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Abstract

Campania region is characterized by intense urbanization, active volcanoes, subsidence,
and landslides; therefore, the stability of public transportation structures is highly
concerned. We have applied DInSAR technique to a stack of 25 X-band radar images of
Cosmo-SkyMed (CSK) satellites collected over an area in Campania, in order to monitor
the railways’ stability. The study area was already investigated with older, low-resolution
sensors like ERS1/2 and ENVISAT-ASAR before, but the number of obtained persistent
scatterers (PSs) was too limited to get useful results. Here, for the first time we apply CSK
high resolution imagery to this study area, so obtaining a number of PSs sufficient to detect
possible deformations on the railways. We focused on a bridge at Triflisco, over the Volturno
River. Our results demonstrate a stable condition. Comparison with the local thermal data
shows that the main deformation on the bridge is limited to periodical deformation of the
steel structure.

Keywords: Cosmo-SkyMed, subsidence, Synthetic Aperture Radar (SAR), interferometry,
Persistent Scatterer Interferometry (PSI).

Introduction

Persistent Scatterer Interferometry (PSI) is a powerful technique that has been employed for
more than 15 years for studying/monitoring of soil deformation rates. It uses Interferometric
Synthetic Aperture Radar (InSAR) imageries as input. The PSI methodology is particularly
suitable to urban regions, rather than to rural areas where the coherency of the radar signals is
decreased dramatically. PSI is an advanced, more recent type of Differential Interferometric
Synthetic Aperture Radar (D-InSAR) technique. In the traditional D-InSAR data analysis
methodologies, temporal decorrelation -decrease of similarity between images-, geometrical
decorrelation, and phase delay due to atmospheric effects on Electro-Magnetic (EM)
waves, are three major limitations of application. However, for some specific conditions
like urban area, highways, or railways, temporal de-correlation decreases dramatically (i.e.,
coherency is higher), and features remain coherent in the produced interferograms for a
long time [Usai and Hanssen, 1997; Ferretti et al., 1999a, 1999b, 2000, 2001]. To overcome

a7




Poreh et al. Railways’ stability observed by InSAR

the coherency problems of backscatterers (changes of the backscatters during the time) in
repeat pass SAR interferometry, PSI was developed.

Historically speaking, different PSI techniques have been proposed in the last decades.
The first PSI technique, named Permanent Scatterers Interferometry, was developed by
researchers of the Politecnico di Milano (POLIMI) [Ferretti et al., 2000, 2001]. Soon
after, some other similar methodologies have been rapidly developed. The other similar
well known time series radar interferometric approach is named Small Baseline Subset
(SBAS) [Berardino et al., 2002; Lanari et al., 2004; Pepe et al., 2005, 2007, 2011]. In PSI
analysis all acquisitions are employed, whereas in SBAS some of them are not, because
their spatial baseline is too high. SBAS methodologies are more sensitive to geometric
and temporal decorrelation compared to PSI analysis [Berardino et al., 2002]. In SBAS,
much more interferograms are created than in a single master approach (like PSI). The
unwrapping procedure for SABAS and PSI is also different. In SBAS, at least in its original
implementation, the interferograms are unwrapped first spatially and then temporally, while
it is the opposite in the PSI analysis. One of the major disadvantages of SBAS is that in
this approach disconnected clusters of interferograms might be obtained in the temporal
and perpendicular baseline graphs. However, SBAS allows to measure displacements not
only on highly stable point-like scatterers, but also on distributed scatterers (DS), i.e., areas
with intermediate coherence. Therefore, several researches have been reported aiming
to develop techniques able to combine advantages of both PSI and SBAS. For instance,
minimization of the baselines and use of all radar images also in SBAS methodology were
proposed in the literature [e.g., Perissin et al., 2008]. Another similar technique for the earth
surface’s change monitoring was reported in Mora et al. [2003]. A geophysical approach
in Hooper et al., 2004 and a stepwise linear deformation with least square adjustment in
Crosetto et al. [2005] has been reported. Interferometric Point Target Analysis (IPTA),
and stable point networks are reported in Werner et al. [2003] and Crosetto et al. [2008],
respectively. In [Hooper et al., 2008] multiple image pixels are used within a certain
radius to estimate spatially correlated parameters (e.g., deformation rates, atmospheric
signal delay). In this methodology, PSI and small baseline analysis have been combined
heuristically. The SqueeSAR algorithm, capable of simultaneous analysis of PSI (i.e., PS)
and DS, was reported in [Ferretti et al., 2011]. In SqueeSAR algorithm, combination of PS
and DS helps to work in rural areas, where the coherency is lower. In Navarro-Sanchez and
Lopez-Sanchez [2013] a similar algorithm, with contribution of polarimetric based radar
data, was heuristically proposed.

