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Abstract

This research study is conducted in the eastern part of northern Thessaly, which is located in the
middle of Greece and has a total area of 3113.834 km’. This study area suffers from natural and
human hazards which have gradual and rapid impacts and which as a consequence threaten the
stability of civil infrastructure and moreover agricultural projects. They are related to huge
groundwater withdrawal for agricultural irrigation as well as other uses, type of lithology, active

normal faults which cross the study area, earthquakes, and many other minor factors.

According to the historical seismicity, the study area is characterized as having medium
to high seismicity due to the fact that the last earthquake of high magnitude (Ms = 6.1) occurred
in 1941. However, according to the literature no earthquake with a magnitude greater than Mw =

4 has been observed since 1941.

Given the scientific fact that no earthquake with a magnitude greater than Mw = 4 has
been observed since 1941. Furthermore the scientific demands to identify and investigate the
causes of low magnitudes earthquakes which have occurred within the study area after 1941 so
far. Additionally to investigate the constant and dramatic influences of groundwater withdrawal
on the (objects) stabilization which are located within or on the ground; moreover the impact of
other participating parameters on ground deformation such as type of lithology and soil. In
addition to verifying from the ability of applying Synthetic Aperture Radio detection and ranging
Interferometry (SAR Interferometry) techniques to identify ground deformation phenomena

resulting from any causes within urban and non-urban areas, this research has been implemented.

Consequently the objectives of this study are to verify the possibility of implementing
SAR interferometric techniques to detect short- and long-term deformation as well as to

investigate the factors that affect ground deformation within the study area.

Three interferometric SAR techniques have been implemented using GAMMA Software
(S/W): the Conventional, Stacking Interferometric, and Persistent Scatterer Interferometric (PSI)
techniques. Two datasets from the Earth Resources Satellites (ERS1/2) and the Advanced
Synthetic Aperture Radar Environmental Satellite (ASAR ENVISAT) of ascending and
descending tracks have been used during the periods 1995-2008 and 1992-2010, respectively.

The results were as follows:

- The results of three techniques within ascending and descending tracks indicate that

subsidence and uplift deformations are distributed over the whole of the study area.
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No interferometric deformation patterns have been observed within agricultural fields by
implementing the interferometric stacking technique of ascending and descending tracks;

however interferometric deformation patterns are confined to urban and mountain areas.

Interferometric deformation patterns have been observed within urban and agricultural
areas through the application of conventional techniques with ascending and descending

tracks by applying period of short-term.

The results of interferometric stacking of the descending track indicate a low distribution
of patterns density in comparison with the ascending track; furthermore the number of
candidate points within the descending track is smaller than the number of candidate
points in the ascending track. An interpretation of this case is occurred in pairs between
different seasons typically encounters stronger atmospheric effects (in particular stronger

height-dependent atmospheric effects).

The results showed that the descending track had more difficult phases to unwrap and

this may reduce the spatial coverage achieved.

A direct correlation has been found between the number of inteferograms and the average
coherence with ascending and descending tracks within the urban area. However, an
inverse correlation has been found between the number of inteferograms and the average

coherence within agricultural fields.

A direct correlation has been found between the long perpendicular baseline and the
result for the number of interferograms. In addition a direct correlation has been found

between wrapped phases and the long perpendicular baseline.

A significant correlation has been found between fluctuation of the groundwater level and
land deformation within the ascending and descending tracks, despite the short time
series data of the ascending track (1995-2006) and the long distance between boreholes
and many point candidates of PSI relevant to the descending track. This may be
attributable to the short distances between boreholes and many point candidates regarding
the ascending track or to the large range of the time series data (1992-2010) of the

descending track.
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The results of the conventional technique point to seasonal deformation. This is attributed
to the fluctuation of groundwater level, which plays an important role through its impact

on ground deformation during short time periods of up to one month.

Differences in the ground deformation rate of the same settlements resulting from the
interferometric stacking technique of two tracks, ascending and descending, may be
attributed to the difference between the numbers of interferograms within each
interferometric stacking result, since there were 29 items within the ascending track and
70 items within the descending track. Furthermore, there were differences between the
time periods of the radar images within each track and between the locations of reference

points within each track.

The persistent scatterer technique, through the application of spatial correlation between
the locations of candidate points and fault traces, reveals and/or indicates the possibility

of the influence of fault movements on ground deformation.

The other main reason for deformation is the compaction of materials induced by water
pumping and this is related to local deformation. This compression of materials may

produce a micro-seismic magnitude (3 to 4).

SAR interferometry techniques successfully revealed the impact of lithology type on

ground deformation through the ascending and descending tracks.

Many of the parameters participated together furthermore have nested impacts on ground
deformation within the study area as well as it is difficult to completely isolate the

influence of each single parameter individually in spite of applying statistical correlation.
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Hepiinyn

H mopovoa dwdaktopikn dotpi mpoypatomomdnke oto ovotolkd Tunquo e Popeog
@cooaliag, To omoio Bpioketar oty Kevipcy EAGSa kot éxet cuvolkn éktaon 3113.834 km?.
H meproyn perémg yopaktmpiletor amd TAn00oc QuGIKOV Kot avOpOTOyEVOV KIVOOV®V TOV X0V
1060 GTAdI0KEG OCO KOl TAYEIEG EMMTOOELS KO O1 OTOIES £XOVV G GLVETELX TN ONUIOVPYIo HI0G
OEIANG TTPOG TN 0TafEPOTNTA TNG OGTIKNG VITOOOUNG KO TV aypoTIK®V £pyav. Exyovv oyxéomn pe
TNV TEPACTIO. VOPOUACTEVGT] TOV VIOYEL®V VOATMV Y10 YEWPYIKN Apdevot, Kobmg Kot GAAEG
YPNOEIS, UE TO €100G¢ AMBoAOYin, TO KOVOVIKG PAYUOTO TOL JPAGTNPLOTOVVIOL GTNV TEPLOYN

UEAETNG, TOVG GEIGUOVGC, KOl TOAAOVG AAAOVS LKPATEPNG ONULOGIOG TOPAYOVTES.

SOUPOVA LLE TO 10TOPIKO TOV GEIGUAV, 1| TEPLOYT LEAETNG YopakTnpiletal va €xel pio péon mpog
VYNAN GEWGKOTNTA, M ool 0QEIAETOL GTO YeYOVOG OTL 0 TeEAevTaiog peydhog oeondg (Ms =
6.1) gppaviomke to 1941. Qot6c0, cvueova pe 1 PipAloypagio dev VIAPYEL GEWGUOG e

péyebog peyaAvtepo omd Mw =4 petd to 1941.

[Tpémer va. AneOel vTOYN TO EMGTNUOVIKO YEYOVOG OTL KOVEVOS GEWGHOG e péEyeBog pLeyaldTepo
and M = 4 dev éyel mapatnpndet and 10 1941. Emumrdéov, o1 EMGTNUOVIKES OMOTNGELS Y10 TOV
EVIOTIOUO KO TN O1EPEVVIOT TMV GTUDV TOV YOUNA0D HeYEB0VG GEICUMV OV GNUEW®ONKOY GTNV
weployn HEAETNG petd amd 1o 1941 péypt onuepa. Emurdiéov, mpémet va gpguvnBodv ot cuveyeig
KOl OPOUOTIKEG EMWOPACES NG OMOANYNG TV LAOYEIWV VOAT®V otV  (OVTIKEWEVIKT))
otafepomoinon Tov £04POLS Kol VITEGAPOLS, KAOMS Kol O AVIIKTUTOG TOV GAADV TOPAUETPOV
TOV GLUUETEYOVV GTNV TAPUUOPPMOT) TOV EAPOVG OTMG 0 TOTOG TG ABoAOYiNG Kol 1] GVOTUCT
0V €0Gpovs. H mapovoa épevva epapudletar, yioo TV €maAR0gvoN TG IKOVOTNTOS EPAPLOYNG
TV TeXVIK®OV cvuPoropetpiag Synthetic Aperture Radio (cvuPoropetpio SAR) aAdd kot v
aviyvevon G £50PIKNG TOPAUOPP®ONG TOV TPOKVTTEL OO TNV EMOPACTC OTOLUONTOTE AUTIOG

EVTIOG TAOV OGTIKMV KO U AOTIKOV TEPLOYADV EPUPUOCTEL.

Katd cvvéneia, ot 6tdyot g mapovoag pekétng eivar va e€akppwbei n dvvatdtnta epapproyng
TV teRvikav XvpPoropetpiag SAR interferometric oty aviyvevon PpayvrpdBeoung kot
LoKPOTPOOESUNG TOPAUOPP®ONG, KAODS Kot 1 dlepehvnon TV Tapaydviwv Tov ennpedlovv

TNV TOPOUOPPMOOT) TOV E06POVS GTNV TEPLOY LEAETNG.

Tpeig teyvikég svpPoropetpiog SAR gpappoécKay pe ™ ypnon tov Aoywopikod GAMMA (S /
W): H ovpPartikny (Conventional), 1 cvpforopetpiog otoBdypnotog (Stacking Interferometric),
kou 1 Persistent Scatterer Interferometric (PSI). Xpnoipomomfnkayv, 600 chvora dedouévmv amd

tov dopveopo ERS 1/2 kot tov mepifariovtikd dopvpdpo Advanced Synthetic Aperture Radar
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(ASAR ENVISAT), avepyduevng kot KaTepYOUEVNS TPOYLIG KATA TN OLIPKELD TOV TEPLOO®V
1995-2008 ka1 1992-2010, avtictoryo.

Ta anoteAéopata Nrav ta akdéAovda:

- Ta amoteléopaTo TOV TPIOV TEYVIKOV GTO OEOOUEVA AVEPYOUEVNIG KO KATEPYOUEVNG TPOYLAG

delyvouv 0Tl o1 Tapapopemoelg Kafilnong Kot avoymong KoTTavEUOVTOL GE OAOKANPM TNV

TEPLOYN HEAETNG.

- Koavéva potifo ocvpporopetpiknis mopapdpemons dev  mopatnpnOnke oTiS OoypOTIKES
KOAMEPYELEG TNV €QPAPUOYT TNG SLUPOAOUETPIOG CTOPAYUATOC OTIS EIKOVEG OVEPYOLEVNG KO
KatePYOUEVNS TPOYLaS, Qotdc0 pOTiRo CUUPBOAOUETPIKNG TOPAUOPPOONG EVIOMIGTNKAV GE

OO TIKEG KOl OPEWVEG TTEPLOYES.

- Motifa cvuPoAopeTpKig TOPAUOPEMOONG TapoTNPNONKOY €VTOG TOV OOTIKOV Kol TOV
AYPOTIKAOV TEPLOYDV HEGH TNG EPOPUOYNG TNG CLUPATIKNG TEYVIKNG OTIS EIKOVEG AVEPYOUEVTS

KOl KOTEPYOUEVNC TPOYLIS LLE TNV €QapUOYN o€ PBpayvmpdBeoun mepiodo.

- Ta oamoteAéopata ™G ovuPoropetpiog GTOPAYUOTOCTOV EIKOVOV KOTEPYOUEVNG TPOYLAG
dglyvouv MV IKPY KOTAVOUY] T®V TPOTOTMV TLKVOTNTOG OE OUYKPION HE TIC EKOVEG
avepyouevne tpoylds EmmAéov, o apBudg twv vroyneumv onueiov oty KATEPYOUEVT] TPOYLA
etval pikpotepog omd tov aplfud Tov vroynelev onueiov oty avepyduevn tpoywd. Epunveia
vt ™G mepintwong Aapupavel yodpo oe Cevyn HETOED TOV SPOPETIKOV EXOYDV Kol GLVNIOWG
CLVOAVTA 10YVPOTEPES ATUOCPUPIKES EMOPACELS (KLPIMG 1GYVPOTEPES UTUOCPUIPIKES EMOPACELG

OVOAOYO LLE TO VYOUETPO).

- Ta amoteAéopata G ovuPoropetpiag oTOPAYHOTOS TOV EKOVOV KATEPYXOUEVNG TPOYLAG
delyvouV IKPY] KATOVOUN TV TPOTUTMV TUKVOTNTOS GE GUYKPIOT LUE OVTEG TNG OVEPYOLEVNS

TPOYLIC.

- Hapoammpnnke 10 dueon cvoyETion HETAEL TOL OPBROY TV GLUPOAOYPOUUATOV Kol TNG
HLEGTG GLVOYNG TMV EIKOVMV OVEPYOLLEVIC KO KOTEPYOUEVNS TPOYLACKOUUATIO EVTOG TNG OGTIKTG
neployns. Qotdco, mapatnpnOnke €vag avticTpoPog GLUGYETIGUOS HeTaEDd TOL OpBUoD TMV

cLUBoAOYPOUUATOV Kol TNG LECTG GLVOYNG OTIC KOAMEPYOVUEVEG TEPLOYEG.

- Hapoamphnke pia dpeon cvoyétion petald g pakpdg KAOeTg Ypouuns Pacng kot Tov
AmOTEAEGUOTOC Yoo Tov oplfud tov ocvuPoroypoppdtov. Emumdéov Ppébnke o queon

OLGYETION HETOED TOV PACE®V Kol LOKPAS KAOeTNG Ypouun Paonc.
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- Bpébnke (o onpovtikn cueyETion HETAED TG SIKVUAVOTG TNG OTAOUNG TOV VITOYEIMV VOIATOV
KO TNG TOPAUOPO®ONG TOV EJGPOVS OTIS EIKOVEG AVEPYOLEVNC KO KATEPYOUEVNG TPOYLAS, TOPA
TIG GUVTOUES YPOVOGELPES TNG avePOUeVNS Tpoyld (1995-2006) kot ™ peydAn andctoon petald
TOV YEOTPNOEWV KOl T®V TOAA®V VIoynelov onueiov tov PSI o1l eikdves katepyduevng
TPpOYLIC. Avtd pmopel vor 0QeiAeTanl OTIC HKPEG OMOGTAGELS HETAED TOV YEOTPNGE®V KOl TMV
TOAADV VTOYNPLOV CNUEI®V IOV EANEONGAV Yoo TNV avEPYOUEVN TPOYIAL 1| OTO HEYAAO €0POG

TOV 0E00UEVOV TOV Ypovocelp®V (1992-2010) tng KatepyOprevng TpOyLAGC.

- Bpébnkoav amoteréopata amd ™ COUPATIKY] TEXVIKY YO TNV ETOYIOKY] TAPAULOPO®OOT. AVvTtd
opeiletar omn dokvPAVOT TG 0TAOUNG TV LTOYEI®Y VIGTOV, 1| oToia dradpapatiCel GNUOVTIKO
POAO HEGM TNG EMIOPAGNC TNS OTNV EGQPIKN TAPAUOPPOCT) GE GUVTOUO. YPOVIKA SLOUGTULATO £WG

KoL Vo pvaL.

- Ot d1popéc 610 TOGOGTO TAPAUOPPOGNS TOL £0APOVE TOV OOV OIKIGUAOV TOL TPOKVTTOLV
amd TNV TEYVIKY] TOL GULUPBOAOUETPIKOV GTOPAYHOTOS TV V0 TPOYLDV, CVEPYOUEVNG Ko
KatepyOueVNS, umopel va amodobel otn dapopd petald tov aplBudv Twv GLUPOAOYPAUUATOV
evioc kdBe ocvpporopeTpikov oTolPAypratog, 0edopévoy OTL vanpyxav 29 ewkdveg katd TNV
avepyouevn tpoyld ko 70 ewkdveg oty KotepyoOuevn tpoywd. EmumAéov, vmmpyov dtopopég
HETOED TV YPOVIKOV TEPOd®V TV elkdvav radar péco oe Kabe Tpoyld Ko petaéd tv Bécewv

TOV onueiov avagopds péca oe kKabe TpoyLd.

- H teyvucn PSI, péow g epoppoyng e Yopikng ovoyétiong HeTald tov Bécemv tov
VIOYN POV GNUEI®V Kot T {yvn TOV pNYLATOV, GTOKUADTTEL KOUT] DITOOEIKVVEL TNV THAvOTNTA

NG EMPPONG TOV KIVIIGEMV TOV PNYLATOV GTNV TOPAUOPPOGT] TOV EOAPOVGE.

- O dAhog KOp10g AOYOG Y10, TNV TOPAUOPPMOT] EIval 1] GUUTHKVMOT) TOV LAIK®OV TOVL TPOKAAEITOL
amd TNV VIEPAVIANCT] TOL LIOYEIOL VEPOD Ko avTO GYETILETAL [UE TNV TOTIKY TOPOUOPPMOT).

Avt 1 ovumieon TOV VMKOV Pmopet va Topdyet Eva kpo-ceteos peyéboug 3 émg 4.

- Ov teyvikég ovpPoropetpiog SAR avédelav pe emtuyio TG eMMTOGES TOV TOTOL ABoAoYiog
OTNV TOPALOPP®CT TOV €APOVG TOGO OTIG €KOVES avePYOUEVISC OGO Kol OTIS EKOVES

KATEPYOUEVNG TPOYLAGS.

- TIoAMég amd TG TOPOUETPOVS EMOPOVY TOVTOXPOVE KOl Ol EMATMOCELS TOV EMPEPOVY GTNV
TAPAUOPPMOOT TOV €3AQOVS GTNV TEPLOYN UEAETNG, €lvar SVOKOAO va OlO®PICTOVY Kol Vo
Eeympioel mowog mapdyovtag emmpedlel MEPIGGOTEPO, TOPO TNV  EQPOPUOYN OTATICTIKNG

GLGYETIONG.
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Chapter One: Introduction

Chapter One: Introduction
1.1 Introduction

Natural hazards comprise hydro-meteorological hazards, which include floods and
flash floods, droughts, wildfires, tropical cyclones and hurricanes, and severe storms;
geological hazards, which include tectonic movement, earthquakes, tsunamis,
volcanoes and explosive crater lakes, landslides, mudflows, erosion, and siltation; and
moreover human-induced hazards, which include wars, groundwater and oil
withdrawal, mining, and land degradation. Together, all of these hazards contribute to
serious environmental problems which in consequence affect and destroy the

economic development of countries and finally, in turn, impact on all walks of life.

The amount of natural and human hazards has to be measured carefully and
accurately to determine precisely the environmental and economic damages and
furthermore to evaluate the disaster and risk management. The development of new
technologies and techniques has dramatically eased and assisted the measurement of
hazards and disasters induced by either nature or humans. Furthermore the financial
cost of work and manpower has decreased and the speed and accuracy of production

of ground deformation maps has increased.

Ground deformation, which is the topic of this research, resulting from either
natural or human hazards, is one of the most important hazards which threaten the
stability of civil and agricultural construction located on or within the ground, and it
causes real disasters. Consequently it is logical and reasonable to expend time and
funding on many projects all over the world to find and enhance new, rapid, accurate,
and low-cost methods and techniques to determine, manage, and reclaim the damages

and furthermore to limit future hazards and disasters if possible.

The new generations of satellites, their newly produced data used for earth
monitoring, and furthermore new improvements in software processing can ease the
monitoring of ground deformation rapidly, accurately, and economically in

comparison with the old geotechnical monitoring methods.

Applications and implementation of the technique of Synthetic Aperture
Radio Detection and Ranging (Radar) (SAR) interferometry for monitoring changes
in the Earth’s surface began in the early 1990s.
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The utilization of SAR interferometry for monitoring ground deformation
caused a huge revolution in the field of ground deformation and geohazards
monitoring and maps production through the facilities of long- and short-term
observations in addition to the large spatial coverage of radar images and moreover
the high accuracy of deformation measurement, which has reached millimeter-level

accuracy.

Since then, the enhancement and increase of radar image resolution and
furthermore multi-radio band sensors that can be carried by new-generation satellites
as well as the development of data processing software have supported and proved the
importance and successfulness of the use of SAR interferometric techniques for

monitoring geohazards.

The latest development in this field is the new technique of ground
deformation monitoring called Persistent Scatterer Interferometry (PSI), which makes

it easier to monitor the deformation of point targets such as columns and buildings.

SAR interferometric techniques have been applied within this research study

to monitor and map ground deformation within the study area.

The study area is located in the eastern part of the northern Thessaly
prefecture in the middle of Greece, which is depicted in Figure 1. The Thessaly
prefecture occupies the eastern side of the Pindus watershed, extending south of
Macedonia to the Aegean Sea. The northern tier of Thessaly is defined by a generally
southwest—northeast spur of the Pindus Range that includes the Olympus mountain
range, close to the Macedonian border. Within that broken spur of mountains are
several basins and river valleys. The easternmost extremity of the spur extends
southeastward from Mt. Olympus along the Aegean coast, terminating in the
Magnesia Peninsula, which envelops the Pagasetic Gulf (also called the Gulf of
Volos), and forms an inlet of the Aegean Sea. Thessaly's major river, the Pineios,
flows eastward from the central Pindus Range just south of the spur, emptying into

the Gulf of Thermaikos (Free Encyclopedia, 2012).


http://en.wikipedia.org/wiki/Pindus
http://en.wikipedia.org/wiki/Aegean_Sea
http://en.wikipedia.org/wiki/Mt._Olympus
http://en.wikipedia.org/wiki/Magnesia
http://en.wikipedia.org/wiki/Pagasetic_Gulf
http://en.wikipedia.org/wiki/Pineios_%28Thessaly%29
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Figure 1. Thessaly prefecture, indicating that the study area exists within the frames of ascending and
descending radar image tracks

The study area suffers from a ground deformation phenomenon which affects civil
and agricultural construction. Furthermore it is a very complicated area due to the
distribution of many natural and human hazards, which include normal faults,
groundwater withdrawal, and some other natural characteristics which we consider as

cofactors of natural hazards such as the type of lithology.

1.2 Objectives of the Research Study

This research study aims to achieve the following goals:

I- To evaluate the possibility of applying SAR interferometric techniques to
monitor and map ground deformation in urban and agricultural lands over the long

and short terms.
2- To investigate and identify the causes of ground deformation.

3- To evaluate the possibility of recognizing each individual cause of ground
deformation by monitoring the time series behaviour of ground deformation using

the statistical results of SAR interferometric techniques.
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4- To apply spatial and qualitative correlations between ground deformation and

parameters (precipitation, groundwater, fault movement, earthquake, lithology,

and soil) to reveal the reality of ground deformation within the study area.

1.3 Methodology of the Research Study

The research plan was done following an extensive review of the literature relevant to

the problems of the study area with regard to the causes of ground deformation, its

effects, and its time series, the application of SAR interferometry techniques to

monitor and map ground deformation, and moreover the search for a means of

carrying out qualitative and quantitative correlation between ground deformation and

ground parameters. Figure 2 shows a flowchart depicting the methodology of the

research study.
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Figure.2.Flowchart of study research methodology
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1.4 Organization of Dissertation

This research study is divided into a total of seven chapters including the current one.
The chapters are designed to achieve the objectives of this study. The research study

is presented in the following chapters:

Chapter Two: Data acquisition and SAR interferometric techniques and
processing. This chapter deals with the types and characteristics of SAR data which
are used. Furthermore it deals with the types of SAR interferometric techniques
which have been implemented and the processing stages of each technique. In
addition it deals with how ground deformation can be determined and monitored
using those techniques, leading to the final product, which is the ground deformation

map.

Chapter Three: Impact of groundwater on ground deformation. This chapter deals
with the processes of withdrawal of groundwater and recharging reservoirs and
aquifers, and furthermore groundwater impact on ground deformation. Consequently
the chapter builds on the ground deformation information resulting from the previous
chapter. In addition it deals with the statistical and qualitative correlation between
groundwater behaviour and the monthly amount of precipitation, type of lithology,
and fault movement and groundwater influences on ground deformation in the short

and long terms.

Chapter Four: Impact of fault movement and earthquakes on ground deformation.
This chapter deals with the distribution of fault traces and faults type and moreover
catalogues the magnitudes of earthquakes and their influences on ground deformation.
In addition the chapter deals with the spatial and qualitative correlations between
objects which are affected by ground deformation resulting from the second chapter

and fault traces.

Chapter Five: Impact of lithology types on ground deformation. This chapter deals
with the identification and detection of lithology types and moreover the spatial and
qualitative correlations between these types and objects affected by ground
deformation resulting from the second chapter. In addition this chapter discuss with

how ground deformation can be affected by the type of lithology type.
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Chapter Six: Impact of soil on ground deformation. This chapter deals with the
soil classes, the varieties of soil deformation, and the behaviour of the soil
deformation using statistical analysis; furthermore it deals with the parameters which

have a major influence on this deformation.

Chapter Seven: The conclusions derived from this research study and

recommendations for future researches.
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Chapter Two: Data acquisition and SAR interferometric techniques
and processing

2.1 Introduction to Earth Observation Active System and SAR
Interferometry Processing

Radio detection and ranging (Radar) refers to a technique as well as an instrument.

The radar instrument emits electromagnetic pulses in the radio and microwave regime

and detects the reflections of these pulses from objects in its line of sight. The radar

technique uses the two-way travel time of the pulse to determine the range of the

detected object and it uses backscatter intensity to infer physical quantities, such as

size or surface roughness (Hanssen, 2001).

Radar has proved to be valuable because of its day and night capability and ability to
penetrate clouds and rain. However, optical instruments have significant advantages
in the interpretation of depicted objects. The large wavelength of radar signals limits
the achievable resolution in the cross range direction of real aperture radar systems.

Thus, imaging cannot be realised using static radar systems (Berens, 2006).

(Fletcher, 2007) stated that the radiation transmitted from the radar has to reach the
scatterers on the ground and then return to the radar in order to form the synthetic
aperture radar (SAR) image (two-way travel). Scatterers at different distances from
the radar (different slant ranges) introduce different delays between the transmission
and reception of the radiation. This author also mentioned that owing to the almost
purely sinusoidal nature of the transmitted signal, this delay (1) is equivalent to a
phase change (@) between the transmitted and received signals. Thus, the phase
change is proportional to the two-way travel distance (2R) of the radiation divided by

the transmitted wavelength (A). This concept is illustrated in Figure 3.

(Manunta, 2009) declared that the radar self-illuminates an area on the ground by
transmitting a series of electromagnetic pulses and following an accurate evaluation of
the time delay between the transmitted and the received echoes, is able to determine
the distance (called the slant range) between the sensor’s position along its flight
direction (azimuth) and the illuminated targets on the ground. In addition, this author
mentioned that the radar system is characterised well by its attainable spatial
resolution, which measures the ability to distinguish two properly separated objects.

More precisely, if the objects are sufficiently separated, each will be located in a
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different resolution cell and thus, will be discernible; otherwise, the radar return will

be a complex combination of the reflected energy of the two objects.

wavelength

phase

) O 0

sinusoidal signal two-way distance

Ll L
p p

Figure 3. A sinusoidal function sin () is periodic within a (2m) radian period. In the case of a
relatively narrow-band SAR (i.e., ERS and ENVISAT), the transmitted signal can be
assimilated, as a first approximation, to a pure sinusoid whose angle or phase (¢) has the
following linear dependence on the slant range coordinate r:¢ = 2w r /A (where A is the SAR
wavelength). Thus, assuming that the phase of the transmitted signal is zero, the received signal
that covers the distance 2R from the satellite to the target and back, shows a phase ¢ = 4nR/A

radians (Fletcher, 2007)

2.2  Synthetic Aperture Radar (SAR)

The principle of synthetic aperture radar was discovered in the early 1950s. Since

then, a rapid worldwide development has occurred and there are several of airborne

and spaceborne systems operational today. Progress made in technology and digital

signal processing has led to very flexible systems useful for military and civilian

applications (Berens, 2006).

(Hanssen, 2001) stated that the specific class of radar systems that are imaging radars

are those such as side-looking (airborne) radar (SLR or SLAR) and later synthetic

aperture radar (SAR). The side-looking geometry of a radar mounted on an aircraft or

satellite provided range sensitivity, while avoiding ambiguous reflections. The first
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SLARs were incoherent radars i.e., the phase information of the emitted and received
waveforms was not retained. The resolution in the direction of flight was obtained by

using a physically long antenna; hence, the name real aperture radar (RAR).

SAR is a microwave imaging system, which has cloud-penetrating capabilities
because it uses microwaves. It has day and night operational capabilities because it is
an active system. Finally, its ‘interferometric configuration’ (Interferometric SAR or
InSAR) allows accurate measurements of the radiation travel path because it is
coherent. Measurements of travel path variations as a function of the satellite position
and time of acquisition allow the generation of Digital Elevation Models (DEMs) and

the measurement of centimetric surface deformations of the terrain (Fletcher, 2007).

(Berens, 2006) mentioned that the idea of SAR is to transmit pulses and store the
scene echoes along a synthetic aperture (i.e., the path of the SAR sensor) and to
combine the echoes afterwards via the application of an appropriate focussing

algorithm.

(Rosen et al., 2000) declared that the SAR interferometry is an imaging technique for
measuring the topography of a surface, its changes over time and other changes in the

detailed characteristics of the surface.

SAR has a broad range of applications. For remote sensing, several of earth observing
satellites, which have imaging sensors working in different spectral areas, are
currently in operation. The usability of optical sensors depends not only on daylight
but also on the actual weather conditions. Clouds and strong rain are impenetrable for
this wavelength. Infrared sensors, which are applicable both day and night, are even
more sensitive to weather conditions. Consequently, radar sensors represent a
completion of the sensor collection for remote sensing. Beyond the overall availability
of SAR images, there are further pros for the utilisation of radar. The coherent nature
of SAR enables the user to process images of subsequent over flights for
interferometric analyses. Depending on the radar wavelength, the radar signal will be
reflected by vegetation or the ground structure. With the choice of a concrete centre
frequency of the SAR sensor, the developer decides about the appearance of the
resulting radar images. Different combinations of transmit and receive polarisation

can also be used, for example, to classify the type of vegetation (Berens, 2006).
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This author also mentioned that the propagation and reflection of electromagnetic
waves depends strongly on its frequency. SAR systems for wide area surveillance
have to operate in frequency areas with minimal attenuation. Beyond the Ka-band,
only short-range systems are realisable. Some advantages of systems with a higher
frequency are a reduced system size and simplified processing. The X- C- and L-
bands are very common for airborne and spaceborne sensors. The wavelength of
transmitted signals plays an important role in the reflection characteristics. A rough
surface has completely different reflection behaviour compared with a smooth one.
However, smoothness is a property that depends on the relation of the surface
structure size to the wavelength. Another feature of low frequency waves is that

foliage can be penetrated; thus, low frequency systems are useful in some situations.

2.3  Main Radar Systems Used in this Study

2.3.1. ERS-1 &2

The European remote sensing satellite, ERS-1, was ESA’s first Earth observation
satellite. It carried a comprehensive payload including an imaging SAR. Following its
launch in July 1991 and the validation of its interferometric capability in September of
the same year, an ever-growing set of interferometric data became available to many
research groups. ERS-2, which was identical to ERS-1 apart from having an extra
instrument, was launched in 1995. Shortly after the launch of ERS-2, ESA decided to
link the two spacecraft in the first ever ‘tandem’ mission, which lasted for nine
months, from 16 August 1995 until mid-May 1996. During this time, the orbits of the
two spacecraft were phased to orbit the Earth only 24 hours apart; thus, providing a
24-hour revisit interval. The huge collection of image pairs from the ERS tandem
mission remains uniquely useful even today, because the brief 24-hour revisit time
between acquisitions results in much greater interferogram coherence. The increased
frequency and level of data available to scientists offered a unique opportunity to
generate detailed elevation maps (DEMs) and to observe changes over a very short
space of time. Even after the tandem mission ended, the high orbital stability and
careful operational control allowed acquisition of further SAR pairs for the remainder
of the time that both spacecraft were in orbit, although without the same stringent

mission constraints.

10
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The near-polar orbit of ERS, in combination with the Earth’s rotation (E-W), enables
two acquisitions of the same area to be made from two different look angles on each
satellite cycle. If just one acquisition geometry is used, the accuracy of the final DEM
in geographic coordinates depends strongly on the local terrain slope and this might

not be acceptable for the final user.

Combining the DEMs obtained from the ascending (S-N) and descending (N-S) orbits
can mitigate the problems owing to the acquisition geometry and the uneven sampling
of the area of interest, especially on areas of hilly terrain. The ERS antenna looks to
the right; therefore, for example, a slope that is mainly oriented to the west would be
foreshortened on an ascending orbit and thus, a descending orbit should be used
instead. In March 2000, the ERS-1 satellite finally ended its operations; however,
ERS-2 is expected to continue operating for some time, although with a lower
accuracy of attitude control following a gyro failure that occurred in January 2001

(Fletcher, 2007).

2.3.2. ENVISAT ASAR

Launched in 2002, ENVISAT ASAR is the largest Earth observation spacecraft ever
built. It carries ten sophisticated optical and radar instruments to provide continuous
observation and monitoring of the Earth’s land, atmosphere, oceans and ice caps.
ENVISAT ASAR data collectively provide a wealth of information on the workings

of the Earth system, including insights into factors contributing to climate change.

Furthermore, the data returned by its suite of instruments are also facilitating the
development of a number of operational and commercial applications. ENVISAT’s
largest single instrument is the advanced synthetic aperture radar (ASAR), which
operates in the C-band. This ensures continuity of data after ERS-2, despite a small
(31 MHz) central frequency shift. It features enhanced capability in terms of
coverage, range of incidence angles, polarisation and modes of operation. The
improvements allow radar beam elevation steerage and the selection of different
swathes, 100 or 400 km wide. ENVISAT ASAR is in a 98.54° sun-synchronous
circular orbit at 800 km altitude with a 35-day repeat and the same ground track as
ERS-2 (Fletcher, 2007).

11
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2.4. SAR Interferometry

Geophysical applications of radar interferometry to measure changes in the Earth’s
surface have exploded since the early 1990s. This new geodetic technique calculates
the interference pattern caused by the difference in phase between two images
acquired by spaceborne SAR at two distinct times. The resulting interferogram is a
contour map of the change in distance between the ground and the radar instrument.
These maps provide unsurpassed spatial sampling density (100 pixels per Km?), a
competitive precision (1 cm) and a useful observation cadence (1 pass per month).
They record movements in the Earth’s crust, perturbations in the atmosphere,
dielectric modifications in the soil and the relief of the topography. They are also
sensitive to technical effects, such as relative variations in the radar’s trajectory or

variations in its frequency standard (Massonnet and Feigl, 1998).

(Bamler and Hartl, 1998) mentioned that nowadays, it is generally appreciated that
SAR interferometry is an extremely powerful tool for mapping the Earth’s land, ice
and even the sea surface topography. These authors also mentioned that the so-called
differential INSAR method (D-InSAR) represents a unique method for detection and
mapping of surface displacements over large temporal and spatial scales with
centimetre or even millimetre precision. This is of great importance for earthquake
and volcanic research, glaciology and monitoring ice sheets, studying tectonic
processes and monitoring land subsidence caused by mining and gas, water, and oil
extraction. Repeat-pass interferometry allows the detection and mapping of changes
of spatial and/or dielectric properties of the land surface by using temporal and spatial
coherence characteristics, which can be successfully used for land cover

classification, mapping of flooded areas and monitoring of geophysical parameters.

(Hanssen, 2001) said that when compared with conventional geodetic techniques,
interferometry provides one capability that has long remained out of reach for radar;
the measurement of angles. Similar to a single human eye, which is essentially “blind”
in distinguishing the difference in distance between objects, it is impossible for a
radar or SAR to distinguish two objects at the same range but at different angles to the
instrument. Nature readily provides the simple solution for the problem, i.e., the use
of two sensors. The problem is overcome by using two eyes and this idea, together

with the use of phase information, cleared the way for interferometry. Using two SAR

12
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images, acquired either by two different antennas or by using repeated acquisitions,
distance can be obtained in addition to angular measurements. The use of phase
measurement multiplicative interferometry enables the observation of relative
distances as a fraction of the radar wavelength and the difference in the sensor
locations enables the observation of angular differences, necessary for topographic
mapping.

(Fletcher, 2007) also mentioned that the satellite SAR could observe the same area
from slightly different look angles. This can be done either simultaneously (with two
radars mounted on the same platform) or at different times by exploiting repeat orbits
of the same satellite. The latter is the case for ERS-1, ERS-2 and ENVISAT. For these
satellites, time intervals between observations of 1, 35, or a multiple of 35) days are
available. The distance between the two satellites (or orbits) in the plane
perpendicular to the orbit is called the interferometer baseline and its projection

perpendicular to the slant range is the perpendicular baseline Figure 4.

Interferometer bascline gatellite orhit 2

Satellite orbit 1

o
e

Perpendicular haseling

Slant range

Figure 4. Geometry of a satellite interferometric SAR system. The orbit separation is
called the interferometer baseline and its projection perpendicular to the slant range
direction is one of the key parameters of SAR interferometry. From (Fletcher, 2007)

(Bamler and Hartl, 1998) stated that interferometric SAR (InSAR) exploits the phase
differences of at least two complex-valued SAR images acquired from different orbit

positions and/or at different times. The information derived from these interferometric

13
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data sets could be used to measure several geophysical quantities, such as topography,
deformations (volcanoes, earthquakes and ice fields), glacier flows, ocean currents

and vegetation properties.

(Rosen et al.,, 2000) mentioned that interferometry has transformed radar remote
sensing from a largely interpretive science into a quantitative tool with applications

in: cartography, geodesy, land cover characterisation and natural hazards.

(Matsuoka and Yamazaki, 2000) declared that SAR interferometric analysis, using
phase information of backscattering echoes from objects on the Earth’s surface, could
be successfully employed to quantify relative ground displacements owing to natural
disasters. In addition, the complex coherence derived from interferometric analysis is
a suitable and sensitive parameter for the detection of superficial change and the

classification of land use.

(Zou et al., 2009) mentioned that InNSAR is a new measurement technology exploiting
the phase information contained in SAR images. InSAR has been recognised as a
potential tool for the generation of DEMs and the measurement of ground surface
deformations. However, many critical factors affect the quality of InSAR data and

limit its applications.

2.5. SAR Interferometric Techniques
2.5.1. Differential SAR Interferometry (DInSAR)

(Ferretti et al., 1999) stated that differential SAR interferometry (DInSAR) is a unique

tool for low-cost, large-coverage monitoring of surface deformations.

(Sheng et al., 2009) mentioned that there are three types of differential SAR
interferometry: two-pass differential SAR interferometry, three-pass differential SAR
interferometry and four-pass differential SAR interferometry. Two-pass DInSAR uses
an interferometric image pair and an external DEM. Of the two single look complex
(SLC) images, typically, one is acquired before the surface displacement and the other
after the event. The external DEM is converted to a corresponding phase image.
Where P is a ground point in the two images, the sensor acquires the first SAR image
(which is referred to as the master image) at time t1, measuring the phase @y and then

subsequently acquires a second SAR image (the slave image) at time t2, measuring

14
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the phase ®@s. Assuming that the surface displacement occurred during this period,
point P is assumed to have moved to Pl. After exploiting the phase difference
between @y and Ds, one obtains the interferometric phase A®. Because P moved to
P1 between the acquisitions of the two images, the A® includes: Topo Mov Atmos
Noise

A(D = (DTopo + (DMov +®Atmos +®Noise (1)

Where:

D1opo 18 the topographic phase component;
Doy 1s the terrain change contribution;

D Atmos 1S the atmospheric delay contribution;

Dnoise 15 the phase noise.

The two-pass DInSAR uses an external DEM to simulate the topographic phase
D1opo _simu and then, the so-called DInSAR phase ADppysar can be computed

A® DInSAR = AQ~® TOPO SIMU --w--mmmmmemmmmmeeemmee e )

=0 Mov +®_ Atmos +® Noise +® Res Top

Where, Ores Topo represents the residual component owing to errors in the simulation
of ®repo. In order to derive information on the terrain change, ®mo, has to be
separated from the other phase components. Figure 5 shows the principle of the two-

pass DInSAR.
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Figure 5 . Principle of two-pass DInSAR from (Sheng et al., 2009)

2.5.2. Repeated pass Interferometry (Conventional InSAR)

(Zhang and Cheng, 2005) indicated that the repeat-pass satellite InNSAR could be used
to map topography and ground deformations. In addition, these authors mentioned
that the interferograms are generated by differencing the phase values of two co-
registered radar images acquired at different times over the same area. The DInSAR is
a radar technique that detects surface deformations by computing a differential

interferogram of the same scene over two repeat-pass acquisitions.

