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Land subsidence due to underground resources exploitation is a well-known problem
that affects many cities in the world, especially the ones located along the coastal areas
where the combined effect of subsidence and sea level rise increases the flooding risk.
In this study, 25 years of land subsidence affecting the Municipality of Ravenna (Italy)
are monitored using Advanced Differential Interferometric Synthetic Aperture Radar
(A-DInSAR) techniques. In particular, the exploitation of the new Sentinel-1A SAR
data allowed us to extend the monitoring period till 2016, giving a better understanding
of the temporal evolution of the phenomenon in the area. Two statistical approaches
are applied to fully exploit the informative potential of the A-DInSAR results in a fast
and systematic way. Thanks to the applied analyses, we described the behavior of the
subsidence during the monitored period along with the relationship between the
occurrence of the displacement and its main driving factors.

Keywords: InSAR; Sentinel-1; subsidence; Ravenna; time series

1. Introduction

Differential Synthetic Aperture Radar Interferometry (DInSAR) is a very powerful
remote sensing tool able to measure the displacements on the Earth surface with
millimetric accuracy. The first description of DInSAR was given by Gabriel,
Goldstein, and Zebker (1989), and it was successfully applied for the first time as a
ground-motion detection technique in the early 1990s with the study of the Landers
earthquake in California and the Mount Etna volcano in Italy (Massonnet et al. 1993,
1995). This method uses the phase shift between two radar acquisitions (SAR images)
made over the same place at different times to generate an interferogram and calculate
the ground deformation. The interferometric phase (Δφ) is made by different
contributions:
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Δφ ¼ Δφtopo þ Δφdef þ Δφorb þ Δφatm þ Δφnoise;

where Δφtopo is the contribution given by the topography, Δφdef is the contribution given
by the deformation, Δφorb is the phase given by uncompensated difference in the satellite’s
orbits, Δφatm is the phase component given by atmospheric effects, and Δφnoise is the
systematic noise. One of the main advantages of the DInSAR approach is that the
topographic component of the phase (Δφtopo) is reduced using an external Digital
Elevation Model (DEM) providing (qualitative) information on deformations, even with
a reduced SAR data availability (Cascini, Fornaro, and Peduto 2010). On the other hand,
the main drawback is that analyzing just one interferogram is not possible to remove the
strong atmospheric disturbance that inevitably lead to inaccuracies in the detected move-
ments, limiting its operational capability (Cascini, Fornaro, and Peduto 2010).
Furthermore, since DInSAR can only measure the total displacement between two points
in time, it cannot distinguish between linear and nonlinear motion. Hence, in order to cope
with these limitations, a new class of DInSAR techniques called Persistent Scatterers
Interferometry (PSI) was developed. In this work, we refer to PSI with the term Advanced
DInSAR (A-DInSAR). There are two main A-DInSAR techniques: the Permanent
Scatterers (PS) (Ferretti, Prati, and Rocca 2000, 2001) and the Small BAseline Subset
(SBAS) (Berardino et al. 2002). These techniques exploit the information of multiple SAR
acquisitions made over the same area to estimate and reduce the effects given by
decorrelation phenomena and atmospheric phase shifts obtaining very accurate deforma-
tion measures over time. The PS technique analyses at full resolution dominant point
scatterers (PSs) that maintain phase stability over long periods. Any phase disturbance
such as atmospheric artifacts and topographic inaccuracies are estimated and compensated
retrieving the precise displacement of the PSs. Since PSs density is generally higher in
urban environments, this technique is more suitable for ground deformation analysis in
metropolitan areas (Soergel 2010). The SBAS techniques rely on the combination of
interferometric pairs with small temporal and perpendicular baselines to measure the
deformation of distributed scatterers. To enhance phase stability, a multi-look factor in
range and azimuth is generally adopted but this leads to a reduced spatial resolution. The
application of SBAS is more suited over large areas, where the absence of a high number
of stable reflectors limits the applicability of the PS approach. For this reason, SBAS is
widely used for Earth Observation purposes in several scenarios, such as low-vegetated
land, sparsely urbanized territory, and coastal areas. A-DInSAR has proven to be one of
the most reliable tool for the detection and monitoring of different geological hazards such
as earthquakes (Chini et al. 2016), landslides (Di Martire et al. 2016), subsidence
(Tessitore et al. 2016), and volcanic activity (Meyer et al. 2015), and is nowadays widely
used to map ground deformations due to natural and anthropogenic processes in different
environments. Furthermore, one of the main advantages is the possibility to reconstruct
the past behavior of the displacement using archive data and perform time series analyses.
This is useful in particular in the framework of geological hazard risk assessment and
territory management; in fact, thanks to the analysis of the ground instability evolution, it
is possible to understand its cause-effect mechanism and to evaluate the most feasible
corrective measures (Tomás et al. 2005). While the monitoring of geological hazards with
conventional ground-based techniques (e.g. inclinometers, leveling, Global Positioning
System) is usually expensive and time consuming, A-DInSAR techniques permit to
reduce operating costs and working time especially when used for large-scale surveys.
Despite the great benefits brought by the application of radar interferometry to the
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geological hazard monitoring, the exploitation of very large SAR datasets can produce
huge amounts of data that are often difficult to properly manage and interpret. Statistical
methods can be applied to analyze the A-DInSAR processing results to fully exploit their
informative content.

