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Abstract The industrial area of Oreokastro, NW of the

city of Thessaloniki, is monitored using radar interferom-

etry to determine the spatial evolution of the underlying

ground deformation trends. Previous studies, using SAR

data acquired between 1992 and 1999, have revealed

subsidence; however, the driving mechanism has not been,

so far, solidly explained. Here, SAR satellite data from

ERS 1, 2 and ENVISAT missions, acquired between 1992

and 2010, are analysed to enhance our understanding of the

ground displacement trends and provide a thorough inter-

pretation of the phenomena. The analysis confirms a sub-

siding displacement pattern from 1992 to 1999, whereas

the recent data indicate that after 2003 the motion direction

has changed to uplift. This whole monitoring of subsidence

and the subsequent uplift is a rarely documented phe-

nomenon, and in the case of Oreokastro is not reflecting a

natural process; on the contrary, the driver is anthro-

pogenic, related to the regional aquifer activity. Our study

also highlights the fact that the local faults act as

groundwater barriers and captures the existence of a pos-

sible previously unknown tectonic structure.

Keywords Hazard monitoring � SAR time-series � Natural
surface rebound

Introduction

Thessaloniki (Fig. 1) is the second largest city in Greece,

after the capital Athens. It is located in the northern part of

the Hellenic territory at an area with alternating topogra-

phy, and it is washed by the sea at Thermaikos Gulf (a

semi-enclosed area of the eastern Mediterranean). It is a

major economic hub and the most important city of the

Balkans in terms of trade activities since the years of the

Roman Empire. Thessaloniki has a rich multicultural his-

tory that has left its footprints until today, it is a major

educational centre in Greece, it constitutes a junction of the

Balkans and is also a metropolitan area with more than

1,000,000 inhabitants. In view of the above, the city pro-

vides a solid motivation for Natural Hazard monitoring. A

significant number of important industries were established

around Thessaloniki over the years. Nowadays, many of

these industries no longer exist, reflecting in part the

aftermath of the fiscal crisis.

The focus of the present study is the industrial area

southern of Oreokastro (Fig. 1), which is a suburb north of

Thessaloniki. Previous studies, covering the period

1992–1999, indicated that the broader region of Oreokastro

(e.g. Galini) (Fig. 1) was subsidizing, but sufficient inter-

pretation of the mechanism was not provided. Synthetic

aperture radar (SAR) satellites had been used in the past for

various applications (e.g. Battazza et al. 2009; Sonobe et al.

2014). In this study, the interferometric synthetic aperture
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radar (InSAR) technology is used to study in detail the

deformation pattern, deformation history and also interpret

the deformation mechanism of the study area. InSAR

monitoring is a remote sensing technique that exploits

radar images to estimate the surface deformation. Here, the

complete deformation history from 1992 to 2010, exploit-

ing ERS 1, 2 and ENVISAT satellite missions, is presented.

Interpretation of the deformation mechanisms and on the

ambiguous deforming signals of the industrial area of

Oreokastro is attempted. Moreover, the tectonic and the

hydrogeological setting of the site correlated with the

deformation phenomena is discussed. Also, via the InSAR

monitoring, a previously unknown tectonic structure is

revealed.

Geology and seismicity of the study area

The broader area of Oreokastro lies mainly on Neogene

formations. The urban fabric of the town is located on

Pliocene lake and fluvial deposits, consisting of red clays

intercalated by sands, pebble gravels and marls, and at a

lesser extent of Pre-Alpine carbonate rocks and schists

(Fig. 2). Two available drill profiles within the industrial

zone of Oreokastro show Pliocene clays intercalated by

sand, lying above the Pre-Alpine bedrock. The previously

described stratigraphy contains a system of successive

confined aquifers, which prior to the installation of the

industries, were artesian.

The faults of the area are part of the broader tectonic

regime of the Mygdonian graben. The governing exten-

sional stresses are expressed with normal faulting and

seismicity all over the area most of which is localized

within the graben (Fig. 3).