(Wegmoller et al.,, 2006) reported that in repeat-pass InSAR, two or more SAR
images are acquired at different times with the same or a corresponding sensor from
almost identical aspect angles. The basic idea of the DInSAR approach is to separate
the effects of surface topography and coherent displacement, facilitating the retrieval
of displacement maps. This is achieved by subtracting the topography related phase,
which can be simulated, based on an available DEM, or estimated from an
independent interferogram. The use of a DEM is usually more robust and
operationally, is more frequently used.

Additionally, these authors declared that the accuracy of the deformation estimated
from individual differential interferograms is mainly limited by the atmospheric path

delay term; a well-established method to reduce this error is interferogram stacking.
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(Fruneau et al., 2003) found that one major limitation of the DInSAR method is that
variations in atmospheric conditions between the acquisitions of the two images could
introduce large phase variations in the resulting interferograms, which could be

misinterpreted as deformations.

2.5.3. Interferometric Stacking

The basic idea of interferogram stacking is to combine multiple observations into a
single result. The main assumption is that the deformation phase is highly correlated
and that the error terms (atmosphere, signal noise and baseline) are uncorrelated
between the independent pairs. This is not entirely true (e.g., topography related
atmospheric error term) but can often been treated as a reasonable assumption. While
the signal term of the independent terms add linearly, the error terms increase at a
lower rate because they are uncorrelated, which leads to a reduced error in the stacked
result. By combining sufficient observation times, it is possible to achieve mm/year
accuracies for relatively slow uniform deformations in urban areas. Of course, an
important prerequisite is the availability of suitable pairs with adequate time intervals
and sufficiently short baselines. Furthermore, it has to be noted that spatial coverage is

restricted to the spatial coverage of the individual results (Wegmoller et al., 2006).

(Fletcher, 2007) proposed that each interferogram of a series is initially derived, i.e.,
the gradients of the phase are computed. The phase gradients are not ambiguous and
can be scaled according to the orbital separation in order to reach a normalised
topographic sensitivity. After being scaled, the gradients of the series are stacked and
averaged. At this stage, any contributor (for instance, the topographic contribution) to
the interferometric information could be removed using a priori knowledge. During
this operation, one might reasonably hope that atmospheric residuals are affectively
attenuated and that their averaged gradient is close to zero. The average interferogram

is then reconstructed by integration.

2.5.4. Persistent Scatterers Interferometry (PSI)

(Ferretti et al., 1999) mentioned that the permanent scatterers technique involves
interferometric phase comparison of SAR images gathered at different times and has
the potential to provide millimetre accuracy. Although temporal de-correlation and

atmospheric inhomogeneities strongly affect interferogram quality, reliable
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deformation measurements can be obtained in a multi-image framework on a small
subset of image pixels corresponding to stable areas. These points, hereafter called
Permanent Scatterers (PS), could be used as a ‘natural GPS network’ to monitor

terrain motion, by analysing the phase history of each one.

Furthermore, (Ferretti et al., 2000) mentioned that discrete and temporarily stable
natural reflectors or permanent scatterers (PSs) could be identified from long temporal
series of interferometric SAR images, even with baselines larger than the so-called
critical baseline. This subset of image pixels could be exploited successfully for high

accuracy differential measurements.

(Ferretti et al., 2001) established a complete procedure for the identification and
exploitation of stable natural reflectors or PSs, starting from long temporal series of
interferometric SAR images. When, as often happens, the dimension of the PS is
smaller than the resolution cell, the coherence is good, even for interferograms with
baselines larger than that of the de-correlation. In addition, they mentioned that the
starting point is a set of differential interferograms that use the same master
acquisition. The DEM used for differential interferogram generation could be either a
topographic profile estimated from the Tandem pairs of the ERS data set, or an a
priori DEM already available. Its accuracy is not a real constraint, e.g., 20 m is

sufficient.

(Werner et al, 2003a) defined a PS technique with another term, which is
Interferometric Point Target Analysis (IPTA). This method exploits temporal and
spatial characteristics of interferometric signatures, collected from point targets that
exhibit long-term coherence, in order to map surface deformations. The use of the
interferometric phase from long data time series requires that the correlation remains

high over the observation period.

(Werner et al., 2003b) mentioned that the phase model used for IPTA is the same as
that used for conventional interferometry. The unwrapped interferometric phase unw
¢ is expressed as the sum of topographic topo ¢, deformation def ¢, differential path
delay (also called atmospheric phase) phase atm ¢ and the phase noise ¢ (or de-

correlation) terms.

(punw :(ptop +(Pdef +(Patm +(Pn0is (3)
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Also important in the context of the phase model are the spatial and temporal
characteristics of the different terms. For example, atm ¢ could be considered low-

pass in the spatial domain and high-pass (random) in the temporal domain.

(Crosetto et al., 2010) defined a PSI as a radar-based remote-sensing technique to
measure and monitor land deformation. It is the most advanced class of DInSAR
based on data acquired by spaceborne SAR sensors. Moreover, these authors stated
that there are two main differences between the DInSAR and PSI techniques. First,
the number of required SAR images (PSI uses a large series of SAR images, typically
more than (15-20) and second, the implementation of suitable data modelling and
analysis procedures that allow one to obtain the following key PSI products: (i) the
time series of the deformation; (ii) the average displacement rates over the observed
period; (ii1) the atmospheric phase component of each SAR image and (iv) the so-
called residual topographic error. From an application viewpoint, the main products of
any PSI analysis are given by the map of the average displacement rates and the

deformation time series of each measured PS.
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2.6. Data and Methodology

2.6.1. SAR Data Selection and Interferometric Processing (Ascending Track 143)

The total dataset consists of 24 Single Look Complex (SLC) SAR C-band images of
ERS-1/2, during 1995-2000. Additionally, 15 SLC images of ENVISAT ASAR
acquired during 2003-2008 by ESA, which cover the study area, have also been

selected along this track, as shown in Tables 1, 2.

Table 1. Datasets of ERS-1/2 SAR images (Ascending Track 143, Frame 785) used in

the processing

Id | Missions | Acquisition Date | Orbit

1 | ERSI1* 19950628 20672
2 ERS1 19951220 23177
3 | ERSI 19960228 24179
4 | ERSI 19960403 24680
5 | ERSI 19960508 25181
6 | ERSI 19991020 43217
7 | ERS2 19950629 00999
8 | ERS2 19951221 03504
9 | ERS2 19960229 04506
10| ERS2 19960404 05007
11 ERS2 19960509 05508
12| ERS2 19970320 10017
13| ERS2 19970529 11019
14| ERS2 19970807 12021
15| ERS2 19971225 14025
16 | ERS2 19980409 15528
17| ERS2 19980618 16530
18| ERS2 19980827 17532
19| ERS2 19990114 19536
20| ERS2 19990429 21039
21| ERS2 19990603 21540
22| ERS2 19991021 23544
23| ERS2 19991230 24546
24| ERS2 20000518 26550

20



Chapter Two: Data acquisition and SAR interferometric techniques and processing

Table 2. Datasets of ENVISAT ASAR SAR images (Ascending Track 143, Frame

783) used in the processing

Id | Missions | Acquisition Date Orbit
1 | ENVISAT 20030403 05708
2 | ENVISAT 20030821 07712
3 | ENVISAT 20040108 07712
4 | ENVISAT 20040212 10217
5 | ENVISAT 20040422 11219
6 | ENVISAT 20040527 11720
7 | ENVISAT 20040805 12722
8 | ENVISAT 20040909 13223
9 | ENVISAT 20041014 13724
10 | ENVISAT 20050512 16730
11 | ENVISAT 20050825 18233
12 | ENVISAT 20061228 25247
13| ENVISAT 20070201 25748
14 | ENVISAT 20080327 31760
15| ENVISAT 20080605 32762

GAMMA processing software (S/W) has been used for processing and manipulating
the SAR images (GAMMA REMOTE SENSING, 2008). The first step in the data

processing is the conversion of the SAR images to GAMMA format. Consequently,

initial estimations of interferometric baselines were calculated from the available

precise orbit state vectors acquired from the Delft Institute (NL) for Earth-Oriented
Space Research (Scharoo and Visser, 1998). With regard to the DEM, external DEM
data at a spatial resolution of 90 m provided by the Shuttle Radar Topography
Mission (SRTM) V3 were used to simulate and remove the topographic phase
contribution. These DEM data were also applied for geo-coding the resultant InSAR
products from range-Doppler coordinates into map geometry, corresponding to the

Universal Transverse Mercator (UTM) coordinate system.
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2.6.1.1. Image co-registration

SAR interferometry requires pixel-to-pixel matches between common features in SAR
image pairs. Thus, co-registration, the alignment of SAR images from two antennas,
is an essential step for the accurate determination of phase difference and noise

reduction (Li and Bethel, 2008).

(Zou et al., 2009) stated that co-registration of INSAR Images is the first step and one

that influences significantly the accuracy of InSAR products.

(L1 and Bethel, 2008) found experimentally that oversampling by a factor of 10 was
satisfactory and concluded that a particular 4-parameter transformation was sufficient

for subpixel co-registration of ERS/SAR tandem data.

Interferometric processing of complex SAR data combines two SLC images, sl and
s2, into an interferogram. This requires co-registration of the two images at subpixel
accuracy; a registration accuracy of better than 0.2 pixels is required in order not to
reduce the interferometric correlation by more than 5%. The co-registration of the
images is performed by calculation of the local spatial correlation function for up to
1000 small areas throughout the image. The image offsets that maximise the local
correlation are determined. These values are used to estimate polynomial coefficients
for offsets in both range and azimuth over the whole image. Once the offset functions
are known, the two SLC images can be co-registered. As this is done to subpixel
resolution, the re-sampling of one of the images is necessary. Appropriate
interpolation methods are used to minimise interpolation errors (Wegmuller and

Werner, 1997).

The datasets used within this research are derived from two different satellites: ERS
and ENVISAT; consequently, an essential step to implement is the image co-

registration of the two datasets.

A straightforward idea of image co-registration is to select one image as a master
(reference image) and thereafter, transform all the other slave images onto it in order
to facilitate obtaining the slave images for the geometrical characteristics of the
master image at subpixel accuracy. Two attempts have been performed by choosing a

master image from ERS-1/2 and by implementing co-registration of four modes in
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order to obtain its geometrical characteristics. However, image 19951220 has a
problem in the step of creating a multi-look for the co-registered image and
consequently, it has been excluded. Another image, 19991230, has problems in the
range and azimuth estimation of the offset models using correlation of image
intensities; consequently, this image has also been excluded from the dataset.

Therefore, the number of images within the ERS-1/2 dataset is just 22.

The ERS-1 image with orbit number 20672 and date 19950628 was selected as the
master image and co-registration with four modes was implemented between ERS-
1/2. Thereafter, co-registration of ENVISAT/ERS was done by performing many
program procedures, which is called the lookup table approach. It is worth mentioning
that this approach allows the user to take into account the different range and azimuth
sampling, which is not the case when using the traditional cross-correlation algorithm.
Therefore, it is possible to check the accuracy of the co-registration through the final
model of standard deviation, which must not be more than 0.1 and 0.8 in range and
azimuth, respectively. Table 3 shows the final model of standard deviation in range
and azimuth. High significant co-registration between the images can be seen through

the result of final model of standard deviation.
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Table 3. Final model of range and azimuth of images co-registration

Final model fit std.
Dev.
Id | Missions Date
range azimuth
1 | ENVISAT 20030403 | 0.0848 0.7025
2 | ENVISAT 20030821 | 0.0757 0.6589
3 | ENVISAT 20040108 | 0.0596 0.6771
4 | ENVISAT 20040212 | 0.0747 0.7114
5 | ENVISAT 20040422 | 0.0802 0.5191
6 | ENVISAT 20040527 | 0.0781 0.5086
7 | ENVISAT 20040805 | 0.0768 0.4758
8 | ENVISAT 20040909 | 0.0686 0.7318
9 | ENVISAT 20041014 | 0.0527 0.5607
10 | ENVISAT 20050512 | 0.0634 0.5709
11 | ENVISAT 20050825 | 0.0883 0.6436
12 | ENVISAT 20061228 | 0.0946 0.6416
13 | ENVISAT 20070201 | 0.0734 0.5043
14 | ENVISAT 20080327 | 0.0864 0.6710
15 | ENVISAT 20080605 | 0.0980 0.6978

In this study, a subset of approximately 52.835 x 58.915 kilometres was cropped from

the original images, which corresponded to the eastern part of northern Thessaly.

Multi-look processing and filtering were implemented after the images were cropped.
Multi-looking is performed to reduce the phase noise. Relatively flat areas of
intermediate to high coherence are not problematical; however, greater care has to be
taken with terrain that is rugged, as well as with areas of low coherence. The next
important step is the simulation of the cropped SAR images with a DEM in order to
obtain the information of the topographic phase, in addition to cropping the DEM

according to the size of the cropped images.
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2.6.1.2. Differential Interferogram Creation

The most important step towards DInSAR creation is the perpendicular baseline range
selection. Generally, it is preferred to choose a small range baseline; the main reason
for this is to avoid geometrical and interferometric signal de-correlation; furthermore,

fringes could not be generated with a big perpendicular baseline.

With regard to the study area, as depicted in the multi-look average image in figure 6,
the mountains and rugged topography comprise a large area. Consequently, the
selection of a long perpendicular baseline would cause geometrical de-correlation.
However, one advantage of a long perpendicular baseline selection is the increase of
the interferograms item numbers, which eases the monitoring of a wide time series of
ground deformation. On the other hand, within the study area, it was not possible to
create a mask over the mountainous area or to exclude it by cropping, because this
area was very important for choosing the reference point in a stable area.

The perpendicular baseline that was chosen varied in the range 0-200 metres. The
reason behind this extended range selection was the low numbers of ERS-1/2 SAR
images and ENVISAT ASAR images, which were 37. Consequently, this was a

simple solution to increase the interferograms item numbers.

(CANASLAN and USTUN, 2012) implemented a study to verify the relationship
between coherence and the impact of the range and temporal perpendicular baseline.
They found that the highest coherence in image pairs occurs with the shortest
perpendicular baseline. These authors mentioned that, as expected, a longer
perpendicular baseline resulted in poorer coherence. This is because the change of the
look angle causes different backscattering characteristics over the study area.
Coherences values decrease with an increase in the perpendicular and temporal
baseline, because of the time span between the acquisitions of the images.

In this research study, many ranges of perpendicular baseline were selected to verify
the impact of perpendicular baseline range on the interferograms numbers and their
impact on the coherence results. The ranges of perpendicular baselines are depicted in
table 4. It is evident that an increase in the perpendicular baseline range increases
significantly the total interferogram item numbers. However, no significant

differences were observed between the results of coherences averages.
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Figure 6. Multi-look average image ascending track highlighting the study area and the
mountains around the basin

Table 4. Impact of perpendicular baseline on the interferogram item numbers and

coherence
Perpendicular Number of Statistical data of the coherence map
Id | baseline (m.) | interferograms | Minimum | Maximum | Mean | Std.dev.
1 0-200 143 0.188 0.878 0.264 0.030
2 0-300 227 0.192 0.875 0.262 0.026
3 0-400 301 0.185 0.907 0.261 0.034

The decision regarding the selection of perpendicular baseline was based on choosing

a perpendicular baseline in the range of 0-200 metres, because of the wrapped phase

problems of many interferograms with perpendicular baselines in the range 0-300 and

0—400 metres, subsequent to visual checking of each single interferogram. Following

the step of perpendicular baseline calculation and selection, the step of creating the

interferograms was performed. These interferograms have the properties of the delta
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time and perpendicular baseline followed by phase adaptation. The next important

step following phase adaptation is the phase unwrapping with the initial baseline.

The objective of this step is to look for the correct integer number of phase cycles that
needs to be added to each phase measurement in order to obtain the correct slant range

distance (Gens, 2006 ).

(Wegmobdller et al.,, 2006) mentioned that from the complex valued interferograms,
interferometric phases are only known modulo (27). Therefore, the phase unwrapping
to estimate unambiguous differential interferometric phases is an important required

step.

Within the step of unwrapping, there is sub-process step that is not compulsory to
perform, which is the reference point selection. If the reference point is not chosen by
the user, the GAMMA software will choose it automatically in the upper left corner of
the interferogram. Within this case study, the reference point has been chosen by the

software.

2.6.1.3. Reference Point Selection

(Werner et al., 2003a) found that the processing proceeds by performing a least-
squares regression on the differential phase to estimate height and deformation rate.

The estimates are relative to a reference point in the scene.

The selection of a reference point does not depend on the ground characteristics;
consequently, it definitely depends on signal characteristics. One characteristic that
assists in choosing the reference point is the coherence, which is one of the many

results of the creation of the interferograms.

(Fletcher, 2007) mentioned that local coherence is the cross-correlation coefficient of
the SAR image pair, estimated over a small window (a few pixels in range and
azimuth), once all the deterministic phase components (mainly owing to the terrain
elevation) have been compensated. The coherence map of the scene is then formed by
computing the absolute value of y on a moving window that covers the whole SAR
image. The coherence value ranges from 0 (when the interferometric phase is just

noise) to 1 (complete absence of phase noise).
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Poscolieri et al. (2011) found that the magnitude and the phase of the complex
interferograms are generally referred to the degree of coherence (or simply coherence)
and the interferometric (InNSAR) phase, respectively. The coherence measures the

degree of the correlation between two SAR images.

A map of average coherence has been created from the first results of the coherence
interferograms. The second result of interferogram coherence is an adaptation and

consequently, it might not provide the real value of coherence magnitude.

Figure 7 shows the average coherence map resulting from 143 coherence
interferograms. The average coherence magnitude across the scene varies in the range
of 0.188-0.878. The yellow colour refers to high coherence, whereas the purple
colour refers to a coherence rate that varies in the range of medium—high and the blue
colour refers to low coherence. It is evidentially observed that low coherence is
observed within agricultural fields. This might be attributable to the de-correlation
that results from the long time interval of some entire interferograms in addition to the
impact of agricultural fields, or in other words, the de-correlation is affected by the
influence of vegetation and soil. However, good coherence is observed within urban

arcas.

(Yanjie and Veronique, 2004) found that the high coherence value could be associated

to a ‘good quality’ interferogram.

This observation has been used within this study to evaluate the quality of the
reference point. Consequently, larger coherence is associated with a good and stable
reference point. The magnitude of the coherence of the reference point that is used
later in the step of stacking is 0.865, which additionally has values of range and
azimuth of 2296 and 172, respectively.
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Figure 7. Average coherence for time interval 19950628-20080605 ascending track
highlighting the coherence of the reference point inside the red circle

Another requirement in choosing the reference point is that it must be outside of the
study area. The reference represents an area comprising many pixels depending on the
window size and this entire region will be zero or considered as stable. Before the
creation of conventional interferometric and stacking interferograms, the same
processing steps as before are applied; however, this time a precise baseline is

applied.

Baseline orientation and baseline length are two fundamental parameters in SAR
interferometry, which control how topography is mapped into the interferogram
phase. In areas of the world with existing DEMs, estimates of the baseline orientation
and magnitude are required in order to exploit the DEM data in interferometric

processing (Seymour and Cumming, 1996 ).

First, an estimation of the interferometric baseline was determined from the orbit
(track) data or from the average interferogram fringe frequency. This estimation was
sufficient for the subtraction of the flat Earth phase trend to facilitate the filtering of

the interferogram and the coherence estimation. However, this estimation is not
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accurate enough to convert the unwrapped interferometric phase into topographic
heights. Therefore, a refined baseline estimation is performed using a least squares fit

for a number of control points of known height (Wegmuller and Werner, 1997 ).

2.6.1.4. Repeated pass interferometry processing

The accuracy of deformation estimated from individual differential interferograms is

mainly limited by the atmospheric path delay term (Wegmuller et al., 2006).

Additionally, non-continuous stable signals or objects within agricultural fields

constitute obstacles to the implementation of this technique.

There are two procedures to implement this technique or to obtain the results of
individual differential interferograms. The first procedure is to choose two SAR
images: one before the event as the master image and the second after the event as a
slave image. Identical steps of processing, as mentioned previously, are applied with

this technique.

The second procedure to obtain more than one individual differential interferogram (if
there are many SAR images and no precise event has occurred) is implemented
through two approaches. The first is to use one master image and to use the other
images as slaves and the second is to use multiple master and slave images. However,
within the second procedure, the user does not have the freedom of choice time over

the interval of images pairs to create the individual interferograms.

With regard to the DEM, either an external DEM is used, or it is created by using
tandem SAR images. Within this case study, the second procedure of using multiple
master and slave images has been implemented. External DEM data with spatial
resolution of 90 m, provided by the Shuttle Radar Topography Mission (SRTM) V3
was used to simulate and remove the topographic phase contribution. These DEM
data are also applied for geo-coding the resultant InSAR products from range-Doppler
coordinates into map geometry corresponding to the UTM coordinate system and for

the co-registration of the ERS and ENVISAT SLC scenes.

From many individual interferograms, one has been selected and the characteristics of
this interferogram are depicted in Table 5. The perpendicular baseline is small to

avoid residual topographic effects and geometric de-correlation. Furthermore, the
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short time period increases the quality of the interferogram by decreasing atmospheric
effects. The coherence map of this period is depicted in Figure 8. Coherence
magnitude varies in range 0.12-0.99 and good coherence covers approximately the
entire scene. A high magnitude of coherence is attributed to a low temporal interval,
which is 35 days and short perpendicular baseline. The individual differential

interferogram is depicted in Figure 9.

Table 5 Parameters of ERS1 SAR images of the individual differential interferogram

Master image Slave image Bl (m) Interval Days
19960228 19960403 - 66.80 35
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Figure.8 Coherence map for time interval 19960228 19960403 ascending track
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Figure.9 Differential interferogram for time interval 19960228—19960403 ascending track

2.6.1.5. Interferometric stacking processing

Interferometric stacking is a well-established method to estimate the deformation rate
for the long-term avoidance of the atmospheric path delay term and to overcome the
limitation of the accuracy of deformation estimated from individual differential

interferograms.

The basic idea of this technique is to combine multiple interferogram pairs within a

single result (Wegmoller et al., 2006).

Thus, the stacking technique (average of phase) calculates the phase of multiple
unwrapped interferograms. Moreover, it is used to estimate the linear rate of
differential phase using a set of unwrapped differential interferograms. The
perpendicular baseline in this study varies in the range of 0—200 metres. The first
result was 140 interferogram pairs. From these 140 interferograms, just 29

interferogram pairs were chosen to accomplish the stacking.
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The other 131 interferograms were excluded based on the residual phase after the
implementation of the unwrapping step by applying a precise perpendicular baseline.
It should be noted that the reference point with range and azimuth of 2296 and 172
mentioned previously, was not selected in the unwrapping step. However, it was
selected in the stacking step. The average coherence of this point is 0.865. Figure 10
shows the result of the interferometric stacking. Interferometric patterns have been
evidentially observed confined to urban and mountains area. However, no
interferometric patterns have been observed within agricultural fields within the
Larissa basin. As mentioned previously, this is attributed to the time de-correlation as
well as to the impact of soil and vegetation on signal loss. It is worth mentioning that
these results of interferometric patterns have been correlated with the factors of
groundwater, faults, earthquakes and lithology within the next chapters for

investigating the causes of ground deformation.

T T — v
530000 600000 610000 620000 630000

Figure 10. Ground deformation rates along LOS direction deduced by interferometric stacking, for
the considered time intervals (1995-2008) Ascending track and different acquisition. Background
is an average of multi-look SAR intensities. The selected reference point is marked with a green
star
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2.6.1.6. Persistent (Permanent) Scatterers Interferometric (PSI)

The processing steps of implementing this technique as well as the results are
definitely different from the processing steps and the results of the other techniques
that have been applied previously within this research. Consequently, applying the
PSI technique (or IPTA algorithm) has many special steps in order to reach the final

determination result of the time series deformation of each single candidate point.

It is worth mentioning that in applying this technique there are no stable step
sequences and furthermore, no stable parameters to follow. However, it depends on

the conditions of the study area in addition to the characteristics of the SAR images.

The PSI processing is initiated by proceeding from the initial step of SAR image co-
registration, irrespective of whether the production is from a single or from multiple

satellites.

The essential step following the image co-registration is the selection of the master
image (reference image). It should be noted that the master image selection has some

specific requirements, which are summarised within the following points.

1- It must have a small perpendicular baseline average.
2- It must be near the temporal average of available SAR images.
3- No atmospheric distortion.

4- It must have the smallest temporal and geometrical de-correlation.

The first step towards master image selection is the calculation of perpendicular
baseline. There are two methods for calculating the average perpendicular baseline to
assist in choosing the best master image. The first one is to assume each single SAR
image as a master image and the others as slaves and to iterate this operation until
reaching the smallest baseline, in addition to applying all the others conditions
previously mentioned as relevant in the selection of a master image. The second
method is to correlate a perpendicular baseline series with time and consequently
choose the average temporal and smallest perpendicular baseline. The first method
has been applied here to select the most appropriate perpendicular magnitude. Thus,
image 20040909, which is acquired with an average perpendicular magnitude of

383.813 metres, was chosen as the master image. The perpendicular baseline
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components relative to the selected reference orbit are depicted in Figure 11. Despite

the master image not being in the middle, it was selected as the master image based on

its smallest perpendicular baseline. Furthermore, as a result of the individual

differential interferogram checking, no atmospheric distortion was observed within

this image. The dataset of ERS-1/2 and ENVISAT ASAR are depicted in Table 6.

Perpendicular Baseline
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Figure .11 Perpendicular baseline components relative to the selected reference orbit 09

Sept. 2004
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Table 6 Dataset of ERS-1/2 ascending track 143, Frame 785 and ENVISAT ASAR track143,

frame 783

Delta

Id Date Orbit Mission Bp (m) (fii:lr}l]:)
1 | 19950628 | 20672 ERS1 615.44 -3361

2 | 19950629 999 ERS2 760.036 -3360
3 119951221 | 3504 ERS2 -355.38 -3185
4 [ 19960228 | 24179 ERS1 -273.99 -3116
5 119960229 | 4506 ERS2 -720.395 -3115
6 | 19960403 | 24680 ERS1 -340.82 -3081

7 | 19960404 | 5007 ERS2 -215.33 -3080

8 | 19960508 [ 25181 ERSI -633.79 -3046

9 ] 19960509 | 5508 ERS2 -517.27 -3045

10 | 19970320 | 10017 ERS2 292.54 -2730
11| 19971225 | 14025 ERS2 -649.843 -2450
12 | 19970807 | 12021 ERS2 276.35 -2590
13 19970529 | 11019 ERS2 156.3.97 -2660
14 19990114 | 19536 ERS2 137.424 -2065
15 | 19980827 [ 17532 ERS2 -242.85 -2205
16 | 19980618 | 16530 ERS2 159.16 -2275
17 | 19980409 [ 15528 ERS2 637.29 -2345
18 | 19990603 | 21540 ERS2 -389.10 -1925
19 | 19990429 | 21039 ERS2 394.86 -1960
20 | 20000518 | 26550 ERS2 601.616 -1575
21 { 19991021 | 23544 ERS2 125.55 -1785
22 19991020 | 43217 ERS1 -114.30 -1786
23 [ 20040422 | 11219 | ENVISAT | -627.5.0 -140
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Supplement of Table 6 dataset of ERS-1/2 Track 143, Frame 785 and ENVISAT
ASAR Track 143, Frame 783

Delta
1d Date O esion e () (ga“y“;)
24| 20040212 | 10217 | ENVISAT |  -370.97 210
25 | 20040108 | 7712 | ENVISAT | -769.243 | -245
26 | 20030821 | 7712 | ENVISAT |  281.569 385
27 | 20030403 | 5708 | ENVISAT |  866.89 525
28 | 20041014 | 13724 | ENVISAT |  -1012.07 35
29 | 20040909 | 13223 | ENVISAT |  0.0000 0
30 | 20040805 | 12722 | ENVISAT | 330509 35
31 | 20040527 | 11720 | ENVISAT | -595.195 | -105
32 | 20070201 | 25748 | ENVISAT | -316.94 875
33 | 20061228 | 25247 | ENVISAT | 397.01 840
34 | 20050825 | 18233 | ENVISAT |  426.83 350
35 | 20050512 | 16730 | ENVISAT |  -460.2.3 245
36 | 20080605 | 32762 | ENVISAT | 420258 1365
37 | 20080327 | 31760 | ENVISAT |  304.81 1295

Image in bold type is the master image

The second step is to identify candidate points using spectral characteristics, by
generating sets of spectral (spectral correlation) and mean/sigma ratio (MSR) images
and averaging. Thereafter, candidate points are found from the spectral characteristics,
or by generating a point list containing coordinates of image points that satisfy the

constraints; the threshold of coherence used here was 0.35.

The resulting number of candidate points is 103999 from the total number of 214224.
Thereafter, a point list is generated based on the temporal variability of SLC intensity;

the number of candidate points from this step is 5914.
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Subsequently, the previous two results of candidate points have been merged, which
produces a total number of candidate points of 108853. Following that, the format of
the candidate points is changed from raster to vector using the DEM followed by the

generation of point interferograms from the SLC point’s data stack.

The next step implemented is the estimation of the baseline from the orbit state
vectors and the generation of the simulated phase based on DEM heights (topographic
phase) and orbital phase term (initial baseline estimates from orbit data), in addition to
the simulation of the unwrapped interferometric phase. Following that, the point
differential interferograms are generated (no deformation and no atmospheric phase is
considered). Subsequently, the least squares model regression is used to determine
point target quality and point mask, which creates an output of 37 points from

224967.

The next step is the selection of a reference point target. An important step towards
reference point selection in the PSI technique is performed through the application of
two sub-steps. Firstly, a spectral candidate point must be created by increasing the
threshold of the standard deviation to 0.45. The resulting number of candidate points
is 6415. The second sub-step is the temporal intensity, which has been implemented
once again; however, this time with the threshold of standard deviation increased to
1.7, which generates 433 candidate points. Thereafter, these are merged together and

the number of the total candidate points after merging is 6650.

The result of merging the spectral candidate points and temporal intensity has been
used for investigating the reference point. In addition, the previous result of
interferometric stacking has been used as a means to verify the deformation of the
reference point because it must be stable. Table 7 shows the properties of the
reference point (control point), which has been selected. Additionally, Figure 12
shows the reference point behaviour during the time series of the dataset. It is worth
mentioning that this reference point was selected after extensive tests and trials.

Table 7 Properties of reference point (control point)

Record Index Column | Line | Easting coordinate | Northing coordinate

1 142379 1757 9884 | 615048.06250000 4405997.50000000
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Figure 12. Scatterers Interferometric of reference point mean displacement rates during
(1995 — 2006) Ascending Track 143. Movements are in the satellite line of sight
direction. No displacement is observed. All values lie along zero value

The next steps are sets of solutions, each of which has many sub-steps for creation of
the interferograms, as well as simulating phases by adding, subtracting and repairing.
These phases are height, noise, atmospheric and deformation, which ultimately lead to

the end step by obtaining temporal and spatial distributions of deformation rate.

2.6.1.6.1. First Solution

The first solution is started with multi-patch estimation of linear deformation. It
should be noted that the selection of parameters within each step has strong impact on
the implementation program time and on the result that will be achieved. The selected
maximum height correction of 60 metres is based on the differences of heights within
the study area, which has many mountains around the basin of the settlement of
Larissa. Three patch sizes (100, 120, and 200) of range pixels were tested before
deciding that 200 worked the best. This can be verified from the matrix results, where
number 2 refers to a successful unwrapping, 1 means that there was an attempt to

unwrap it and 0 means that the phase remained wrapped.
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The selection of 0.01 m/year to represent the maximum deformation rate is based on
previous studies. Although higher values might be selected for cases of stronger
deformation, this introduces an increased possibility of obtaining results with
unwrapping errors. It should be noted that this value does not represent the maximum
absolute deformation rate but just the relative rate of deformation between a pair of
points; however, higher rates might be detected. The resulting number of valid points
is 12491. This step is called the regression analysis and the results of this step are
height corrections, linear deformation rate corrections (respectively a first estimate),
point quality measurements (phase standard deviation from regression fit), residual
phases (deviation from regression fit) for each record and unwrapped interferometric

phase and for each record of interferograms stack.

Subsequent steps update heights followed by simulating the unwrapped
interferometric phase and subtracting the simulated phase to create the first
differential interferograms. Notice that there is no deformation and no atmospheric
phases are considered within the initial phase model. Furthermore, initial and not the
refined baselines are used. The simulated (unwrapped) phases are subtracted from the
complex values point interferograms to obtain point differential interferograms; this

results in 37 initial differential interferograms.

Thereafter, spatial filters are applied followed by unwrapping spatially, in order to
update the baselines using the unwrapped phase (spatial filter for point data stack).
Phase unwrapping for point data stack is performed by using the phase unwrapping
algorithm based on Minimum Cost Flow (MCF) optimisation techniques, which is

applied to a triangular irregular network.

The subsequent step is adding the unwrapped phase back to the simulated phase, in
order to obtain the smooth initial interferogram, followed by the generation of a mask

for areas of low deformation rate.

For a better quantitative evaluation between the two unwrapping solutions, the
difference between them is calculated, to identify the identical and non-identical

values. The resulting number of valid points of this step is 12491.

Following that, the baseline update is performed to calculate the precise baseline

(least squares baseline estimation using terrain heights). Thereafter, the precise
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baseline is used to re-simulate phases and improve the height and deformation.
Subsequently, the re-simulated phases are subtracted and the interferograms are

created, which is the final step of the first solution.

2.6.1.6.2. Second Solution

The second solution is started by running again the multi-patch estimation of linear
deformation; however, here a precise baseline is used. The value of topography was
selected as 30 metres, together with the same deformation rate as used in the first
solution -0.01 — 0.01 m/year. The patch size in range pixels is 200, which can be
verified via the matrix results, as done with the first solution. The resulting number of
valid points of this step is 3257. It is worth mentioning that the main results of this

step are the residual and unwrapping phases.

The standard deviation phase includes terms related to phase noise, atmospheric path
delay related phase, deformation phase and baseline error related phase, as shown in

equation (4).

Phase noise is dependent on distance between two points. Consequently, for pairs
with short spatial separation, this regression analysis can be done independently of the
quality of the atmospheric phase, deformation phase and baseline. The standard
deviation of the phase from the regression is used as a quality measurement, which

permits the detection and rejection of points that are not suitable for the analysis.

Standard deviation = O noiseT @ _atm™ @ _der T+ O_bperp ~==========-== (4)

Following verification from the residual phase and by choosing the correct unwrapped
layers, 22 of the 37 layers were selected because of good unwrapping. Thereafter, the
unwrapped phase has been added back to the simulated phase in order to obtain
smooth initial interferograms and additionally, corrections have been added to the
height and deformation rate. The next step is to select points with almost no
deformation for refinement of the baseline (increasing the threshold of deformation
with precise baseline); the threshold selected is between -0.0005 —0.0005. The

resulting number of valid points is 87.

Thereafter, the determination of the least squares baseline estimation using terrain

heights (baseline with the new threshold of deformation) is performed, followed by
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the updating of heights and the estimation of linear deformation rates. However, these
updates are performed by using the initial and not the refined baselines. Simulated
(unwrapped) phases are subtracted from the complex value point of the interferograms
in order to obtain the point differential interferograms (complex values).

Subsequently, spatial filtering of a triangular weighted average method is applied.

2.6.1.6.3. Third Solution

The first step in the third solution begins with a regression analysis on the updated
point’s differential interferograms. A patch wise approach is used because the
differential interferogram is available only in its wrapped (complex value) form and
contains atmospheric phases. The resulting number of valid points numbers is 2854.
Subsequently, new point heights and a new deformation for the point mask are
updated from the previous step. Both the height and the linear deformation rate
corrections are relatively small because the main correction has already been
performed. The main benefit of this iteration is to verify the residual phase corrections
of the previous layer comparison. The residual phase of this step includes the

atmospheric phase.

Thereafter, the combined atmospheric corrections of the interferometric pairs are
calculated, followed by the removal of the atmospheric from the differential

interferograms.

After that, the least squares method is applied for the spatial filtering of the

atmospheric (just to obtain the atmospheric phase).

The verification from the first result of the reference point by checking the regression
analysis of pair points is then implemented. Figure 13 shows the regression analysis
of pairs of points. A two dimensional phase regression plot is shown for a case with a
small relative height correction. In the upper plot, the baseline dependence of the
phase difference is shown after compensation for the time dependence and the lower

plot shows the time dependence after compensation of the baseline dependence.
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Figure 13. Regression analysis for pair of points

2.6.1.6.4. Fourth Solution

The initial step of the final solution begins by performing a regression analysis on the
updated differential interferograms. A patch wise approach is also used here. The
differential interferogram is available just in its wrapped (complex value) form and

contains atmospheric phases. The resulting number of valid points is 1866. Once
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again, an update of the point heights and linear deformation rates is performed. The

result of the previous step is the final number of valid points.

Thereafter, phase noise is reduced by implementing a spatially filtered signal as a
reference. To achieve a reduction of phase noise of the interferometric phases relative
to the reference point, filters replace the reference point phases with spatially filtered
phases. This is adequate if the area around the reference location can be assumed
stable. The next step is filtering; however, this time the temporal filtering uses a long
time interval; 180 days is considered as the time filter, which is followed by the
simulation of a linear deformation rate. Consequently, a filter step of nonlinear
deformation, residual phases and noise phase is implemented from linear deformation

rates.

It should be noted that if only a linear deformation rate is important, it is the last result
that could be requested and consequently, it could generate just a time series of linear
deformation rate. Otherwise, if a time series of linear deformation model is generated
and the residual phase is added, this visualises how the values are spread around the
linear model and small local nonlinear effects become visible. The atmospheric phase
is not included in the last model. Thereafter, the combined phase is converted to the
line of sight displacement value. Negative displacement values correspond to

subsidence and positive displacement values correspond to uplift.

The results of the candidate points have been transformed from GAMMA (S/W) as
database files and an attribute table has been created. Subsequently, these have been
superimposed in ArcGIS to identify and investigate spatial and temporal deformation.
Figure 14 shows the distribution of candidate points within the study area. The
majority of the distribution is within urban areas, specifically in the middle, north-
western and south-eastern parts of the Larissa basin. Patterns of subsidence and uplift
are spread across the areas in which the candidate points exist. The deformation rate
of subsidence and uplift varies in the range of -1 to -38 and 1 to 42 mm/LOS,

respectively.

Figure 15 shows the frequency of deformation rate. The minimum frequency varies in
the range of 0 — 50 for deformation rate, which varies in the range of -38 to -11

mm/year. The maximum frequency varies in the range of 200 — 300 for deformation
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rate, which varies in the range 19 — 21 mm/year. It is noticeable that the frequency of

subsidence deformation rate is less than the frequency of uplift deformation rate.

610000 620000 630000

Figure 14 Distribution of geo-coded radar targets (persistent scatterers) in Larissa basin before
expansion. The average in line of sight (LOS) velocity (for the period 1995-2006) has been
saturated at + 0.1 m/year for visualisation purposes. Background is a multi-look average SAR
image. The reference point is marked with a green star
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Count: 1886, Minimum: -38, Maximum: 42, Sum: 12172, Mean: 6.523044, Standard Deviation: 12.
Figure 15. Frequency of deformation rate of candidate points first result before expansion
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It is worth mentioning that the first result of the point’s candidate’s has been not used
or correlated with other ground data, such as groundwater, fault movements, soil and
type of lithology, or other ground features to investigate and identify the causes of

ground deformation.