In this work, we present the outcomes in monitoring the land subsidence affecting the
Municipality of Ravenna with 25 years of SAR data, starting from 1992 with the ERS-1/2
and ending with the 2016 Sentinel-1A images. The obtained results are then cross-
validated comparing two different A-DInSAR approaches, the SBAS and the Coherent
Pixel Technique (CPT) (Mora, Mallorqui, and Broquetas 2003; Iglesias, Mallorqui, and
Lopez-Dekker 2014). Furthermore, we show the application of a new methodology based
on statistical analyses to manage in a systematic way the obtained results and better
describe the behavior of the subsidence during the monitoring period along with the
relationship between the occurrence of the displacement and its main driving factors.

The main aims of this work are: (i) to monitor the land subsidence affecting the
territory of Ravenna using A-DInSAR techniques and extend the observed period to 2016
with the new Sentinel-1A satellite; (ii) to understand the subsidence trends over the
25 years period and determine which are the main controlling factors through the
application of statistical analyses; (iii) to compare and cross-validate the results obtained
through two different A-DinSAR approaches and demonstrate the reliability of the
measured subsidence rates; (iv) to assess the capabilities of the Sentinel-1A sensor in
the monitoring of sparsely urbanized areas.

2. Study area

The city of Ravenna is located in the Emilia Romagna Region (northeast of Italy), where
land subsidence of natural and anthropogenic origin occurs since the last century (Teatini
et al. 2005). One of the main causes of the subsidence in the area is the overexploitation of
the methane gas and water reservoirs that started in the 1940s along with the industrial
growth and gradually reduced around the 1980s (Gambolati et al. 1999). Concerned by the
very high values of subsidence registered, the Municipality of Ravenna started in the late
1970s the construction of a new public aqueduct to exploit the surface water that led to a
reduced aquifer overdraft (Gambolati et al. 1999). Today, even if the ratio of the anthro-
pogenic subsidence (<−20 mm/year) lowered a lot in respect to the previous decades, it is
still 10 times higher than the natural one (−2 mm/year) (Gambolati et al. 1991). This
represents a serious threat in particular for the coastal areas where the subsidence effect
added to the mean sea level rise increases the flooding risk (Carbognin and Tosi 2002).

2.1. Geological settings

The territory of Ravenna (Figure 1(a)) lies over the southeastern portion of the Po River
plain, an area of about 38,000 km2 bounded by the Alps in the north and the Apennines in
the south (Teatini et al. 2005). The buried tectonic structures underlain around 2000 m of
Quaternary sediments of Alpine and Apennines origin deposited under different environ-
ments, from continental to marine (Amorosi et al. 1999; Carminati, Martinelli, and Severi
2003; Ghielmi et al. 2010). The pre-Quaternary basement is characterized by a complex
structure of folds and faults that develop parallel to the main Apennine tectonic lines
forming natural traps for the methane gas (Gambolati et al. 1991). Several Pliocene and
Pleistocene gas fields are located in thrusted anticlines, with depths ranging between 1000
and 4500 m, simple drape structures, and stratigraphic traps. The Quaternary sequence is
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made of normally consolidated layers of alternating silty clay, sand, and sandy silt
(Figure 1(c)). A multi-layer acquifer system developed in the first 500 m of sediments
accumulated since the Pleistocene. This system is characterized by sediments deposited
during transgressive and regressive stages.

2.2. Mechanisms of the subsidence

The subsidence affecting the Adriatic Sea coastline in northern Italy can be related to
different anthropic and natural factors that vary locally: tectonic, glacial isostatic adjust-
ment, reclaimed peatland oxidation, groundwater withdrawal, gas extraction, natural
sediments compaction. The Regional Agency for the Environmental Protection (ARPA)
of Emilia-Romagna Region and the Emilia-Romagna Region (2010) estimate the overall
contribution of the natural subsidence in −1.4 mm/year at Ravenna, −2.5 mm/year at Po
river delta, and −1 mm/year at Venice. Gambolati et al. (1999) also modeled and
calculated the natural subsidence due to sediments compaction with rates of −2.5 mm/
year at Ravenna, −4 to −5 mm/year in the Po river delta, and 0.5 mm/year at Venice. The
present-day subsidence in the Po Plain is also given by the effects of the last deglaciation

Figure 1. (a) Location of the study area; (b) Methane gas reservoirs close to Ravenna. The yellow
square is the area used for the cross-validation between the SBAS and CPT results. Basemap: 18
July 2016 Sentinel-2 image; (c) Geological map of the study area and main locations. For full colour
versions of the figures in this paper, please see the online version.
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period that contributes with increasing values going from Venice (−1.1 mm/year) to
Ravenna (−3.5 mm/year) (Carminati, Martinelli, and Severi 2003). At regional scale,
the main cause of the anthropogenic subsidence can be related to the combined effects
of the extraction of underground water and methane gas from on and offshore reservoirs.
At local scale, in particular along the coastline close to Ravenna, the high rates of
subsidence are more related to the exploitation of the offshore methane gas fields closer
to the shoreline (ENI and ARPA 2003)

2.2.1. Subsidence due to methane gas extraction

In the Ravenna area, there are eight main gas fields (Figure 1(b)), five of which are
offshore and three onshore. The production that started in the 1970s is still ongoing at the
present day for most of the fields: only two fields are inactive, Ravenna Terra and Porto
Corsini Terra, which exploitation stopped in 1992 and 2014, respectively. The most
productive fields are Dosso degli Angeli and Angela-Angelina, with average annual
production from 1980 to 2016 of 450 × 106 Sm3 and 600 × 106 Sm3, respectively
(http://unmig.mise.gov.it/).

Angela-Angelina gas field is one of the major reservoirs in Northern Adriatic. The
production started in 1973 and is still active. Due to its proximity to the coastline (around
2 km), and the high productivity rates (Figure 2), the impact on the coastline produced by the
depletion of the reservoirs can be much higher than the one of the other gas fields (Gambolati
et al. 1999). Gambolati and Teatini (1998) simulated the subsidence caused by the reservoir
compaction and estimated a maximum influence range of around 6.5 km (Figure 1(b)).

