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Abstract This paper discusses, through two selected case
studies based on real data, how the availability of the new
generation of Synthetic Aperture Radar (SAR) sensors,
characterized by reduced revisiting time and improved
spatial resolution or coverage, is impacting the exploitation
of Differential SAR Interferometry (DInSAR) techniques
for the detection and monitoring of deformation phe-
nomena. The presented analysis is carried out using X-band
data of the COSMO-SkyMed constellation satellites, as
well as C-band data acquired by the Sentinel-1A sensor;
furthermore, we compare the achieved results to those
based on first-generation ERS-1/2 and ENVISAT satellite
data. The first case study shows how the COSMO-SkyMed
X-band SAR systems open new opportunities for the de-
tection and monitoring of deformation phenomena at the
scale of a single building, even when they are characterized
by a rather fast dynamic. The second experiment is based
on the Sentinel-1A DInSAR measurements and permits us
to envisage new scenarios for deformation analysis of very
wide areas. The final discussion is devoted to summarise
the lessons learned through the presented case studies and
to identify the main future actions needed for a full ex-
ploitation of the surface deformation measurement capa-
bility provided by the new generation of SAR sensor.
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1 Introduction

The investigation of deformation phenomena affecting the
Earth surface is a key element for the analysis of natural
events such as earthquakes (Okada 1985; Chinnery 1961),
volcano unrest phases (Mogi 1958) and landslides (Farrell
1972). Furthermore, it can be very important for investi-
gating the impact of anthropogenic actions such as ground
water exploitation (Hsieh 1996), mining and tunnelling
activities (Shixiang and Dade 2004; O’Reilly and New
1982), oil and gas extraction (Yerkes and Castle 1969), as
well as gas capture and storage (Orr 2009).

In the ground deformation investigation scenario, a
central role is played by the use of Synthetic Aperture
Radar (SAR) systems, peculiar radar sensors capable of
providing high-resolution microwave images. Due to the
larger wavelength compared to visible and infrared ra-
diation, microwaves (wavelength between 1 cm and 1 m)
exhibit the important property of penetrating clouds, fog,
and possible ash or powder coverage (for example, in case
of an erupting volcano or a collapsed building). This im-
portant property provides an imaging capability in any
weather condition or environment, although some atmo-
spheric disturbances can affect both the amplitude and,
more importantly, the phase of SAR images.

Ground deformations are estimated using the Differen-
tial Synthetic Aperture Radar Interferometry (DInSAR)
technique, which is based on the exploitation of microwave
image pairs (Franceschetti and Lanari 1999); this technique
is particularly powerful for its capability to generate
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spatially dense deformation maps of large areas, with
centimetre to millimetre accuracy (Gabriel et al. 1989;
Massonnet and Feigl 1998; Burgmann et al. 2000).

More specifically, the DInSAR technique exploits the
phase difference (interferogram) between SAR image pairs
acquired at different times (whose separation is referred to
as temporal baseline) but with the same illumination ge-
ometry and from sufficiently close flight tracks (whose
separation is referred to as spatial baseline) (Franceschetti
and Lanari 1999). To separate the deformation contribution
from the topographic one, the DInSAR technique analyses
the so-called differential interferograms, which are gener-
ated by compensating interferograms with their topogra-
phy-related phase component, usually computed by means
of an external Digital Elevation Model (DEM) (Gabriel
et al. 1989; Massonnet and Feigl 1998; Franceschetti and
Lanari 1999; Burgmann et al. 2000). We also note that the
DInSAR technique allows estimating the surface dis-
placements occurred between two observations in terms of
their component along the radar line of sight (LOS) and
properly works in areas not significantly affected by the
interferometric noise effects associated with the loss of
coherence between the two observations (Zebker and Vil-
lasenor 1992); this noise is mainly related to the random
nature of target response and to the fact that data are ac-
quired at different times (temporal decorrelation) and from
different positions in space (spatial decorrelation).

