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ABSTRACT

Land subsidence is a major threat in urban areas. Continuous vertical displacements
over time can severely damage linear infrastructures, such as bridges, road networks,
railways, and pipelines, and create serious building stability problems when
differential settlements occur. This ground deformation phenomenon may occur as a
consequence of natural processes, such as organic soils oxidation [1,2], the collapse of
underground cavities [3-5], and natural compaction [6], or due to anthropogenic
processes, such as groundwater overexploitation [7-12] or as a combination of both
natural and anthropogenic processes. Another phenomenon manifested in coastal
areas and presented in this study is flooding. Sea level rise (SLR) accompanying
climate change has begun to cause significant damage in coastal areas around the
world.

The detection, measurement, and monitoring of land subsidence are crucial for both
urban areas and infrastructures. Interferometric Synthetic Aperture Radar (InSAR) is
a well-established method for monitoring ground displacement phenomena and is
successfully applied in a variety of Earth deformation studies around the world and
Greece. Numerous land subsidence sites in Greece have been detected and analyzed
using InSAR techniques [13-32].

The current study focused on land subsidence phenomena along the coastal areas of
Messolonghi and Aitolikon during the last decade, using the Persistent Scatterer (PSI)
interferometry technique and ground truth data. The Persistent Scatterers
interferometry technique was implemented in Sentinel-1 SLC images from 2015 to
2021 to perform a time series analysis of the line-of-sight (LOS) displacements in the
affected areas. The parallelized PSI (P-PSI) processing chain [33], developed in the
Operational Unit BEYOND Center for EO Research and Satellite Remote Sensing of
the National Observatory of Athens (NOA), was used for the processing of SAR data
and the extraction of the LOS deformation field. The estimated LOS displacements
verified the land subsidence phenomena in both sites. The velocities of permanent
scatterers, combined with the geological, geotechnical, and hydrogeological data,
validated the observed Permanent Scatterers” negative velocities and enabled a more
accurate interpretation of the phenomenon

The city of Messolonghi is surrounded by the homonymous sea lagoon. The
surrounding area consists primarily of cultivated land, while some swamps and saline
soils can be seen around the lagoon and along the river deltas. Sandy islets on the front
of the lagoons are a particularly sensitive morphological element crucial for
preserving the lagoon system. On the other hand, Aitolikon is situated in the center of
the Aitolikon Lagoon, 10 kilometers northeast of Messolonghi. Two 19th-century stone
arched bridges, each approximately 300 meters long, connect it to the shore on both
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the east and west sides. Aitolikon initially consisted of 4-5 very small islands in the
center of a lagoon, which were completely submerged during the winter. The first
attempts to link the islands were conducted by fishermen using wooden piles and
earth fills. Over the years, continuous filling was added, resulting in the formation of
an irregularly shaped island 300 m in diameter. The last filling was added in 1969,
with particular attention paid to the north and south sides. The addition of fillings
enabled the building of more houses in the reclaimed area. However, the north side
especially presented major problems as the buildings’ foundations were under the
water.
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Figure 1. Hydrographical map of Messolonghi greater area

Regarding the geological setting of Messolonghi, the city occupies a flat lowland and
is founded on Quaternary alluvial deposits consisting of fine grain sediments (clays,
silts, and sands). The stream of Agrilia, originating from the Arakynthos mountain,
has been the main provider of fluvial deposits of the Messolonghi narrow site.
Currently, the stream travels along its natural course until it is forced to loop around
the city (Figure 1). It is believed that the area's first settlers changed the course of the
river, preventing the city from flooding. In this case, diverting the stream has
prevented the river sediments from reaching the coastal areas, and thus the natural
land subsidence has not been offset by the sediment accumulation.
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Figure 2. Geological maps of the Messolonghi (left) and Aitolikon (right) modified by Hellenic Survey of Geology & Mineral
Exploration (HSGME) (1987-1990)

