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Abstract. We nresent a new nost-nrocessing methodologv
for the analvsis of InSAR (Svnthetic Averture Radar
Interferometrv) multi-temporal measures. based on the
temporal under-sampling of displacement time series. the
identification of votential chaneges occurring during the
monitoring veriod and. eventuallv. the classification of
different deformation behaviours. The potentials of this
annroach for the analvsis of geological nrocesses were tested
on the case studv of Naro (Ttalv). snecificallv selected due
to its geological setting and related eround instabilitv of
unknown causes that occurred in Februarv 2005. The time
series analvsis of past (ERS1/2 descending data: 1992-2000)
and current (RADARSAT-1 ascending data: 2003-2007)
eground movements highlichted significant displacement
rates (up to 6mmvr—") in 2003-2007. followed bv a
post-event stabilization. The deformational behaviours of
instable areas involved in the 2005 event were also detected.
clarifvine tvnologv and kinematics of eround instabilitv. The
urban sectors affected and unaffected bv the event were
finallv manned. conseauentlv re-defining and enlarging the
influenced area previouslv detected bv field observations.
Through the inteeration of InNSAR data and conventional field
survevs (i.e. geological. geomorphologic and geostructural
campaiens). the causes of instabilitv were finallv attributed
to tectonics.

1 Introduction
Hieh freauencv of eeological processes (e.e. landslides.

subsidence. earthauakes. tectonic motions. floods. volcanic
activitv and coastal erosion) and their conseauences on
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nonulation. settlements. infrastructures and environment.
highlieht the need of a proper risk management and adeauate
urban planning to reduce imvacts and damages on the
elements at risk.

Management of natural hazards should be focused not onlv
on emergencies. but also on forecasting and preventing the
risks due to the potential occurrence of such phenomena.
in order to pre-emntivelv develoo detailed scenarios for
emergencv management and olannine.  Geological risk
management needs therefore to be sunnorted bv a method or
a techniaue that allows. auicklv and at a low-cost. acauisition
and monitoring of eround deformation and creation of hazard
and risk mans. The measurement of eround disnlacements
induced bv geological nhenomena often renresents the most
effective method to define the behaviour of a nhenomenon
and to assess the associated hazard and risk. suoporting
decision-making for risk reduction and the evaluation of
short- and lone-term effectiveness of planned mitigation
measures.

Conventional methods for monitoring land deformation
(e.e. geodetic levelline and GPS — Global Positioning
Svstem) can be sunported and inteerated bv ontical and radar
satellite remote sensing. benefiting from its multi-temooral
resolution. wide area coverage and a sienificant reduction in
field work and cost. Since the late 1990s. several annroaches
have been develoned for nrocessing satellite radar data. such
as the standard InSAR (Svnthetic Aperture Radar Interfer-
ometrv) annroach (Massonnet and Feiel. 1998: Rosen et al..
2000). which has been successfullv used in the last vears
to measure eround deformation associated with geological
processes. both at local and regional scale. using space-borne
radar imaees (e.¢.. Goldstein et al.. 1993: Massonnet et al..
1994: Fruneau et al.. 1996: Singhrov et al.. 1998: Kimura and
Yamaguchi. 2000). The limits of the conventional InNSAR
two-image confieuration (single-interferoeram). such as
temnoral and eeometric decorrelation and atmosnheric nhase
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delav. have been recentlv overcome bv multi-interferoeram
anproaches. among which the PSI — Persistent Scatterer
Interferometrv (e.e.. Costantini et al.. 2000: Ferretti et al..
2001: Werner et al.. 2003: Hoover et al.. 2004) and the
interferogram stacking (e.e.. Berardino et al.. 2002: Mora
et al.. 2003) anvroaches. The algorithms emnloved bv these
techniaues take advantage of long temnoral series of SAR
data (e.e. ERS1/2. ENVISAT. RADARSAT1/2 images) to
identifv radar tareets which are used to detect and measure
ground displacements along the LOS (Line Of Sight)
direction and to reconstruct the deformation historv of the
investigated area. Unlike the conventional interferometric
anproach. these techniaues increase measurement accuracv
from centimetre to millimetre through a better estimation
of tonoeranhv and atmospheric phases. broviding a whole
descrintion of the temnoral behaviour of the deformational
field (time series analvsis) and conseauentlv solving the
temnoral variabilitv of deformation (Crosetto et al.. 2005).

In recent vears. manv annlications have demonstrated the
cavabilities of these advanced aoporoaches to detect slow
land surface deformation (up to several cmvr—') and to
understand the spatial distribution and temooral evolution
of disnlacements. These analvses concern built-un areas
affected bv slow or verv slow landslides (e.e.. Hillev et al..
2004: Bovenea et al.. 2006: Colesanti and Wasowski. 2006:
Farina et al.. 2006. 2008: Herrera et al.. 2009: Greif and
Vicko. 2011). tectonic motions (e.e.. Colesanti et al.. 2003:
Musson et al.. 2004: Biiremann et al.. 2006: Vilardo et al..
2009). land subsidence (e.¢.. Canuti et al.. 2005: Teatini et
al.. 2005: Dixon et al.. 2006: Browitt et al.. 2007: Stramondo
et al.. 2008: Osmanoelu et al.. 2011). as well as volcanic
activitv (e.e.. Lanari et al.. 2004: Salvi et al.. 2004: Tizzani
etal.. 2007).

This paver illustrates the canabilities of multi-pass InNSAR
measures for detection and manping of eround deformation
induced bv geological nrocesses. In particular. we describe
and discuss a new nost-nrocessing annroach for the analvsis
and internretation of PSI time series and the conseauent
maximization of the number and usefulness of information
extractable from multi-nass interferometric measures. This
methodoloev is presented through the case studv of Naro
(Ttalv). spoecificallv selected due to its peculiar geological
setting prone to eround instabilitv phenomena. the last of
which occurred on 4 Februarv 2005. This event particularlv
encouraged the implementation of the new anproach as
an operational tool to sunnort emergencv management
activities.
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2 Methodologv

2.1 InSAR “radar-interoretation” and “back
ing” abnoroach

Due to the intrinsic characteristics of multi-pass InSAR
techniaues (e.g.. the abilitv to detect onlv the LOS
component of ground movement and the noint-wise spatial
distribution of measures). the internretation of radar data
reauires suoport from analvsis and integration with thematic
maps (i.e. tobogravhic. geomornhologic. geological and
land use mans). ontical images (both aerial and satellite
data) and in situ data (e.e. GPS data. levelline measures.
etc.). Thus. InSAR and conventional techniaues for the
investieation of eeological nrocesses are combined through
“radar-interoretation”. to obtain an accurate analvsis of
the phenomenon at hand. for both its coenitive frame
(i.e. tvpologv. snatial extension. causes) and its temnoral
evolution. Although this annroach has alreadv been used
for manv vears bv the scientific communitv. the term
“radar-interoretation” has been introduced bv Farina et
al. (2008) in the framework of landslide investigations and its
definition and meaning are here extended to the wider class
of eround deformation related to geological hazards.

