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Land subsidence in the broader Kalochori village region, at the west side of Thessaloniki, has been recorded since
the early 1960s reaching gradually, next to the coastline, maximum values of 3–4m. Temporalmonitoring of ter-
rainmovements are exploited and combinedwith in-situ data to enhance understanding of the deformation sig-
nals. Persistent Scatterer Interferometry (PSI) and Small Baseline Subset (SBAS) multi-temporal Interferometric
approach are applied for the analysis of a 20 year ERS 1, 2 and ENVISAT dataset. The velocities estimated for the
ERS dataset are in excellent accordance with previous studies, depicting subsidence with magnitude up to
35 mm/year. The intriguing output of the ENVISAT data archive (2003–2010) shows that, during the second de-
cade, therewas a change inmotion trend, from subsidence to uplift. The fact that this uplifting trend of the second
decade is well correlated with hydrogeological data of the area that show a synchronous rise of the aquifer level,
verifies the dominating driver of the human factor concerning the land subsidence phenomena taking place the
last 55 years. This conclusion is further supported by the fact that since 2007 the uplifting signal becomes
smoother, following the smoother recovery of the aquifers.

© 2016 Elsevier B.V. All rights reserved.
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Ground truth data
1. Introduction

The use of SAR Interferometry techniques can reveal and map the
surface deforming areas with great precision (e.g. Fruneau and Sarti,
2000; Le Mouelic et al., 2002; Massonnet et al., 1993; Wright and Stow,
1999). Groundwater level variation can have an impact at the surface de-
formation (e.g. Galloway et al., 1998; Ikehara and Phillips, 1994) and In-
terferometric Synthetic Aperture Radar (InSAR) techniques have been
among the tools successfully applied for the study of deformation due
to the activity of aquifer systems (e.g. Amelung et al., 1999; Bell et al.,
2008; Galloway and Hoffmann, 2007; Galloway et al., 1998; Zhong and
Danskin, 2001). Worldwide, numerous studies have highlighted
the occurrence of subsidence due to groundwater overpumping (e.g.
Phien-wej et al., 2006; Raspini et al., 2013, Taniguchi et al., 2009). On
the contrary, uplifting deformation due to natural rebound has been re-
ported only for limited sites, as for example in the work of Chen et al.
(2007) inMetropolitan Taipei Basin or Ishitsuka et al. (2014) at the Bang-
kok plain, who reported the phenomenon at a previously subsided site.
ysics, Aristotle University of
The urban expansion and the economic activities related with
everyday life, affect the natural evolution of the landscape and the
physical processes. In Greece, this interaction is most pronounced in
Kalochori and Sindos, two sites that are strongly related to industrial
activities, especially related to the metropolitan city of Thessaloniki
(Fig. 1). At these sites, a subsiding trend was first detected in the
1960s and was highlighted from studies using ground truth techniques
(Andronopoulos et al., 1990; Doukas et al., 2004;Hatzinakos et al., 1990;
Loupasakis and Rozos, 2009; Rozos and Hatzinakos, 1993; Stiros, 2001)
but it was after 2000 and the advent of satellite technology that boosted
more detailed studies (Costantini et al., 2016; Mouratidis et al., 2009;
Psimoulis et al., 2007; Raspini et al., 2014; Raucoules et al., 2008). ERS
1, 2 data from the 90s successfully verified the subsidence phenomena
adding new information on their distribution and deformation rate.

A change in the sense of motion, was first identified in a preliminary
ENVISAT SAR data analysis, for the post 2000 period, which indicated
that both Sindos and Kalochori are uplifting (Svigkas et al., 2015). The
further investigation of this phenomenon and its mechanism is the sub-
ject of this work. To this end, the approach applied seeks to exploit the
advantages of repeat pass space born SAR Interferometry and apply
the well-established techniques of Persistent Scatterer Interferometry
(PS) and Small Baseline Subset (SBAS) for the detection of surface
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Fig. 1. Locationmap of the broader area of interest. Red rectangle shows the study area of Kalochori and Sindos. The insetmap ofGreece, presents the location of the study areawith a green
rectangle. For the elevation data the shuttle radar topographymission (SRTM) DEMwas used. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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deformation. The velocities presented here, constitute a combined re-
sult of these two techniques and they are cross-checked with
hydrogeological data. Combining SAR Interferometry with hydrogeolo-
gy leads to a validation of the remote sensing results and to an interpre-
tation of the driver mechanism.

