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ABSTRACT Crustal deformation is one of the most important parameters used for the observation and
modelling of the seismic cycle of strain accumulation and release. The improvements
of satellite Earth observation data and methods over the last two decades, have provided
a way to measure crustal movements with good accuracy and spatial coverage. In
particular, multi-temporal Synthetic Aperture Radar (SAR) satellite data sets and SAR
interferometric techniques have demonstrated the capacity to obtain information on
the dynamics of the deformation occurring during the various phases of the seismic
cycle. In the last few years a number of papers have reported the occurrence of
crustal deformation transients in the inter-seismic and post-seismic periods, and have
speculated on their significance in the earthquake preparation processes. The foreseen
steady flow of high quality SAR data provided by new satellites as Sentinel-1 and
ALOS-2 is going to provide new pieces of evidence of these elusive phenomena,
stimulating further observational and analytical research. In this paper we review data,
methods and applications, to give the reader a view of the advantages and the limits of
InSAR measurements for the investigation of transient surface deformation patterns.
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1. Introduction

During the last 25 years the technique of Interferometric Synthetic Aperture Radar (InSAR)
image processing has become a widely used method for the detection of small ground
movements (Bilirgmann et al., 2000). Especially during the last 10 years, the increased
availability of new SAR instruments and satellite constellations, has stimulated a steady
improvement of processing algorithms, providing measurement accuracies able to identify the
small ground deformation signals associated to the different phases of the seismic cycle (Salvi et
al.,2012a).

In this paper we review the possibility of detecting deformation transients during the
earthquake preparation processes by means of present space-based InNSAR monitoring systems,
and how complete and accurate this information could be in a physical or statistical modelling
perspective.
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We treat solely satellite SAR data, since they provide a way to cover large areas with
reasonable revisit times, at lower costs than airborne data, and are thus best suited for the
monitoring of earthquake preparation processes. However, most of the technical aspects are
common between the two types of data.

Although the focus is on the pre-seismic phase of the seismic cycle, we also discuss the
contributions of InNSAR measurements to the study of the inter-seismic and post-seismic phases.
In fact, by definition pre-seismic deformation transients are detected as “anomalies” with
respect to accurate long-term, background time series.

The practical use of possible crustal deformation anomalies in earthquake forecasting is
not presently feasible, and thus it will not be discussed in this article. We will then concentrate
on deformation transients rather than earthquake precursors, since the latter term implies a
generalized cause-effect relationship which still needs to be verified and explained theoretically,
before it could be safely exploited for any practical use.

2. InSAR techniques for the measurement of crustal deformation

One of the most important geophysical observable measured or estimated from Earth
observation (EO) data is crustal deformation. The InSAR technique can measure the projection
of the deformation vector onto the Line of Sight (LoS) direction, defined as the shortest path
from a given point on ground to the SAR antenna phase centre. InSAR provides some unique
capabilities for the study of crustal deformation and active processes. Firstly, it can provide
surface deformation maps with high spatial resolutions (5-80 m) over large areas. Secondly,
InSAR is particularly sensitive to vertical displacements and finally, it is a remote-sensing
technique and as such it does not require field work and can be available practically worldwide.

SAR is a coherent active microwave image instrument, which can acquire data during
daytime or nighttime, and virtually under all meteorological conditions. Each SAR image pixel
consists of a complex value, obtained as the vector sum (i.e., accounting for amplitude and phase)
of the backscattered incident radar pulse from the elementary targets within a resolution cell.
While the amplitude of the backscattered signal can be related to the surface scattering properties,
its phase contains travel-time information. More precisely, although the phase in a single SAR
acquisition can be considered a random variable, the phase difference between two acquisitions
can be related to the changes in the geometric distance of the radar from the illuminated object,
provided the backscattered signals are sufficiently correlated. InSAR has exploited this basic
principle since the late 1980s (Goldstein et al., 1988; Gabriel et al., 1989) to measure topography
and surface displacement (Biirgmann et al., 2000), benefiting from the data provided by ~20
civilian or dual-use space-borne SAR sensors launched worldwide since the early 1990s.