According to data obtained from geotechnical boreholes, the Quaternary formations
consist of recent alluvial deposits (Figure 2). The loose Quaternary coastal deposits
extend horizontally along the site consisting of soft clay horizons intercalated with
sandy silt to silty sand and silt, reaching down to a maximum depth of approximately
100 m. Focusing on the top layers bearing loads of the buildings, there are several fine-
grain layers in continuous alternation, including an organic clay layer with a varying
thickness of 5-10 m, organic clayey silt to silt layer, 5-10 m thick, and a clayey sand to
sand layer with a thickness of 2-3 m (Figure 3b). The organic clay layer contains a
significant amount of plant residue and limestone fragments. Investigations of the soil
formations in the greater Messolonghi area revealed that the clay layers are rich in
shell and biogenic particles [34]. The content of organic material in the clay layers is
significant, ranging from 5 to 13%. In several locations in the city, the organic clay
horizon is located above the water level, thus manifesting in the oxidation of the
layer’s organic content. According to the geological maps by the Hellenic Survey of
Geology and Mineral Exploration (HSGME), the Pliocene deposits have a thickness of
80-100 m. Underlying that formation is the flysch with a thickness of 1200-1400 m,
followed by the Paleocene and Senonian limestone with a thickness of 300-400 m.
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Figure 3. (a) Geotechnical borehole locations in Messolonghi (b) Indicative logs along the cross section of (a).

A total of 44 drilling profiles (Figure 3a) and over 100 oedometer tests were collected
for the city of Messolonghi from the Hellenic Survey of Geology and Mineral
Exploration [35,36], the Central Laboratory of Public Works archives [37,38], and
private geotechnical consultants’ reports [39]. These data were analyzed and
statistically processed. According to the test results, all layers detected in the study
area are highly compressible, presenting high to very high compression index (C)
values ranging from 0.187 to 0.467. Additionally, as indicated by the low standard
penetration test values (Nser), they can be described as very soft to moderately stiff.
For instance, the organic clay layers of the coastal deposits, constituting most of the
formations, can be identified with SPT values between 3 and 18.

In the broader Messolonghi area, there are two aquifer systems, a karstic aquifer
system within the Alpine-pre-Alpine bedrock formations (Pc-Ek and Ks.k) and the
one developed in the Quaternary formations, occupying the wider plane area
extending west of Messolonghi. The shallow unconfined aquifer recharges by both
lateral karstic water overflow along the foothill and through the scree and by filtration
of surface water, which fluctuates due to the mean sea level rise. Nonetheless,
previous boreholes indicated the mean groundwater level inside the city of
Messolonghi at around 2 m below the surface. According to the groundwater contour
lines, the aquifer flows from the foothills of the Arakynthos mountain, behind the
study area, and to the south-southwest toward the coastline. This aquifer also
recharges the permeable phase of the flysch. A previous hydrochemical study has
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identified increased salinity in the groundwater toward the coastline, which can be
related to seawater intrusion and possibly the dissolution of the salt content of the
sediments [34]. In Aitolikon, the hydrogeological conditions are predictable. The
lagoon water penetrates the earth fill material, and the groundwater level can be
identified as 1.0 to 1.5 m under the ground, at the sea surface level.
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Figure 4. (a) Projected Mean Sea level change in coastal Greece according to RCP scenarios (b). Projected Mean Sea level
change at Messolonghi lagoon according to the SSP scenarios

The recent escalation of global warming and climate change has led to an increase in
abnormal global weather patterns and extreme hydrological phenomena. In the case
of Messolonghi and Aitolikon, these phenomena have frequently resulted in natural
disasters such as floods. Thus, climate change has increased the frequency and volume
of precipitation in the study area and caused a sea level rise. Katakolon tidal gauge,
located 81 km from the study area, recorded a 2.09 mm/year sea level rise from 1970
to 2021, adding up to a total increase of 11 cm since the 1970s. However, the tidal gauge
in Patras’ port, 32 km from the study area, recorded a higher sea level rise in the gulf
of 7 mmy/year from 2017 to 2021 [40,41]. These finding make it clear that the sea level
is rising. The continuous sea level rise can be interpreted as one of the main causes for
the reported rush of seawater over the lowlands. The Representative Concentration
Pathway (RCP) and Shared Socioeconomic Pathways (SSP) scenarios can be used to
estimate the projected sea level rise. RCPs describe different levels of greenhouse gases
and other radiative forcings that might occur in the future. Four pathways were
developed, covering a broad spectrum of forcing in 2100 (RCP 2.6, RCP 4.5, RCP 6.0,
and RCP 8.5 watts per meter squared). However, the RCP scenarios did not include
socioeconomic factors and their change over the next century. These factors were
examined in the SSPs and included variables such as population, economic growth,
education, urbanization, and the rate of technological development. They evaluated
five different ways in which the world might evolve in the absence of climate policy
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and how various levels of climate change alleviation can be achieved when the
mitigation goals of RCPs and SSPs are combined. The projected mean sea level rise for
coastal Greece and the Messolonghi lagoon based on these scenarios were found. The
RCP2.6 model, the lowest baseline emissions scenario, indicates a 0.5 m mean sea level
rise of coastal Greece over the next 80 years, while RCP 8.5, the highest baseline
emissions scenario, indicates 0.77 m (Figure 4) [42]. If a very high-emissions scenario
(S5P5-8.5) is considered, then the mean sea level in the Messolonghi lagoon is expected
to rise to 0.85 m by 2100. The constant increase in the sea level has been causing a rush
of seawater over the Messolonghi and Aitolikon lowlands. The situation is expected
to worsen over the next few years because of the gradual subsidence of the sites and
the increase in the mean precipitation rates caused by climate change, resulting to
sections of Messolonghi and Aitolikon being flooded by 2100 [43].