This is because the IPTA processing can build upon an existing solution and check

additional points if a solution can be found for them (Wegméller, 2005).

2.6.1.7. Expansion

Checking the possibility of building upon an existing solution for additional candidate

points is called expansion.
(Wegmoller, 2005) mentioned that there are two major advantages of this possibility:

1) The possibility of adding points later makes the decision of reject points much

easier.

2) For additional points, an already accepted point is used as a local reference in the
integration step. Using a local reference has advantages, such as lower atmospheric

and nonlinear deformation phases.

This author also mentioned that the main steps of expansion of an existing result to
increase the candidate points are:

1) Expand the existing solution (i.e., the point heights, the linear deformation rate and
the atmospheric phases, if nonlinear deformation exists) to further points by

interpolation.

2) Calculate the differential interferogram for the combined point list (points with

solution and additional points).

3) Conduct regression analyses locally on the differential interferogram phases, using
the accepted points as local reference, to determine point height corrections, linear

deformation rate corrections and a quality measure for the new points.

4) Update the point list and solution to include additional accepted points.
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Expansion processing has many steps that have been implemented to build upon new

candidate points.

Expansion begins with the step of expansion of the atmospheric phases followed by
an expansion of the linear deformation rate. With regard to the terrain heights, a
different approach is performed. An accepted point height correction is used;
however, for checking the additional point height corrections, the initial terrain

heights of the DEM have been used.

In the next step, the differential interferogram of the combined point list is calculated
and the point differential interferograms (considering no deformation and no
atmospheric phase) are generated. Thereafter, subtraction of the simulation phases and
creation of the first differential interferograms are performed. Subsequently, a
regression analysis using the accepted points as local references is performed. These
differential interferogram regression analyses are conducted for the additional points
using nearby accepted points as local references. Thereafter, the points list is updated
to include any additional accepted points. Consequently, the model is updated for the
new point list, which includes the additional ‘good points’. The resulting number of
valid points is increased from 1866 to 62551. A spatial filter is then applied followed
by spatial unwrapping to update the baselines using the unwrapped phase (spatial
filter for point data stack). Subsequently, a temporal filtering of the residual phases
with a filter of 180 days, together with the simulation of linear deformation rate is
implemented. Thereafter, if required, filters of the nonlinear deformation, residual
phases and noise are added to the linear deformation rates (this step is not

compulsory).

Consequently, the result of the deformation rate is converted to LOS displacement. In
the final step, the point range Doppler pixel coordinates are converted to map pixel
and map projection coordinates and point displacement histories in text format (in

map geometry) are generated.

Figure 16 shows the distribution of candidate points within the study area after
expansion. A dense distribution of candidate points has been observed throughout the

Larissa basin from the southern settlement of Larissa to the extreme north of the
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basin. However, the distribution of candidate points within urban areas is larger than

that in agricultural fields.

Patterns of subsidence and uplift are spread across the areas in which candidate points
exist. The deformation rate of subsidence and uplift vary in the range -1 to -38 and 1
to 42 mm/LOS, respectively. No difference was found between the deformation rate
before and after the implementation of expansion. This similarity indicates that the
deformation rate of the candidate points throughout the Larissa basin is equivalent.
Other indicators suggest that the entire Larissa basin has been subject to
approximately the same influences deformation. However, it is worth mentioning that
the same thresholds of deformation rate have been used before and after the
expansion. Differences have been observed between the frequencies of deformation
rate before and after expansion. Figure 17 shows the frequency of deformation rate.
Minimum frequency varies in the range of 0 — 1.000 for deformation rate, which
varies in the range of -38 to -20 mm/year. Maximum frequency varies in the range
4.000 — 5.000 for deformation rate, which varies in the range of -2 to 10 mm/year. It is
noticeable that the frequency of maximum subsidence deformation rate is less than the
frequency of minimum subsidence deformation rate. In addition, the frequency of
uplift deformation rate is higher than the frequency of subsidence deformation rate. It
should also be noted that the histogram shows a more normalised deformation rate
frequency than the histogram before expansion. It is worth mentioning that the result
obtained after expansion has been used within the next chapters for investigating the
behaviour of deformation for selective candidate points, in addition to correlating
ground deformation with other factors, such as groundwater, faults and earthquakes,

type of lithology and soil.
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Figure 16. Distribution of geo-coded radar targets (persistent scatterers) in Larissa basin after
expansion. The average in line of sight (LOS) velocity (for the period 1995-2006) has been
saturated at = 0.1 m/year for visualisation purposes. Background is a multi-look average SAR
image. The reference point is marked with a green star
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Figure 17. Frequency of deformation rate of candidate points after expansion
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2.6.2. SAR Data Selection and Interferometric Processing (Descending

Track 279)

The total dataset consists of 48 SLC SAR C-band images of ERS-1/2 from 1992 —
2000 and additionally, 25 SLC images of ENVISAT ASAR from 2002 — 2010

acquired by ESA,, which cover the study area have been selected along this track, as

shown in Tables 8, 9, 10 respectively.

Table 8. Datasets of ERS-1 SAR images descending Track 279, Frame 2812 used in

the processing

Acquisition

Id | Missions Date Orbit

1 ERSI 19921112 | 6937

2 | ERSI1 19930610 | 9943

3 ERS1 19930819 | 10945
4 ERSI 19931028 | 11947
5 | ERSI 19950325 | 19305
6 | ERSI 19950429 | 19806
7 | ERSI 19950603 | 20307
8 | ERSI 19950708 | 20808
9 | ERSI 19951021 | 22311
10 | ERSI 19951230 | 23313
11| ERSI 19960309 | 24315
12| ERSI 19960413 | 24816
13| ERSI 19960518 | 25317
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Table 9. Datasets of ERS-2 SAR images descending Track 279, Frame 2812 used in

the processing

Acquisition

Id | Missions Date Orbit
1 ERS2 19950813 91521
2 ERS2 19950917 2137
3 ERS2 19951231 3640
4 ERS2 19960414 5143
5 ERS2 19960519 5644
6 ERS2 19960623 6145
7 ERS2 19960901 7147
8 ERS2 19961006 7648
9 ERS2 19961110 8149
10 ERS2 19961215 8650
11 ERS2 19970119 9151
12 ERS2 19970223 9652
13 ERS2 19970504 10654
14 ERS2 19970608 11155
15 ERS2 19970713 11656
16 ERS2 19970817 12157
17 ERS2 19970921 12658
18 ERS2 19971130 13660
19 ERS2 19980104 14161
20 ERS2 19980419 15664
21 ERS2 19980524 16165
22 ERS2 19980628 16666
23 ERS2 19980802 17167
24 ERS2 19980906 17668
25 ERS2 19990228 20173
26 ERS2 19990613 21676
27 ERS2 19990822 22678
28 ERS2 19990926 23179
29 ERS2 19991031 23680
30 ERS2 19991205 24181
31 ERS2 20000109 24682
32 ERS2 20000423 26185
33 ERS2 20000528 26686
34 ERS2 20001119 29191
35 ERS2 20001224 29692
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Table10. Datasets of ENVISAT ASAR images descending Track 279, Frame 2807

used in the processing

Id | Missions Acg:'ti:on Orbit
1 | ENVISAT | 20021020 | 03339
2% | ENVISAT | 20030309 @ 05343
3 | ENVISAT | 20030622 | 06846
4 | ENVISAT | 20031109 | 08850
5 | ENVISAT | 20040328 10854
6 | ENVISAT | 20050206 15363
7 | ENVISAT | 20050313 15864
8 | ENVISAT | 20050417 16365
9 | ENVISAT | 20050522 16866
10 | ENVISAT | 20050904 18369
11 | ENVISAT | 20051113 19371
12| ENVISAT | 20060226 | 20874
13| ENVISAT | 20060611 22377
14 | ENVISAT | 20060716 | 22878
15| ENVISAT | 20061029 | 24381
16 | ENVISAT | 20070211 25884
17| ENVISAT | 20070805 | 28389
18 | ENVISAT | 20080406 | 31896
19 ENVISAT | 20080720 | 33399
20| ENVISAT | 20081102 | 34902
21 | ENVISAT | 20090111 35904
22 | ENVISAT | 20090215 | 36405
23 | ENVISAT | 20090426 | 37407
24 | ENVISAT | 20100620 | 43419
25| ENVISAT | 20101003 | 44922

Image marked with (*) is the master image
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2.6.2.1. Interferometric Processing

Identical steps of pre-processing used with the ascending track have been used in

processing the descending track.

2.6.2.2. Image co-registration

As mentioned previously, datasets within this study are derived from two different
satellites, ERS and ENVISAT ASAR. Consequently, image co-registration is an

initial step in implementing the two datasets.

The image from ENVISAT ASAR with orbit number 33399 and date 20080720 was
selected as the master image. Consequently, co-registration of four modes has been
performed to facilitate obtaining the slave images for the geometrical characteristics
of the master image at sub pixel accuracy. Thereafter, according to (GAMMA
REMOTE SENSING, 2008), the co-registration of ERS and ENVISAT has been done
by applying many programs of the lookup table approach.

It should be noted that the result of co-registration could be checked through the final
mode of standard deviation, which must not be more than 0.1 and 0.8 for the range
and azimuth, respectively. However, it is worth mentioning that the final mode of
standard deviation was more than the specified thresholds for both range and azimuth.
Accordingly, the first solution of this problem is to change the co-registration plan
and to choose other master image. Consequently, the ENVISAT ASAR image with
orbit number 05343 and date 20030309 was selected as the master image. Another
solution to overcome this problem and obtain high quality co-registration is achieved
by changing the window within the refining of the co-registration lookup table. A
cross-correlation algorithm for two multi-look images has been used with an offset
window of 256 x 256 instead of 128 x 128. Tables 11, 12 show final model standard
deviation range and azimuth. The results of the final model of range and azimuth

indicate high significant co-registration.
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Table 11. Final model of range and azimuth of images co-registration of ERS-1

Final model fit std.
Id | Missions Date Dev.
range | azimuth
1| ERSI 19921112 | 0.0606 | 0.6328
2 | ERSI 19930610 | 0.0825 | 0.5697
3 ERSI 19930819 | 0.0907 | 0.6988
4 | ERSI 19931028 | 0.0555 | 0.5140
5| ERSI1 19950325 | 0.0476 | 0.2555
6 = ERSI 19950429 | 0.0707 | 0.3518
7 | ERSI1 19950603 | 0.0649 | 0.3413
8 | ERSI 19950708 | 0.0660 | 0.5484
9 ERSI 19951021 | 0.0883 | 0.6396
10| ERSI1 19951230 | 0.0702 | 0.6485
11| ERSI1 19960309 | 0.0628 | 0.6610
12| ERSI1 19960413 | 0.0579 | 0.4099
13, ERSI1 19960518 | 0.0865 | 0.5612
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Table 12. Final model of range and azimuth of images co-registration of ERS-2

Final model fit std. Dev.

Id Missions Date

range azimuth
1 ERS2 19950813 | 0.0763 0.5748
2 ERS2 19950917 | 0.0744 0.4046
3 ERS2 19951231 | 0.0649 0.7687
4 ERS2 19960414 | 0.0601 0.7544
5 ERS2 19960519 | 0.0763 0.3393
6 ERS2 19960623 | 0.0733 0.4098
7 ERS2 19960901 | 0.0839 0.6638
8 ERS2 19961006 | 0.0655 0.3238
9 ERS2 19961110 | 0.0617 0.7927
10 ERS2 19961215 | 0.0633 0.6280
11 ERS2 19970119 | 0.0725 0.6446
12 ERS2 19970223 | 0.0712 0.6899
13 ERS2 19970504 | 0.0701 0.5552
14 ERS2 19970608 | 0.0675 0.6579
15 ERS2 19970713 | 0.0821 0.5946
16 ERS2 19970817 | 0.0776 0.7064
17 ERS2 19970921 | 0.0617 0.2348
18 ERS2 19971130 | 0.0616 0.5604
19 ERS2 19980104 | 0.0622 0.6060
20 ERS2 19980419 | 0.0714 0.7832
21 ERS2 19980524 | 0.0641 0.5511
22 ERS2 19980628 | 0.0721 0.6332
23 ERS2 19980802 | 0.0884 0.7173
24 ERS2 19980906 | 0.0834 0.5068
25 ERS2 19990228 | 0.0586 0.3005
26 ERS2 19990613 | 0.0883 0.5464
27 ERS2 19990822 | 0.0725 0.3628
28 ERS2 19990926 | 0.0676 0.2600
29 ERS2 19991031 | 0.0636 0.7028
30 ERS2 19991205 | 0.0623 0.6181
31 ERS2 20000109 | 0.0600 0.6015
32 ERS2 20000423 | 0.0711 0.3522
33 ERS2 20000528 | 0.0694 0.3861
34 ERS2 20001119 | 0.0852 0.5177
35 ERS2 20001224 | 0.0794 0.5591
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A subset of approximately 68.253 x 59.598 kilometres is cropped from the original

images, which relates to the study area of the eastern part of northern Thessaly.

Some processing steps, such as multi-look and filtering have been performed after the
image cropping. Multi-looking may be performed to reduce the phase noise.
Relatively flat areas of intermediate to high coherence are not problematic; however,
greater care must be taken with terrain that is rugged and for areas of low coherence.
The next important step is the simulation with the DEM in order to obtain the
information of topographic phase for the cropped images, in addition to cropping the

DEM according to the size of the cropped images.

The most important step towards the creation of the differential Interferograms
(DInSAR) is the range selection of the perpendicular baseline.

Within this track, the perpendicular baseline varies in the range of 0 —150 m. It is
noticeable that in the study area, as depicted in the multi-look average image figure
18, the mountains constitute a huge part of the area, as mentioned previously with the

ascending track.
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Figure 18. Multi-look average image descending track highlighting the study area and the
mountains around the basin
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A perpendicular baseline of more than 150 m has not been chosen, even though
(Fletcher, 2007) mentioned that will be an upper limit to the perpendicular baseline,
beyond which the interferometric signals de-correlate and no fringes can be generated;
in the case of ERS, such an optimum baseline is about 300—400 metres. The other
reason is that the numbers of SAR images is adequate to create a good number of
interferograms. The resulting number of the interferogram pairs was 474. Table 13
shows the characteristics of the interferograms average.

Table 13. Characteristics of interferograms average

. Perpendicular Number of Statistics data of the coherence map

baseline (metres) | interferograms | Minimum | Maximum | Mean | Std.dev

1 0-150 474 0.195 0.925 0.257 0.035

After interferogram creation, the most important step is phase unwrapping with the
initial baseline. Within the step of unwrapping there is the sub-process of reference
point selection; however, no reference point has been selected by the researcher and
therefore, within this step, the reference point has been selected automatically by the
software in the upper left corner of the interferograms. Nevertheless, the reference

point has been selected within the step of stacking.

An important aid in choosing reference point within the ascending track, as mentioned
previously, is the coherence, which is one of the many results of the creation of the
differential interferograms. A map of average coherence has been created from the
first results of the differential interferograms. Figure 19 shows the map of average
coherence resulting from 474 coherence interferograms. The average magnitude of
coherence across the scene varies in the range of 0.195 —0.925. Low coherence is
observed within agricultural fields, which might be attributable to the de-correlation
resulting from the long time interval, or because of the impact of the agricultural
fields, i.e., de-correlation might be affect by the influence of the crops and soil.

However, good coherence is observed within the urban areas.

The next important step following the adaptation of phase is the phase unwrapping
with the initial baseline. Thereafter, the processing steps before conventional
interferometric and interferometric stacking are identical to all previous processing

steps; however, a precise baseline is used this time. The magnitude of coherence of
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the reference point used later in the step of stacking is 0.918 and it has a range and

azimuth of 467 and 783, respectively.

0195 0.95
T .

Liw coference high whererce

1
590000 600000 610000 620000 630000 640000

Figure 19. Coherence map for time interval 19921112-20101003 descending track highlighting
the coherence of reference point inside the red circle

2.6.2.3. Repeated pass interferometry processing

The procedure using multiple master and slave images has been implemented to
obtain the results of conventional SAR interferometrics as individual
interferograms. An external DEM, which is provided by SRTM V3, has been
used. From many individual interferograms, one has been selected and the
characteristics of this interferogram are depicted in Table 14. The perpendicular
baseline is small to avoid residual topographic effects and geometric de-
correlation. Furthermore, a short time period increases the quality of the
interferogram by decreasing the atmospheric impact. Despite the short time
interval and small perpendicular baseline, low distribution density of the
interferometric phase has been observed. The interferogram is based on summer

data and consequently, many causes might participate in reducing the density of
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the interferometric phase relevant to the phase unwrapping. These causes are

relatively strong, small- to medium-scale atmospheric distortions and spatial gaps

in the coverage of agricultural fields.

Table14. Parameters of ERS-2 SAR images used within this interferogram

Master image

Slave image

BL (m)

Days

19980802

19980906

- 1.51

35

The coherence map of this period is depicted in Figure 20. The magnitude of

coherence varies in the range of 0.10 — 0.99. Good coherence covers approximately

the entire scene, except for areas of low coherence within agricultural fields, which

are located in the middle north, Middle East and middle southeast and southwest of

the scene. Good quality coherence might be attributed to the low time interval, which

is 35 days. An individual differential interferogram is depicted in Figure 21.
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Figure.20 Coherence map for time interval 19980802—19980906 descending track
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Nommalized LOS deformation rate [mm]
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Figure .21 Differential interferogram for time interval 19980802—-19980906 descending track

2.6.2.4. Interferometric stacking processing

In order to determine the long-term deformation rate and to avoid the atmospheric

path delay term, interferometric stacking has been implemented.
A perpendicular baseline varying in the range of 0 — 150 metres has been selected.

The first result is 474 differential interferograms pairs. Of these 474 interferograms,
just 70 interferograms pairs have been chosen in order to achieve the interferometric
stacking. The other 404 differential interferograms have been excluded depending on
the residual phase following the implementation of the unwrapping step using the
precise baseline. The main reasons for this exclusion are the time de-correlation and

wrapped phases.

The reference point that has been chosen has a range and azimuth of 467 and 783,

respectively. Notice that the reference point has not been selected within the
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unwrapping step but has been selected within the step of stacking; the average

coherence of this point is 0.918.

Figure 22 shows the result of interferometric stacking. It is clear that the
interferometric stacking patterns results are confined to urban and mountainous areas.
However, no stacking patterns results have been observed within the agricultural
fields within the Larissa basin. As mentioned previously, this is attributed to the time

de-correlation, which is a result of the impact of crops and soil on signal loss.

610000 620000 630000

Figure.22 Ground deformation rates along LOS direction deduced by interferometric stacking, for
the considered time intervals (1992-2010) Descending track and different acquisition. Background is
an average of multi-look SAR intensities. The selected reference point is marked with a green star
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2.6.2.5. Persistent (Permanent) Scatterers Interferometry (PSI)

Similar processing steps to those implemented within the PSI technique with the

ascending track have been implemented with the descending track.

The first step is the calculation of the perpendicular baseline, which is used as a
means by which to choose the master image. The first method has been applied to
select the best perpendicular baseline, as mentioned previously within ascending
track. Image 20080720 with an average perpendicular magnitude of 373.123 metres
was chosen as the master image. This image was selected as the master image based
on its smallest perpendicular baseline and because no atmospheric distortion was
observed within this image based on the individual differential interferogram
investigation. The datasets of ERS-1/2 and ENVISAT ASAR are depicted in Tables
15, 16.
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Tablel5. Datasets of ERS-1/2 SAR images descending track 279, Frame 2812 in the

processing

Id Date Orbit | Mission Bp (m) d(zlgg;r
1 119921112 | 6937 ERSI 719.91 -5729
2 119930610 | 9943 ERSI1 -513.95 -5519
3 | 19930819 | 10945 [ ERSI1 -350.55 -5449
4 119931028 | 11947 | ERSI1 554.37 -5379
5 [ 19950325 | 19305 | ERSI1 -120.21 -4866
6 | 19950429 | 19806 [ ERSI1 -549.49 -4831
7 | 19950603 | 20307 [ ERSI1 -297.020 -4796
8 [ 19950708 | 20808 | ERSI1 -604.40 -4761
9 119951021 | 22311 | ERSI 729.16 -4656
10 [ 19951230 | 23313 | ERSI1 413.17 -4586
11 [ 19960309 | 24315 | ERSI1 486.84 -4516
12 1 19960413 | 24816 ERS1 278.06 -4481
13 [ 19960518 | 25317 | ERSI1 124.39 -4446
14 [ 19950813 | 1636 ERS2 626.791 -4725
15 19950917 | 2137 ERS2 -384.60 -4690
16 [ 19951231 | 3640 ERS2 164.08 -4585
17 | 19960414 | 5143 ERS2 174.82 -4480
18 [ 19960519 | 5644 ERS2 476.957 -4445
19 [ 19960623 | 6145 ERS2 -988.00 -4410
20 [ 19960901 | 7147 ERS2 -540.43 -4340
21 [ 19961006 | 7648 ERS2 -408.73 -4305
22 [ 19961110 | 8149 ERS2 103.82 -4270
23 [ 19961215 | 8650 ERS2 -340.56 -4235
24 [ 19970119 | 9151 ERS2 -505.083 -4200
25119970223 | 9652 ERS2 -214.12 -4165
26 | 19970504 | 10654 | ERS2 -391.39 -4095
27119970608 | 11155 | ERS2 -191.69 -4060
28 119970713 [ 11656 | ERS2 -145.11 -4025
29119970817 | 12157 | ERS2 913.167 -3990
30 [ 19970921 | 12658 | ERS2 -292.54 -3955
31 (19971130 | 13660 | ERS2 163.99 -3885
32 (19980104 | 14161 | ERS2 844.178 -3850
33 [ 19980419 | 15664 | ERS2 179.44 -3745
34 [ 19980524 | 16165 | ERS2 -160.20 -3710
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Supplement Table 15. Datasets of ERS-1/2 SAR images descending track 279,
Frame 2812 in the processing

. .. delta T
Id Date Orbit | Mission [ Bp (m) i)
35| 19980628 | 16666 | ERS2 -864.13 -3675
36| 19980802 | 17167 | ERS2 194.197 -3640
37| 19980906 | 17668 | ERS2 178.986 -3605
38| 19990228 | 20173 | ERS2 294.68 -3430
39| 19990613 | 21676 | ERS2 -568.76 -3325
40 | 19990822 | 22678 | ERS2 994.93 -3255
411 19990926 | 23179 | ERS2 405.35 -3220
421 19991031 | 23680 | ERS2 332.65 -3185
431 19991205 | 24181 | ERS2 -132.61 -3150
441 20000109 | 24682 | ERS2 -169.35 -3115
451 20000423 | 26185 | ERS2 938.60 -3010
46 | 20000528 | 26686 | ERS2 798.42 -2975
47 20001119 | 29191 | ERS2 937.79 -2800
48 | 20001224 | 29692 | ERS2 -503.58 -2765
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Table16. Datasets of ENVISAT ASAR images descending track 279, Frame 2807

used in the processing

Id Date Orbit | Mission Bp (m) (1(6(:11:135;1“
1 120021020| 03339 | ENVISAT -684.50 | -21000]
2 120030309 | 05343 | ENVISAT -444.69 | -19600]
3 120030622 | 06846 = ENVISAT -264.27 | -18550]
4 120031109 08850 | ENVISAT | -1043.72 | -17150
4 120040328 10854 | ENVISAT 888.88 -15750]
5 120050206, 15363 | ENVISAT -518.92 | -126007
6 20050313 | 15864 = ENVISAT 304.93 -122500
7 120050417| 16365 = ENVISAT 113.00 -119007
8 120050522 16866 | ENVISAT -172.90 | -11550
9 120050904 | 18369 = ENVISAT 580.66 -10500]
10 [20051113| 19371 | ENVISAT 264.08 -9801]
11 [20060226| 20874 = ENVISAT -373.02 -8750]
12 120060611 22377 | ENVISAT -360.50 -7700]
13 120060716 22878 | ENVISAT 753.65 7350
14 120061029 24381 | ENVISAT -531.16 -6301
15 120070211 25884 | ENVISAT -339.77 -52510]
16 [20070805 | 28389 | ENVISAT -210.35 -3500]
17 120080406 31896 | ENVISAT 163.03 -1050
18+ |20080720| 33399 | ENVISAT 0.0000 00
19 [20081102| 34902 | ENVISAT -54.03 10500
20 20090111 35904 | ENVISAT -98.95 17500
21 120090215 36405 | ENVISAT -120.81 21001
22 120090426 | 37407 | ENVISAT -198.48 2800
23 120100620 | 43419 | ENVISAT -52.41 7000
24 120101003 | 44922 | ENVISAT 216.18 80501

Image marked with (*) is the master image
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Consequently, the sub-step processing of the reference point selection has been
performed. Identical characteristics of processing have been implemented with the
ascending track relevant to reference point selection, as have been performed with the
descending track. Table 17 shows the properties of the reference point (control point)
and Figure 23 shows the reference point behaviour during the time series of the
dataset. It is worth mentioning that this reference point was selected after extensive

tests and trials.

Tablel7. Properties of reference point (control point)

Record Index Column | Line | Easting coordinate Northing coordinate

1 174959 1124 6939 | 622480.12500000 4389183.50000000

IPTA_279 NR/pdispl
ptz174959 x- 1124 w6939

{:l_]IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Figure.23 Candidate points of the Point Scatterers Interferometric. Mean displacement rates
during (1992 - 2010) Ascending Track 279. Movements are in the satellite line of sight
direction. No displacement is observed. All values lie along zero value
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Four solution steps of PSI processing have been implemented with the ascending
track, as mentioned previously, leading to the end step by obtaining the temporal and
spatial distributions of the deformation rate. The result of the previous processing

steps is the final number of valid point numbers, which is 1930.

Consequently, the result of the deformation rate has been converted to LOS
displacement. The final step is the conversion of point range Doppler pixel
coordinates to map pixel and map projection coordinates and additionally, point

displacement histories in text format (in map geometry) have been generated.

Thereafter, the results of the candidate points have been transformed from GAMMA
(S/W) as database files and an attribute table created. Subsequently, these data have
been superimposed in ArcGIS to identify and investigate the spatial and temporal
deformation. Figure 24 shows the distribution of the candidate points within the study

area.

The majority of the distribution is within urban areas, specifically in the settlement of
Larissa. Patterns of subsidence and uplift are spread across the areas in which the
candidate points exist. The deformation rate of subsidence and uplift varies in the

range of -1 to -6 and 1 to 18 mm/LOS, respectively.

Figure 25 shows the frequency of deformation rate. The minimum frequency varies in
the range of 0 — 90 for the deformation rate, which varies in the range of -6 to -0.5
mm/year. The maximum frequency varies in the range of 250 — 500 for the
deformation rate, which varies in the range of -0.5 to 2.3 mm/year. It is noticeable that
the frequency of uplift deformation rate is larger than the frequency of subsidence

deformation rate.
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Figure 24. Distribution of geo-coded radar targets (persistent scatterers) in Larissa basin before
expansion. The average in line of sight (LOS) velocity (for the period 1992-2010) has been
saturated at + 0.1 m/year for visualisation purposes. Background is a multi-look average SAR
image. The reference point is marked with a green star
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Figure 25. Frequency of deformation rate of candidate points first result before expansion

It is worth mentioning once again that the first result of the candidate point’s
distribution has been not used or correlated with other ground data, such as
groundwater, fault movements and earthquakes, type of lithology and soil, or other
ground features to investigate and identify the causes of ground deformation. For the
reason that in the IPTA processing it is possible to build upon an existing solution and
check additional points to determine whether a solution can be found for them

(Wegmoller, 2005).

2.6.2.6. Expansion

Expansion processing has been implemented by applying many steps to build upon
new candidate points, as performed with the ascending track. The resulting number of
valid points increased from 1930 to 4801. Figure 26 shows the distribution of
candidate points within the study area. A dense distribution of candidate points can be
observed in the settlement of Larissa and some other settlements nearby. Patterns of
subsidence and uplift are spread across the areas in which the candidate points exist.

The deformation rate of subsidence and uplift varies in the range of -1 to -9 and 1 to
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18 mm/LOS, respectively. No difference is observed between the deformation rate
before and after the implementation of expansion. This similarity indicates that the
deformation rate of the candidate points throughout the investigated area is
equivalent. Another indicator of this similarity is that the investigated area is affected
by the same influencing conditions of deformation. However, it is worth mentioning
that the same thresholds of deformation rate have been used before and after

expansion.

It should be noted that a difference has been observed between the frequencies of
deformation rate before and after expansion. Figure 27 shows the frequency of
deformation rate. The minimum frequency varies in the range of 0 — 500 for the
deformation rate, which varies in the range of -9 to -0.7 mm/year. The maximum
frequency varies in the range of 490—1.000 for the deformation rate, which varies in
the range of 2.1 — 4.9 mm/year. It is noticeable that the frequency of maximum
subsidence deformation rate is less than the frequency of minimum subsidence
deformation rate. In addition, the frequency of uplift deformation rate is higher than
the frequency of subsidence deformation rate. It is worth mentioning that this result is
similar to the result before expansion. However, the histogram depicts a more
normalised distribution of deformation frequency than the histogram of frequency
before expansion. The result after expansion has been used for investigating the
behaviour of deformation for selective candidate points, in addition to correlating
ground deformation with other factors, such as groundwater, fault movements and

earthquakes, type of lithology and soil.
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Figure 26. Distribution of geo-coded radar targets (persistent scatterers) in Larissa basin after expansion. The
average in line of sight (LOS) velocity (for the period 1992-2010) has been saturated at = 0.1 m/year for
visualisation purposes. Background is a multi-look average SAR image. The reference point is marked with a green
star

72




Chapter Two: Data acquisition and SAR interferometric techniques and processing

Frequency
1.500 [

1.000 R

500 H

BD-02-34 07 27 49 .7 04132700

Deformation rate mm/year

Count: 4801, Minimum: -9, Maximum: 18, Sum: 6142 Mean: 1.279317, Standard Deviation:
2.674544

Figure.27 Frequency of deformation rate of candidate points after expansion

It is noticeable that a comparison after expansion of the candidate point’s results,
between two ascending and descending tracks, indicates a large difference in the
number of candidate points despite the number of SAR images of a descending track
being more than the number of SAR images of an ascending track; which are 70 and
37 images, respectively. This could be attributed to the fact that approximately all
SAR images of an ascending track are from winter and spring, whereas many SAR
images with a descending track are from summer and autumn. Consequently, the
relation between the results of the candidate point’s number and time of the images is
a problem of the wrapped phases for those images acquired in summer and autumn.
These problems could be summarised as atmospheric distortions, seasonal
deformation effects and agricultural fields around Larissa. Consequently, another
attempt at processing has been performed with descending track by excluding all
interferograms during the summer and autumn but keeping interferograms from
December and May. The number of candidate points increases from 4801, resulting

from processing that includes all the interferograms (winter, spring, summer and fall),
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to 7504 as a result of processing that includes interferograms during December and
May. Despite the increase in the number of candidate points after excluding those
interferograms during the period mentioned above, the result obtained prior to this

exclusion has been used for the integration of the time series of the deformation rate.

Figure 28 shows the distribution of the candidate points within the study area. A dense
distribution of candidate points can be observed in the settlement of Larissa and some
other settlements nearby. Patterns of subsidence and uplift are spread across all areas
in which candidate points exist. The deformation rate of subsidence and uplift varies
in the range of -1 to -10 and 1 to 17) mm/year, respectively. Figure 29 shows the
frequency of deformation rate. The minimum frequency varies in the range of 0 — 400
for the deformation rate, which varies in the range of -10 to -2.1 mm/year. The
maximum frequency varies in the range of 600 — 1100 for the deformation rate, which
varies in the range of 3.2 — 0.6 mm/year. In addition, the histogram depicts the normal

distribution of deformation rate frequency.

612000 619000 626000 633000

Figure.28 Distribution of geo-coded radar targets (persistent scatterers) in Larissa basin after
expansion for SAR images during December and May. The average in line of sight (LOS)
velocity (for the period 1992-2010) has been saturated at £ 0.1 m/year for visualisation
purposes. Background is a multi-look average SAR image. The reference point is marked
with a green star
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Figure.29 Frequency of deformation rate of candidate points after expansion for SAR images
during (December — May)
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Chapter Three: Impact of groundwater on ground deformation
3.1. Introduction to Groundwater

Groundwater is a huge topic for discussion and is the focus of this chapter. The
processes of withdrawal of groundwater and recharging reservoirs and aquifers have a
big influence on the upper-layer stability of the soil, affecting the volume and the
shape of the ground and creating pores within it. This in turn affects the stability of,
and may damage, objects that are located over or within the ground as a result of
vertical and horizontal movement. This chapter focuses on three areas: (1) the
groundwater level fluctuation sequence along a time series during the periods 1992—
2010 and 1995-2008 as corresponding to the data set of RADAR images and its
correlation to the monthly precipitation, (2) the impact of groundwater fluctuation on
land deformation, which is observed from synthetic aperture radar (SAR)
interferometry, and (3) the interference between the water table, precipitation, clay

minerals, and land deformation.

3.2. Hydrological background
3.2.1. Description of the groundwater and its demand in the study area

_In order to describe the groundwater in the study area in the eastern part of northern
Thessaly, it should be recognised whether of the water is a surface or subsurface water

body.

The available quantity of surface water of Thessaly Water District is estimated at
1,220 million m’, although only about 623 million m’ is available for use. The annual
quantity of groundwater available is estimated at 586 million m’. The estimation of
the annual water balance in Thessaly District is based on the estimation of water
resource consumption in relation to the available renewable water resources

(Mabhleras et al., 2007).

(Mahleras et al., 2007) mentioned that the rest of east Thessaly (Larisa-Karla) is
supplied at a slow rate of recharge from the cone of Titarisios. In the Taousani area,
the groundwater is supplied by the percolation of rain. These authors also mentioned
that in the Thessaly Plain, roughly 500,000 hectares are cultivated, and of these,
252,500 hectares (18.7% of the total irrigated land in Greece) are irrigated. 74,900

76



Chapter Three: Impact of groundwater on ground deformation

hectares are irrigated by surface waters and 177,600 hectares are irrigated by
underground water of the Thessaly Plain. At the Prefecture of Larisa, 50% of
irrigation water comes from groundwater and 50% from surface water. It is expected
that after the construction of planned new dams in the area the percentage of surface

water used for irrigation will be increased.

(Loukas et al., 2007) revealed that in the two major basins of the Thessaly region in
Greece, namely the Pineios River and the Lake Karla basins, the intensive and
extensive cultivation of water-demanding crops, such as cotton and maize, and the
absence of reasonable water resources management have led to a remarkable increase
in water demand, which is usually fulfilled by the over-exploitation of groundwater
resources. This unsustainable practice has deteriorated the already disturbed water
balance and accelerated water resources degradation. These authors also mentioned
that the Thessaly region in central Greece is the most prominent example of today’s
water resources problem. The Thessaly Plain is an intensely cultivated region. It is the
second largest plain in Greece, after the Macedonian plain, and is traversed by the

Pineios River (Figure 30).
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Figure 30. Sub basins and locations of meteorological stations, indicating the ascending
and descending frames of RADAR images. The station of Larissa is highlighted.

71




Chapter Three: Impact of groundwater on ground deformation

As an indication of the distribution of water for irrigation (Loukas et al., 2007), the
total monthly irrigation water requirement per sub-basin is simply the summation of
the monthly irrigation requirements for all crops cultivated in the sub-basin. Figure 31
shows the estimated annual irrigation requirement for each crop and sub-basin of
Thessaly for the year 2002. It is clear that the largest irrigation requirements are in the
Piniada, Ali Efenti and Larisa sub-basins and the Lake Karla basin. Also, over 70% of

the irrigation water volume is used for the irrigation of cotton-cultivated areas.
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Figure 31. Distribution of mean annual irrigation requirements (in ha®) per sub-basin and cultivated
crops. From (Loukas et al., 2007).

Increased water demand has been associated with severe and persistent droughts
during the period from the mid to late 1970s and the period from the late 1980s to
mid-1990s, interrupted by the wet period of 1990-1991, which mostly affected the
northern part of the Thessaly Basin. These dry conditions resulted in irrigation

cutbacks and over-exploitation of groundwater (Loukas and Vasiliades, 2004).

(Petralas et al., 2005) mentioned that a typical example of an area with a serious
water shortage due to poor water resources management and increased demand for

water is the east basin of Thessaly, which is part of the Pineios river basin.
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Additionally, they indicated that aquifer systems are in many cases overexploited. A
continuous decline of the water level by as much as 2 m/year has occurred in the last
two decades as result of human activities. The major aquifers are contained within the
graben and are composed of basin sediments (coarse grained permeable sediments
with locally interbedded layers of silt and clay) 300 m thick. Overexploitation of
groundwater resources has led to phenomena such as seawater intrusion and land

subsidence.

(Rozos et al., 2010) mentioned that the majority of the aquifers in the Thessaly Plain
are under a regime of overexploitation, resulting in a systematic drawdown of the

groundwater level.

3.2.2. Spatial and temporal description of land deformation corresponding
to groundwater (water pumping) as an influence factor
Unfortunately there are no historical data for the amount of groundwater discharge or
water withdrawal within the study area. For this reason, groundwater level has been
used and has been correlated with the other parameters as an indicator of the impact of
groundwater overexploitation on land deformation. Many studies have been
implemented to discover and study the influence of groundwater extraction and the
huge damage to infrastructure triggered by this operation. However there are not
many studies of water extraction and its impact on land deformation within the eastern

part of the northern Thessaly basin.

(Cigna et al., 2011) found that groundwater overexploitation is the dominant process
driving land subsidence in Morelia, resulting in subsidence-induced shallow faulting
which mimics pre-existing faults, possibly with minor contributions from present-day
tectonics. In the same study, they also found that the compaction rate is higher for
thicker strata of sedimentary material than for thinner strata and also for La Colina
and La Paloma faults. Furthermore, they mentioned that the faults in Morelia may also
act as barriers for horizontal migration of groundwater between the different basins.
The observed weak correlation of Persistent Scatterer Interferometry (PSI)
deformation with water extraction rates may be consistent with the hypothesis that
compaction of deeper aquifers, communicating with shallow ones, exerts significant

influence on land deformation and imparts uniform subsidence throughout the urban
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area, upon which local influences are superimposed at a few locations (Cigna et al.,

2011).

According to the model created by (Mulas et al., 2003), subsidence occurs when water
is pumped from the topmost layer of gravels of the deep aquifer. When water is
pumped, a vertical gradient is created that causes a downward flow of groundwater
from the surface unit (shallow aquifer) towards the deep aquifer, causing a water

table.

(Chang et al., 2004) conducted research in southwest Taiwan and found that the
subsidence rate is associated with the descending trend of groundwater level. They
also found clear interferometric fringes in the dry seasons, especially in the distal
parts of the Pingtung Plain. Furthermore, they mentioned that one fringe corresponds
to about 2.8 cm of displacement, and the subsidence amount in the distal part of the
Pingtung Plain is about 3—6 cm for each dry season in the direction of radar line of
sight. In contrast, the interferometric correlation is very poor for the interferograms of

the wet season.

(Beibei et al., 2011) carried out research in Beijing municipality, China, and found
that seasonal and interannual differences exist in the response model of land
subsidence to groundwater funnels with uneven spatial and temporal distribution.
Although a consistency was revealed to exist between a groundwater funnel and the
spatial distribution characteristics of the corresponding land subsidence funnel, this
consistency was not perfect. A comparative analysis of the InSAR deformation
response to land subsidence with the evolution of interannual groundwater flow field
revealed that the groundwater funnel was mostly consistent with the spatial
distribution characteristics of the land subsidence funnel, although the occurrence of

land subsidence in Beijing is mainly due to the exploitation of groundwater.