Two main tectonic structures cross south of Oreokastro

(Figs. 2, 3), the extension of Asvestochori fault (fault

Fig. 1 Broader region, and the focus region of study, where

Oreokastro and Galini are shown in the inset, north of the

metropolitan area of Thessaloniki. The green rectangle shows the

ERS and ENVISAT satellite frame. In the inset map of Greece to the

upper left, the broader study area is denoted with the red rectangle

cFig. 2 Geology of Oreokastro and the surrounding area. The focus

region of our study is within the blue rectangle. The location of the

two geotechnical drills bellow is noted on the map with white

triangles. Borehole data are archives of the Directory of Environment,

Thessaloniki Prefecture. Map is from EPPO (1996), Neotectonic Map

of Greece, Thessaloniki sheet
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F-As) and the Efkarpia fault (fault F–E) (Zervopoulou

2010; Zervopoulou and Pavlides 2005). The Asvestochori

fault, at the northern side of the city of Thessaloniki, fol-

lows the Exochi–Asvestochori axis and crosses south of the

study area. This is a normal fault that is considered by

structural geologists as potentially active (Zervopoulou

2010). The Efkarpia fault is located at the northern part of

the city close to the Efkarpia suburb, at a distance of

*6 km from the city centre. This structure is also con-

sidered as potentially active (Zervopoulou 2010). No

strong earthquakes have been recorded during the instru-

mental period; however, the abundant microseismicity (e.g.

Papazachos et al. 2000; Paradisopoulou et al. 2006; Gar-

laouni et al. 2015) renders these structures, from a seis-

mological point of view, to be considered as active.

Previous studies in the Oreokastro area

The deforming pattern detected in the region south of

Oreokastro attracted the attention of many researchers

(Raucoules et al. 2008; Mouratidis 2010; Zervopoulou

2010; Mouratidis et al. 2011; Svigkas et al. 2015;

Costantini et al. 2016). Raucoules et al. (2008) were the

first to find a deforming signal during the period

1992–1999 (-10 to -20 mm/year) using radar interfer-

ometry. Prior to the InSAR studies, the area was not

known to deform. Previous hypotheses regarding the

nature of the deformation were mainly related to the

tectonic activity and the microseismicity (Raucoules et al.

2008; Mouratidis 2010; Mouratidis et al. 2011). Zer-

vopoulou (2010) mentions that in 2006 there were cracks

reported on the buildings of the area that can be attributed

either to aseismic slip or to overpumping. The afore-

mentioned studies had a significant contribution to the

investigation of the phenomenon, although only the work

of Zervopoulou (2010) had a considerable focus on

Oreokastro. In most cases, the reference to this area was a

subpart of a more general study, usually about northern

Greece. That is why, even though these studies were

complete, when it comes to the interpretation of the

driving mechanism of the detected deformation pattern,

there is a lack of proof and of a clear and systematic

answer. Raucoules et al. (2008) were the first to detect

Oreokastro

Thessaloniki

Fig. 3 Location of

Thessaloniki and Oreokastro,

alongside the two main tectonic

features of F–As and F–E, in

terms of the broader regional

tectonic pattern. Most of the

seismicity is located in

Mygdonian Graben which is

under an extensional stress

regime
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subsidence in the region; and in their preliminary study

Svigkas et al. (2015) were the first to detect an uplifting

pattern for the period of 2003–2010. This change in the

deformation pattern is the motivation of the present work,

which seeks a more in depth and detailed analysis of the

deformation pattern observed at the industrial area of

Oreokastro, spanning two decades, alongside a plausible

interpretation of the driving mechanism.

Methods and approach

InSAR techniques have been broadly used for the detec-

tion of the deformation that occurs on the earth’s surface

(e.g. Zebker and Goldstein 1986; Gabriel et al. 1989;

Wright and Stow 1999; Burgmann et al. 2000; Wright

et al. 2001; Colesanti et al. 2003) for applications on

landslides (e.g. Colesanti and Wasowski 2006; Farina

et al. 2006; Bianchini et al. 2012; Bovenga et al. 2012;

Cigna et al. 2012a, b; Herrera et al. 2013; Liu et al. 2013),

earthquakes (e.g. Wright et al. 1999, 2003; Parsons et al.