Dosso degli Angeli is an onshore gas field located under the Comacchio Marshes,
20 km North of Ravenna. From the beginning of the production until 2004, the reservoir
produced 30 × 109 Sm3 of methane gas. The average annual production was constant until
1990 with more than 1 × 109 Sm3. Afterwards, it slowly decreased till ending in 2004. In
2011, the production started again with an average annual production of 100 × 106 Sm3.
ARPA (2010), estimated in 5 km the influence range of the reservoir.

Figure 2. Production rate of the Angela-Angelina methane gas field for the period 1990–2016.
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The Porto Corsini Terra gas field is located 6 km northeast of Ravenna. From 1980
until 2014, the average annual production was 20 × 106 Sm3. Bertoni et al. (1995)
estimated a maximum influence range of about 5.5 km (Figure 1(b)).

2.2.2. Subsidence due to groundwater extraction

Another anthropogenic component of the subsidence affecting the study area is related to
the water extraction activities. Since the water withdrawal rate is strongly dependent on
different factors among which the number of used wells, the depth and geology of the
exploited reservoirs, and the climate, the subsidence rates vary locally. The water use in
the Region can be divided in four main categories: civil, industrial, agricultural, and
livestock. According to ARPA (2010), from 2002 to 2006 the simulated water with-
drawals, in millions of m3/year, were: 32 for civil use, 10 for industrial use, and 1 for
livestock use (Figure 3). The water extraction rates for agricultural use are more variable
because of its relationship with the climatic and seasonal conditions. The rates vary from
36 × 106 m3/year to 10 × 106 m3/year. Most of the withdrawals (1.72 m3/s) for all the
categories take place at depth ranging from −40 m to −100 m. Among these, the 54% of
the extractions (0.94 m3/s) are from −10 m to −40 m. Only the extractions for industrial
use take place in the deeper reservoirs ranging from −200 m to −340 m of depth.

3. Methodology

3.1. A-DInSAR processing and available datasets

A-DInSAR techniques permit to obtain reliable deformation time series for the pixels that
present good phase quality. The latter can be low due to geometrical and temporal
decorrelation phenomena occurring in the interferograms. Therefore, a preliminary pixel
selection is necessary to obtain trustworthy processing results. The pixel phase quality
analysis can be carried out following three main criteria: (1) coherence stability
(Berardino et al. 2002; Mora, Mallorqui, and Broquetas 2003; Lanari et al. 2004); (2)
amplitude dispersion index (Ferretti, Prati, and Rocca 2001); (3) temporal sublook spectral
coherence (Iglesias, Mallorqui, and Lopez-Dekker 2014). In the first case (1), the pixels
are chosen considering their mean coherence computed using all the multi-looked inter-
ferograms. Such pixel coherence is a function of the interferometric phase’s standard

Figure 3. Groundwater withdrawals in millions of m3 calculated for each type of well for the period
2002–2006, redrawn from ARPA (2010) (http://www.arpae.it/).
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deviation (Blanco et al. 2006). The displacement information is then calculated choosing a
coherence threshold value, only for the pixels that present a high interferometric quality.
The amplitude dispersion index (2) permits to select pixels with a stable electromagnetic
response (when their signal-to-noise ratio is high). The latter method (3), applies a point-
like coherent scatterers selection, taking into account the temporal axis.

In the present work, A-DInSAR techniques have been used to get 25 years (1992–2016)
of ground displacement monitoring in the Ravenna Municipality area exploiting four SAR
datasets acquired by C- and X-band satellites. To this aim, the SBAS and CPT algorithms,
respectively, implemented in the SARscape® and SUBSOFT processor software packages
have been used. Specifically, 57 ERS-1/2 (C-band), 60 ENVISAT (C-band), 53 TerraSAR-X
StripMap (X-band) and 30 Sentinel-1A Interferometric Wide Swath (C-band) images
acquired in descending geometry have been processed with SARscape®. The main features
of each dataset and their temporal coverage have been reported in Table 1. The processing
window adopted (study area) is 18 km × 21 km focusing the monitoring activity on the city of
Ravenna and its shoreline (Figure 1(b)). The SUBSOFT processor has been used to process
only the ENVISAT and TerraSAR-X datasets over a smaller area (6 km × 3 km) in the
industrial area of Ravenna (Figure 1(b)), in order to perform the comparison analyses between
the two different approaches and cross-validate the results.

The SBAS processing workflow adopted in SARscape® consists of five main steps:
(a) connection graph (CG) generation; (b) interferogram generation and unwrapping; (c)
refinement and re-flattening; (d) first and second inversion; and (e) geocoding. In the first
step (a), the connection links between master and slaves image pairs are created based on
the specified temporal and perpendicular baseline thresholds; (b) for each connection
pairs, the interferograms are generated and filtered using the Goldstein adaptive filter
(Goldstein and Werner 1998). The phase is then unwrapped using the Delaunay Minimum
Cost Flow method (Costantini 1998; Costantini and Rosen 1999); (c) the constant and
topographic phases are removed from the interferograms. Possible inaccuracies in the
satellites’ orbits are corrected and phase ramps, if present, are removed; (d) the residual
heights and displacement velocities are derived and used to re-flatten the interferograms.
Then, the atmospheric phase component is removed and the displacement velocities are
calculated; (e) the final products are geocoded to the chosen cartographic projection.

Table 2 reports the main parameters adopted to process the four SAR datasets with the
SARscape® approach. To remove the topographic component of the phase, the Shuttle

Table 1. Details of the available SAR image datasets.

