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NepiAnyn

H edadwkn kabilnon eival évag kivbuvog o omoiog emnpedlel MOAAEG TIEPLOXEG OE OAO TOV
KOOHO KOl UTTOPEL VO £XEL ONUAVTIKN €MiSpaon TO00 0TO0 avOPWIOYEVEG 000 KOl OTO GUOIKO
nepBarlov. Evag amod Toug KUPLOUG TIaPAYOoVTEG £UdAVIONG AUTOU Tou GaLVOREVOU Elval N
Helwon Twv amoBepdTwy TwWV UTOYELWV LSATWY, N omola odelleTal KATd KUPLO AOYyw OTNnV
AavtAnon vepoU yla aypoTIKEC SpacTNPLOTNTEG KAl TNG KALLATIKAC OAAOYNG HE TNV UElwON TwV
Bpoxomtwoewv. H cuvexr) AvtAnon Tou vepou o€ cUVOUOOUO HE TNV KALUATIKN allayn odnyel
OTNV ONUOVTIKN HELWON TwV amoBeudtwy Tou UTIOYELOU VEPOU HE AMOTEAECHA TNV eudavion
€vtovng kaBilnong. H epyacia autr eotidlel oto votlo TUAHa tng mediadag ¢ Adploog n
orola amoteAel XaPAKTNPLOTIKO TAPASEyUA AUTOU TOU GOLVOUEVOU. 3TO VOTLO TUAHA TNG
nedlddag unnpxe n Aipvn KapAa n onoia ano§npdvOnke to 1962 kat n €KTaonG LETATPATINKE O
KaAALepynoun yn. Kabwg ol avaykeg yla vepo au€nbnkav kat ta emipavelakd voata dev
apkouoay yla va KAAUOoUV TIG aVAYKEG TNG TIEPLOXAG, EEKIVNOOV OL AVEEEAEYKTEG YEWTPROELS UE
OTOTEAECHA TNV TAXUTEPN UElWON TWV UTIOYELWV USATWVY. OL YEWTPAOELC AUTEC, odynoav otnv
HEYaAUTEPN eudavion KaBLWNOEWV OTIC YUPW TIEPLOXEG UE KaTtaypadEG {NULWV O KTipla Kol
6popouc. Metd amod mieon Twv Tomkwv apXwv, To 2010 ekivnoe to yEULOMA TNG AlUvNG He
OKOTIO TNV QVTLUETWTLON TOu TIPOPARMATOG To omolo lxe mMPokAnBel. Ano TotE, £XOUV Yivel
OpPKETEG UEAETEC ambd EPEUVNTEG OL oOmoilol Xpnolgomolouv peBodoug Sopudoplkig
TNAETLOKOTINONG afloToLwVTaG SedopEVa paVTAP, EXOVTAC WG OTOXO VAL EEETACOUV TNV TaXUTNTA
kaBilnong tng meploxng He akpifela ekatootwv. H epyacia €pxetat va avaBoabuiost Tig
UTIAPXOUOEC HEAETEG OL OToleg £xouv Mpaypatomnolnbet yia tnv nediada tng Adploag yla tnv
Xpovikn mepiodo tou 2015-2020. MNa tnv ekmévnon tng epyaciag xpnolpomnotibnkav DINSAR
TEXVIKEG, aflomolwvtag 315 SAR ewkovec anod ta Sopudopikd cuotipata Sentinel-1 kat COSMO-
SkyMed pe okomd tnv kataypadr tng kabilnong, epapuoloviag TEXVIKEG amoolVOeoNS TG
TIAPAUOPPWONG £TOL WOTE VA UTIOAOYLOTEL N KABETN Kol opl{ovTia Kivnon tng mepLloxnc. Mo tnv
enefepyaocio KAl TNV OMTIKOTOINON TWV QTOTEAECUATWY Xpnolpomodnkav ta LSWTIKA
Aoylopika SARscape 5.5 v ENVI kat ArcGIS. Télog yla tnv emaAnBeuon Twv OMOTEAECUATWY,
aglomoBnkav Sedopéva GNSS KaBwWC Kal HETEWPOAOYIKA Sedopéva yla TNV EPUNVEL TwV

ETOX LKWV HeTaBoAwv ™me kaBilnong.

NEEELG KAELWOLA: TupPolopetpia, voTia edidda tng Adptoac, kabilnon, Aipvn KapAa, pavtdp



Abstract

Land subsidence is a problem that affects many areas around the world and can cause
significant damage to the human and natural environment. One of the main causes of this
phenomenon is the reduction of groundwater reserves which is mainly caused by the irrigation
of water for agricultural activities. The continuous pumping of water in combination with
climate change leads to a significant reduction in groundwater reserves resulting in a strong
occurrence of subsidence. This thesis focuses on the southern Larissa plain which is a typical
example of this phenomenon. In the southern part of that plain, there was existed Lake Karla
which dehydrated in 1960 and the area was converted into arable land. As water needs
increased and surface water reserves were not enough to cover all needs of the area,
uncontrolled drilling began resulting in faster groundwater depletion. These drillings, in
combination with periods of intense drought, led to the intense occurrence of land subsidence
in the surrounding areas with reports of damaged buildings and roads. In 2010, under the
pressure of local authorities, started the recharge of Karla lake in order to minimize the effects
of the phenomenon. Since then, several studies have been conducted by authors applying
satellite remote sensing methods using Radar data to investigate the subsidence trends of the
area with an accuracy of centimeters. This study aims to update the already existing studies and
to examine if there is a change in the subsidence trends of the area after the recharge of Karla
lake during the period 2015-2020. InSAR techniques will be applied by using 315 SAR images of
satellites Sentinel-1 and COSMO-SkyMed to observe the velocity trend, applying deformation
decomposition techniques to calculate vertical and horizontal movement. Commercial software
SARscape 5.5 v ENVI and ArcGIS were used to generate and visualize the results. Finally, for the
validation of the results, GNSS data were used as well as meteorological data to interpret the

seasonal changes of subsidence rates.

Keywords: Interferometry, subsidence, southern Larissa plain, Karla lake, SAR
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1. Introduction

Land subsidence is a gradual settling or sudden sinking of the Earth's surface due to the
removal or displacement of subsurface earth materials. One of the principal causes is the
aquifer-system compaction associated with groundwater withdrawals. When large amounts of
groundwater have been withdrawn from certain types of rocks, such as fine-grained sediments.
The rock compacts because the water is partly responsible for holding the ground up. When the
water is withdrawn, the rocks fall in on themselves. Where groundwater depletion is involved,

subsidence is typically gradual and widespread (USGS).

Remote sensing is a tool that can be used to detect and map land-surface deformation. The
method is known as interferometric synthetic aperture radar (InSAR). InSAR uses repeat-pass
radar images from Earth-orbiting satellites to monitor subsidence and uplift in incredible detail.
Once subsidence is identified and mapped, assessments of the InSAR data can be done to
improve our understanding of the subsidence processes. A combination of scientific
understanding and careful natural-resource management can minimize the subsidence that
results from developing our land and water resources (USGS). Multitemporal InSAR methods
using a big number of radar satellite images, it is the only tool that can use information from
previews years in order to generate maps that showing the deformation rates over a small or

big scale areas with a low cost of resources.

This study focuses on the southern Thessaly plain which is located geographically in central
Greece and has been studied by several researchers due to high trends of land subsidence. The
aim of the study is to update the previous investigations (Parcharidis et al. 2011, Benekos et al.
2014, Foumelis et al. 2016) about subsidence, due to overpumping and drought, occurred in the
area after the recharge of the lake Karla and verifying or not the phenomenon of deceleration
probability. Specifically, we attempt to measure seasonal deformation and its spatial
distribution. Displacement maps of the high spatial resolution were generated for the southern
Larissa Plain using Synthetic Appearance Radar (SAR) acquisitions from Sentinel-1 and COSMO-
SkyMed satellites. The processing of SAR data is based on commercial SARscape(5.5v) ENVI
software and the visualization of final products on Geographic Information System(GIS)

environment on commercial ArcGIS software.
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The master thesis consists of seven main chapters which analyze and explain the use and

interpretation of multi-temporal interferometry, as listed below:

Chapter 1: “Study Area ” which are analyzed the main characteristics of the area such as the

case study, geology, human geography, land uses, and exposure.

Chapter 2: “Climate Change” describing the phenomenon and explaining the correletion with

subsidence.

Chapter 3: “Literature Preview” in which referred other studies and authors with similar

methods and goals.

Chapter 4: “Basic principles” which are referred general theoretical bases of earth observation

Radar systems and the Interferometric principles

Chapter 5: “Data and Methodology” which are referred the SAR SLC dataset, the meteorological
data, and the methods that were used for the generation of subsidence maps using the SBAS

algorithm in SARscape software.

Chapter 6: “Results” in which are presented the surface subsidence maps analyzed on ArcGIS

and time series plots in order to observe the patterns of subsidence in the study area.

Chapter 7: “Conclusions- Discussion” which are presented the conclusions of this master thesis

and discussed ideas for future research in the area of southern Larissa plain.
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2. Study Area

2.1 Case study

Our study area focuses at the southern part of the eastern Thessaly plain (Figure 1). Lake Karla
is located at the SE part of the plain of eastern Thessaly plain. It was drained in 1962 to provide
cultivated land and to protect surrounding farmlands from flood events. The extensive
agricultural activities have lead to increased water demands, which are usually fulfilled by the

exploitation of ground-water resources.

Google Earth

oogleEarth

Figure 1: Location map of Greece and zoom-in the study area of the
broader area of southern Larissa plain

Since surface water could not cover such needs, thousands of uncontrolled drill holes and
wells were bored for water pumping in the last 30 years (Kontogianni et al. 2006). The increased
water demand is related to severe and persistent droughts during the period from the mid to
late 1970s and the period from late 1980s to mid-1990s, interrupted by the wet 1990-1991,
which mostly affected the northern part of Thessaly Basin (Loukas et al. 2004). A result of dry
conditions leads to irrigation cutbacks and the over-exploitation of ground-water. The
consequence of these activities was the rapid fall of groundwater which provoked high rates of

subsidence as previous research show. The subsidence phenomenon caused damages to

15



buildings in the area. Field observations made by the authors identified subsidence-induced
ground fissures in locations like Larissa-Airport, Kambos, Nikea and Melia villages (Parcharidis et

al. 2011).

According to Management Body of the Karla Eco-Development Area, strong protests by the
local authorities, it was the decision to construct a 42,000-acre reservoir in the lower part of the
former Karla Lake near the village of Kanalia. In 2010 started the refilling and the generation of
the new Karla lake aiming the rise of the underground aquifers and the restoration of the water
potential. The results of this operation are expected to be:

* The rise of the underground aquifer and the restoration of water potential

* Limiting the depletion of groundwater aquifers by supplying water for irrigation

* Improving water quality

* Protection of the Pagasitic Gulf due to the flood purpose of the reservoir and the
improvement of the overflowing waters

* Retreat of the seawater front that has penetrated the soil layer of the Pagasitikos and
has affected the aquifers

* Partial restoration of the microclimate of the area

e Partial restoration of the flora and fauna of the area

Desember 2008
| Candains

> 4 3, 1 X X ./,“' 4
K s ” B o) B X
Desember 2010 8 N Desember 2016 )" . a
| P B ’ | DA o 5%

16 Figure 2: Lake Karla before (2008) and after recharge.



Although ground subsidence is expected to continue. Since then, many studies from authors
investigate the spatial and temporal patterns of ground deformation at Eastern Thessaly Plain
based on advanced Multitemporal InSAR analysis in order to observe the surface subsidence

trend.

2.2 Human Geography

The settlements of the southern Larissa plain such as Stefanovikeio and Rizomyloi, having a
large percentage of the inhabitants engaged in agriculture and animal husbandry at a rate. This
is followed by the trade and manufacturing . The lowest rates are in services and education.
The largest percentage of residents are employed, in contrast to Stefanovikeio where most are
self-employed. Most of the self-employed in Rizomylos are in the field of agriculture and animal
husbandry. Regarding the level of education, the largest percentage of the inhabitants of the
settlements have a high school diploma, while very few are those who have studied in higher
education. In conclusion, the main occupation of the settlements is agriculture and animal

husbandry.