(Doukas et al., 2004) carried out a study in the area of Thessaloniki, a big city in
northern Greece, and found that water pumping is one of several serious causes of
ground subsidence. The pumping of large volumes of water (e.g. for irrigation and
water draining purposes) using ground drillings is very likely to produce ground
subsidence, a phenomenon which usually gets worse as water pumping continues. The

consequences of such phenomena may be dangerous, especially when the ground
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subsidence is not smoothly distributed in the problematic area. Furthermore, they
defined ground subsidence as the vertical downwards small movements of the ground.
Several physical causes (earthquakes, tectonic movements, underground cavities, etc.)

as well as human activities can produce ground subsidence.

Regarding the Thessaly province, (Rozos et al., 2010) mentioned that the Thessaly
basin is subdivided by a group of hills into two sub basins, the western and the
eastern. These sub basins are two main individual hydrogeological units developing
high potential aquifers. The overexploitation of these aquifers has led to the
manifestation of extended damages due to land subsidence phenomena. Land
subsidence in the western part of Thessaly was also found to be triggered by excessive
groundwater drawdown and results from the compaction of the drained loose

sedimentary formations that have become increasingly manifest over the years.

A SAR interferometry study was carried out in the same study area in the eastern part
of northern Thessaly during the period 1992-2006 by (Lagios, 2007), and it was
found that systematic subsidence is the predominant feature, reaching maximum
amplitude of about 350 mm (Gianouli area) for a time period of about 14 years.
However, the Larissa city centre appears to be rather stable compared to its northern

and eastern suburbs, which are closer to cultivated regions.

Another SAR interferometry study was carried out by (Parcharidis et al., 2011) in the
southern part of the Thessaly Plain, and seasonal deformation signals were recognised
at the south-western part of the basin, reaching several centimetres during the summer
period. Larger subsidence should be expected when considering the entire summer
season, when most of the irrigation and over-exploitation of groundwater takes place.
An accurate estimation of the deformation using conventional DInSAR techniques is
not easily achieved for larger time spans, due to the extent of decorrelation
phenomena in the region. (Parcharidis et al., 2011) also show that deformation
patterns corresponding to ground subsidence are evident in interferograms covering
the period between May and October for the deformed area (about 180 km?) in the
south-eastern part of the plain. The area of maximum deformation is located to the
North of Kileler village, reaching -17.5 cm along the line of site in the summer of
1998 (from August to September), whereas for the same period in 2004, a lower but

also significant magnitude of -12.7 cm is observed. During winter seasons,
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deformation is considerably reduced to -0.5 cm and -0.1 cm for 3.5 months
(December 1995—April 1996) and 1.2 months (January—February 2009), respectively.
Rebound phenomena with significantly lower values were observed during high

precipitation periods, mainly in the north east of the basin.

(Kontogianni et al., 2007) mention that three types of ground deformation have been
reported in the Thessaly Plain since 1986: ground fissures, sinkholes and land
subsidence. Numerous fissures opened up across the Thessaly Plain, mainly at its
eastern part, cutting across cultivated land, roads, houses, and even the area of the
NATO Larissa airport. Most of these fissures had an opening of up to several tens of
centimetres, presenting also an expansion rate of up to 30 mm/year. The maximum
amplitude of opening is taking place between August and October, when the
groundwater pumping is high and the water table level is low. This study also found
that these large amplitude fissures observed in the area do not originate from
earthquake-related effects. They should be attributed to sediment compaction
resulting from excessive water pumping for irrigation purposes together with the

rainfall rates during the last 40 years.

(Jones and Jefferson, 2011) mentioned that the essentially expansive soil is one that
changes in volume in relation to changes in water content. Here the focus is on soils
that exhibit significant swell potential, while shrinkage potential also exists. There are
a number of cases where expansion can occur through chemically induced changes
(e.g. swelling of lime treated sulphate soils). However, many soils that exhibit
swelling and shrinking behaviour contain expansive clay minerals, such as smectite,
that absorb water. The more of this clay a soil contains the higher its swell potential
and the more water it can absorb. As a result, these materials swell, and thus increase
in volume, when they get wet and shrink when they dry. Many towns, cities, transport
routes and buildings are founded on clay-rich soils and rocks. The clays within these
materials may be a significant hazard to engineering construction due to their ability

to shrink or swell with changes in water content.

Results found by (Kontogianni et al., 2007) indicate that there is a dependent factor on
groundwater fluctuation, which plays an important role in affecting the ground
deformation; this has been explained in detail by (Mokhtari and Dehghani, 2012). As

the expansive soils contain the clay mineral montmorillonite with claystone and shale,
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sedimentary and residual soils are capable of absorbing great amounts of water and
expanding. The expansive nature of the clay is less near the ground surface, where the
profile is subjected to seasonal and environmental changes. The more absorbed by the
soil, the more its volume increases. Expansive soils also shrink when they dry out.
Fissures can also develop in the soil. These fissures help water to penetrate into
deeper layers. This produces a cycle of shrinkage and swelling that causes the soil to
undergo a great amount of volume change. This movement in the soil results in
structural damage, especially in lightweight structures such as sidewalks, driveways,
basement floors, pipelines and foundations. The clay minerals that typically cause soil
volume changes are montmorillonites, vermiculates and some mixed layer minerals.
Illites and kaolinites are often inexpansive but can cause volume changes when
particles are extremely fine. Consequently there is an indirect impact of groundwater
level fluctuation on land deformation through its motivation of the swelling and

shrinkage operation.

According to (Sgouras, 1994 ), the main types of clay minerals which are distributed
in the eastern, western, northeastern, southern, and southwestern regions of the eastern
part of northern Thessaly are montmorillonite and ellite. The percentages of
montmorillonite and illite vary in the range 0-16.1% and 17.6-30.4 %, respectively.
The percentage of montmorillonite is enough to influence uplift and subsidence
deformation behaviour through the cycle of shrinkage and swelling that causes the

ground to undergo volume changes.
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3.3. Results and Discussions
3.3.1. Monthly amount of precipitation

The aim of this study, as mentioned above, is to investigate surface deformation
signals associated with monthly precipitation and groundwater withdrawal and the
interference between them. The study is based on monthly precipitation for the
periods (1995-2008) and (1992-2010) corresponding to the RADAR images from

two tracks, ascending and descending.

The monthly precipitation recorded at the meteorological station of Larissa, operated
by the (Hellenic national meteorological service HNMS), has been correlated to the
time, the fluctuation of groundwater, and the land deformation. The station is located
within the coordinates easting and northing (60,7800,106 - 43.59,983,687), as shown
in preceding Figure 30. This station was selected based on its location in the middle of

the study area. The elevation of the station is 73 m and its code is 16648.

The accumulation of monthly precipitation is shown in Table 18 for the period 1992—
2010. The fluctuation of the precipitation over the four seasons throughout this period
is evident. This table indicates that the minimum accumulation of precipitation during
the summer season varied between 0 and 0.3 mm for the months June 1996, July 1999
and August 1992, whereas the maximum precipitation for this season varied between

30.6 and 93.2 mm for the months August 1997, July 2001 and June 2004.
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Table18. Accumulation of monthly precipitation (mm) for the period 1992-2010,

Larissa station

@IS Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.
Years
1992 5.8 92 | 104|883 | 548 | 742 [13.8| O 0 39.3 62 254
1993 16 | 29.2 253|124 | 76 3.9 14 | 3.2 6.9 9.1 |148.7 | 246
1994 714 | 323 |215|61.9| 26.7 13 | 242 | 82 0 85.9 | 499 | 61.5
1995 56.8 | 59 [327|181| 323 | 344 | 31 | 123 | 24 7.8 | 225 | 927
1996 736 | 56 | 619|223 9 0.3 |14.7| 30.5 | 63.7 70 30.9 50
1997 314 | 145|208 | 534 | 176 | 30.7 | 14 | 306 | 14 56.1 | 18.1 | 67.7
1998 171 | 571|326 | 45 | 1315 7 03| 07 | 371 | 176 | 155 | 52.9
1999 454 | 558|805 | 303 | 54 5 0 6.9 | 239 | 574 | 63.5 | 61.7
2000 14.1 38 | 247 | 13 | 257 | 157 | 0.8 | 3.6 96 | 408 | 25.6 16
2001 328 |20.8| 89 | 492 | 66.8 | 114 [ 61.1| 189 | 0.9 2.3 15.7 | 57.2
2002 135 | 1565|421 |612 | 7.4 05 |569| 7.2 | 1024 | 648 | 64.4 | 1459
2003 88.8 | 18.3 201|264 | 479 | 33.2 | 284 | 53 | 22.8 | 86.1 8.3 52.8
2004 878 | 84 [ 319|435 | 571 | 932 | 46 | 26 | 201 | 37.2 26 41.8
2005 23 | 476|641 | 57 | 26.7 3.6 53 | 16.4 | 448 | 10.3 | 60.8 | 66.8
2006 103.4 | 38.8 | 341|354 | 1.9 106 | 28 | 104 | 156 | 106.1 | 116 | 11.9
2007 14 | 29.5|26.6 | 19.7 | 36.5 | 39.1 0 | 251 | 219 | 1045 | 978 | 214
2008 3.8 | 183|123 | 42 3.6 124 | 186 | 6.6 | 63.8 | 185 | 219 | 62.3
2009 85.8 | 14.4 | 626 | 13.5 | 36.6 54 |288| 19 | 312 | 117.2| 26.6 89
2010 195 | 628|447 | 86 | 51.1 | 10.3 | 452 | 135 | 578 | 1116 | 358 | 17.3

Additionally, the minimum amount of precipitation accumulated during the winter
season varied between 3.8 and 11.9 mm for the months January 2008, February 1995
and December 2006, while the maximum accumulation of precipitation varied
between 62.8 and 145.9 mm for the months February 2010, January 2006 and
December 2002.

As for the spring season, the minimum accumulation of precipitation varied between
1.9 and 8.9 mm for the months May 2006, April 1998 and March 2001, whereas the
maximum precipitation during this season varied between 80.5 and 131.5 mm for the

months March 1999, April 1992 and May 1998.

With regard to the autumn season, the minimum precipitation varied between 0 and
8.3 mm for the months September 1992, October 2001 and November 2003, while the
maximum precipitation varied between 117.2 and 156 mm for the months October

2009, November 1998 and September 2006.
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The charts 32 - 50 below depict the fluctuations in the amount of precipitation over

time, with one chart for each year of the period (1992-2010).
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Figure.32 Accumulation of monthly precipitation for the year 1992
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Figure 33. Accumulation of monthly precipitation for the year 1993
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Figure. 37 Accumulation of monthly precipitation for the year 1997
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Figure 38. Accumulation of monthly precipitation for the year 1998
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Figure 39. Accumulation of monthly precipitation for the year 1999

88



Chapter Three: Impact of groundwater on ground deformation

,I_IT

_ _
n o L o uu O u o
o O N N v«

[ww] uonendioaid

00-°e@

00-AON

0010

00-des

00-6ny

oo-inr

oo-unr

00-Ae

00~1dy

00-'eN

00-g84

00-uer

=Month

Figure 40. Accumulation of monthly precipitation for the year 2000
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Figure.41 Accumulation of monthly precipitation for the year 2001
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Figure 42. Accumulation of monthly precipitation for the year 2002
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Figure 43. Accumulation of monthly precipitation for the year 2003
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Figure.46 Accumulation of monthly precipitation for the year 2006
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Figure.47 Accumulation of monthly precipitation for the year 2007
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Figure .48 Accumulation of monthly precipitation for the year 2008
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120 ~
'g 100
g‘ 80
c
)
£ 60 ] —
.E P
g 40 ] ] —
o
|
o 20 |_|
0 T T T l_l T T |_| T T |_| T T T
= o o =) o o = o o o e o
& i 0 5 3 ¢ 1 & A 0 L S
kY L s < $ 3 > z 2 ol 2 8
Month

Figure .50 Accumulation of monthly precipitation for the year 2010

3.3.2. Behaviour of the groundwater level

In order to identify and to estimate the impact of groundwater level fluctuation on
land deformation within the study area in the eastern part of the Larissa basin,
northern Thessaly, more than 15 wells were established in the Thessaly Larissa
Regional Unit by the (Decentralized Administration of Thessaly Sterea Elada). Seven
of these wells were chosen because they have approximately integrated data
corresponding to the time series of InNSAR data, on the other hand, the selection
depended on the presence of the point candidates of persistent scatters interferometry
(PSI). The locations of the boreholes are depicted in Figure 51. These data were
treated to construct a sequence of groundwater level fluctuations along the time axis

for the period 1992-2010and to identify May and October as the wet and dry periods

of each borehole.
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Figure 51. Location of groundwater monitoring network within study area, superimposed
on SLC SAR image

3.4. Groundwater monitoring network

Fluctuation of groundwater levels in the period 19922010 for the boreholes AD6,
AG10, PZ1, SR29, SR35, SR72 and SR77) will be explained and discussed in the

following sections.

3.4.1. AD6

This borehole is located 4.98 km north of Larissa and 1.98 km west of the Pineios
River. Its easting and northing coordinates are (362786, 4395151), with an elevation
of 68 m. The behaviour of the groundwater level of this borehole is depicted in Figure
52. The general behaviour of the groundwater level indicates a continuous decline
during the period 1992-2010. Furthermore the details of the behaviour indicate that a
continuous fluctuation occurred during all the months of each year, possibly as a
consequence of the recharge and discharge of the aquifer. Piezometric level
monitoring data indicate that the mean annual fluctuation of the groundwater level
was 9.43 m/year and the highest level was 4.21 m (April 1999). The amount of

precipitation during this month was 30 mm. This high level of groundwater may be
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attributable to the amount of precipitation. On the other hand, the aquifer of this
borehole is located west of the Pineios River, as mentioned before and consequently
this high level may also be attributable to seepage of the water from the river’s aquifer
to the aquifer of this borehole. The low level of the groundwater was 21.1 m (May
2008), and the accumulated amount of precipitation during this month was 3.6 mm.
This decline of the groundwater level may be attributable to the low rate of
precipitation, which would have affected the rate of water permeability and in turn the
aquifer water recharge. On the other hand, the low amount of precipitation may have

been accompanied by dramatic groundwater overexploitation.

3.4.2. AG10

This borehole is located 1.60 km north of the Pineios River and its easting and
northing coordinates are (350991, 4392488). The elevation of this borehole is 87 m.
The time series of this borehole is from January 1995 to December 2010, and no data
were recorded before this date. The behaviour of the groundwater level is depicted in
Figure 53. The groundwater level of this borehole shows a continuous decline.
Furthermore, fluctuation of the groundwater level during this period is evident, which
may be an indicator of mutual recharge and discharge of the aquifer. Piezometric level
monitoring data indicate that the mean annual groundwater level fluctuation rate was
19.17 m/year, and the high level was 15.12 m in April 1999. The monthly
precipitation during this month was 30 mm, despite the location of this borehole near
the Pineios River. Nevertheless there is a high probability that there is no seepage
from the river to the aquifer of this borehole. On the contrary, the seepage from the
aquifer of this borehole may occur towards the river’s aquifer, because the elevation
of the area of the borehole or its aquifer is 200 m and the elevation of the Pineios
River in this location is 100 m, as depicted in the elevation map of study area (Figure
59). The lowest level of groundwater during the time series was 24.43 m in August
2008, and the accumulation of precipitation for this month was 6.6 mm. This low
level may be a result of a low amount of precipitation leading to a decrease in the
recharge or supply of the aquifer. Additionally, the low amount of precipitation may
result in increased groundwater withdrawal to fulfil the irrigation requirement of

Ccrops.
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3.4.3. PZ1

This borehole is located 452 m north of the Pineios River, and its easting and northing
coordinates are (350703, 4397525). The elevation of this borehole is 93 m. The time
series of the groundwater level is depicted in (Figure 54), with data from January
1992 to November 2004. The general behaviour of the groundwater level begins with
a decline, followed by a rise with continuous stability until July 2000, followed by
decline. Once again a rising of the groundwater level in 2002 is obvious. There is
evidence of a continuous fluctuation of groundwater level, which may be attributable
to the mutual recharge and discharge of the aquifer. Piezometric level monitoring data
indicate that the mean annual of the groundwater level fluctuation rate was 15.94
m/year, while the highest level was 8.88 m in February 2003. The accumulation of
monthly precipitation during this month was 18.3 mm, and this relatively high level
may be attributable to low groundwater exploitation or withdrawal if the monthly
precipitation was enough to fulfil the water irrigation requirement of crops, and
simultaneously the precipitation may have contributed to supplying or recharging the
aquifer. The lowest level was 21.4 m in April 2002, and the amount of precipitation
this month was 61.2 mm. Despite the high amount of precipitation, this recorded level
indicates that there is no high supplying of the aquifer. An accepted explanation for
this situation is that seepage occurred from the aquifer of the borehole towards the
Pineios River aquifer, because the elevation of the borehole (aquifer) is equal to 200
m while the elevation of the Pineios River area in this location is equal to 100 m.
Additionally, an increase in groundwater withdrawal may have contributed to the
decline of the groundwater level during this month, while on the other hand, surface
runoff may have contributed to decreasing the water permeability and consequently

decreasing the aquifer’s water supply.

3.44. SR29

This borehole is located 4.65 km southeast of Larissa, and its easting and northing
coordinates are (369347, 4384897). The elevation of this borehole is 74 m. The time
series of the groundwater level is depicted in (Figure 55). The time series is from
January 1992 to December 2007. The general behaviour points to a declining trend of
the water level during this period. Details of the behaviour indicate fluctuation of the

groundwater level throughout this period, which may be attributable to the mutual
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recharge and discharge of the aquifer. Piezometric monitoring data indicate that the
mean annual groundwater level fluctuation rate was 39.52 m/year. The highest level
was 16.16 m in February 1992, and accumulation of the amount of precipitation this
month was 9.2 mm; however, this rate of precipitation is quite low to supply or
recharge the aquifer. Nevertheless there is a possibility that almost all of this amount
will percolate because this area is flat. The other accepted viewpoint is that the
amount of precipitation may have been enough to fulfil the water irrigation
requirement of crops, leading to low groundwater withdrawal. On the other hand, this
level may be attributable to the seepage of water from the high area located southwest
of the area of the borehole aquifer with an elevation of 200 m towards the area of
borehole (aquifer) with an elevation of 100 m. This may be an acceptable reasoning
for the high level of the groundwater with this low rate of precipitation. On the other
hand, maybe runoff occurred from the high to the low area. The lowest level of
groundwater was 73.39 m in August 2005, and the accumulation of precipitation for
this month was 16.4 mm, despite the considerable possibility of percolation of almost
all of the precipitation for the same reason as mentioned above. Nevertheless, this
amount of precipitation is not enough to recharge or supply the aquifer, so during this
period dramatic groundwater withdrawal may have occurred to fulfil the water

irrigation requirement of crops.

3.4.5. SR35

This borehole is located east of the NATO airport of Larissa. Its easting and northing
coordinates are (372990, 4390822), and its elevation is 61 m. The time series of the
groundwater level is depicted in Figure 56. The time series is from January 1992 to
December 2010; however, no monitoring data were recorded from October 2009 to
August 2010. The general behaviour of the groundwater level during this period
begins with a decline, followed by a rising level with continuous stability until
January 2006. Thereafter a decline occurred once again. While the details indicate
continuous fluctuation of the groundwater level during the time series, this may be
attributable to the mutual recharge and discharge of the aquifer. Piezometric level
monitoring data indicate that the mean annual of the groundwater level fluctuation
rate was 4.72 m/year. The highest level of the groundwater was 3.15 m in September
1999, and the accumulated amount of precipitation during this month was 37.1 mm.

This high level of groundwater may be attributable to the percolation of
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approximately all of the precipitation, while on the other hand, low groundwater
withdrawal may be associated with this percolation. Furthermore, there is not a high
demand for water for irrigation, because this period is either the end or the beginning
of the season for crops. The area of this borehole (aquifer) is located in the south of an
elevated area at 200 m, and consequently there is a considerable possibility of seepage
from the aquifer towards a lower aquifer with an elevation of 100 m. alternatively,
there may have been runoff of water from this area towards the area of the borehole
(aquifer). On the other hand, this borehole (aquifer) is located south of a water
harvesting channel (tributary), which is pouring water into the watershed located 7 km
east of the borehole, and consequently there may be seepage from this channel to the
aquifer. The lowest level of the groundwater was 7.42 m in August 2008, and the
accumulated amount of precipitation during this month was 6.6 mm, which was not
enough to recharge and supply the aquifer and may have been accompanied by high

groundwater withdrawal.

3.4.6. SR72

This borehole is located 100 m east of NATO airport, its easting and northing
coordinates are (370056, 4389904), and it is at an elevation of 66 m. The time series is
depicted in (Figure 57). Time series monitoring of the groundwater level was carried
out for the period January 1992 to November 2010; however there are no data
monitoring records for the period September 2009 to August 2010. The general time
series behaviour of the groundwater level during the monitoring period indicates a
continuous decline towards the end of the period. Fluctuation of the groundwater level
is evident from the time series data, possibly resulting from the mutual recharge and
discharge of the aquifer. Piezometric monitoring data indicate that the mean annual
groundwater level fluctuation rate was 26.31 m/year. The highest level was 15.42 m,
in February 1992, and the accumulated precipitation during this month was 9.2 mm.
Despite the quite low precipitation rate to recharge the aquifer during this short
period, there is still a possibility that approximately all this amount was percolated,
because this area is flat. On the other hand, this level may be attributable to aquifer
supplying from the Pineios River, especially given that the distance between the
borehole’s aquifer and the Pineios River is 3.96 km. Another acceptable reason that
the water withdrawal for this month was quite low could be the low requirement of

water for crops. Furthermore, this level may also be attributable to water seepage and
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runoff from an elevated area northeast of the borehole’s aquifer. The behaviour of the
groundwater level of this borehole is similar to that of borehole SR29, which may be
because the two boreholes are located over the same aquifer. It is worth mentioning
that the behaviour of the groundwater level of borehole SR35 is almost similar to that
of borehole SR72. The distance between these two boreholes (SR72 and, SR35) is 3
km, indicating that they are located over an identical type of aquifer. The lowest
groundwater level was 39.47 m, in August 2008, and the accumulated amount of
precipitation during this month was 6.6 mm. This low groundwater level may be as a
result of the low amount of precipitation during this month, leading to a decrease in
recharging of the aquifer, while the low amount of precipitation may leading to
increased groundwater withdrawal to fulfil the irrigation requirement of crops. Low
groundwater level behaviour of this borehole during this month is almost similar to

the low level behaviour of the groundwater of the borehole AG10.

3.4.7. SR77

This borehole is located 1.04 km east of Larissa and 2.33 km south of NATO airport,
its easting and northing coordinates are (368234, 4386942), and its elevation is 72 m.
The time series is depicted in (Figure 58). Groundwater level monitoring was carried
out for the period January 1992 to November 2010; however, there are no data
monitoring records for the period September 2009 to August 2010. The general
behaviour of the groundwater level points to a declining trend over the time series,
which may be attributed to the non-recharge of the lost water of the aquifer. While the
monitoring data indicate continuous fluctuation of the groundwater level, this may be
attributable to the mutual recharge and discharge of the aquifer. Piezometric level
monitoring data indicate that the mean annual of the groundwater level fluctuation
was 26.29 m/year. The highest level of groundwater was 14.02 m, in February 1992,
and the monthly precipitation during this month was 9.2 mm, which is not enough to
recharge the aquifer, as mentioned before for boreholes SR35 and SR72. This
convergence of the behaviours of these boreholes may be attributable to their location
over an identical type of aquifer. Consequently, the reason for this high level may be
attributed to the low groundwater withdrawal due to the low water requirement to
fulfil the irrigation demand of crops. The lowest level of groundwater was 38.88 m, in
August 2008, and the accumulated precipitation during this month was 6.6 mm. The

low groundwater level is a natural consequence of the low amount of precipitation,
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leading to low recharge of the aquifer. The other acceptable reasoning is that the high
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Figure .52 Groundwater level fluctuation in relation to time for borehole AD6 of the period 1992 - 2010.
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Figure .56 Groundwater level fluctuation in relation to time for borehole SR35 of the period 1992 - 2010.
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Figure 57. Groundwater level fluctuation in relation to time for borehole SR72 of the period 1992 - 2010.
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Figure .58 Groundwater level fluctuation in relation to time for borehole SR77 of the period 1992 - 2010.
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Figure 59. Elevation map of the study area depicted the location of the boreholes.

3.5. Groundwater level monitoring for May and October (wet and dry
period)
With a view to identifying the behaviour of the groundwater level corresponding to
the wet and dry periods, the months of May and October have been chosen as
corresponding to the wet and dry periods, respectively. An interference correlation
between monthly precipitation and groundwater level for May and October has been
constructed to identify the impact of precipitation on the behaviour of groundwater
level during these periods. The amount of groundwater withdrawal was predicted
approximately, because no groundwater withdrawal records were obtained for any
wells under this study. The fluctuation of groundwater level in relation to the time and
precipitation during May and October for the period 1992-2010 for the boreholes
AD6, AG10, PZ1, SR29, SR35, SR72 and SR77 will be explained and discussed in

the following sections.

3.5.1. AD6

The behaviour of the groundwater level for this borehole during May and October is

depicted in Figure 60. The general behaviour of the groundwater level during the
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period 1992-2010 indicates a declining trend until the end of the period. Despite the
fact that the accumulation of precipitation in October is larger than the accumulation
of precipitation in May, it is evident that the groundwater level in May is higher than
the groundwater level in October, which may be attributable to two possible causes.
Firstly, the groundwater level is not solely due to the accumulated precipitation during
May but also to the precipitation of preceding months, which recharged the aquifer.
Secondly, there was low groundwater withdrawal during May and the preceding
months during the winter season to fulfil the irrigation requirement of crops, and there
may be a compensation of water lost due to withdrawal by precipitation or from
another source. The groundwater level for October is lower than the groundwater
level for May despite a high amount of precipitation during this month. This may be
attributable to the overexploitation of groundwater during the months preceding
October, during the summer season, when there is not enough water to compensate for
lost water either from precipitation or any other sources. Consequently, despite the
high amount of precipitation recorded in October, it is not enough to raise the
groundwater level during this month. The groundwater level of May 2008 is lower
than the groundwater level of October 2008, which may be attributable to a large
decrease in the amount of precipitation with an accompanying overexploitation of
groundwater during this month. This indicates that precipitation has a significant
impact on the groundwater level within this aquifer, as evidenced by the rise in
groundwater level as a result of increased precipitation which was observed once

again during May 2009.

3.5.2. AG10

The behaviour of the groundwater level at this borehole during May and October is
depicted in Figure 61. Note the absence of data monitoring records for May and
October during the period 1992-1994. The general groundwater level behaviour
indicates a declining trend for May and October until the end of time series. It is
noticeable that the groundwater level in May is close to the groundwater level in
October for the year 2002, despite the considerable difference in monthly
precipitation between the two months, which was 7.4 mm and 64.8mm for May and
October, respectively. This may be due to the low amount of precipitation during
May, while the groundwater level for October may be attributable to the

overexploitation of groundwater during this month and many months before during
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the summer season. This is an acceptable reason for the low level of groundwater.
Additionally, the high amount of precipitation is not enough to compensate for the
water lost during this month. These two reasons may account for the convergence

between the groundwater levels of these two months.

3.5.3. PZ1

The behaviour of the groundwater level at this borehole during May and October is
depicted in Figure 62. Note the absence of data monitoring records for May and
October during the period 2005-2010. The general groundwater level behaviour in
May indicates a decline followed by a rise during the period 1993-1994. It is worth
mentioning that this increase is not attributed to the amount of precipitation, because
there was a decrease in precipitation during this period. Consequently this increase
may be attributable to other sources of water supply. The increase was followed by a
stable level during the period 1994—-1997, which may be attributable to the low
exploitation of groundwater. Afterwards, despite the high amount of precipitation, a
high decline was observed during May 1998, which indicates that the groundwater
level was not affected by the amount of precipitation. Maybe overexploitation of
groundwater occurred during this period to fulfil the irrigation requirement of crops or
for another reason. Thereafter an increase in groundwater level occurred once again in
1999, which is evidence that there was no impact of precipitation on the groundwater
level of this case. Subsequently, an extreme sloping trend is observed during the
period 1999-2002 followed by a high increase during May 2002—2003. This may be
attributed with a high probability to the increase in precipitation. The groundwater
level for October is indicated to be approximately stable during the period 1992-2001.
Thereafter a rise in the groundwater level during 2001-2003 is observed, which may
be attributed to the amount of precipitation. It is noticeable that the groundwater level
for May 2001 is close to the level for October of the same year, despite the amount of
precipitation in May and October being 66.8 and 2.3 mm, respectively. This may be
attributable to the overexploitation of groundwater during May, resulting in the lost
water exceeding the compensation water. Additionally, the groundwater level for May
2002 was lower than the groundwater level for October of the same year. This may be
attributable to the high amount of precipitation in October (64.8 mm) in comparison

with the amount of precipitation in May (7.4 mm).
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3.5.4. SR29

The behaviour of the groundwater level of this borehole for May and October is
depicted in Figure 63. Note the absence of monitoring data for May during the period
2005-2010 and for October during the period 2004—2010. The general behaviour of
the groundwater level for the two months May and October indicates a declining trend
towards the end of the time series, which may be attributable to insufficient
compensation of the lost water. The groundwater level for May is higher than the
groundwater level for October in the same time series. Additionally, the behaviour of
the groundwater level during May and October represents normal behaviour for the

wet and dry periods.

3.5.5. SR35

The behaviour of the groundwater level of this borehole for May and October is
depicted in Figure 64. Note the absence of monitoring data for May 2010 and for the
month of October during the periods 2006-2007 and 2009. The general behaviour of
the groundwater level for May indicates stability during the period 1992-1994
followed by a sharp decline during 1995-1996. This may be attributable to the
decrease in the monthly amount of precipitation. Afterwards, a small rise during
1996—1997 has been observed, followed by continuous stability. A small fluctuation,
barely observable during the period 1997-2006, decline was subsequently observed
during the period 2006-2009. While the behaviour of the groundwater level for
October indicates a sharp decline initially during 1992—1993, thereafter a rise was
observed during the period 1993—1995. It is noticeable that the groundwater level for
October 1996 is approximately higher than the groundwater level for May of the same
year, despite the monthly precipitation for May and October being 9 and 70 mm,
respectively. Consequently this low groundwater level for May may be attributable to
the low amount of precipitation during this month. Furthermore, the high groundwater
level for October is, with a considerable probability, attributed to the amount of
precipitation. Following a declining trend during the period 1997-2001, a rise in the
groundwater level during the period 2001-2004 was observed, which may be
attributable to the increase in the monthly amount of precipitation during this period.
After that, a decline occurred once again during the period 20042008, and this also

may be attributable to the decreasing amount of precipitation.
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3.5.6. SR72

The behaviour of the groundwater level of this borehole for May and October is
depicted in Figure 65. Note the absence of monitoring data for the month of October
during 2006-2007 and for May 2010. In general, the groundwater level is higher in
May than in October during the time series. of the data for the month of May indicate
a slow decline during the period 1992-2001, followed by a slow rise during the period
2001-2004. This may be attributable to the impact of the monthly amount of
precipitation. Subsequently a slowly decline was observed once again during the
period 2004-2009, which may be attributable to increased groundwater withdrawal to
fulfil the irrigation requirement of crops. Furthermore, the amount of precipitation

was not enough to compensate for the lost water.

For the month of October, the data generally indicate a decline in the groundwater
level during the period 1992-2005. The sharp decline during the period 1992—-1993
may be attributable to the decreasing monthly precipitation. This was followed by a
slow decline in the period 1994-1996 and a rise during the period 1996-1997.
Subsequently, a decline was observed during the period 1998-2000, which may be
attributable to insufficient water to compensate for the water lost as a result of
withdrawal. After that, a slowly rising trend was observed during the period 2001—
2004, which may be attributable to increasing amounts of precipitation. Immediately
thereafter a decline in the groundwater level during the period 2004—2005 occurred,

which may be attributable to the decreasing amount of precipitation.

3.5.7. SR77

The behaviour of the groundwater level of this borehole for May and October is
depicted in Figure 66. Note the absence of monitoring data for May 2010 and for the
month of October during 2006-2007. It is worth mentioning that the behaviour of the
groundwater level of this borehole is similar to that of borehole SR29. This may be
due to the location of these two boreholes over the same aquifer, as the distance
between the two boreholes is 3.47 km. It is possible to predict a similar quantity of
water withdrawal from the two boreholes because the same agricultural crops are

cultivated within this area.
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3.6. Land-surface deformation corresponding to the seasonal

groundwater fluctuation and monthly accumulation of precipitation
The selection of PSI point candidates representative of each water well (borehole)
depended on the availability of signal radar targets around water well sites, taking into
account the replication of each selection with three replicates point’s candidates, with
different distances between the borehole and each point candidate to investigate the
statistical correlation between groundwater level fluctuation and ground deformation
despite different distances. The information of all following selected points’

candidates is depicted in appendix A.

3.7. Ascending track 143

Before explaining the impact of groundwater level fluctuation on land deformation, it
is necessary to provide details of the behaviour of the groundwater level and
precipitation corresponding to the time series of SAR data within this track.. First of
all it is essential to explain the groundwater level behaviour of each borehole and its
interference correlation with precipitation, and subsequently the interference between
land deformation and the fluctuation of groundwater level, as found by (Herrera et al.,
2009) in their study in the metropolitan area of Murcia City (SE Spain). In general,
the piezometric level is closely related to annual precipitation, because rain infiltration

and irrigation are the most important sources of recharge of the aquifer.

3.7.1. AD6

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation, depending on time series data of SAR PSI, is depicted in Table 19 and
Figure 67. In general, the groundwater level behaviour during the period 1995-2006
points to a decline, which may be attributable to the lack of compensation of the lost
water. The data indicate stability during the period June 1995-May 1997, and a
subsequent sharp decline is observed during the period May 1997—August 1998,
which may be attributable to the decreasing precipitation, especially during the period
of December 1997—August 1998. There is an absence of monitoring data for January
1997, but thereafter stability or a slow decline of groundwater level is observed during
period June 1999—April 2003. This may be attributable to the fluctuation in the

amount of precipitation. Subsequently, a sharp decline occurred during April 2003—
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August 2003, which may be attributable to a decrease in the amount of precipitation.

Thereafter a rise in groundwater level is observed as a result of an increase in

precipitation during August 2003—April 2004, followed by a sharp decline during the

period April 2004—August 2004, which may be attributable to the decreasing amount

of precipitation. Subsequently, a rise in the groundwater level is observed during the

period August 2004—May 2005. There is a high probability that this rise is due to the

increasing amount of precipitation. A sharp decline in groundwater level during the

period May 2005—August 2005 is observed, followed by a rise during the period

August 2005-December 2006. This rise was accompanied by a decrease in the

amount of precipitation and therefore may be attributed to another source supplying

groundwater.

Table19. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole AD6

Time series data of SAR PSI

Monthly amount of precipitation (mm)

Groundwater level [m] of borehole

AD6
Jun_1995 34.4 5.6
Dec_1995 92.7 5.93
Apr_1996 22.3 4.43
Mar_1997 20.8 4.91
May_1997 17.6 4.24
Dec_1997 67.7 5.65
Aug_1998 0.7 11.96
Jan_1999 454
Jun_1999 5 5.46
Oct_1999 57.4 6.6
May_2000 25.7 6.76
Apr_2003 26.4 6.2
Aug_2003 53 12.74
Feb_2004 8.4 8.32
Apr_2004 435 8.18
Aug_2004 2.6 16.56
Sep_2004 20.1 14.38
May_2005 26.7 11.18
Aug_2005 16.4 17.39
Dec_2006 11.9 1.5
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Figure 67. Monthly accumulation of precipitation corresponding to the groundwater level of the
borehole AD6

3.7.1.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal

deformation) of the borehole AD6
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and the borehole, as shown in Figure 68, to
correlate, identify, and examine the impact of groundwater level fluctuation on land
deformation. Deformation of three point candidates at distances of 90, 179 and 219 m
from the borehole, monthly precipitation, and groundwater level are shown in Table
20. Deformation of the point candidates corresponding to monthly precipitation is

depicted in Figure 69. Deformation of the point candidates corresponding to

groundwater level is depicted in Figure 70.
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Table20. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation behaviour of borehole

(AD6)
Time series | LOS Displacemnt | LOS Displacemnt LOS Displacemnt Groundwater Monthly
data of SAR mm p (68587) mm p(68496) mm p(69756) level (m) precipitation
PSI 90 m 179 m 219 m Borehole (mm)
AD6

Jun_1995 32.39 -49.126 -100.847 5.6 34.4
Dec_1995 22.467 -42.593 -96.434 5.93 92.7
Apr_1996 26.09 -47.28 -93.127 4.43 22.3
Mar_1997 14.77 -41.625 -87.14 4.91 20.8
May_ 1997 26.666 -25.741 -82.509 4.24 17.6
Dec_1997 22.386 -34.936 -68.698 5.65 67.7
Aug_1998 24.382 -40.629 -60.376 11.96 0.7
Jan_1999 15.324 -22.307 -59.953 45.4
Jun_1999 5.299 -20.46 -51.634 5.46 5
Oct_1999 16.454 -32.256 -51.344 6.6 57.4
May_ 2000 7.578 -16.042 -56.279 6.76 25.7
Apr_2003 0.299 -9.977 -15.193 6.2 26.4
Aug_2003 -2.562 -4.718 -7.259 12.74 5.3
Feb_2004 -0.4 -1.903 -10.831 8.32 8.4
Apr_2004 5.812 2.472 -15.168 8.18 43.5
Aug_2004 -6.223 -9.911 -2.619 16.56 2.6
Sep_2004 3.461 1.078 -0.192 14.38 20.1
May_2005 2.237 1.731 7.312 11.18 26.7
Aug_2005 1.9 4.57 12.449 17.39 16.4
Dec_2006 -0.979 15.172 31.2 11.5 11.9
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Figure 69. LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation amount.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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Figure.70 LOS Displacemnt of point candidates corresponding to the groundwater level of borehole
ADG6. Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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The deformation behaviour of the first point, number 68587 at 90 m from the
borehole, points to a general declining trend, as the time series begins with uplift then
goes into subsidence. The minimum uplift was 0.299 mm (April 2003), while the
maximum uplift was 32.39 mm (June 1995). The minimum subsidence was -0.4 mm

(February 2004), and the maximum subsidence was -6.22 mm (August 2004).

Minimum uplift may be attributable to the indirect impact of the precipitation amount,
which was 26.4 mm, and of the groundwater level, which was 6.2 m. The maximum
uplift may also be attributable to the indirect impact of the precipitation, which was
344 mm, and of the groundwater level, which was 5.6 m, as this amount of
precipitation may have raised the groundwater level and consequently caused this

uplift.

The minimum subsidence may be attributable to the low amount of precipitation (8.4
mm) and its indirect impact on the groundwater level, which was 8.32 m. Maximum
subsidence may be attributable to the indirect impact of the precipitation amount (2.6
mm) on the groundwater level, which was 16.65 m, as this precipitation amount was

not sufficient to raise the groundwater level and consequently caused this subsidence.

Details of the impact of groundwater level fluctuation on land deformation indicate
that the decrease in uplift during the period June 1995-December 1995 was
accompanied by the decline of groundwater level. An increase in uplift is observed
during the period December 1995—April 1996, which was accompanied by a rise in
groundwater level. This was followed by a decrease in uplift accompanied by a
decline in the groundwater level during the period April 1996—March 1997.
Thereafter an increase in uplift was accompanied by a rise in groundwater level
during the period March 1997-May 1997, and subsequently a decrease in uplift was
accompanied by a decline in groundwater level during the period May 1997—
December 1997. A decrease in uplift is observed through the decline of groundwater
level during the period August 1998—June 1999, followed by a decrease in uplift
accompanied by the decline of the groundwater level during the period October 1999—
May 2000. Noticeably, the change in status of land deformation from uplift to
subsidence was accompanied a sharp trend of decline of groundwater level during the
period April 2003—August 2003. Thereafter a contrary status occurred, from
subsidence to uplift, during the period August 2003—April 2004, accompanied by a
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rise in groundwater level. A contrary case occurred once again from uplift to
subsidence during the period April 2004—August 2004. This change can, with a
considerable probability, be attributed to the sharp trend of decline of the groundwater
level.