2006), volcanoes (Amelung et al. 2000; Lanari et al. 2004;

Brunori et al. 2013). This scientific tool has also con-

tributed effectively to the monitoring of aquifer activity

(e.g. Ikehara and Phillips 1994; Amelung et al. 1999;

Galloway et al. 1999; Bell et al. 2008; Taniguchi et al.

2009; Lu and Danskin 2001; Chen et al. 2007; Raspini

et al. 2013, 2014; Ishitsuka et al. 2014; Svigkas et al.

2016) and is considered as an important input for hydro-

geological research. More on the fundamentals about SAR

Fig. 4 Results of the a PS and b SBAS analysis for the period

1992–1999. The metropolitan area of Thessaloniki is stable. The

largest deformation signal is detected southern of Oreokastro close to

Galini (up to -21 mm/year). The white rectangle in (a) shows the

reference area used for the SAR processing. As it can be seen, the

results of the PS and SBAS techniques are highly correlated
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Interferometry can be found in Massonnet et al. (1993),

Dixon (1994), Massonnet (1997), Massonnet and Feigl

(1998).

In time-series techniques, radar images that spread in

time are processed in pairs and these form the differential

interferograms. Each point of a differential interferogram

represents a phase difference between the two satellite

acquisitions. This phase difference is contaminated with

noisy signals, present due to temporal and geometric

decorrelation effects and because of atmosphere perturba-

tions between successive image acquisitions. Following a

number of corrections (orbits, digital elevation model,

changes in atmosphere) and filtering, the phase difference

of each point is translated to surface displacements. Here,

we use time-series of SAR Images. Over the years, many

techniques were developed (Kampes and Usai 1999; Ber-

ardino et al. 2002; Arnaud et al. 2003; Mora et al. 2003;

Lanari et al. 2004; Hooper et al. 2004, 2007; Duro et al.

2005; van der Kooij et al. 2006; Costantini et al. 2008;

Ketelaar 2009). The implemented techniques herein are the

small baseline subset (SBAS) (Berardino et al. 2002), the

permanent scatterers (PS) interferometry (Ferretti et al.

2000, 2001) and a hybrid approach merging both estima-

tion worlds (Hooper 2006; Hooper et al. 2007). PS and

SBAS methods exploit stacks of the differential interfero-

grams that are formed based on connections of the satellite

acquisitions. The PS approach is ideal for the urban fabric

due to its high accuracy on selected stable targets, while

Fig. 5 Results of the SAR time-series analysis for the period

2003–2010. a PS results, b SBAS results. Again there is high

correlation between the results of the two techniques. The interesting

fact is that in the study area close to Galini during the second decade

there is an uplifting trend that is opposed to the deformation pattern of

the 1990s. The maximum detected uplifting value is about ?9 mm/

year
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SBAS is more appropriate for tectonic studies, allowing the

collection of millimetric measurements over a broader

deforming surface (Sousa et al. 2011). A combination of

the two approaches gives a better definition of the

deforming pattern of an area. The theoretical precision of

the methods presented in this study for ground velocity

estimation is of the order of 1 mm/year. However, con-

sidering the nonlinear phenomena identified in the region,

the precision of the velocity estimates can rise up to 2 mm/

year.

Data and software

ERS 1,2 (46 level_0 Images) and ENVISAT (37 level_0

images) data both from track 279 covering the period

1992–1999 and 2003–2010, respectively, courtesy of the

European Space Agency (ESA) were exploited. For the

analysis, orbital data were used from Delft University of

Technology and VOR data were offered by ESA. The

datasets and the connection graphs of the radar images used

in the SAR analysis procedure are presented in the Online

Resources of the study. Topographic corrections were

based on the SRTM Digital Elevation Model V3, 90-m

spatial resolution (e.g. Farr and Kobrick 2000), and the

mass processing was conducted with the StaMPS (Stanford

Method for Persistent Scatterers) algorithm (Hooper 2006;

Hooper et al. 2007) and also with the software SARscape

(from Sarmap, CH). Prior to the time-series processing

with StaMPS, the focusing was accomplished with ROI_-

PAC (Repeat Orbit Interferometry Package), developed by

California Institute of Technology and Jet Propulsion

Laboratory (NASA), and the interferograms were gener-

ated with DORIS (Delft Object-Oriented Radar Interfero-

metric Software).