Before the drying up of Lake Karla (1962) the inhabitants of the surrounding villages lived
mainly from fishing. Sources say that more than 1,000 people were fishing in the lake. Karla's
drainage brought about socio-economic changes in the settlements, recognizing an adaptation
of people with a strong fishing tradition to the new environment, a change in productive
activities and an economic decline causing an increased wave of astyphilia. These people
actually became farmers. The land distribution of the dried lake was not done under strict
institutional frameworks, with the result that many fishermen remained unemployed without
being given some land.A large percentage of the inhabitants emigrated to Athens, Thessaloniki,
but also abroad. The percentage that emigrated was about 30% and mainly fishermen, 40%
turned to agriculture, 20% became industrial workers in Volos, while 10% were engaged in

animal husbandry (Ambrazi I., 2009).
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2.3 Land uses and exposure

As mentioned above, the main activities of the settlements are agricultural activities, as a result,

most of the study area is characterized as arable land (Figure 3).

Legend
Corine Land Cover 2018
I: Airports
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Figure 3: Land cover for SE Thessaly plain (Corine Land Cover 2018).

The settlements in the plain are connected to each other by the main road network.
Settlements are expected to have critical infrastructures such as schools and health centers, but
unfortunately, our database does not have this geospatial data, suggesting further study in
areas where the subsidence trend is high. As we see in the Figure 3, our study area seems to be
crossed by a railway that connects the city of Larissa with Volos as well as with the intermediate
settlements. In the southwestern part of the area, it seems to cross a part of the national
highway and in the eastern part, near the lake, there is a military airport.Cracking on the
housing, building and streets are examples of infrastructures problem due to the land

subsidence. The subsidence it also badly influences the quality of the living environment and life
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(e.g. health and sanitation condition) in the affected areas (Andreas et al. 2018). The economic
losses caused by land subsidence are also crusial. All the above infrastructures are exposed to
the natural hazard of the subsidence and show the importance of this study. As we will see in
the results chapter, high speeds of average annual subsidence are recorded in the center of the
plain, affecting a part of the railway and main road network of the area as well as the

settlements located in it.

2.4 Physical Geography - Geology

Thessaly is dominated by a vast plain, the largest in Greece. The geomorphology of Thessaly is
controlled by two orientations of normal faults. The main NW-SE trending basins of Karditsa and
Larissa and their separating range are controlled by NW-SE trending normal faults (Caputo and
Pavlides 1993). The study area of this master thesis is the eastern part of the Southern Thessaly
plain which is characterized as perfect, almost, elongated plain at the foot of Ossa and
Montenegro with a length of 35 km. Its height ranges from 46 to 48 m. and the only territorial
irregularities are a series of small swamps. During of the Pleistocene and the Holocaust, it is
possible that the fine alluvium was deposited in the farthest area of the deposited cones at the
foot of the eastern mountain range after the torrents that groove the slopes of the central hills
and which have covered the terrestrial anomalies created by tectonic movements. The plain is
bounded to the east by fault-controlled flanks of coastal ranges, more than 1,000 m high, in the
SE continuation of Olympus Mt. All these ranges originate from rapidly exhumed and uplifting

mantle rocks (Kontogianni et al. 2007).

Eastern Thessaly plain represents a tectonic depression of Quaternary age, corresponds to a
gently SE- dipping, nearly planar surface covered by a thick (up to 50 m deep) alluvium layer,
relict of a Quaternary Lake, which was gradually restricted to the Karla Lake, at its lowest, SE
part. Basement rocks are found at a depth of 50-250 m, although some deeper, probably
tectonic depressions with the basement at a depth of 500—-700 m, have been noticed. In some
parts, however, basement rocks crop out slightly above the ground surface. Quaternary
sediments overlay basement rocks, mostly carbonate rocks and schists, except for a narrow strip
of Neogene sediments along the western margin of the plain. Very rich aquifers are observed in

the poorly consolidated Quaternary formations and in the karstified carbonate rocks of the
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basin bedrock. The depth of water table varies considerably within the area. The bedrock
geology consists of gneiss, schists, marbles, quartzites, serpentinites, flysch, and carbonate

formations (Figure 4).
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Figure 4: Geological map of theeastern plain of
Thessaly ,source :Institute of Geology and Mineral Exploration (IGME).
Contains modified Sentinel-2 copernicus data as basemap.

Eastern Thessaly belongs to the Internai Hellenides which are part of the Greek orogenic belt.
The build up of the whole mountain chain is the resuit of several compressional events. The last
of these events was the Alpine tectonic phase (e.g. Aubouin, 1959), which affected Thessaly
from Eocene to Middle Miocene times (Brunn, 1956). After the Alpine orogenesis, Eastern
Thessaly, underwent extensional tectonic conditions. Probably related to the post-orogenic
collapse (Caputo & Pavlides, 1993), the area was affected by a NE-SW extensional regime. This
caused the formation of a System of NW-SE elongated horsts and grabens bounded by large
normal faults. As a consequence of this event, the structural trend of the Hellenides, as
inherited from the Alpine orogenesis, was emphasised. In Thessaly, this tectonic regime was

active from Pliocene, or possibly from Latest Miocene, to Lower Pleistocene times (Caputo,
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1990). In Figure 5, are shown the major faults active during this deformational event. Large
positive and negative signs show the vertical movements affecting the major fault-bounded

blocks.

Figure 5: Simplified structural map of eastern Thessaly
showing the major normal faults activated during the
Pliocene-Lower Pleistocene extensional régime which
generated the NW-SE trending Larissa Basin (Caputo et
al.1994)

From a structural point of view, the importance of this tectonic phase is to generate the NW-SE
trending Larissa Basin that still dominates the morphology of this area. The present Larissa Plain

more or less coincides with this major tectonic structure.

After a period of geodynamic stability, a new tectonic regime affects the area. It is extensional
as the former one but characterised by a N-S to NNE-SSW stretching direction (Caputo, 1990).
This tectonic phase started during Middle-Late Pleistocene and is still active nowadays as
inferred from the recent and historical seismic activity in the broader region. This tectonic phase
is very important for the structural evolution of Thessaly and particularly of the northern Larissa
Plain. According to the new geodynamic conditions affecting the area, a new System of normal

faults, mainly trending E-W to ESE-WNW, forms. Although, most of these faults across or ignore
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the older NW-SE trending ones, it is obvious that the latter played an important role during the
nucleation of the new structures. Nonetheless, some of the Pliocene normal faults were

reactivated but with an oblique sense of movement (Caputo, 1992).

It is less active seismically in modern and historical times with four large earthquakes occurred,
in 1954 (M=7.0; Palyvos et al. 2010), in 1955 (M=6.2; Ambraseys and Jackson 1990), in 1957
(M=6.8; Papazachos et al. 2016) and in 1980 (M=6.5; Papazachos et al. 1983). An M=6.1 shallow
event occurred near Larisa in 1941(Galanopoulos, 1950; Ambraseys & Jackson, 1990) located
the epicenter several kilometers NNE from Larissa causing extensive damage to settlements in

wide area.

Groundwater pumping

Since the draining of the Karla Lake in 1962 and land redistribution for agricultural activities,
water demands were increased. As surface water could not cover such needs, a big number of
drill holes were bored in the plain (Gouvi, 2003) causing an over-exploitation of the
groundwater and finally leading to progressive decline of the aquifer head and a continuous
need for opening deeper drillings to exploit deeper aquifers. It is estimated that between 1978
and 2003 ta significant drop of the underground water level between 10 and 50 m (Figure 6),

with a maximum of 100 m (Kontogianni et al. 2007).
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Figure 6: Graph of groundwater withdrawal versus time at a
borehole at Niki village area. Mean water level drop
measured from the ground surface is about 51 m in 20 years
(1981-2001) (Kontogianni et al. 2007)
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According to investigation of Polyzos et al. (2006) in five boreholes over 25 years shows a
stability in groudwater levels for the first five years (1980-1985). Between 1985 and 2000 the
aquifer level following a continuous drop despite the fact that the rainfall for this period was
relative intense. In Figure 7 showing a drop of 45 — 50 m for Niki and Kipseli (Kileler)

settlements.

E.
E
>
o .
S
[]
=]
m -
3
T
c
3 .
o
S
(O] —m—Girtoni
so 1 —a&— Chalki
) —o— Platikampos
—o— Kipseli
—&— Niki,

-60
Year

Figure 7: Graph of groundwater withdrawal versus time at a borehole at
five settlements of Gitroni, Chalki, Platiampos, Kipseli(Kileler) and Niki for
time period of 1985-2004. Modified Polyzos et al. 2006
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2.5 Climate of Larissa Plain

Larissa Plain has continental climate which is characterized by constant fluctuations on her
mean monthly temperatures across the years with the higher values detected on August up to
27 C and the lower on January up to 3 — 5 C. Average annual temperature and precipitation is
about 16 to 17 °C and 500-600 mm respectively. The warmest months is July and August and
the coldest is January, the February and December. Frosts occur in November - April and
relatively often. The amount of precipitation is relatively high in Winter months from October

to January, while the most dry are July and August.
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Figure 8: Meteorological Data of Larissa Plain 2015-2020. Blue bars representing rainfall and red
lines the mean temperature of every month.

Meteorological data of rainfall and average heat collected from two local weather stations of
the National Observatory of Athens during 2015-2020. For the period of 2015-2017 were used a
meteo station located in city of Volos 25 km SE far from the study area (39.36076°N,22.93165°E)
and a second for the period of 2017-2020 located in Halki 16 Km NW far from the study area
(39.57083°N, 22.54333°E).
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3. Climate Change

Climate change is a change that is detected in the motive of weather and related changes in
oceans, land surfaces and ice sheets, occurring over time scales of decades(Nasa). Climate
change describes a change in the average conditions — such as temperature and rainfall — in a
region over a long period of time. Earth’s climate has constantly been changing — even long
before human appearance. However, scientists have observed unusual changes recently on
Earth’s average temperature which has been increasing much more quickly than they would
expect over the past 150 years. As Earth’s climate continues to warm, the intensity and amount

of rainfall during storms and the heat waves appearances are e expected to increase

There are lots of factors that contribute to Earth’s climate. However, scientists agree that Earth
has been getting warmer in the past 50 to 100 years due to human activities. Scientists attribute
the global warming trend observed since the mid-20th century to the human expansion of the
"greenhouse effect"— warming that results when the atmosphere traps heat radiating from

Earth toward space.

The greenhouse effect is a process that occurs when gases in Earth's atmosphere trap the Sun's
heat. This process makes Earth much warmer than it would be without an atmosphere. The
greenhouse effect is one of the things that makes Earth a comfortable place to live. The gases
that contribute to the greenhouse effect are referd as greenhouse gases and include Water

vapors, Carbon dioxide (CO2), Methane, Nitrous oxide and Chlorofluorocarbons.

Human activities are changing the natural greenhouse. Over the last century the burning of
fossil fuels like coal and oil has increased the concentration of atmospheric carbon dioxide
(CO2). This happens because the coal or oil burning process combines carbon with oxygen in
the air to make CO2. To a lesser extent, the clearing of land for agriculture, industry, and other

human activities has increased concentrations of greenhouse gases.

According to NASA the consequences of changing the natural atmospheric greenhouse are

difficult to predict, but some effects seem likely:
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* On average, Earth will become warmer. Some regions may welcome warmer
temperatures, but others may not.

*  Warmer conditions will probably lead to more evaporation and precipitation overall, but
individual regions will vary, some becoming wetter and others dryer.

* A stronger greenhouse effect will warm the ocean and partially melt glaciers and ice
sheets, increasing sea level. Ocean water also will expand if it warms, contributing

further to sea level rise.