Originally, the DInSAR methodology has been applied
to analyse single deformation episodes (Massonnet et al.
1993; Peltzer and Rosen 1995; Rignot 1998); however,
especially thanks to the availability of large C-band data
stacks, collected between 1992 and 2010 from the ERS-1/2
to ENVISAT ESA SAR sensors, the interest of the scien-
tific community has significantly moved towards the study
of the temporal evolution of the detected deformations.
This is possible through the exploitation of advanced

DInSAR techniques (Sansosti et al. 2010), which properly
combine a set of multi-temporal differential interferograms
relevant to the area of interest, to compute the deformation
time series of the observed area.

The advanced DInSAR techniques are usually grouped
into two main categories:

— Persistent scatterer (PS) methods (Ferretti et al. 2001;
Werner et al. 2003), which do not impose any
constraint on the temporal and spatial baselines of the
exploited multi-temporal differential interferograms
and are mostly focused on investigating single point
targets, and

— Small baseline (SB) techniques (Berardino et al. 2002;
Mora et al. 2003; Lanari et al. 2004) that, on the contrary,
impose constraints on the maximum temporal and spatial
baselines, but allows us to analyse distributed targets too.

The space-borne SAR scenario is already characterized
by the availability of a huge dataset acquired during the last
25 years (see Fig. 1), including the above-mentioned long-
term C-band ERS-1/2 and ENVISAT archives in addition
to the C-band RADARSAT-1/2 data sequences and those
provided by the L-band JERS-1 and ALOS-1 systems.

However, although the advanced DInSAR techniques
have drastically improved the accuracy of ground defor-
mation estimation (Casu et al. 2006; Bonano et al. 2013),
their applicability during emergency response phases, or in
presence of rapidly varying displacements, has shown to be
somehow limited, mostly because of the rather too long
(monthly) revisit time of these SAR sensors. In this con-
text, a major step forward has been represented by the
advent of second-generation SAR systems, which is in part
fully operational, as for the X-band SAR sensors of the
COSMO-SkyMed (CSK) (Covello et al. 2010) and Ter-
raSAR-X (TSX) (Werninhaus and Buckreuss 2010)
constellations.

Fig. 1 Space-borne SAR systems
evolution
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Moreover, a massive (yet increasing) data flow is ex-
pected from the SENTINEL-1A (S-1A) satellite (Torres
et al. 2012) recently launched (April 2014) within the
framework of the FEuropean Union COPERNICUS
(formerly GMES) programme (http://www.copernicus.eu).
This satellite will also be paired in 2016 with the SEN-
TINEL-1B (S-1B) twin system, in such a way to halve
the system revisit time (from 12 to 6 days). Accordingly,
new large data archives relevant to large areas on Earth
will be soon available; they will be acquired with the
Terrain Observation with Progressive Scan (TOPS) mode,
specifically devoted to DInSAR applications (Torres et al.
2012), and in a free and open access data policy.

Although these new generation SAR sensors are char-
acterized by different operating frequencies, spatial
resolutions and coverages, they all exhibit a common
characteristic: a reduced revisit time, which can be as short
as 4-8 days for the CSK constellation case (Sansosti et al.
2014). Figure 1 summarises the space-borne SAR systems
evolution.

In this work, we discuss, through two selected case
studies based on real data, how the availability of second-
generation SAR sensors is impacting the present DInSAR
scenario. First, we investigate the results based on an
X-band image sequence acquired by CSK constellation and
processed through the advanced SB DInSAR approach
referred to as Small BAseline Subset (SBAS) algorithm
(Berardino et al. 2002; Mora et al. 2003; Lanari et al.
2004); in this case, we focus on the Roma (Italy) urban area
to show the capability of the CSK constellation to map
small-scale deformation phenomena affecting buildings
and infrastructures. Moreover, to highlight the achieved
improvements, the obtained CSK results are compared to
those obtained through equivalent DInSAR processing of
ERS-1/2 and ENVISAT data (Pepe et al. 2005; Bonano
et al. 2012).

The second case study is devoted to the exploitation of
the S-1A DInSAR results based on data acquired over the
Napoli Bay area during the first months of operation. In this
case, we compare the deformation mapping capability of
S-1A and ERS/ENVISAT interferograms (processed at
similar spatial resolutions) in terms of achieved inter-
ferometric coherence and area coverage and show the
performance improvement achieved by the S-1A system.