The basic InSAR observable is called an interferogram, and represents the per-pixel
phase difference between two SAR acquisitions. In general, an interferogram will contain
both topographic and surface motion information; surface motion can be obtained removing
topographic component either using an external DEM (e.g., Massonnet et al., 1993) or using
a second SAR image pair (e.g., Zebker et al., 1994). In the so-called differential interferogram
obtained in this way, each fringe corresponds to a LoS displacement equal to //2, where [ is the
SAR wavelength (Fig. 1).
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Fig. 1 - Differential interferogram showing the co-seismic fringe pattern of the My 6.3 L’Aquila earthquake (central
Italy), occurred on April 6, 2009. Each color cycle (red to blue) corresponds to a deformation gradient of 1.6 cm, i.e.,
half the wavelength of the X-band COSMO-SkyMed sensor data, which was processed (from Atzori et al., 2009).

Several issues however, may complicate the application of InSAR to a single image pair.
Firstly, several sources (e.g., vegetation growth, ground movement, soil erosion, plowing,
differences in imaging geometry) may cause the SAR phases at the two acquisitions to be
statistically decorrelated (Zebker and Villasenor, 1992), and thus unrelated to the changes in the
geometric distance from the radar. Secondly, phase differences are only observed modulus 2.
The recovery of the integer multiples of 2w, and thus the determination of the phase gradient
between any two interferogram pixels, represents a 2D phase unwrapping problem, for which
only approximate solutions can be found by automated algorithms (Chen and Zebker, 2000).
Finally, the measured differences in travel times (or distances) can also be influenced by
unmodeled effects, e.g., due to variable propagation velocity through the variably refractive
atmosphere (mainly due to water vapor content in the troposphere and Total Electron Content in
the ionosphere) and to uncertainties in the satellite position.

Several multi-temporal InSAR techniques have been proposed in the last decade, which
exploit the redundancy offered by tens or hundreds of image pairs to reduce the aforementioned
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limitations. The output of these techniques is a ground displacement time series, temporally
referred to the first acquisition date of the image stack, and spatially referred to a reference point
or area within the radar coverage.

The existing algorithms fall into two broad categories, namely the Persistent Scatterer [PS:
Ferretti et al. (2001)] and the Small Baseline [SB: Berardino et al. (2002)] approaches, although
more recently algorithms exploiting the basic principles of both methodologies have also been
proposed (Hooper and Zebker, 2007). The aim of the PS methods is to identify coherent radar
targets exhibiting a high phase stability over the whole temporal span of the observations
(Ferretti et al., 2001). These targets are only slightly affected by temporal and geometrical
decorrelation, and often correspond to man-made structures or bare rock. In contrast, in the
original SB approach (Berardino et al., 2002), interferometric pairs are chosen to minimize
temporal and geometric decorrelation, allowing deformation time series to be retrieved for
distributed scatterers, i.e., neighboring radar resolution cells, which are not dominated by a
single scatterer, and share the same backscattering properties.

Compared to single stable scatterers, a greater degree of averaging (in the order of 100m x 100 m),
yet sufficiently high for crustal deformation studies, is typically required for distributed scatterers
to retain a good level of coherence, and thus to achieve high measurement accuracies (Lanari et al.,
2004). The latter depend on various factors, such as the type of terrain and the properties of the SAR
image data stack. In the best case, both PS and SB multi temporal InSAR approaches can reach
accuracies as high as 1 mm/yr (Casu et al., 2006; Lanari et al., 2007; Hooper et al., 2012).

3. Crustal deformation during the earthquake cycle

Since the second half of the 20" century, thanks to the fast progressing technological
improvement of geodetic networks and methods, the number and accuracy of crustal
deformation observations in different tectonic contexts have begun to increase steadily. The new
data stimulated the development of geophysical models trying to describe the characteristics of
the cyclic behavior of crustal stress accumulation and release, initially proposed by Reid in his
Elastic Rebound Theory (Reid, 1910).