Climate change and land subsidence

Climate change will further magnify the risks such as soil movements will become more
frequent and severe. Rising average temperatures, combined with Increased variability in
precipitation and more extreme weather events can lead to longer periods of droughts and
floods . In long periods of droughts there is a higher risk of depletion of aquifers, especially in
case of small and shallow aquifers. People in water-scarce areas will increasingly depend on
groundwater, because of its buffer capacity. A long and intense dry spell can increase the
demand of groundwater for human activities and land use, can lower the ground so much that
it creates fissures in the earth and tears apart the foundations of houses, bridges, industrial
sites and other structures. As the trend towards drier weather continues, occurrences of
drought and soil subsidence will become even more frequent and more severe (IGRAC,

Reichenmiller, 2011).

Climate change in Greece
As the climate change is a global scale phenomenon, group of sientist (Giannakopoulos et al.
2011) carried out investigations for potential implications over Greece. The most relevant
results to our study area are realated with:
* In many of the agricultural areas, an increase in precipitation is projected. More
specifically, the areas of Larissa and southern Evia will experience increases of up to 20%
* The largest changes seem to occur in the cities of Thessaloniki, Patras, Kalamata, Larissa
and Lamia where more than 20 hot days per year are expected.
* The total annual precipitation is found to decrease in Lamia, Larissa, Volos, Thessaloniki
and Athens.

* Dry days is expected to increase in most of the studied agricultural regions.
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4, Literature Review

A great number of researchers demonstrated the InSAR methods to detect and measure
ground subsidence, caused by the removal of subsurface groundwater. There are numerous
studies that apply the SBAS algorithm for land subsidence and some specific studies which
observe the southern basin of Thessaly with different methods and techniques. Some of the

papers that are most relevant to our study are presented below.

Parcharidis et al. (2011) applied a DInSAR technique in Larissa Plain to measure ground
deformation despite the unfavorable conditions inducing decorrelation. For the purpose of their
study, have been used 48 ERS-1 and ERS-2 SAR scenes and 39 ENVISAT ASAR scenes. By
exploiting differential interferometric pairs of short temporal separation and perpendicular
baselines, it was possible to identify the area affected by ground deformation. Seasonal
deformation signals were recognized at the southwestern part of the basin, reaching several
centimeters during the summer period. The area of maximum deformation is located in Kileler
village, reaching -17.5 cm along the line of sight in the summer of 1998. During winter seasons

deformation is considerably reduced to -0.5 cm and -0.1 cm.

Benekos et al. (2014) focuses to quantitatively measured deformation over the plain of south
Thessaly since it is an area that undergone excessive water pumpingand led to significant
subsidence the past 20 years. Scenes from two different datasets and two different satellites
were utilised in order to investigate the study area. Advanced SAR (ASAR) scenes from Envisat
satellite in Descending orbit and 14 scenes from ALOS-PALSAR satellite in both single and dual
polarization and Ascending orbit as well, covering a total time span of 7 years (2003-2010) for
Envisat ones and 4 years (2007-2011) for ALOS-PALSAR were used, respectively. method that
was primarily selected to reveal the deformation patterns in the area and the evolution of it in
the temporal dimension was PSI (Persistent Scatterers Interferometry). The results shows high
subsidence rates in some villages with a notable subsidence pattern at the center of the plain
following possibly the basin of the area. Due to the high and rapid rates of deformation in the
area, IPTA failed to deliver sufficient and accurate results. Since PSI technique was ruled out, a
“hybrid INSAR” methodology using elements of conventional DInSAR, short baseline

interferometry approaches.
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Foumelis et al. (2016) have applied Persistent Scatterers (PS) and Small Baselines (SB)
interferometric techniques to study the history of ground deformation along the entire Larissa
plain using Environmental Satellite (ENVISAT) advanced synthetic aperture radar (ASAR) data
(IM mode in 1S2 swath), comprising 30 scenes acquired in descending track 279, covering the
period from 2002 to 2010. Their findings outline the southern part of the basin as the mostly
affected area, whereas local subsidence patterns of lower magnitude were also recognized
elsewhere. Although average ground deformation rates do not exceed 2 cm year-1 , line-of-
sight (LOS) displacements of up to 13 cm were observed, occurring during the summer—autumn

periods.

Fylaktos et al. (2019) have applied Persistent Scatterers (PS) interferometric technique to
investigate the ground deformation in the southern pat of Larissa plain using 89 SAR scenes of
Sentinel 1 A & B SLC IW covering the period 2014-2018. Moreover they have used optical data
from Landsat program and Copernicus Sentinel 2 to monitor the evolution of water recharge of
the new lake as well as seasonal changes in the level for one year and compare with the
corresponding annual interferometric results. According to their findings, Karla reservoir is
refilled but the subsidence rates remains the same compared to past research from 1993 to

2010 and seasonal subsidence meaning a partial natural recharge of ground water in the area.

Hu et al. (2019) in their study they apply the SBAS-InSAR technique to monitor the land
subsidence in Fuzhou downtown after the program of metro construction. 24 scenes of X-band
TerraSAR data from July 2013 to August 2015 and 32 scenes of C-band Sentinel-1 data from July
2015 to February 2018 were used in this experiment. Their results show a maximum subsidence
rate of -12mm/yr, and eight subsidence funnels have been found during the observed period.
After analyzing the subsidence of these regions in a long time span, it can be concluded that
there are three regions that have a relatively stable disastrous subsidence effect, and there is a

possibility of further intensified subsidence.
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Another research by Hu et al. (2019) focuses on the land subsidence phenomenon using InSAR
and Global Navigation Satellite System (GNSS) technology. They applied two different kinds of
time-series InSAR (TS-InSAR) methods: Small Baseline Subset (SBAS) and the Permanent
Scatterer InSAR (PSl) process on a dataset with 31 Sentinel-1A Synthetic Aperture Radar (SAR)
images. From their processing, they have generate the surface deformation field of Shenzhen,
China and Hong Kong Special Administrative Region (HKSAR). The time series of the 3d variation
of the reference station network located in the HKSAR was generated at the same time. They
compare the characteristics and advantages of PSI, SBAS, and GNSS in the study area. They
mainly focus on the variety along the coastline area. From the results generated by SBAS and
PSI techniques, discovered the occurrence of significant subsidence phenomenon in the land
reclamation area, especially in the metro construction area and the buildings with a shallow

foundation located in the land reclamation area.

Argyrakis et al. (2020) were combined for almost 10 years of continuous GNSS observations at
four permanent stations with groundwater and rainfall data to investigate subsidence patterns
in the region of Thessaly, central Greece. Through their study, they came to the conclusion that
anthropogenic subsidence continues at southeast Thessaly (Karla reservoir region) up to
autumn of 2017 because the vertical time-series data of the only one station in the southern
Larissa plain of STEF (Stefanovikio), reach a cumulative value of 55 cm and show a “rampfat”
pattern that correlates with neighboring borehole data. The GNSS stations in Karditsa (KRDI)
and Larissa (LARM) show a correlation with groundwater-level fluctuations but no subsidence.
Station KLOK (Klokotos) shows a small subsiding trend (-0.38 mm/yr) with no correlation to
either groundwater levels or to rainfall patterns; therefore, its seasonal periodicity may refect

geodynamic (plate) motions.

Cigna et al. (2020) observe the metropolitan area of Mexico City which is one of the fastest
sinking cities globally. For the purposes of their study, they used more than 300 Sentinel-1
Synthetic Aperture Radar Interferometric Wide swath mode scenes acquired in 2014-2020.
Their methodology is based on two-pass differential Interferometric SAR (InSAR) and the
parallelized Small Baseline Subset (SBAS) repeat-pass InSAR in order to provide a complete
account of spatial patterns, long-term trend and present-day settlement rates affecting the city.

The 3D deformation field reveals that foremost is the role of the vertical velocity VU, with peaks
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around - 32.0 and - 39.1 cm/year. East-west rates are limited, except for some horizontal strain
(up to £5 cm/year) within the subsidence bowls. Moreover, the results that have been produced

from the 2014-2019 InSAR time series, were compared with 2008—-2020 GPS data.

Kamila Pawluszek-Filipiak et al. (2020) uses radar interferometry to analyze the mobility of an
urban and suburban area of Greater Tunis region. The small baseline subset (SBAS) method was
applied in order to monitor the spatial and temporal pattern of the deformation phenomena in
the study area. The analysis based on Envisat ASAR (2003-2007, descending satellite orbit) and
Sentinel 1B (2016-2018, ascending satellite orbit) SAR data in order to create deformation
velocity maps associated with the line of sight displacement time series. The results obtained by
this method showed the existence of subsidence phenomenon in the urban areas (Tunis City) as
well as in the rural areas (Mornag plain). In the first site (Tunis City), the subsidence rate reaches
up to 13.98 mm/year and 19 mm/year during 2003—-2007 and 2016-2018, respectively. The
ground deformation that is detected around the region of Tunis Lake and Sebkhet Essijoumi, is
probably due to the nature of the highly compressible and thickness alluvial deposits and whose
substratum depth sometimes reaches more than 60 m. In the second studied site, ground
subsidence was identified in the whole plain of Mornag. Indeed, the comparison between
piezometric data and time series deformations shows that the trend of soil subsidence is
coherent with the dynamic change in groundwater levels. Furthermore, the analysis of velocity
deformation, geological data and hydrogeological information allows us to associate all the
detected settlement patterns to groundwater overexploitation and compressible alluvium all
over the plain. This overexploitation of groundwater in Mornag plain is mainly caused by the
expansion of agricultural and industrial activities and the decrease in annual rainfall in recent

years (from 2003 to 2018).
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5. Basic Principles

Remote sensing, also called earth observation, refers to obtaining information about objects or
areas at the Earth’s surface without being in direct contact with the object or area. Remote
sensing techniques allow taking images of the earth surface in various wavelength region of the
electromagnetic spectrum (EMS). One of the major characteristics of a remotely sensed image
is the wavelength region it represents in the EMS. There are two basic satellite systems for
monitoring and imaging the Earth:

1. Remote sensing systems that record "natural" radiation are called passive. For reflected
energy this happens during the day when the sun illuminates parts of it Earth, while there is no
reflected energy at night. Naturally emitted energy (thermal infrared) can be recorded day or
night and if the amount of energy is such that it is recording possible.

2. Active systems are those that record electromagnetic waves that transmitted from another
external source or from the recorder itself. Usually the recording system is what emits energy to
the surface and then is reflected back and forth the "echo" of the signal from the system itself is
recorded. A typical example of this type instrument are the Radars that emit in the microwave

area. On this master thesis, we will focus only in active systems (Parcharidis, 2011).

5.1 Radar

Radar is the abbreviation for the English expression Radio detection and ranging, which
indicates that the system operates in the spectral bands of radio waves and microwaves and
detects the reflected or radiated energy from the ground (Mertikas, 2009). Radar called active
systems because their ability to emit microwave radiation at a specific frequency from an
antenna located on the satellite or the aircraft, to the earth's surface and record the back-
scattered radiation. Microwave radiation passes through the atmosphere to the earth's surface,
is scattered or reflected, and then a part of it returns to the satellite antenna, while the rest is
lost in a different direction (Parcharidis, 2016). The recording the time that takes to return of
the pulse in the satellite instruments is what determines the place of earth features on the
image. The Radar signal is emitted to the right of the satellite's motion and strikes at an angle to
the earth's surface. The objects on the ground reflect the micro-radiation according to their
geometric and dielectric characteristics and the Radar receiver records the back-scatter signal

(echo) (Kartalis and Feidas 2013). Apart from the fact that Radar is an active system, it differs
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from other Remote Sensing methods because the data is recorded based on the time of passage
and return of radiation, and not the angular distance, as cameras and optical scanners do
(Mertikas, 2009). There are two types of Radar imaging used in Remote Sensing: Real Aperture

Radar (RAR) and Synthetic Apearence Radar (SAR) (ESA).