Results

The full time-series analysis results are presented in Figs. 4

and 5, as derived by both PS and SBAS using the StaMPS

algorithm. The analysis shows that the metropolitan area of

Fig. 6 Combined results of the PS and SBAS techniques of the

broader area of Oreokastro. Known faults (black continuous lines)

from Ganas et al. (2013). During 1992–1999 (left) the maximum

subsidence value is 21 mm/year, and during the second decade (right)

the maximum uplifting value is 9 mm/year. The faults appear to

interact with the deformation pattern; they act as groundwater

barriers. Traces A–A0, B–B0, C–C0, D–D0, E–E0, F–F0 on the two maps

are the velocity cross sections and the topography profile presented in

Fig. 12a–f. Points 1–12 are selected locations (see ‘‘New tectonic

insights’’ section in the paper)
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Fig. 7 aMap showing the correlation of the time-series measurements of the first decade (subsidence) with failures detected in the field (left and

right). The light blue-light green dot is a point whose time-series is presented in (b). b Deformation time-series of the point in map of (a)
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Thessaloniki is relatively stable. When it comes to the area

southern of Oreokastro, close to Galini, subsidence is the

main deformation feature during 1992–1999, according to

both PS and SBAS (Fig. 4). However, during the second

decade (Fig. 5) there is a new pattern of deformation at the

same area that indicates an uplift. In Fig. 6, the combined

velocity result of the PS and SBAS (from StaMPS) for both

decades at the broader area of Oreokastro is presented. For

a further validation of the detected uplifting signal during

the second decade, the same dataset was analysed using a

different software; in order to cross-check the StaMPS

results, the SARscape software was used for the same SAR

acquisitions. All results from all implemented techniques,

from both software, are in accordance; the uplifting pattern

during 2003–2010 is fully confirmed. The SARscape

results can be found in the Online Resources of this study.

Repeated field inspections were performed in the area in

order to chart the potential building failures that the

deformation pattern might had created. Interestingly

enough, the detected deforming points which were esti-

mated from the SAR processing analysis have an absolute

spatial correlation with failures detected at the industrial

buildings during the field survey. In Fig. 7a, the detected

building failures are presented together with the detected

Fig. 8 Industrial areas of

Oreokastro are highlighted

within the hatched polyline. The

correlation of the SAR point

measurements indicating the

subsidence distribution (ERS

dataset) with the high water

demand industrial land use is in

agreement with the scenario

assigning the phenomena to the

aquifer overpumping
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deforming points from 1992 to 1999 and in Fig. 7b there is

a PS time-series graph of a point located at the same area.

In all cases, the failures were attributed to the differential

settlements of the building due to the subsidence.

Discussion

Driving mechanisms

For the broader industrial area of Oreokastro, one of the

scenarios that previous studies have proposed as a mech-

anism is a connection of the deforming signal with

seismicity and fault activity. This interpretation is not

supported by the magnitude of the detected deforming

signal in the 90s (-21 mm/year) which is far too large for

this small area to be solely due to tectonic activity. The

contribution of tectonic activity in the deforming signal is

either zero or negligible, and for the latter case it is valid

only for the period 1992–1999. The deformation history

over the two decades provides interesting insights; there

are extensional tectonics in the area that cannot be

expressed by an uplifting surface. Thus, the scenario of

tectonic activity and aseismic slip as the main driver

mechanism that caused the deformation pattern at

Oreokastro is rejected.