Satellite ERS-1/2 ENVISAT TerraSAR-X Sentinel-1A

Period covered 10 May 1992–
13 December 2000

02 April 2003–
22 September 2010

25 February 2012–
05 April 2014

12 October 2014–
11 January 2016

Track No. 122 122 2 95
Number of
images

57 60 53 30

Wavelength
(cm)

5.6 5.6 3 5.6

Incidence angle
(°)

23 23 29 39

Imaging mode SAR ASAR IM StripMap Wide Swath
Polarization VV VV HH VV
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Radar Topography Mission (SRTM) DEM with a resolution of 1 arc second (approxi-
mately 30 m pixel size) was used. After the editing step in which the bad interferogram
pairs are discarded for unwrapping and/or processing errors, a good amount of interfer-
ograms was still available. The edited CG plots for each dataset are reported in Figure 4.

The SUBSOFT processor, used to process the ENVISAT and TerraSAR-X data only,
was implemented at the Remote Sensing Laboratory of the Universitat Politècnica de
Catalunya and is based on the algorithms proposed by Mora, Mallorqui, and Broquetas
(2003) and by Iglesias, Mallorqui, and Lopez-Dekker (2014). The algorithm scheme is
made of three main steps: (a) generation of the best interferogram set; (b) selection of the
pixels with reliable phase within the interferogram set; and (c) pixels phase analysis to
calculate the deformation time series. For the pixel selection, the Temporal Sublook
Spectral Coherence method, described previously, has been chosen. This method permits
the selection of point-like scatterers by replacing the spatial average, which generates a

Table 2. Main parameters and thresholds adopted in SARscape® for the SBAS processings.

Satellite ERS-1/2 ENVISAT TerraSAR-X Sentinel-1A

Perpendicular thresh. (% of critical baseline) 50 45 35 45
Temporal thresh. (days) 900 730 190 150
Unwrapping thresh. 0.30 0.35 0.40 0.60
Multi-look Rg/Az 1/5 1/5 5/5 5/1
Resolution (m) 20 20 10 20
No. of generated interferograms 274 380 360 200

Figure 4. Interferogram pairs selected with SBAS after the editing session for (a) ERS-1/2, (b)
ENVISAT, (c) TerraSAR-X, (d) Sentinel-1A.
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degradation of the spatial resolution, with a temporal one. Specifically, the method is
based on the analysis of their spectral properties along time. After the pixel selection, a
Delaunay triangulation between the selected pixels is generated. Finally, the linear and
nonlinear deformations are computed through a model of coherence estimation.

With the SUBSOFT processor is not possible to generate Single Look Complex (SLC)
(Level 1 product) images directly from the raw data (Level 0 product), and of the 60
ENVISAT images, only 39 were provided by European Space Agency as SLC. For this
reason, only a smaller number of ENVISAT images covering the period December 2005–
September 2010 were processed to perform the cross-validation. For ENVISAT, the
adopted processing parameters consist of a maximum spatial and temporal baseline,
respectively, of 300 m and 246 days, a multi-look factor of 15 × 3 in range and azimuth,
and an unwrapping threshold of 0.40. Considering these parameters, the obtained dis-
placement standard deviation was 1.5 mm. In total, 80 interferograms were generated. The
topographic component of the phase was removed using the ~30 m resolution
SRTM DEM.

For the TerraSAR-X data processing, a maximum spatial baseline of 125 m and a
maximum temporal baseline of 125 days have been used. Considering the adopted spatial
baseline threshold, 11 images not respecting the constrain have been dropped. From the
remaining 42 images, 220 interferograms have been selected. The applied multi-look
factor is 3 × 3 in range and azimuth, and the coherence threshold is 0.4, which implies a
phase standard deviation of 15°: the corresponding displacement standard deviation is
about 1 mm. The topographic component of the phase was removed using the ~30 m
resolution SRTM DEM.

3.2. Statistical analyses

Two statistical approaches were applied to the SBAS results in a Geographical
Information System (GIS) in order to (a) identify the main areas affected by subsidence
through the ground-motion areas detection and (b) comprehend the deformation mechan-
isms analyzing their relationships with the main triggering factors.

The ground-motion areas detection method proposed by Bonì, Pilla, and Meisina
(2016) is addressed to simplify the analysis of very large point datasets resulting from
A-DInSAR processing, using a fast and systematic procedure. The methodology allows us
to identify areas that present significant movements, the ground-motion areas, considering
specific patterns in the time series of each measured point. This method can be very useful
to highlight areas with peculiar ground deformation behavior that may require more deep
analyses. The applied procedure consists of two main steps: (1) the time series accuracy
assessment is performed applying the approach proposed by Notti et al. (2015) in order to
correct anomalous displacements affecting the time series in a certain date; and (2)
different statistical tests are applied to find the spatiotemporal pattern of the Principal
Components (PC) of the movement and the kinematic model of the measured points. In
particular, the Principal Component Analysis was performed implementing a matrix
organization location versus time (T-mode) to detect the PC of ground motion
(Chaussard et al. 2014). The number of time-dependent components was detected for
each dataset considering the change of slope in the Scree plot. Each component was
represented by score maps as applied by others authors (Chaussard et al. 2014). More
specifically, the PC scores obtained for each measured point represent the value of
correlation with the trend of the PC in the whole dataset; the higher values correspond
to higher correlation with the analyzed PC (Bonì, Pilla, and Meisina 2016). The software
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PSTime (Berti et al. 2013) was used to classify the time series into one of the three
predefined target trends: uncorrelated, linear, and nonlinear (Berti et al. 2013). The
approach is based on a sequence of statistical characterization tests that permit the
automatic classification of each measured point. PSTime also detects the date (break
date) where an abrupt slope change in the nonlinear time series is recorded. The evidence
ratio of the break point (BICW) index (Berti et al. 2013) is also assigned to the nonlinear
time series. The ground-motion areas were identified using a spatial cluster of the
significant PC scores using a buffer zone of 50 m around each measured point. The PC
score was used to find the spatial distribution of the ground-motion areas using the
approach implemented by Meisina et al. (2008). The obtained kinematic model of the
measured points was combined with the ground-motion areas to identify linear and
nonlinear processes: values of BICW higher than 1.2 were selected to distinguish non-
linear time series from the linear ground-motion areas.