Finally, we summarise the lessons learned through the
presented case studies and identify some future key actions
needed for a full exploitation of the surface deformation
measurement capability provided by the new generation of
SAR sensors.

2 High-resolution deformation time series analysis:
the city of Roma (Italy) case study

The scope of this section is to show both the qualitative and
quantitative improvements achieved by the CSK (X-band)-
derived DInSAR products (i.e., mean deformation velocity
maps and time series) with respect to the corresponding
ERS-1/2 and ENVISAT (C-band) ones. The comparative
analysis aims at understanding the impact of the improved
spatial resolution and revisit time of the CSK data on the
investigation of deformation phenomena at the scale of
single buildings and infrastructures. To this end, we have
chosen as a suitable study area the densely inhabited city of
Roma (Italy), where large SAR data archives, acquired
from both the C- and X-band SAR sensors, are available.
To carry out our analysis, we apply the extended full-
resolution SBAS-DInSAR technique (Lanari et al. 2004;
Bonano et al. 2012) to the two SAR datasets. In particular,
the comparison is performed by using a C-band set of 91
ERS-1/2 and 40 ENVISAT SAR images, acquired over
descending orbits between 1992 and 2010, and an X-band
sequence of 40 CSK SAR images, collected over ascending
orbits between 2010 and 2012. From the above-mentioned
images, 352 and 124 differential SAR interferograms have
been generated by imposing maximum spatial baseline
constraints of 400 m and 500 m for the ERS/ENVISAT
and the CSK datasets, respectively. For the interferogram
generation, precise satellite orbital information and the
three-arcsec SRTM DEM of the study zone have been used
(Farr et al. 2007).

Preliminary considerations related to the well-
documented surface displacements occurred during the last
20 years in correspondence to the urban area of Roma are
first carried out. In Fig. 2, the full-resolution SBAS-DIn-
SAR mean deformation velocity map, superimposed on an
optical image of the investigated zone and relevant to the
1992-2010 ERS/ENVISAT time series, is shown; each
coloured point represents a coherent pixel (measuring
point), while the colour accounts for the mean deformation
velocity. As already known (Manunta et al. 2008; Stra-
mondo et al. 2008; Zeni et al. 2011), the most significant
deformation phenomena are located along the alluvial plain
bordering the Tevere and Aniene rivers and are charac-
terized by an almost linear subsidence trend of about 1 cm/
year (even more, in some zones); they are mainly associ-
ated with soil compaction. The soil consolidation is due to
the high compressibility level and to the overloads of
newly constructed buildings over this area. Nevertheless,
possible variations or irregularities of the soils com-
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Fig. 2 Full-resolution SBAS-DInSAR mean deformation velocity
map, superimposed on an optical image of the city of Roma and
relevant to the 1992-2010 ERS/ENVISAT data archive. The black
box indicates the test area relevant to Viale Marconi

pounding the alluvial deposits (Manunta et al. 2008), as
well as local instabilities due to structural or foundation
weaknesses (Arangio et al. 2013), should be also taken into
account to have a clear picture of the temporal evolution of
the deformation affecting each single structure, or even a
part of it with respect to the rest. The availability of both C-
and X-band SAR data archives allows us to show that
moving from ERS/ENVISAT to CSK data is beneficial for
increasing the spatial density of coherent pixels (measuring
points) within the deformation maps. In particular, by
comparing the ERS/ENVISAT and CSK results (Fig. 3),
the significant density improvement attained through the
X-band data analysis is clearly visible. This pixel density
increase is particularly relevant because it allows most of
the manmade structures located within the urban area to be
mapped. Note also that such a density improvement is also
related to the shorter time span (~2 years) covered by
CSK data with respect to the C-band one (~ 20 years): this
significantly reduces the temporal decorrelation effect in
the generated interferograms (Zebker and Villasenor 1992).
Furthermore, thanks to the higher spatial resolution of CSK
data (~3 m for the stripmap mode, but potentially down to
~ 1 m for the spotlight mode case), it is possible to extend
the deformation analysis also on portions of the identified
structures, thus potentially detecting intra-building differ-
ential movements, which is particularly important in the
framework of collapse prevention.