Understanding imaging radar remote sensing is more difficult than visual means because
technology is more complex and the data recorded are more varied. Optical technology works
at wavelengths of about 1um, while radar systems at wavelengths of a few centimeters. From
this difference, the characteristics of the Earth's surface appear differently on radar than in
optics sensors. Moreover, radar system enable to detect features and data which the visual
spectrum are impossible to detect. This feature is also a result of penetration that can be
achieved by systems operating in its microwave section electromagnetic spectrum due to the
long wavelength. In many cases, taking always take into account other factors such as the
humidity, the longer the wavelength the greater the ability to penetrate. Radar systems
provides the control over the properties of incident energy. This allows us to have a variety of
data types to be recorded, and innovative applications such as topographic surveying, landscape

change detection and, to a limited extent, 3D modeling of the volume detail of an element.

Radar sensors utilize longer wavelengths at the centimeter to meter scale, which gives it
special properties, such as the ability to see through clouds(100 GHz -300 MHz). The different
wavelengths of SAR are often referred to as bands. The names of the various spectral zones
were derived from military encryptions used during World War Il, and the identification of the

names was completely random and arbitrary with letter designations such as X, C, L, and P.

Frequency range Wavelength range

Frequency band (GHz) (cm)

L band 1-2 15-30

S band 2—4 7.5-15
C band 4-8 3.75-7.5
X band 8—12 2.5-3.75
Ku band 12-18 1.67-2.5
K band 18-27 1.11-1.67
Ka band 27-40 0.75-1.11
V band 40-75 0.4-0.75
W band 75-110 0.27-0.4

Table 1: Table showing the frequency and wavelength of every band in microwave spectrum.
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Microwave recording systems are called all-weather, as they have the advantage of operating
independently of sunlight, and therefore have the ability to operate during the day and night,
and are generally not sensitive to adverse weather conditions, weather and cloud cover. This
results in minimal or no attenuation of microwave radiation as it passes through the
atmosphere (Drury, 1987). Atmospheric absorption and scattering are minimal at most
microwave wavelengths. The ability of microwave radiation to penetrate rainfall and below the
earth's surface increases with wavelength. Thus long-wave microwaves such as L- (15-30cm)
and P-waves (30-100cm), are not affected by clouds and rainfall and have the ability to

penetrate dry surfaces such as sand, snow and vegetation. , in depth (Mertikas, 2009).

5.2 SAR Satellites

Synthetic Aperture Radar, or SAR, is a complex Radar system. It has day and night operational
and cloud-penetrating capabilities because it is an active system using microwaves. The SAR
antenna has its long axis in the flight direction also called the azimuth direction and the short
axis in the range direction. The basic function of the Radar includes the transmission of a
minimum time (microsecond) high signal energy and the recording of recreation from the earth
surface of this signal. The information recorded is directly related with the relative strength of
the signal, the time between the transmitted and incoming signal, and the address from which
the reflected signal comes from. The radar sends pulses to one side of the ground track that
illuminates the earth over a large elliptical footprint. The reflected energy returns to the radar
where it is recorded as a function of fast time in the range direction and slow time, or echo
number, in the azimuth direction. A radar image is a matrix of complex numbers. The focused
image contains both amplitude (backscatter) and phase (range) information for each pixel.
Amplitude values represent the radar backscatter and visualized with a gray scale. The brighter
the pixel, the stronger the backscatter. The phase value is related to the sensor-to-target

distance and the interaction of the e.m. singal with the radar target (Ferretti, 2014).
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5.2.1 SAR Acquisition Geometry

SAR satellites collect swaths of side-looking echoes at a sufficiently high range resolution and
along-track sampling rate. As discussed in this appendix, the range resolution of the raw radar
data is determined by the pulse length and the incidence angle. Satellite sensors are mounted
on their platforms with the direction of transmission orthogonal to that flight direction. The
earlier satellites were all right looking satellites, meaning that the microwave beam was
transmitted and received on the right side only of the satellite, relative to its orbital path. More
recent satellites have both right looking and left looking capabilities (although the default mode
is usually right looking), thus they can look to the right or to the left of the craft, but not both
directions simultaneously. Most satellites look angle is between 20-50 degrees. It should be
noted that due to the Earth’s curvature, the incidence angle of the radiation on a flat horizontal
terrain is larger than the off-nadir angle. The direction alongside the sensor Line of Sight (LOS) is
defined as the slant-range direction. The off-nadir angle is always nonzero, since the radar
would receive the echoes from the detected targets at nearly the same time, making possible to
create an image. The antenna receives radar echoes while moving at a few km/sec and so it is in

different locations compare to where it had transmitted each pulse.

Figure 9: SAR geometry acquisition (Henschel et. al, 2016).
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5.2.3 Interaction of SAR signal with the earth's surface

SAR systems measures the amplitude of the radiation backscattered from surfaces objects
(scatteres) and specifies the digital number for each pixel. The amplitude depends on many
factors including observation parameters (wavelength, frequency, polarization, incident angle of
the emitted wave) and surface parameters (embossing-roughness, geometric shape and
dielectric properties of objects). Moreover, depending on the wavelength, radiation penetrates
the surface material at various depths. Figure 10 shows the different deep penetration of zones
X, C and L, which increases with wavelength and absence of humidity. The relief of the earth's
surface plays an important role. Targets with high backscattered signal are identified as bright
spots in the radar images and flat smooth surfaces are representing as dark areas, since the
radiation is reflected away from the radar. Amplitude images are displaying by means of grey

scale levels.
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5.2.4 SAR Characteristics

SAR systems can synthesize a virtual antenna much longer than real radar, taking advantage of
platform movement and doppler effect using special back-recording signal processing and
processing procedures. For example an antenna of 10 m it is possible to simulate a virtual
antenna of 600 m (Mertikas, 2009). The spatial resolution of radar data is directly related to the
ratio of the sensor wavelength to the length of the sensor's antenna. For a given wavelength,
the longer the antenna, the higher the spatial resolution (Earthdata).The length of the antenna
is subject to technicians restrictions and ranges from 1-2m on airborne platforms and from 10-

15m on satellites.

Radar can also collect signals in different polarizations, by controlling the analyzed polarization
in both the transmit and receive paths. Polarization refers to the orientation of the plane in
which the transmitted electromagnetic wave oscillates. While the orientation can occur at any
angle, SAR sensors typically transmit linearly polarized. The horizontal polarization is indicated
by the letter H, and the vertical polarization is indicated by V. The advantage of radar sensors is
that signal polarization can be precisely controlled on both transmit and receive. Signals emitted
in vertical (V) and received in horizontal (H) polarization would be indicated by a VH.
Alternatively, a signal that was emitted in horizontal (H) and received in horizontal (H) would be

indicated by HH, and so on.

SAR system is a coherent sensor. Speckle noise or “Salt & Pepper” is a phenomenon in all
coherent imaging systems. The source of this noise is attributed to random interference
between the coherent returns, issued from the numerous scatterers present on a surface, on
the scale of a wavelength of the incident radar wave. The presence of speckle may decrease the
utility of SAR imagery by reducing the ability to detect ground targets and obscuring the
recognition of spatial patterns (Sheng and Xia, 1996). Noise can be reduced without being able
to eliminate it completely, with various processing techniques, since the image has already been
reduced by the multi-looking technique, before it is acquired by the user. The use of special
filters can reduce noise and, depending on their size (3x3, 5x5, etc.), the homogenization of

primary data it can be small or large
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It should be mentioned that geometric distortions associated to a regular sampling in range.
The geometrical distortions are:
* Shading: This phenomenon is observer on steep slopes that are not visible on the

satellite and having and opposite aspect (Parcharidis, 2011).

* Foreshortening: Slopes that facing the radar sensor, affected by “foreshortening” and
the backscatter signal corresponds to very bright pixels. This caused because the
resolution cell can be hundred of meters in ground range and more power can be

backattered towards the radar sensor, compared to flat terrain.

* Layover: It is an extreme case of foreshortening. When the radar beam reaches the top
of a mountain or a tall feature before reaches the base. The return signal from the top is
received by the sensor before the signal from the bottom. This effect occurs whenever
the local slope exceeds the off-nadir angle, therefore as with foreshortening, layover is

most severe of radar acquisitions at small off-nadir angles (Ferretti, 2014).

Terrain deformations can be corrected using digital elevation model (DEM). On the other
hand, hiding information due to shading or foreshortening and layover is not easy to replace.

Partial replacement can be achieved, using a second acquisition of opposite orbit.

One of SAR’s advantages is it can detect the Earth’s surface by two different acquisition
geometries-modes, the descending and the ascending. All satellites equipped with SAR sensors
have a near-polar orbit according to Earth’s relative orbit, while their angle is in the range of ten
degrees. By combining Earth’s rotation and satellite’s orbital paths, the entire Earth’s surface can
illuminate by two different satellite geometries. The satellite in descending mode, travels from
the north to south it views a target location looking westward( in right-looking mode), while the
ascending mode moves from the south to north, it views the same target eastward (Ferretti,

2014).
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5.3 Copernicus Programme
Copernicus is the European system for monitoring the Earth and is coordinated and managed

by the European Commission.

The development of the observation infrastructure is performed under the aegis of the
European Space Agency for the space component and by the European Environment Agency
and EU countries for the in situ component. It consists of a complex set of systems which collect
data from multiple sources: earth observation satellites and in situs sensors such as ground
stations, airborne sensors, and sea-borne sensors. It processes this data and provides users with
reliable and up-to-date information through a set of services related to environmental and

security issues.

The services address six thematic areas: land, marine, atmosphere, climate change, emergency
management, and security. They support a wide range of applciations, including environment
protection, management of urban areas, regional and local planning, agriculture, forestry,
fisheries, health, transport, climate change, sustainable development, civil protection, and

tourism(European Commission).
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5.4 Satellites systems

5.4.1 Copernicus program-Sentinel 1 constellation

The SENTINEL-1 mission is the European Radar Observatory for the Copernicus joint initiative
of the European Commission (EC) and the European Space Agency (ESA).SENTINEL-1 is designed
to work in a per-programmed, conflict-free operation mode, imaging all global landmasses,
coastal zones and shipping routes at high resolution and covering the global ocean with
vignettes. This ensures the reliability of service required by operational services and a consistent

long-term data archive built for applications based on long time series.

The mission is composed of a constellation of two satellites, SENTINEL-1A and SENTINEL-1B,
sharing the same orbital plane with a 180° orbital phasing difference, and together achieve very
short revisit times( 6 days) and rapid product delivery. The Sentinel-1A was launched on 3 April
2014 and Sentinel-1B on 25 April 2016. Synthetic Aperture Radar (SAR) has the advantage of
operating at wavelengths not impeded by cloud cover or a lack of illumination and can acquire
data over a site during day or night time under all weather conditions. The SENTINEL-1 mission
includes C-band SAR imaging (f = 5.405 GHz, A = 5.547 cm) with its C-SAR instrument, which can
offer reliable, repeated wide-area monitoring. The C-SAR instrument supports operation in dual
polarisation (HH+HV, VV+VH) implemented through one transmit chain (switchable to H or V)
and two parallel receive chains for H and V polarisation. Dual polarisation data is useful for land

cover classification and sea-ice applications(ESA).

B=ES

Figure 11: Sentinel-1 Spacecraft (ESA, 2012)
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SENTINEL-1 operates in four exclusive aging modes with different resolution (down to 5 m) and
coverage (up to 400 km).:

* Stripmap (SM) 5 m by 5 m resolution over a narrow swath width of 80 km

* Interferometric Wide swath (IW) mode allows combining a large swath width (250 km)
with a moderate geometric resolution (5 m by 20 m).

* Extra-Wide swath (EW) works similarly to the IW mode employing a TOPSAR technique
using five sub-swaths instead of three, resulting in a lower resolution (20 m by 40 m)

* Wave mode (WV). composed of stripmap imagettes of 20 km by 20 km, acquired
alternately on two different incidence angles. Wave imagettes are acquired every 100
km, with imagettes on the same incidence angle separated by 200 km.