While the physical processes and mechanisms driving the seismic cycle are still not
completely understood, its existence is not questioned any more (Wang, 2007). A representation
of the main processes acting during the seismic cycle in the crustal volume surrounding an
active fault, is shown in Fig. 2, and provides the basis for describing four temporally distinct
phases in the cycle (Thatcher, 1983):

1. the loading phase, where crustal stress slowly and gradually accumulates on the locked
fault surface, is the inter-seismic phase, typically lasting hundreds to tens of thousands
years. Geodetic observations of crustal strain during this phase can make important
contributions to the assessment of seismic hazard, as the rate of strain accumulation on a
fault may be directly related to the rate of earthquake occurrence;

2. a small number of observations has shown the presence of peculiar crustal deformation
signals just before the occurrence of large earthquakes (Mogi, 1985b; Roeloffs, 2000),
and this has allowed some scientists to postulate the existence of a pre-seismic phase,
in which different models, generally validated by well confined laboratory experiments,
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predict the occurrence of a variety of phenomena, potentially affecting the solid Earth
and the atmosphere (Nur, 1972; Scholz et al., 1973; Miachkin et al., 1975; Crampin et al.,
1980, 1984; Das and Scholz, 1981; Roeloffs, 2006);

3. once sufficient shear stress on the fault has accumulated to exceed the fault’s frictional
strength, the rupture is initiated and propagates over the finite fault plane, causing a rapid
drop of the stress level. The inter-seismic phase then gives way to the co-seismic phase,
which is accompanied by rapid volume (and in general also surface) strain. Studies of this
phase of the seismic cycle are very important to improve the knowledge of the earthquake
source processes;

4. finally, after the earthquake, the cycle enters the post-seismic phase. In this interval,
lasting up to several decades, the stress changes imparted by the earthquake are relaxed,
generating crustal and lithospheric deformation that is significantly faster than the inter-
seismic rates. Study of this period of the seismic cycle can lead to the understanding of
the constitutive laws and parameters of the crust and uppermost mantle, fundamental to
our knowledge of how the lithosphere responds to stress.

Crustal deformation occurs at different temporal and spatial scales, depending on the various
phases. During the inter-seismic phase the long-term tectonic stress accumulation occurs at the
scale of entire regions (hundreds of kilometres), generating slow-varying crustal deformation
patterns. This type of deformation is typically considered steady-state, but its accurate
measurement is an essential prerequisite for any short-term transient detection.

During the pre-seismic phase, transient deformation signals may occur at mid-term (months
to years) or short-term (seconds to weeks) scales. The presence of mid- or short-term transient
crustal deformation signals, which are considered anomalous with respect to the long-term
deformation time series, has been fragmentarily reported in the literature, with different levels
of quality and reliability. Most of the reports deal with anomalies in the supposedly steady
inter-seismic deformation rates, often occurring in the temporal and spatial vicinity of large
earthquakes. Mid-term deformation transients have been measured over months or years, and on
spatial scales of tens or hundreds of kilometres (Gu et al., 2009; Ozawa et al., 2012; Hashimoto,
2013). Their relevance to the earthquake preparation processes is in some cases supported by
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modelling, as for the aseismic or slow slip events occurring on the down-dip part of large faults
before the mainshocks (Roeloffs, 2006; Miyazaki et al., 2011; Ozawa et al., 2012).

In the post-seismic phase, thanks to the increased quality and density of Continuous Global
Positioning Sistem (CGPS) and InSAR data and of their analysis methods, new observations
of long-term and short-term deformation transients have been obtained worldwide (Peltzer
et al., 2001; Ozawa et al., 2002; Miyazaki et al., 2003; Bernard et al., 2004; Dragert et al.,
2004; Larson et al., 2004; Cakir et al., 2005; Pritchard and Simons, 2006; Calais et al., 2008;
Furuya and Satyabala, 2008; Ozawa et al., 2012; Salvi et al., 2012a). Post-seismic deformation
transients are typically generated by different processes, as fault after-slip, poroelastic rebound,
or, at a larger scale, viscoelastic relaxation of the lower crust and the upper mantle (Pollitz et
al., 2000; Barbot and Fialko, 2010). The co- and post-seismic stress redistribution has gained
considerable attention in the last 20 years, following the appreciation of the importance of
stress triggering mechanism of large aftershocks (Steacy et al., 2005). At present one of the
most intriguing research fields regards the contribution of post-seismic stress redistribution to
estimate the spatially varying aftershock probabilities following large earthquakes.