All the different PST implementations described above, however, share some main features,
that are described in the following. In all of them, a large stack of radar images are considered
for estimation of historical changes of the Earth surface’s, with proper modeling techniques.
The output of PSI algorithms are deformation time series of the scatterers, and the elevation
of those scatterers. PSI technique exploits the fact that some radar’s pixels remain coherent
during the time. With this method and by using a large stack of SAR images (usually more
than 20 SAR images), atmospheric errors (i.e., the Atmospheric Phase Screen, APS) can be
estimated with sufficient accuracy, and the proper phase correction can be implemented to
remove them. In the standard PSI methodologies, a single master image with specific criteria
is selected (from N given images), and (N - /) differential interferograms w.r.t. the master
image are generated. Then, with different approaches, Permanent Scatterers Candidates
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(PSCs) are selected. By refinements of the selected PSCs, and by using Permanent Scatterers
Potentials (PSPs) [Kampes, 2005], final Permanent Scatterers (PSs) can be generated. For
each PS point, time series of the historical records of the Earth surface’s height changes, and
the height of each PS with respect to a reference point, are measurable. This methodology
shows promising results in urban areas, where it is able to achieve an average of 100 PSs/
(points densities) with low resolution sensors like ERS1/2 and ENVISAT-ASAR, and an
average of a couple of thousands PSs/with high resolution sensors like TerraSAR-X and
Cosmo-SkyMed. On the contrary, the rural/vegetated areas might not be explored properly
with PSI methodology. The main reason is the absence of proper stable scatterers in such
areas. Another disadvantage of the PSI is the need for a minimum amount of images for
making appropriate phase unwrapping steps, which could severely influence the degree of
correctness of the selected PSC. The other limitation of InSAR time series methodologies,
is that PSI (and SBAS too) is a relative technique, i.e., all of the calculated time series
for PS points are measured w.r.t. a reference point, which is assumed to be without any
kind of movements. Nonetheless, many promising methodologies, like continuous GPS or
leveling, could resolve this problem properly [Ketelaar, 2009]. Another limitation is mainly
due to the observation geometry of the satellite systems. PSI deformation rates are only
measured along the satellite Line Of Sight (LOS) direction; therefore, the obtained value
of the deformation is actually just the projection of the deformation vector onto the SAR
look direction.

Figure 1 - Campania region (Italy) and the study area.
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In this paper we apply the DInSAR PS technique to the remote monitoring of railways
in the Campania region (Italy). In particular, we are interested in monitoring a bridge
over the Volturno river, at Triflisco. As widely reported in literature [Calcaterra et al.,
2003; Vilardo et al., 2009; Del Prete et al., 2010; Blonda et al., 2012; Parise and Vennari,
2013], Campania region is very unstable in terms of the Earth surfaces’ deformations.
Therefore this area must go under geo-based investigation periodically. In addition, in the
Campania region, the railways and bridges are pretty old, and are prone to sudden or slow
deformation threats. For instance, the bridge over the Volturno river and the railways
considered in this study were made in 1953. To evaluate possible deformation of this
bridge, employment of high resolution Cosmo-SkyMed radar images is proposed, and an
InSAR/PSI analysis has been carried out. The results presented here show fairly stable
conditions on the studied railways and the main targeted bridge, with thermal periodical
deformation.