Sentinel-1 can provide the following product types of data:
Level-0

The SAR Level-0 products consist of the sequence of Flexible Dynamic Block Adaptive
Quantization (FDBAQ) compressed unfocused SAR raw data. For the data to be usable, it will

need to be decompressed and processed using a SAR processor.

Level-1
Level-1 data are the generally available products intended for most data users. Level-1

products are produced as Single Look Complex (SLC) and Ground Range Detected (GRD).

Single Look Complex (SLC) products consist of focused SAR data geo-referenced using orbit and
attitude data from the satellite and provided in zero-Doppler slant-range geometry. The
products include a single look in each dimension using the full transmit signal bandwidth and

consist of complex samples preserving the phase information.

Ground Range Detected (GRD) products consist of focused SAR data that has been detected,
multi-looked and projected to ground range using an Earth ellipsoid model. Phase information is
lost. The resulting product has approximately square spatial resolution pixels and square pixel
spacing with reduced speckle at the cost of worse spatial resolution.

GRD products can be in one of three resolutions:

* Full Resolution (FR)
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* High Resolution (HR)

* Medium Resolution (MR).
The resolution is dependent upon the amount of multi-looking performed. Level-1 GRD
products are available in MR and HR for IW and EW modes, MR for WV mode and MR, HR and
FR for SM mode.

Level-2

Level-2 OCN products include components for Ocean Swell spectra (OSW) providing continuity
with ERS and ASAR WV and two new components: Ocean Wind Fields (OWI) and Surface Radial
Velocities (RVL).The OSW is a two-dimensional ocean surface swell spectrum and includes an
estimate of the wind speed and direction per swell spectrum. The OSW is generated from
Stripmap and Wave modes only. For Stripmap mode, there are multiple spectra derived from
internally generated Level-1 SLC images. For Wave mode, there is one spectrum per vignette.
The OWI is a ground range gridded estimate of the surface wind speed and direction at 10 m
above the surface derived from internally generated Level-1 GRD images of SM, IW or EW
modes. The RVL is a ground range gridded difference between the measured Level-2 Doppler

grid and the Level-1 calculated geometrical Doppler.
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5.4.2 COSMO-SkyMed

COSMO-SkyMed (Constellation of Small Satellites for Mediterranean basin Observation) is a 4-
spacecraft constellation, conceived by ASI (Agenzia Spaziale Italiana), and funded by the Italian
Ministry of Research (MUR) and the Italian Ministry of Defense (MoD), Rome, Italy. Each of the
four satellites is equipped with a SAR (Synthetic Aperture Radar) instrument and is capable of
operating in all visibility conditions at high resolution and in real time. The overall objective of
this program is global Earth observation and the relevant data exploitation for the needs of the

military community as well as for the civil (institutional, commercial) community (ESA).

The constellation consists of 4 medium-size satellites, each one equipped with a microwave
high-resolution synthetic aperture radar (SAR) operating in X-band, having ~600 km single side
access ground area, orbiting in a sun-synchronous orbit at ~620km height over the Earth
surface, with the capability to change attitude in order to acquire images at both right and left
side of the satellite ground track (nominal acquisition is right looking mode). The Ground
Segment is responsible for managing the constellation and granting ad-hoc services for
collection, archiving and delivery of products to the users (ESA).

Mission Launch date

June 8, 2007 on a Delta-2 launch vehicle from VAFB, CA; Launch provider:
COSMO-SkyMed-1
ULA

COSMO-SkyMed-2 December 9, 2007 on a Delta-2 launch vehicle of ULA from VAFB, CA, USA
COSMO-SkyMed-3 October 25, 2008 on a Delta-2 launch vehicle of ULA from VAFB, CA, USA

November 6, 2010 (UTC) on a Delta-2 launch vehicle of ULA from VAFB,
COSMO-SkyMed-4
CA, USA

Table 2: COSMO-SkyMed lauch dates.
The program is managed in cooperation of ASI and MoD. Although the first generation

constellation satellite SAR instruments (SAR-2000) will observe in X-band (9.6 GHz with a

wavelength of 3.1 cm), multi-mode scenarios (X-, C- L- and P-band) are planned for the future.
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Figure 12: Cosmo-skymed spacecraft

The mission imaging capability requirements call for very high peak power loads of up to 14

kW. The overall power consumption associated with a specific operating mode profile is:

Spotlight Stripmap Stripmap ScanSAR ScanSAR
HIMAGE Ping Pong Wide region Huge region
Polarization single single dual single single
Swath width 10X10 40X40 30X30 100X100 200X200
[kmxkm]
Accessible ~620 km ~620 km ~620 km ~620 km ~620 km
swath
Geometric 1 3 15 30 100
Resolution [m]

Table 3: COSMO-SkyMed specific operating mode profile.
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5.5 Interferometric Synthetic Aperture Radar

Interferometric Synthetic Aperture Radar (InSAR) is a technique for mapping ground
deformation or estimating Digital Elevation Model (DEM), using radar images of the Earth's
surface that are collected from orbiting satellites. The round trip distance from the satellite to
the ground and back again is measured in units of the radar wavelength, and changes in that
distance between the time two radar images were collected show up as a phase difference.
Combining these two images is called "interfering" because combining two waves causes them
to either reinforce or cancel one another. Attention must be paid to the sources of noise in

INSAR analyses like atmospheric effect and phase decorrelation.

INSAR greatly extends the ability of scientists to monitor deformation phenomenons
(volcanoes, land subsidence, etc.) because, unlike other techniques that rely on measurements
at a few points, InSAR produces a map of ground deformation that covers a very large spatial

area with centimeter-scale accuracy (USGS).

The first interferometric results of earth-surface have shown up in 1986 from Zebker and
Goldstein, who had used two airborne images of a region near San Francisco, California . They
suggest that the radar interferometric measurements can be used to obtain high-resolution
topographic maps of terrain believing that the interferometric technique is a new and useful

approach to the remote determination of topographic data.

There are few image selection criteria concerning the two most important InSAR applications:
Digital Elevation Model (DEM) generation and Differential Interferometry (DInSAR). The main
parameters in order to get the best results from the SAR interferometric analysis are related
with:

View angle (ascending and descending passes)

* Geometrical baseline
* Temporal baseline

* Time of the acquisition
* Coherence

* Meteorological conditions
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Based on above the image selection must(ESA publications):

Select either ascending or descending passes, depending on which will avoid
foreshortening in the area of interest.

Select those image pairs with the smallest perpendicular baseline in the required range
of dates. The smaller the baseline, the smaller the topography contribution to the
interferometric phase. As a consequence, a less precise DEM will be required for the
topography subtraction. Moreover, the smaller the baseline, the higher the expected
coherence.

two interferometric SAR images are not simultaneous, the radiation travel path for each
can be affected differently by the atmosphere. In particular, different atmospheric
humidity, temperature and pressure between the two takes will have a visible
consequence on the interferometric phase. The effect of such a contribution impacts on
both altitude and terrain deformation measurements. Images with rainfall must be

rejected.

Interferometric phase

The radiation transmitted by the radar sensors reaches the surface, is reflected and then

returns to the radar sensor. This signal is sinusoidal and the delay (t) is equivalent to a phase

change (¢) between transmitting and receiving the signal. Therefore the phase difference is

equal to the bidirectional signal travel with distance 2R divided by the transmitted (A)

wavelength. The phase difference takes values from 0 to 2m (Parcharidis, 2011).

The phase values ¢ of a pixel P of a radar image can be modeled as a mixture of four different

contributions (Ferretti, 2014):

where:
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¢ is the phase contribution due to the nature and location of all elementary scatterers within
the resolution cell associated to pixel P coherently adding to form the radar return (referred

sometimes and as the reflectivity phase),

4n/A r is the most important phase contribution for any InSAR analysis. Whenever there is a

dominant scatterer within the resolution cell, r is the sensor-to-target distance.

a is a phase contribution, the free particles in the ionosphere and clouds, water vapour, rain,
fog in the troposphere, affect the speed of propagation of the signal and introduce as a result
effects on the phase detected by the receiving antenna (Hanssen, 2001). a is an important
factor because most of the times is the greatest obstacle in conventional InSAR analyses and

many times compromises the quality of the final results.

v is related to any noise source, the most important is the thermal noise and it depends on the
signal-to-noise ratio as it is related to the level of thermal noise of the radar system and the

power of the received signal

Interferogram flattening

The generated interferograms have an almost linear phase trend across the image as a
function of the slant range and baseline. Flattening of the interferogram consists of removing
the phase component due to the variation of the range distance across the image. Removal of
this phase term “flattens” the interferogram leaving fringes only related to changes in elevation
(as well as noise, atmosphere and surface displacement). The operation is called flattening
because in the case of a flat surface this would be the only component of the interferometric

phase, under the assumption that the other components are null.

The interferometric phase variation can be split into two contributions:
1. A phase variation proportional to the altitude difference g between the point targets
referred to a horizontal reference plane

2. A phase variation proportional to the slant range displacements of the point targets
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where 0 is the radiation incidence angle with respect to the reference
It should be noted that the perpendicular baseline is known from precise orbital data, and the

second phase term can be computed and subtracted from the interferometric phase(Esa).

Phase Unwrapping

The flattened interferogram provides an ambiguous measurement of the relative terrain
altitude due to the 2n cyclic nature of the interferometric phase. The phase variation between
two points on the flattened interferogram provides a measurement of the actual altitude
variation. An integer number of 21 has to be added to recover the absolute phase difference.
The process of adding the correct integer multiple of 2t to the interferometric fringes is called

phase unwrapping (ESA).

Coherence

The quality of the phase difference of an interferogram is calculated from the degree of
correlation between the interferogram pair. Essentially, interferometric coherence (c) is the
measurement unit of phase noise and the ability of fringes appearing in an interferogram (Touzi
et al., 1999). The definition of cohesion (Born et al., 1980; Hanssen, 2001):

Elu, u}]
y= 2 2
VEL|u, "1 ETus]1

The coherence value ranges from 0 (the interferometric phase is just noise) to 1 (complete
absence of phase noise). Very low values of coherence near to 0 correspond to a non- coherent
image and very high values of coherence near to 1 correspond to a stable backscattered signal
(Touzi et al. 1999). The quality of the interferometric phase is connected directly with the noise
of the interferometric phase. Noisy areas are connected with low interferometric coherence and

the opposite (Parcharidis, 2016).
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The interferometric coherence is calculated by a number of parameters that characterized as
noise sorces of intrerferometric phace. The factors that affecting the final value of the
interferometric coherence relevance are also indicate a reason / cause of decorellation of the

intrerferometric phase (Hanssen, 2001):

Ytotal = Ytemporal + Ygeometric + Yvolume+ Ythermal +Yprocessor+YDC

where:

vgeometric = Difference of geometric acquisition between the two images
ytemporal = temporal decorrelation caused by natural changes on the terrain
yvolume= volume decorrelation when the scatterers are having a big size
ythermal = thermal decorrelation caused on specs of the antenna
Yprocessor= processor decorrelation based on the algorithm

vyDoppler = Doppler centroid decorrelation

Total correlation is 1 when there is no decorrelation. The spatial baseline decorrelation is
related to the horizontal separation between two satellite orbits (Osmanoglu et al. 2016).
Doppler centroid related decorrelation effects occur when the satellite attitude (yaw, roll, pitch)
is different during master and slave acquisitions. The effect is due to squint angle (W), which is
dependent on the yaw and pitch of the satellite (Miranda et al. 2003). Temporal decorrelation is
stronger in forests where volume scattering is dominant and thermal noise of the radar is also

an important decorrelation term, which is generally neglected for interferometry

As we mention InSAR can be used both for DEM reconstruction and the detection of surface
deformation phenomena. However the observation for monitoring surface deformation is more
challenging than it might seem because baseline-related to phase contributions cannot usually
be neglected, phase noise and atmospheric effects hinder the estimation of actual displacement

field affecting the area of interest.
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5.5.1 Differential Interferometry (DinSAR)

Wherever a DEM is available, the impact of local topography on the interferometric phase can
be limited by generating a differential interferogram (DInSAR). This processing estimates and
removes baseline-related phase components. Using DEM of the area of interest and the
information on satellite orbits, a synthetic interferogram is generated and subtracted from the

original interferogram (Feretti, 2014).