The deformation behaviour of the second point, number 68496 at a distance of 179 m
from the borehole, shows a general rise, as the time series begins with subsidence then
goes into uplift. The minimum subsidence was -1.9 mm (February 2004) and the
maximum subsidence was -49.126 mm, while the minimum uplift was 1.078 mm
(September 2004) and the maximum uplift was 15.172 mm (December 2006). The
minimum subsidence may be attributable to the indirect influence of the precipitation,
which was 8.4 mm, through its impact on the groundwater level, which was 8.32 m,
as this precipitation amount was not enough to raise the groundwater level. The
maximum subsidence, with considerable probability, is not attributed to the indirect
impact of the precipitation on the groundwater level despite the evident correlation
between the precipitation (34.4 mm) and the high groundwater level (5.6 m).
Consequently there is an expectation that another parameter or factor caused this

subsidence.

The minimum uplift may be attributable to the indirect impact of the precipitation,
which was 20.1 mm, on land deformation through its impact on the groundwater
level, which was 14.38 m, while the maximum uplift may also be attributable to the
indirect impact of the precipitation, which was 11.9 mm, through its impact on the
groundwater level, which was 11.5 m, despite the fact that the higher amount of
precipitation was accompanied by the minimum uplift and the lower precipitation
amount was accompanied by the maximum uplift. This low amount of precipitation
may have been complementary to the amount of water already within the aquifer and

may consequently have caused this uplift.

Details of the impact of groundwater level fluctuation on land deformation indicate
that there are many correlations. A decrease in subsidence was accompanied the
decline of groundwater level during the period March 1997-May 1997, followed by
an increase in subsidence, which was accompanied by the decline of groundwater
level, during the periods May 1997—August 1998 and June 1999-October 1999. An
increase in subsidence is observed during the period May 2000—April 2003, which

was accompanied by the decline of groundwater level. Additionally, a status change
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from uplift to subsidence accompanied the sharp declining trend of groundwater level
observed during the period April 2004—August 2004, followed by a contrary status
change from subsidence to uplift through the raising of groundwater level during the
period August 2004—May 2005. Moreover an increase in uplift was observed through
the raising of the groundwater level during the period August 2005—December 2006.

The deformation behaviour of the third point, number 69756at a distance of 219 m
from the borehole, shows a general rising trend, as the time series begins with
subsidence and then goes to uplift. The minimum subsidence was -0.192 mm
(September 2004) and the maximum subsidence was -100.847 (June 1995), while the

minimum uplift was 7.312 mm and the maximum was 31.2 mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of the
precipitation amount (20.1 mm) through its impact on the groundwater level (14.38
m), as this amount of precipitation was not enough to increase the groundwater level.
Consequently, a large decline in groundwater level occurred, leading to this
subsidence. There is a high probability that the maximum subsidence is not
attributable to the indirect impact of the precipitation, which was 34.4 mm, on the
groundwater level, which was 5.6 m, because this level is quite close to the surface
and should therefore correspond to a smaller value of either subsidence or uplift.
Therefore, some other factor has caused this subsidence. Additionally minimum and
maximum uplift may not be attributable to the indirect impact of the precipitation on
the groundwater level, because despite the different between the precipitation that
accompanied the minimum and maximum uplit (26.7 mm and 11.9 mm,
respectively), the groundwater levels for these two cases were convergent (11.8 m and
11.50 m). Consequently this uplift may be due to the impact of some other factor or
parameter. There is no continuous significant correlation between deformation of this
PSI point and groundwater level fluctuation for the borehole AD6. This may be
attributable to the short time series (1995-2006). However, some correlations have
been observed. A decrease in subsidence accompanied the rise in the groundwater
level during the periods December 1995—April 1996 and March 1997-May 1997, and
an increase in subsidence accompanied the decline of the groundwater level during
the period October 1999—May 2000. This was followed by a decrease in subsidence
through raising of the groundwater level during the period May 2000—April 2003. A

status change from subsidence to uplift correlates with the rising groundwater level
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during the period August 2004 — May 2005, while an increase in uplift during the

period August 2005 — December 2006 accompanied the rising groundwater level.

3.7.2. AG10

Groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on the time series data of SAR PSI is depicted in Table 21 and
Figure 71. The general behaviour of the groundwater level during the time series
1995-2006 points to a decline, which may be attributable to the lack of compensation
for the lost water. The data indicate a slow decline during the period April 1996—May
1997 and a subsequent sharp decline during the period May 1997—August 1998,
which may be attributable to the decrease in precipitation, especially during the period
December 1997—August 1998. Note the absence of monitoring data for January 1997.
Stability or a slow decline followed by a rising of the groundwater level was observed
during the period June 1999-May 2000, and subsequently a sharp rise occurred during
May 2000—April 2003. Thereafter a sharp declining trend was observed due to
decreasing precipitation during the period April 2003— August 2003, followed by a
sharp rising trend during the period August 2003—April 2004 which accompanied
increasing precipitation. Afterwards, a decline in the groundwater level is observed
during the period April 2004—August 2004, and it is evident that this decline may be
attributed with a high probability to the decrease in precipitation. The rising of the
groundwater level during the period August 2004—May 2005 was accompanied by
increasing precipitation and was followed by a decline of the groundwater level
during the period May 2005—August 2005 and a rising of the groundwater level
during August 2005-December 2006. This decline of the groundwater accompanied
decreasing precipitation, while the rising of the groundwater is not, with high
probability, attributable to the amount of precipitation, because it accompanied a

decreasing amount of precipitation.
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Table21. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole AG10

Tlmesszrl'lqelsagflta o Monthly amount of precipitation (mm) | Groundwater level [m] of borehole
AG10
Jun_1995 34.4
Dec_1995 92.7 17.97
Apr_1996 22.3 15.47
Mar_1997 20.8 15.76
May 1997 17.6 15.86
Dec_1997 67.7 18
Aug_1998 0.7 23.02
Jan_1999 45.40
Jun_1999 5.00 18.04
Oct_1999 57.40 18.7
May_2000 25.70 18.55
Apr_2003 26.40 15.14
Aug_2003 5.30 21.39
Feb_ 2004 8.40 16.45
Apr_2004 43.50 15.87
Aug_2004 2.60 21.78
Sep_2004 20.10 21.17
May_ 2005 26.70 17.28
Aug_2005 16.40 23.08
Dec_2006 11.90 18.63
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Figure 71. Monthly accumulation of precipitation corresponding to the groundwater level of the borehole

AGI10
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3.7.2.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal
deformation) of the borehole AG10
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and the borehole, as shown in Figure 72, to
correlate, identify and examine the impact of groundwater level fluctuation on land
deformation. Deformation of three point candidates at distances of 178, 248 and 320
m from the borehole, monthly precipitation, and groundwater level are shown in
Table 22. Deformation of the point candidates and monthly precipitation amount are
depicted in Figure 73. Deformation of the point candidates and groundwater level are

depicted in Figure 74.

Legend

@® PsSl Points candidates ascending track 143

®  Groundwater_wells

=== Pineios_River

608000 608600 609200 609800 610400 611000

Figure72. Three point candidates of the PSI at different distances from borehole AG10
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Table 22. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation for borehole AG10

: ; LOS
. . LOS Displacemnt | LOS Displacemnt . Groundwater | Monthly amount
Time series data |~ = = S0 | 66220) DiETlEEEmIS level (m) | of precipitation
e SR P 1781 m 248.39 m G [ (EETe) borehole (mm)
’ ’ 320.2 m
AG10

Jun_1995 -20.713 123.236 100.657 344
Dec_1995 -18.104 119.863 97.893 17.97 92.7
Apr_1996 -14.276 110.542 96.711 15.47 22.3
Mar_1997 -15.32 96.475 70.941 15.76 20.8
May 1997 -16.673 88.301 70.301 15.86 17.6
Dec 1997 -22.081 92.592 64.228 18 67.7
Aug_1998 -15.081 81.82 67.048 23.02 0.7
Jan_1999 -19.226 78.426 64.786 454
Jun_1999 -21.506 70.715 66.276 18.04 5
Oct_1999 -4.12 53.34 53.232 18.7 57.4
May 2000 -18.372 52.889 51.931 18.55 25.7
Apr_2003 3.535 22.725 14.098 15.14 26.4
Aug_2003 0.567 4.153 21.494 21.39 53
Feb 2004 -5.776 4.044 6.306 16.45 8.4
Apr_2004 -2.021 5.268 1.625 15.87 43.5
Aug_2004 -3.255 0.988 3.402 21.78 2.6
Sep_2004 -2.852 1.9 -0.476 21.17 20.1
May 2005 7.321 -8.954 -10.238 17.28 26.7
Aug_2005 2.72 0.256 -15.031 23.08 16.4
Dec 2006 3.596 -32.033 -26.546 18.63 11.9
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Figure 73. LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation.

Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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Figure 74. LOS Displacemnt of point candidates corresponding to groundwater level of borehole AG10.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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The deformation behaviour of the first point (number 67381), at a distance of 178 m
from the borehole, indicates a general rising trend, as the time series begins with
subsidence then goes to uplift. The minimum subsidence was -2.02 mm (April 2004)
and the maximum subsidence was -22.08 mm (December 1997), while the minimum
uplift was 0.567 mm (August 2003) and the maximum uplift was 7.321 mm (May
2005).

The minimum subsidence may be attributable to the impact of the groundwater level;
however there may have been an indirect influence of precipitation on the land
deformation (subsidence) through its impact on groundwater level. The amount of
precipitation was 43.50 mm and may have been enough to recharge the aquifer and
raise the groundwater level to more than 15.78 m, which was found during this month.
Nevertheless, an overexploitation of groundwater may have prevented the
precipitation from elevating the groundwater level sufficiently to decrease the
subsidence. The maximum subsidence may be attributable to the low level of
groundwater, which was 18 m. Although the precipitation amount was 67.7 mm, it
may not have had any indirect impact on the land deformation through its impact on
the groundwater level, because it may have been sufficient to raise the groundwater

level and consequently reduce the subsidence to a value lower than that found.

Minimum uplift may have been triggered by the indirect influence of precipitation on
the groundwater level. The precipitation amount (5.30 mm) was not sufficient to raise
the groundwater level, which was 21.39 m, and consequently there was low uplift.
Furthermore, the maximum uplift may be attributable to the indirect impact of the
precipitation (26.70 mm) on land deformation by raising the groundwater level, which

was 17.28 m.

Details of the impact of the groundwater level on the land deformation indicate that
decreasing subsidence accompanied the raising of the groundwater level during the
period December 1995—April 1996, followed by increasing subsidence as a result of
the decline of the groundwater level during the periods April 1996-March 1997 and
March 1997-May 1997. Thereafter a sharp increasing trend of subsidence
accompanied the sharp declining trend of groundwater during the period May 1997—
December 1997. Additionally, a status change from subsidence to uplift is observed as

a result of the rising groundwater level during the period May 2000—April 2003. A
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subsequent decrease in uplift accompanied the decline of the groundwater level during
the period April 2003—August 2003, while a decrease in subsidence accompanied the
rising groundwater level during the period February 2004—April 2004. Subsequently,
an increase of subsidence accompanied the sharp decline of groundwater level during
the period April 2004—August 2004, followed by a decrease in subsidence that
accompanied the rising groundwater level during the period August 2004—September
2004. Thereafter a status change from subsidence to uplift is observed once again as a
result of the rising groundwater level during the period September 2004—May 2005. A
subsequent decrease in uplift accompanied the decline of groundwater level during the
period May 2005—August 2005, and finally an increase in uplift is observed as a result
of the rising groundwater level during the period August 2005—December 2006.

The deformation behaviour of the second point (number 66220), at a distance of 248
m from the borehole, indicates a general decline, as the time series begins with uplift
and then goes into subsidence. The minimum uplift was 0.256 mm (August 2005),
whereas the maximum uplift was 123.236 mm (June 1995); the minimum subsidence
was -8.954 mm (May 2005), and the maximum subsidence was -32.033 mm

(December 2006).

The minimum uplift may be attributable to the indirect impact of the precipitation
(16.40 mm) on the groundwater level, which was 23.08 m. The precipitation may
have been insufficient to raise the groundwater level and consequently cause this
uplift. The maximum uplift accompanied precipitation of 34.4 mm which may have
raised the groundwater level and consequently caused maximum uplift; however, this
is an expectation because no monitoring data for groundwater level have been

recorded during this month.

The minimum subsidence may be attributable to the indirect impact of the
precipitation (26.70 mm), as this amount may have been enough to raise the
groundwater to 17.28 m and reduce the subsidence accordingly. The maximum
subsidence may also be attributable to the indirect impact of precipitation (11.90 mm),
as this amount may not be enough to raise the groundwater level to 18.63 m, and

consequently the decline of the groundwater level caused this subsidence.
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Details of the impact of the groundwater level on land deformation indicate that the
decrease in uplift accompanied the decline of the groundwater level during the periods
April 1996-March 1997, March 1997-May 1997, December 1997—August 1998 and
January 1999—June 1999. Many similar significant correlations are observed. The
decrease in uplift accompanied the decline of the groundwater level during the period
April 2003—August 2003, followed by a slow increase of uplift as the groundwater
level rose during August 2003—April 2004. Subsequently, there was a decrease in
uplift with the decline of the groundwater level during the period April 2004—August
2004, and thereafter a small increase in uplift is observed with rising groundwater

level during the period August 2004—September 2004.

The deformation behaviour of the third point (number 66379), at a distance of 320 m
from the borehole, indicates a general decline, as the time series begins with uplift and
then goes into subsidence. The minimum uplift was 1.625 mm (April 2004), while the
maximum uplift was 100.657 mm (June 1995). The minimum subsidence was -0.467

mm (September 2004), and the maximum subsidence was -26.546 mm (December

2006).

The minimum uplift may be attributable to the indirect impact of the precipitation,
which was 43.50 mm, on the land deformation through its impact on the groundwater
level, which was 15.87 m, as the precipitation may have raised the groundwater level
and consequently caused this uplift. The basis for this reasoning is that the maximum
uplift accompanied precipitation of 34.4 mm, and this amount, when added to the
water already existing within the aquifer, may have been sufficient to raise the
groundwater level and consequently cause uplift. However, this is an expectation
only, because no monitoring data were recorded for groundwater level during this
month. On the other hand, maybe other factors participated to affect this uplift. The
acceptable reasoning being that the precipitation amount that accompanied the
minimum uplift was larger than the precipitation amount that accompanied the

maximum uplift.

While the minimum subsidence may also be attributable to the indirect impact of the
precipitation amount, which was 20.10 mm, on the land deformation through its
impact on the groundwater level, which was 21.17 m, this precipitation amount may

not have been enough to raise the groundwater level and therefore the subsidence may
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have been caused by a decline of the groundwater level. The basis for this reasoning is
that the maximum subsidence had accompanied a monthly precipitation of 11.90 mm,
which may not have been enough to raise the groundwater level, which was 18.63 m,
and consequently caused this subsidence. However, maybe some other factor has
caused this subsidence, because the low groundwater level was accompanied by the
minimum subsidence, while the high groundwater level was accompanied by the

maximum subsidence.

Details of the impact of the groundwater level on land deformation indicate that there
is no continuous significant correlation between groundwater level and land
deformation. This may be attributable to the synchronization of the short data of the
time series 1995-2006 as well as the long distance between the borehole and the point
candidate of the PSI. However, there are some cases of correlation within time series:
the decrease in uplift during the periods April 1996-May 1997 and June 1999-

October 1999 accompanied declines in the groundwater level.

3.7.3. PZ1

Groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on time series data of SAR PSI is depicted in Table 23 and Figure
75. The general behaviour of the groundwater level points to continuous fluctuation,
culminating in a decline at the end of the time series. The first behaviour may be
attributable to the impact of fluctuation in the amount of monthly precipitation, while
the decline may be attributable to the lack of compensation for the water lost during
the period August 2004—September 2004 despite the increasing monthly precipitation.
Note the absence of data monitoring records for groundwater level for June 1995,
January 1995, and the period May 2005-December 2006. Details of the behaviour
indicate rising groundwater levels during the period December 1995—April 1996,
which was accompanied by a decreasing amount of precipitation. Therefore this rising
level is, with high probability, attributable to another supplying source of water. A
decline in the groundwater level is observed during the period April 1996—March
1997, and this may be attributable to decreasing precipitation. A subsequent rise in the
groundwater level during the period March 1997-May 1997 is observed, despite the
decrease in precipitation; accordingly, the rising groundwater level may be

attributable to another water source. Thereafter a decline in the groundwater level
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accompanied increasing precipitation during the period May 1997-December 1997,
and this may be attributable to an insufficient amount of precipitation to compensate
for water withdrawal. Subsequent rising groundwater level and decreasing
precipitation during the period December 1997—August 1998 is observed, which
indicates that it was supplied from a source other than precipitation during this period.
On the other hand, maybe this negative correlation between groundwater level and
precipitation is attributable to the gap in the data between the two periods. A decline
of the groundwater level is observed along with increasing precipitation during the
period June 1999—October 1999, which is a further indication that another source is
supplying the aquifer. Thereafter a rise in groundwater level along with an increase in
precipitation is observed during the period May 2000—April 2003, and subsequently a
decline and rise of groundwater level is observed during the periods April 2003—
August 2003 and August 2003—April 2004, respectively. This fluctuation of decline
and rise may be attributable to the decreasing and increasing precipitation amounts. A
decline in the groundwater level during the period April 2004—August 2004 may be
attributable to decreasing precipitation. The decline at the end of the time series
accompanies increasing precipitation during the period August 2004—September 2004,
which may be attributable to an insufficient amount of precipitation to recharge the

aquifer after water withdrawal.
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Table 23. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole PZ1

Time series data Moth'ly qmount of Groundwater level (m)
of SAR PSI precipitation (mm) Borehole PZ1
Jun 1995 34.4
Dec 1995 92.7 18.41
Apr 1996 22.3 9.55
Mar 1997 20.8 12.03
May 1997 17.6 10.33
Dec 1997 67.7 19.12
Aug 1998 0.7 17.4
Jan 1999 45.4
Jun 1999 5 9.8
Oct 1999 57.4 17.98
May 2000 25.7 13.68
Apr 2003 26.4 9.3
Aug 2003 5.3 13.93
Feb 2004 8.4 13.25
Apr 2004 43.5 10.68
Aug 2004 2.6 16.95
Sep 2004 20.1 17.32
May 2005 26.7
Aug 2005 16.4
Dec 2006 11.9
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Figure 75. Monthly accumulation of precipitation corresponding to the groundwater level of the
borehole PZ1
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3.7.3.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal
deformation) of the borehole PZ1
Three point candidates resulting from the PSI technique have been chosen at different
distances from the borehole, as shown in Figure 76, to correlate, identify and examine
the impact of groundwater level fluctuation on land deformation. Deformation of
three point candidates at distances of 50, 98 and 142 m from the borehole, monthly
precipitation, and groundwater level are shown in Table 24. Deformation of point
candidates and monthly precipitation are depicted in Figure 77. Deformation of point

candidates and groundwater level are depicted in Figure 78.

Legend
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Figure .76 Three point candidates of the PSI at different distances from borehole PZ1
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Table 24. Ground deformation of point candidates of PSI ascending track (143)
groundwater level and monthly precipitation behaviour of

corresponding to

borehole PZ1
sTeI:?ees LOS Displacemnt LOS Displacemnt LOS Displacemnt Groundwater Monthly gmqunt
data of mm p (95360) mm P (95042) mm p (96573) level (m) of precipitation
SAR PS] 50.77 m 98 m 142.27 m borehole (mm)
PZ1

Jun_1995 134.435 140.442 68.59 34.4
Dec1995 119.834 134.122 73.786 18.41 92.7
Apr_1996 121.472 134.38 72.298 9.55 22.3
Mar_1997 115.207 110.977 52.686 12.03 20.8
May 1997 110.417 98.555 51.111 10.33 17.6
Dec_1997 84.146 103.668 56.664 19.12 67.7
Aug_1998 91.749 96.19 45.064 17.4 0.7
Jan_1999 77.472 85.607 49.601 45.4
Jun_1999 78.573 85.144 45.647 9.8 5
Oct_1999 70.093 64.521 33.726 17.98 57.4
May_ 2000 49.846 72.513 28.112 13.68 25.7
Apr_2003 13.465 6.105 -9.029 9.3 26.4
Aug_2003 18.213 9.608 9.659 13.93 5.3
Feb_2004 9.744 15.988 11.979 13.25 8.4
Apr_2004 3.879 21.835 14.919 10.68 43.5
Aug_2004 0.088 3.788 -0.854 16.95 2.6
Sep_2004 -1.176 3.929 -0.314 17.32 20.1
May_2005 -9.366 -37.092 -14.993 26.7
Aug_2005 -10.515 -13.766 -7.377 16.4
Dec_2006 -28.871 -10.357 -4.023 11.9
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Figure 77. LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation. Displacement time
series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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Figure 78. LOS Displacemnt of point candidates corresponding to groundwater level of borehole

PZ1. Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June
1995).
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The deformation behaviour of the first point (number 95360), at a distance of 50.77 m
from the borehole, indicates a general decline, as the time series begins with uplift and
then goes into subsidence. The minimum uplift was 0.088 mm (August 2004) and the
maximum uplift was 143.435 mm (June 1995), while the minimum subsidence was -
1.176 mm (September 2004) and the maximum subsidence was -28.871 mm

(December 20006).

The minimum uplift may be attributed to the indirect impact of the precipitation,
which was 2.6 mm, on the land deformation through its impact on the groundwater
level, which was 16.95 m. Accordingly, this precipitation amount was not enough to
raise the groundwater level and consequently caused this small uplift. The basis for
this reasoning is that the maximum uplift was accompanied by a precipitation amount
of 34.4 mm, and this amount may have raised the groundwater level and consequently
caused this high value of uplift. Nevertheless this is an expectation, because no
monitoring data for groundwater level were recorded during this month.

The minimum subsidence may also be attributable to the indirect impact of the
precipitation, which was 20.10 mm, on the land deformation through its impact on the
groundwater level, which was 17.32 m, because the precipitation may have been
insufficient to raise the groundwater level, and consequently the decline of the
groundwater level caused this subsidence. The basis for this reasoning is that the
maximum subsidence was accompanied by 11.90 mm precipitation. However, this is
an expectation, because there are no data monitoring records for groundwater level

during this month.

Details of the impact of groundwater level on land deformation indicate no continuous
significant correlation between them; however, many cases of correlation within the
time series are observed. A small increase in uplift accompanied a rise in groundwater
level during the period December 1995—April 1996, followed by a decrease in uplift
with the decline of the groundwater level during the period April 1996—March 1997.
Thereafter decreasing uplift is observed with the sharp decline of groundwater level
during the period May 1997-December 1997, while a subsequent increase of uplift
accompanied a rise in groundwater level during the period December 1997—-August
1998. This increase in uplift may not be attributable to the rise in groundwater level,

because there is a data gap during this period. Additionally, a decrease in uplift is
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followed by a status change from uplift to subsidence coinciding with the decline of

the groundwater level during the period April 2004—September 2004.

The deformation behaviour of the second point (number 95042), at a distance of 98 m
from the borehole, indicates a general decline, as the time series begins with uplift and
then goes into subsidence. The minimum uplift was 3.788 mm (August 2004) and the
maximum uplift was 140.442 mm (June 1995), while the minimum subsidence was -

10.357 mm and the maximum subsidence was -37.092 mm (May 2005).

The minimum uplift may be attributed to the indirect impact of the precipitation,
which was 2.6 mm, on land deformation through its impact on the groundwater level,
which was 16.95 m, as this precipitation amount was not enough to raise the
groundwater level and consequently caused this small uplift. The basis for this
reasoning is that the maximum uplift accompanied 34.4 mm of precipitation, which
may have raised the groundwater level and consequently caused this high value of
uplift; however, this is an expectation, because no monitoring data for groundwater
level were recorded during this month. On the other hand, precipitation amount
maybe is associated with other factor causing this uplift for the reason that the
precipitation amount is not sufficient to cause this high value of uplift over this short

period.

The minimum subsidence may also be attributed to the indirect impact of the
precipitation (11.9 mm) on land deformation through its impact on groundwater level;
however no monitoring data were recorded during this month. The precipitation may
not have been enough to raise the groundwater level, and consequently subsidence
occurred as a result of the decline in groundwater level.

The maximum subsidence may be attributable to the indirect impact of precipitation
(26.7 mm) on land deformation through its impact on groundwater level; however, no
monitoring data were recorded during this month. This amount of precipitation was
not enough to raise the groundwater level, and as a result subsidence occurred,
however, this is only an expectation, because no monitoring data for groundwater
level were recorded during this month. Maybe some other impact factor participated
in causing this subsidence, because the minimum subsidence accompanied low
precipitation while the maximum subsidence accompanied a higher amount of

precipitation.
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Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them; however, there are some cases of
correlation within the time series. A decrease in uplift accompanied the decline of the
groundwater level during the period April 1996—March 1997. A decrease in uplift was
also observed throughout the sharp decline of the groundwater level during the period
June 1999-October 1999, followed by an increase in uplift with rising groundwater
level during the periods October 1999—May 2000 and August 2003—April 2004. There
was a decrease in uplift with the sharp decline in groundwater level during the period

April 2004—September 2004.

The deformation behaviour of the third point (number 96573), at a distance of 142 m
from the borehole, indicates a general decline, as the time series begins with uplift and
then goes into subsidence; however, a status change from uplift to subsidence is
observed during the period May 2000—April 2003, followed by another status change
from subsidence to uplift during the period April 2003—August 2003. The minimum
uplift was 9.659 mm (August 2003) and the maximum uplift was 73.786 mm
(December 1995), while the minimum subsidence was -0.314 mm (September 2004)

and the maximum subsidence was -14.993 mm (May 2005).

The minimum uplift may not be attributable to the indirect impact of precipitation (5.3
mm) on land deformation through its impact on the groundwater level, which was
13.93 m, because the amount of precipitation was not enough to raise the groundwater
level sufficiently to cause this amount of uplift. Some other factor may have
contributed to causing this uplift, because such a low level of groundwater should be
accompanied by either a lower value of uplift or subsidence.

The maximum uplift also may not be attributable to the indirect impact of
precipitation (92.7 mm) through its impact on groundwater level, which was 18.41 m,
because such a low level of groundwater should be accompanied by subsidence;
therefore, this uplift may be attributable to the influence of some other factor or
parameter.

While the minimum subsidence may be attributable to the indirect impact of
precipitation (20.1 mm) on land deformation through its impact on the groundwater
level, which was 17.32 m, this amount of precipitation was not enough to raise the
groundwater level; consequently, the decline of the groundwater level caused this

subsidence.
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The maximum subsidence accompanied precipitation of 26.7 mm, which may not
have been enough to raise the groundwater level and as a result caused subsidence;
however, this is an expectation only, because no monitoring data for groundwater
level were recorded during this month. Furthermore, there may be some other reason
for this subsidence, because the minimum subsidence accompanied low precipitation
while the maximum subsidence accompanied high precipitation; however the first
opinion is more likely if the groundwater level had been known.

Details of the impact of the groundwater level on land deformation indicate that there
is no continuous significant correlation between them; however, there are many
correlations within the time series. A decrease in uplift accompanied the decline of
groundwater level during the periods April 1996—March 1997 and June 1999—October
1999. A status change from uplift to subsidence then to uplift once again during the
periods May 2000—April 2003 and April 2003—August 2003 is observed, which may
be attributable to the impact of factors other than groundwater because there is no
significant correlation between the fluctuation of groundwater level and land
deformation. This was followed by an increase in uplift, which accompanied the
rising groundwater level during the period August 2003—April 2004. Subsequently, a
sharply decreasing trend of uplift followed by a status change from uplift to
subsidence accompanied the decline of the groundwater level during the period April

2004—September 2004.

3.7.4. SR29

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on time series data of SAR PSI is depicted in Table 25 and Figure
79. The general behaviour of groundwater level during 1995-2006 points to a decline,
which may be attributable to the lack of compensation for the lost water. Details of
the behaviour indicate a slow decline of the groundwater level accompanied by
decreasing precipitation during the period December 1995-May 1997. Note the
absence of groundwater level data records for June 1995, December 1997, January
1997, February 2004 and May 2005. Thereafter a decline in the groundwater level
was observed alongside increasing precipitation during the period June 1999 —
October 1999, with a subsequent rise in groundwater level during the period October
1999-May 2000, which may be attributable to the increasing precipitation. Thereafter

a decline in the groundwater level accompanied the decreasing precipitation during
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the periods April 2003 — August 2003 and April 2004 — August 2004. This was

followed by a rise in the groundwater level with increasing precipitation during the

period August 2004—September 2004.

Table 25. Monthly accumulation of precipitation corresponding to the groundwater

level of the borehole SR29

Time series data of SAR PSI

Monthly amount of
precipitation (mm)

Groundwater level (m)
Borehole SR29

Jun_1995 34.4

Dec_1995 92.7 28
Apr_1996 22.3 26,26
Mar_1997 20.8 28
May_ 1997 17.6 31,13
Dec_ 1997 67.7

Aug_1998 0.7 59.3
Jan_1999 454

Jun_1999 5 38.52
Oct_1999 57.4 43.2
May_2000 257 37.55
Apr_2003 26.4 39.46
Aug_2003 5.3 67.14
Feb_2004 8.4

Apr_2004 43.5 44.98
Aug_2004 2.6 61
Sep_2004 20.1 51.83
May_2005 26.7

Aug_2005 16.4 73.39
Dec_2006 11.9 48.62
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Figure 79. Monthly accumulation of precipitation corresponding to the groundwater level of the
borehole SR29

3.7.4.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal

deformation) of the borehole SR29
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and borehole, as shown in Figure 80, to
correlate, identify and examine the impact of groundwater level fluctuation on land
deformation. Deformation of three point candidates at distances of 64, 143 and 245 m
from the borehole, the monthly amount of precipitation, and the groundwater level are
shown in Table 26. Deformation of the point candidates and monthly precipitation are

depicted in Figure 81. Deformation of point candidates and groundwater level are

depicted in Figure 82.
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Legend
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Figure 80. Three point candidates of the PSI at different distances from borehole SR29
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Table 26. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR29
Time . LOS LOS Monthl
series La?n?)lszglgf gg; ot Displacemnt Displacemnt Grlzsgf\(':r?;er ampgnt %(l)f
data of 64 m mm p (29406) mm p (29622) borehole precipitation

SAR PSI 143 m 245 m SR29 (mm)
Jun_1995 -222.716 -223.989 -80.972 344
Dec_1995 -219.432 -199.775 -70.422 28 92.7
Apr_1996 -200.398 -209.708 -77.486 26.26 22.3
Mar_1997 -186.021 -182.14 -68.297 28 20.8
May_1997 -167.751 -179.12 -64.564 31.13 17.6
Dec_1997 -160.44 -165.376 -56.482 67.7
Aug_1998 -147.142 -141.805 -43.27 59.3 0.7
Jan_1999 -131.74 -144.138 -42.46 45.4
Jun_1999 -138.928 -135.913 -43.497 38.52 5
Oct_1999 -124.069 -112.167 -50.985 43.2 57.4
May_2000 -107.145 -107.373 -39.632 37.55 25.7
Apr_2003 -32.476 -37.682 -10.951 39.46 26.4
Aug_2003 -31.796 -21.57 -6.09 67.14 5.3
Feb_2004 -16.769 -13.253 -4.756 8.4
Apr_2004 -4.743 -9.016 -8.746 44.98 43.5
Aug_2004 -6.627 -6.468 -6.814 61 2.6
Sep_2004 -2.357 -4.381 -1.322 51.83 20.1
May_ 2005 23.847 19.813 -1.183 26.7
Aug_2005 18.589 19.552 16.321 73.39 16.4
Dec_2006 61.661 62.344 22.595 48.62 11.9
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Figure.81 LOS Displacemnt of point candidates of PSI and monthly precipitation Displacement time
series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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Figure 82. LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR29.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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The deformation behaviour of the first point (number 29192), at a distance of 64 m
from borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -2.357 mm
(September 2004) and the maximum subsidence was -222.716 mm (June 1995), while
the minimum uplift was 18.589 mm (August 2005) and the maximum uplift was

61.661 mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(20.1 mm) on land deformation through its impact on groundwater level (51.83 m).
As it was not enough to raise the groundwater level, the decline of the groundwater
level caused this subsidence. However, this low level of groundwater should probably
cause more than this value of subsidence, which points to the presence of some other
influencing factor that limits the continuation of subsidence. The maximum
subsidence accompanied 34.40 mm of precipitation, which may not have been enough
to raise the groundwater level and consequently caused this subsidence; however, no
monitoring data for groundwater level were recorded during this month, so this is only
an expectation. Some other factor may have participated in causing this subsidence.
The acceptable reasoning for this is that the minimum subsidence accompanied low
precipitation while the maximum subsidence accompanied higher precipitation
amount. The minimum uplift may not be attributable to the indirect impact of
precipitation, which was 16.40 mm, on the land deformation through its impact on
groundwater level, which was 73.3 m, because this amount of precipitation was not
enough to raise the groundwater level and consequently cause this uplift. Accordingly,
this uplift may have been caused by some other factor, because this low level of
groundwater should be accompanied by either a smaller value of uplift or subsidence.
Indeed, it is more reasonable to expect a high value of subsidence with this low

groundwater level.

The maximum uplift may be attributable to the indirect impact of precipitation (11.90
mm) on the land deformation through its impact on groundwater level (48.62 m),
because the low precipitation amount may still have raised the groundwater level and
consequently caused this uplift. In addition, some other factor may have participated

in causing this uplift.
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Details of the impact of the groundwater level on the land deformation indicate that
there is no continuous significant correlation between them, which may be attributable
to the non-continuation or the interruption of groundwater monitoring data during this
period (June 1995-December 2006). However some cases of correlation are observed.
A decrease in subsidence accompanied the raising of the groundwater level during the
period October 1999—May 2000. The stability of subsidence may be attributable to the
decline of the groundwater level during the period April 2003—August 2003. An
increase of subsidence accompanied the decline of the groundwater level during the
period April 2004—August 2004, followed by a decrease in subsidence through the
raising of the groundwater level during the period August 2004—September 2004.
Thereafter an increase in uplift accompanied the raising of the groundwater level

during the period August 2005—December 2006.

The deformation behaviour of the second point (number 29406), at a distance of 143
m from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -4.381 mm
(September 2004) and the maximum subsidence was -223.989 mm (June 1995), while
the minimum uplift was 19.552 mm (August 2005) and the maximum uplift was

62.344 mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation,
which was 20.1 mm, on land deformation through its impact on groundwater level, as
it was not enough to raise the groundwater level, which was 51.83 m and
consequently the decline of the groundwater level caused this subsidence. However
such a low groundwater level should be expected to cause a larger value of
subsidence; therefore some other factor may have limited the continuation of
subsidence. The maximum subsidence accompanied 34.40 mm of precipitation, which
may not have been enough to raise the groundwater level and consequently caused
this subsidence. However this is only an expectation, because no groundwater level
monitoring data were recorded during this month. There may be some other cause of
this subsidence, based on the reasoning that the minimum subsidence accompanied
low precipitation while the maximum subsidence accompanied higher precipitation
amount. However the first viewpoint is more likely if the groundwater level had been

known.
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The minimum uplift may not be attributable to the indirect impact of precipitation
(16.40 mm) on the land deformation through its impact on groundwater level, which
was 73.39 m, because this amount of precipitation was not enough to raise the
groundwater level and consequently cause this uplift. This uplift may have been
caused by some other factor, because such a low level of groundwater should be
accompanied by either a smaller value of uplift than this or subsidence; moreover, it is
more likely to expect a high value of subsidence with this low groundwater level. The
maximum uplift may be attributable to the indirect impact of precipitation (11.90 mm)
on land deformation through its impact on groundwater level, which was 48.62 m.
This low precipitation amount may nevertheless have raised the groundwater level
and consequently caused this uplift. Some other factor may also have participated in
causing this uplift. It is worth mentioning that the deformation and correlation
behaviour of the PSI point candidate 29192 is identical to that of PSI point candidate
29406 despite the different distances between the borehole and the two point

candidates, which are 64 and 143 m, respectively.

Details of the impact of the groundwater level on the land deformation indicate that
there is no continuous significant correlation between them, which may be attributable
to either non-continuation or the interruption of the groundwater monitoring data
during the period June 1995-December 2006. However some correlations are
observed. A decrease in subsidence accompanied the raising of the groundwater level
during the periods October 1999—May 2000 and August 2004—September 2004.
Subsequently an increase in uplift accompanied the raising of the groundwater level

during the period August 2005—December 2006.

The deformation behaviour of the third point (number 29622), at a distance of 245 m
from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -1.183 mm (May
2005) and the maximum subsidence was -80.972 mm (June 1995), while the
minimum uplift was 16.321 mm (August 2005) and the maximum uplift was 22.595
mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(26.70 mm) on land deformation through its impact on the groundwater level, as it

may not have been enough to raise the groundwater level and the consequent decline
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of the groundwater level caused the subsidence; however no groundwater monitoring
data were recorded during this month. The maximum subsidence accompanied 34.40
mm of precipitation, which may not have been enough to raise the groundwater level
and consequently caused this subsidence; however this is only an expectation, because
there are no data monitoring records for groundwater level during May 2005 or June
1995Some other factor may have contributed to causing this subsidence, on the basis
that the minimum subsidence accompanied low precipitation amount while the
maximum subsidence accompanied higher precipitation; however the first viewpoint

is more likely if the groundwater level had been known.

The minimum uplift may not be attributable to the indirect impact of precipitation,
which was 16.40 mm, on the land deformation through its impact on groundwater
level, which was 73.39 m, because this amount of precipitation was not enough to
raise the groundwater level and consequently cause this uplift. Accordingly this uplift
may have been caused by some other factor, because such a low level of groundwater
should be accompanied by either a smaller value of uplift or subsidence. Indeed, it is
more likely to expect a high value of subsidence with this low groundwater level.

The maximum uplift may be attributable to the indirect impact of precipitation (11.90
mm) on land deformation through its impact on groundwater level, which was 48.62
m. Despite being low, this amount of precipitation may have raised the groundwater
level and consequently caused this uplift. Some other factor may also have
contributed to causing this uplift. It is worth mentioning that the deformation and
correlation behaviour of point candidate 29192 is identical to that of point candidates
29406 and 29622, despite the fact that they are at different distances (64, 143 and 245

m, respectively) from the borehole.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, which may be attributable either
to non-continuation or the interruption of groundwater monitoring data during the
period June 1995-December 2006. However, some correlation cases are observed. An
increase in subsidence accompanied the decline of groundwater level during the
period June 1999—October 1999. A decrease in subsidence accompanied the raising of
the groundwater level during the periods October 1999—May 2000 and August 2004—
September 2004. Furthermore an increase in uplift accompanied the raising of the

groundwater level during the period August 2005—-December 2006.

145



Chapter Three: Impact of groundwater on ground deformation

3.7.5. SR35

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on time series data of SAR PSI is depicted in Table 27 and Figure
83. The general behaviour of the groundwater level during the period 1995-2006
points to a continuous fluctuation, and a decline is observed at the end of the time
series during the period May 2005—December 2006. The decline may be attributable
to the decreasing amount of precipitation and consequently the lack of compensation
for the water lost from the aquifer. Note the absence of data monitoring records of

groundwater level for June 1995, January 1999 and August 2004.