The precipitation data obtained from the automatic weather stations’ NOANN
network of the National Observatory of Athens (NOA) [44] for the Aitolikon weather
station were statistically processed and analyzed to obtain the mean monthly and
yearly precipitation rates. For the examined period (2015-2022), monthly rainfall
values varied from 0 to 357 mm, while the average annual precipitation was 750
mm/yr. The most significant rainfalls were mainly concentrated between October and
February, where the average precipitation rate was 133 mm. As mentioned, rainfalls
were significantly high during the wet period, leading to difficulties in draining river
flow discharge and increased water levels. The maximum inundated area has
increased each year because of the intensification of the precipitation volume and the
rising sea level, causing several floods.

As it was prementioned, for the present study, the Stanford Method for Persistent
Scatterers (StaMPS) [45] was implemented on Sentinel-1 satellite data provided by the
Hellenic Mirror Site and the Sentinel Greek Copernicus Data Hubs [46], enabling
small-scale surface deformation monitoring over an extended period. Additionally, to
reduce the atmospheric impact on the estimated LOS displacements, a phase-based
linear correction was implemented on the produced Sentinel-1 interferograms using
the open-source Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) [47]. A
total of 161 and 120 Sentinel-1A and 1B SLC images from the Copernicus program, of
both descending and ascending satellite passes, were processed with the parallelized
Persistent Scatterer Interferometry (P-PSI) processing chain, developed in the unit
BEYOND Center of EO Research and Satellite RS of the IAASARS/NOA. The
estimated line-of-sight (LOS) displacements provided insights into the considerable
continuing hazard in the areas of interest. Vertical displacements were estimated for
both the ascending and descending track and were compared to the results presented
by the Copernicus European Ground Motion Service. The standard deviation values
for the descending and ascending track were 0.4-0.62 mmy/year for the descending and
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0.33-0.58 mmy/year for the ascending track, respectively. Furthermore, the information
provided by the European Ground Motion Service (EGMS) was evaluated. The EGMS
is the largest wide-area A-DInSAR service ever conceived [48,49]. This initiative was
defined in the period 2016-2017 and finalized in 2017. The same year, it was approved
by the Copernicus user forum and the Copernicus committee. The EGMS aims to
provide reliable information regarding natural and anthropogenic ground motion
phenomena over Europe for the study of geohazards and human-induced
deformation such as slow-moving landslides, subsidence due to groundwater
exploitation or underground mining, volcanic unrests and many more. This goal is
achieved through the use of Sentinel-1A and 1B SAR images, received from two
different look angles (ascending and descending), with a revisit time of six days,
processed at full resolution. In order to evaluate and validate the spatial distribution
of the subsidence, it was necessary to correlate it with ground truth data. The
geological and geotechnical data acquired from maps, technical reports, and drilling
profiles enabled the validation and interpretation of the PSI results, and thus, a more
holistic and temporally complete view of the phenomenon was achieved.

Figure 5. Damages recorded in buildings due to deferential deformations. South side balcony damage in Building D

Extensive field campaigns were carried out in both cities, where damage to several
buildings was recorded. Numerous buildings were affected by the subsiding
phenomena, including the Prefectural Administration of Aitoloakarnania, the Port
Authority, the Public Finance Service of Messolonghi, and many residential buildings.
Significant damages were also found in the older buildings, throughout Messolonghi
(Figure 5).
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Figure 6. Spatial distribution of the Sentinel-1 vertical deformations in Messolonghi for (a) the descending satellite pass (no.
80) & (b) the ascending satellite pass (no. 175). Both coming from the P-PSI satellite data analysis conducted at BEYOND.