For better clarifying the last point, we focus on a selected
building located in the Viale Marconi area (see white circle
in Fig. 3), where a subsidence deformation pattern with a
rate up to 1 cm/year is clearly noticeable. In particular, by
analysing the zoomed views of the ERS/ENVISAT and
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Fig. 3 Comparison between the ERS/ENVISAT and CSK SBAS-
DInSAR results relevant to the selected area identified by the black
box in Fig. 2. a Zoomed view of the full-resolution SBAS-DInSAR
results achieved through the 1992-2010 ERS/ENVISAT SAR data
archive for the investigated area. b Zoomed view of the full-
resolution SBAS-DInSAR results achieved through the 2010-2012
CSK SAR data archive for the selected area. The white circles
indicate the position of the investigated building

CSK deformation velocity maps (Fig. 4a, b), it is clear that
the improved performances of the new generation sensors
drastically increase the density of the measured coherent
pixels (coloured markers in Fig. 4). This allows mapping
the spatial distribution of the occurring displacements with
greater detail, highlighting also possible intra-building
movements, as shown in Fig. 4b, where a differential
movement affecting the West facade of the building is
clearly visible.

Focusing on the time evolution of the deformation
phenomena, it is worth pointing out the main advantages
achieved by the much shorter CSK revisit times compared
to ERS/ENVISAT one, which is particularly relevant for
analysing temporal fast-varying or non-linear deformation
signals. Indeed, with a temporal sampling of a few days, it
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Fig. 4 Comparison between ERS/ENVISAT and CSK full-resolution
SBAS-DInSAR results relevant to a building located in Viale Marconi
area (see Fig. 3 for its location). a Zoomed view of the ERS/
ENVISAT SBAS-DInSAR velocity map, superimposed on an optical
image of the investigated building (leff), and corresponding time

becomes possible to collect a very large number of CSK
images in a short interval (up to 80 images/year in the best
case), whereas only 11 images/year (at most) were avail-
able for the ERS or the ENVISAT satellites due to their
monthly revisit frequency. Furthermore, the high temporal
sampling rate of CSK time series is particularly suitable to
carry out deformation analyses over very short time inter-
vals, allowing us to collect a number of SAR scenes (at
least 25/30) sufficient to guarantee the typical perfor-
mances of the SBAS-DInSAR approach in terms of dis-
placement time series accuracy (Casu et al. 2006; Bonano
et al. 2013) even on short time periods. To better investi-
gate this characteristic, we compare the ERS/ENVISAT
and CSK time series of three selected points located in
correspondence to the North—South section of a building
affected by differential movements, see Fig. 4. It is worth
noting that, although the available CSK dataset has been
acquired within a very short time span of 2.5 years only, a
detailed temporal SBAS-DInSAR analysis is still doable.
Indeed, the plots in Fig. 4 clearly show the general
agreement between ERS/ENVISAT and CSK time series,
in terms of the linear deformation trend relevant to their
different observation periods, also confirmed by their
similar deformation velocity rates of about 7 mm/year.
Moreover, despite the limited number of CSK scenes (i.e.,

series relevant to three pixels labelled as P1, P2 and P3, respectively
(right). b Zoomed view of the CSK SBAS-DInSAR results (left), and
related deformation time series for three pixels labelled as P1, P2 and
P3, respectively (right)

only 40 images were available for the Roma case, instead
of the 200 scenes that could have been potentially collected
within the time interval), it is anyway possible to achieve a
better temporal sampling with respect to the first-gen-
eration case, in which, for instance, at most 25 images
would have been available in the same temporal interval if
ENVISAT was still in operation. The reduced temporal
sampling is strategic to effectively follow the evolution of
the displacements also in case of deformation phenomena
occurring during short time spans. Moreover, a better
temporal sampling is also beneficial when statistical spatio-
temporal filtering of atmospheric effects is to be performed
(Ferretti et al. 2001; Berardino et al. 2002).