Radar-interoretation can sunnort different civil brotection
activities for the managcement of geological risks during
all its phases (i.e. nre-disaster. resnonse and nost-disaster):
(i) detection and inventorv of mass movements: (ii) ranid
maoping of hazard and damages: (iii) ’back monitor-
ing” of eround deformation: (iv) spatial characterization
(e.e. landslide boundarv. extension and distribution): (v)
assessment of residual hazard (i.e. evaluation of remaining
hazard after a deformational event and/or the execution
of countermeasures). In particular. “back monitoring” is
here defined as “the measurement in retrosnect of past
deformation time series nerformed through the analvsis of
SAR archived data”. and it translates in terms of operative
effectiveness. the crucial concent of temnoral reconstruction
of past events. In Italv. this cavabilitv has been recentlv
demonstrated bv innovative and advanced analvses promoted
and carried out bv national and reegional civil protection
authorities in collaboration with scientific subport centres.
such as the Geohazards Research Lab of the Earth Sciences
Denartment. Universitv of Firenze (e.¢.. Canuti et al.. 2005:
Corsini et al.. 2006: Farina et al.. 2008: Casagli et al.. 2009:
Cigna et al.. 2010b).

Denending on the obiective of the analvsis and on
its spmatial and temnoral scale (e.e. hazard manning over
wide reegions. displacement monitoring at local scale).
“radar-interoretation” allows obtainine different information
and includes different steps (Farina et al.. 2008). The
analvsis of conventional InSAR data or PS (Persistent
Scatterers) mean deformation rates is generallv used for
the detection and manping of mass movements at laree
scale (e.e. undating of landslides inventorv mans: Pancioli
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et al.. 2008: Righini et al.. 2008: Cigna et al.. 2010a).
It is also used for the evaluation of their state of activitv
and intensitv and. finallv. the hazard assessment (risk
can also be evaluated if data about elements at risk are
available). On the other hand. analvsis focused on PSI
deformation time series — associated to their average trends
— is more annronriate for anplications at local scale and to
highlight anv anomalv and/or acceleration that notentiallv
occurred during the monitoring neriod.  The detailed
time series analvsis and the “back monitoring” of past
eround deformation orovide also an essential contribution
to the spatial and temporal characterization of geological
hazards. the evaluation of their behaviour. their tvnologv
and their causes. These capabilities are necessarv and
essential for those phenomena that are not known a
oriori or not anticinated bv precursor movements: since
thev are not usuallv kent under pre-nlanned surveillance
before the catastronhic event. it is imnossible otherwise to
know their nast stabilitv conditions. After the occurrence
of eround deformation and the conseauent activation of
an emergencv. the analvsis of radar images acauired in
the past and immediatelv after the deformational event
sunports the post-event hazard assessment and recognition of
potential residual deformation. and also the nost-emergencv
identification of stable areas devoted to the notential
relocation of the elements at risk (e.e.. Corsini et al.. 2006:
Farina et al.. 2008: Cigna et al.. 2010b).

2.2 Post-brocessing internretation of PSI time series

As discussed in the previous section. the analvsis of PSI
deformation time series is useful to highlight anv potential
anomalv and/or acceleration occurred during the monitoring
period. In eeneral. this capabilitv is limited and driven bv
the phase model for deformation comnonents chosen during
the PSI nrocessing to unwran the interferometric nhases and.
secondarilv. bv the notential aliasing of PSI measures.
Usuallv. most of the multi-nass annroaches use a simnle
linear function of phase variation through time to model
ground motions (Ferretti et al.. 2001: Colesanti et al.. 2003:
Werner et al.. 2003: Crosetto et al.. 2005). However.
geological processes often cannot be described bv such a
trend. Rather. thev need to be modelled with much more
complex and non-linear functions (e.¢. hvoerbolic. seasonal.
combined. etc.). For instance. non-linear comnonents
of land subsidence. which denend on the stace of soil
consolidation. are well renresented bv hvnerbolic models
(Kim et al.. 2010). Thus. the use of linear models durine
the processing sometimes leads to the underestimation
and/or misunderstanding of the real deformation patterns
of the investicated egeological process. the ascrintion of the
non-linear eround deformation comnonents to other nhase
terms (e.e. the Atmospheric Phase Screen. APS) or even
the exclusion of some points from the PS candidates and/or
notentials (Ferretti et al.. 2000). This issue occurs when the
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deformational behaviour of the analvzed PS is too different
(i.e. too strong variation or acceleration) with resoect to the
deformation function (i.e. linear model). However. even
if a simole linear model is chosen during the processine.
sometimes it is possible to detect some non-linear signals
inside the PS time series. as long as these sienals do not
compromise the nhase coherence (i.e. decrease its value
below a given threshold) of the radar tareets and cause their
exclusion from the subseauent nrocessing stens.

PSI measures are also extremelv vulnerable to phase-
aliasing effects. due to their ambiguous nature caused bv
the 27 phase-wraoping. If no orior information on ground
deformation is available. phase unwranping problems mav
limit to a auarter of the waveleneth. A/4 (e.e. 14mm for
C-band sensors. such as ERS. ENVISAT. RADARSAT). the
maximum disnlacement between two successive acauisitions
and two close PS of the same dataset (Ferretti et al..
2000. 2005: Hanssen. 2005: Raucoules et al.. 2009:
Crosetto et al.. 2010). Denending on the snatial pattern of
ground displacements (with respect to PS densitv) and their
velocitv (with respect to the temporal SAR sampling). some
deformational phenomena cannot be detected or thev are
often underestimated (phase unwranping errors).

