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ABSTRACT The accuracy of the millimetre-scale measurements made so far by the SAR systems, as 
well as the multi-temporal analysis methodologies, have provided impressive images 
of surface displacements in areas affected by strong earthquakes, and contributed to 
constrain the geometric and kinematic features of earthquake generating faults. The 
multi-temporal analysis of InSAR data is also being acknowledged as promising for 
the search of earthquake precursors. We have applied the multi-temporal PS-InSAR 
technique to the detection of pre- to post-seismic ground displacements in the region 
struck by the normal faulting 2009 L’Aquila earthquake. We have used ERS and 
ENVISAT PS-data sets from both ascending and descending orbits, covering a 20-year 
long time span. On the yearly-scale, we have identified a pre-seismic displacement 
pattern, which consists of opposite vertical motions that have affected the blocks in 
the hanging wall and footwall of the structure that is recognised as the surface trace of 
the earthquake-generating fault. In particular, we have highlighted a pre-seismic uplift 
for 4-5 years followed by subsidence (starting 6-8 months prior to the earthquake) 
of the hanging wall block, coeval to opposite vertical motions of the footwall block. 
We suggest that such a displacement pattern may represent an earthquake precursor 
signal.

Key words: PS-InSAR, MW 6.3 L’Aquila earthquake, ground deformation, pre-seismic, earthquake 
precursor, central Apennines.
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1. Introduction

Remote sensing data by SAR interferometry (InSAR) provide a one-dimensional measurement 
of change in distance along the direction of the radar spacecraft (Line of Sight, LoS) for two 
orbit geometries, ascending and descending, whose combination results are two - vertical and 
horizontal - displacement vectors in an E-W oriented vertical plane. The technique is widely 
used to detect and monitor ground deformations induced by landslides, volcanism, tectonics and 
anthropic processes in urbanised areas (Massonnet and Rabaute, 1993; Achache et al., 1995; 
Carnec et al., 1996; Fruneau et al., 1996; Kimura and Yamaguchi, 2000; Berardino et al., 2002; 
Corsini et al., 2006; Tizzani et al., 2007; Vilardo et al., 2009).
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The development of new techniques, such as the Permanent Scatterers technique and Small 
Baseline Subset (SBAS; Berardino et al., 2002), based on the analysis of large data sets and, more 
in general, the Differential SAR Interferometry approach (DInSAR), has significantly increased 
the potential of SAR remote sensing for ground deformation detection. The SAR technique has 
proved a powerful tool for exploring the slow motion of the Earth’s surface at local (Ferretti et 
al., 2000; Prati et al., 2010) and sub-regional scale (Bürgmann et al., 2006; Corsini et al., 2006; 
Meisina et al., 2006). The SAR technique has also provided fundamental constraints on modelling 
earthquake source mechanisms (e.g. Stramondo et al., 1999; Atzori et al., 2009; D’Agostino et 
al., 2012; Cheloni et al., 2017). Such a technique is also well-suited for the detection of ground 
deformation possibly predating seismic events, a task crucial to forecasting strategies based on 
the search for diagnostic precursor signals of severe earthquakes (Jordan et al., 2011). In recent 
years, research has pushed forward towards the identification of pre-seismic ground deformation 
patterns through the use of SAR-based techniques, which are being acknowledged among the 
most promising tools for the search of earthquake precursors (Moro et al., 2017). Within such 
a framework, the interferometric Extraordinary Environmental Remote Sensing Plan (PST-A) 
archive, by the Italian Ministry of the Environment (MATTM), holds the millimetre ground 
deformation data that could be the most important marker of accumulation of crustal seismogenic 
stress. Such a data set may provide fundamental information on the pre-seismic phase of moderate 
to strong earthquakes that have struck Italy in recent years.

Our study focuses on pre-seismic ground deformation in the region struck by the MW 6.3, 
2009 L’Aquila earthquake. The 2009 L’Aquila earthquake was characterised by a normal faulting 
mechanism (Chiarabba et al., 2009; Cirella et al., 2009; Boncio et al., 2010; Chiaraluce et al., 
2011). Coseismic deformation was identified by different geodetic and remote sensing (SAR) 
methods (Atzori et al., 2009; Cirella et al., 2009; Walters et al., 2009; Costantini et al., 2017), 
which allowed constraining the 6 April 2009 main shock source properties. However, only 
negligible pre-event displacement has been detected to date on longer time windows through 
both SAR data analysis and other geodetic methods (Amoruso and Crescentini, 2010; Lanari et 
al., 2010).