In the following sections, first we describe the study area, then we proceed to briefly
illustrate the applied methodology, and finally we present and discuss obtained results.

Study area

The Campania region includes the Campania plain as a Northwest-Southeast elongated
structure (see Fig. 1) delimited at north, south and east by the Apennines chain (see
Fig. 1). To the west, the Campania region is bounded by the Tyrrhenian Sea. Intense
urbanization, active volcanoes, complicated fault systems, landslides, subsidence, and
hydrological instability (flooding) are the characteristics of this region [Calcaterra et
al., 2003; Vilardo et al., 2009; Del Prete et al., 2010; Blonda et al., 2012; Parise and
Vennari, 2013]. 246 out of 652 sinkholes (38%) of entire Italy are located in Campania
region itself [Parise and Vennari, 2013]. Volcanism is very developed in this area and is
observed at Roccamonfina, Ischia, Vesuvius, and Phlegraean Fields regions. Historical
eruptions happened at Vesuvius (several, the last one in 1944 A.D.), Ischia (1302 A.D.),
and Phlegraean Fields (1538 A.D.).

Complicated fault systems are developed in Campania, which can be observed in many
locations. Complicated behavior of the hydrothermal systems played a key role in
triggering of seismicity, uplift and subsidence in Vesuvius, Ischia, and Phlegraean Fields.
Many destructive historical earthquakes happened in Campania: 1930 (Ms=6.7), 1962
(Ms=6.2), 1980 (Ms=6.9). Most of the previous studies from Leveling, GPS, and SAR data
are concentrated on the volcanic areas like Vesuvius, and Napoli city itself. Conversely, we
are here interested in the area at north of Napoli, including the Volturno river and a local
railway, see Figure 2, with a bridge at Triflisco on which our interest is mainly focused. This
bridge over the Volturno river and the entire railway considered in this study were made
in 1953. In order to increase the stability of this bridge, the local railway company (EAV)
made some rock bolts installations and cement injections to make the three pillars of the
bridge more stable. Despite these efforts, EAV still was interested to evaluate the probable
geophysical change of the railways (deformation rates) with other independent methods
like InSAR and PSI.
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Figure 2 - Study area, railways, targeted bridge, and Volturno river are depicted in this figure.
Down in the middle a global view of the study area is depicted (from google map). On top left,
the targeted bridge of the Volturno river, and on the top right, the train station are enlarged.

Methodology
Several different algorithms for PSI methodologies have been proposed in the last 15 years,
but most of them follow this standard routine/mechanism [Kampes, 2005]:
I. Generation of the interferograms based on the available InNSAR imageries;
II. Generation of differential interferograms using a Digital Elevation Model (DEM)
and orbit data;
II1. Selection of Permanent Scatterer Candidates (PSC);
IV. Refinement of PSCs to get the real PSs with different methodologies and phase
unwrapping;
V. Repeating of the steps from I to IV, with Permanent Scatterer Potentials (PSPs) to
densify (compact) the PSs network.
Producing of InSAR interferograms from InSAR imageries is the fundamental concept of
PSI analysis. For N available InSAR images, NV - [ interferogrms could be generated with
respect to the selected master () image. There are number of different methodologies to
select the master image from the entire set of radar images. The most important one is
based on minimization of the dispersion of the perpendicular baseline. In Kampes [2005]
also another methodology based on maximization of coherence of interferometric stack
is presented. In this work, we perform a heuristic minimization of the perpendicular and
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temporal baseline dispersion: we visually select the most central image in the graph of
temporal/perpendicular baselines, shown in Figure 3.