Bearing these limitations of PSI data in mind and
assuming that thev do not comoromise the result of the
analvsis. some post-nrocessing annroaches can be used on
PSI time series to better analvze and understand the temnoral
and snatial patterns and characteristics of the investicated
area.

From a geological point of view. non-linear behaviours
can take place as a conseauence of: (i) the nature itself
of the deformation nhenomenon (e.e. subsidence brocesses
due to compaction eenerallv show auadratic trends): (ii)
a slow change in the oredisposing or triggering factors
(e.g. for landslide nrocesses. heavv or prolonged rainfalls.
water level changes. loading due to new constructions. urban
excavations): (iii) the occurrence of a ranid deformation
event (e.e. reactivation. seismic event).

One of these possible post-brocessing aooroaches to
analvze in detail PS time series consists in under-samoling
their time interval into different sub-samples in order to
observe the potential changes in the deformational trend
registered during the monitoring period. Onverativelv. this
anproach starts with the division of the whole monitoring
period in n different sub-samples. i.e. (g —1)). (f] — ).

(t,—1 — t,). and then the calculation of new mean
deformation rates (i.e. vj. vy. ... v, for each one of
them. using a simnle linear regression on eround deformation
data. schematicallv shown in Fie. 1. These sub-samples
are generallv characterized bv different time lengths and
different numbers of averaged acauisitions. which stronglv
influence the accuracv and reliabilitv of the recalculated
deformation rates. Conseauentlv. the simple numerical
comparison of these sub-sampled displacement rates is
usuallv not anprooriate. unless it is done taking into account
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Fie. 1. Sub-samoling of PSI time series in » different time intervals.
ie. (tg—11). (t] — ). (1,1 —ty). The averace deformation rates
for each subsamnle. i.e. vj. vy. v,. are recalculated as simnle linear
regressions on eround deformation data (d).

the different variabilitv of the deformation data with respect
to the recalculated averace rates. which denend on the
number and distribution of the acauisitions of each time
subsamnle. For instance. a suitable solution to narameterize
the velocitv deviations of different time frames could be
the ratio between the difference of the recalculated rates.
i.e. (v, —v,—1). and the absolute value of the differences
between their respective sums of sauared residuals from the
recalculated rates. i.e. |rss,-rss,—1|. Such a parameter not
onlv evaluates the magnitude of the deformation velocitv
changes. but also identifies their different polarization.
i.e. accelerated or decelerated patterns (denending on both
the nlus or minus sien of the numerator. i.e. v, —v,_;. and
the sign of the LOS velocities. i.e. toward or awav from the
satellite).

When the occurrence of a deformational event due
to geological processes or human actions causes a local
alteration of the expoected trend of PS time series. it is
possible to nerform a classification based on the resnonse of
each PS to the deformational event. discriminating the tareets
affected and unaffected bv eround disnlacements. Unlike
the first anoroach. this second one does not compare the
deformation rates of the radar targets numericallv. but it is
rather based on the “labelling” (i.e. classification) of each
displacement time series. Operativelv. a simple anoroach to
classifv the deformational patterns can be used. definine two
main categories of radar targets with resoect to an event. and
identifvine them inside the available PS dataset (Fie. 2):

— “Unaffected targets™: noints whose time series are not
influenced bv the event. These tareets are stable (S) or
characterized bv linear deformation trend (L). awav or
toward the satellite.

— “Affected tarcets”: npoints whose time series are
influenced bv the event.  These tareets underco
either a temvoorarv (T) or a permanent (P) change
(e.g. acceleration. ranid displacement. etc.) in their
trend.

The case studv of Naro reoresents the first annlication of the
above-described anoroach.
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UNAFFECTED TARGETS
d d ,
1
1 ’\:'\
1
1 1
t t
Stabilitv (S) Linear trend (L)
AFFECTED TARGETS
d d
1 1
1 1
1.
T T
t t

Temporarv chanae (T) Permanent Chanae (P)
Fie. 2. Classification of PSI time series with resnect to a
deformational event (red dashed line). Two different deformational
behaviours (d. displacements: 7. time) are identified: unaffected
tareets (classes S and L) and affected tareets (classes T and P).

3 Naro (Italv)
3.1 Geological and historical backeround

The town of Naro is located in the nrovince of Agrigento.
in southern Sicilv. Ttalv (Fig. 3). and it was one of the most
important Sicilian urban centres of the Middle Ages. It has
an administrative area of about 207 km? and. currentlv. a total
pobulation of about 8500 inhabitants.

The Naro municinalitv is located at the edge of the
Anvennine-Maghrebian thrust belt. on the Plio-Pleistocene
and Miocene sediments of the Gela Naope. and its geological
settine is connected with a eeodvnamic evolution dating back
to the reeressive phase of Caltanissetta basin (Grasso and La
Manna. 1990: Grasso et al.. 1995: Lickorish et al.. 1999:
Lentini et al.. 2006: Ghisetti et al.. 2009). The urban area
is built on the southwestern side of a hill on which Unner
Pliocene calcarenite and sand sediments. overlaving with
continuitv of sedimentation Middle Pliocene clav sediments.
cron out (Regio Ufficio Geologico. 1885). As revealed
bv geological field survevs. the calcarenite lavers dip to
the SW with an average slone of 20°. have a variable
thickness (proceeding from NW to SE. from less than 10 m
up to 40 m) and manv sub-vertical discontinuities. Thev
are characterized bv brittle rheological behaviour and are
not homogeneous and comnact but have high norositv and
intercalations of sandv silt. Clavs are characterized bv less
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Fie. 3. Location man (inset. Google Earth 2010) and overview of the town of Naro (Ttalv). The most damaged buildings (event of 4 Februarv
2005) are located in the areas of Vanelle St. (historic area) and Gesu Maria St. (southeastern area). Fractures with millimetre (blue lines)
and centimetre (red lines) averture were manped bv the Regional Civil Protection Department (DRPC). T-T” cross section (vellow line) is

shown in Fie. 15.

develoned and nervasive fractures instead and have a lastic
rheological behaviour.