4. InSAR measurement of transient deformation during the earthquake cycle

4.1. The pre-earthquake period

In this chapter we will discuss about the deformation accumulating on a given fault or region
before a large earthquake occurs, comprising either the steady, long-term inter-seismic strain
accumulation, and the shorter-term transients (lasting from years to seconds), which may or may
not culminate into earthquakes.

The capacity of InNSAR methods to measure the inter-seismic strain accumulation has been
proved in several cases [see: Salvi ef al. (2012a) for a review of results obtained using ERS/
ENVISAT data], although further improvements are required especially for the removal of
atmospheric disturbances. Accuracies of 1-2 mm/yr could be achieved in favourable conditions,
and Sentinel-1’s larger swaths and improved temporal coverage are expected to increase these
levels further (Salvi et al., 2012b).

The use of InSAR for inter-seismic deformation measurement has concentrated mainly on
segments of large strike-slip faults [e.g., the Chaman fault in Pakistan (Szeliga et al., 2012),
the Haiyuan fault system in north-eastern Tibet (Jolivet ef al., 2013), the North Anatolian fault
(Wright et al., 2001; Walters et al., 2011; Kaneko et al., 2013), the Denali fault in Alaska (Biggs
et al., 2007)]. Other studies, not concerning purely strike-slip faults, include the western part
of the Doruneh fault system, north-eastern Iran (Pezzo et al., 2012), the Longitudinal Valley,
Taiwan, (Peyret et al., 2011; Champenois et al., 2012), the Abruzzi region in central Italy
(Hunstad et al., 2009).

From the technique point of view, most of the inter-seismic deformation studies apply Small
Baseline methods (Hunstad er al., 2009; Gourmelen et al., 2010; De Michele et al., 2011;
Manzo et al., 2012; Jolivet et al., 2013), but PS methods have also been applied successfully
(Motagh et al., 2007; Peyret et al., 2011; Champenois et al., 2012). Depending on the area of
interest, the main challenges faced by the above mentioned studies, to a greater or lesser degree,
have been:
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e distinguishing long spatial wavelength (>10 km) inter-seismic deformation from errors due

to satellite platform orbital uncertainties and slowly-varying atmospheric phase delays;

* mitigating tropospheric delays correlated with topography, due to temporal variations of

tropospheric stratification;

* mitigating phase unwrapping errors;

* mitigating turbulent tropospheric delays and characterizing the spatial correlation

introduced by this error source in the measurements.

Concerning the measurement of long-wavelength deformation signals, essentially three
approaches are successfully used: calibration with GPS measurements, provided that a
sufficiently dense network is available (e.g., Fialko, 2004; Manzo et al., 2012); estimation from
SAR measurements at a sufficient distance from the expected area of highest deformation (e.g.,
Walters et al., 2011; Pezzo et al., 2012); use of slip models (Biggs et al., 2007; Cavalié et al.,
2008; Wang et al., 2009; Jolivet et al., 2013).

In most cases, when tropospheric delays correlated with topography are accounted for,
they are modelled as a phase term linearly correlated with elevation. The scaling coefficient
is estimated directly from SAR interferograms, using a network approach, i.e., exploiting the
redundancy of the interferometric pairs to derive a joint estimation for the scaling factor of
each interferogram (Elliott e al., 2008; Wang and Wright, 2012; Jolivet et al., 2013). Global
numerical weather model data is used by some authors (e.g., Jolivet et al., 2013) as a validation
for the estimated scaling coefficients.

Phase unwrapping errors are mostly mitigated by data redundancy, although network
approaches for error mitigation have been applied (Doin et al., 2011; Wang and Wright, 2012).

Finally, turbulent tropospheric delays could be mitigated in stacking techniques by data
redundancy and low-pass temporal filtering. The latter approach however could smear any transient
signal in the displacement time series, and must be applied with care. Characterization of this error
source, in terms of the spatial covariance function of the delay, is equally important, since it can be
used for InSAR data selection, as well as in subsequent modelling (Jolivet et al., 2013).

Due to the difficulty in accounting for the above issues, the InSAR time-series analysis
for inter-seismic deformation measurement works better for fault systems with high slip rates
(greater than several mm/yr), for which the measurable deformation signal is well over the noise.