In this work, we use the products of Permanent Scatterers Synthetic Aperture Radar 
Interferometry (PS-InSAR) processing technique (Ferretti et al., 2000, 2001) to investigate 
the ground deformation in the 2009 L’Aquila earthquake region. In particular, with the aim of 
outlining a comprehensive framework of the pre-seismic behaviour of the L’Aquila region, we 
have investigated, through the multi-temporal PSInSAR technique, a roughly 20-year long period 
spanning over the MW 6.3, 6 April 2009 L’Aquila main shock.

2. Seismotectonic and SAR remote sensing background of the 2009 
L’Aquila earthquake

The 6 April 2009 L’Aquila earthquake struck causing heavy damage in the Aterno River (Fig. 
1) middle valley Quaternary basin in central Italy (Galli et al., 2009; Santo et al., 2014, and 
references therein).

The MW 6.3, 6 April 2009 mainshock was preceded by foreshocks that started in October 2008 
(Di Luccio et al., 2010). In the following months, many aftershocks were recorded including 
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two strong aftershocks with MW 5.4 and MW 5.6 (Di Luccio et al., 2010; Papadopoulos et al., 
2010; Valoroso et al., 2013). The main shock hypocentre was located at about 9 km depth along 
a NW-SE striking normal fault, dipping at 55°-60° (Chiarabba et al., 2009; Pondrelli et al., 
2010; Scognamiglio et al., 2010). The surface expression of the structure activated by the 2009 
earthquake has been associated with the Paganica - San Demetrio fault system [PSDFS, sensu 
Galli et al. (2010), Fig. 1], a 18-20 km long, NW-SE trending fault system composed of several, 
few kilometres long segments with dextral en-echelon arrangement and dipping to the SW (Galli 
et al., 2010, 2011). The earthquake caused several ground ruptures (open cracks and fractures 
with vertical offsets) mainly NW-SE trending and aligned along the PSDFS, but also affecting the 
Aterno River plain (Boncio et al., 2010; EMERGEO Working Group, 2010), some of which have 
been interpreted as surface faulting (Falcucci et al., 2009; Lavecchia et al., 2009). Vertical offsets 
of superficial fractures were mostly within 10 cm (Galli et al., 2010).

Besides the seismological and field data, a huge amount of information fundamental to the 
reconstruction of the 2009 L’Aquila earthquake displacement field, and to constrain the earthquake 
source mechanism, has been obtained by analysing different types of remote sensing and geodetic 
data sets. GPS and DInSAR modelling of the co-seismic displacement field (Anzidei et al., 2009; 
Atzori et al., 2009; Walters et al., 2009; Papanikolaou et al., 2010) have concurred to define a 50° 
SW-dipping normal fault plane, geometrically consistent with both the mainshock seismogenic 
source and the southern segment of the PSDFS. In particular, the differential SAR interferograms 
have shown the deformation pattern generated by the fault slip, with a large sinking (~ -25 cm) of 
the downthrown block vs. ~ +5 cm in the raised block (Atzori et al., 2009; Walters et al., 2009; 
Papanikolaou et al., 2010). Similar values of the co-seismic deformation were estimated by GPS 
inversion (Cheloni et al., 2010).

SAR data analysis has also allowed detecting, in the region hit by the 2009 L’Aquila 
earthquake, post-seismic deformation [hanging wall subsidence: Lanari et al. (2010), D’Agostino 
et al. (2012), Cheloni et al. (2014)], while less clear is the reconstruction of the pre-seismic 
deformation scenario. Lanari et al. (2010) by analysis of DInSAR time series (February 2003 
to October 2009) from ENVISAT ascending track data sets in the 2009 epicentral area, point 
out that pre-seismic surface deformation is negligible. On the other hand, by applying DInSAR 
processing to ALOS and ENVISAT satellites data, Atzori et al. (2013) identify a far-field pre-
seismic (from 2005) deformation process in the region to the west of the mainshock epicentre. 
Furthermore, by analysis of multiple SAR data sets (RADARSAT, ENVISAT and COSMO-
SkyMed), Moro et al. (2017) recognise in two sub-basins of the middle Aterno valley basin 
located to the north of the mainshock (Pizzoli and Petruro basins; Fig. 1), up to 15 mm of 
subsidence in the three years before the main shock and post-seismic uplift up to 12 mm. In both 
cases, a relationship with seismically-induced fluctuations of the groundwater table has been 
hypothesised.