The southwestern side of the hill on which the town has
develoned has an elevation of 460-593 m a.s.l. with a slone
of 12-14° and shows some well-marked slone changes and
morphologic stens and scarps of probable morpho-tectonic
origin. such as a main scarp located immediatelv south of F.
Crispi Sa.. in the central sector of the urban area (Fig. 3).
The northeastern side of the hill is steever (sub-vertical) and
in this sector the stratieranhic contact of Upnper Pliocene
calcarenite and underlving Middle Pliocene clavs crons out.
The origin of the morpho-tectonic scarns on the southwestern
side of the hill is reasonablv connected to the eeodvnamic
evolution of the Gela Nanne and to its southward motion.
inducing E-W and SE-NW faultine and fracturing in the
whole Caltanissetta basin (Grasso and La Manna. 1990:
Grasso et al.. 1995: Lickorish et al.. 1999). According to
this morphologic setting and the nresence of manv stens and
slone changes in the calcarenite and sand sediments of Naro.
urban structures and road network were built and develoned
along two main directions: SE-NW (such as Vanelle St..
Fig. 3) and SW-NE.

www.nat-hazards-earth-svst-sci.net/11/865/2011/

On 4 Februarv 2005 Naro was affected bv eround
instabilitv. which caused the opening and the reactivation of
manv fractures (nrevious documented occurrences date back
to 1679. 1816. 1834. 1908. 1934. 1940. 1942 and 1997) in
the buildings and along the streets within the northeastern
and southeastern sectors of the town (Fig. 4). Following
the develonment of these severe damages. the Regional
Civil Protection Denartment (hereafter DRPC) activated the
emergencv nlan and mitieation measures in order to reduce
impacts on the elements at risk.

Thanks to some structural field survevs carried out after 4
Februarv 2005 bv the DRPC. it was highlichted that the most
affected sectors of the town were the historic area (with maior
damages especiallv on the buildines located N of Vanelle St.)
and the southeastern area (Gesu Maria St. and Don Sturzo
St.. showing less severe damages: Fig. 3). The fracture
anerture on the buildings and on the road surface of the urban
area was from a few millimetres up to 1-2 cm. Their dio was
sub-vertical or tilted to SW of about 45° from the vertical
direction (Fig. 4).

Despite the noor construction aualitv of the buildines
in these areas. the fractures showed the existence of a

Nat. Hazards Earth Svst. Sci.. 11. 865-881. 2011
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Fie. 4. Overview of Vanelle St. in Naro (A) and examnles of
centimetre fractures in the buildings located on its northern side
(B-F). These structural damages are connected with eround and
structural instabilitv that occurred on 4 Februarv 2005 (photos taken
on 5 Aoril 2007).
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Fie. 5. Line Of Sight (LOS: red vector) geometrical characteristics
for ERS1/2 in descending mode (A) and RADARSAT-1 (Standard
Beam Mode 3) in ascendine mode (B). «. azimuth: . look angle
(measured between LOS and vertical direction): 8. tilt (measured
between LOS and horizontal direction): ereen vector. azimuth
direction.
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significant stress distributed alone the NNW-SSE direction.
both in the uoper (Vanelle St.) and lower (Gesu Maria
St.) part of the town. but not necessarilv related to the
same dvnamics (Fig. 3). The nature of these phenomena
was long debated. Since 2005. several different hvnotheses
(e.g. rotational landslide of calcarenite lavers toward the
SW. lateral snread toward the NE. local subsidence due
to collanse of subsurface cavities) were nronosed bv the
DRPC and also bv the Regional Depnartment for the
Environment and Land Protection during the drawing up of
the Hvdrogeological Setting Plan (PAI — Piano di Assetto
Idroeeologico) of Naro river basin in 2006. Some of these
hvootheses turned out to be imnrobable. thanks to the results
of the geological. eeomornhologic and eeostructural field
survevs carried out in 2006. Additionallv. the outcomes
from the interferometric analvsis. described in the following
subsections. were also fundamental for the internretation of
the 2005 event.

3.2 SAR data and PSI analvsis

66 ESA (Euronean Snace Agencv) ERS1/2 images acauired
along descending orbits and 54 CSA (Canadian Space
Agencv) RADARSAT-1 images acauired along ascending
orbits. were used to nerform the interferometric analvsis.
ERS images snan the time interval between 11 November
1992 and 23 December 2000 and have a nominal revisiting
time (temporal resolution) of 35 davs (each satellite).
whereas RADARSAT data span the time interval between 21
March 2003 and 11 Mav 2007 with a nominal revisiting time
of 24 davs (Table 1). With recard to ERS data. we onted
for SAR images acauired along descending orbits to exloit
their actual good temnoral coverage in the Italian territorv.
considering also the verv low freauencv of ascending
acauisitions. To studv current eround disnlacements we
nreferred to use RADARSAT instead of ENVISAT data
in order to exnloit their shorter revisiting time (24 davs)
and to cet higher accuracv and better spatial densitv
of measures. Ascending orbits were selected for the
RADARSAT analvsis to compare their potentials for the
studv of land disnlacements occurred in the NE sector of the
town. with resoect to the ERS descendine data.

LOS of ERS satellite in descendine mode and
RADARSAT satellite (Standard Beam mode 3) in ascending
mode are characterized bv azimuth («) and look angle (6).
resnectivelv. @ =278.5° and =23°. «=81.5° and §=35°
(Fie. 5). Both satellites use a C-band radar sienal. with
wavelength A =5.6 cm and freauencv f =5.3 GHz (Table 1).

The two SAR data stacks. ERS1/2 and RADARSAT-1.
were separatelv processed bv TeleRilevamento Eurona
(TRE) with the PSInSAR (Permanent Scatterers InSAR)
techniaue. a PSI apnporoach develoned in 1999 bv the
Polvtechnic Universitv of Milan. Italv (Ferretti et al.. 2001).
According to the standard orocessing of this techniaue. a
simple linear model of phase variation through time was
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Table 1. Main characteristics of ERS and RSAT-S3 (RADARSAT-1 in Standard Beam Mode 3) PS-InSAR analvses for the town of Naro.
Mean PS densitv is relative to the whole analvzed area (about 35 km?). while maximum densitv is calculated for the inner urban area. A.
sienal wavelength: f.sienal freauencv: . look angle — measured between the LOS and the vertical direction: . azimuth — measured between

the N direction and the LOS: Desc. descending: Asc. ascendine.