2. The subsidence history of Kalochori and Sindos

Kalochori and Sindos are located at Thessaloniki plain, which ex-
tends at the western part of Thessaloniki city. The Thessaloniki plain,
Fig. 2. Seismicity (red circles) for the broader area. The seismicity data cover the period 1980–
connectedwith theMygdonian Basin. The beachballs denote the focalmechanismsof the strong
~N-S extension. The dashed rectangle marks the region under study. (For interpretation of the
article.)
the largest deltaic plain in Greece (~2000 km2), is surrounded by
mount Vermio (2100 m) and Pieria hill from the south and mount
Paiko (1600m) from the north (Fig. 1). The plain is crossed by the rivers
Axios, Loudias and Aliakmon, which constitute an important geomor-
phological factor that formed the site as it is today.

The area of Kalochori and Sindos used to be a delta some thousands
years ago (Psimoulis et al., 2007). Numerous archaeological discoveries,
like the remains of the ancient port of Pella (Petsas, 1978), which was a
harbour at the times of Alexander the Great, give insights about the con-
tinuously changing geomorphology. During the years, the human factor
2016 and the size of the symbols scales with magnitude. Most of the modern seismicity is
er (Mw N 4) earthquakes of the region, and as seen thepresently acting stressfield denoted
references to colour in this figure legend, the reader is referred to the web version of this
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Fig. 3. Failures at Kalochori region resulted from the subsidence phenomena. a) Pipe upheaval, b) Damages at the Electricity Network. The photographs were taken in July 2012.

Fig. 4.Geological map of the area (modified after IGME, 1978 and Raspini et al., 2014).With red triangles two drills are denoted. Bellow themap theDrills` logs and the aquifers succession
are presented. Drill loggings are from Andronopoulos et al. (1990). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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had the key-role for the evolution of morphology at this particular plain
(Sivignon, 1987). Indicative examples of human intervention at the
plain, since the ancient times, would include: diversion and alignment
of rivers, the development of an irrigation network, construction of
dams, overpumping of the underwater aquifers (Kapsimalis et al.,
2005). The formation of the basin bearing the present morphological
featureswas the result of the intense active tectonics of the Upper Pleis-
tocene (Syrides, 1990).

The modern seismicity and tectonic activity in the broader region is
summarized in Fig. 2. The focal mechanisms (beach-balls) of the stron-
ger earthquakes (Mw N 4), depicted in the figure, clearly show these are
mainly located in the Mygdonian basin, and are all connected with nor-
mal faulting. The present day stress field in the broader region suggests
approximately N-S extension, in accordance with the E-W strike of
major active structures (Kiratzi, 2014 and references therein). The re-
gion under study (dashed rectangle) is related with sparse microseis-
micity and the available focal mechanisms for a moderate sequence
which occurred in 2012 close to region indicate strike-slip motions
along NE-SW trending planes.

At coastal areas in general, the phenomenon of subsidence can re-
markably raise the risk of flooding. Delta municipality (where Kalochori
and Sindos belong to) is just a few meters above the sea level and the
coastal front of Kalochori lies below it. In 1964 there was the first detec-
tion of subsidence in the formof seawater invasion. At 1965 an intensive
rainfall took place, causing seawater inundation threatening the houses
located at the southern part of Kalochori. As a countermeasure, in 1969
the government built the first embankment to protect the area from the
Fig. 5. Image presenting the groundwater recharge (inm) between June 2000 and June 2015. Th
values of the aquifers recharge contour indicate uplifting of the ground water level.
sea. Unfortunately, this construction has frequently suffered severe
failures. All the efforts aiming to reinforce the embankment were in
vein. The first collapse occurred four years after its construction and a
new construction was built in 1976. However, before the end of the
1970s, it was completely destroyed. The need for the protection of the
coastal area led the government to takemoremeasures against the haz-
ard and thus in 1980 a larger embankment (the one that still stands
today) was constructed that was considered to be more suitable to
face thewave loadings and the subsidence deformations. Unfortunately
this man-made sea-barrier isolated an area of land, turning it into a la-
goon. In order to avoid new flood phenomena, pumping stations were
widely used duringwet seasons. The continuous subsidence has caused
significant damage, as for examplewaterwell pipe protrusion, farmland
flooding and loss of infrastructures (Fig. 3). Even today, extremeweath-
er events cause extensive surface flooding, as the plumbing stations are
incapable to drain the coastal area located below sea level.