3. Materials and method

With the InSAR technique, deformations are detected as phase variations of the electromagnetic 
signal, through a multitemporal acquisition of SAR images, along the satellite LoS; (Fig. 2). From 
the methodological point of view, differential interferometry is applied in terms of stacking of 
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interferograms using SBAS [Small Baseline Subset: Berardino et al. (2002)] and/or PS (Permanent 
Scatterer) techniques. In our work, we have used the PS-InSAR technique (Ferretti et al., 2000, 
2001). PSs correspond to man-made objects (structures on the roofs of buildings, utility poles, 
dams, etc.) or natural (rock outcrops) reflectors characterised by stable individual electromagnetic 
radar phase signal over long temporal series of interferometric SAR images. The phase data from 
PS are used to detect topographic changes in time. The availability of about a 20-year long PS-
InSAR data coverage of the Italian territory - MATTM data sets comprising the April 1992 to 
December 2000 time span for ERS satellites and the November 2002 to June 2010 time span for 
ENVISAT satellite data, acquired from both the ascending and descending orbits - has allowed us 
to perform the analysis of ground deformation of the investigated region during a time window 
that predates and postdates the 2009 L’Aquila earthquake. We have analysed both the ERS (1991 
- 2000) and ENVISAT (2003 - 2010) PS data sets (Table 1). ERS and ENVISAT PS data from the 
MATTM database are high quality (coherence index ranging from 0.6 to 1.0). Specifically, for 
data in our study area the PS coherence index mean value is about 0.7, with standard deviations 
of PS mean velocity (in the 1991-2000 and 2003-2010 time spans) in the 0.4 to 0.5 mm/yr range, 
and of the deformation measurement error of ±3 mm, respectively.

In the analysed area, centred on the 2009 L’Aquila earthquake epicentre and 340 km2 wide, 
there are 16,700 descending track ERS PSs (55 PS/km2) and 12,000 ascending track ERS PSs 
(40 PS/km2), and 29,000 ENVISAT descending track PSs (95 PS/km2) and 39,000 ENVISAT 
ascending track PSs (130 PS/km2), respectively. The PS spatial distribution is substantially 
homogeneous in the analysed area.

Fig. 1 - The 2009 L’Aquila earthquake epicentre region, 
with location of PSDFS, (sensu Galli et al., 2010). 
Locations of epicentres of the Mw 6.3, 6 April 2009 main 
shock and of the strongest aftershocks (from the ISIDe 
catalogue: http://cnt.rm.ingv.it/iside), are also shown. 
The central sector of the Aterno River valley is NW-SE 
trending and includes several sub-basins located from 
Pizzoli, to the north, to San Demetrio, to the south.
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A thorough inspection of all available individual ERS and ENVISAT PSs time series was 
performed with the aim of detecting temporal changes in the ground motion oriented along 
both the ascending and descending LoS. Based on the results of this inspection (section 4), the 
ENVISAT data set was selected for the further analyses described below.

Due to the SAR acquisition geometry, it is necessary to consider ascending - descending PSs 
pairs in order to compose the “real” displacement in the vertical plane (z) oriented W-E (Fig. 
2A). Such a composition may be performed using a geometrical relationship (Lundgren et al., 
2004; Manzo et al., 2006; Lanari et al., 2007; Tofani et al., 2013) linking the LoS displacement 
values and the LoS angle of incidence, which is Φ = 23° for both ERS and ENVISAT satellites 

Fig. 2 - A: ERS and ENVISAT SAR geometry, showing LoS-oriented components of the real displacement vector 
(VR) along the descending and ascending satellite orbits, and in the up-down (z) and E-W planes; components of the 
real displacement vector (VR) oriented towards the north or south are not detected by the SAR. B: components of the 
real displacement vectors (VR) for PS motion occurring in a plane orthogonal to orientation of the ascending LoS, i.e. 
motion that is undetectable by SAR satellite in the ascending orbit, with an up-east orientation. Eqs. 1 and 2 are from: 
Lundgren et al. (2004), Manzo et al. (2006), Lanari et al. (2007), and Tofani et al. (2013).