Satellite characteristics

PS-InSAR analvsis

Datastack | A feml £ [GHzl Orbit 6[°1 «[°1 Nominal revisitine | Time Identified Mean PS Maximum
time [davs] interval PS densitv PS densitv
[PSkm~21  [PSkm~2]
ERS 5.6 53 Desc 23 278.5 35 (each sat.) 11/11/92 - 1570 45 1484
23/12/00
RSAT-S3 5.6 53 Asc 35 81.5 24 21/03/03 — 2587 74 1417
11/05/07

selected for the estimation of phase components related to
land deformation. The Digital Elevation Model (DEM)
used during the processing is the SRTM (Shuttle Radar
Tovogranhv Mission) with a resolution of 1.454-10~° rad
(aoproximatelv 90 m). onroduced bv NASA. The location
of the reference noints for ERS and RADARSAT analvses
were chosen inside two areas assumed to be devoid
of eround disnlacements due to their geological and
geomornhologic pronerties and also taking into account the
distribution of phase coherence in the two different data
stacks (geoeranhic coordinates for ERS reference point:
13°39/55” E. 37°19’25” N: RADARSAT reference point:
13°46/55” E. 37°17’52" N: Fig. 7). From the geological
and geomornhological point of view. these reference tareets
are located on calcarenite and sand sediments. nresumablv
not affected bv local scale deformation nrocesses. On
the other hand. the nresence of active regional tectonics
in this area cannot be ruled out: nevertheless. a notential
tectonic contribution at laree scale would not comnromise
the aoplicabilitv and reliabilitv of the PSI data interoretation
at local scale.

3.3 PSI “back monitoring” and “radar-interoretation”

The PSInSAR processing allowed the identification of more
than 1500 Permanent Scatterers (PS) in the time interval
1992-2000 (ERS data) and more than 2500 PS in 2003-2007
(RADARSAT data). over the urban and neri-urban areas
(Figs. 6. 7 and Table 1). Mean PS densities (relative to
the whole analvzed area) were 45 PSkm~2 for ERS1/2 data
and 74PSkm~2 for RADARSAT-1 data. while maximum
PS densities (calculated for the inner urban area) were
1484 PSkm~2 and 1417 PS km 2. respectivelv (Table 1).

3.3.1 Ground deformation rates

PS ground deformation measures highlichted the general
stabilitv of the town between 1992 and 2000 (Fig. 6).
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Anv obvious correlation between the bresence of significant
deformation rates and the fractures in the historic or in the
southeastern area of the town was not detected. Moreover.
onlv a few radar tareets measured a LOS deformation
rate higher than 1.5mmvr~' and eenerallv lower than
3mmvr~!. in the direction awav from the satellite (nositive
and negative PS deformation values in Fig. 6 indicate.
resnectivelv. movements toward and awav from the satellite).
On the contrarv. the InNSAR analvsis highlighted significant
deformation rates between 2003 and 2007. both in the
historic and in the southeastern part of the town (Fig. 7). In
the area of Vanelle St.. the mean deformation rates ranged
from 2 up to 6mmvr~' awav from the sensor and. in the
eastern sector of the town. the rates were about 3—4 mmvr~".

Considering ERS and RADARSAT LOS orientation and
the geometrv of eround deformation (revealed bv conven-
tional field survevs). LOS eround deformation measured
with the interferometric analvsis reoresents onlv a small
fraction of the disnlacements that actuallv occurred in the
urban area of Naro. This topic is discussed in detail in the
following subsection.

3.3.2 Time series analvsis

Radar-internretation at local scale includes the analvsis of
deformation time series in order to highlight anv acceleration
and/or anomalous motion that notentiallv occurred during
the monitoring veriod. An InSAR time series analvsis was
therefore carried out for Naro to detect the areas affected bv
eround deformation. to identifv the nresence of potentiallv
precursor movements and to evaluate chanees in deformation
rates connected with the reactivations of November 1997 and
Februarv 2005.

The 1997 reactivation was not evidentlv detectable inside
the 1992-2000 time series. However. the observation of
RADARSAT (2003-2007) PS time series highlichted that
manv radar targets. located not onlv downstream of Vanelle
St.  but also in the central area of the town. registered
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13°470'E

13°4730°E 13°48'0"E

PS ERS1/2 (1992-2000)
LOS deformation rate [mm/yr]
® 626--500
© -499-300
o 299--150
1.49-1.50
151-3.00
e 301-5.19

———
o 125 250 500

13°47'30"E

Fie. 6. PS eround deformation rates in the town of Naro
in 1992-2000. measured along the LOS of ERS1/2 satellites
in descending acauisition mode (see also Fig. 5a). Neeative
deformation values indicate movement toward the satellite. Positive
values indicate movement awav from the satellite.

13°47'30"E 13°480'E

37°1730°N

PS RADARSAT (2003-2007)
LOS deformation rate [mm/yr]

23.74--5.00
-4.99--3.00
2.99--150
1.49-150
1.51-3.00
301-28.37

13°47'0"E

Fie. 7. PS eround deformation rates in the town of Naro in
2003-2007. measured alone the LOS of RADARSAT-1 (Standard
Beam. mode 3) satellite in ascending acauisition mode (see also
Fie. 5b). Neeative deformation values indicate movement toward
the satellite: nositive values indicate movement awav from the
satellite. The reference noint location (ereen star) is also shown.

Nat. Hazards Earth Svst. Sci.. 11. 865-881. 2011

a ranid motion (of about 5-10 mm awav from the sensor:
lower than A/4. i.e. 14 mm) or an acceleration (temnorarv or
permanent) of the deformation rate (up to 40-50 mmvr—")
between Januarv and March 2005. Furthermore. some PS
underwent moderate deformation orecursors starting from
Sentember 2004 (Fig. ).

These sinele observations on these few tareets sugeested
verforming an advanced analvsis of all the PS time series
and. in particular. carrving out:

— an under-sampling in three different time intervals
(i.e. before. during and after the 2005 event):

— atime series classification (i.e. affected or unaffected bv
the 2005 event).