After selection of the master image (/) and generation of interferograms, a DEM and
precise orbit data must be used to generate N — 1 differential interferograms from N radar
images. The differential phase equation for a differential interferogram reads:

®= Patm + Porp + (pdeff + PDscar T Ppen Py [1]

We are interested in the surface displacement component of the total observed phase (¢, f).
Other contributions to the total observed phase are the topographic contribution ¢,
and the orbital error ¢_ ,, that can be minimized using precise orbit data. The atmospheric

contribution, ¢ is related to the APS, and ¢ is the change in the scattering attributes
over the time. Usually, the scattering component is small in manmade objects (like

railways). Finally ¢ is the noise component of the phase, which for strong scatterers
should be negligible. With selection of proper DEM data, and precise orbit data, the
topographic and orbital phase components in general phase equation would be handled
properly.

Amplitude dispersion index D_ is used to generate the first rank Persistent Scatterer
Candidate (PSC). This index is defined as the ratio of standard deviation ¢, and temporal
mean < a > of the pixel’s (temporal) amplitudes a, and it can be also approximately related
to the phase standard deviation o, [Ferretti et al., 2001]:

D, = <il“> = tan(G(P ) =0, [2]

where the last approximate equality holds for small values of o, (i.e. o,< 0.25).

Points for which this index is smaller than a prescribed user-defined threshold are selected.
The choice of the threshold for D may depend on the number of images, but usually it
lies in the range from 0.2 to 0.3. [Ferretti et al., 2001] The selected points (PSCs) are used
to make the first rank network. Assume that @ is the interferometric phase difference
between master (m) and slave (s) imageries, for persistent scatterer in position i. At the
beginning, the phase difference @ is ambiguous -wrapped- and should be unwrapped to
get the actual -physically meaningful- amount of phase.

The first “interpretable” PSI observation is the double-difference @;; , which is the difference
between @ and @}, where i and ; are two different PSs, so that it is represented both in
temporal and spatial domains simultaneously. This implies that PSI observations require a
determined spatial and a temporal reference basis, i.e., a reference point (selected in an area
that can be considered fixed) and a reference time (i.e., the master acquisition, as already
described) must be selected, and all deformations must be intended with respect to that
point and that time. The number of independent double-differences that can be formed from
the original phase observations is equal to (N — 1) X (P — 1), for N InSAR acquisitions and
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P PSs. By maximization of the ensemble coherence w.r.t. the double difference phase and
the phases related to the modeled height and velocity, we are able to measure the height
and speed of deformation on each network’s branches. After finding these parameters (i.e.,
height of scatterers and speed of deformation), the only remaining task is the proper phase
unwrapping of the phase, that can be carried out by using one of the many well-known
unwrapping methodologies (see e.g., Usai et al. [1999] and Kampes [2005]). Densification
of PSs is then performed by iterating previous steps.

Figure 3 - Perpendicular and temporal baselines. The image acquired on 2013 06 05 has been
selected as the master image.

Results and discussions

The study area has already gone under PSI analysis with low resolution images like
ERS, and ENVISAT-ASAR from PlaneTek Company before [Nutricato and Nitti, 2015].
However, with these sensors, the number of PSs in the study area is too small. For instance,
on the bridge over the Volturno river considered in this study, with ERS data sets from
1992 till 2000, in the ascending mode, only two, and, with the descending mode, only one
PS have been selected. With ENVISAT-ASAR sensor in temporal baseline of 2003-2010,
in the ascending mode six, and in the descending mode only one PS have been selected.
Therefore, the need for using high resolution imageries for a better understanding of the
deformation phenomena on the bridge is obvious.
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Table 1 - Available CSK data sets (from same sensor of CSK4_HI01), and perpendicular,
temporal, and Doppler baselines. Image number 14 (20130605) has been selected as the
master image.