The DInSAR technique uses interferometric INSAR methods to measure very small surface
motions with high accuracyn (1cm) in large spatial coverage areas (GABRIEL et al. 1989). In
particular, the DInSAR technique exploits the phase difference, often referred to as
interferogram, between two SAR images relevant to temporally separated observations of an
investigated area and provides a measurement of the ground deformation projection along the

radar line of sight (LOS) (Lanari et al. 2007).

Numerous applications for the type of instrument demonstrated, which can measure
accurately extremely small changes in terrain over the large swaths associated with SAR
imaging. The possibilities include accurate measurement of preseismic swelling and buckling
and residual displacements from seismic events. Furthermore, this technique could be used to
monitor long-term motion, possibly resulting in earthquake predictions (Gabriel et al. 1989).
The DInSAR methodology has been applied first to investigate single deformation events
(MASSONET et al., 1993; PELTZER and ROSEN, 1995; RIGNQT, 1998). However, more recently, it
also has been exploited to analyze the temporal evolution of the detected displacements via the
generation of deformation time series. In this case, a time series of deformation can be solved

through the inversion of an appropriate sequence of DInSAR interferograms.

49



5.5.2 Multi-temporal InSAR

Since the launch of ERS-1 satellite in 1991, archives of repeated SAR images over the same
area became available, researchers started working at problems like DEM estimation via Multi-
Temporal InSAR. In early 2000, the Polytechnic of Milan firstly proposed the Permanent
Scatterers (PS) technique (Ferretti et al. 2001). The PS technique is based on the idea that,
exploiting long series of SAR images, providing the oportunity to observe that height,
displacement and atmospheric delay show different spectral characteristics as a function of
normal and temporal baseline and as a function of space. However, the original PSI concept as
published in (Ferretti et al. 2001) is very restrictive. A target is required to be coherent in all
interferograms generated with a single Master image. Whilst urban areas usually are
characterized by such features, it is very difficult to find them in other scenarios (as
rural/deserted/mountainous areas). The need thus for increasing the density of coherent
targets also in extra-urban areas brought to a series of improvements/generalizations of the

original PSI algorithm. Some of this algorithms are SBAS, StamPS and Squeesar.

The main idea of multi-master approaches is to relax the strict conditions imposed by PSI
techniques. Thus, instead of analyzing the InSAR phase generated with respect to a single
Master image, more options can be considered. If the computational power is not an issue, all
possible interferograms should be evaluated, searching for the coherent ones. Otherwise,
subset of interferograms can be selected (as small normal baseline subsets or pairs that can
guarantee the connectivity of the images graph (Perissin and Wang 2012). In any case, in a
multi-master framework does not refer any more to a single image. Moreover, in the single-
master approach, the number of samples per equation in the periodogram was indicated as NI
(equal to the number of images and also to the number of interferograms). In a multi-master
approach, the number of samples is equal to the number of interferograms Nint, which is
usually higher than NI. DEM was removed from the interferometric phase and no initial phase
unwrapping was applied. This analysis shows that Multi-Temporal InSAR can provide a more

reliable phase unwrapping than working with single interferograms.
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5.5.3 The SBAS Approach

As the Ferretti (2014) explains the Small Baseline Subset (SBAS) is a multitemporal
interferometric technique that was the first of the second family of algorithms. It was developed
by the CNR-IREA of Naples (Berardino et al. 2002) and it has been subject to changes and
improvements to deal with both multilook (Lanari et al. 2007) and full-resolution interferograms
(Lanari et al. 2004). The SBAS technique is a DInSAR approach allowing us to detect Earth’s
surface deformation and, to analyze their temporal evolution (Lanari et al. 2007). The
characteristic of SBAS algorithm is rather than sharing a set of differential interferograms all
sharing the same master scene, the SBAS works on interferograms having a normal baseline
value significantly smaller than the critical one. Moreover, the baseline plot associated to SBAS
is different, compared to the PSI techniques. The final target is always the estimation of
displacement time series for as many points as possible, interferograms are calibrated using a
common reference point and all differential displacements are referred to the first radar
acquisition that therefore becomes an effective master image for the dataset. Despite the fact
that all interferograms have a short normal baseline, possible DEM errors must be estimated
and compensated for, as point out in Fattahi and Amelung (2013). The estimation of the

atmospheric components is similar to what is performed in PSI techniques.

The main differences between SBAS and PSI techniques are (1) the procedure used to unwrap
the phase data and (2) the type of scatterers used to estimate and remove atmospheric
components(PS vs DS).The SBAS algorithm cannot provide useful information in phase data that
cannot be unwrapped. In SBAS, the algorithm starts from M low baseline interferograms,
filtered and unwrapped spatially. In general, M>N and the baseline plot shows a fully connected
network of points. It is then quite easy to estimate, for each DS exhibiting good coherence in
the M available interferograms, N unwrapped phase values referred to the first image of the
data-set, creating a time series of N+1 phase values, as the number of SAR data available. At
least whenever phase unwrapping was carried out successfully on all M interferograms.The
SBAS technique is applied pixel by pixel to all the areas exhibiting a sufficiently high coherence
degree and is robust with respect to possible errors of the DEM used in the derivation of the

differential interferograms.(Berardino et al. 2002).
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Figure 13: PS and DS scatterers.

Distributed scatterers(DS), exhibiting fairly good coherence in some interferograms, are
identified from the homogeneous ground, scattered outcrops, debris flow, non-cultivated lands
and desert areas, while PS typically correspond to man-made structures, exposed rocks,
outcrops and boulders. DS is characterized by lower reflectivity values compared to PS, but
their information content can be improved by spatially averaging neighboring samples (Ferretti,

2014).
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6. Data and Methodology

6.1 Data

A dataset of 241 Sentinel A & B, TOPSAR C-band, in the Interferometric Wide Swath (IWS) data
acquisition mode covering the period 03/2015 to 10/2020 was downloaded from Copernicus
Open Access Hub (https://scihub.copernicus.eu/) to monitor the surface subsidence through

the investigated time period.

For this dataset, two stacks of 118 and 123 SAR scenes, acquired in ascending and descending
mode along track 102 & 7 respectively, were used for a multi-temporal analysis to produce two
layers of surface deformation in the line of sight (LOS) and two of displacement decomposition
(vertical and east-west) along the plain over the last six years, from March 2015 to October

2020.

In addition, an acquisition of high spatial resolution satellite images were acquired by COSMO-
SkyMed (CSK) spacecrafts, in order to produce results of higher occurrence. Due to the fact that
the CSK have't acquisitions for the area of interest before the August of 2019, 72 images were
collected until January 2021. It should be mentioned that only the 66 were used due to

unsolved problem of software.
Meteorological data of rainfall and average heat collected from two local weather stations of

the National Observatory of Athens during 2015-2020 in order to correlate the subsidence trend

with dry and wet season.
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6.2 Methodology

The present study is an attempt to use remote sensing and data for monitoring the southern
Larissa plain deformation in a specific time period to investigate the surface subsidence trend
after the recharge of Karla lake. The workflow is presented in next page. The goal is to obtain
the crucial data needed to reach justified conclusions regarding the surface subsidence and
provide useful directions for further investigation if needed. The first step of the workflow is the
data acquisition, which includes data regarding the satellite image dataset, the temperature, the
rainfall records and GNSS data for validation purposes. The second step includes the data
processing, which is performed on SARscape ENVI software, using earth observation and
environmental data. In this step, multi-temporal SAR data processing was carried out following
the Small Baseline Subset (SBAS) algorithm using a multi-reference stack of pairs of SAR SLC
images to create a multi-reference baseline network of interferograms with the more as
possible combinations between the available images. Finally using meteorological data to
contribute to the interpretation of the displacement data processing results. Based on the
conducted processing and calculations, surface deformation plots and maps are generated. The
results are qualitatively validated using GNSS data. In the Displacement Decomposition step, the
displacements of study area are recovered into the vertical and horizontal components to
explain the displacement observed in the Light of Sight (LOS). A large number of interferograms
were obtained, specifically 398 Sentinel-1 pairs (mean absolute baseline 61 m) in ascending
mode and 422 Sentinel-1 pairs (mean absolute baseline 53 m) in descending mode as well as

396 CSK pairs (mean absolute baseline 173 m) in ascending mode.
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Data import

Firstly, the preprocessing step includes splitting each sub swath with the selected bursts to
cover the area under study and orbiting the refinement using the precise orbit files. On this
step, the VV polarized Single Look Complex (SLC) level-1 SAR scenes and the specific burst from
kmz file which determines the area of interest were selected. As the land displacement area is
known and it is a small part of the whole frame coverage, a subset of all images has been

produced in order to reduce the processing time and the hard disk usage.

Image Stacking

At this step, a comparison between scenes will be applied in order to create interferometric
pairs. These pairs will correspond to a stack of wrapped interferograms. The Master image will
be automatically chosen from the software and all the processed slant range pairs will be co-
registered on this reference geometry. We avoid choosing manually the reference Master image
because, according to SARscape manual, it could be the risk of retrieving fewer connections. For
this study, small temporal baseline pairs (60-days) and perpendicular baseline (mean ascending
61 m, mean descending 53 m) were selected in order to avoid losing the spatial coherence for
Sentinel-1 data (2015-2020). As a result of this step, we get an auxiliary file that includes
information for the stack of wrapped interferograms and two plots of Connection Graphs which
shows if the network of pairs is well connected. At the Figures 14 we can see that our graphs are
homogeneous and every acquisition is connected with others with a high redundancy (min
acquisition > 5).
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Figure 14: Connection graph showing perpendicular and temporal baselines of SLC pairs relative to the
master image: (Left) Sentinel-1 Ascending mode (master: 30 July 2020), (Right) Sentinel-1 Descending mode
(master: 25 February 2020).
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In the case of the CSK data, different parameters have been set. In order to have a well
connected graph with the best possible connections, the temporal baseline set to 180 days and
the max normal baseline up to 390 m. Moreover a triangulation connection graph have been

generated in order to have a more balanced network.
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Figure 15: Connection graph showing perpendicular and temporal baselines of SLC pairs relative to the master
image for COSMO — SkyMed data in Ascending mode (master: 14 May 2020), (Left) 2D connection, (Right)
triangulation connection.

Interferometric Process

During this step, each pair of images, identified in the image stacking, is used to generate
interferograms. At this stage of processing, it is important to define the slant range multi-
looking for the interferogram generation. Multi-looking in azimuth and range (1 x 4 for Sentinel-
1 and 3 x 3 for CSK) was applied to mitigate phase noise, and NASA's 90 m resolution Shuttle
Radar Topography Mission (SRTM) Digital Elevation Model (DEM) was used to subtract
topographic phase components and for corregistration of slave images with master image. A
Goldstein adaptive filter was applied to the interferograms to reduce the phase noise (Goldstein
and Werner 1998). The generated interferograms were unwrapped using the Minimum Cost
Flow (MCF) algorithm. The low coherence values can produce particularly noisy areas in the
analysis, which decreases the reliability of the results. Due to this fact, a coherence threshold is
set at 0,3. Areas having coherence lower than the threshold value will be not included for

further processing.
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Refinement and re-flattening

This step is executed to estimate and to remove the remaining phase constants and phase
ramps from the unwrapped phase stack. For the purposes of this step, Ground Control Point
(GCP) must be produced for refinement. The GCP can be selected either in slant geometry
(range and azimuth) or in geocoded geometry. Moreover, GCPs location should respect some
general criteria. The location of GCPs must be selected on flat and stable zones with high
coherence values so these criteria should be valid for most of the interferograms contained in

the stack.