In order to understand the differences between the mean
annual rates of deformation. the interval 2003-2007 was
divided into 3 subsamples (cutting the time period on
Sentember 2004 and iust after 4 Februarv 2005) and. for
each of them. a new mean deformation rate was calculated
using a simple linear regression on ground deformation data
(Figs. 1 and 9). The coefficients of determination of the
linear reeression (i.e. R?). calculated for each temnoral
subsamnle and each PS time series. range between (.1 and
0.25 for a sienificant nercentage of the targets (e.e. 61% of
the PS are characterized bv R? lower than 0.25 in the interval
Sentember 2004 — March 2005). highlighting a sienificant
variabilitv of deformation data with respect to the linear
functions used to perform the temporal under-samoling
(i.e. hich sum of sauared residuals from the recalculated
rates). Nevertheless. a aualitative analvsis allowed us to
distineuish three slightlv different deformation behaviours in
2003-2007. Prior to the 2005 event. variable deformation
rates were measured all over the town (Fig. 92) while in
the second subsample of data. from Sentember 2004 up
to March 2005. a verv high acceleration was recorded
(maximum total displacement of 15-20 mm. corresponding
to 40-50mmvr~'. awav or toward the satellite. Fig. 9b).
Following the event of Februarv 2005. the motion rate of
manv radar tareets decreased up to 1 mmvr~'. sugeesting
the stabilization of nearlv the whole area (Fig. 9¢). Most
of these progressivelv stabilizing targets are located in the
southeastern part of the town and onlv few of them are
located in the historic area (Vanelle St.).

Since different deformational behaviours in 2005 were
also detected and measured through the observation of
several PS time series. a simnle annroach to classifv
these deformational patterns was also used for Naro.
Here. for RADARSAT data the affected/unaffected tareet
classification described in the Sect. 2.2 (Figs. 2. 10 and 11)
was emploved. Even if the recoenition of the displacement
pattern was nerformed for most of the taregets. some PS time
series did not show a clearlv distinguishable deformational
pattern. conseauentlv thev were not classified.
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Fie. 8. Examnles of LOS deformation time series (RADARSAT-1 data. 2003-2007) for the buildines of Vanelle St. and the central area of
the town of Naro. Some ranid disnlacements (about 5-10 mm) and temnorarv or nermanent accelerations of the deformation rates (un to
40-50 mm vr—1). can be detected starting from the end of 2004 and un till March 2005. These movements are connected with the fracture

reactivation of Februarv 2005 (red dashed line).

This post-nrocessing analvsis of PS time series was
performed for Naro through a manual recoenition and
classification of the deformational behaviour of each
RADARSAT PS (i.e. nlotting all the 20032007 time series).
However. we are now using the outcomes of this manual and
time-consumine classification as a validation inout for some
semi-automatic aleorithms that we are currentlv develoning
and experimenting with. These algorithms aim to identifv
anomalies. accelerations and/or variations registered inside
PS time series.

As shown in Fig. 11. thanks to the identification of the
urban sectors that moved during the event of 2005. the
classification of time series showed that the affected area was
larger than the one detected bv in situ observations (historic
and southeastern areas). Indeed. it included other parts of
the town. such as the northeastern and the eastern areas
(Fig. 11). Starting from this PS classification. we identified
and maopoed different sectors of the town that include
onlv radar tareets characterized bv similar deformation
behaviour (i.e. affected or unaffected targets). Conseauentlv.
9 homogeneous areas — generallv stretched from NW to SE
— were recognized and differentiated over the whole urban
area (Fig. 12): areas 1-6 as unaffected bv the 2005 event and
areas 7-9 as affected.
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4 Discussion

The outcomes from the PS time series analvsis carried
out for Naro were compared and integrated with results
of conventional in situ investieations. such as structural.
geomornhologic and damage field survevs. in order to
identifv anv correlation between satellite measures and
ground truth and to clarifv causes and tvnoloev of the eround
instabilitv affecting this area.

4.1 PSI time series vs. buildine fractures

During some field survevs carried out in 2006 and 2007.
structural data concerning manv fractures onened in 2005
in the buildings of Vanelle St. were collected. For
each. the horizontal and vertical components of relative
disnlacement were detected and measured. identifving
two homologous points — easilv distinguishable — on its
onnosite edees (Fie. 13). Based on these disnlacement
comnonents. together with the snatial orientation of the
buildines in which the fractures were located. we estimated
the orientation parameters of the recorded displacement
vectors. Subseauentlv. using the orientation characteristics
of RADARSAT-1 LOS in the ascending configuration. we
calculated — for each fracture — the percentage of the
disnlacement vector that the satellite was able to detect.
This auantitv corresnonds to the cosine of the anele between
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874 F. Cigna et al.: Advanced radar-interoretation of InSAR time series

LOS deformation rate
[mmiyr]
® -40.00--5.00

© -4.99--3.00
O -299--1.50
© -1.49-1.50
[}

°

s

1.51-3.00
3.01-50.00

[mml/yr]
-40.00 - -5.00
-4.99 - -3.00
-2.99 - -1.50
-1.49 - 1.50
1.51-3.00
3.01-50.00

[mml/yr]
® -40.00--5.00
-4.99 - -3.00
-2.99 --1.50
-1.49 - 1.50
1.51-3.00
3.01-50.00

Fig. 9.  Sub-samnling of Naro deformation time series into
three different intervals: (A) (March 2003-Sentember 2004).
variable deformation rates: (B) (Sentember 2004—March 2005).
acceleration: (C) (March 2005-Mav 2007). stabilization. PS
deformation rates are measured along the LOS of RADARSAT-1
satellite in ascendineg mode (see also Fige. 5b). Neeative deformation
values indicate movement toward the satellite: nositive values
indicate movement awav from the satellite.
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the LOS and the displacement (S) vectors. as derived bv
verforming the dot nroduct of the two respective unit vectors
(Fig. 13). The mean deformation rates measured with
the interferometric analvsis were then used to calculate
the corresnonding values proiected on the real movement
direction (as collected during the field survev). The results of
this analvsis showed that onlv a small percentage (10-30%)
of these disnlacements was detected bv RADARSAT LOS.
therefore. the deformation rates occurring between 2003 and
2007 were much higher than those measured bv means of the
PS techniaue. iust as exnected (Crosetto et al.. 2008. 2010:
Raucoules et al.. 2009).

The orevious evidence is due not onlv to the LOS nature
of PSI measures (i.e. PSI deformation measures are the
proiection of actual ones along the satellite LOS) but also
to the linear model used during the PSI nrocessing. The
time series. de facto. mainlv reflect the linear trend of
deformation. while the non-linear nart is rather small (usuallv
much smaller than the actual one) and the rest of it is hidden
in the wraoped part of the interferometric phases.