Details of the behaviour indicate a rising groundwater level during the period
December 1995—April 1996, which accompanied decreasing precipitation amount;
consequently this rise can, with high probability, be attributed to some other source of
water supply. This was followed by a decline of the groundwater level during the
period April 1996—March 1997, which may be attributable to a decreasing amount of
precipitation. A subsequent rise of the groundwater level during the period March
1997-May 1997 is observed, which accompanied decreasing precipitation; therefore
the rise of groundwater level may be attributable to some other water source.
Thereafter a decline of the groundwater level accompanied increasing precipitation
during the period May 1997-December 1997. This may be attributable to an
insufficient amount of precipitation to compensate for water withdrawal. A
subsequent decline of the groundwater level alongside decreasing precipitation is
observed during the period December 1997—August 1998. Once again, a decline of
the groundwater level is observed with increasing precipitation amount during the
period June 1999-October 1999. This may also be attributable to an insufficient
amount of precipitation to recharge the aquifer and compensate for water withdrawal.
Thereafter a rise in groundwater level with increasing precipitation is observed during
the period May 2000-April 2003, followed by a decline and then a rise of
groundwater level during the periods April 2003—August 2003 and February 2004—
April 2004, respectively. This fluctuation between decline and rise may be attributable
to decreasing and increasing amounts of precipitation. A rise in groundwater level is
observed during the period September 2004—May 2005, which may be attributable to
the increasing amount of precipitation. Ultimately, a decline of groundwater level

accompanied decreasing precipitation during the period May 2005—-December 2006. It
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is worth mentioning that the correlation behaviour of groundwater level and

precipitation amount for borehole SR35 is approximately the same as for borehole

PZ1.

Table 27. Monthly accumulation of precipitation corresponding to the groundwater

level of the borehole SR35

Time series data

Monthly amount

Groundwater level (m)

of
ofPSSAIR precipitation (mm) borehole SR35

Jun_1995 34.4

Dec_1995 92.7 5.21
Apr_1996 22.3 4.25
Mar_1997 20.8 4.85
May_1997 17.6 3.75
Dec_1997 67.7 5.14
Aug_1998 0.7 5.38
Jan_1999 454

Jun_1999 5 3.5
Oct_1999 57.4 5.15
May_2000 25.7 3.71
Apr_2003 26.4 3.38
Aug_2003 5.3 3.5
Feb_2004 8.4 5.04
Apr_2004 43.5 3.44
Aug_2004 2.6

Sep_2004 20.1 4.25
May_2005 26.7 3.57
Aug_2005 16.4 4.98
Dec_2006 11.9 5.91
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Figure 83. Monthly accumulation of precipitation corresponding to the groundwater level of the borehole
SR35

3.7.5.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal

deformation) of the borehole SR35
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and the borehole, as shown in Figure 84, to
correlate, identify and examine the impact of groundwater level fluctuation on land
deformation. Deformation of the three point candidates, which are at distances of 183,
411 and 436 m from the borehole, monthly precipitation, and groundwater level are
shown in Table 28. Deformation of the point candidates and monthly precipitation are

depicted in Figure 85. Deformation of the point candidates and groundwater level are

depicted in Figure 86.
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Figure84. Three point candidates of the PSI at different distances from borehole SR35

Table 28. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR35
Time LOS Displacemnt LOS Displacemnt LOS Displacemnt Groundwater Monthly
series mm mm mm level (m) amount of
data of P (41577) P (40781) P (41078) borehole precipitation

SAR PSI 183 m 411 m 436 m SR35 (mm)
Jun_1995 -18.949 -135.849 -59.914 34.4
Dec_1995 -13.305 -130.401 -55.108 5.21 92.7
Apr_1996 -18.718 -131.161 -57.223 4.25 22.3
Mar_1997 -8.931 -116.265 -57.811 4.85 20.8
May 1997 -21.744 -120.835 -61.205 3.75 17.6
Dec_1997 -11.858 -105.532 -48.862 5.14 67.7
Aug_1998 -6.007 -94.339 -38.054 5.38 0.7
Jan_1999 -12.624 -96.434 -39.597 45.4
Jun_1999 -7.057 -86.988 -40.334 3.5 5
Oct_1999 -2.823 -70.98 -41.929 5.15 57.4
May 2000 -9.113 -70.684 -30.609 3.71 25.7
Apr_2003 -4.737 -21.787 -6.59 3.38 26.4
Aug 2003 -9.933 -13.809 -13.687 3.5 5.3
Feb 2004 -10.082 -10.555 -3.797 5.04 8.4
Apr_2004 2.348 -4.081 8.189 3.44 43.5
Aug 2004 0.434 -1.963 -2.716 2.6
Sep_2004 -0.841 3.649 1.154 4.25 20.1
May 2005 -4.698 15.414 -1.923 3.57 26.7
Aug 2005 11.096 15.444 10.624 4.98 16.4
Dec_2006 8.619 35.045 19.246 5.91 11.9
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Figure.85 LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation amount.
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Figure 86.LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR35.
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The deformation behaviour of the first point (number 41577), at a distance of 183 m
from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. Eventually a swap between subsidence and uplift
is observed. The minimum subsidence was -0.841 mm (September 2004) and the
maximum subsidence was -21.744 mm (May 1997), while the minimum uplift was

0.434 mm (August 2004) and the maximum uplift was 11.096 mm (August 2005).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (20.1 mm) on land deformation through its impact on groundwater level,
which was 4.25 m, despite the probability that the precipitation raised the
groundwater level and consequently reduced the subsidence to this value.
Nevertheless, uplift would be expected to accompany such a high groundwater level,
therefore this subsidence may have been caused by some other participating factor.
Moreover, the maximum subsidence may not be attributable to the indirect impact of
precipitation (17.60 mm) on the groundwater level, which was 3.75 m, because such a
high level of groundwater level should cause uplift; therefore this subsidence may be

attributable to some other impact factor.

The minimum uplift may be attributable to the indirect impact of precipitation (2.60
mm) on land deformation through its impact on the groundwater level; however there
are no monitoring records of groundwater level for this month. Nevertheless the low
amount of precipitation may not have been enough to raise the groundwater level,
resulting in this low uplift. The maximum uplift may also be attributable to the
indirect impact of precipitation (16.40 mm) on land deformation through its effect on
the groundwater level, which was 4.98 m; accordingly, this amount of precipitation

may have raised the groundwater level and consequently resulted in this uplift.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them. This may be attributed to either
the long distance between the borehole and point candidate of PSI or the short time
series of SAR data; however, many correlation cases are observed. Decreasing
subsidence accompanied the raising of the groundwater level during the period May
2000—April 2003, followed by an increase in subsidence alongside the decline of the
groundwater level during the periods April 2003—August 2003 and August 2003—

February 2004. Thereafter a decrease in subsidence followed by a status change from
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subsidence to uplift with rising groundwater level are observed during the period
February 2004—April 2004. There was a decrease in uplift with the sharp decline of
the groundwater level during the period August 2005-December 2006.

The deformation behaviour of the second point (number 40781), at a distance of 411
m from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -1.963 mm
(August 2004) and the maximum subsidence was -135.849 mm (June 1995), while the
minimum uplift was 3.649 mm (September 2004) and the maximum uplift was 35.045
mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(2.60 mm) on land deformation through its impact on the groundwater level; however,
no monitoring data were recorded during this month. The precipitation amount may
not have been enough to raise the ground water level and consequently resulted in this
subsidence. The maximum subsidence may not be attributable to the indirect impact
of precipitation (34.40 mm) through its impact on the groundwater level; however, no
monitoring data were recorded during this month. The basis for this reasoning is that
this amount of precipitation should be accompanied by either a smaller amount of
subsidence value than that found or uplift. Accordingly, some other factor may have

participated in causing this subsidence.

The minimum uplift may be attributable to the indirect impact of precipitation (20.10
mm) on land deformation through its impact on the groundwater level, which was
4.25 m. Accordingly, this amount of precipitation may have raised the groundwater
level and consequently resulted in this uplift. The maximum uplift may also be
attributable to the indirect impact of precipitation (11.90 mm) on land deformation
through its effect on the groundwater level, which was 5.91 m; this amount of
precipitation may have raised the groundwater level and consequently resulted in this
uplift. Furthermore, comparing the values of precipitation amount and groundwater
level that accompanied the minimum uplift, they were higher than the values of
precipitation amount and groundwater level that accompanied the maximum uplift,

therefore some other factor may have affected this uplift.

Details of the impact of groundwater level on land deformation indicate that there is

no continuous significant correlation between them, which may be attributable to the
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long distance between the borehole and the point candidate of PSI; however, many
correlations are observed. The stability of subsidence following its decreasing trend
may be attributable to the rising groundwater level during the period October 1999—
May 2000. Thereafter a sharp decrease in subsidence accompanied the raising of the
groundwater level during the period May 2003—April 2003. Another similar case is
observed during the period February 2004—April 2004. Furthermore, an increase in
uplift accompanied the raising of the groundwater level during the period September
2004-May 2005. The deformation behaviour of the third point (number 41078), at a
distance of 436 m from the borehole, indicates a general rising trend, as the time
series begins with subsidence and then goes into uplift. There is subsequently a swap
from subsidence to uplift during the period February 2004—May 2005. The minimum
subsidence was -1.923 mm (May 2005) and the maximum subsidence was - 61.205
mm (May 1997), while the minimum uplift was 1.154 mm (September 2004) and the
maximum uplift was 19.246 mm (December 2006). The minimum and maximum
subsidence may not be attributable to the indirect impact of precipitation 26.70 and
17.6 mm, respectively) on land deformation through its impact on the groundwater

levels, which were 3.57 and 3.57 m, respectively.

The minimum uplift may be attributable to the indirect impact of precipitation (20.10
mm) on land deformation through its effect on the groundwater level, which was 4.25
m. The maximum uplift may also be attributable to the indirect impact of precipitation
(11.90 m) on the groundwater level, which was 5.91 m; however, this groundwater
level is lower than the groundwater level which accompanied the minimum uplift,
leading to the conclusion that the maximum uplift may be attributable to some other

factor.

Details of the impact of the groundwater level on land deformation indicate that there
is no continuous significant correlation between them, which may be attributable to
the long distance between the borehole and the point candidate of PSI; however many
correlation cases are observed. An increase in subsidence accompanied the decline of
the groundwater level during the periods April 1996-March 1997 and June 1999—
October 1999, followed by a decrease in subsidence with the raising of the
groundwater level during the periods October 1999-May 2000 and May 2000—April
2003. A subsequent increase in subsidence accompanied the decline of the

groundwater level during the period April 2003—August 2003, followed by a status
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change from subsidence to uplift through the sharp rising trend of groundwater level

during the period February 2004—April 2004.

3.7.6. SR72

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on the time series data of SAR PSI is depicted in Table 29 and
Figure 87. The general behaviour of the groundwater level during the period 1995—
2006 points to a decline, which may be attributable to non-compensation for the lost
water. Note the absence groundwater level monitoring data for the periods June 1995,
December 1997 and January 1999.

Details of the behaviour indicate a rise in groundwater level despite decreasing
precipitation during the period December 1995—March 1997. This may be attributable
either to some other source supplying the groundwater or to the gap in the data
between the two monitoring records. This was followed by a decline in the
groundwater level with decreasing precipitation during the period March 1997-May
1997. A subsequent decline of the groundwater level accompanied increasing
precipitation during the period June 1999—October 1999, which may be attributable to
insufficient precipitation to compensate for the water lost. This was followed by a rise
the groundwater level that accompanied the decrease in precipitation during the period
October 1999—-May 2000. A decline in the groundwater level is observed with
decreasing precipitation during the periods August 2003—April 2004 and April 2004—
August 2004. A subsequent rise in the groundwater level accompanied increasing
precipitation during the period August 2004—May 2005. This was followed by a
decline in the groundwater level which accompanied decreasing precipitation during

the period May 2005—August 2005.
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Table 29. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole SR72

Time series data of SAR Monthly amount of Groundwater level (m)
PSI precipitation (mm) borehole
SR72
Jun_1995 34.4
Dec_1995 92.7 24.62
Apr_1996 22.3 20.6
Mar_1997 20.8 19.94
May 1997 17.6 21.7
Dec 1997 67.7
Aug_1998 0.7 34
Jan_ 1999 454
Jun_1999 5 25.7
Oct_1999 57.4 30.9
May 2000 25.7 23.1
Apr_2003 26.4 24.2
Aug 2003 5.3 34.08
Feb 2004 8.4 24.18
Apr_2004 43.5 23.72
Aug 2004 2.6 31.6
Sep_2004 20.1 30.32
May_ 2005 26.7 25.32
Aug_ 2005 16.4 36.04
Dec_2006 11.9 27.34
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Figure 87. Monthly accumulation of precipitation corresponding to the groundwater level of the
borehole SR72
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3.7.6.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal
deformation) of the borehole SR72
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and borehole, as shown in Figure 88, to
correlate, identify and examine the impact of groundwater level fluctuation on the
land deformation. Deformation of the three point candidates, at distances of 322, 341
and 475 m from the borehole, monthly precipitation, and groundwater level are shown
in Table 30. Deformation of point candidates and monthly precipitation are depicted
in Figure 89. Deformation of point candidates and groundwater level are depicted in

Figure 90.

Legend
@® P3I Points candidates ascending track 143

@  Groundwater_wells

626000 626600 627200 627800 628400 629000

Figure 88. Three point candidates of the PSI at different distances from borehole SR72
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Table 30. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR72
Time LOS Displacemnt LOS Displacemnt LOS Displacemnt Grloundwater AL
X evel (m) amount of

series mm mm mm borehole precipitation

data of p(41694) 322 m p(41858) 341 m p(41185) 475 m SR72 (mm)
SAR PSI
Jun_1995 -149.104 -157.555 -71.145 34.4
Dec_1995 -141.293 -159.06 -75.945 24.62 92.7
Apr_1996 -143.183 -136.644 -62.937 20.6 22.3
Mar_1997 -130.062 -127.5 -65.038 19.94 20.8
May_1997 -115.989 -130.025 -71.573 21.7 17.6
Dec_1997 -113.706 -115.158 -60.453 67.7
Aug_1998 -101.637 -113.55 -52.816 34 0.7
Jan_1999 -99.388 -88.942 -47.388 45.4
Jun_1999 -80.519 -95.49 -46.329 25.7 5
Oct_1999 -79.505 -90.332 -41.558 30.9 57.4
May_ 2000 -78.529 -75.25 -29.145 23.1 25.7
Apr_2003 -21.231 -26.251 -19.265 24.2 26.4
Aug_2003 -8.196 -15.829 -14.28 34.08 5.3
Feb 2004 -14.19 -10.175 5.383 24.18 8.4
Apr_2004 -3.059 -1.419 -1.971 23.72 43.5
Aug_2004 5.669 -3.271 0.881 31.6 2.6
Sep_2004 4.243 1.863 -3.354 30.32 20.1
May_2005 3.712 16.967 5.924 25.32 26.7
Aug_2005 16.842 10.34 8.614 36.04 16.4
Dec_2006 33.334 40.273 18.254 27.34 11.9
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Figure 90. LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR72.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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The deformation behaviour of the first point (number 41694), at a distance of 322 m
from the borehole, indicates to general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -3.059 mm (April
2004) and the maximum subsidence was -149.104 mm (June 1995), while the
minimum uplift was 3.712 mm (May 2005) and the maximum uplift was 33.334 mm

(December 20006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(43.50 mm) on land deformation through its impact on the groundwater level, which
was 23.72 m. Accordingly, the precipitation may have raised the groundwater level
and consequently reduced the subsidence to the value found. Meanwhile the
maximum subsidence may not be attributable to the indirect impact of precipitation
(34.40 mm) on land deformation through its impact on the groundwater level,
although no monitoring data were recorded during this month. This amount of
precipitation may have been insufficient to raise the groundwater level and
consequently to reduce the subsidence to a value less than that found; therefore some

other factor may have participated in causing this subsidence.

The minimum uplift may not be attributable to the indirect impact of precipitation
(26.70 mm) on land deformation through its impact on the groundwater level, which
was 25.32 m, because this low amount of precipitation may not have been enough to
raise the groundwater level accordingly. This low groundwater level should be
accompanied by subsidence. Similarly, the maximum uplift may not be attributable to
the indirect impact of precipitation amount (11.9 mm) on the groundwater level,
which was (27.32 m), on the basis that such a low precipitation amount and this
groundwater level should accompany either low uplift or subsidence; therefore, it is

expected that some other factor has caused this uplift.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, which may be due to the long
distance between the borehole and point candidate of PSI; however, many correlation
cases are observed. A decrease in subsidence accompanied the raising of the
groundwater level during the period April 1996—March 1997. Another correlation is
between the slow decrease in subsidence and the sharp rise of groundwater level

during the period October 1999—May 2000. Additionally, a decrease in subsidence
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accompanied the raising of the groundwater level during the period February 2004—
April 2004, and ultimately an increase in uplift is observed with the raising of the

groundwater level during the period August 2005—-December 2006.

The deformation behaviour of the second point (number 41858), at a distance of 341
m from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -1.419 mm (April
2004) and the maximum subsidence was -159.06 mm (December 1995), while the
minimum uplift was 1.863 mm (September 2004) and the maximum uplift was 40.237

mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(43.50 mm) on land deformation through its impact on the groundwater level, which
was 23.72 m; the precipitation may have raised the groundwater level and
consequently reduced the subsidence to the value found. The maximum subsidence
may not be attributable to the indirect impact of precipitation amount (92.70 mm) on
the groundwater level, which was 24.62 m; this reasoning is on the basis that
accompanying this high amount of precipitation should be either uplift or a low value
of subsidence. The amount of precipitation may not have been enough to raise the

groundwater level, indicating that some other factor may have caused this subsidence.

The minimum uplift may not be attributable to the indirect impact of precipitation
(20.10 mm) on land deformation through its impact on the groundwater level, which
was 30.32 m, because such a low level of groundwater should be accompanied by
subsidence. Accordingly, this uplift may have been induced by the participation of
some other factor. Similarly, the maximum uplift may not be attributable to the
indirect impact of precipitation amount (11.9 mm) on the groundwater level, which
was 27.34 m, because such a low groundwater level should be accompanied by
subsidence; therefore, there is a high probability this uplift was caused by the

participation of some other factor.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, which may be due to the long
distance between the borehole and point candidate of PSI; however many correlation

cases are observed—more than the correlation cases for the first point, at distance 322

160



Chapter Three: Impact of groundwater on ground deformation

m. A decrease in subsidence accompanied the raising of the groundwater level during
the period December 1995—March 1997, followed by an increase in subsidence as the
groundwater level declined during the period March 1997-May 1997. Also observed
was a decrease in subsidence with the raising of the groundwater level during the
periods October 1999-May 2000 and February 2004—April 2004, followed by an
increase in subsidence with a sharp decline in the groundwater level during the period
April 2004—August 2004. Thereafter a status change from subsidence to uplift
followed by increasing uplift accompanied the raising of the groundwater level during
the periods August 2004—September 2004 and September 2004—May 2005. This was
followed by a decrease in uplift with the decline of the groundwater level during the
period May 2005—August 2005 and, ultimately, an increase in uplift with the raising
of the groundwater level during the period August 2005—December 2006.

The deformation behaviour of the third point (number 41185), at a distance of 475 m
from the borehole, indicates a general rising trend, as the time series curve begins
with subsidence and then goes into uplift. There was a swap between subsidence and
uplift during the period April 2004—May 2005 and eventually uplift is observed. The
minimum subsidence was -1.971 mm (April 2004) and the maximum subsidence was
-75.945 mm (December 1995), while the minimum uplift was 0.881 mm (August
2004) mm and the maximum uplift was 18.254 mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(43.50 mm) on land deformation through its impact on the groundwater level, which
was 23.72 m. The precipitation may have raised the groundwater level and
consequently reduced the subsidence to the value found. The maximum subsidence
may not be attributable to the indirect impact of precipitation (92.70 mm) on the
groundwater level, which was 24.62 m, because such a high amount of precipitation
should be accompanied by either uplift or a low value of subsidence; on the other
hand, there is high probability that this precipitation amount was enough to raise the

groundwater level, so some other factor may have caused this subsidence.

The minimum uplift may be attributable to the indirect impact of precipitation (2.60
mm) on land deformation through its impact on the groundwater level, which was
27.34 m. This low amount of precipitation may not have been enough to raise the

groundwater level and consequently has caused this minimum uplift. Additionally, the
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maximum uplift may not be attributable to the indirect impact of precipitation (11.9
mm) on the groundwater level, which was 27.34 m, because such a low groundwater
level should be accompanied by subsidence. Therefore there is a high probability that
this uplift was caused by the participation of some other factor. It is worth mentioning
that the behaviours of minimum and maximum subsidence and maximum uplift of the
second point candidate (number 41858) are identical to those of the third point

(number 41185).

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, which may be due to the long
distance between the borehole and the point candidate of PSI; however, many
correlation cases are observed. A decrease in subsidence accompanied the raising of
the groundwater level during the period December 1995—April 1996, and an increase
in subsidence accompanied the decline of the groundwater level during the period
March 1997-May 1997. A decrease in subsidence along with the raising of the
groundwater level is observed during the period October 1999-May 2000. There is
another correlation between the status change from subsidence to uplift and the
raising of the groundwater level during the period August 2003—February 2004, and
there is a subsequent status change from subsidence to uplift with the raising of the
groundwater level during the period September 2004—May 2005. Ultimately an
increase in uplift accompanied the raising of the groundwater level during the period

August 2005—-December 2006.

3.7.7. SR77

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on the time series data of SAR PSI is depicted in Table 31 and
Figure 91. The general behaviour of the groundwater level during 1995-2006 points
to a decline, which may be due to the lack of compensation for the water lost. Note
the absence of groundwater monitoring data for June 1995, December 1997 and
January 1999. Details of the behaviour indicate a decline of the groundwater level
with decreasing precipitation amount during the period December 1995-May 1997,
while a decline of the groundwater level during the period June 1999—October 1999
accompanied an increasing amount of precipitation. This was followed by a rise in the

groundwater level with increasing precipitation during the period May 2000—April
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2003, and a subsequent decline of the groundwater level accompanied decreasing

precipitation during the period April 2003—August 2003. Thereafter a rise in the

groundwater level accompanied increasing precipitation during the period August

2003—April 2004, and subsequently a decline of the groundwater level accompanied

the decreasing precipitation during the period April 2004—August 2004. A rise in the

groundwater level accompanied increasing precipitation during the period August

2004—May 2005, and ultimately a decline of groundwater level was observed with the

decrease in precipitation during the period May 2005—August 2005.

Table 31. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole SR77

Time series data of Monthly amount of Grlzl\jz?\(/\r/s;[er
SAR PSI precipitation (mm) borehole
SR77
Jun_1995 34.4
Dec_1995 92.7 21.68
Apr_1996 22.3 18.18
Mar_1997 20.8 19.88
May 1997 17.6 22.51
Dec 1997 67.7
Aug_1998 0.7 36.43
Jan_1999 45.4
Jun_1999 5 26.55
Oct_1999 57.4 29.64
May 2000 25.7 25.8
Apr_2003 26.4 241
Aug_2003 5.3 36.62
Feb_ 2004 8.4 24.88
Apr_2004 43.5 24.9
Aug_2004 2.6 32.42
Sep_2004 20.1 30.94
May 2005 26.7 28.83
Aug_2005 16.4 38.28
Dec_2006 11.9 27.9
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Figure 91. Monthly accumulation of precipitation corresponding to the groundwater level of the borehole SR77

3.7.7.1. Interference between land deformation and monthly
precipitation as indirect impact on groundwater level (seasonal

deformation) of the borehole SR77
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and the borehole, as shown in Figure 92, to
correlate, identify and examine the impact of groundwater level fluctuation on the
land deformation. Deformation of three point candidates, at distances of 293, 385 and
404 m from the borehole, the monthly amount of precipitation, and the groundwater
level are shown in Table 32. The deformation of point candidates and the monthly

precipitation are depicted in Figure 93. The deformation of point candidates and the

groundwater level are depicted in Figure 94.
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Legend

@® PSI Points candidates ascending track 143

@®  Groundwater_wells
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Figure .92 Three point candidates of the PSI at different distances from borehole SR77
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Table 32. Ground deformation of point candidates of PSI ascending track (143)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR77
Time LOS Dims;r)TI]acemnt LOS D:ﬁﬂacemnt LOS Dﬁfrllacemnt Grlzszld\(/:/r?)ter amgztnhthéf
Series 0(35265) 293 m p(34800) 385 m p(33920) 404 m b‘gg;‘;'e pre‘(’:ﬁ'rf)tm”

SAR PS|

Jun_1995 ~169.359 114.591 -231.129 34.4
Dec_1995 150,87 206,644 217.016 21.68 92.7
Apr_1996 157328 107.773 -207.436 18.18 223
Mar_1997 132.53 289.011 2186.302 19.88 20.8
May_1997 124,532 84,527 175.443 22,51 176
Dec_1997 109,571 74.073 72.73 67.7
Aug_1998 298.985 67.012 2151508 36.43 0.7
Jan_1999 292,682 263.004 151,643 454
Jun_1999 299,151 265435 1129.893 26.55 5
Oct_1999 293.806 157.073 7118.338 29.64 57.4
May_2000 77.929 55,01 2107.695 25.8 25.7
Apr_2003 226344 15514 232363 241 26.4
Aug_2003 13.199 122749 2773 36.62 5.3
Feb_2004 210,508 -5.329 7613 24.88 8.4
Apr_2004 1573 116,381 5116 24.9 435
Aug_ 2004 0.166 4.872 1792 32.42 26
Sep_2004 1393 0.548 132 30.94 20.1
May_2005 6.314 13.385 19.025 28.83 26.7
Aug_2005 22.048 16.136 21.699 38.28 16.4
Dec_2006 38.909 25.684 58.088 27.9 1.9
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Displacement time series of point candidates are rescaled to the first acquisition (i.e. 28 June 1995).
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Figure 94. LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR77.
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The deformation behaviour of the first point (number 35265), at a distance of 293 m
from the borehole, indicates to general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -1.393 mm
(September 2004) and the maximum subsidence was -169.359 mm (June 1995), while
the minimum uplift was 0.166 mm (August 2004) and the maximum uplift was

38.909 mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(20.10 mm) on land deformation through its impact on the groundwater level, which
was 30.94 m; accordingly, this amount of precipitation may have raised the
groundwater level and consequently reduced the subsidence to the value found. The
maximum subsidence may not be attributable to the indirect impact of precipitation
(34.40 mm) on the groundwater level; however, there are no monitoring data records
for this month. This amount of precipitation may have been enough to raise the
groundwater level sufficiently to reduce subsidence to a value less than that found;
accordingly, there is a probability that some other factor caused this high value of

subsidence.

The minimum uplift may not be attributable to the indirect impact of precipitation
(2.60 mm) on land deformation through its impact the on groundwater level, which
was 32.40 m. It is probable that this low amount of precipitation was not enough to
raise the groundwater level, and such a low groundwater level should be accompanied
by subsidence. The maximum uplift may not be attributable to the indirect impact of
precipitation 11.9 mm) on the groundwater level, which was 27.90 m, despite the fact
that this amount of precipitation may have been enough to raise the groundwater
level. However, this low groundwater level should have been accompanied by
subsidence, not uplift. The uplift may have been caused by the participation of some
other factor.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, which may be attributable to the
long distance between the borehole and the point candidate of PSI; however many
correlation cases are observed. Decreasing subsidence is observed with the raising of
the groundwater level during the periods October 1999-May 2000 and May 2000—
April 2003. The stability or the slowly decreasing subsidence may be attributable to
the stability of the groundwater level during the period February 2004—April 2004.
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Another correlation case is observed in the status change from subsidence to uplift
through the raising of the groundwater level during the period September 2004—May
2005, and ultimately an increase in uplift is observed through the raising of the

groundwater level during the period August 2005—December 2006.

The deformation behaviour of the second point (number 34800), at a distance of 385
m from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -5.329 mm
(February 2004) and the maximum subsidence was -114.591 mm (June 1995), while
the minimum uplift was 0.548 mm (September 2004) and the maximum uplift was

25.684 mm (December 2006).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (8.40 mm) on land deformation through its impact on the groundwater
level, which was 24.88 m. Accordingly, this amount of precipitation may not have
been enough to raise the groundwater level and consequently caused the subsidence
found The maximum subsidence may not be attributable to the indirect impact of
precipitation (34.40 mm) on the groundwater level; however, there is an absence
groundwater monitoring data records for this month. Nevertheless this amount of
precipitation may have been enough to raise the groundwater level and consequently
reduce the subsidence to a value less than that found; therefore there is considerable
probability that some other factor participated in causing this high value of

subsidence.

The minimum uplift may not be attributable to the indirect impact of precipitation
(20.10 mm) on land deformation through its impact on the groundwater level, which
was 30.94 m, because there is a considerable probability that this amount of
precipitation was enough to raise the groundwater level more than was found. On the
other hand, this groundwater level should be accompanied by subsidence. The
maximum uplift also may not be attributable to the indirect impact of precipitation
(11.9 mm) on the groundwater level, which was 27.90 m, because these values of
precipitation amount and groundwater level should be accompanied by subsidence;

therefore, some other factor may have participated in causing this uplift.
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The details of the impact of groundwater level on land deformation indicate that there
is no continuous significant correlation between them, which may be attributable to
the long distance between the borehole and point candidate of PSI; however, many
correlation cases are observed. Decreasing subsidence accompanied the raising of the
groundwater level during the periods October 1999-May 2000 and May 2000—April
2003. This was followed by an increase in subsidence with the sharp declining trend
of the groundwater level during the period April 2003—August 2003. An increase in
uplift accompanied the raising of the groundwater level during the periods September

2004-May 2005 and August 2005—-December 2006.

The deformation behaviour of the third point (number 33920), at a distance of 404 m
from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift. The minimum subsidence was -1.32 mm
(September 2004) and the maximum subsidence was -231.129 mm (June 1995), while
the minimum uplift was 19.025 mm (May 2005) and the maximum uplift was 58.088
mm (December 2006).

The minimum subsidence may be attributable to the indirect impact of precipitation
(20.10 mm) on land deformation through its impact on the groundwater level, which
was 30.94 m. This amount of precipitation may not have been enough to raise the
groundwater level and consequently caused the subsidence found. The maximum
subsidence may not be attributable to the indirect impact of precipitation (34.40 mm)
on the groundwater level;, however, there are no groundwater level data monitoring
records for this month. This amount of precipitation may have been enough to raise
the groundwater level sufficiently to reduce the subsidence to a value less than that
found; accordingly, it is probable that some other factor participated in causing this

high value of subsidence.

The minimum uplift may not be attributable to the indirect impact of precipitation
(26.70 mm) on land deformation through its impact on the groundwater level, which
was 28.83 m, because this amount of precipitation was probably enough to raise the
groundwater to a level higher than that found; therefore, some other factor may have
participated in causing this uplift. The maximum uplift also may not be attributable to
the indirect impact of precipitation (11.9 mm) on the groundwater level, which was

27.90 m, because this amount of precipitation may not have been enough to raise the
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groundwater level, and such a low groundwater level should be accompanied by
subsidence. Some other factor may have participated in causing this uplift. It is worth
mentioning that the correlation behaviour of point candidates and groundwater level is
approximately identical for the three points, despite the difference in the distance of

each point candidate from the borehole.

The details of the impact of groundwater level on land deformation indicate that there
is no continuous significant correlation between them, which may be attributable to
the long distance between the borehole and point candidate of PSI; however, many
correlation cases are observed. Decreasing subsidence accompanied the raising of the
groundwater level during the periods December 1995—April 1996, October 1999-May
2000, May 2000—April 2003 and August 2003—February 2004. This was followed by
slowly decreasing subsidence which accompanied the stable groundwater level during
the period February 2004—April 2004. Subsequently, an increase in subsidence is
observed with the decline of the groundwater level during the period April 2004—
August 2004. Thereafter decreasing subsidence followed by a status change from
subsidence to uplift accompanied the rising groundwater level during the periods
August 2004—September 2004 and September 2004—May 2005. Ultimately, an
increase in uplift accompanied the raising of the groundwater level during the period

August 2005—December 2006.

3.8. Descending track 279

Within this track the fluctuation of the groundwater level of just two boreholes has
been correlated with the time series of ground deformation of the point candidates of
PSI around these boreholes. No point candidates of PSI are observed around the other
boreholes that have been examined within the ascending track. The two boreholes

examined and correlated with land deformation within this track are SR72 and SR77.

3.8.1. SR72

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on the time series data of SAR PSI is depicted in Table 33 and
Figure 95. The general behaviour of the groundwater level during 1992-2010 points
to decline, which may be attributable to the non-compensation for the water lost. Note

the absence of groundwater monitoring data records for June 1995, July 1995, January
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1998, January 2000, October 2006, July 2008, and December 2008. Details of the
behaviour of groundwater level point to decline and rising through the increasing and
decreasing amounts of precipitation during the period November 1992—April 1995.
Raising of the groundwater level is observed with the increasing amount of
precipitation during the period August 1995—March 1996, followed by a decline of the
groundwater level with decreasing precipitation during the period April 1996—June
1996. A subsequent rise of the groundwater level accompanied increasing
precipitation during the period September 1996—December 1996. An increase in
groundwater level, followed by stability, during the period January 1997—June 1997
may not be attributable to the impact of precipitation amount. This was followed by a
decline of the groundwater level with a decrease in the amount of precipitation during
the period July 1997-September 1997. Thereafter a rise in groundwater level
accompanied the increase in precipitation amount during the period September 1997—
May 1998. Subsequently, a decline and rise of the groundwater level are observed
during the periods May 1998—September 1998 and September 1998—February 1999.
A decline of the groundwater level accompanied decreasing precipitation during the
periods February 1999—June 1999, September 1999—October 1999 and June 2003—
November 2003, followed by a rise in groundwater level with increasing precipitation
during the period November 2003—March 2005. Subsequently, a decline of the
groundwater level with decreasing precipitation is observed during the period March
2005—April 2005; however, a decline in the groundwater level during the period May
2005—September 2005 is not attributable to the fluctuation of precipitation amount
during this period. This was followed by raising of the groundwater level with
increasing precipitation during the period September 2005-December 2005.
Thereafter a decline of the groundwater level with decreasing precipitation is
observed during the period February 2006—July 2006. Note that the correlation
behaviour between groundwater level and precipitation amount is more obvious
within the time series 19922010 than within the time series 1995-2006 for the same
borehole. This may be attributable to the large number of data within this time series

(1992-2010).
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Table 33. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole SR72

Time series Monthly amount of Groundwater
data of SAR precipitation level (m)
PSI (mm) borehole
SR 72
Nov_1992 62 21.58
Oct_1993 9.1 27.12
Mar_1995 32.7 20.47
Apr_1995 18.1 20.16
Jun_1995 34.4
Jul_1995 31
Aug_1995 12.3 31.55
Sep_1995 24 29.78
Oct_1995 7.8 28.05
Dec_1995 92.7 24.62
Mar_1996 61.9 20.62
Apr_1996 22.3 20.6
May_1996 9 22.4
Jun_1996 0.3 24.78
Sep_1996 63.7 30.08
Oct_1996 70 28.03
Nov_1996 30.9 26.39
Dec_1996 50 25.46
Jan_1997 31.4 22.22
Feb_1997 14.5 21.05
May_1997 17.6 21.7
Jun_1997 30.7 21.62
Jul_1997 1.4 27.62
Sep_1997 1.4 28.21
Nov_1997 18.1 25.76
Jan_1998 17.1
May_1998 131.5 22.51
Jun_1998 7 22.52
Sep_1998 371 32.09
Feb_1999 55.8 22.9
Jun_1999 5 25.7
Sep_1999 23.9 33.76
Oct_1999 57.4 30.9
Jan_2000 14.1
Mar_2003 20.1 25
Jun_2003 33.2 25.6
Nov_2003 8.3 29
Feb_2005 47.6 23.89
Mar_2005 64.1 23.1
Apr_2005 5.7 2413
May_2005 26.7 25.32
Sep_2005 44.8 33.7
Dec_2005 66.8 28.2
Feb_2006 38.8 25.6
Jul_2006 28 29.45
Oct_2006 106.1
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3.8.1.1. Interference between land deformation and monthly amount of
precipitation as indirect impact on groundwater level (seasonal
deformation) of the borehole SR72
Three point candidates resulting from the PSI technique have been chosen, with
different distances between these points and the borehole, as shown in Figure 96, to
correlate, identify and examine the impact of groundwater level fluctuation on the
land deformation. The deformation of three point candidates, at distances of 0.799,
1.864 and 2.584 km from the borehole, monthly amount of precipitation, and
groundwater level are shown in Table 34. The deformation of point candidates and
monthly precipitation amount are depicted in Figure 97. The deformation of point

candidates and the groundwater level are depicted in Figure 98.

Legend

. PSI Points candidates descending track 279

. Groundwater_wells
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Figure.96 Three point candidates of the PSI at different distances from borehole SR72
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Table 34. Ground deformation of point candidates of PSI descending track (279)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR72
LOS
Time Displacemnt LOS Displacemnt LOS Displacemnt Grlounld water Monthly amount
series data mm mm mm evel (m) of precipitation
of SAR p (165801) p (168393) 1.864 m | p (170545) 2.548 m borehole (mm)
PSI 799.17 m SR72

Nov_1992 -80.92 -88.87 95.275 21.58 62
Oct_1993 -78.952 -79.903 80.175 27.12 9.1
Mar_ 1995 -72.17 -72.435 76.872 20.47 32.7
Apr_ 1995 -64.074 -69.946 81.156 20.16 18.1
Jun_1995 -63.155 -60.672 78.94 344
Jul_1995 -73.224 -68.867 80.345 31
Aug_1995 -61.486 -67.553 70.273 31.55 12.3
Sep_ 1995 -63.295 -70.396 75.643 29.78 24
Oct_1995 -76.387 -58.474 77.888 28.05 7.8
Dec 1995 -57.464 -69.078 78.059 24.62 92.7
Mar_1996 -74.666 -69.523 71.027 20.62 61.9
Apr_1996 -68.955 -60.897 73.322 20.6 22.3
May 1996 -72.879 -61.475 78.697 224 9
Jun_1996 -67.79 -60.702 66.32 24.78 0.3
Sep_ 1996 -72.565 -57.663 61.314 30.08 63.7
Oct_1996 -73.28 -56.384 60.084 28.03 70
Nov_ 1996 -63.577 -65.366 59.787 26.39 30.9
Dec 1996 -65.545 -50.285 65.126 25.46 50
Jan_ 1997 -70.279 -66.155 66.378 22.22 31.4
Feb 1997 -62.327 -56.286 70.803 21.05 14.5
May 1997 -56.07 -50.144 70.538 21.7 17.6
Jun_1997 -68.38 -56.153 62.027 21.62 30.7
Jul_1997 -57.917 -67.659 59.372 27.62 1.4
Sep_ 1997 -49.168 -63.056 55.503 28.21 1.4
Nov_1997 -61.554 -53.289 58.754 25.76 18.1
Jan_ 1998 -60.168 -55.692 57.811 17.1
May 1998 -48.964 -66.826 56.837 22.51 131.5
Jun_1998 -56.917 -50.872 47.189 22.52 7
Sep_ 1998 -57.332 -48.327 63.607 32.09 37.1
Feb 1999 -45.585 -55.395 40.771 22.9 55.8
Jun_1999 -55.653 -47.234 52.464 25.7 5
Sep_ 1999 -50.446 -51.415 51.316 33.76 23.9
Oct_1999 -45.815 -49.652 50.769 30.9 57.4
Jan_2000 -46.189 -45.374 56.432 14.1
Mar_2003 -23.095 -22.67 33.888 25 20.1
Jun_2003 -27.792 -29.593 32.523 25.6 33.2
Nov_2003 -29.884 -27.966 27.64 29 8.3
Feb 2005 -29.942 -23.959 23.52 23.89 47.6
Mar_2005 -19.65 -20.54 29.604 23.1 64.1
Apr_2005 -15.611 -18.921 22.3 24.13 5.7
May 2005 -23.456 -26.895 21.731 25.32 26.7
Sep_ 2005 -20.147 -10.901 12.604 33.7 44.8
Dec 2005 -9.93 -16.296 8.024 28.2 66.8
Feb 2006 -9.325 -13.309 20.875 25.6 38.8
Jul_2006 -13.815 -6.275 16.351 29.45 28
Oct_2006 0.628 -16.693 6.328 106.1
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Supplement of Table 34. Ground deformation of point candidates of PSI descending
track (279) corresponding to groundwater level and monthly precipitation behaviour

of borehole SR72

L0 P e Groundwater
Time Displacemnt Displacemnt Displacemnt le:/lel Xn) Monthly amount
series mm mm mm borehole of precipitation
data of p (165801) p (168393) p (170545) SR7D (mm)
SAR PSI 799.17 m 1.864 m 2.548 m
Feb 2007 -7.463 -2.272 8.158 25.12 29.5
Aug 2007 -5.017 -7.252 -0.041 37.55 25.1
Apr 2008 7.298 0.949 6.237 26.68 42
Jul_2008 1.184 4.509 -2.439 18.6
Dec_2008 -7.309 5.548 -8.56 62.3
Jun_2009 -3.691 -1.572 -0.883 28.22 85.8
Feb_ 2009 9.645 12.003 -0.06 27.48 14 .4
Oct_2010 15.839 14.039 -19.971 20.73 111.6
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Figure 97. LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 12 Nov 1992).
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Figure .98 LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR72.