Table 1 - PS data sets used in this work.

 ERS

 DESCENDING TRACK ASCENDING TRACK

 pst_ers_t308_f2751_cl001_l_aquila (42573 PSs) pst_ers_t129_f837_cl002_pineto (47650 PSs)

 pst_ers_t308_f2769_cl001_sulmona (69065 PSs) pst_ers_t129_f837_cl001_celano (126131 PSs)

 ENVISAT

 DESCENDING TRACK ASCENDING TRACK

 PST2009_ENVISAT_T79_F2748_CL001_AQUILA (127089 PSs) PST2009_ENVISAT_T401_F840_CL001_AQUILA (270047 PSs)

 PST2009_ENVISAT_T308_F2751_CL001_TERAMO (341759 PSs) PST2009_ENVISAT_T129_F837_CL001_CHIETI (308357 PSs)
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(Fig. 2). However, PS from ascending and descending images are neither spatially coincident 
nor exactly synchronous. In order to standardise the data sets from the temporal point of view, 
we have composed each image pair by selecting ascending-descending radar images with a time 
separation not larger than one month, ending with the composition of 24 radar image pairs for the 
2005-2010 time span. Then, a GIS-aided spatial analysis was carried out to compile a set of raster 
interpolating maps of displacement values for the ascending and descending LoS, respectively. For 
the geospatial analysis, the Inverse Distance Weighting interpolator (IDW) statistics with 50×50 
m2 size cell was used. The ascending and descending LoS displacement maps were compiled for 
different time intervals of the pre- to post-seismic time span. Individual time intervals were set 
based on the results of the PS time series analysis (section 4.2).

The GIS-aided analysis was then applied to the compiling of maps of the vertical (z, up - 
down) component of the “real” displacement vector, following Eq. 1 of Fig. 2.

4. Results

4.1. ERS data set analysis
All available descending and ascending pairs of ERS PSs time series from the 2009 L’Aquila 

earthquake epicentral region were analysed. The descending LoS PS time series show a periodic, 
seasonal signal (Fig. 3A) within a general sub-horizontal trend. Such a trend indicates that mean 
PS velocities are around 0 mm/yr with respect to the descending LoS in the 1992-2000 time span 
(Fig. 3A). The ascending ERS PSs time series show irregular signals, although some seasonal 
oscillation is still identified (Fig. 3B). However, as for the descending orbit ERS PSs time series, 
the general trend is sub-horizontal with a resulting LoS-oriented mean velocity around 0 mm/yr.

Since trends of both the ascending and descending time series are sub-horizontal, the 
composition of the single pairs of PS according with SAR geometry (Fig. 2) does not show 
substantial vertical or horizontal (E-W oriented) ground deformation over the entire study region 
in the 1992-2000 time span.

4.2. ENVISAT data set analysis
An in-depth inspection of all of the available pairs of PSs ENVISAT time series from the study 

region has been carried out. As for the ERS time series, the ENVISAT time series show irregular 
and oscillating - seasonal - signals. Such signals are the main feature of the ascending time series 
in the 2004 to March 2009 time span (Fig. 4A). In other words, no clear displacement oriented 
towards, or opposite to, the LoS and an almost null mean velocity (sub- horizontal trend) with 
respect to the ascending LoS are observed throughout the pre-seismic period in the study region. 
The analysis also shows that PS time series from a wide area in the middle Aterno valley to the 
SW of the PSDFS, image a sudden downward motion during the co- to early post-seismic period 
(March 2009 - May 2009; e.g. Fig. 4A). The final part of the PS time series records (May 2009 - 
June 2010) show substantial absence of ground motion oriented along the ascending LoS (Fig. 4A).