The presence of shorter term transients with intensities from mm/yr to cm/yr has been
observed or suggested initially by classical geodetic methods (Mogi, 1985a; Linde and Sacks,
2002), then measured by CGPS (Yu et al., 2001; Miyazaki et al., 2003), and recently captured
also by InSAR (Pritchard and Simons, 2006; Jolivet et al., 2013). Nowadays, modelling and
theoretical developments (Liu and Rice, 2007; Peng and Gomberg, 2010) suggest that many of
these deformation events can be generated by aseismic slip or slow-slip events, often located
in the deeper parts of a larger fault which later releases seismic slip (Roeloffs, 2006; Miyazaki
et al., 2011). While the possible cause-effect relationship between these transients and the
mainshock is not yet clear, there is considerable interest in their measurement and analysis for
the comprehension of the dynamics of the rupture process.

In this field, InSAR measurements could be very effective thanks to their good spatial
coverage; however, the repeat pass of the present satellites presently limits the resolving capacity
to transients lasting several days at minimum (using the COSMO-SkyMed constellation).

One other important issue concerns the lack of a routine acquisition plan for some satellite
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missions. Since the start of the InSAR era, only the ERS, ENVISAT, and ALOS missions have
implemented a nearly global background acquisition plan, under which many seismic regions
of the Earth were constantly monitored, although not always with full success. Other missions,
such as Radarsat, TerraSAR-X, COSMO-SkyMed, which mostly acquire on demand, can
dedicate, for technical and practical reasons, only limited resources to background acquisitions,
and cannot provide a global continuous long-term coverage. For instance COSMO-SkyMed,
which at present is the system allowing the highest temporal resolution (in the best case as high
as one day) over the same target, has a theoretical average daily acquisition capability of 375
Stripmap images, for each satellite. In Stripmap mode (the main mode used for InSAR) each
COSMO-SkyMed satellite can acquire on each orbit at most 1/10 of the land pass (~ 4000 km).
The actual amount of images acquired may be further reduced by limited bandwidth resources
for the data down-link to the ground stations under visibility, as well as by acquisition or down-
link conflicts with other acquisition requests (military or commercial).

These issues will be mostly solved by the new ESA Sentinel-1 satellite, which will provide
a constant 12-day (6-day with the second satellite) repeat pass over all of Europe and a
24-day (12-day) one for most of the emerged lands (Torres et al., 2012). The Sentinel-1 long-
term operational monitoring will certainly foster important observations of mid-term crustal
deformation transients at the global scale.

4.2. The co- and post-seismic phases

The capacity of InSAR to accurately measure the static displacement field generated by
seismic dislocations has been widely demonstrated for over 60 earthquakes since 1994 (Weston
et al., 2011). Until the development of the multitemporal InSAR techniques this was done
exclusively using classical interferometric analysis based on a pair of pre- and post-event
images, which, however, typically spanned a period containing part of the early post-seismic
displacements. Then, the possibility to generate a time series of the deformation including the
earthquake, allowed a more precise separation of the actual co-seismic displacement from the
post-seismic one (Atzori et al., 2009).

In the last 15 years, InSAR time-series have been used to investigate the post-seismic
deformation of several large strike-slip events, such as the My, 7.2 Landers in 1992 (Massonnet
et al., 1994; Fialko, 2004), the My, 7.5-7.6 Manyi event in 1997 (Ryder et al., 2007), the My, 7.1
Hector Mine event in 1999 (e.g., Pollitz et al., 2001; Jacobs et al., 2002), the My, 7.6 Izmit event
in 1999 (e.g., Biirgmann et al., 2002a; Ergintav et al., 2002; Hearn et al., 2002), and the My, 7.9
Denali event in 2002 (Pollitz, 2005; Biggs et al., 2009). A minor number of dip-slip faults has
been investigated: the M, 7.2 El Mayor-Cucapah event in 2010 (Gonzalez-Ortega et al., 2014),
the My, 7.2 Van event (Dogan et al., 2014), the My, 6.3 Damxung event (Bie et al., 2014), the M,
6.3 L’Aquila event (Reale et al., 2011; D’ Agostino et al., 2012).