Fig. 9 Image presenting the groundwater recharge (in m) between winter 1995 and winter 2016. Positive values of the aquifers recharge contour

indicate recharge of the groundwater level
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Another plausible scenario for the detected deformation

could be the natural compaction of the sediments. How-

ever, this phenomenon cannot take place in already con-

solidated or even over-consolidated Neogene formations,

like the formations that occupy the narrow study area.

Furthermore, this scenario is not in accordance with the

change in the trend of the deforming pattern that took place

during the second decade, due to the fact that, fundamen-

tally, the subsidence due to natural compaction is irre-

versible. As a result, natural compaction cannot be

considered as the main driving mechanism of the defor-

mation phenomena.

Interesting conclusions can be extracted from the cor-

relation of the land use with the deformation pattern. The

focus area is one of the industrial zones of Thessaloniki.

This area hosts numerous water-consuming industries such

as textile and fabric production units, mineral oil and

lubricant production units, paint factories among others.

For decades, the need for water was covered by munici-

pality drills and also by private drills, in the latter case most

of them illegal. This status changed in 2008 when the

Thessaloniki Water Supply and Sewerage Co. SA (trading

as EYATH SA) connected Oreokastro to the water supply

network of Thessaloniki. Despite this fact, some private

drills are still in operation, nowadays. As presented in

Fig. 8, the areas with the largest amount of deformation are

clearly confined within the limits of the industrial zone and

as previously stated, within an area with overexploited

aquifers, at least before 2008.

To further exploit these options, the hydrogeological

regime of the confined aquifers of the study area was

examined by evaluating measurements of the ground-

Fig. 10 Inundation phenomena at Oreokastro due to the recovery of the underground water level (Photos taken in 2016)
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water level, conducted by the authors. Unfortunately, the

measurements refer to random campaigns conducted

since 1995 up to the present. According to these data,

the aquifers, which during the 1960s were artesian,

ended up at the winter of 1995 with a drawdown from

-60 to the maximum value of -200 m. On the contrary,

based on the data of the winter of 2016, the falling trend

was reversed and the aquifer recovered sufficiently pre-

senting groundwater level values from -10 to -55 and

in some cases with artesianism. The recharge of the

aquifer system is presented in Fig. 9. In order to con-

struct the contour curves that express the spatial distri-

bution of the groundwater recharge, Kriging techniques

were utilized at the groundwater level differences (be-

tween 1995 and 2016). Kriging is a technique for mak-

ing optimal, unbiased estimates of regionalized variables

at non-sampled locations using the structural properties

of the semivariogram and the initial set of data values

(David 1977).

The main advantage of Kriging is that it takes into

consideration the spatial structure of the parameter that is

investigated an approach that is not followed in other

methods like arithmetic mean method, nearest neighbour

method, distance weighted method and polynomial inter-

polation (Ly et al. 2013). Also, Kriging provides the esti-

mation variance at every estimated point, which is an

indicator of the accuracy of the estimated value (Kumar

2007).

The artesianism in the area was also expressed with

inundation phenomena with limited extent (Fig. 10). This

recharge could be attributed to two factors: firstly, to the

establishment of a water network at the industrial area,

Fig. 11 Differential interferogram presenting the interaction of the fault with the deformation pattern of Oreokastro
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connected with the water supply network of EYATH S.A.,

and secondly to the financial crisis that led numerous

industries to shutdown, reducing the overall water con-

sumption at the entire industrial zone.

Summing up, the detected deformation pattern as well as

the trend eversion can be clearly combined with the

hydrogeological regime of the study area and as a result the

groundwater variations can be considered as the main

driver mechanism of the land subsidence—uplift

phenomena.