More complex temporal evolution, and spatial distribution, of ground motions have been 
detected through the analysis of PS time series from the ENVISAT descending tracks. In particular, 
irregular and oscillating - seasonal - signals that characterise the PS time series appear as minor 
features of PS motion with respect to main trends oriented along the LoS. For instance, as is shown 
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by the PS time series from an area close to the main shock epicentre, four main stages may be 
distinguished in the analysed time window (Fig. 4B). In a first time span (2004 to July - October 
2008; Stage A in Fig. 4B), an upward motion oriented along the descending LoS is detected by 
the linear trend of the displacement. From July - October 2008 to the beginning of April 2009, the 
time series show a downward trend (Stage B in Fig. 4B). In the March - April 2009 to May - June 
2009 time span, i.e. in the co-seismic to early post-seismic time span, a sudden downward motion 
is identified, followed by a subdued lowering from May/June 2009 to June 2010 (Stages C and D 
in Fig. 4B, respectively).

The different motion patterns that are detected by analysis of time series from the descending 
and ascending orbits find an explanation in the geometrical configurations of the two orbits (Fig. 

Fig. 3 - Examples of ERS (1992 - 2000) time series of PSs from the 2009 L’Aquila earthquake epicentral region 
(PSDFS fault hanging wall block). A: descending LoS time series: the general trend is sub-horizontal (mean velocity ~ 
0 mm/yr), although the presence of a periodic and seasonal signal is evident. B: ascending LoS time series: the general 
trend is sub-horizontal, but the signal is quite noisy with a likely periodic, and seasonal, oscillation.
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Fig. 4 - 2003 - 2010 time series of ENVISAT PSs pair from an area close to the 2009 L’Aquila earthquake epicentre 
(locations in inset maps). A: ascending LoS time series. Three stages may be distinguished: in a first stage (2004 - 
March 2009) the general trend is sub-horizontal (mean velocity ~ 0 mm/yr), meaning no net LoS upward or downward 
motion; in the short-time span that includes the 2009 L’Aquila main shock (March - May 2009) a sudden downward 
motion is identified; in the May 2009 - June 2010 time span the general trend is sub-horizontal. B: descending LoS time 
series. Four deformation stages may be distinguished in the 2004 - 2010 time span: Stage A (from 2004 to September/
October 2008) corresponds to a positive (oriented upward towards the LoS) trend; Stage B (September/October 2008 
- January/February 2009) corresponds to LoS downward trend; Stage C (March - May 2009) corresponds to a sudden 
LoS downward trend; Stage D (May 2009 - June 2010) corresponds to a slow LoS downward trend.
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2). For instance, the combination of the slow uplift/subsidence trends detected in areas to the 
west of the PSDFS along the descending LoS in the Stages A, B, and D, with coeval apparent 
absence of PS motion along the ascending LoS (Fig. 4), may be explained by “real” PS motions 
occurring, with either east or west orientations, along a plane dipping at high angle with respect 
to the ascending LoS (Fig. 2B). As a result, the components of SAR-real displacement vector (i.e. 
displacement in a vertical, E-W oriented plane) are oriented towards up and east (Fig. 2B) during 
Stage A. Combining the two LoS-oriented motions during Stage B, the SAR-real displacement 
vector is oriented downwards with a westward component. The Stage C displacement inferred from 
PS motion along the two LoS corresponds to a vector oriented downwards (roughly vertical). The 
combination of the two LoS-oriented motions suggests a SAR-real displacement vector oriented 
downward (with a westward component) during Stage D.

The multi-temporal, spatial distribution of the vertical component of PS motion in the entire 
study region has been analysed by combining both the ascending and descending displacement 
components. In order to select homogeneous ranges in the displacement orientation, we have 
separately analysed the time spans corresponding to the stages A to D that have been distinguished 
by analysis of the descending PS time series (Fig. 4B).

Fig. 5 - Pre-seismic deformation pattern [IDW (50×50 m2 cell size) spatial interpolation] in the study region. A: 
cumulative vertical (z) ground deformation during Stage A (January 2005 - September 2008); mean uplift ca. 10 mm in 
the PSDFS hanging wall block; the footwall block is affected by slight subsidence. B: cumulative vertical (z) ground 
deformation during Stage B (September 2008 - February 2009); mean subsidence ca. 10 mm in the PSDFS hanging 
wall block; the footwall block shows a slight uplift.
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The maps of Fig. 5 show the values of the vertical displacement cumulated during stages A 
(January 2005 - September 2008) and B (September 2008 - February 2009), respectively. The 
map of Fig. 5A shows that, during Stage A, a large area covering the 2009 main shock underwent 
uplift with mean values around 10 mm (the corresponding displacement along the descending 
LoS has a mean value of ~18±6 mm) and maximum values of ~ 25 mm. During Stage B (Fig. 
5B), the same area that in Stage A had been uplifted underwent negative vertical displacement 