Inversion First Step

At this phase of processing, a first estimation of the displacement rate and the residual
topography is calculated. Moreover, a second unwrapping is done within this stage on the input
interferograms to refine and improve the input stack in view of the next step. For the estimation
of the displacement rate, we choose the linear inversion model. Linear model is the most robust
inversion model compared with the other models which require high connection graph

redundancy and high coherent interferograms to provide reliable results.

Inversion Second Step and Geocoding

This step implements the inversion kernel to retrieve the final displacement time series.
Atmospheric filtering is applied on displacement time series of the previous step in order to
recover the final and cleaned displacement. At this step, a GCP is used to remove a residual
phase constant. The final results will be referred to this GCP which is referred as a reference
point. The selection of the reference point is an important part of the analysis, as the final
deformation rates are greatly affected by that selection (Parcharidis et. al, 2010). For this
reason, the reference point must be chosen very carefully on an area that is already known as
stable for all the time period. The average of coherence, which is generated over the stack
processing, was used in order to choose a high-quality region as a reference. For purpose of this
study, the reference point is selected on the settlement of Megalo Monastiri with a coherence
value of 0.88 for ascending and 0.90 for descending. The reference point is the same for both
geometries in order to have comparable results. As the Figure 17 shows, the reference point is

stable for all the period of this research. The results for this step takes into account a coherence
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threshold on the input stack of the unwrapped phase. Only the pixels which are over the
threshold in most of the stack will be solved by the inversion. The generated products of
displacement and velocity are geocoded from slant range format into geocoded images with
coordinate system and same pixel size. The result is a geocoded image based on the coordinate

system WGS 84.
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Figure 16: Coherence maps for ascending(left) and descending(rigth) geometry of Sentinel-1.
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Figure 17: Time series plot for reference point ascending(top) and descending(down)

Estimation of vertical and horizontal displacement

Finally, the Displacement Decomposition is applied to generate the vertical and east-west
components for both the displacement time series and average velocity. It requires two
different acquisition geometries to retrieve the displacement of vertical and east-west
components. These layers have been generated only for Sentinel-1 products because we have

only one geometry for CSK data.
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7. Results
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Figure 18: Average deformation trend for Ascending Sentinel-1
The Average deformation rate (mm/yr) (LOS ascending, descending) determined from Sentinel-
1 SLC data between March-2015 and Oct-2020 (Figure 18) showing that the area subside. The
most of the scatteres are identified on the built-up areas, roads-railroads and rocks which
showing more coherence. The displacement maps in LOS are having quantitatively differesces
on the NE side of AOI, showing uplift up to 26,5 mm and down lift up to -123 mm along the
ascending dataset and 38,5 mm and - 95 mm in LOS respectively for the descending respectively

(Figure 19).
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Figure 19: Average deformation trend for Descending Sentinel-1

The higher trends are detected in the center of Larissa plain with Kileler, Armenio and Achilio
villages affected the most. The main difference of the two LOS is detected on the NE side of AOI
with ascending geometry recording negative movement and descending geometry positive
movement respectively. This difference is recovered on the displacement decomposition as a
horizontal movements with opposite directions which we will discuss later in this section.
Specifically there are villages that observed high rates of subsidence with very interesting

deformation patterns.
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To evaluate the subsidence behavior, distance-displacement graphs were created taking into
account sections, constructed based on the ascending velocity map. More specifically, three
sections (A1-Al "to A3-A3’) and the corresponding graphs were obtained with direction from
west to east (Figure 20). The sections and the corresponding graphs were constructed in three
settlements, where higher trend rates and damage reports occurred. As the Figure 20 shows,
for sections A1-Al' and A2-A2' the highest subsidence trends are located in the western part of
the settlements and decreases as we head east towards to Karla lake. In contrast, section A3-A3'
the lowest values being located in the western part of the settlement and increasing towards
the eastern part. The Stefanovikio settlement showing interesting subside pattern with high
rates of subsidence almost -38 to - 30 mm/yr on the west part of the village and the other part
follow with less subsidence up to - 25 to -20 mm/yr. The same defamation pattern identified at
Armenio settlement reveals a higher subsidence from -55 mm/yr to -35 mm/yr. The Kileler
settlement has an opposite deformation pattern with the east part showing less subsidence up
to - 35to-40 mm/yr and west part a higher subsidence rate up to - 77 m/yr and -50 mm/yr.
Summarizing the observed deformation behavior we can identified that there is existing more
subsidence at the center of the plain. Maybe the distance between the settlements and Karla
lake (quantity of underground waters) or stable ground (mountains) can describe this

deformation pattern around the plain.
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Figure 20: Cross sections in Ascending mode using Sentinel-1products.
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Analyzing the deformation time series from Sentinel-1 SLC ascending geometry data between
March-2015 and 25-Oct-2020, we can identify the cumulative historical deformation patterns
(Figure 21). Locations over Thessaly plain were selected and grouped in three domains to
understand the deformation pattern behavior of the area. At the domain A of Figure 21, the
time series of scatteres at the Stefanovikio showing a low subsidence rate (P1, P2, P3, P4) at
the east part of the settlement which are increased as we move to the west part . At domain B,
Armenio and Sotirio settlements identified that rates of subsidence follows the same pattern
with domain A. The scatteres P5-P6 on the domain B are located at the center of the basin
showing higher cumulative rates of subsidence on the time series comparing with domain A and
have more similarities bettwen Sotirio (P7,P8) and the easter part of Stefanovikio (P3). The
same patterns were identified at the C area with the scatterers (P9,P10,P11,P12) displaying
cumulative downlift rates motion on the time series. The subsidence pattern based on time
series analysis seem to agree with the results of the sections showing that the subsidence is
higher at the center of the plain. An additional remark is that the seasonal deformation signals
are more intense on scatterers that located closer to the center of the basin and having high

subsidence rates than the others which their times-series are showing linear rates.

[mm]

Figure 21: Deformation Time Series from SBAS using Sentinel-1 data between Mar-2015 and 22-Oct -2020 over
Thessaly plain,Greece.
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Figure 22: Average deformation trend on Vertical after displacement decomposition
of two geometries for Sentinel-1 data.
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Displacement Decomposition results show that in the vertical (up-down) displacement (Figure
22) positive values mean upward up to 17 mm and negative values downward up to -127 mm.
For the horizontal (east-west) displacement map (Figure 23), positive values mean eastward up
to 32 mm/y and negative values westward up to -33,5 mm/y. The subsidence trend of vertical
displacement map follows the same pattern of motion of the two geometries on the center of
the study area and decrease as we move toward to the Karla lake and stable ground
(mountains). On the horizontal displacement, the villages are stable having small movements to
the west, with the exception of Kileler and Rizomilos settlements which their movement is
opposite. Very interesting are the movements that detected on the east and west perimeter of

the study area. This result shows us that the normal faults activated during the Pliocene-Lower
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Pleistocene which generated the NW-SE trending of Larissa Basin (Caputo et al., 1994) are still

active and affecting the morphology of study area (Figure 5).

Furthermore, the mean average subsidence trend was collected for the five main settlements
of the basin: Stefanovikio, Kileler, Armenio, Achilio and Rizomilos. According to the Figure 24,
the settlements with the highest trends are Kileler and Armenio which are located closer to the

center of the Larissa plain.
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Figure 24: Bar plot showing the mean average subsidence trend for the five main
settlements of study area.
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Comparison with GNSS station

A comparison of the SBAS results and GNSS data (STEFOOGRC) of National Observatory of
Athens was carried out, using the closer scatterer in the location of the station (lat: 39.464, lon:
22.742). The GNSS data based on the results of Argyrakis et al. (2020) covering the period of
2013-2017. In order to compare the results, we focus on the same period of both studies (2015-
2017). The DInSAR displacement time series plot based in the product of vertical displacement
which is generated from displacement decomposition. Comparing the results, the time series
seems to qualitatively agree with quantitative differences. Both results follow continuous
subsidence which is more intense during the dry periods for GNSS products. The difference
between the results is relative high. DInSAR products show a cumulative displacement up to -
12 cm while the GNSS products showing around to - 22 cm. This discrepancy can be caused due
to many factors such as the inaccuracy of coordinates, the processing of satellite data as well as
the infrastructure on which the GNSS station is located. Further examination of this problem is

suggested.
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Figure 25: Comparison of cumulative times-series on vertical displacement with GNSS station in Stefanovikio(STEF).
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Comparison with previus studies

In this study, an acquisition between 2015-2020 using Sentinel-1 SLC data, was carried out . In
order to understand if the recharge of Karla lake has affected the subsidence trends, a
comparison of the results with previous studies on southern Larissa plain is required. In Figure
26 showing the difference of higher trend velocities that have been detected in this master
thesis and previous research (Benekos et al. 2014) using ALOS — PALSAR SLC data for the period
2007-2011. Comparing the higher trends of five settlements, showing that the recharge of Karla
lake affects the subsidence rates for all the settlements except Kilelelr which is the most distant
from the lake. The significant differences at Stefanovikio (8 mm/y) and Rizomalos (4 mm/y)
settlements showing that recharge of Karla lake has a big impact on the groundwater deposits

close to the lake.
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Figure 26: Barplot showing the change of high values of subsidence trend by comparing results
of this thesis with a previews research on the same area.

Another comparison of cumulative subsidence of scatteres shows the change of subsidence
pattern after the recharge of Karla lake in the study area from the southeast to the center and
north (Figure 27). A number of scatteres based on study of Benekos et al. 2014 have been used
in order to estimate these changes. As their study shows the cumulative displacement in
diagrams and not as specific numbers, the determination of the values is approximate.

According to Figure 27, the subsidence rates have been reduced for domain A (P1,P2,P3,P4,P5)
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which was the most affected area for period 2007-2011 and increased for domain B and C
(P8,P9,P10,P11,P16, P17,P20) with the higher rates detected on Kileler settlement. Domain A is
the closest on Karla lake showing that the recharge seems to have an effect on groundwater
aquifers and consequently on land subsidence. Although the Figures 26 and 27 seem to be in
conflict about the Achilio and Armenio, that does not negate the fact of the general increase of

subsidence for these settlements as are referds as individual points
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Figure 27: Comparison of cumulative deformation from PS(ALOS PALSAR 2007-2011) and SBAS (Sentinel-
1 2015-2020) data. The image contains modified data of Benekos et al. 2014.

Furthermore, comparing on another research (Foumelis et al. 2016), for the time period of
2002-2010 using ERS and ENVISAT SLC data, the recorded subsidence trend was up to 15-20
mm/year while in this master thesis is up to 14-17 mm/year, verifying that the subsidence trend

is actually decreased.
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CSK products

The CSKs products seem to follow the same pattern as the Sentinel-1 results. Areas located in

the center of the plain show higher subsidence rates in contrast with the rest areas that located

closer to the lake and on solid ground.
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Figure 28: Map of average deformation trend in ascending mode based on CSK data.
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The settlement with the highest subsidence trend is Killerer which reaches -52 mm/y in the
eastern part and decreases as we heading to the west side. Next is Armenio settlement with
highest subsidence rate up to -35 mm/y. The settlement seems to be characterized by a uniform
distribution of subsidence throughout its area with a slight decrease to the east. High values of
subsidence trend up to 34 mm/y are also detected in the western part of Stefanovikio and Niki,
with a decrease of subsidence towards the eastern part. The same pattern is detected the rest
of the settlements (Sotirio, Kokkines) with lower subsidence rates. Exception is Rizomilos
settlementent, as in the results of Sentinel-1, are relatively stable with low settling rates of up to

14 mm/y.