To successfully interpret the dominant mechanisms behind the subsidence
phenomena recorded in both cities, all factors that may have affected their evolution
were evaluated (geological, geotechnical, and hydrogeological data, remote sensing
data, sea rise data, and precipitation rates).

The town of Messolonghi presents a variety of vertical deformation rates. Maximum
displacement values in the vicinity of Messolonghi are of the order of -5 mm/yr
(Figure 6). The Persistent Scatterers (PSs) indicated relatively stable ground conditions
in the northern part of the town during the investigated time period as the vertical
values ranged from 0.3 to 1.3 mm/year. However, the recorded deformations were
increased in other parts of the town. Subsiding Persistent Scatterers were concentrated
along the coastal zone, with a higher density east of the town (mean deformation rate
of -5 mm/yr). The south and west parts of the town also presented a mean subsidence
rate of 2.5 mm/yr and -3 mm/yr, respectively. The mean vertical deformation rates
provided by the Copernicus European Ground Motion Service were around —4.5
mm/yr. The NOA analysis and the EGMS data were in perfect agreement as, in both
datasets, the spatial distribution of the deformations was the same and the northern
part of the town presented the highest deformation rates.

As indicated, the city is built on compressible soil, probably under consolidated
formations subjected to subsidence caused by the external construction loads, leading
to foundation settlement. Most buildings in Messolonghi are built with mat
foundations and only a few with spread footings. Deformation patterns are
manifested primarily in buildings constructed with the former type of foundation.
Moreover, as mentioned, in several locations in the city, the organic clay layer is
situated above the water level, resulting in subsidence and the oxidation of the layer’s
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organic content. Secondary consolidation might also be considered a factor leading to
land subsidence in some parts of the study area, specifically the central part of
Messolonghi. Even though the buildings in that area were constructed during the
1950s, vertical displacements still manifest today. It can be assumed that the primary
consolidation was exhausted, and the secondary consolidation (creep) is now
manifesting. However, another explanation is that, due to the constant increase in the
sea level and the increased precipitation rates, the groundwater level fluctuates
throughout the year, leading to the reactivation of the primary consolidation.

1000

Vertical Displacements (mm)
Precipitation (mm/month)

2016 2017 2018 2019 2020 2021 2022

Time

————— Copernicus Land Monitoring Service I Precipitation rates

Figure 7. Displacements recorded vs precipitation rates for the Prefectural Administration of Aitoloakarnania building (B).
Each blue bar represents the precipitation rates for 1 month. Vertical displacements in the form of time-series from the
European Ground Motion Service of Copernicus. Trend lines (black color) indicate the changes on the subsidence rate.

The time series of the deformations referring to the PSs located on almost all the
damaged buildings follow a specific pattern (Figure 7). At the beginning of the wet
season (October-November), the deformations appear to slow down, and they start
accelerating in the middle of the dry season (June). It seems that the recharge of the
aquifers during the wet period (from September to June) increased the groundwater
pore pressure and, with a short time offset from the beginning of the rainfalls, led to
the deceleration of the subsidence. Conversely, the draining of the aquifers during the
dry period (May-September) reduced the groundwater pore pressure leading to the
acceleration of the deformations, also with a short time offset from the beginning of
the draining. The time offset, in either case, was not fixed, depending on the intensity
of the rainfalls or the severity of the pumping activities that occurred each year. The
above discussion proves that the natural recharge of the aquifers caused a slight
alteration in the deformation trends of the land subsidence, decelerating the
deformations. Nevertheless, it is clear that the seasonal fluctuation of the groundwater
head could not affect the overall continuous subsiding trend witnessed through the
time series.

To determine whether the aquifer has been subjected to overexploitation during the
past years, the groundwater level measurements conducted during the hydrological
year (October 2005-April 2006) were compared with measurements conducted by the
HSGME from 2015 to 2022. The monitoring boreholes included in the current HSGME
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network [50] are insufficient for producing new groundwater level contour maps,
referring to the recent measurements (2015-2022). Therefore, measurements from
neighboring boreholes of the two networks were compared to arrive at a conclusion
concerning the possibility of an extensive groundwater discharge. By comparing the
measurements conducted at the neighboring boreholes it is clear that the groundwater
level has remained practically stable since 2005. Following the above discussion, it can
be concluded that there is no deformation, due to the overexploitation of the aquifers
currently at this particular site.

