became very common.
Similarly, wooden roofs have become widespread
from the 2000s. All of this means that the age of
construction is a synthetic parameter that can repre-
sent the several effects affecting the soil
consolidation.

As a general remark, we may observe that the
consolidation processes could represent the totality
of the deformation processes due to postconstruction
settlement within areas of recent urbanization where
scatterers are mostly represented by roofs. An
approach useful in the quantitative assessment of
such a contribution should be adopted.

In the present paper, Figure 10 shows LOS-oriented
displacements of 2-3 mm/yr over some areas likely
due to consolidation settlements of buildings con-
structed after the year 2000. Approximately, it repre-
sents the 20% of the cumulative displacements
reported in Figure 4 in the same areas. Such contribu-
tion should be removed from the ground deforma-
tion processes to better represent subsidence
phenomena and the related driving factors.

On the other hand, the subtraction of the long-
term rate due to natural subsidence and consolida-
tion processes allows to depict the influence of resi-
dual phenomena reported on map of Figure 8 by
decomposing velocities into vertical and east-west
directions. The analysis of decomposed velocities
shows an interesting velocity field in the coastal vil-
lages of Lido di Dante and Lido Adriano where sub-
sidence rates up to 10 mm/yr and a dominant
eastward displacement up to 3 mm/yr are well
depicted. In this area, an offshore exploitation activity
of natural gas takes place by a platform installed less
than 2 km far from the coastline (see Figure 1 to locate
the offshore site ANGA). The rates of ground deforma-
tion phenomena in the area have been recently
reported by Polcari et al. (2022) whereas, among
others, the ability of SAR interferometry to detect
the horizontal deformation field produced by
a subsidence bowl has been investigated by Samieie-
Esfahany et al. (2009).

However, the consolidation processes outlined by
the present paper in such an area (up to 3-4 mm/yr)
cause an overestimation of the actual subsidence
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rates due to driving factors other than the consolida-
tion processes themselves. Conversely, the horizontal
displacements are not biased by the settlements
occurred. The correlation of the horizontal displace-
ment pattern and the offshore gas exploitation activ-
ity seems to be evident even though a similar pattern
is visible in the industrial area located few km far in
the north-western direction where the influence of
gas withdrawal should be negligible (see Figure 1).
However, the industrial area is also subjected to ver-
tical displacements up to —15 mm/yr over very well
delimited sectors occupied by single industrial plants.
Unfortunately, the available GIS data do not report
the specific industrial activity in the attribute table
and such kind of relationship cannot be established.
A more detailed description of the industrial activities
carried out in any single lot is therefore advised.

In the attempt to filter out the consolidation set-
tlement from the subsidence rates, the use of GNSS as
reference must also be addressed. Indeed, when
GNSS stations are used to bring DInSAR velocities
into a global reference frame, installation of GNSS
monuments on recently settled area should be
avoided. Otherwise, the contribution of consolidation
processes triggered by the building load will be trans-
ferred to the totality of PS selected by the multi-
temporal interferometric processing. Ancillary subsi-
dence data from topographic leveling could be a valid
support in the interpretation of ground deformation.
Leveling benchmarks are placed on roads and come
from consolidated topographic network; for this rea-
son, vertical displacements derived from leveling
measurements are less sensitive to anthropogenic
processes of consolidation even though their avail-
ability is very limited in most cases.

In the study area, an alternative source of subsidence
could be related to groundwater pumping, since 1950s,
for irrigation purposes from the multi-layered surficial
aquifer (Antonellini et al. 2019). Data provided by
ARPAe show a diffuse decrease of the groundwater
table from 1990 to 2012 in the area of Ravenna
(Antoncecchi 2021). However, in the period of the pre-
sent investigation, a substantial stability of the ground-
water table is reported (ARPAe 2020; Polcari et al. 2022).

Conclusions

The approach proposed in the present paper allows to
investigate and separate several contributions to
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subsidence phenomena over the municipality of
Ravenna (Emilia Romagna, Italy). In particular, consoli-
dation processes after construction were assessed by
the use of GIS dataset of the built environment. In the
present paper, only few descriptive attributes related
to the age of construction and intended uses were
adopted in the classification of scatterers, but many
others are available and the relationship between rates
and sources of subsidence could be further investi-
gated. We demonstrated that the subsidence phe-
nomena could be strongly biased by consolidation
processes or ascribed to a different causal factor with
an overestimation of its contribution to ground defor-
mation. In the study area, the consolidation processes
seem to be active over areas settled in the last
20 years. Thus, such effects should be taken into con-
sideration. For a better interpretation of phenomena,
more data about stratigraphy, construction modes and
geotechnical factors should be incorporated in the GIS
dataset. However, very often such information is not
available at very local scale or partially available in
a GIS format. To increase the reliability of the proposed
analysis, satellite data at higher spatial resolution are
advised in addition to a geocoding procedure based
on range and azimuth correction after the DEM error
assessment. It would improve the spatial linkage
between scatterers and GIS information layers with
a more reliable analysis of relationship between sub-
sidence phenomena and causal factors.
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