With the second statistical approach, the variance analysis is applied to the SBAS
results, already imported in a GIS, to combine each measured point with the available
ancillary data, evaluating the contribution to the subsidence of four main factors: geolo-
gical setting, water extraction, gas extraction, and land-use change. In particular, the
analyses are carried out considering the relationship between the measured displacement
values and the lithologies in the study area, the position of the water pumping wells, the
distance from the methane gas reservoirs and their production rates, the areas where land-
use changes occurred. This method is based on the variances ratio and uses the distribu-
tion of Fisher–Snedecor (Fisher 1942; Snedecor and Cochran 1967).

4. Results and discussion

4.1. A-DInSAR SBAS results

The results obtained from the SBAS processing are reported as cumulated displacement
maps projected to the vertical (Figure 5). In total, we detected 53,000 points with ERS-1/
2, 71,200 with ENVISAT, 304,000 with TerraSAR-X and 100,000 with Sentinel-1A. The
range of the detected velocities in the entire monitoring period (1992–2016) goes from
−30 mm/year to +5 mm/year. Data coverage is good for all the datasets and is concen-
trated over the urbanized areas that present high coherence values. Strong subsidence
mainly occurs along the coastal areas with higher values registered in the north and south.
Most of the city center is stable, with displacement values in the range of ±5 mm for the
entire period.

In Figure 5(c,d), it is possible to notice a subsiding area detected in the north part of
the study area (black square). This area is a solar panel field of recent construction that
was completed in early 2011 and expanded with two new small adjacent solar fields in
early 2012. This area is clearly visible with both TerraSAR-X and Sentinel-1A datasets
showing the capabilities of the latter in the monitoring of ground displacement even at
local scale. The subsidence affecting this area is probably caused by the load produced by
the panels structure itself over rural land. Here, the maximum displacement registered
reached −21 mm during 2012–2014 and −11 mm in 2014–2016.

To better understand the displacement patterns in the study area, the time series of
seven control points (Figure 5(a)) have been analyzed. The points were selected in the
most critical areas, where the resulted subsidence values are high, or in areas that present
anomalous displacement in respect to the surroundings (e.g. localized subsidence in a
generally stable area). The analysis takes into account the average displacement values of
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all the points that are within a distance of 100 m from the selected points in order to
minimize the effect of outliers. For each point, the time series are generated (Figure 6)
considering as linear the displacement velocity in the temporal gaps between the different
datasets: 28 months between ERS-1/2 and ENVISAT, 17 months between ENVISAT and
TerraSAR-X, and 6 months between TerraSAR-X and Sentinel-1A.

Considering the CG plot of Figure 4(a), the 57 images available for ERS-1/2 are not
well distributed in time and present from 1992 to 1995 a large time gap of around
700 days that separates 12 images (left side) from the main cluster (right side). Since
we needed to analyze the subsidence trends for the entire 1992–2000 period without
losing any image, we adopted a temporal threshold of 900 days in order to connect all
possible pairs. Unfortunately, the 700-day temporal baseline interferograms presented

Figure 5. Vertical displacement maps obtained from the processing of (a) ERS-1/2 (1992–2000),
(b) ENVISAT 2003–2010, (c) TerraSAR-X (2012–2014), and (d) Sentinel-1A (2014–2016) SAR
images through SARscape®. The black dots, from P1 to P8, are the locations of the points
considered for the time series analysis.
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temporal decorrelation and consequent low coherence that reduced their quality. For this
reason, during the 1992–1995 period, some phase unwrapping errors occurred and
generated the anomalous displacement values that are visible in the time series of
Figure 6. Taking into account the entire 1992–2016 period, the time series of the points
located close to the coastline show an almost linear trend of deformation with low
variation in the slope of the linear regression line. These points present the highest
displacement values that were calculated as −250 mm at Lido Adriano (P3) and as
−280 mm in the industrial area (P4). The time series obtained for the latter shows an
almost constant velocity for the entire period. Along the coastline, the point P3 presents a
linear subsidence trend until 2001 (−7 mm/year); the trend starts to increase from 2003
until the end of 2015 (−11 mm/year) and then it decreases again with values lower than
the first period (−6 mm/year). On the contrary, 9 km to the north, the point located at
Porto Corsini (P1) shows a constant increase of the displacement velocities from
−7.8 mm/year (1992–2000) to around −9.3 mm/year (2014). The rates start to lower in

Figure 6. Cumulated displacement time series for the eight selected points reported in Figure 5(a,c).
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2014–2016 with −5 mm/year. The points less affected by subsidence are the ones located
at Ravenna (P5) with around −70 mm of cumulated displacement, and to the west of the
study area in the towns of Savarna and Mezzano (points P6 and P7, respectively). Here
the maximum displacement reached −60 mm in both locations. Even if the two towns are
located at a distance of 5 km, there is a strong correspondence in the displacement trend
that is not linear but presents fluctuations in the entire period. The slope of the linear
fitting line remains constant during 1992–2010 with a velocity of around −2 mm/year. The
slope starts increasing from 2012 to 2013 and becomes steeper from April 2013 to June
2015, when the velocity reaches −9 mm/year. The time series of P8, located over the solar
panel field, presents a clear seasonal trend during the period 2012–2016, detected by both
TerraSAR-X and Sentinel-1A satellites.