At this point it should be noted that at the entire study area neither
surface ruptures nor differential displacements have been reported,
despite the intensity of the land subsidence phenomena. This phenom-
enon is unique, at least in Greece, and it can only be attributed to the
absence of faults intersecting the top layers within the narrow limits
of the study area. It is a fact that the faults' offset create intense varia-
tions at the thickness of the compressible formations leading to the
manifestation of differential displacements in case of ground water
drawdown (Loupasakis et al., 2014).

The aforementioned hazardous facts have invoked a rising interest
among the scientists to elucidate the driver mechanism, and various
e dots are SAR data indicating displacements along LOS inmm/year (2003–2010). Positive
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Table 1
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

Table 2
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
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ideas were discussed about the nature of the subsidence. The Kalochori
and Sindos sites have been studied using ground truth, levelling, GPS
and InSAR techniques (e.g. Costantini et al., 2016; Doukas et al., 2004;
Mouratidis et al., 2009; Psimoulis et al., 2007; Raspini et al., 2014;
Raucoules et al., 2008; Stiros, 2001). The general consensus amongst
scientists was that the detected subsidence is mainly attributed to the
excessive ground water pumping (Andronopoulos et al., 1990;
Hatzinakos et al., 1990; Loupasakis and Rozos, 2009; Raspini et al.,
2014; Rozos and Hatzinakos, 1993) while additional deformations due
to natural compaction of loose Quaternary deposits cannot be excluded
(Psimoulis et al., 2007). Several other scenarios have also been pro-
posed. For example, Doukakis (2005) linked the deformation to the ef-
fects of the caused coastal erosion and sea level rise due to climate
change. A more geotechnical approach included coastal flowing sand
phenomenon and the consolidation of the loose silty-clay deposits
(Dimopoulos, 2005). Stiros (2001) attributed the detected subsidence
to the cumulative effect of a piezometric surface decline, the oxidation
of peat soils in the vadose zone, the synsedimentary deformation of
the delta, the consolidation of the deeper sediments (as a result of the
upper strata loading) and the consolidation of near surface sediments.

3. Geological and hydrogeological facts of the study area

3.1. Geological and hydrogeological setting

The wider, Sindos and Kalochori areas founded over Quaternary
deposits. Sands, clays and silty clays are the main contents of these
deposits (Hatzinakos et al., 1990; Rozos et al., 2000) (Fig. 4). North
and northeastern of the study area there are sandstones, and red clays,
contents of the Neogene basement outcrop. Their depth underneath
Kalochori is known to be at 700 m (Demiris, 1988).

The upper strata of the Quaternary formations, down to a depth of at
least 200 m, can be divided in three horizons. According to Rozos et al.
(2000) the order is: a) a sandy horizon, b) an impermeable silty clay
layer and c) alternating layers of coarse and fine sediments. The upper
horizon consists of yellow-brown fine to medium grain sands with
silty bands intercalations. At a depth of 25 to 35 m, at the Kalochori re-
gion, and a few meters shallower at the wider Sindos area, lies the un-
derlying impermeable silty clays horizon. Finally, the deeper horizon
consists of alternating brown sands and black-grey silty sands
(Loupasakis and Rozos, 2010). The uppermost sandy horizon hosts a
shallow unconfined aquifer. This shallow aquifer contains very poor
quality water, has an upper level of 1.3 m and a lower level of 3 m.
The thickness of this underground water body is 10 to 15 m. Below
the silty clay impermeable horizon, lies an artesian aquifers system
with good water quality, hosted inside the alternating layers.

3.2. History of the water level changes

Back in the 1950s at the study area, the lower aquifer system was
artesian. On the contrary, that was not the case for the next decades,
which were characterized by a continuous lowering of the piezometric
surface of the deeper aquifer (Raspini et al., 2014). At the wider area
of Kalochori and Sindos more than 400 deep wells were extracted
(Soulios, 1999) and except those of the Water Supply Company, the
vast majority of the rest were unauthorized high consumption industri-
al drills. The lowering of the piezometric surfacewasmore intense since
the early 1980swheremany deep drills had already been active and the
decrease of the confined aquifer's level was lowered down to 40 m
(Andronopoulos et al., 1990). On the contrary, all this years' piezometry
of the upper unconfined aquifer has not been subjected to any change.
This is due to the fact that the water quality of the upper aquifer is
low leading to its light exploitation. Furthermore the intense cultivation
of rice at the majority of the farmlands of the area kept this aquifer to a
continuous recharge.
In the mid-1980s a temporary groundwater level recovery of 5 to
15m occurred since theWater Company had stopped pumping, aiming
to control land subsidence phenomena. At the late 1990s the increasing
water consumption, by the industries, led the underground water level
to be at its maximum depth of 35–40 m below ground level (Raspini
et al., 2014, Soulios, 1999). Interestingly enough, in 2012 the aquifer
appeared to be partially recovered and the water level was located
from +1 above to 8 m below ground level. The spatial distribution of
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the groundwater level recovery between 2000 and 2015 is presented in
the form of equal recharge contour lines in Fig. 5. It is clear that at 2015
the water level appears to be recovering; throughout the entire study
area. The aforementioned recovery is highly connected with the eco-
nomic crisis that has led most of the industries to shut down, reducing
radically the water consumption.