Fig. 6 - Co- to early post-seismic deformation pattern during STAGE C [IDW (50×50 m2 cell size) spatial interpolation] 
in the study region. Total vertical ground deformation from February 2009 to May 2009; cumulative mean subsidence 
ca. 80 mm with maximum values located in the PSDFS hanging wall block.
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with mean values around 10 mm (the corresponding displacement along the descending LoS has a 
mean value of ~ -14±6 mm). The spatial distribution of the co- to early post-seismic displacement 
is shown in the map of Fig. 6, in which a sudden collapse with mean values of ~ 80 mm (and 
maximum values in the 180-200 mm range) is visible.

The profiles of Fig. 7 synthesise the time-space evolution of vertical motions along a transect 
cut across the study region. In the profiles, ground deformation is represented. The profiles of Fig. 
7 show that the trace of the PSDFS falls between the block to the SW, which underwent uplift 
during Stage A and subsidence during Stage B, and the initially lowered and then uplifted block 
to the NE. A complex deformation pattern is highlighted by the bottom profile of Fig. 7, which 
shows that the area that collapsed during Stage C includes part of the elevations to the SW and 
NE of the central sector of the Aterno River valley.

5. Discussion and concluding remarks

The multi-temporal, spatial analysis of ground deformation that we have performed through 
analyses of PS-InSAR data sets, provides evidence for important features of the displacements 

Fig. 7 - Topographic profiles, SW-NE oriented, constructed transversely to the Paganica segment of the PSDFS. The 
profiles synthesise cumulative pre-seismic vertical displacement patterns in the pre-seismic period (Stage A; from 2004 
to September/October 2008), late pre-seismic period (Stage B; September/October 2008 to January/February 2009), 
and co- to early post-seismic period (Stage C; April to May 2009), respectively.
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that accompanied the evolution of the 2009 seismic phenomenon occurring in the L’Aquila region 
during the pre- to post-seismic periods.

The analysed PS data sets bear a combination of time-variable motions, including apparent 
ground motion, which may be caused by atmospheric artefacts (e.g. Hanseen, 2001). Such an 
effect, which is very variable in time, may be considered responsible for irregular noisy patterns 
(Atzori et al., 2013), such as those characterising the time series from the ERS ascending orbit 
shown in Fig. 3B. Besides such irregular signals, short-period - seasonal - ground motions in the 
range of ~ ±10 mm, which are the main feature of the PS time series from the ERS descending 
and ascending orbits (Fig. 3) and of the pre- and post-seismic periods of the ascending ENVISAT 
PS time series (Fig. 4A), may be related to seasonal fluctuations in the piezometric head of the 
groundwater tables (Vilardo et al., 2009; Bozzano et al., 2015). Monthly-scale fluctuations also 
characterise the descending ENVISAT PS time series, though such a signal is subordinate, in 
terms of magnitude and temporal persistence, with respect to LoS oriented linear trends observed 
on the yearly scale time window (2003-2010; Fig. 4B).

Besides irregular and/or short period, spatially variable motions, the ERS PS time series show 
yearly scale sub-horizontal trends, and the combination of ascending/descending pairs has shown 
that no net displacement affected the analysed region in the 1992-2000 time span.