Considering also the PSI aliasing effect (see Sect. 2.2)
and the amount of eround deformation measured in the
building fractures (un to 67 cm). it is reasonablv possible
that the actual deformation opnened in the urban structures
vroduced a phase-unwranning misunderstanding during
the PSI oprocessing due to the overcoming of the A/4
disnlacement (i.e. 14 mm for C-band data). Thus. the ranid
disnlacement measured bv PSI data and registered inside
the time series between Januarv and March 2005 (about
5-10 mm) probablv reflects a value aliased from the one that
occurred (error of two phase cvcles. i.e. A. S6mm). This
hvoothesis agrees with the observations from the fracture
survevs carried out after Februarv 2005 in most of the
damaged sectors of the town: unfortunatelv. no further
information that could have confirmed the registration of
aliased deformation in 2005 has been obtained from recent
geological survevs.

4.2 PSI time series vs. structural damage

PS 1992-2000 and 2003-2007 deformation measures were
also comnared with three different levels of structural
damage (high. medium and low) recorded in the buildings
of the historic and southeastern areas of the town. identified
and manned in the framework of the RiscMass nroiect
(Basile and Cocina. 2006). For each buildine. a data sheet
was created and filled in with the following information:
observed damage. PS distribution. mean eround deformation
rates and PS time series (Fig. 14). The analvsis showed a
strong corresnondence between the structural damages of the
buildines and PS deformation rates and time series: manv PS
affected bv the event of Februarv 2005 (i.e. affected tareets.
classes T and P: Fig. 2) were identified over the buildings
classified with hiech or medium damage level (Fig. 14).
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Fie. 10. Examples of RADARSAT PS time series unaffected (A. class S: B. class L) and affected (C. class T: D. class P) bv the 2005 event
(red dashed line). PS code. average deformation rate (Vel.) in 2003-2007 and coherence (Coher.) are also shown for each PS.
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Fig. 11. Classification of RADARSAT PS time series according to
the different behaviours with respect to the 2005 event. as defined
in Fie. 2: unaffected (classes S and L) and affected tareets (classes
T and P).
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4.3 PSI time series vs. seomorphologic evidence

The result of the analvsis of PS time series and eround
deformation patterns was finallv compared with the ge-
omorphologic setting of the town (Fig. 12). higchlighting
a strong correlation between the oresence of different
geomornhologic scarns in the calcarenite-clavev slone
and the sudden change of PS 2003-2007 deformation
behaviour. PS showed different motion natterns unstream
and downstream these main scarns. confirming the nresence
of subsurface faults that triegered the eround deformation of
2005 and conseauentlv inducing us to exclude the hvoothesis
of a landslide orocess in Naro. As stated before. these scarns
are reasonablv connected to the geological evolution of the
Gela Nanpe: its N—S motion induces SE-NW local faulting
in the whole Caltanissetta basin and. nrobablv. the opening
and periodical reactivation of manv SE-NW fractures in the
calcarenite sediments of Naro hill and. as a conseauence. in
buildines and roads of its urban area.

4.4 Final interoretation of cround instabilitv

The inteeration of further conventional geological investi-
gations and field survevs with InSAR radar-interoretation
finallv revealed valuable evidence of active tectonic struc-
tures affectine. at local scale. the urban area of Naro.
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Fie. 12. Final result of the PS time series analvsis and classification
for Naro: identification and maoping of areas reeistering a
homogeneous deformation pattern durine the event that occurred
on 4 Februarv 2005: areas 1-6. unaffected bv the event. and
areas 7-9. affected. Geomornhologic scarns are overlanned on the
deformation pattern man.

This evidence about the local geological setting of the
town reflect the regional backeround of Caltanissetta basin
in central-southern Sicilv. characterized bv active tectonic
forces related to the underlving thrust structures of the
frontal part of the Apennine-Maghrebian chain. in this area.
the Gela Naooe (Grasso et al.. 1995: Lickorish et al..
1999). According to this eeological interoretation of eround
instabilitv in Naro. scarns and steen sloves detected and
maoped inside the urban area (Figs. 12 and 15) mav be the
surface evidence of deen-seated tectonic structures.

The analvsis of the regional seismicitv of Sicilv showed
that the area of Naro is characterized bv the lowest level of
seismicitv of the whole region (Delibera Regione Siciliana.
n. 408. 19/12/2003). This observation is also consistent with
the outcomes from the historical records and instrumental
measurements of seismicitv. These studies did not show
a correlation between the last reactivations of eround
instabilitv in Naro and the occurrence of earthauakes in the
whole area of Agrigento and southern Sicilv (Boschi et al..
1997: Azzaro et al.. 2000: INGV. 2004: Lavecchia et al..
2007). However. even if no seismic events were recorded
in the whole area of Aerigento-Canicatti-Licata. the seismic
available data do not allow us to absolutelv correlate the 2005
event with an aseismic slio or. alternativelv but less nrobablv.
the incomoleteness of the historical catalogues or the low
freauencv of the seismic events.

Assuming the hvoothesis of aseismic slin as the best
explanation of eround instabilitv in Naro. some remarks
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about the dislocation of the subsurface tectonic structures
need to be pointed out. Displacements recorded bv PS
and durine field investigations (e.¢. fracture displacement)
cannot be considered as the exact amount of dislocation
underwent bv the subsurface faults. The deformation
recorded on the eround is. in fact. the result of a comnlex
pronagation of tensile and comoressive stresses. coming
from the subsurface faulting and transferred to surface urban
structures. The pronagation and attenuation (or increase)
of deformation are driven bv several components: (i)
rheological characteristics of the geological lithologies of the
area: (i) position of the buildings with respect to the fault:
(iii) structural vulnerabilitv of the building (tvpologv and
maintenance status of the foundations. construction materials
and geometrv). Thus. unless we assume a rigid disnlacement
model for the building together with the subsurface fault.
both field and satellite measures do not exactlv corresnond
to the actual fault disnlacement. However. the magnitude
of such measures (un to few cmvr—!) is not in contradiction
with the temporal patterns of a geological process of aseismic
slin.