Nr Acquisition Perpendicular Temporal Doppler
Date Baselines [m] Baselines [day] Baselines [Hz]

1 20110224 252.5 -832 -46.33
2 20110429 1153.2 -768 -10.17
3 20110718 750.6 -688 -36.37
4 20110819 363.4 -656 -99.25
5 20111022 3325 -592 -129.48
6 20111225 1472.9 -528 -72.75
7 20120211 438 -480 -65.46
8 20120415 479.8 -416 -11.3
9 20120618 113.1 -352 41.41
10 20120805 115.9 -304 -64.35
11 20121008 -623.4 -240 4.25
12 20121211 840 -176 -13.34
13 20130213 -196 -112 -7.23
14 20130402 -314.1 -64 -35.47
15 20130605 0 0 0
16 20130925 353.8 112 -2.92
17 20131128 -28.5 176 30.86
18 20140115 -266.4 224 15.19
19 20140405 -1034 304 43.15
20 20140421 -1102.5 320 -29.88
21 20140827 -263.7 448 3.75
22 20141030 -900 512 -8.94
23 20141115 -841.4 528 32.66
24 20141217 -201.3 560 6.62
25 20150323 348.6 656 69.11

Accordingly, 25 InSAR images of Cosmo-SkyMed sensors at descending mode of
HIMAGE/Stripmap were used for our study area, (it is depicted in Fig. 1 as a red rectangle).
Images are acquired in HH polarization, right looking, X-band (EM wavelength: 3.1228
cm), with mean incident angle of 26.60 degrees (incidence angle at the center of the
transmitted beam). Data cover a temporal baseline between February 24 2011 till March 23
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2015. We examine this stack of images to identify the number of scatterers on the ground
that consistently/permanently show stable reflections back to the satellite on all images
in the temporal baseline. With PSI analysis historical motion of the permanent scatterers
on the ground was determined. Image of 5" June of 2013 (see Tab.1) has been selected
as master image (see Fig. 3), and radar images were cropped in an area as big as 7.5x7.5
km?, centered at the bridge on Volturno river (Fig. 2). Then, 24 differential interferograms
have been generated w.r.t. the master image. With Cosmo-SkyMed data sets and for the
selected study area of 7.5 x7.5 km?, more than 190,000 PSs including some on the railways,
and some on the bridge of Volturno River have been selected. The average velocity and
ensemble coherence are as big as -1.8 mm/yr (for whole area) and 73%, respectively, and
the density of selected PSs is equal to 3378 PSs/ km? for entire area.
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Figure 4 - Mean surface displacement velocity of the study area based on 25 InSAR images
from 2011 02 24 until 2015 03 23, estimated with PSI methodology. Colored pixels are PSs,
white pixels are not PSs and no velocity estimation is obtained for them.

The majority of the PSs are from man-made structures like houses, highways, railways, etc.
Figure 4 shows the mean velocity (deformation rate) of the Earth surface’s in the study area.
As it is clear from this figure, man-made structures like highways, railways, and cities are
designated as potential permanent radar wave reflectors (i.e. PSs).

Figure 5 shows the selected scatterers (PSs) on the railways and the bridge itself. It turns out
that they are 1385 and, as it is obvious from this figure, most of them are stable. Minimum
and maximum displacement rates are -9.58 mm/yr and 9.97 mm/yr, respectively, but these
high values are only obtained in some isolated points (blue or red dots in Fig. 5), surrounded
by points for which the displacements rates are much lower (green dots), so that they are

425



Poreh et al. Railways’ stability observed by InSAR

probably due to phase noise. The velocity averaged over all the 1385 PSs is 1.8 mm/yr, and
standard deviation (SD) is 3.57 mm/yr. The PSs on the railways and nearby structures are
selected in the GIS environment manually. Thirty of these PSs are located on the bridge, and
they are highlighted by an ellipse in Figure 5. For these 30 PSs, minimum and maximum
velocities of — 0.9 and 0.05 mm/yr have been observed, respectively, with average of — 0.3
mm/yr and SD=0.3 mm/yr.