New tectonic insights

A thorough look at Fig. 6 shows that there is a possible

relation of the faulting regime of the wider area with the

deformation pattern. The deformation pattern of the

2003–2010 dataset appears to be bordered to the west by

the extension of the Asvestochori fault. This can also be

seen clearly from the differential interferogram presented

in Fig. 11. Thus at first, the existence of the fault that

was presented by structural geologists in the past is also

detected via satellite-based observations. Secondly, the

fact that the deformation pattern related with aquifer

activity is affected by tectonic structures gives valuable

information regarding the effect of the fault to the extent

of the aquifers. Satellite remote sensing studies using

SAR Interferometry in Las Vegas Valley, Los Angeles,

Bakersfield and other areas (Amelung et al. 1999; Gal-

loway et al. 1999; Bawden et al. 2001; Lu and Danskin

2001) indicate that the existence of faults may play an

important role in the deformation pattern detected by

SAR Interferometry. In our case, the pattern detected at

Fig. 12 a–f Velocity and topographic profiles for the traces A–A0, B–
B0, C–C0, D–D0, E–E0, F–F0. The intersection of each trace’s profile

with the Asvestochori fault (Fig. 6) is denoted with a black vertical

line. The intersection of each trace’s profile with the previously

unknown structure is denoted with a red vertical line. Notice that in

either cases there is a low or sharp disturbance in the velocities
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the industrial area of Oreokastro appears to be a spatially

fault-controlled and confined deformation (Figs. 6, 11).

The extension of Asvestochori fault, south-west of

Oreokastro, appears to affect radically the stratigraphy of

the Neogene sediments controlling the extent and the

continuity of the aquifers, practically acting as a

groundwater barrier.

Moreover, the careful screening of the deformation

pattern reveals a feature that is not supported by any

known fault structure. More specifically, the localized

uplifting deformation pattern of 2003–2010 appears to

have an abrupt ending to the south-east, creating a linear

feature. In order to better investigate this, but also define

better the aforementioned interaction with the extension

of the Asvestochori fault, a series of velocity profiles were

created (Fig. 12a–f) at crucial locations together with the

topographic profiles for the same traces. The profiles’

surface traces (A–A0, B–B0, C–C0, D–D0, E–E0, F–F0) are

depicted in Fig. 6. Points 1–12 of Fig. 6 are located at

areas where the profile trace cuts either the unknown

linear feature or the Asvestochori fault. The points are

also notated in every velocity profile. Indeed, in the

velocity profiles it can be seen clearly that there is a

disturbance or change of the velocity trend each time that

it meets either the Asvestochori fault (these areas are

notated with black vertical lines in the velocity profiles)

or the proposed linear feature (these areas are notated with

red vertical lines in every velocity profile). The linear

feature is an unknown fault or structure that restricts the

deformation pattern which is either subsiding (Fig. 12a–c)

of uplifting (Fig. 12d–f). This previously unidentified

structure appears to lie at the area acting, as a ground-

water barrier. The proposed structure is presented in

Fig. 13. A drilling or a geophysical survey campaign can

be conducted at the area that would further enhance its

existence.

Fig. 12 continued
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Conclusions

The 1992–2010 datasets from ERS and ENVISAT are

exploited to monitor the surface deformation at the wider

area of Thessaloniki using a multi-technique and a multi-

software approach. The focus of our study is the industrial

area of Oreokastro, to the north of the city of Thessaloniki.

Previous studies have captured the deformation pattern of

the ’90s, when studying the broader region; however, none

of them focused solely to this area, to seek for a clear

interpretation. During the first decade, the deformation

signal indicates a clear subsidence related to the industrial

activities at the broader area of Oreokastro, causing

numerous failures to buildings. On the contrary, after 2000

the deforming trend has changed to uplift, a fact that made

the area an intriguing case study.

Seeking for the driving mechanism, the scenario of

tectonics was excluded due to the excessive deformation

rates that cannot be attributed to the tectonic activity.

Furthermore, the eversion of the deformation trend from

subsidence to uplift excludes the hypothesis of the natural

sediment compaction, since this mechanism is irreversible.

The fact that the subsiding deformation has been con-

fined within the limits of the industrial area with the

overexploited aquifers, as well as the fact that the defor-

mation trend changed radically to uplift when the con-

sumption of the groundwater was reduced, sets the

overexploitation of the aquifers as the main driving

mechanism of the phenomena. It should be mentioned that

this study is one of the few case studies worldwide where

surface rebound due to the recovery of groundwater levels

is thoroughly documented.