4.2. Cross-validation with the CPT technique

In order to assess the reliability of the results obtained with SBAS, the ENVISAT and
TerraSAR-X datasets have been reprocessed using the CPT technique and the outputs
have been used for the cross-validation. The two approaches based on different phase
quality estimation criteria can provide complementary information. In fact, the amplitude-
based criterion generally provides high point density that can be used to carry out analyses
at high resolution such as for the monitoring of buildings (Tomás et al. 2014). On the
other hand, to monitor subsidence or volcanic activity over larger areas, the coherence-
based processing is generally better suited. For this reason, a good match between the
results obtained with the two techniques (cross-validation) can give a good indication of
the processing quality and can be used as an effective validation method. As shown in
other comparison experiments between A-DInSAR techniques (e.g. Herrera et al. 2009),
in spite of their different pixel selection criterion based on the phase quality estimation,
both approaches exhibit good performance in estimating deformations; their main differ-
ence consists of the operative resolution.

The ENVISAT and TerraSAR-X processing with CPT was carried out over a small
area of 6 km × 3 km that covers the industrial area of Ravenna (Figure 1(b)), chosen
because it is affected by very high rates of subsidence and presents high coherence values
that permits to optimize the comparisons. The results, reported as vertical displacement
map (Figure 7(c,d)), are in good agreement with the SBAS results obtained over the same
area (Figure 7(a,b)). The lower number of points obtained with the CPT in respect to
SBAS (369 versus 5896 for ENVISAT and 16,500 versus 28,700 for TerraSAR-X) is due
to the more restrictive thresholds and higher multi-look factor adopted in the processing
steps as described in Section 3.1. The time series of the four points selected for each
dataset for the comparisons (Figure 8) show a good correspondence between CPT and
SBAS in terms of mean velocity and displacement trends. It is possible to notice a shift in
the calculated displacement of about 2–3 mm/year in each time series that is probably due
to the different algorithm and methodology applied. This can be explained with the
settings of the adopted processing parameters, such as coherence threshold and multi-
look (described in Section 3.1), that implies different displacement standard deviations:
for the TerraSAR-X data processing, the obtained standard deviation was 1.5 mm with
SBAS and 1.0 mm with CPT, while for ENVISAT, it was 5.0 mm and 1.5 mm with SBAS
and CPT, respectively. The comparison depicts the goodness of the results obtained with
the SBAS technique.
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4.3. Identification of ground-motion areas

The ground-motion detection methodology was applied to the A-DInSAR results con-
sidering three main components of motion: PC1, which describes a movement away from
the satellite (i.e. subsidence); PC2, which describes a movement toward the satellite (i.e.
uplift); and PC3, which describes a seasonal component of motion. The results reveal that
PC1 accounts for the 80–90% of the variance for all datasets while PC2 and PC3 explain
the variance in a range from 1% to 10% of ENVISAT, TerraSAR-X, and Sentinel-1A
results. Considering that PC1 better describes most of the components of motion in all
datasets, the analyses were performed using only PC1. Figure 9 shows the spatial
distribution of the ground-motion areas detected using PC1 of the four datasets.
According to the methodology, six main subsiding areas have been identified: Porto
Corsini (A1), the industrial area (A2), Lido Adriano (A3), Lido di Dante (A4), the
southwest area of Ravenna (A5), and Savarna and Mezzano (A6).

After selecting the measured points localized in the six ground-motion areas affected
by subsidence, the average velocity and the standard deviation for each dataset have been
calculated (Table 3). Regarding the kinematic model, the results (Figure 10) highlight that
40–50% of the points measured using ERS-1/2 and ENVISAT datasets is characterized by
a linear trend, 30–40% show a nonlinear trend, and 20–30% show an uncorrelated trend.

Figure 7. Cumulated displacement maps over the industrial area of Ravenna used to cross-validate
the results: (a) ENVISAT processed with SBAS. (b) TerraSAR-X processed with SBAS. (c)
ENVISAT processed with CPT. (d) TerraSAR-X processed with CPT. The black dots, from E1 to
E4 and from C1 to C4, are the locations of the points selected to perform the comparison between
the time series obtained, respectively, from ENVISAT and TerraSAR-X.
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Most of the measured points (around 43%) resulting from the TerraSAR-X data proces-
sing show a nonlinear trend, while 30% is characterized by a linear trend and 27% by an
uncorrelated trend. Unfortunately, the kinematic model analysis cannot be performed with
the Sentinel-1A results, because the automatic procedure can work only with time series
longer than 22 months.

4.4. Interpretation of ground-motion areas

Statistical analyses were used to interpret which are the main factors influencing the
detected ground-motion areas. Unfortunately, the restricted availability of ancillary data
limited the number of the possible factors to analyze. Anyway, the results obtained so far
are in accordance with the main conclusions of the scientific literature (e.g. Teatini et al.
2005).