For each PS, not only the displacement rate, but also the entire time series of displacements
is obtained. For instance, in Figure 6, the time series of six PSs, out of the 30 PSs on the
bridge, have been depicted. This allows us a deeper analysis of the bridge displacements’
behaviour. In particular, we have compared the time variations of the bridge displacement
(or deformation) with the time variations of temperature in the same considered area and in
the same time interval.

Figure 5 - Mean displacement rates of PSs on the railways and statistics of these PSs.

In Figure 7, the green line shows the deformation time series averaged over
the 30 PSs’ on the bridge, and the blue points represent the temperature in the
Neapolitan metropolitan area (http://www7.ncdc.noaa.gov/CDO/cdoselect.
cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=). As it is obvious from this
figure, the deformation and temperature time series are very similar, demonstrating that
most of the deformation is cyclical and it is related to the temperature seasonal changes in
winter and summer time. Decreasing of the detected amplitude of deformation yearly cycle
in 2013 and 2014 (Fig. 7) is actually probably due to undersampling: in fact, it is related to
the smaller number of the images in that period, with no image acquired in summer 2013
and only one (at the end of August) in summer 2014.

In conclusion, comparison of average PSs time series on the bridge with thermal data shows
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that most of the Line Of Sight (LOS) changes are due to the periodical variations of the
temperature (i.e., winter and summer), with cyclical, seasonal deformations superimposed
to a small rate of deformation of -0.30 mm/yr.

Figure 6 - Six time series of the surface deformations on the Volturno river’s bridge (speed is
expressed in mm/year).

Accordingly, use of higher resolution imageries like CSK and TSX to have better and
smooth time series has been demonstrated by using CSK data. However, combination of
descending mode with ascending mode imageries to achieve the deformation rates in both
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vertical and horizontal directions (i.e., not only along the line of sight), continuous GPS
deformation monitoring, corner reflector establishment, and leveling data might improve
understanding of this study area. Comparison of SBAS methodology with the employed
PSI technique also would be helpful and is the subject of current study.

Figure 7 - Bridge deformation as a function of time (green points) compared with temperature
of the Neapolitan metropolitan area as a function of time (blue points). Bridge deformation is
obtained by averaging the values of all the 30 PSs on the bridge, and temperature data are taken
from NOAA.

Conclusion

Monitoring stability of the railways in Campania (Italy) by using the DInSAR technique is
the subject of this work. We analyzed 25 X-band radar images of Cosmo-SkyMed satellite
from Campania during the time span of February 24 2011 till March 23 2015, with InSAR
and PSI methodologies. We have focused our analysis on a railway, and in particular on a
railway bridge over the Volturno river, at Triflisco. The use of higher resolution imagery has
allowed us obtaining a much larger number of persistent scatterers with respect to previous
studies on the same area, so that more reliable results have been obtained. In the average of
more than 190 thousands of persistent scatterers, velocities and ensemble coherence are as
big as —1.8 mm/yr and 73% respectively.

On the bridge over the Volturno river (the main target), 30 PSs have been obtained. In the
studied time series, minimum velocity of —0.9 and maximum of 0.05 mm/yr with average
of —0.3 mm/yr and SD=0.3 mm/yr have been observed, demonstrating very stable and
safe conditions on the bridge.

Comparison of average PSs time series on the bridge with thermal data shows that most
of the Line Of Sight (LOS) changes are due to the periodical, seasonal variations of the
temperature (i.e., winter and summer).
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In conclusion, our five year spanning SAR data analysis shows the importance and
capability of InSAR/PSI methodologies for deformation rate evaluation. However, an
important finding of our study is that the availability of high-resolution X-band SAR data
is a key need for interferometric approaches if we want to monitor deformation rates of
infrastructures. In addition, it should be pointed out that, due to limited (re)visiting and
SAR viewing geometries, PSI is not always capable of providing a real-time warning of
possible critical deformations that might be occurred on the railways, so that for this latter
aim PSI should be employed in conjunction with other monitoring methods.
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