A more complex scenario has been reconstructed for the narrow time window covered by 
the ENVISAT PS data, and in particular for the pre-seismic period. Consistent with findings by 
Lanari et al. (2010), data acquired from the ENVISAT ascending orbit do not show clear pre-
seismic (as well as “late” post-seismic) ground displacement trends. We interpret such evidence 
as an effect of the geometry of the SAR ascending orbit, which is basically unable to detect 
displacements within a plane at high angle with respect to the ascending LoS (section 4.2; Fig. 
2B). On the other hand, the ascending data set has provided constraints on the orientations of the 
pre- to post-seismic displacement vectors. The PS time series from the descending orbit and the 
combined (ascending plus descending) data sets have allowed detecting temporally and spatially 
distributed pre-seismic motions. Within the pre-seismic ground deformation frame that we have 
reconstructed, the PSDFS marks the boundary between blocks that underwent vertical motions 
with opposite orientations (Fig. 5). In particular, uplift, followed by subsidence, affected a large 
area that covers the PSDFS hanging wall block. The “early” pre-seismic uplift, which produced 
mean vertical displacements in the order of 10 mm, started ~ 4-5 years before the April 2009 main 
shock, coeval with both slow subsidence of the region to the NE that includes the PSDFS footwall 
block (Figs. 5A and 7), and subsidence detected by Moro et al. (2017) in the Pizzoli and Petruro 
sub-basins of the middle Aterno valley, to the NW of the uplifted area (Figs. 1 and 5A).

At ~ 6-8 month prior to the April 2009 main shock, an up-down inversion of vertical displacement 
affecting the blocks separated by the PSDFS is recorded (Fig. 8). Vertical displacements summed up 
during such time span were in the same order of those recorded during the former (and longer) stage.

The co- to early post-seismic vertical displacement picture is consistent with that provided by 
former studies based on analyses of SAR data and GPS and/or levelling data (e.g. Atzori et al., 
2009; Cirella et al., 2009; Walters et al., 2009; Cheloni et al., 2010). In addition, our spatial analysis 
indicates that the collapsed area extends to the NE beyond the PSDFS trace (Figs. 6 and 7), and 
allows detecting several steps in the displacement profile (Fig. 7), which may suggest the occurrence 
of possible co-seismic ruptures along the belts to the SW and NE of the area affected by maximum 
subsidence. The descending PS time series highlight post-seismic subsidence in the hanging wall 
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of the PSDFS continuing at least until June 2010, consistent with evidence both provided by 
D’Agostino et al. (2012) based on GPS and InSAR data, and detected by Galli et al. (2010) of a few 
cm increase of vertical offsets of several coseismic fractures in the first months after the main shock.

The geometrical combination of the ascending and descending PS-InSAR data indicates 
that the displacements are not entirely vertical, but are characterised by horizontal components 
oriented towards either east or west (section 4.2). Such evidence suggests that magnitude of “real” 
displacements, which in the co- to post-seismic period includes south/north-oriented components 
[as shown by GPS data: Cheloni et al. (2014)] that are undetectable by SAR data, is larger than 
that evaluated with this study.

The detection by remotely sensed data of the subdued pre-seismic ground displacements that 
we have identified rests on a thorough multi-temporal analysis of data by satellite image pairs. 
Indeed, the combined analysis of PS-InSAR data sets from both the ascending and descending 
orbits has been crucial to unravelling the pre-seismic behaviour of the study region.

The peculiar pre-seismic behaviour of the PSDFS hanging wall points to a relationship of the 
near-field surface motions with seismic phenomena. Such a relationship is also inferred from 
evidence that the region affected by rise followed by lowering lies in the area where the main 
shock and most of both foreshocks and aftershocks (Valoroso et al., 2013) are contained, and 
from the chronological correlation of the up/down inversion in the pre-seismic displacements 
with onset of the foreshocks [October 2008: Di Luccio et al. (2010)]. Worthy of note, the spatial 
scale of such a region (which encompasses both topographic highs and lows) is independent 
from surface geology features, suggesting a deep-seated causative mechanism for the observed 
motions, such as for instance volume changes connected to vertical/lateral fluids migration and 
fracturing processes at depth, with all phenomena having been documented in connection with 

Fig. 8 - Time intervals of about one year in which the ENVISAT satellite detected the distance of a PS along the 
descending LoS (LoS uplift). From the end of 2008 (6-8 months prior to the main shock) and the first months of 2009, 
the yearly uplift trend changed to subsidence.
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the 2009 earthquake in the study region (e.g. Di Luccio et al., 2010; Lucente et al., 2010; Moro 
et al., 2017).

We suggest that pre-seismic displacements, such as those characterising the hanging wall and 
footwall blocks of the PSDFS, may collectively represent a precursor signal of the 2009, MW 6.3 
earthquake. Our results point to the long-term (yearly scale) multitemporal InSAR data analysis 
as a crucial tool for detecting ground deformation in areas struck by recent earthquakes and for 
monitoring active structures.
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