From a tectonic point of view, the shape of the defor-

mation pattern is well correlated with the network of faults

dominating the area. The satellite monitoring supports the

fact that the Asvestochori fault extends towards the NW. It is

Fig. 12 continued
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this extension that acts as a boundary of the aquifer, ren-

dering the detected signal as a fault-controlled deformation.

Moreover, this fault-controlled deformation revealed a new,

previously unknown tectonic structure. All above findings

provide substantial information for the geological regime of

the industrial area and its future development.
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and ‘trapdoor’ faulting on Galápagos volcanoes observed with

radar interferometry. Nature 407:993–996

Arnaud A, Adam N, Hanssen R, Inglada J, Duro J, Closa J, Eineder M

(2003) ASAR ERS interferometric phase continuity. In: Pro-

ceedings of IGARSS 2003, France, Toulouse

Battazza F, Ciappa A, Coletta A, Covello F, Manoni G, Pietranera L,

Valentini G (2009) COSMO-SkyMed Mission: a set of X-band

SAR Applications conducted during 2008. Ital J Remote Sens

41(3):7–21. doi:10.5721/ItJRS20094131

Bawden GW, Thatcher W, Stein RS, Hudnut KW, Peltzer G (2001)

Tectonic contraction across Los Angeles after removal of

groundwater pumping effects. Nature 412:812–815

Fig. 13 Localized deformation pattern of the second decade stops abruptly at its southern side, along a WNW–ESE linear feature, marked with

the red line, oblique to the known fault of the region. A previously unknown structure, optimum oriented to the active stress field, appears to exist

 195 Page 16 of 18 Environ Earth Sci  (2017) 76:195 

123

http://dx.doi.org/10.5721/ItJRS20094131


Bell JW, Amelung FA, Ferretti A, Bianchi M, Novali F (2008)

Permanent scatterer InSAR reveals seasonal and long-term

aquifer-system response to groundwater pumping and artificial

recharge. Water Resour Res 44(2):2407–2425

Berardino P, Fornaro G, Lanari R, Sansosti E (2002) A new algorithm

for surface deformation monitoring based on small baseline

differential SAR interferograms. IEEE Trans Geosci Remote

Sens 40(11):2375–2383

Bianchini S, Cigna F, Righini G, Proietti C, Casagli N (2012)

Landslide HotSpot mapping by means of persistent scatterer

interferometry. Environ Earth Sci 67(4):1155–1172

Bovenga F, Wasowski J, Nitti DO, Nutricato R, Chiaradia MT (2012)

Using COSMO/SkyMed X-band and ENVISAT C-band SAR

interferometry for landslides analysis. Remote Sens Environ

119:272–285

Brunori CA, Bignami C, Stramondo S, Bustos E (2013) 20 years of

active deformation on volcano caldera: joint analysis of InSAR

and AInSAR techniques. Int J Appl Earth Obs Geoinf

23:279–287

Burgmann R, Rosen PA, Fielding EJ (2000) Synthetic Aperture Radar

Interferometry to Measure Earth’s Surface Topography And Its

Deformation. Annu Rev Earth Planet Sci 28:169–209

Chen C-T, Hu J-C, Lu C-Y, Lee J-C, Chan Y-C (2007) Thirty-year

land elevation change from subsidence to uplift following the

termination of groundwater pumping and its geological impli-

cations in the Metropolitan Taipei Basin, Northern Taiwan. Eng

Geol 95:30–47. doi:10.1016/j.enggeo.2007.09.001

Cigna F, Bianchini S, Casagli N (2012a) How to assess landslide

activity and intensity with persistent scatterer interferometry

(PSI): the PSI-based matrix approach. Landslides 10:1–17

Cigna F, Osmanoglu B, Cabral-Cano E, Dixon TH, Ávila-Olivera JA,
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Introduction  
 
 