Displacement time series of point candidates are rescaled to the first acquisition (i.e. 12 Nov 1992).

The deformation behaviour of the first point (number 165801), at a distance of 799 m
from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift; however, a swap between subsidence and uplift
is observed during the period August 2007—October 2010. The minimum subsidence
was -3.69 mm (January 2009) and the maximum subsidence was -80.92 mm
(November 1992), while the minimum uplift was 0.628 mm (October 2006) and the
maximum uplift was 15.839 mm (October 2010).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (85.80 mm) on land deformation through its impact on the groundwater
level, which was 28.22 m, because this amount of precipitation may have been
enough to raise the groundwater level higher than the level found; however,
groundwater withdrawal may have exceeded the precipitation amount, and
consequently it was not enough to recharge the aquifer or to raise the groundwater
level. Consequently, the decline of groundwater caused this subsidence. The

maximum subsidence may not be attributable to the indirect impact of precipitation
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(62 mm) on the groundwater level, which was 21.28 m, because this precipitation
amount may have been enough to raise the groundwater level sufficiently to reduce
subsidence to a value less than that found. Accordingly, there is a considerable
probability that some other factor participated in causing this high value of

subsidence.

The minimum uplift may be attributable to the indirect impact of precipitation (106.10
mm) on land deformation through its impact on the groundwater level; however, there
are no groundwater level monitoring data records for this month. Nevertheless, there
is a considerable probability that this precipitation amount may have raised the
groundwater level and consequently caused this uplift. The maximum uplift may not
be attributable to the indirect impact of precipitation (111.6 mm) on the groundwater
level, which was 20.73 m, because this precipitation amount may have been enough to
raise the groundwater to a level higher than that found. Accordingly, some other
factor may have participated in causing this uplift. Another acceptable reasoning is
that this low groundwater level should be accompanied by a smaller amount of uplift

than that found or subsidence.

Details of the impact of groundwater level on land deformation indicate a non-
continuous significant correlation between them, which may be attributable to the
long distance between the borehole and the point candidate of PSI; nevertheless, many
correlation cases are observed, which may be attributable to the large expansion in the
number of data within this time series (1992-2010). Decreasing subsidence is
observed with the raising of the groundwater level during the period October 1995—
December 1995. Thereafter an increase in subsidence accompanied the decline of the
groundwater level during the periods April 1996-May 1996 and June 1996—
September 1996. A subsequent decrease in subsidence accompanied the raising of the
groundwater level during the periods October 1996—-November 1996 and January
1997-February 1997. A small increase in subsidence accompanied the sharp decline
of the groundwater level during the period June 1998—September 1998, followed by a
decrease in subsidence with the raising of the groundwater level during the period
September 1998—February 1999. An increase in subsidence accompanied the decline
of the groundwater level during the period February 1999—June 1999, followed by a
decrease in subsidence with the raising of the groundwater level during the period

September 1999—October 1999. There was another increase in subsidence with the
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decline of the groundwater level during the periods March 2003—June 2003, June
2003—November 2003 and April 2005-May 2005, while a decrease in subsidence
accompanied the raising of the groundwater level during the periods September 2005—
December 2005 and December 2005-February 2006. A subsequent increase in
subsidence is observed with the decline of the groundwater level during the period
February 2006—July 2006, and a status change from uplift to subsidence is observed
with the sharp decline of the groundwater level during the period October 2006—
February 2007. Another status change from subsidence to uplift is observed with the
raising of the groundwater level during the period August 2007—April 2008, while a
decrease in subsidence followed by a status change form subsidence to uplift and a
subsequent increase in uplift are observed with the raising of the groundwater level

during the periods January 2009—February 2009 and February 2009—October 2010.

The deformation behaviour of the second point (number 168393), at a distance of
1.680 km from the borehole, indicates a general rising trend, as the time series begins
with subsidence and then goes into uplift; however, a swap between subsidence and

uplift is observed during the period April 2008—October 2010.

The minimum subsidence was -1.572 mm (January 2009) and the maximum
subsidence was -88.87 mm (November 1992), while the minimum uplift was 0.949

mm (April 2008) and the maximum uplift was 14.039 mm (October 2010).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (85.80 mm) on land deformation through its impact on the groundwater
level, which was 28.22 m, because this amount of precipitation may have been
enough to raise the groundwater to a higher level than that found and consequently
reduce the subsidence to a value less than that or cause uplift. However, groundwater
withdrawal may have exceeded the precipitation amount, resulting in this subsidence.
The maximum subsidence also may not be attributable to the indirect impact of
precipitation (62 mm) on the groundwater level, which was 21.58 m, because this
amount of precipitation may have been enough to raise the groundwater level and
consequently reduce subsidence to a value less than that found. It is possible that
groundwater withdrawal exceeded the precipitation amount, consequently resulting in

subsidence; nevertheless, there is considerable probability that this high value of
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subsidence during this short period was caused by the participation of some other

factor.

The minimum uplift may not be attributable to the indirect impact of precipitation (42
mm) on land deformation through its impact on the groundwater level, which was
26.68 m, because although this amount of precipitation may have been enough to raise
the groundwater level, groundwater withdrawal exceeded this precipitation amount
and consequently the groundwater level declined. This groundwater level should be
accompanied by subsidence or a smaller amount of uplift; therefore, some other factor
may have participated in causing this uplift. The maximum uplift also may not be
attributable to the indirect impact of precipitation (111.6 mm) on the groundwater
level, which was 20.73 m, because although this amount of precipitation may have
been enough to raise the groundwater level to a higher level than was found,
groundwater withdrawal may have exceeded this precipitation amount resulting in an
overall decline in groundwater level. Consequently some other factor may have
participated in causing this uplift. It is worth mentioning that the minimum and
maximum subsidence and uplift behaviour is identical to that of the first point

candidate (number 165801).

Details of the impact of groundwater level on land deformation indicate the non-
continuous significant correlation between them, which may be attributable to the
long distance between the borehole and the point candidate of PSI; however, many
correlation cases are observed, which may be attributable to the large expansion in the
number of data within the time series 1992—2010. An increase in uplift accompanied
the raising of the groundwater level during the periods March 1995-April 1995,
September 1995-October 1995, September 1996—October 1996, and November
1996-December 1996, followed by an increase in subsidence with the decline of the
groundwater level during the period June 1997-July 1997. Subsequently, a decrease
in subsidence accompanied the raising of the groundwater level during the period
September 1997-November 1997, and an increase in subsidence accompanied the
decline of the groundwater level during the period June 1999—September 1999. This
was followed by a decrease in subsidence with the raising of the groundwater level
during the period September 1999—October 1999 and a subsequent increase in
subsidence with the decline of the groundwater level during the period March 2003—

June 2003. Thereafter a decrease in subsidence accompanied the raising of the
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groundwater level during the periods November 2003—February 2005 and February
2005-March 2005. An increase in subsidence accompanied the decline of the
groundwater level during the period April 2005—May 2005, followed by a decrease in
subsidence with the raising of the groundwater level during the period December
2005—February 2006. A status change from subsidence to uplift is observed with the
raising of the groundwater level during the period August 2007—April 2008, and a
similar case is observed during the period January 2009—February 2009. Ultimately,
an increase in uplift accompanied the raising of the groundwater level during the

period February 2009—October 2010.

The deformation behaviour of the third point (number 170545), at a distance of 2.584
km from the borehole, indicates a general declining trend, as the time series begins
with uplift and then goes into subsidence; however, a swap between uplift and
subsidence is observed during the period April 2008—October 2010. The minimum
uplift was 6.237 mm (April 2008) and the maximum uplift was 95.275 mm
(November 1992), while the minimum subsidence was -0.041 mm (August 2007) and

the maximum subsidence was -19.971 mm (October 2010).

The minimum uplift may not be attributable to the indirect impact of precipitation (42
mm) on land deformation through its impact on the groundwater level, which was
26.68 m, because although this amount of precipitation may have been enough to raise
the groundwater level, groundwater withdrawal may have exceeded this precipitation
amount resulting in a decline of the groundwater; consequently, this groundwater
level should be accompanied by subsidence or a smaller amount of uplift. Some other
factor may have participated in causing this uplift. The maximum uplift also may not
be attributable to the indirect impact of precipitation (62 mm) on land deformation
through its impact on the groundwater level, which was 21.58 m, because although
this amount of precipitation may have been enough to raise the groundwater level
higher than the level recorded, groundwater withdrawal may have exceeded this
precipitation amount, resulting in a decline in the groundwater level. Consequently,

some other factor may have participated in causing this uplift.

The minimum subsidence may be attributable to the indirect impact of precipitation
(25.10 mm) on land deformation through its impact on the groundwater level, which

was 37.55 m. This amount of precipitation may not have been enough to raise the

182



Chapter Three: Impact of groundwater on ground deformation

groundwater level, and consequently the decline of the groundwater level caused this
subsidence. On the contrary, the maximum subsidence may not be attributable to the
indirect impact of precipitation (111.60 mm) on land deformation through its impact
on the groundwater level, which was 20.73 m, despite the probability that
groundwater withdrawal exceeded the precipitation amount and resulted in
subsidence. There is considerable probability that such a high value of subsidence

during this short period was caused by the participation of some other factor.

Details of the impact of the groundwater level on land deformation indicate a non-
continuous significant correlation between them, which may be attributable to the
long distance between the borehole and the point candidate of PSI; however, many
correlation cases are observed, which may be due to the large expansion in the
number of data within this time series (1992-2010). A decrease in uplift accompanied
the decline of the groundwater level during the period November 1992—October 1993,
while a subsequent increase in uplift is observed through the raising of the
groundwater level during the periods March 1995-April 1995, August 1995-
September 1995, and October 1995—-December 1995. This was followed by a decrease
in uplift, which accompanied the decline of the groundwater level during the periods
May 1996—-June 1996 and June 1996—September 1996. Thereafter an increase in uplift
accompanied the raising of the groundwater level during the periods November 1996—
December 1996 and January 1997-February 1997, followed by a decrease in uplift
with the decline of the groundwater level during the periods February 1997-May
1997, June 1997—-July 1997 and July 1997—September 1997. An increase in uplift is
observed once again with the raising of the groundwater level during the period
September 1997-November 1997, while a subsequent decrease in uplift accompanied
the decline of the groundwater level during the periods June 1999—September 1999,
March 2003—June 2003 and June 2003—November 2003. Thereafter an increase in
uplift is observed with the raising of the groundwater level during the period February
2005-March 2005, followed by a decrease in uplift with the decline of the
groundwater level during the periods March 2005—-April 2005 and May 2005—
September 2005. An increase in uplift accompanied the raising of the groundwater
level during the period December 2005—February 2006, followed by a decrease in
uplift with the decline of the groundwater level during the period February 2006—July
2006. A status change from uplift to subsidence is observed with the sharp decline in
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the groundwater level during the period February 2007—August 2007, followed by
another status change from subsidence to uplift with the sharp raising of the
groundwater level during the period August 2007—April 2008. Ultimately, a decrease
in subsidence is observed with the raising of the groundwater level during the period

January 2009—February 2009.

3.8.2. SR77

The groundwater level behaviour corresponding to the monthly accumulation of
precipitation based on the time series data of SAR PSI is depicted in Table 35 and
Figure 99. The general behaviour of the groundwater level during 1992-2010 points
to a decline, which may be attributable to non-compensation for the water lost through
withdrawal of groundwater. Note the absence of groundwater data for June and July
1995, January 1998 and 2000, October 2006, and July and December 2008. It is worth
mentioning that the behaviour of this borehole is identical to that of borehole SR72.
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Table 35. Monthly accumulation of precipitation corresponding to the groundwater
level of the borehole SR77

Time series Monthly amount of Groundwater
data of precipitation level (m)
SAR PSI (mm) borehole
SR 77
Nov_1992 62 18.48
Oct_1993 9.1 23.6
Mar_1995 32.7 18.45
Apr_1995 18.1 18.68
Jun_1995 34.4
Jul_1995 31
Aug_1995 12.3 34.03
Sep_1995 24 28.48
Oct_1995 7.8 25.52
Dec_1995 92.7 21.68
Mar_1996 61.9 18.5
Apr_1996 22.3 18.18
May_1996 9 23.48
Jun_1996 0.3 26.17
Sep_1996 63.7 29.75
Oct_1996 70 25.96
Nov_1996 30.9 23.77
Dec_1996 50 22.6
Jan_1997 31.4 21.05
Feb_1997 14.5 20.22
May_1997 17.6 22.51
Jun_1997 30.7 22.62
Jul_1997 1.4 31.7
Sep_1997 1.4 28.48
Nov_1997 18.1 2413
Jan_1998 17.1
May_1998 131.5 22.91
Jun_1998 7 21.74
Sep_1998 37.1 31.26
Feb_1999 55.8 22.25
Jun_1999 5 26.55
Sep_1999 23.9 34.53
Oct_1999 57.4 29.64
Jan_2000 14.1
Mar_2003 20.1 2415
Jun_2003 33.2 27.36
Nov_2003 8.3 28.58
Feb_2005 47.6 24.16
Mar_2005 64.1 23.72
Apr_2005 5.7 24.47
May_2005 26.7 28.83
Sep_2005 44.8 34.54
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Supplement of Table 35. Monthly accumulation of precipitation corresponding to
the groundwater level of the borehole SR77

Time series Monthly amount of Groundwater
data of precipitation level (m)
SAR PSI (mm) borehole
SR 77
Dec_2005 66.8 28.2
Feb_2006 38.8 26.03
Jul_2006 28 32.43
Oct_2006 106.1
Feb_ 2007 29.5 25.88
Aug_2007 25.1 38.63
Apr_2008 42 27.95
Jul_2008 18.6
Dec_2008 62.3
Jan_2009 85.8 28.98
Feb_2009 14.4 28.2
Oct_2010 111.6 20.73

—
E 140 70
el
T5
g 120
- I
2 100 I "’
3 (15 g
0
o I/ I /I 20 0
e
(T
0 o] aN L o5 8
£ v/ | 5
=] 1 30 -9
0 (]
e 404 . S
@ T 35
>
£ 2- T 40
5 | |l I 11
0 0- I I I_ - 1 | I | L 45
E rrrrrtrrrrrrrrtrrrtrrrrrrrtrrrtrrrtrrrtrtr 1Tttt 1Tt 11ttt 1Tt 1T 1T T T T T T T T TT 1T
NN OO VW VO OO OO ©Q ©© QO NN NNNN 00000 0M NO HO MM DY WV WO OONN 0V ONDNO
90090 NN D NN DD NN NN NN NN DDNN NN NN NN NN NS OO0 0000000000000 0
Rlololololioltetolololololalolo oot ool iRiololololololol lolelelelelolelolololololole oo olelele]e]
T T T T T T o NN NNRRNRRRNNENNN,
SwiLLic= Q-+ [ c o+ > co c=so>C CQ_QCQ_HCLC>_QLS_ Q0O=S+.0 [ c o+
0088535008 8055000000852006850050°68500807066-003020609
Z0=245°20n002<s>¢0ZAw s 027520 2022321 2Ispa 0wy <’ A->u0
Time

mmmm \lonthly amount of Precipitation[mm] —#— water table [m] SR77

Figure 99. Monthly accumulation of precipitation corresponding to the groundwater level of the
borehole SR77
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3.8.2.1. Interference between land deformation and monthly precipitation as
indirect impact on groundwater level (seasonal deformation) of the
borehole SR77

Three point candidates resulting from the PSI technique have been chosen, at different
distances from the borehole, as shown in Figure 100, to correlate, identify and
examine the impact of groundwater level fluctuation on land deformation. The
deformation of three point candidates, at distances of 289, 373 and 385 m from the
borehole, monthly precipitation, and groundwater level are shown in Table 36. The
deformation of point candidates and monthly precipitation are depicted in Figure 101.
The deformation of point candidates and groundwater level are depicted in Figure

102.

Legend

. PSI Points candidates descending track 279

@ Groundwater_wells

624800 625400 626000 626600 627200 627800

Figure.100 Three point candidates of the PSI at different distances from borehole SR77
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Table 36. Ground deformation of point candidates of PSI descending track (279)
corresponding to groundwater level and monthly precipitation behaviour of borehole

SR77
LOS LOS

Time Di L0 Displacemnt | Displacemnt EroULEEr Monthly amount of

; isplacemn level (m) e
series data t mm mm mm borehole precipitation
TR | pmsion | PUD | g | OGR o)

m

Nov_1992 -88.562 -128.705 6.49 18.48 62
Oct_1993 -77.542 -122.228 4.61 23.6 9.1
Mar_1995 -66.82 -102.619 13.505 18.45 32.7
Apr_1995 -81.83 -94.15 10.523 18.68 18.1
Jun_1995 -69.937 -98.372 18.75 34.4
Jul_1995 -68.911 -98.627 6.17 31
Aug_1995 -78.516 -105.934 4.391 34.03 12.3
Sep_1995 -64.748 -105.066 11.572 28.48 24
Oct_1995 -76.213 -101.498 4.827 25.52 7.8
Dec_1995 -72.175 -94.421 12.695 21.68 92.7
Mar_1996 -65.13 -95.357 10.684 18.5 61.9
Apr_1996 -62.625 -95.389 19.087 18.18 22.3
May_1996 -64.105 -90.119 7.745 23.48 9
Jun_1996 -53.94 -98.169 15.376 26.17 0.3
Sep_1996 -63.449 -94.786 14.685 29.75 63.7
Oct_1996 -61.721 -95.823 12.867 25.96 70
Nov_1996 -65.32 -87.793 13.117 23.77 30.9
Dec_1996 -61.429 -90.362 11.039 22.6 50
Jan_1997 -65.947 -85.979 7.285 21.05 31.4
Feb_1997 -62.942 -96.248 15.932 20.22 14.5
May_1997 -68.163 -100.354 8.425 22.51 17.6
Jun_1997 -64.897 -97.812 18.194 22.62 30.7
Jul_1997 -57.209 -85.796 17.944 31.7 1.4
Sep_1997 -63.903 -88.268 5.801 28.48 1.4
Nov_1997 -52.407 -80.912 13.58 2413 18.1
Jan_1998 -62.197 -90.353 -0.624 17.1
May_1998 -48.738 -78.656 4.231 22.91 131.5
Jun_1998 -59.88 -89.33 11.985 21.74 7
Sep_1998 -48.976 -79.659 1.834 31.26 37.1
Feb_1999 -56.872 -66.031 13.615 22.25 55.8
Jun_1999 -55.696 -64.044 10.015 26.55 5
Sep_1999 -47.552 -65.235 14.599 34.53 23.9
Oct_1999 -50.444 -77.168 1.466 29.64 57.4
Jan_2000 -56.191 -75.461 7.084 14.1
Mar_2003 -23.98 -37.055 -1.608 2415 20.1
Jun_2003 -28.187 -41.488 5.469 27.36 33.2
Nov_2003 -33.275 -31.343 2.061 28.58 8.3
Feb_2005 -13.109 -30.627 -8.528 24.16 47.6
Mar_2005 -13.48 -28.88 -3.567 23.72 64.1
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Supplement of Table 36. Ground deformation of point candidates of PSI descending
track (279) corresponding to groundwater level and monthly precipitation behaviour of
borehole SR77

. LOS ' Lok . ok Groundwater
Time e —— Displacemnt Displacemnt vl () Monthly amount of
series mm mm mm borehol precipitation
St o p (184117)373 | p (189118) orehole (mm)
p (185134) 385 SR77
SAR PSI 289 m m m
Apr_2005 -17.622 -37.869 10.967 24 .47 5.7
May 2005 -16.842 -13.032 15.029 28.83 26.7
Sep_2005 -14.932 -18.941 0.278 34.54 44 .8
Dec 2005 -20.089 -24.616 -5.084 28.2 66.8
Feb 2006 -3.888 -21.157 -2.033 26.03 38.8
Jul_2006 -13.644 -16.504 7.157 32.43 28
Oct_2006 -16.041 -3.64 0.996 106.1
Feb_ 2007 -6.412 -13.048 -5.799 25.88 29.5
Aug_2007 7.158 -13.721 -6.308 38.63 25.1
Apr_2008 -2.888 1.361 6.805 27.95 42
Jul_2008 1.028 1.839 0.644 18.6
Dec 2008 -3.939 -3.289 -4.706 62.3
Jan_2009 -3.671 4.484 3.658 28.98 85.8
Feb 2009 -0.049 1.767 6.82 28.2 14.4
Oct_2010 17.665 21.069 -1.625 20.73 111.6
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Figure.101 LOS Displacemnt of point candidates of PSI corresponding to monthly precipitation.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 12 Nov 1992).
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Figure.102 LOS Displacemnt of point candidates corresponding to groundwater level of borehole SR77.
Displacement time series of point candidates are rescaled to the first acquisition (i.e. 12 Nov 1992).

The deformation behaviour of the first point (number 185134), at a distance of 289 m
from the borehole, indicates general rising trend, as the time series begins with
subsidence and then goes into uplift; however, a swap between subsidence and uplift
is observed during the period April 2008—October 2010. The minimum subsidence
was -0.049 mm (February 2009) and the maximum subsidence was -88.562 mm
(November 1992), while the minimum uplift was 1.028 mm (July 2008) and the
maximum uplift was 17.665 mm (October 2010).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (14.4 mm) on land deformation through its impact on the groundwater
level, which was 28.2 m. This amount of precipitation was not enough to raise the
groundwater level and consequently the groundwater level declined; however, this
low level of groundwater should be accompanied by a larger amount of subsidence.
Moreover, the maximum subsidence may not be attributable to the indirect impact of
precipitation (62 mm) on land deformation through its impact on the groundwater
level, which was 18.48 m, because this amount of precipitation was enough to raise

the groundwater to this level or higher, which should be accompanied by a lower
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amount of subsidence; consequently, this subsidence is probably due to the

participation of some other factor.

The minimum uplift may be attributable to the indirect impact of precipitation (18.6
mm) on land deformation through its impact on the groundwater level; however, there
are no data monitoring records of groundwater level during this month. This amount
of precipitation may have raised the groundwater level and consequently caused this
uplift. The maximum uplift may not be attributable to the indirect impact of
precipitation (111.6 mm) on land deformation through its impact on the groundwater
level, which was 20.73 m, because groundwater withdrawal may have exceeded
precipitation resulting in a decline in the groundwater level, which should be
accompanied by subsidence. Consequently, this uplift is probably due to the

participation of some other factor.

Details of the impact of groundwater level on land deformation indicate non-
continuous significant correlation between them despite the short distance between
the borehole and the point candidates of PSI; however, many correlation cases are
observed, which may be attributable to the large number of data within this time series
(1992-2010). Decreasing subsidence accompanied the raising of the groundwater
level during the period October 1993—March 1995, followed by an increase in
subsidence with the decline of the groundwater level during the period March 1995—
April 1995. Thereafter a decrease in subsidence accompanied the raising of the
groundwater level during the period August 1995—September 1995, and an increase in
subsidence accompanied the decline of the groundwater level during the periods April
1996—May 1996 and June 1996—September 1996. This was followed by a decrease in
subsidence with the raising of the groundwater level during the periods September
1996—October 1996, November 1996—December 1996, and January 1997-February
1997. Subsequently, an increase in subsidence accompanied the decline of the
groundwater level during the period February 1997-May 1997. A decrease in
subsidence is observed with the raising of the groundwater level during the period
September 1997-November 1997, and an increase in subsidence is observed with the
decline of the groundwater level during the periods March 2003—June 2003 and June
2003—November 2003. This was followed by a decrease in subsidence with the raising
of the groundwater level during the period November 2003—February 2005.

Subsequently, an increase in subsidence is observed with the decline of the
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groundwater level during the period March 2005-April 2005. A decrease in
subsidence once again accompanied the raising of the groundwater level during the
period December 2005—February 2006, followed by an increase in subsidence with
the decline of the groundwater level during the period February 2006—July 2006.
Ultimately, a decrease in subsidence followed by a status change from subsidence to
uplift is observed with the raising of the groundwater level during the periods January
2009—February 2009 and February 2009—October 2010.

The deformation behaviour of the second point (number 184117), at a distance of 373
m from the borehole, indicates a general rising trend, as the time series begins with
subsidence and then goes into uplift; however, a swap between subsidence and uplift
is observed during the period December 2008—October 2010. The minimum
subsidence was -3.289 mm (December 2008) and the maximum subsidence was -
128.705 mm (November 1992), while the minimum uplift was 1.361 mm (April 2008)
and the maximum uplift was 21.069 mm (October 2010).

The minimum subsidence may not be attributable to the indirect impact of
precipitation (62.3 mm) on land deformation through its impact on the groundwater
level, although no monitoring data for groundwater level were recorded during this
month. This amount of precipitation may have been enough to raise the groundwater
level, and consequently an uplift status should have occurred; therefore, some other
factor has caused this subsidence. However, this is merely an expectation, because
there is no groundwater level monitoring data. Alternatively, the precipitation may
have raised the groundwater level from a lower to a low level has and consequently

caused this low value of subsidence.

The maximum subsidence also may not be attributable to the indirect impact of
precipitation (62 mm) on land deformation through its impact on the groundwater
level, which was 18.48 m, because this amount of precipitation may have been
enough to raise the groundwater level to a higher level than that found and one that
should be accompanied by a lower amount of subsidence. Consequently, this
subsidence is probably due to the participation of some other factor, particularly

during this short period.

The minimum uplift may not be attributable to the indirect impact of precipitation (42

mm) on land deformation through its impact on the groundwater level, which was
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27.2 m. This amount of precipitation may have been enough to raise the groundwater
to a level higher than that found; however, groundwater withdrawal may have
exceeded the precipitation amount. This low groundwater level should be
accompanied by subsidence; therefore, this uplift is probably due to the participation
of some other factor. The maximum uplift also may not be attributable to the indirect
impact of precipitation (111.6 mm) on land deformation through its impact on the
groundwater level, which was 20.73 mm. This amount of precipitation may have been
enough to raise the groundwater to a level higher than that found; however,
groundwater withdrawal may have exceeded the precipitation amount. This low
groundwater level should be accompanied by subsidence; therefore, this uplift is

probably due to the participation of some other factor.

Details of the impact of groundwater level on land deformation indicate that there is
no continuous significant correlation between them, despite the short distance
between borehole and point candidate of PSI; however, many correlation cases are
observed, which may be attributable to the large number of data within this time series
(1992-2010). Decreasing subsidence is observed with the raising of the groundwater
level during the periods August 1995—September 1995 and October 1995—December
1995. An increase in subsidence accompanied the decline of the groundwater level
during the period May 1996—June 1996. Thereafter a decrease in subsidence
accompanied the raising of the groundwater level during the periods October 1996—
November 1996 and December 1996—January 1997. Subsequently, an increase in
subsidence accompanied the decline of the groundwater level during the period
February 1997-May 1997, followed by a decrease in subsidence once again with the
raising of the groundwater level during the periods September 1997—November 1997
and September 1998—February 1999. Thereafter an increase in subsidence
accompanied the decline of the groundwater level during the periods June 1999—
September 1999 and March 2003—June 2003. A decrease in subsidence is observed
with the raising of the groundwater level during the periods November 2003—February
2005 and February 2005-March 2005, followed by an increase in subsidence with the
decline of the groundwater level during the period March 2005—April 2005. A
decrease in subsidence is observed with the raising of the groundwater level during
the period December 2005-February 2006. Thereafter an increase in subsidence

accompanied the decline of the groundwater level during the period February 2007—
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August 2007, followed by a status change from subsidence to uplift with the sharp
raising of the groundwater level during the period August 2007—April 2008.
Ultimately, an increase in uplift accompanied the raising of the groundwater level

during the period February 2009—October 2010.

The deformation behaviour of the third point (number 189118), at a distance of 385 m
from the borehole, indicates a general declining trend, as the time series begins with
uplift and then goes into subsidence; however, a fluctuation between subsidence and
uplift is observed during the period January 1998—October 2010. Although there is no
difference in the distances of the second and third point candidate of PSI from the
borehole SR77, nevertheless the third point candidate indicates different deformation
behaviour from the two previous point candidates.

The minimum uplift was 0.278 mm (September 2005) and the maximum uplift was
19.087 mm (April 1996), while the minimum subsidence was -0.624 mm (January
1998) and the maximum subsidence was -8.528 mm (February 2005).

The minimum uplift may not be attributable to the indirect impact of precipitation
(44.8 mm) on land deformation through its impact on the groundwater level, which
was 34.54 m, because although the precipitation may have been sufficient to raise the
groundwater to a higher level than that found, groundwater withdrawal may have
exceeded the precipitation amount; therefore, this low groundwater level should be
accompanied by subsidence. Consequently, this uplift may have been caused by the
participation of some other factor. The maximum uplift also may not be attributable to
the indirect impact of precipitation (22.3 mm) on the groundwater level, which was
18.18 m, because this amount of precipitation was not enough to raise the
groundwater level. Therefore, this amount of precipitation and groundwater level
should be accompanied by subsidence, and accordingly this uplift may have been

caused by the participation of some other factor.

The minimum subsidence may be attributable to the indirect impact of precipitation
(17.1 mm) on land deformation through its impact on the groundwater level; although
there are no monitoring data records for groundwater level during this month. This
amount of precipitation was not enough to raise the groundwater level, and the decline
of the groundwater level caused this subsidence. The maximum subsidence may also

be attributable to the indirect impact of precipitation (47.6 mm) through its impact on
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the groundwater level, which was 24.16 m. Although this precipitation may have been
enough to raise the groundwater level, the groundwater withdrawal exceeded the
precipitation amount. Consequently, the decline of the groundwater level caused this

subsidence.

Details of the impact of groundwater level on land deformation indicate a non-
continuous significant correlation between them, despite the short distance between
the borehole and the point candidate of PSI; however, many correlation cases are
observed, which may be attributable to the large number of data within this time series
(1992-2010). A decrease in uplift accompanied the decline of the groundwater level
during the period November 1992—October 1993, followed by an increase in uplift
with the raising of the groundwater level during the period October 1993—March
1995. Subsequently, a decrease in uplift is observed with the decline of the
groundwater level during the period March 1995—April 1995. Thereafter an increase
in uplift accompanied the raising of the groundwater level during the periods August
1995-September 1995, October 1995-December 1995 and March 1996—April 1996,
followed by a decrease in uplift with the decline of the groundwater level during the
period April 1996—May 1996. An increase in uplift is observed with the raising of the
groundwater level during the period January 1997-February 1997, followed by a
decrease in uplift with the decline of the groundwater level during the period February
1997-May 1997. Another correlation case observed during the time series is the
increase in uplift with the raising of the groundwater level during the periods
September 1997-November 1997 and May 1998—June 1998. This was followed by a
decrease in uplift with the decline of the groundwater level during the period June
1998—September 1998. Subsequently, an increase in uplift is observed once again
with the raising of the groundwater level during the period September 1998—February
1999, followed by a decrease in uplift with the decline of the groundwater level
during the periods February 1999—June 1999 and June 2003—November 2003. A
decrease in subsidence accompanied the raising of the groundwater level during the
period February 2005-March 2005, followed by a sharp decrease in uplift that
accompanied the decline of the groundwater level during the period May 2005—
September 2005. A subsequent decrease in subsidence is observed with the raising of
the groundwater level during the period December 2005-February 2006, and an

increase in subsidence accompanied the decline of the groundwater level during the
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period February 2007—August 2007. This was followed by a status change from
subsidence to uplift with the raising of the groundwater level during the period August
2007-April 2008. Ultimately, an increase in uplift is observed with the raising of the
groundwater level during the period January 2009—February 2009.

3.9. Conventional SAR Interferometry

The conventional technique of SAR Interferometry has been implemented to
investigate and emphasise the seasonal impact of groundwater level fluctuation on
land deformation within the same part of the study area which was examined using

PSI, using the same two tracks, ascending and descending.

3.9.1. Ascending track 143

One interferogram has been chosen within this track, as is depicted previously in
Figure 9 in chapter of processing which covers the period 19960228 19960403, for
the reason that the accuracy of the deformation estimated from an individual
differential interferogram is mainly limited by the atmospheric path delay term
(Wegmuller et al., 2006). Additionally, the non-continuous stable signal or objects
within agricultural fields constitute obstacles using this technique. From 29
differential interferograms, one single interferogram has been selected which does not
exhibit any of the problems mentioned before, especially within agricultural fields. It
is worth mentioning that the wrapped phase plays an important role in selecting the
number of interferograms by implementing a conventional technique. In this case
study, many interferograms have the problem of wrapped phase, especially within the
agricultural fields. In addition, the impact of time decorrelation, especially within
agricultural fields, is one of many important determinant parameters. Furthermore, the
interferogram pair has been selected according to its perpendicular baseline, which
might be small to avoid residual topographic effects and geometric decorrelation. The
baseline was lower than 200 m. Parameters of the interferogram pair are depicted in
Table 5 in chapter of processing. Moreover, this differential interferogram has been
chosen according to its time period, which covers part of the wet period, represented
by March, in order to examine one of the temporal characteristics of displacement,
related to the groundwater level fluctuation of the many boreholes distributed within
part of the study area during this period. Additionally, a coherence map of this period

is depicted in Figure 8 in chapter of processing. Coherence varies between 0.12 and
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0.99; however, coherence is good approximately all over the study area. The good
quality of the coherence may be attributable to the low temporal interval, which is 35

days.

The correlation information of interferometric phases related to the fluctuation of
groundwater level is shown in Table 37. However, results of interferometric
correlation were different within the same interferogram because of differences in the

groundwater level fluctuation of each borehole, as explained presently.

It is worth mentioning that the wrapped phase plays an important role in selecting the
number of interferograms within the conventional technique. Many interferograms
have the problem of wrapped phase, especially within agricultural fields. In addition,
the impact of time decorrelation, especially within agricultural fields, is one of many

important determinant parameters.

Table 37. Groundwater level and interferometric fringe of boreholes

Borehole Groundwater level (m) Interferometric fringes
ADG6 4.8 High Significant
AG10 16.4 Low Significant
PZ1 10.19 Low Significant
SR29 24.44 Significant
SR35 4.67 High Significant
SR72 20.62 Significant
SR77 18.50 High Significant

Clear high significant interferometric fringes are observed around the borehole AD6
during March, which indicates uplift due to the high groundwater level, as shown in
Figure 103. Low significant interferometric fringes are observed north, west and south
of the borehole AG10 during the same period, which indicates subsidence due to the
low groundwater level, as depicted in Figure 104. Low significant interferometric
fringes are also observed around the borehole PZ1 (Figure 105). Fringes of
subsidence, represented by red colour points, are evident around the northeast and
south of the borehole because of the low groundwater level during this period.
Regarding borehole SR29, significant interferometric fringes of subsidence are
observed south and east of the borehole due to the low groundwater level, as depicted
in Figure 106. It is worth mentioning that the interferometric fringes, which indicate

subsidence phase due to low groundwater level in many boreholes within the study
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area, are not observed close to the boreholes. This may be attributable to the impact of
groundwater withdrawal, which may cause uplift close to the boreholes during the

implementation of this operation.

Regarding the borehole SR35, significant interferometric fringes are observed, which
indicate uplift due to high groundwater level during March, as shown in Figure 107.
For the borehole SR72, high significant interferometric fringes are observed, as
depicted in Figure 108. The subsidence phase around the borehole is evident, and
especially the density of the subsidence phase to the north and east of the borehole
during this period due to low groundwater level. High significant interferometric
fringes are also observed for the borehole SR77, as shown in Figure 109, as
subsidence phase is observed around the borehole due to low groundwater level

during this period.

Nommalized LOS defommation rzte [mm]
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Figure.103 Differential interferogram of the area around borehole AD6, time interval 19960228—
19960403. The green point is the location of the borehole.
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Figure.104 Differential interferogram of the area around borehole AG10, time interval 19960228—
19960403. The green point is the location of the borehole.
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Figure.105 Differential interferogram of the area around borehole PZ1, time interval
19960228-19960403. The green point is the location of the borehole.
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Figure.106 Differential interferogram of the area around borehole SR29, time interval
19960228—-19960403. The green point is the location of the borehole.
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Figure.107 Differential interferogram of the area around borehole SR35, time interval
19960228-19960403. The green point is the location of the borehole.
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Figure.108 Differential interferogram of the area around borehole SR72, time interval
19960228—-19960403. The green point is the location of the borehole.
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Figure109. Differential interferogram of the area around borehole SR77, time interval 19960228—
19960403. The green point is the location of the borehole.
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3.9.2. Descending track 279

One interferogram has been chosen within this track during the period 19980802—
19980906, as depicted previously in Figure 21 in chapter of processing, for the same
reasons mentioned above for the ascending track. Consequently, from 70 differential
interferograms, only one pair of interferograms does not have any of the problems
mentioned previously, especially within agricultural fields. Furthermore, the
interferogram pair has been selected according to its perpendicular baseline, which
might be small to avoid residual topographic effects and geometric decorrelation,
which was lower than 150 m. Parameters of the differential interferogram pair are
depicted previously in Table 14 in chapter of processing, Moreover, this pair has been
chosen according to the time period, which covers part of the dry period, represented
by August and a few days at the start of September, in order to examine temporal
characteristics of displacement related to the groundwater level fluctuation of many

boreholes distributed within part of the study area.

A coherence map of this period is depicted previously in Figure 20 in chapter of
processing. Coherence varies between 0.10 and 0.99; however, there is good
coherence approximately all over the scene, except in agricultural fields located in the
mid—north, mid-east and mid- southeast and southwest of the scene. The good quality
of coherence may be attributable to the low temporal interval, which is 35 days. The
correlation information of interferometric phases, related to the fluctuation of the

groundwater level, is shown in Table 38.

Table 38. Groundwater level and interferometric fringe of boreholes.

Borehole Groundwater level (m) Interferometric fringes
AD6 11.96 High Significant
AG10 23.02 High Significant
PZ1 17.40 Low Significant
SR29 59.30 Significant
SR35 5.38 Low Significant
SR72 34.00 High Significant
SR77 36.43 High Significant

High significant interferometric fringes are observed around the borehole AD6, as
shown in Figure 110, which indicates a subsidence phase due to low groundwater

level. In addition, clear high significant interferometric fringes are observed around
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the borehole AG10, as shown in Figure 111, which indicates subsidence due to low
groundwater level. Concerning the borehole PZI1, low significant interferometric
fringes are observed around the borehole, which indicates uplift despite the low
groundwater level. This may be attributable to the impact of groundwater withdrawal,
which may have caused uplift close to the borehole position during the
implementation of this operation. Nevertheless there is subsidence to the west, north
and northeast of the borehole at distances of 125-300 m as shown in figure 112. Other
clear significant interferometric fringes are observed around the borehole SR29, as
shown in Figure 113, which indicates subsidence phase due to low groundwater level.
Low significant interferometric fringes are observed around the borehole SR35, as
shown in Figure 114, which indicates uplift due to high groundwater level. High clear
significant interferometric fringes are observed around the borehole SR72, as shown
in Figure 115, which indicates subsidence due to low groundwater level during the
part of the dry period which is covered, mainly August and a few days at the start of
September. In relation to the borehole SR77, high clear significant interferometric
fringes are observed around it, as is shown in Figure 116, which indicates subsidence

due to low groundwater level.