The outcomes of the InSAR and in situ inteerated analvsis
were successfullv exnloited for Naro bv the regional civil
nrotection authorities as a valuable and efficient sunnort
for manning hazard and the identification of annronriate
mitieation measures. Due to the eculiar causes of Naro’s
geological risk (connected to periodical reactivation of
SE-NW faults and conseauentlv. the differential eround
deformation affecting the calcarenite-clavev hill on which
the town is built). hich hazard areas were located on or close
to the main fractures. historicallv known and neriodicallv
recurring (Vanelle St.). In these areas. geologv and tectonics
do not allow structural stabilization. The onlv suitable
mitigation measures. carried out bv the civil protection
authorities. were the relocation of buildines and elements
at risk to safer areas. the demolition of the most damaged
structures. the maintenance and consolidation of the less
damaged ones. and the orohibition of new constructions.
However. for the areas where the fractures are isolated.
discontinuous and not directlv associated with the eround
deformation in the historic area of the town (e.e. Gesu
Maria St. and areas 89 in Fig. 12). a better knowledee of
geological conditions and the periodic structural monitoring
of buildings and fractures are considered the most sustainable
and effective countermeasures to reduce risk for the
pobulation.

4.5 Future nerspectives of the new nost-brocessing
methodologv

The aoolication of the new post-nrocessing anoroaches to
the case studv of Naro showed the possibilitv of extracting
deformation comnonents different from the exnected linear
trend (as long as thev are limited) from PSI time series. even
if a linear deformation model is used during the nrocessine.
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Fracture location: 15. Madonna della Rocca St. - Naro. Italv

Comparison of INSAR data with
in situ observations

Field survev date: 5 Aoril 2007
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Fie. 13. Examole of comparison of LOS orientation with the deformation direction detected duringe field survevs. (A): Location (inset)
and vhoto of measured fracture (photos taken on 5 Aoril 2007). (B): 3-D orientation characteristics of real eround disnlacement (S) and
RADARSAT (Standard Beam. ascending mode) LOS. and evaluation of LOS-detectable eround disnlacement [%]1. LOS and S vectors are
identified bv azimuth (e). tilt (8) and directional cosines (1. m and n. resnectivelv. in the N. E and vertical or Z direction).
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Fie. 14. (A): Comparison of PS deformation behaviours with structural damage maooed on the buildinegs in the framework of RiscMass
oroiect (Basile and Cocina. 2006). overlanned on a 1:2000 tonoeranhic man: inset on some buildines located in Vanelle St. (historic area). B.
C: Examnle of PS time series for buildines affected bv structural damages of high or medium level. Their trends underwent some temnorarv
changes (T pattern. see Fig. 2) that are nrobablv related to the eround disnlacements occurred on 4 Februarv 2005 (red dashed line). PS
disnlacements are measured alone RADARSAT-1 (2003-2007) LOS in ascending mode.

Obviouslv. the choice of the deformation model of phase
variation and the nrocessing strategies have kev roles during
the PSI analvsis and thev are strictlv denendent on the
anplication at hand. When a oriori information about the
geological process affecting the investicated area is available.
the analvsis should be calibrated to the real phvsical trend of
the geological rocess (Kim et al.. 2010).
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In anv case. it is alwavs worth analvzing the PSI
temnoral series of eround deformation in detail and not
onlv the average trends. since the historv of disnlacements.
acauisition bv acauisition. mav give us further information
about the spatial and temporal behaviour of the investieated
process. We are now develoning and experimenting some
aleorithms for the semi-automatic analvsis of PSI time
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Fie. 15. Simolified cross section T-T". (Fig. 3). showing the geological (lithological) setting of Naro and the hvoothesized distribution of the
main surface faults (red lines) derived from recent eeological investigations (modified from Basile. 2007).

series and for the detection of temvoral changes of their
deformation patterns. The final purpose of these aleorithms
is not onlv the automation of advanced PS classifications
(e.e. Naro case studv) but also the definition of a future
earlv warning svstem for geological hazards. based on
the identification of notential deviations from the exnected
deformation trends and the conseauent analvsis of future risk
scenarios.

We are now working on the calibration of these
models using the outcomes of manual and laborious PS
classifications and analvses. as we performed for Naro. Since
these kind of algorithms are usuallv site-specific (i.e. thev
deoend on the particular anplication at hand). a single chanee
detection model cannot obviouslv be defined and used for all
the PSI analvses.

In general. good temnoral samnling and spatial resolution
of satellite SAR data are the nrimarv reauirements for the
implementation of post-nrocessing PSI time series analvses.
However. these reauirements mav often be comnromised bv
the high cost of laree SAR data stacks.

5 Conclusions

The new annroach for the internretation of PSI time series
allowed the studv of the spatial and temporal characteristics
of the eround instabilitv that affected Naro in 2005.
highlighting the canabilities of this advanced analvsis as
a valuable tool for the studv of surface evidence of
geological processes and confirming the potentials of the
“back monitoring” aooroach for the studv of historical
disnlacements.

The urbanization orovided a good distribution of radar
targets in the area of Naro. allowing the identification of
the eround deformation which occurred in 2005 and their
spatial distribution. According to InSAR measures. the
disnlacements of Februarv 2005 did not haboen suddenlv but
were preceded bv deformation precursors since Sentember
2004. Moreover. the analvsis showed that the affected area
was larger than the one detected bv in situ structural survevs
and it included the northeastern and eastern narts of the
town as well. The integration of radar satellite data togcether
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with in situ geological. geomorphologic and geostructural
investigations (carried out in collaboration with the Regional
Civil Protection Department of Sicilv). finallv induced us to
exclude the hvoothesis of a landslide nrocess in Naro. Rather
thev confirmed that the 2005 event was related to tectonics
(in accordance also with the general tectonic backeround
of Caltanissetta basin). The outcomes of this analvsis for
Naro conseauentlv turned out to be verv helnful and useful
for civil protection authorities. as a sunnorting tool for
hazard manning and for the identification of the annronriate
mitigation measures.

Todav. the improved acauisition freauencv achievable
through new high-resolution SAR satellite sensors. such
as TerraSAR-X and COSMO-SkvMed constellation (3—4
acauisitions er month: up to 1 image per dav). encourages
the planning and desien of a “near real-time” satellite
monitoring and earlv warning service for geological risks.
This onens un new onnortunities and persnectives for the
onerational use of advanced InSAR techniaues in civil
protection practices. Thus. advantages and possible add-ons
offered bv the use of automatic or semi-automatic analvses of
PSI time series and the conseauent recognition of deviations
from recular and expected trends are now becoming uregent
and critical tonics of discussion for the scientific communitv.
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