According to Corine’s land use map for 2006 [51] and 2018 [52], there has been an
increase in the area used for residential and commercial purposes in Eastern
Messolonghi. This change supports the findings of the P-PSI analysis, which indicated
that the affected area’s subsidence rate, is the highest in the greater area of
Messolonghi, as already mentioned. Due to the recent construction of the buildings in
that area, it was possible to record the deformations imposed, by their loads. An
increase of the areas used for industrial and commercial purposes is also visible in the
eastern section of Messolonghi, which extends towards the national road. The PS
points demonstrate how the deformation induced by the exploitation of the
underground water and building loads, is now beginning to manifest.

Greece is a highly tectonic zone, and earthquakes have occurred throughout the
examined time period. Nonetheless, the rock background and faults are located
behind the study area and the earthquakes were only up to a magnitude of 4 A. The
faults did not become active. Subsidence caused by the earthquakes would have been
evident in the time series as a sharp step after the event. Thus, subsidence cannot be
attributed to tectonic causes.

21°21,072 21°21,384 21°21,060’ 21°21,390’

mm/yr
7

38°26,322'
38°26,322'

0 50 100 m
(— |

©
i
<
©
~
o

o
A

1
~

o
i
S
©
N
o

@
)

(a) (b)

Figure 8. Spatial distribution of the Sentinel-1 vertical deformations in Aitolikon for (a) the descending satellite pass (no. 80)
& (b) the ascending satellite pass (no. 175). Both coming from the P-PSI satellite data analysis conducted at BEYOND.
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In Aitolikon, maximum vertical deformation values reach a mean rate of -4 mm/yr
(Figure 8). Significant damages to old buildings have been recorded in the northern
part of the town. It is worth mentioning that in that area, the houses” foundations were
constructed in the water before the addition of the 1969 filling. The highest
deformations were observed in the southern part of the island, where the Vaso Katraki
Museum is located (mean values of -4.5 mm/year). The museum was constructed on
top of the 1969 reclaimed area.

The time series of the deformations referring to the PSs located on almost all the
damaged buildings indicate a continuous subsiding trend. At this particular site,
sessional fluctuations related to the changes in the groundwater head, identical to
those identified in Messolonghi, are not visible. The continuous subsiding trend can
be viewed from the Copernicus European Ground Motion Service dataset and the P-
PSI satellite data analysis conducted at BEYOND.

As no productive drills are exploiting the groundwater underneath Aitolikon, it is
clear that the observed groundwater head fluctuation less than 1 m, due to the
variations in the level of the lake, is not sufficient to affect the subsiding trend.

Unfortunately, geotechnical data referring to the geotechnical setting of Aitolikon are
not available. Nevertheless, the fact that the entire city is founded over randomly
deposited artificial fill leaves no doubt about the high compressibility of the
formations leading to subsidence due to natural and external loads-induced
compaction. It should also be mentioned that different motion rates were observed for
nearby buildings, possibly caused by the different foundation types used and the
heterogeneity of the filling materials. Following the above discussion, it is clear that
the only cause of the land subsidence at Aitolikon is the natural compaction and the
compaction due to the external loads exerted by the constructions.

Overall, it was found that the study areas, which were the coastal cities of Messolonghi
and Aitolikon have been subjected to land subsiding phenomena. The present study
provides an approach for identifying the subsidence mechanism by combining the
geotechnical characteristics, hydrogeological data, sea level data, and precipitation
data and verifying the displacements using space-borne SAR interferometry (InSAR)
techniques and ground truth data. As observed, the subsiding deformation trend
cannot be attributed to the exploitation of the groundwater level or tectonic causes.
The coastal deposits occupying most of the study area were proven to be compressible
due to the low compression index (C.) values identified in all surface soil layers.
Therefore, primary consolidation and natural compaction of the formations was the
key factor leading to the land subsidence phenomena. On the other hand, sea level rise
and precipitation rates, which have increased over the past few years due to climate
change, are crucial factors that play a significant role in the repeated flooding of both
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coastal cities. The manifestation of the deformations was verified using the space-
borne SAR interferometry techniques conducted by the unit BEYOND Centre for
Earth Observation Research and Satellite Remote Sensing of IAASARS/NOA and the
Copernicus European Ground Motion Service. The results of the InNSAR techniques
were validated through field trips conducted in the affected areas, where building
damage was documented. At the same time, the two coastal towns are affected by the
constant sea level rise and a consequent rush of seawater. The situation is expected to
worsen over the next few years, considering the combined effect of the gradual
subsidence of the sites and the intensification of the meteorological phenomena
caused by climate change.
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