3 Wide area surface deformation analysis: the case
study of Napoli Bay (Italy)

In this section, we investigate the capability of the S-1A
system to carry out DInSAR analyses over wide areas.
First, we remark that the S-1A data are acquired on land by
exploiting the TOPS mode (Torres et al. 2012) that is
particularly effective for DInSAR and advanced DInSAR
applications. Indeed, this mode allows the S-1A sensor to
generate C-band SAR images with spatial resolutions
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(azimuth resolution around 15 m, range resolution around
2.5) comparable with those achievable by the ERS-1/2 and
ENVISAT SAR systems (for ERS and ENVISAT: azimuth
resolution around 4.5 m, range resolution around 8 m), but
with a much wider swath. Indeed, S-1A reaches 280 km of
swath which is significantly larger than the 100 km of the
ERS and ENVISAT stripmap modes. We also note that,
while ENVISAT wide swath mode (Scansar) showed a
coverage comparable to S-1A, this was not suitable for
routinely application of DInSAR techniques due to the lack
of burst synchronisation (Guccione 2006). To highlight the
spatial coverage differences, in Fig. 5, we compare the

Fig. 5 Comparison between the
spatial coverage of SENTINEL-
1A and ENVISAT systems. The
example is relevant to the
Napoli Bay area (Italy)

amplitude of a ENVISAT stripmap image of the Napoli
Bay area (Italy), with the corresponding S-1A one; the
improvement achieved by the S-1A system is evident.
Moreover, the small orbital tube of the S-1A baselines
and the significantly reduced revisit time of 12 days open
new possibilities to systematically generate highly coherent
interferometric products of very wide areas, see Fig. 6.
High coherence implies a drastic reduction of the decor-
relation noise and, therefore, an increase of the phase
measurement precision for interferometric applications.
To better highlight the impact of the shorter S-1A revisit
time, we compare ERS or ENVISAT differential

Fig. 6 SENTINEL-1A wide area processing. a amplitude image; b coherence; ¢ interferogram
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interferograms spanning 35 days with S-1A ones spanning
12 days. The achieved improvements in terms of coherence
are evident in the S-1A interferograms. As an example, in
Fig. 7, two ENVISAT (Fig. 7a—d) and two S-1A (Fig. 7e-h)
interferograms are shown, as well as the corresponding
spatial coherence maps. All the selected interferometric
pairs are characterized by very short spatial baseline

(<50 m), while the temporal separation is 35 and 12 days
for the ENVISAT and the S-1A pairs, respectively.

All the above findings clearly pushes towards the di-
rection to properly configure the forthcoming twin sensor
SENTINEL-1B to achieve a 6-day revisit time, thus further
improving the coherence of the generated multi-temporal
differential interferograms.

Fig. 7 Comparison between ENVISAT and SENTINEL-1A inter-
ferometric capabilities. a—d ENVISAT interferograms (left) and
spatial coherence maps (right) relevant to two data pairs characterized
by less than 50 m of spatial baseline and 35 days of temporal

separation. e—h SENTINEL-1A interferograms (left) and spatial
coherence maps (right) relevant to two data pairs characterized
by <50 m of spatial baseline and 12 days of temporal separation
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4 Conclusion

Through two selected case studies, based on the use of real
data acquired by the COSMO-SkyMed constellation and
the SENTINEL-1A sensor, we have discussed how the use
of second-generation SAR sensors is impacting (and
somehow changing) the role of Earth Observation in re-
search and monitoring activities relevant to surface defor-
mation phenomena. Key factors of these sensors are the
reduced revisiting time and improved spatial resolution or
coverage.

One of the most important results arising from the use of
second-generation SAR data is that phenomena can be
detected earlier and can be studied with better temporal
details with respect to the first-generation SAR systems.
These characteristics open new possibilities for the op-
erational use of such techniques as a monitoring tool in
early warning scenarios.