In this electronic supplementary material, in ESM_1, additional SAR time-series results 
for the time span 2003-2010 are presented. These are results that derived from the 
analysis of the SARscape software in order to further validate the uplifting trend 
detected in the StaMPS results of the same dataset.  Also, unwrapped interferograms of 
the StaMPS analysis of the ERS 1,2 and ENVISAT satellites are shown in ESM_2 (the  
spatial area covering is on map in ESM_3). In ESM_4 and ESM_5 the ERS and ENVISAT 
SLC connection graphs are shown. Tables with datasets are in ESM_6 and ESM_7. 
Finally another example that proves the deformation-fault interaction in Oreokastro, is 
shown in ESM_8.  



 

 

 

 

 

 

ESM_1 Results of PS processing at the broader area of study held with the SARscape software. 

The time span of the ENVISAT dataset is from 2003 to 2010. With the red rectangle, the area of 

interest of this study is denoted. As it can be seen, the industrial area of Oreokastro is under 

uplift. The SARscape results come in full accordance with those of StaMPS that are presented in the 

main text; the detected uplifting pattern is fully validated 



 

 

ESM_2 StaMPS Unwrapped Interferograms of ERS 1,2 & ENVISAT 



 

 

 

 

 

 

 

 

 

 

 

 

ESM_3 Area of unwrapped interferograms presented in ESM_2  

 

 

ESM_4 StaMPS SLC connection graph for ERS 1,2 satellites   



 

ESM_5 StaMPS SLC connection graph for ENVISAT satellite   

 

 

 

 

 

 

 

 

 

 

 

 

 



      ESM_6 ERS dataset that was used in the time-series analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dates Perp. Baseline(m) Δt (days) 

12-Nov-92 127 m -933 

19-Aug-93 -318 m -653 

28-Oct-93 593 m -583 

03-Jun-95 0 m 0 

13-Aug-95 100 m 71 

30-Dec-95 445 m 210 

31-Dec-95 199 m 211 

09-Mar-96 527 m 280 

14-Apr-96 201 m 316 

18-May-96 157 m 350 

19-May-96 82 m 351 

01-Sep-96 -67 m 456 

06-Oct-96 -506 m 491 

15-Dec-96 -369 m 561 

04-May-97 -310 m 701 

08-Jun-97 -15 m 736 

13-Jul-97 -361 m 771 

17-Aug-97 -158 m 806 

21-Sep-97 -110 m 841 

30-Nov-97 129 m 911 

04-Jan-98 -261 m 946 

19-Apr-98 206 m 1051 

28-Jun-98 116 m 1121 

02-Aug-98 221 m 1156 

06-Sep-98 -831 m 1191 

28-Feb-99 47 m 1366 

13-Jun-99 48 m 1471 

18-Jul-99 340 m 1506 

22-Aug-99 -525 m 1541 

26-Sep-99 481 m 1576 



 

ESM_7 ENVISAT dataset that was used for the time-series analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Dates Perp. Baseline(m) Δt (days) 

9-Mar-03 -404 -2065 

22-Jun-03 -232 -1960 

11-Jul-04 -231 -1575 

24-Oct-04 394 -1470 

6-Feb-05 -474 -1365 

13-Mar-05 366 -1330 

17-Apr-05 156 -1295 

22-May-05 -126 -1260 

4-Sep-05 639 -1155 

26-Feb-06 -317 -980 

11-Jun-06 -314 -875 

16-Jul-06 793 -840 

11-Feb-07 -298 -630 

5-Aug-07 -158 -455 

6-Apr-08 221 -210 

20-Jul-08 48 -105 

2-Nov-08 0 0 

11-Jan-09 -49 70 

15-Feb-09 -79 105 

26-Apr-09 -155 175 

31-May-09 31 210 

13-Sep-09 342 315 

22-Nov-09 209 385 

27-Dec-09 -379 420 

7-Mar-10 -213 490 

11-Apr-10 136 525 

20-Jun-10 -2 595 



 

 

ESM_8 Another DInSAR example of deformation-fault interaction in the area of Oreokastro 
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