4. Data processing and adopted methods of Remote Sensing

4.1. Software

The open source software StaMPS (Stanford Method for Persistent
Scatterers) (Hooper, 2006; Hooper et al., 2007) was used. For time se-
ries studies, the use of StaMPS, requires additional software, prior to
the mass processing. For this purpose ROI_PAC (Repeat Orbit Interfer-
ometry Package), developed by California Institute of Technology and
Jet Propulsion Laboratory (NASA), is used for the focusing of the raw
radar data and DORIS (Delft object-oriented radar Interferometric soft-
ware) for the Interferograms generation.

4.2. Input data & methods adopted

4.2.1. Input data
SAR data provided by ESA (European space Agency) from the satel-

lites ERS 1/2 & Envisat and for the time spans 1992 to 2000 and 2003 to
2010 respectively are analysed for the estimation of the surface defor-
mation. The initial dataset consists of 46 Images (level_0) for ERS mis-
sions and 37 (level_0) for ENVISAT, both from the track 279 from the
descending mode. The final used dataset is presented in Tables 1 and
2. The SRTM DEM was used for the topographic correction. For Orbital
Fig. 6. Differential Interferogram of the pair of the acquisitions: 17 September 1995 and 1 Se
coherence. This is due to the agricultural lands of Thessaloniki Plain. The areas of Kalochori a
form the “fringes”: repeated colour cycles) as it can be seen on this phase map. (For interpre
version of this article.)
corrections the information from the Department of Earth Observation
and space systems (DEOS) of the Delft University of Technology and
VOR data from ESA were adopted. Moreover, ground truth data from
field surveys and hydrogeological data from the water supply and Sew-
erage Company of Thessaloniki are taken into account for the validation
and interpretation of the detected signal.

4.2.2. Interferometry techniques employed
Differential Interferograms are the starting basis for the SAR time

series analysis. For the generation of an Interferogram, the level_0
products (raw satellite data) are focused for the creation of a Single
Look Complex Image (SLC). Cross-correlation techniques are then
used to co-register two SLC images, acquired over the same area of
interest at different times, and estimate the coherence of the Interfero-
metric phase. As time goes by, an area on land is being subjected to
minor or major changes on the surface. The less the changes, the higher
the coherence. Thus, in urban areas high coherence is expected, where-
as in agricultural lands or wetlands (i.e. in areas where there are
frequent surface changes) low coherence is expected.

After the co-registration the phases of the two SLC images are
subtracted and an Interferogram is formed. Corrections are then applied
to account for the contribution of the earth's curvature and the topogra-
phy using an a priori known Digital Elevation Model. The result is a
wrapped Differential Interferogram (DInSAR) that depicts the crustal
deformation which occurred between the two passes of the satellite
(Fig. 6). A critical subsequent step is the unwrapping of the Interfero-
gram where the phase differences are translated to absolute distances
from the satellite (in the Line of Sight). Throughout the whole proce-
dure, spatial filtering is an important factor to increase Signal-to-Noise
levels. For further information on SAR Interferometry the reader should
ptember 1996. Areas with random colours (at the south western part) are areas of low
nd Sindos are located in detected deforming areas (areas with non-random colours that
tation of the references to colour in this figure legend, the reader is referred to the web
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refer to Dixon (1994); Massonnet and Feigl (1998); Massonnet (1997);
Zebker and Goldstein (1986).