Histograms were created for the three largest settlements. The histograms show the
fluctuation of subsidence, as well as the frequency of values, across the settlements. For the
settlements of Stefanovikio and Killerer, which follow a similar pattern of subsidence, this value
fluctuation is shown in their histogram. Stefanovikio values are recorded with a higher
frequency up to - 30 to — 10 mm/y, with the highest values being detected in a small number of
scatterers. Similar behavior detected on Kilerer with a higher appearance of scatterers who
corresponding to the maximum values (- 50 mm/y). Armenio settlement is characterized by
uniformity of subsidence all across its borders. The values that are mainly detected are in the

range of - 30 to - 20 mm/y. Larger or smaller values of subsidence are minimal.
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Figure 29: Histograms for the three biggest settlements.
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The comparison of the average annual trend for the five main settlements was carried out,
using final products of the two satellite systems in ascending mode. In the Figure 30, it is clear
that there is a discrepancy in the satellites observations up to 30 mm for the settlements that
characterized from high subsidence rates, while there is a higher agreement in locations where

the subsidence rate t is low for both satellites.
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Figure 30: Comparison of mean subsidence rate between five settlement using Sentinel-1 and CSK
products

Despite their quantitative differences, the results seem to detect the same pattern of

subsidence in the center of the basin. The Sentinel-1 products recorded higher rates in general.
The CSK results are showing more clearly the seasonal deformation than Sentinel-1. The
differences between the two satellite system can be caused due to the spatial resolution —
accurate, the wavelength, processing parameters (temporal threshold, resample grid size),the

temporal length possible affecting the calculations.
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Correlation of subsidence and dry-wet seasons

The combination of deformation products and meteorological data can prove that there is a
strong correlation of precipitations and higher subsidence rates. According Parcharidis et al.
2011, seasonal deformation signals are expecting to be detected during the dry seasons. As we
mention on the time series results, the seasonal deformation rates are more intense on
locations closer to the center of the basin with high subsidence trends. In order to detect those
signals we focus on areas which are characterized by this criteria (Figure 31). On the time-series
plot of Stefanovikio settlement we detected higher subsidence rates during the dry seasons
which is decreased on wet seasons. A barplot combined rainfall/subsidence shows that

decrease of rainfall during the dry seasons following by an increase of subsidence rate.
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Figure 31: Map of Stefanovikio settlement with the location of scatterers
that used for the correlation of subsidence/rainfall.

74



-50

. -100

£

g -150

(]

2 -200

(]

©

‘w  -250

Ke)

=1

7]
0"33 Q'é’o 0"? 0"/’\ 0"<’b 0"9 0'19 0(19
Vv Vv Vv Vv Vv Vv v v
S AR (CHERS T > KX

@? QQ/ o V\) @‘?* @‘?‘ N 19

Dates

200 0
180 \'\

160 -50
140

120 -100

‘l‘lllllllll .I ‘III' -250

FMAMIJASOND FVAMIJASOND FVAMIJASOND FVAMIJASOND FVAMIJASOND FVAMIJASO
2015 2016 2017 2018 2019 2020

T
£ 100
E 80 -150
.g 60
€ 40 ‘ ‘ ‘ | -200
20
| I. bl Il ||||I|I il | L1 ||I

Cumulitive deformation (mm)

Years

Figure 32: Time-Series plot of cumulative subsidence on Stefanovikio settlement (up). Cumulative times series
correlated with rainfall data (down).

Further statistic analysis focuses on the seasonal effects on subsidence rates. In order to make
a quantitative comparison we grouped the months based on their precipitations on dry (April
to September) and wet seasons (October to March). After their separation into these
categories, we calculated the cumulative subsidence and rainfall for every season (table 4). A
scatter-plot  (Figure 33) correlating these two parameters shows the great influence of
precipitations on subsidence and the difference between the dry and wet seasons. As it was
expected, dry seasons are characterized by higher cumulative subsidence. This result is more

complex and it is not based only on the rainfall, nonetheless it is clear that higher subsidence
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trends are expected on dry seasons. Bar-plot on Figure 34, displays the difference of subsidence
between of dry and wet season of every year. According to the results, the 2019 is the year with

the higher difference up to 33 mm.

Season Start End Subsidence Rainfall
(mm) (mm)
Dry Season Apr-15 Sept-15 - 39,95 214
Wet Season Oct-15 Marc-16 -16,43 307
Dry Season Apr-16 Sept-16 - 24,94 114
Wet Season Oct-16 Marc-17 - 11,23 190
Dry Season Apr-17 Sept-17 - 38,97 151
Wet Season Oct-17 Marc-18 - 6,49 256
Dry Season Apr-18 Sept-18 - 29,98 224
Wet Season Oct-18 Marc-19 -0,78 217
Dry Season Apr-19 Sept-19 - 33,09 159
Wet Season Oct-19 Marc-20 - 8,72 316
Dry Season Apr-20 Sept-20 - 36,9 200

Table 4: Separation of months on dry - wet seasons based on precipitation. Cumulative
subsidence and rainfall is calculated the for every season during the period 2015-2020 of
Sentinel-1 vertical displacement product after displacement decomposition.
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Figure 33: Scatter plot of rainfall-cumulative subsidence of dry-wet seasons during

the period 2015-2020 of Sentinel-1 vertical displacement product after
displacement decomposition.
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Figure 34: Subsidence rate difference between Dry — Wet season of every year for Sentinel-1. The
highest difference is detected in 2019 ( up to 33 mm).

Seasonal deformation signals are also detected on the Cosmo-SkyMed products. Bar-plot were
generated to correlate these deformation pattern between the Stefanovikio settlement and
rainfall of the study area. In Figure 35 the subsidence rates of Stefanovikio are increased on dry

seasons as the precipitations decreased.
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77 Figure 35: Time-Series plot of cumulative subsidence on Stefanovikio settlement
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In Figure 36, time series of four settlements are showing the same subsidence patterns during
the dry season. Higher difference can be detected on Kileler and Niki settlement. The locations
of scatterers are visualized on the appendix. Focusing in the wet and dry season of Stefanovikio
settlement (table 5) we see that the difference between the beginning and the end of wet
season is up to 1-3 mm and 19 mm, for dry respectively. As the results of Sentinel-1, CSK data

follows the same distribution on scatter-plot (Figure 37).
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Figure 36: Time series of four settlements of Stefanovikio, Kileler, Niki and Armenio. The
scatterers are located in areas with high subsidence trends.

Season Start End Subsidence Rainfall (mm)
(mm)
Wet Season Oct-19 Marc-20 -2,51 316
Dry Season Apr-20 Sept-20 -19,63 200
Wet Season Oct-20 Jan-21 -1,43 196

Table 5: Separation of months on dry - wet seasons based on precipitation. Cumulative
subsidence and rainfall is calculated the for every season during the period 2019-2021 of CSK
vertical displacement product generated by ascending geometry.
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Figure 37: Scatter plot of rainfall-cumulative subsidence of dry-wet seasons
during the period 2015-2020 CSK vertical displacement product generated
by ascending geometry

Finally a comparison of subsidence rates between the two satellite systems was carried out
focusing on Stefanovikio settlement (Figure 38). The results are showing that both satellites are
following the same subsidence pattern over the wet and dry season of 2019 — 2020 with an
interesting difference on wet season of 2020. Sentine-1 scatterers, beside the fact of higher
precipitations during September and October of 2020, having a continuous subside while the
CSK scatteres showing a stabilization of deformation which is expected due to the onset of the

wet season.
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Figure 38: Comparison of CSK /Sentinel-1 subsidence rates, correlated with rainfall data
covering the same period (Aug 2019 — Oct 2020).
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8. Discussion - Conclusion

The main objectives of the current master dissertation concerns the update of previews
studies on southern part of eastern Thessaly plain in order to investigate if there is potential
decrease of land subsidence trend after the recharge of Karla lake in 2010 by generating multi-
temporal interferometric products (deformation maps, cumulitve deformation time-series) and
correlate them with weather conditions of study area. Also, we had detect for first time the
east-west movement of Larissa plain by generating displacement decomposition maps. The
displacement products were produced by appling the SBAS algorithm on two different

frequencies of SAR satellites (Sentinel-1, Cosmo-SkyMed).

The SBAS technique was applied to both geometries of Sentinel-1 data to detect and
characterize the subsidence in Larissa plain. It was verified that Larissa plain continuous facing
subsidence phenomena from 2015 to 2020 with the max subsidence trend at 123 mm/y for
ascending and 95 mm/y for descending mode. The majority of scatteres are located in
settlements, the main highway and the railroad. The significant subsidence was detected in the
center of Larissa plain on the Armenio, Kileler and Achilio settlements as well as in the road-
railway network close to them. Displacement decomposition shows that the max subsidence
trend is up to 127 mm/y. Moreover detected the “opening” of the plain with small movements
to east-west due to the active faults of Pliocene-Lower Pleistocene. The result seems to be
reliable and consistent with previous studies. Comparing the results with previous studies
shows a decrease of subsidence trend up to 3 — 5 cm/y which is possible caused by the recharge
of Karla lake. It should be mentioned that the biggest changes on subsidence trend detected on
Stefanovikio and Rizomilos settlements which are the closest to the lake, reinforcing the theory
of groundwater recharge. Moreover the SBAS technique was applied in ascending mode of
Cosmo-SkyMed data for a short period of time from 2019 to 2021. The generated products of
average velocity trend show a subsidence up to -53 mm/y and a cumulative subsidence up to
-65 mm located on infrastructures outside the Achilio settlement. The higher trends inside the

settlements was detected on Kileler, Armenio and Stefanovikio reaching -34 to -52 mm/y . The

results seem to qualitative agree with the subsidence pattern of Sentinel-1 products but with

quantitative differences up to - 30 mm/y.
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The pattern of the deformation indicates a combination of natural and anthropogenic causes
related to climate change and groundwater irrigations. Climate change has increased in recent
years by exponentially affecting average temperatures and reducing the frequency of rainfall
resulting in a possible increase in dry periods. With the uncontrolled irrigation of groundwater
for agriculture activities, the subsistence trend across the basin will continue causing greater
damages to the urban and rural environment. According to the results of this study and the
climate change predictions, strict measures must be taken by the local authorities to control
irrigations through drillholes for the protection of groundwater reserves and consequently the
decrease of subsidence trend. Future studies will focus on the impacts of land subsidence on
critical infrastructures using geospatial intelligence methods, the historical meteorological data
(30-40 years) from local stations to investigate long-term changes that could be linked to climate

change and the predictions for future subsidence rates under the future rainfall conditions

From a technical point of view, the free access to huge archives of Copernicus SAR SLC data,
contributes significantly to the intensive and more accurate monitoring of subsidence. The
produced results have limited areas of low coherence (temporal and spatial decorrelation) on
the urban environment of the settlements because Sentinel-1 exhibits high temporal resolution

providing us information for larger areas.

In conclusion, according to the results of this study:

* Sentinel-1 products showing a land subsidence trend up to -95 to -130 mm/y. Higher
subsidence values are detected in the center of the plain.

* Comparing the results of Sentinel-1 with previews studies, the land subsidence
decreased (about 30 — 50 mm/y) but persists on southern Larissa plain.

* Cosmo-SkyMed products showing a land subsidence trend up to -50 mm/y following the
same pattern with the Sentinel-1 displacement maps.

* The results seem to agree with the previous studies about the high subsidence rates in
the dry seasons. As the dry periods are expecting to extent, larger subsidence rates will
be detected.

* Opening of the plain detected on displacement decomposition shows that the normal
faults activated during the Pliocene-Lower Pleistocene are still active affecting the

geomorphology of SE Thessaly plain.
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Based on the meteorological data of our study period (2015-2020), the precipitation and
mean temperatures are stable showing no changes. Although, dry and wet seasons
having an important role on subsidence trending. As the climate change is going to
change those parameters, it is possible to increase the subsidence rates. Strict
measurements must be taken in order to control the illegal irrigation (drill holes).

Future studies will focus on the impact of subsidence on critical infrastructures and
analyze the seasonal deformation patterns.

Finally according to the results of this study, the recharge of Karla lake has an impact on
the ground-water deposits as a result the decrease of land subsidence rates on
settlements close to lake. The main problem of subsidence is located on the center of

the plain with higher trends comparing with previews research.
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Figure 39: Locations of scatterers of CSK data that used for time-series
plots.
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