A first analysis was carried out to evaluate the influence that the geology has on the
deformation values, associating the available geological information (Figure 1(c)) to each
point measured with SBAS. For all the four A-DInSAR processings, the test has shown a

Figure 8. Time series of the control points selected in the industrial area of Ravenna obtained with
SBAS and CPT. E1–E4: ENVISAT; C1–C4: TerraSAR-X.
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high influence of the geology on the measured deformation with values increasing toward
the coastline. Specifically, bigger deformations occur over the fluvial sands lithology with
an average value of −27.4 ± 26.5 mm for 1992–2000, −26.5 ± 27.8 mm for 2003–2010,
−7.8 ± 6.9 mm for 2012–2014, and −4.2 ± 4.6 mm for 2014–2016. Small deformations
are observed on the lithified marine dune with an average of −1.1 ± 9.5 mm for
1992–2000, −3.2 ± 12.4 mm for 2003–2010, −1.5 ± 5.3 mm for 2012–2014, and
−2.6 ± 6.1 mm for 2014–2016.

A second analysis was applied to assess the relationship between the water wells,
classified by type of use (agricultural, civil, and livestock) and the subsidence velocity.
Unfortunately, no data about the pumping rates for each well is available, so the analysis
is based only on their location. A fishnet with cell size of 1 km × 1 km has been created
and the average velocity for each cell has been computed (Figure 11).

Figure 9. In pink, the six ground-motion areas delimited by squares (A1: Porto Corsini; A2:
Industrial Area; A3: Lido Adriano; A4: Lido di Dante; A5: South-west of Ravenna; A6: Savarna and
Mezzano) detected using the PC1 main component of motion for (a) ERS-1/2, (b) ENVISAT, (c)
TerraSAR-X, and (d) Sentinel-1A datasets. The white striped areas are the Corine Land Cover
changes described in Section 4.4.
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The test does not show significant influence of the wells location on the subsidence
velocities. A better correspondence was found only for the agricultural wells located in the
northwestern part of the study area where agricultural activities continue to be prevalent.

In order to analyze the relationship between deformation and the gas extractions, the
spatial correlation with the methane gas field, the distance–velocity plots along with the

gas production have been taken into account. We focused on Angela-Angelina and on
Porto Corsini Terra gas fields.

Regarding Angela-Angelina (Figure 12), the average velocity values of the points
closer to the reservoir are, respectively, of −1.1 ± 1.1 mm/year, −11.1 ± 1.3 mm/year,
−6.9 ± 1.3 mm/year, and −7.8 ± 1.1 mm/year for ERS-1/2, ENVISAT, TerraSAR-X, and

Table 3. Average vertical velocity (Vvert) and standard deviation (Std) calculated in the six
different ground-motion areas for each dataset.

Period

10 May 1992–
13 December

2000

02 April 2003–
22 September

2010
25 February 2012–
05 April 2014

12 October 2014–
11 January 2016

Dataset ERS-1/2 ENVISAT TerraSAR-X Sentinel-1A

A1
(Porto Corsini)

Vvert (mm/year) −7.23 −6.17 −7.91 −2.09
Std (mm/year) 2.34 1.31 0.85 0.85

A2
(Industrial area)

Vvert (mm/year) −6.37 −8.39 −10.05 −15.25
Std (mm/year) 2.17 3.35 4.49 9.46

A3
(Lido Adriano)

Vvert (mm/year) −6.83 −7.12 −7.07 −8.52
Std (mm/year) 1.24 2.07 1.27 0.90

A4
(Lido di Dante)

Vvert (mm/year) −7.94 −12.74 −7.45 −10.68
Std (mm/year) 0.92 1.47 0.94 1.12

A5
(Southwest of
Ravenna)

Vvert (mm/year) −6.10 −5.23 −5.23 −2.72
Std (mm/year) 2.27 0.87 0.94 0.43

A6
(Savarna and
Mezzano)

Vvert (mm/year) −3.70 −3.68 −10.11 −3.31
Std (mm/year) 0.78 0.69 0.72 1.76

Figure 10. Points measured with (a) ERS-1/2, (b) ENVISAT, and (c) TerraSAR-X, classified by
their kinematic model: linear trend in green, nonlinear trend in red, and uncorrelated trend in white.
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Figure 11. Average vertical velocities of deformation computed with a fishnet of 1 km × 1 km for
each dataset. The location of the three categories of water wells and the extension of the methane
gas fields are superimposed to the fishnet used in the statistical analyses.

Figure 12. Velocity–distance plots for the Angela-Angelina gas field. (a) ERS-1/2, (b) ENVISAT,
(c) TerraSAR-X, (d) Sentinel-1A.
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Sentinel-1A. The intercepts of the diagrams are of −9 mm/year, −11 mm/year, −6 mm/
year, and −8 mm/year for the four results.

It is possible to notice a general decrease of the measured deformations for increasing
distances from the reservoir. Considering the average velocities of displacement in A3 and
A4, there is an increase in the subsidence rates in the period 2003–2010 in respect to
1992–2000 and in the period 2014–2016 in respect to 2012–2014. The average velocity is
higher in area A4 than in area A3. Considering the gas production activity in 1990–2016
(Figure 2), there is a quite good correlation with the measured deformations. The increase
of the average velocity, detected using ENVISAT, can be related to the increase of the
methane gas extractions in 1998 (1748 × 106 Sm3). In 2012–2014, the decrease of the
average velocity can be correlated with a decrease in the methane gas production from an
annual average of 734 × 106 Sm3 to 377 × 106 Sm3. Conversely, the increase average
velocity detected in the period 2014–2016 in both A3 and A4 is not correlated with the
methane gas production.

Even for the Porto Corsini Terra gas field, the analysis shows a general decrease of the
deformations with increasing distance from the gas reservoir, especially in the northern
side of the gas field (Figure 13) within a distance lower than 1 km.