The Permanent Scatterers (PS) Interferometry (Ferretti et al., 2000,
2001) creates a network of SLC pairs in which all of the SLC slaves are
connected with a unique SLC image (master) selected by the analyst.
The selection lies on the basis of maximising the expected ensemble co-
herence considering the perpendicular, Doppler and temporal baselines
(Hooper et al., 2007). The pairs are the differential Interferograms to be
formed. The procedure searches in the stack of the Interferograms for PS
candidates. The latter are specific points in the study area that pass the
criteria of stable radiometric characteristics throughout time. These
points, strongly correlated in time and space, are the points on the
Fig. 7. a Connection graph showing the Differential Interferograms created for the SBAS techniq
technique for the ENVISAT dataset.
surface at which ground velocities are going to be estimated. Most of
the times, PS can be urban constructions, metallic fences, corner reflec-
tors etc. Areaswith frequent surface changes throughout the time of the
study are areas with low coherence. This is due the fact that there is a
different amount of micro-wave backscattering to the satellite at each
acquisition. For the points of low coherence there is no information on
the deformation and they are not considered as PS. With the PS tech-
nique there is the ability to have precise mm-scale measurements of
unique objectives-targets on the ground.

Themethod of Small Baseline Subset (SBAS) (Berardino et al., 2002)
has the aim to minimize the geometric decorrelation using small base-
lines (the vertical distance between the two satellite trajectories).
ue for the ERS dataset b Connection graph showing the SLC network created for the SBAS
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A connection graph of SLC pairs (DInSAR's) is created based on the
choice of the maximum allowed baselines and the maximum allowed
temporal separation. The technique minimizes the effect of limited co-
herency. Although not so accurate like PS, the advantage is that SBAS
gives a broader sense of the deforming surface by offering more pixel
measurements.

SBAS and PS are different SAR time-series methods to measure
ground deformation. In general, we would say that for the study of tec-
tonic movements SBAS appears to be a more suitable choice because it
gives the sense of the deformation of larger areas of terrain by offering
more point coverage. On the other hand, for high accuracy measure-
ments in the urban environment PS is more reliable. The StaMPS algo-
rithm offers the opportunity to combine these two and have a merged
final result.

5. Application results and discussion

Correlating the deformation history, as presented through the SAR
time-series analysis, with hydrogeological data, a high connection was
found. The connection graphs, showing the created SLC image pairs
during the mass processing, for both datasets, are presented in Fig. 7a, b.
Fig. 8.Velocities from1993 to 2000 as derived by the analysis of ERS 1& 2 data. During this time
the inset in the upper right, shows the direction of the descending path and vertical smaller ar
For the time series analysis the reference point was set at an area
where there is absence of deformation (at the center of the city of
Thessaloniki). Figs. 8 and 9 show the deformation velocities for the pe-
riod 1992–2000 and 2003 to 2010, respectively. As it can be seen the de-
formation patterns of Figs. 8 and 9 present opposite trends. From 1992
to 2000 a subsiding surface was revealed (more than 20 mm/year) and
from 2003 to 2010 there is uplift (up to 12mm/year).When it comes to
the spatial amount of the uplifting pattern, Kalochori is having larger
values of uplift, when compared to Sindos.

A technical validation of the results stems from the fact that these
very interesting ground velocity estimations were measured by all the
three techniques applied (PS, SBAS, Merged result). In order to further
validate and interpret these results, ground truth data were exploited.

In Fig. 5 the velocities derived from the SAR analysis are compared
with the groundwater level recovery between 2000 and 2015, present-
ed in the form of equal recharge contour lines. Positive contour values
indicate recharge and, there is a clear relation of the uplifting trend de-
tected by the SAR analysis with the spatial distribution of the aquifers
recovery. There is not a straight correlation between the maximum
water level recharge values and the maximum amount of uplift
throughout the whole area. That is due to the fact that except the
period the study areawas subsidingwith a rate of 20mm/year. The large arrowdepicted in
row shows the line of sight direction of the satellite.



Fig. 9. Velocities from 2003 to 2010 from the analysis of ENVISAT data. The area is subjected to uplift. The uplifting rates are up to 12mm/year. The green rectangles (1 and 2) denote the
location of thedrillswhose datawere used for designing the curves of Fig. 10 and Fig. 11. The large arrowdepicted in the inset in theupper right, shows thedirection of the descendingpath
and vertical smaller arrow shows the line of sight direction of the satellite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 10. Graph comparing the ground water level variations at Drill 1 with the surface deformation time series at a nearby data point produced by the SAR analysis.
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Fig. 11. Graph comparing the ground water level variations at Drill 2 with the surface deformation time series at a nearby data point produced by the SAR analysis.
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ground water level, the different geotechnical characteristics and the
stratigraphy variations affect the uplift ratio.