Recently, using the high sensitivity to deformation of the X-band and the short temporal
baselines, COSMO-SkyMed imagery has been used to measure small post-seismic deformation
following the My, 5.9 Emilia 2012 event in northern Italy (Fig. 3). For this sequence a classical two
pass InSAR analysis revealed the occurrence of a slow or aseismic slip event which could have
played a role in triggering one of the main shocks of the sequence (Pezzo et al., 2013). Unfortunately,
this transient could not be analyzed in more detail since there was no dense COSMO-SkyMed
coverage of the area, and GPS stations were too scattered to capture this local pattern.

158



InSAR measurement of crustal deformation transients Boll. Geof. Teor. Appl., 56, 151-166

Geodetically determined post-seismic deformation has been modelled as afterslip on a
discrete plane (e.g., Blirgmann et al., 2002b), creep in a viscous or viscoelastic shear zone (e.g.,
Hearn et al., 2002), viscoelastic relaxation in the lower crust/upper mantle (e.g., Pollitz et al.,
2000), and poro-elastic rebound (e.g., Jonsson et al., 2003). In some cases, it has been possible
to distinguish multiple mechanisms, operating often with different time constants, e.g., poro-
elastic rebound coupled with localized deep shear (e.g., Fialko, 2004); poro-elastic rebound,
afterslip and shallow volumetric contraction (Fielding et al., 2009). The use of InSAR in the
study of post-seismic movements in subduction areas has led to an improved understanding
of the source mechanism in transitional zones (Béjar-Pizarro et al., 2010) characterized by
alternating transient aseismic shear and seismic slip (Hyndman and Wang, 1993). Transient
aseismic slip is also observed as post-seismic afterslip in both the lower region and the upper
region of the seismogenic zone, apparently in areas surrounding the main asperity characterized
by high coseismic slip (e.g., Chlieh et al., 2004; Miyazaki et al., 2004; Baba et al., 2006; Hsu et
al., 2006; Pritchard and Simons, 2006).

5. Operational INSAR monitoring of transient deformation during the earthquake
cycle

InSAR monitoring techniques have the advantage of being independent of field campaigns
(although ground data may be required for validation), but at the same time they depend on
satellite imagery which is provided by very expensive missions, whose development requires
several years at least, and whose primary mission objective is not necessarily scientific research. In
this section we discuss some practical issues concerning the actual operational use of SAR data for
the monitoring of earthquake preparation processes, with some reference to the Italian situation.

Concerning past InSAR data, the main source of useful imagery is provided by the ESA
ERS-1, ERS-2 and ENVISAT-ASAR sensors (C-band, 5.3 GHz), which all together span nearly
20 years, from the end of 1991 to July 2011. For the main parts of the missions the repeat cycle
of both ERS and ASAR missions was 35 days.

Presently a C-band Canadian sensor (Radarsat-2), two German X-band instruments
(TerraSAR-X and TanDEM-X), the Japanese L-band PALSAR-2 sensor on board ALOS-2, the
European Space Agency C-band Sentinel-1A SAR, and the four COSMO-SkyMed X-band sensors
managed by the Italian Space Agency (ASI) are operational. The latter are playing an important
role for InSAR applications, particularly on the Italian territory. Since the end of 2010, ASI
implemented a nationwide monitoring plan (Map Italy), devised in cooperation with the Italian
Civil Protection (DPC) for the various natural risks. The goal of the plan was to cover all land
areas of Italy with COSMO-SkyMed strip-map imagery, providing a revisit time of 16 days, in
order to create an operational archive for the management of hydrological, volcanic and seismic
emergencies. The continuity of the Map Italy archive is extremely important for both the standard
two pass InSAR applications and for the multitemporal (time series) ones. Besides this background
acquisition plan, COSMO has provided a wealth of imagery in connection with major seismic
events in Italy, e.g., L’Aquila and Emilia events, and abroad, e.g., for the New Zealand 2010-2011
sequence (Salvi et al., 2012a) and the Great Tohoku earthquake, Japan (Salvi et al., 2011).