The new generation of X-band SAR sensors allows
ground deformation to be captured with a great level of
spatial detail; the capability to detect and monitor the tem-
poral evolution of displacements affecting single buildings,
or even the intra-building ones, demonstrates the great po-
tentiality for geotechnical and structural engineering
analyses.

On the other hand, the presented results obtained by
exploiting SENTINEL-1A data permit to envisage new
scenarios for very large area deformation analysis. The
reduced revisit time of this system, together with the lim-
ited spatial baselines and the wide area coverage (the latter
ensured by the operating TOPS mode), represents already a
breakthrough. Indeed, it is already clear that the exploita-
tion of the free and open access data archives collected by
the SENTINEL-1A system (to be paired during 2016 with
the SENTINEL-1B twin system) open new research and
monitoring perspectives to investigate Earth surface de-
formation dynamics at the continental scale.

While the presented case studies provide excellent ex-
amples of the present and future opportunities offered by
the second-generation SAR sensors for the study of ground
deformation, they also highlight some limitations that need
to be promptly mitigated for a full exploitation of the new
sensors capabilities.

A major drawback (affecting mainly DInSAR time series
analyses) is represented by the great increase of computa-
tional effort in terms of both amount of data to be handled/
stored and required CPU time. This characteristic forces to
perform an optimization of existing algorithms; a possible
choice is the implementation of algorithm portability to
distributed hardware architectures (Lee et al. 2011; Sadashiv
and Kumar 2011). In this scenario, a key role can be played
by the Cloud Computing technologies that are well estab-
lished within the Information and Communication

@ Springer

Technologies (ICT) community (Badger et al. 2012; Rosen
et al. 2012), but whose exploitation in the SAR and, par-
ticularly, DInSAR data processing field is still at an early
stage (Casu et al. 2014). Indeed, by considering the already
existing large SAR data archives and in view of the above-
mentioned huge data flow coming from the SENTINEL-1
constellation, it is clear that in-house facilities (even those
based on grid architecture) can be a bottleneck due to their
limited resources; this is particularly the case if the provi-
sioning of multi-user services, allowing to process SAR data
through advanced DInSAR methods and to access to the
achieved results, is in order. Accordingly, Cloud Computing
Environments may represent a solution to achieve both large
storage and high computing performance capabilities. To
this end, it is clear that proper tools and algorithms able to
exploit these computing facilities must be developed to ef-
ficiently and effectively process these large data volumes.

Further efforts are certainly needed for what concerns
the implementation of the most critical steps characterizing
the advanced DInSAR processing chains. This is par-
ticularly the case of the phase unwrapping (Ghiglia and
Pritt 1998) and atmospheric noise filtering (Hanssen 2001)
operations. In particular, an extensive research activity has
been already carried out for the latter issue; this also in-
cludes possible integration with external information
sources (GPS, radiosonde sensors, etc.) and rather sophis-
ticated atmospheric models (Jolivet et al. 2012). However,
in spite of such extensive research activities, a sufficient
consensus on the final filtering solution is still missing and,
probably, not easily reachable; this represents a drawback
for a real standardisation of advanced DInSAR products or
in case of surface deformation map generation immediately
after a crisis event, such as a disruptive earthquake.

A final consideration is devoted to possible use of future
SAR systems in geosynchronous or geostationary orbits
(Ruiz Rodon et al. 2013). In this case, the satellite is placed
in a geostationary orbit and the orbit jitter is used to form
the synthetic aperture; the spread losses due to the in-
creased satellite—Earth distance are compensated by in-
creasing the integration time. Such systems, therefore, are
characterised by a trade-off between integration time and
resolution: for a typical X-band monostatic system em-
barked on a communication-like satellite, the trade-off can
range, for instance, from about 100 m of resolution in
20 min to 5 m of resolution in 8 h. More advanced con-
figurations include the possibility to launch a swarm of
several microsatellites, thus allowing a significant reduc-
tion of the integration time for a given ground resolution
(Monti-Guarnieri et al. 2015). None of these systems is
currently operational; it is clear that the implementation of
such a new concept of observational radar could really
boost up applications for emergency response and con-
tinuous monitoring.
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