In the same context, a more in-depth analysis was conducted by de-
signing the graphs of Figs. 10 and 11. The two-decade of deformation
history were plotted together with the ground water level measure-
ments at, neighbouring time series velocity points and drills (green
rectangles in Fig. 9). When looking at the general trend of both graphs
(Figs. 10 and 11), the surface deformation is presenting three distinctive
trends. The first one (negative slope) is expressing the first period
where subsidence was occurring. The second one (positive slope)
after 2000 presents the uplifting trend. And finally the third one (posi-
tive slope) after 2007 denotes a smoother uplifting trend. The correla-
tion of the subsiding trend with the aquifer water level measurements
makes clear that the changes of the aquifer level is followed by a propor-
tional response detected at the surface.

It is really important to point that there is a sufficient time-lag be-
tween the recharge initiation and the responding uplift at the ground
surface. As presented in Figs. 10 and 11 this time-lag is approximately
1.3 to 2 years and it can be completely justified by the consolidation the-
ory (Terzaghi, 1943). Specifically, the swelling index, Cs, representing
the increase of the void ratio, e, as a function of the reduction of effective
stress, σef, is 5 to 10 times smaller than the compression index, Cc,
representing the reduction of the void ratio, e, as a function of the incre-
ment of effective stress. Thus, soil formations swell 5 to 10 times less
when a load is removed, than compress when the same amount of
load is applied. That means that in order to get measurable swelling
indications the reduction of the effective loads has to be intensive.
This is why, at the typical oedometer test, maximum loading is gradual-
ly applied in more than five stages and unloading in just one stage, by
removing all loads at once.

In the case of aquifer recharge the unloading is applied by the incre-
ment of the pore pressure, decreasing proportionally the effective
stresses. As it can be seen at the graphs of Figs. 10 and 11, at the current
case study in order to get some swelling indications at the surface the
ground water level had to get uplifted for at least 8 to 15 m, succeeding
a proportional reduction of the effective stresses equal to 100 kN/m2.
This 8 to 15 m recharge took approximately 1.3 to 2 years to take
place, justifying the time-lag.
6. Conclusions

Time-series surface deformation analysis is carried out for the areas
of Sindos andKalochori and for the interpretation and validation ground
truth based data were used. Sindos and Kalochori (parts of the Delta
municipality) are both industrial suburbs of the city of Thessaloniki.
ERS and ENVISAT images covering the study area, from 1993 to 2010,
have been analyzed by generating more than 250 Interferograms.

For the wider study area various studies have already highlighted a
subsiding trend, attributed bymost of the researchers to the overexploi-
tation of the aquifers. SAR Interferometry is one of the tools widely used
up to now for the detection and investigation of subsidence phenomena
occurring from 1993 to 2000. In this study, the previously detected
subsidence is validated, whereas now an uplifting trend is highlighted
for the same area from 2003 to 2010.

The detected deformation rebound of 2003 to 2010, occurring in
agreement to the recharge of the aquifers, proves that the ground
water overexploitation was the driving mechanism of the subsidence
phenomena all these decades. Even though the parallel activity of
other phenomena, such as natural compaction and soil oxidation cannot
be excluded, the detected rebound leaves no room for other specula-
tions concerning the dominant driving mechanism. It is clear that
even though other deformation mechanisms might be occurring, their
contributionwas neglectable and unable to restrain the surface rebound
that took place the last decade. The most intriguing result of the valida-
tion procedure was the detected 1.3 to 2 years long time-lag between
the recharge initiation and the responding uplift of the ground surface.
This fact is recorded and reported for the first time and it is clearly
justified by the consolidation theory.

The physical interpretation of the observed uplift phenomenon is
linked to the fact that at the beginning of the 20th century the econom-
ical status at the industrial areas of Kalochori and Sindos changed. Sev-
eral water consuming industries of the secondary economic sector, such
as textiles, clothing and skin processing industries, shut down and their
place was taken by companies of the tertiary economic sector, such as
logistics and import–export companies. This change on the economic
status of the area together with the national economic collapse led to
the gradual reduction of the ground water consumption and as a result
to the aquifers recharge.

Nevertheless due to the fact that the study areas remain an impor-
tant industrial and traffic in transit centre for southeastern Balkans,
the recommendations derived from the current work, clearly support
the need for a comprehensive water management strategy that would
include detailed hydrogeological studies in order to avoid the re-
generation of the hazard of the past in the future. The measures to be
taken and the strategic plan, rely within the authorization of the
Greek government.
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