The area closest to Porto Corsini Terra, A1, presents an increase of the average
velocity from 2012–2014 to 2003–2010, while in 2014–2016, the velocity rapidly
decreased until −2.09 mm/year. The high average velocities found in 1992–2014 may
correspond to the combined effects of the extraction activities taking place in the two gas
reservoirs close to the area: Porto Corsini Terra and Porto Corsini Mare Ovest (Figure 1
(b)). Despite the low production rates of the first, the proximity to A1 (around 1.5 km)

Figure 13. Velocity–distance plots for the Porto Corsini Terra gas field. (a) ERS-1/2, (b)
ENVISAT, (c) TerraSAR-X, (d) Sentinel-1A.
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may strongly influence the subsidence in the area. The maximum production in 2003 of
42.6 × 106 Sm3 drastically lowered in the next years until ending in 2014. The Porto
Corsini Mare Ovest reservoir is located around 5 km west of A1 and had a very high
productivity in 2004–2008 with more than 260 × 106 Sm3. In this case, the production
ended in 2016. The decrease in the average velocity in 2014–2016 (−2.09 mm/year)
reflects the reduced methane gas production in the two gas fields in those years.

4.5 Land-use change

The contribution that land-use changes may have on the detected displacement rates was
evaluated by overlapping the six ground-motion areas with the CORINE Land Cover
(CLC) inventory (EEA 2007) corresponding to the period covered by each dataset
(Figure 9). The ground-motion areas extracted from the ERS-1/2 results were compared
with the 1990–2000 CLC changes. In A2, part of the subsidence occurs in areas which
land-use changed from salt marshes and nonirrigated arable land to industrial/commercial
unit. The displacement observed with the ENVISAT data matches with the 2000–2006
CLC changes. A correlation between land use changes from arable land to industrial/
commercial unit was detected in A3. Also in A2, the motion areas partly match with land
use that changed from arable land to construction unit. Therefore, in A2, part of the
subsidence seems to be correlated to the sediments compaction caused by the load
produced by the new constructions. Comparing the 2012–2013 CLC changes with the
TerraSAR-X results, the same correlation was observed in a small area of A3 where the
same land-use change occurred. The ground-motion area detected in A5 highlights a
decrease of the average velocity from −6.10 mm/year (1992–2000) to −2.72 mm/year
(2014–2016). Unfortunately, no CLC changes are available for this area after 2006, but
the comparison of the Google™ earth DigitalGlobe historic images 17 October 2009–7
June 2014 (Figure 14) shows new constructions in areas used as arable land. This may
explain the relatively high average velocity (−5.23 mm/year) registered in the area during
2012–2014. The ground-motion area detected at Savarna and Mezzano (A6) is character-
ized by a high increase of the average velocity from around −3.7 mm/year of 1992–2010
to −10.11 mm/year of 2012–2014; it follows a rapid decrease in 2014–2016 with
−3.3 mm/year. In this case, a strong correlation between the CLC change and subsidence
did not result from the analysis. Only in few small areas of A6, the recent constructions

Figure 14. (a) Ground-motion areas detected for the TerraSAR-X results. In (b) and (c), the
comparison between the Google™ earth DigitalGlobe images 17 October 2009 and 7 June 2014
showing new urban development in A5.
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that are visible comparing the Google™ earth DigitalGlobe historic images from 2006 to
2015 may explain local accelerations in the subsidence rates.

5. Conclusions

The land subsidence affecting the city of Ravenna and its surrounding was measured
using 25 years (1992–2016) of SAR data acquired by ERS-1/2, ENVISAT, TerraSAR-X,
and Sentinel-1A satellites. The A-DInSAR results reported as displacement maps pro-
jected to the vertical direction show subsidence up to −35 mm/year affecting mainly the
coastline and the industrial area of Ravenna. The analysis of the displacement time series
was carried out over seven selected points that present mostly a linear trend. The points
located along the coastline and in the industrial area present the highest displacement
values in the 1992–2016 period, which was calculated as −250 mm and −280 mm,
respectively. Statistical analyses were applied in order to better understand the behavior
of the displacement over time and to assess the role of the main factors that control the
subsidence. The analyses revealed that the main driving factor of the subsidence along the
coastline can be related to the exploitation of the on and offshore methane gas fields.
There is no evident relationship between the water extraction and the detected displace-
ments, while the correlation with the geology appears to be strong. One more factor
considered was the land-use change that in many restricted areas explains the high rates of
subsidence caused by the sediments consolidation under the loading of newly developed
residential or industrial areas.

The results obtained with SBAS from the ENVISAT and TerraSAR-X images were
cross-validated through the comparison with the CPT processing over the industrial area
of Ravenna. The analysis of the time series of four control points showed that the
displacement trends obtained with both techniques were very similar, confirming the
validity of the SBAS results.

The study shows the benefits of a long-term monitoring activity performed using
A-DInSAR techniques thanks to which it is possible to monitor very large areas with
metric resolution and millimeter accuracy. The availability of the new Sentinel-1A data, in
particular, further improves the monitoring activity giving up to date information on the
subsidence behavior. The short revisiting time of 12 days of Sentinel-1A, not only permits
to obtain better data coverage with increased points density, but also enhance the
displacement time series analysis that now are sensible to seasonal trends, rainy periods,
or thermic variations. Furthermore, the launch in April 2016 of the twin satellite Sentinel-
1B will reduce the revisiting interval to 6 days allowing us to perform near-real time and
continuous monitoring activities.

Anyway, A-DInSAR results must always be integrated with other analyses in order to
fully exploit their potential. In our case, the statistical analyses proved to be reliable tools
that, applied to the deformation and velocity maps obtained with SBAS, allowed us to
better understand the subsidence trends, its main driving factors, and the relationship with
the exploitation of the underground resources in the area. Future work will regard the
extension of the monitoring activity with the latest Sentinel-1A and -1B images along
with the integration of other ancillary data to improve the statistical analyses.
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