The enhanced capacities provided by continuously improved InSAR data and techniques
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Fig. 3 - Above map: COSMO-SkyMed ascending mean velocity covering the first 11 months of the Emilia post-seismic
period, superimposed to the geo-structural model (Bigi er al., 1983). A clear post-seismic LoS “uplift” occurs in the
same area affected by the co-seismic deformation of the Mirandola My, 5.8 earthquake fault. Local subsidence signals
are also evident in the urbanized areas of the region. Lower graph: a displacement time series in the uplifting area (blue
colours) over the Mirandola thrust.

for the monitoring of crustal deformation transients are of great importance for stimulating new
research on the earthquake preparation processes. However, the use of these techniques on a
global scale (i.e., in a wide variety of tectonic settings) is still challenging, due to several issues
discussed below. These challenges elicit strict requirements on SAR missions (current and
future), particularly in terms of acquisition frequency and regularity, and further development of
the current multi-temporal SAR processing techniques.

The first issue is related to the seismotectonic setting. In many areas of the world, seismic
sources exhibit inter-seismic slip rates, estimated on a geological basis, varying between
1 mm/yr and few mm/yr, with surface deformation gradients ranging between 0.01-0.1 mm/yr/km.
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These values are at least one order of magnitude smaller than those measured by most of the
InSAR inter-seismic studies mentioned in section 4.

A second issue concerns the discrimination between long spatial wavelength inter-seismic
deformation gradients and long-wavelength phase delay signals, due to atmospheric propagation
and orbital artifacts. These signals can be easily separated using CGPS data from dense
networks, especially where the crustal deformation signal is dominated by the presence of a
regional fault (e.g., the San Andreas or North Anatolian faults). However, in many tectonic
settings there is no dominating regional fault and the CGPS coverage is rather sparse, and the
isolation of low gradient tectonic signals becomes challenging.

To this end, the 250-km swath of Sentinel-1 will be beneficial, since it will be easier to
identify areas with no deformation and there will be a better chance to include CGPS stations in
a single coverage.

Thirdly, to minimize the loss of coherence due to many vegetated and/or cultivated areas,
and to the high topographic relief characteristic of the most active areas, stringent acquisition
requirements would be necessary. For instance, repeat-pass cycles and spatial baselines should
be as small as possible (few days, few tens of metres), and acquisition look angles should
preferably be between 30° and 50° in mountainous regions. Also in this case the C-band
Sentinel 1 mission shows two desirable properties: a revisit time of 12 days (6 with the second
satellite, but only over Europe) and a planned orbital tube diameter of 100 m.

In summary, the Sentinel-1 data are expected to boost the global monitoring capacity for
deformation transients with periods of several tens of days; for transients with shorter periods
(few tens of days) and with small amplitudes (few mm), frequent X-band data as those provided
by COSMO-SkyMed will continue to play an important role, especially if a more stringent
control of the orbital tube is implemented.

6. Conclusions

The presently available InSAR data can effectively measure deformation transients with
periods of few-to-several tens of days. The shorter period signals can presently be investigated
only using continuous GPS, which however may lack the necessary spatial sampling to fully
investigate the deformation causes. The CGPS data are also very useful to model non-tectonic
signals during the SAR data processing, and therefore CGPS must be used in synergy with
InSAR methods whenever possible.

As regards the data availability, in 2014 a new InSAR era has started, with the successful
deployment of the European Sentinel-1 SAR satellite (a second Sentinel-1B mission is
scheduled for 2015), able to provide SAR images for most seismic areas of the world with
constant repeat pass, for many years in the future. The improved SAR data availability, the
larger coverage, the constant temporal sampling provided by the Sentinel-1 sensors will
generate a strong increase in the observation of crustal deformation transients worldwide,
providing new high quality data for developing and testing models of the earthquake preparation
processes. However, even with the successful launch of Sentinel-1B, the revisit time will remain
relatively high (6 days in Europe, but in general 12 days) and will not allow to investigate
these phenomena in sufficient detail. An important role in this respect could still be played by
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the X-band SAR constellations, provided that their data policy is improved to allow an easier
data access for scientific research. Such elusive signals could be detected only by setting up
long-term monitoring experiments over several tectonic areas of the world, acquiring with the
shortest possible repeat pass.
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