Nommalized LOS deformation rate [mm]
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Figure.110 Differential interferogram of the area around borehole ADG6, time interval
19980802-19980906. The green point is the location of the borehole.
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Figure.111 Differential interferogram of the area around borehole AG10, time interval
19980802—-19980906. The green point is the location of the borehole.
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Figure.112 Differential interferogram of the area around borehole PZI, time interval
19980802-19980906. The green point is the location of the borehole.
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Normalized LOS deformation rate [mm]
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Figure.113 Differential interferogram of the area around borehole SR29, time interval
19980802—-19980906. The green point is the location of the borehole.
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Figure.114 Differential interferogram of the area around borehole SR35, time interval
19980802-19980906. The green point is the location of the borehole.
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Figure.115 Differential interferogram of the area around borehole SR72, time interval
19980802—-19980906. The green point is the location of the borehole.
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Figure.116 Differential interferogram of the area around borehole SR77, time interval
19980802-19980906. The green point is the location of the borehole.
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3.10. Impact and interference type of clay minerals with fluctuation of
groundwater level on land deformation
A montmorillonite is one of many clay minerals that have the ability to swell and
shrink. However, it is considered as a dependent factor affected by the fluctuation of
groundwater. Consequently, this factor plays an important role in impacting ground
deformation through the mutual cycling of swelling and shrinking operations. The
influence of such types of clay minerals on ground deformation is summarised in the
flowchart in Figure 117. The swelling and shrinking cycle in this case study causes
compaction of materials which is resulted by water pumping. A continuous cycle of
clay minerals swelling and shrinkage maybe are caused earthquakes with

microseismic (3—4) magnitude.

Rising groundwater Decline of groundwater Groundwater
level level withdrawal

\ 4 A 4

Presence of clay minerals which have the capability to swell and shrink

A 4 A 4
W ater enters between clay layers Water leaves from among mineral
lavers
A 4
{ Activation of swelling operation ] { Activation of shrinking operation }

A 4
) Compression of materials Subsidence of the ground ]
Uplift of the ground

A 4

Maybe are caused microseismic (3—4)
magnitude.

Figure.117 Cycle of swelling and shrinking of clay minerals
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3.11. Impact and interference of faults movement with fluctuation of
groundwater level on land deformation
The effect of the groundwater level on land deformation has been discussed in detail
previously; however, many other parameters may play an important role in land
deformation and should be discussed separately. One of these parameters is the
movement of faults, and although this parameter has been discussed in detail in the
chapter on impact faults and earthquakes, the interference of this factor with
groundwater level fluctuation and its’ impact on land deformation should be
discussed, because movement on faults, whether slow (fault creep) or sudden
(earthquake), represents a serious problem (Tocher, 1958 ). It is worth mentioning that
many normal faults are distributed within the study area. The interference effects of
these faults on land deformation will be discussed using a probability approach,
because no statistical correlation or model building has been done between land
deformation and fault movement. Consequently land deformation behaviour may be
attributable to fault movement behaviour. The same point candidates of PSI which
were discussed previously in relation to the effect of groundwater level fluctuation of
two tracks, ascending and descending, will be discussed in a theoretical correlation

with the fault movement effect.

3.11.1.Ascending track 143

The name of each borehole will be mentioned, representing the point candidates of

PSI which are located around it.

3.11.1.2. AD6

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 70) Subsidence phase behaviour is evident from the
time series of the three point candidates, and this subsidence phase, either at the
beginning or the end of the time series, may be attributable to the location of these
points east of the hanging wall side of the normal fault, with distances varying
between 1.73 and 1.95 km between the three point candidates and the normal fault

trace, as shown in Figure 118.
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3.11.1.3. AG10

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 74). Subsidence phase behaviour is evident from the
time series of the three point candidates, and this subsidence phase, either at the
beginning or the end of the time series, may be attributable to the location of these
points north of the hanging wall side of the normal fault, with distances varying
between 1.72 and 2.0 km between three point candidates and the normal fault trace, as

shown in Figure 119.

3.11.14. PZ1

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 78). Subsidence phase behaviour is evident from the
time series of the three point candidates, and this subsidence phase is observed at the
end of the time series and may be attributable to the location of these points north of
the hanging wall side of the normal fault, with distances varying between 0.24 and
0.47 km between three point candidates and the normal fault trace, as shown in Figure

120.

3.11.1.5. SR29

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 82). Subsidence and uplift phase behaviour is evident
from the time series of the three point candidates. The subsidence phase may be
attributable to the location of point candidates northeast of the hanging wall side of
the normal fault, with distances varying between 2.8 and 3.10 km between three point
candidates and the normal fault trace. The uplift phase may be attributable to the
location of point candidates southwest of the footwall side of the normal fault, with
distances varying between 0.49 and 0.75 km between three point candidates and the

normal fault trace, as shown in Figure 121.

3.11.1.6. SR35

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 86). Subsidence and uplift phase behaviour is evident

from the time series of the three point candidates. For the point candidate with number
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41577, the subsidence phase may be attributable to the location of the point candidate
north of the hanging wall side of the normal fault, with a distance of 0.1 km between
the point candidate and the normal fault trace. The subsidence may also be
attributable to the location of the point candidate southwest of the hanging wall side
of the normal fault, at a distance of 2.8 km between the point candidate and the
normal fault trace. However, the uplift phase of the same point may also be
attributable to the location of the point candidate south of the footwall side of the
normal fault, with a distance of 2.7 km between the point candidate and the normal

fault trace.

Concerning the point candidates with numbers 41078 and 40781, the subsidence
phase may be attributable to the location of the point candidates north of the hanging
wall side of the normal fault, at distances varying between 2.85 and 2.89 km between
the point candidates and the normal fault trace. However, the uplift phase of the same
points may also be attributable to the location of the point candidates south of the
footwall side of the normal fault, at distances varying between 0.1 and 0.14 km

between the point candidates and the normal fault trace, as shown in Figure 122.

3.11.1.7. SR72

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 90). Subsidence and uplift phase behaviour is evident
from the time series of the three point candidates. The subsidence phase may be
attributable to the location of the point candidates northeast of the hanging wall side
of the normal fault, with distances varying between 3.0 and 3.77 km between the three

point candidates and the normal fault trace, as shown in Figure 123.

3.11.1.8. SR77

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 94). Subsidence and uplift phase behaviour is evident
from the time series of the three point candidates. For the point candidates with
numbers 35265 and 34800, the subsidence phase may be attributable to the location of
the point candidates east of the hanging wall side of the normal fault, with distances
varying between 0.34 and 0.44 km between the point candidates and the normal fault

trace. For the point candidate with number 33920, the subsidence phase may be
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attributable to the location of the point candidate north of the hanging wall side of the
normal fault, with a distance of 0.40 km between the point candidate and the normal
fault trace. However, the uplift phase of the same point may also be attributable to the
location of the point candidate southwest of the footwall side of the normal fault, with
a distance of 0.45 km between the point candidate and the normal fault trace, as

shown in Figure 124.
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Figure.118 Location of point candidates of PSI of the borehole AD6 corresponding
to the normal fault
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Figure.119 Location of point candidates of PSI of the borehole AG10 corresponding to the normal
fault
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3.11.2.Descending track 279

The name of each borehole will be mentioned, representing the point candidates of

PSI which are located around it.

3.11.2.1. SR72

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 98). Subsidence and uplift phase behaviour is evident
from the time series of the three point candidates. The subsidence phase may be
attributable to the location of the point candidates east of the hanging wall side of the
normal fault, with distances varying between 1.15 and 3.31 km between the three

point candidates and the normal fault trace, as shown in Figure 125.

3.11.2.2. SR77

The behaviour of three point candidates in relation to groundwater level has been
mentioned previously (Figure 102). Subsidence and uplift phase behaviour is evident
from the time series of the three point candidates. For the point candidates with
numbers 184117 and 185134, the subsidence phase may be attributable to the location
of the point candidates east of the hanging wall side of the normal fault, with
distances varying between 0.33 and 0.42 km between the point candidates and the
normal fault trace. For the point candidate with number 189118, the subsidence phase
may be attributable to the location of the point candidate north of the hanging wall
side of the normal fault, with a distance of 0.41 km between the point candidate and
the normal fault trace. However, the uplift phase of the same point may also be
attributable to the location of the point candidate south of the footwall side of the
normal fault, with a distance of 0.50 km between the point candidate and the normal

fault trace, as shown in Figure 126.
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3.12. Interference impact of lithology with groundwater level fluctuation
on land deformation
The effect of groundwater level on land deformation has been discussed in detail
previously; however, many other parameters apart from groundwater level fluctuation
and fault movement may play an important role in land deformation and should be
discussed separately. One such parameter is the type of lithology; however, this has
been discussed in detail in chapter on the impact of lithology on land deformation.
Nevertheless, the interference of this factor with groundwater level fluctuation on land
deformation should be discussed. The influence of lithology type will be discussed

theoretically, because no statistical correlations have been built or created.

3.12.1.Ascending track 143

Point candidates located around boreholes AD6, SR29, SR35, SR77 and SR72 overlie
alluvial deposits. This formation consists mostly of loose fluvial material, and
consequently these deposits are particularly prone to subsidence. Subsidence phase
behaviour may be attributable to the influence of lithology type, aside from the
influence of other factors such as groundwater level and fault movement; however, it
is not straightforward to determine the influence of lithology separately from that of
other factors within this study due to the absence of statistical correlation between

ground deformation and lithology.

Regarding the point candidates of PSI which are located around the borehole AG10,
each one overlies a different lithology type. The point candidates with numbers 67381
and 66220 are located over old talus, scree and torrent terraces, usually with carbonate
cement of the Pleistocene age. This type of lithology may appear to be resistant to
subsidence or uplift due to the presence of the cemented material; nevertheless
subsidence and uplift phases are evident from the time series behaviour of ground
deformation of these two point candidates. This may be evidence of the influence of
groundwater level fluctuation on land deformation or fault movement. Point candidate
number 66379 overlies the middle Triassic Jurassic. This lithology type, depending on
its material, may appear to be resistant to subsidence and uplift; however, the
behaviour of two deformation phases is evident from the time series of ground
deformation of the point candidate. This may be attributable to the influence of

groundwater level fluctuation on land deformation and fault movement.
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The point candidates located around the borehole PZ1 overlie a lithology of old talus
cones, scree and torrent terraces of the Pleistocene age. This type of lithology may
appear to be resistant to subsidence or uplift due to the presence of cemented material;
nevertheless subsidence and uplift phases are evident from the time series behaviour
of ground deformation of these point candidates. This may be evidence of the

influence of groundwater level fluctuation or fault movement on land deformation.

3.12.2.Descending track 279

The point candidates located around boreholes SR72 and SR77 overlie alluvial
deposits. This formation consists mostly of loose fluvial material; therefore these
deposits are particularly prone to subsidence. Consequently, the subsidence phase
behaviour may be attributable to the influence of lithology type, aside from the

influence of other factors such as groundwater level and fault movement.
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Chapter Four: Impact of faults movement and earthquakes on ground
deformation

4.1. Introduction to faults movement and earthquakes

Faults and earthquakes as results of fault movements have an important influence on
ground deformation, concerning natural hazards. These parameters may play an
important role in influencing ground deformation within the study area, and in
consequence should be discussed separately. The reason is that movement on faults,
whether slow (fault creep) or sudden (earthquake), represents a serious problem

(Tocher, 1958).

Thessaly region is characterised by considerable neo-tectonic activity. The known
active faults are normal and WNW-trending, indicating a NNE extension. The Rodia
fault system is composed of several segments characterized by different directions and
ages that are described and tentatively analysed here; the fault zone has a general E-W
to ESE-WNW direction and bounds to the north the Tyrnavos Low, where the
Palaeozoic substratum is in direct contact with Pliocene and mainly Quaternary

deposits (Caputo, 1993).

(Caputo and Pavlides, 1993) found that the palacogeography persisted until the Late
Pliocene (Early Pleistocene), when the NE-SW-oriented extension broke up the area
and created the Thessalian System, which is a NW-SE trending basin and range
system. It consists of a series of structural highs and lows, bounded by major normal
faults. The fault pattern of the region is much more complicated, because the area has
suffered several different tectonic events, both compression and extensional. Probably
because both the latest tectonic events have been extensional, most of the large
mapped faults are normal and several of them are active. This bias could also be due
to the fact that normal faults usually create more prominent and persistent
morphological features than a reverse fault or a thrust. Normal faulting and structural
blocks are widespread in Thessaly. They have two principal trends. The NW-SE trend
is the most dominant on a regional scale, but it is not so well defined by major faults
and just a few of the NW-SE trending major faults can be clearly mapped in the field.
Nevertheless, the basin and range-like Thessalian System is generated by this fault
set. In contrast, the E-W to ESE-WNW trending fault system is easily observed in the

field. Its large-scale morphological features are much less prominent then the NW-SE
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trending ones, but equally evident. Examples are the Almyros and the Vasilika Basins,
the Trikala and the Tyrnavos Lows and the Chalkodoni High. Additionally, (Caputo
and Pavlides, 1993) noted that the density and distribution patterns of Thessaly faults
in the northern and southern sectors do not differ significantly. Also, if we consider
the important parameter of the long-term slip-rate which has been estimated for most
of the faults, the recent morphotectonic activity of the region seems uniform and

similar for the two sectors.

(Caputo et al., 2004) carried out a palacoseismological investigation along the
Tyrnavos Fault, an ESE-WNW trending, north-dipping normal fault representing one
of the major tectonic structures bordering the Late Pleistocene—Holocene Tyrnavos
Basin of northern Thessaly in central Greece. According to their geological,
structural, morphotectonic and geophysical researches, the Tyrnavos Fault can be

geometrically and kinematically characterised as a typical Aegean-type active fault.

(Caputo and Helly, 2005) mentioned that the Rodia Fault is one of the major Middle-
Late Quaternary faults separating the Tyrnavos Basin from the Gonnoi Horst,
Thessaly. In addition, they mentioned that the important aspects to be taken into
account are firstly, that it is noteworthy that Larissa town, which is the third largest in
Greece, is located only (15-20) km from the possible future epicentre of a strong
earthquake; secondly, many houses were constructed before the 1970s and 1980s, and
therefore earlier than any major antiseismic criteria were introduced in 1953. As a
direct consequence, the vulnerability of these buildings is potentially high. Finally,

they suggest that the seismic risk in this sector of Thessaly is probably very high.

(Caputo et al., 2011) have found that most of the faults affecting the Tyrnavos basin
are capable of producing damage to the Great Theatre of Larissa, though not all of
them are capable of generating the same distribution of cumulative gaps openings in

the walls.

The palacoseismological investigation substantiates the Late Pleistocene to Holocene
morphogenic activity of the Tyrnavos Fault, showing a seismotectonic evolution
characterized by numerous morphogenic earthquakes during the latest Pleistocene—
Holocene times. According to the available data, the recurrence interval for major

earthquakes capable of producing some tens of centimetres of vertical displacement

220



Chapter Four: Impact of faults movement and earthquakes on ground deformation

along this sector of the fault is in the range of some thousands of years, say 2—4 ka

(Caputo et al., 2006).

(Caputo, 1995) mentioned that, taking into account the epicentral distribution of the
present century, an apparent anomaly is evident for Thessaly. In the southern sector,
seismic activity is widespread, while in the northern sector it is almost completely
absent. It is also important to note that both large (M > 6.0) and moderate (4.0 <M ~
6.0) size earthquakes follow this distribution. Therefore, two possible and alternative
solutions may be proposed to explain this pattern. First, a northern rigid, independent
and non-deforming block exists or, second, the northern region represents a large
seismic gap. In particular, if we take into account major shocks which have occurred
during the last decades, and who’s associated morphogenic faults have been
identified, the same geographically N-S diversified seismic behaviour is manifest.
With the exception of the 1941 Larissa earthquake (Ms = 6.1), all the seismic events

with magnitude higher than (6.0) occurred in the southern sector.

(Caputo et al., 2011) mentioned that the instrumental record starts in 1911 and lists
nine earthquakes with magnitudes of 6.0 or above. The strongest among these was the
1954 Sophades earthquake, with a surface wave magnitude of Ms = 6.7. In addition,
regarding the Larissa settlement, they mentioned that Larissa, the capital of Thessaly,
is located in the eastern part of Central Greece, at the southern border of a Late
Quarternary graben, the Tyrnavos Basin. Palaeoseismological, morphotectonic, and
geophysical investigations as well as historical and instrumental records show
evidence of seismic activity in this area. Previous investigations have documented the
occurrence of several moderate to strong earthquakes during the Holocene time on

active faults, with recurrence intervals of a few thousand years.

4.2. Results and Discussions

In order to examine and investigate the correlation between fault movements and
ground deformation by implementing three techniques, conventional SAR
interferometric, interferometric stacking and persistent scatterers interferometry (PSI),
fault traces which are distributed within the study area of the eastern part of northern
Thessaly were digitized from the papers by (Caputo, 1993), (Caputo and Pavlides,
1993), (Caputo et al., 1994), (Caputo et al., 2004), (Caputo and Helly, 2005) and
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(Caputo et al., 2006). Thereafter these were corrected and rectified depending on 7
geological maps of Thessaly at a scale of 1:50,000 issued by the Greek Institute of
Geology and Mineral Exploration, which were used along with field observations.
The maps cover Larissa, Farkadona, Platykampos, Gonnoi, Trikala, Rapsani, and
Sofades. In addition, by using a seismotectonic map of Greece with seismogeological
data at a scale of 1:500,000, a shape file was consequently created and identified
utilizing GIS software ArcGIS 9.3. Table 39 shows the surface location and principal

geometrical parameters of the active faults.

According to the Greek Seismic Code (EAK, 2000), Greece is divided into three
seismic hazard zones. The study area is located in the second zone, where the design
acceleration on seismic bedrock is assigned as 0.24g. Figure 127 shows the New

Seismic Hazard Map of Greece.

Note that it is necessary also to map the earthquake events which have occurred
within the study area in order to recognize the activity of faults, since without the
presence of faults there would be no earthquake events, and furthermore to correlate
and forecast the influence of fault movements and earthquakes on ground

deformation.

Earthquake events data within the study area were collected by utilizing the
earthquake catalogue of the (Institute of Geodynamics), National Observatory of
Athens, and an attribute table was then created from this catalogue. Consequently, a
shape file of earthquake events was created utilizing Arc GIS 9.3 for the period 1964
— 2010 with magnitude M >= 3 and depth varying between 0 — 30 km. The
distribution of faults and earthquake epicentres within the study area is depicted in
Figure 128. It can be seen that within the study area the eastern part of northern
Thessaly has not experienced earthquakes with magnitude M > 4, as shown in Table

40.
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Table 39. Fault parameters from (Caputo et al., 2011)

Fault Latitude | Longitude | Length (km) | Width ( km) Dip strike
Rodia RF 39.83°N | 22.25°E 15 10 50°8S 109
Ghyrtoni GF | 39.74°N | 22.44°E 12 60 ° S 101-
Tyrnavos TF | 39.73°N | 22.16°E 13 9 50N | 282
Larissa LF | 39.66°N | 22.23¢E 18 12 60°N | 2850
Asmaki AF | 39.66°N | 22.49°E 10 7 60°N | 272
Dimitra DF | 39.69°N | 22.49°E 10 7 60°N | 276°
Kastri KF 39.63°N | 22.53¢E 12 8 60°N | 269°

Surface location and principal geometrical parameters of the active faults in the simplified
seismotectonic model of the Tyrnavos Basin. Latitude and longitude are referred to the western corner
of the fault trace. Dip and strike are in the convention of Aki and Richards’ (1980) source orientation
for all earthquakes.
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Figure.127 Map of New Seismic Hazard of Greece (EAK, 2000)
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Table 40. List of earthquakes which occurred from 1964 — 2010 in the northern part

of eastern Thessaly data from (Institute of Geodynamics ), National Observatory of
Athens

Time Latitude Longitude Depth | Magnitude
1958 3.0 39,80 22,30 0 4
16 16 58.7 39,60 21,90 0 4
231611.0 39,75 22,00 0 3
03 38 34.0 39,75 22,50 0 3
1057 6.0 39,70 22,10 0 4
0533 5.0 39,75 22,25 0 4
2212 48.0 39,50 22,20 0 3
00 14 40.0 39,40 22,40 0 3
20 26 46.0 39,50 22,10 0 3
06 00 24.0 39,70 22,30 0 4
025811.0 39,60 22,70 0 3
06 3122.0 39,40 22,40 0 4
10 05 24.0 39,50 22,30 0 3
07 56 18.0 39,60 21,90 0 3
2009 55.0 39,60 22,70 0 3
07 07 46.0 39,60 22,00 0 3
1202 51.0 39,40 22,20 0 5
22 44 40.0 39,40 22,00 0 4
123142.0 39,90 22,10 0 3
1546 9.0 39,40 22,30 0 3
202741.4 39,40 22,00 0 3
19 28 22.7 39,50 22,50 10 4
18 24 33.3 39,40 22,20 10 3
06 34 4.0 39,40 22,00 0 4
17 25 42.0 39,50 22,00 0 3
133727.0 39,70 21,90 0 4
13 07 39.0 39,60 22,00 0 3
231013.5 39,85 22,68 5 3
04 14 55.9 39,53 21,88 6 3
1111 9.5 39,45 22,65 1 3
08 41 19.0 39,47 22,51 1 3
12 04 53.1 39,91 22,38 1 4
06 44 24.5 39,87 22,28 1 3
10 48 32.7 39,81 22,00 28 3
10 49 20.0 39,82 22,05 15 3
03 3140.0 39,77 22,07 9 3
01 2033.3 39,77 22,05 10 3
0202 3.6 39,73 22,25 10 3
00 15 59.7 39,63 22,09 8 3
153231.8 39,40 22,08 4 3
03 57 40.2 39,86 22,30 5 3
2020 24.6 39,89 22,21 5 4
1014 3.5 39,95 22,03 27 4
16 00 36.9 39,92 22,06 5 3
0912 6.9 39,85 22,14 5 3
1444 9.7 39,42 22,18 5 3
1153 1.1 39,56 22,53 10 3
131649.0 39,84 22,26 5 3
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Supplement Table 40. List of earthquakes which occurred from 1964 — 2010 in the
northern part of eastern Thessaly data from (Institute of Geodynamics), National
Observatory of Athens

Time Latitude | Longitude | Depth | Magnitude
18 0021.2 39,87 22,26 5 3
2030 39.4 39,76 21,89 5 4
2325237 39,82 21,90 5 3
0325 173 39,97 22,01 5 3
23 0525.5 39,73 21,89 5 3
2310527 39,70 21,91 5 3
2320 30.9 39,74 21,97 5 3
1735272 39,54 22,43 5 3
2143 30.7 39,39 22,63 29 3
2230 33.8 39,55 22,30 5 3
2015 18.0 39,53 21,98 10 3

21 043 39,60 22,05 5 3
11 08 36.7 39,54 22,05 5 3
2022 8.1 39,55 22,05 5 3
04 31553 39,87 22,03 1 3
0457 2.9 39,96 22,45 1 3
07 02 10.9 39,37 22,54 20 3
12 34 36.5 39,92 22,56 6 4
2322 34.0 39,95 22,49 25 3
1000 6.4 39,97 22,54 7 3
0524 5.9 39,97 22,45 5 3
03 56 33.6 39,52 22,05 17 3
17 36 58.0 40,00 22,00 5 3
17 32 35.6 40,00 22,00 5 3
12 08 42.9 40,00 23,00 10 4
04 48 30.2 40,00 22,00 5 3
1530 36.7 40,00 22,00 10 3
2142 5.2 40,00 22,00 5 3
2003 2.9 39,00 22,00 9 3
0354 2.3 39,49 22,67 10 3
2032 9.6 39,42 22,55 5 3
1522 31.8 39,55 22,64 5 3
20 28 55.7 39,93 22,38 30 3
03 52 58.2 39,92 22,43 13 3
00 07 38.7 39,91 22,55 3
00 33 30.7 39,92 22,51 5 3
12 18 41.7 39,91 22,45 10 3
20 05 40.3 39,38 22,64 5 3
0015 5.6 39,61 22,20 12 4
23 56 54.8 39,71 21,95 5 3
19 5743.9 39,48 22,23 5 3
0303 6.7 39,46 21,85 26 3
014021.2 39,33 22,61 5 3
18 48 44.1 39,38 22,27 10 3
04 58 31.9 39,91 22,03 5 3
2112 50.2 39,42 22,31 10 3
03 41 53.5 39,91 22,16 10 3
08 28 4.4 39,90 22,48 8 3
19 18 58.8 39,80 22,24 5 3
2100 18.9 39,66 22,24 25 3
19 46 58.2 39,93 22,49 7 3
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Supplement Table 40. List of earthquakes which occurred from 1964 — 2010 in the
northern part of eastern Thessaly data from (Institute of Geodynamics), National

Observatory of Athens
Time Latitude | Longitude | Depth | Magnitude
07 06 40.7 39,94 22,35 18 5
07 27 58.7 39,94 22,37 5 3
07 30 19.1 39,82 22,31 5 3
12 29 40.3 39,69 22,32 25 3
2104 12.7 39,95 21,96 10 3
1139 36.9 39,42 22,45 5 3
23 5148.2 39,94 22,43 25 3
19 00 07.8 39,78 21,99 10 3
1241154 39,71 22,09 10 4
00 45 53.6 39,81 22,15 28 3
00 54 55.5 39,78 22,14 28 3
00 58 41.3 39,76 21,99 28 3
01 3022.6 39,80 22,17 27 3
03 50 29.0 39,74 22,02 30 3
04 34 40.5 39,63 22,69 21 3
2359 11.5 39,69 21,90 10 3
2016 23.1 39,36 22,35 24 3
16 47 02.4 39,72 22,68 10 3
17 1533.3 39,42 21,98 10 3
23 46 09.3 39,79 22,06 24 3
1514 25.7 39,96 22,44 17 3
113430.8 39,52 21,90 26 3
17 52 44.0 39,70 21,85 10 3
14 40 07.4 39,89 21,98 25 3
06 23 12.1 39,96 22,45 24 4
1313 07.2 39,58 22,08 15 3
09 28 28.8 39,76 21,90 24 4
01 2537.9 39,56 21,82 5 3
22 5221.7 39,91 21,93 3 3
06 02 46.1 39,91 21,93 5 3
00 20 53.7 39,90 21,99 15 3
00 13 27.7 39,78 22,08 10 3
02 3248.3 39,89 21,90 4 3
12 43 04.6 39,46 22,60 23 3
09 56 39.5 39,90 21,89 5 3
112143.7 39,90 21,90 19 3
06 01 24.6 39,95 22,16 4 3
12 13 28.9 39,74 22,22 4 3
09 01 30.7 39,91 21,97 5 3
09 56 52.3 39,90 21,93 5 3
00 29 50.7 39,75 21,87 20 3
1330 50.3 39,91 21,94 5 3
04 3143.6 39,78 22,29 5 3
01 37 09.8 39,62 22,08 17 3
14 48 35.8 39,35 22,41 19 3
2219 44.4 39,91 22,00 4 3
18 20 57.0 39,88 21,89 3 3
12 04 07.9 39,74 21,91 8 3
0315243 39,88 22,05 4 3
2334 05.0 39,85 22,01 6 3
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Supplement Table 40. List of earthquakes which occurred from 1964 — 2010 in the
northern part of eastern Thessaly data from (Institute of Geodynamics), National
Observatory of Athens

Time Latitude | Longitude | Depth | Magnitude
16 26 42.6 39,76 21,96 10 3
06 29 45.1 39,38 22,37 3 3
08 00 00.8 39,86 22,62 25 4
03 05 35.5 39,91 22,01 10 3
08 1111.2 39,39 22,02 25 3
08 14 27.9 39,36 22,60 19 3
02 3552.5 39,36 22,62 23 3
00 5123.9 39,34 22,60 17 3
10 20 52.0 39,35 22,60 22 3
12 52 31.7 39,38 22,61 4 3
19 16 28.0 39,38 22,61 21 3
12 34 24.7 39,37 22,46 17 3
18 58 06.9 39,37 22,45 20 3
01 13 54.7 39,36 22,47 17 3
12 54 08.8 39,75 22,21 15 3
18 13 34.7 39,65 22,12 17 3
133627.3 39,76 22,61 15 3
23 28 36.4 39,77 22,65 22 3
00 50 06.6 39,51 22,08 17 3
1434 11.7 39,74 22,19 7 3
010121.0 39,48 22,09 5 3
0728 15.4 39,73 22,14 5 3
14 42433 39,56 21,96 24 3
02 40 07.9 39,77 22,22 19 3
03 09 08.9 39,77 22,16 9 3
13 41 44.0 39,43 22,60 21 3
18 42 09.6 39,45 22,61 22 3
12 34 28.3 39,43 22,61 25 3
18 39 48.2 39,40 22,62 19 3
10 33 03.0 39,83 22,72 21 3
0159 32.1 39,51 22,59 3 3
02 09 30.4 39,50 22,60 16 3
0339374 39,68 22,23 5 3
2001 09.9 39,94 22,46 22 3
17 10 44.8 39,63 22,16 15 3
2021 40.2 39,65 22,13 15 3
2045 58.9 39,64 22,15 10 3
03 58 56.5 39,94 22,46 13 3
230321.2 39,85 22,08 5 3
12 22 36.6 39,40 22,60 21 3
2111 50.2 39,39 22,01 29 3
212059.3 39,38 22,01 29 3
2001 11.6 39,90 22,50 6 3
1827 15.0 39,83 22,05 12 3
23 56 54.5 39,83 22,06 4 3
01 23 53.3 39,83 22,27 20 3
18 57 59.9 39,83 22,19 10 3
2248 17.0 39,78 22,61 16 3
0021 20.3 39,78 22,63 21 3
06 54 52.5 39,73 22,08 12 3
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Supplement Table 40. List of earthquakes which occurred from 1964 — 2010 in the
northern part of eastern Thessaly data from (Institute of Geodynamics), National
Observatory of Athens

Time Latitude | Longitude | Depth | Magnitude
0210 14.6 39,42 22,03 20 3
19 47 46.9 39,43 22,01 23 3
112514.6 39,51 22,36 23 3
1145179 39,75 22,16 4 3
18 55 08.3 39,71 21,94 12 3
1859 31.2 39,75 21,93 25 3
19 02 25.9 39,73 21,90 14 3
192241.9 39,75 22,00 18 3
19 38 49.5 39,70 21,95 11 3
07 1243.9 39,33 22,59 28 3
133757.8 39,75 22,00 9 3
00 24 30.9 39,49 21,99 13 3
1512553 39,36 22,51 23 3
17 53 12.6 39,82 22,75 10 3
2342 04.5 39,54 22,71 24 3
23 47 50.0 39,57 22,67 3 3
08 17 36.8 39,76 21,90 24 3
1139255 39,76 21,89 24 3
19 42 32.7 39,77 21,87 16 3
03 40 22.5 39,55 22,68 8 3
04 3749.2 39,53 22,69 6 3
1926 37.4 39,54 22,67 5 3
18 4001.6 39,96 22,59 7 3
18 41223 39,96 22,59 5 3

The interference effects of fault movement on ground deformation will be discussed
and interpreted in a probability approach depending on spatial correlation, for the
reason that no statistical correlation or model-building has been done between ground
deformation and fault movement. In other words, in deformation either subsidence or
uplift may be attributable to the influence of faults movements. Three techniques have
been implemented to identify and investigate the impact of fault movements on

ground deformation using two tracks, ascending and descending.

4.2.1. Ascending track 143

4.2.1.1. Interferometric stacking
The results of the interferometric stacking technique, using an ascending track, were
depicted previously in Figure 10 in the processing chapter. Interferometric stacking

patterns results are confined to the settlements of the study area, without any results

for interferometric patterns within agricultural lands, which is the reverse of the single
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interferogram results. Since interferometric stacking patterns were observed within all
the settlements in the study area, the patterns within each settlement were isolated and
superimposed utilizing an ArcGIS environment to extract statistical results of ground
deformation. Thirty settlements were identified, but just 19 of them were selected to
examine and investigate the influence of faults movement on land deformation. The
reason for selecting these settlements is based on the type of lithology, since each of
the nineteen overlies just one type of lithology, whereas the others all overlie more
than one type of lithology. The minimum and maximum rates of ground deformation,
subsidence and uplift, of each settlement are depicted in Table 41.

Table 41. Minimum and maximum deformation rates in LOS of interferometric
stacking, 1995-2008

Mini Maximum Minimum | Maximum
I.d | Settlements MU gy bsidence | Mean Uplift Uplift Mean
Subsidence
mm mm mm
mm
1 Larissa -0.46 -2.961 -1.710 0.545 6.636 3.276
2 Giannouli -0.131 -3.574 -1.852 0.729 4.171 2.450
3 Chalki -0.208 -2.842 -1.494 0.42 4.317 2.039
4 Eleftheron -0.225 -0.225 -0.224 0.56 3.526 2.066
5 Falanna -0.05 -2.4 -1.048 0.539 3.691 1.832
6 Melissochorion -0.126 -1.713 -0.859 0.567 3.278 1.657
7 Galini -0.10 -0.11 -0.105 0.694 3.692 1.973
8 Platykampos -0.138 -3.027 -1.441 0.527 3.463 1.770
9 Glafki -0.874 -0.9 -0.84 0.146 3.67 1.855
10 Itea -0.131 -4.313 -1.947 0.463 2.946 1.575
11 Fyllon -0. 01 -1.108 -0.551 0.326 3.502 1.598
12 Palamas -0.216 -1.676 -0.945 0.348 3.306 1.497
13 Marathea -0.664 -1.545 -1.104 0.211 2.891 1.371
14 Nikaia -0.75 -0.8 -0.77 0.217 4.269 1.850
15 Terpsithea Null Null Null 0.218 4.384 2.688
16 Tyrnavos -0.178 -1.447 -0.735 0.14 2.504 1.052
17 Rodia -0.036 -0.752 -0.393 0.284 3.109 1.254
18 Mandra -0.086 -1.587 -0.681 0.127 1.316 0.665
19 Eleftherai -0.34 -0.35 -0.345 0.267 3.365 1.552

In the following, the ground deformation of each settlement will be discussed
separately.

4.2.1.1.1. Larissa

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Larissa are shown in Figure 129.
Ground deformation results within the settlement of Larissa indicate that the

subsidence varies in the range - 0.46 — - 2.961 mm/year, while uplift varies in the
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range 0.545 — 6.636 mm/year. Two phase’s patterns for subsidence and uplift are
distributed through the settlement of Larissa. Three big fault traces pass through the
settlement, the first one crossing from the northeast side of the settlement, the second
crossing from the south side, and the third one crossing from south of the settlement’s
border. Interferometric patterns of subsidence are distributed over the northern,
middle and southern parts of the settlement. Subsidence within Larissa may be
attributed to its location, which is on the side of the hanging walls of normal fault
traces in the northern, middle and southern parts of the settlement. Furthermore,
subsidence in the northern part of the settlement may be attributed to the liquefaction
hazard, as found by (Papathanassiou and Christaras, 2008), who found that the
northern part of the city, taking a probability approach of 50%, can be defined as the
boundary between the occurrence and non-occurrence of liquefaction-induced ground
disruption, and in two areas surface evidence of liquefaction is likely to occur for
these earthquake parameters. It is worth mentioning that this applies to all the
following results for subsidence in the northern part of the settlement, in all
techniques and tracks. In addition, the uplift patterns which are distributed in the
northern, middle and southern parts of the settlement may also be attributed to their

location, which is at the side of the footwalls of the normal fault traces.
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Figure.129 Total deformation at Larissa estimated with interferometric stacking technique, June
1995-March 2008

4.2.1.1.2. Giannouli

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Giannouli are shown in Figure 130.
Ground deformation results within Giannouli settlement indicate that the subsidence
varies in the range -0.131 — -3.574 mm/year, while the uplift varies in the range 0.729
— 4.171 mm/year. Two phase patterns for subsidence and uplift are observed
distributed all over the settlement, which is located southwest of a normal fault trace.
The interferometric pattern of subsidence is distributed over the northern, western and
southern parts of the settlement, whereas slight subsidence patterns are observed in
the southeastern and central eastern parts. Uplift patterns are concentrated along the
eastern, northeastern, and southeastern parts of the settlement. Subsidence may be
attributed to the impact of other effects of fault movement, while uplift may be
attributed to the location of the settlement 1.13 km southeast of the footwall of a
normal fault trace, and possibly for that reason the uplift patterns are observed on the

opposite side of the footwall.
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Figure130. Total deformation at Giannouli estimated with interferometric stacking technique,
June 1995-March, 2008

4.2.1.1.3. Chalki

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Chalki are shown in Figure 131.
Ground deformation results within the settlement of Chalki indicate that the
subsidence varies in the range -0.208 — -2.842 mm/year, while uplift varies in the
range 0.42 — 4.317 mm/year. A normal fault is crossed and interrupted by the
settlement from the northwest to the southeast. Two phase patterns for subsidence and
uplift are observed distributed over the whole settlement. Subsidence is observed in
the northeastern and eastern parts of the settlement, which may be attributed to the
location of these parts in the side of the hanging wall of a normal fault trace. The
uplift patterns which are observed distributed in the northern, central and southern
parts of the settlement may be attributed to the location of these parts in the side of the
footwall of the same normal fault trace. The patterns of subsidence which are

observed in the eastern and central parts of the settlement may be attributed to the
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location of the settlement 3.5 km east of the hanging wall of another normal fault

trace.
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Figurel131. Total deformation at Chalki estimated with interferometric stacking technique, June
1995-March 2008

4.2.1.1.4. Eleftheron

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Eleftheron are shown in Figure 132.
Ground deformation results within Eleftheron settlement indicate that the subsidence
varies in the range -0.225 — -0.225 mm/year, while uplift varies in the range 0.556 —
3.526. The settlement is located in the middle of four normal faults; the first is located
0.33 km to the north, the second is 1.66 km to the south, and the third and fourth
faults are located 2.4 km west and 4.7 km east respectively. Subsidence patterns are
observed on the southwestern side as well as appearing slightly in the middle of the
settlement. Subsidence in the southwestern part of the settlement may be attributed to
its location south of the hanging wall of a normal fault trace, as mentioned above,

while the subsidence observed in the middle and northwest of the settlement may be
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attributed to other impact factors, because this part of the settlement is located south
of the footwall of a normal fault trace. Uplift is observed along the northeastern and
southwestern border of the settlement, which may be attributed to the location of the

settlement south of the footwall of a normal fault trace.
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Figure.132 Total deformation at Eleftheron estimated with interferometric stacking technique,
June 1995-March 2008

4.2.1.1.5. Falanna

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Falanna are shown in Figure 133.
Ground deformation results within Falanna settlement indicate that the subsidence
varies in the range -0.05 — -2.34 mm/year while the uplift varies in the range 0.539 —
3.691 mm/year. The settlement is located 3.17 km east of a normal fault trace, and is
furthermore located northeast of another normal fault trace. Subsidence patterns are

concentrated in the middle, middle-east and middle-west of the settlement and slight
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subsidence also appears in the northern part of the settlement. Uplift patterns are
observed in the northern and southern parts of the settlement. Subsidence in the
middle of the settlement may be attributed to the location of the settlement in the
eastern part of the hanging wall of a normal fault trace, as mentioned above, whereas

the uplift may be attributed to other impact factors.
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Figure.133 Total deformation at Falanna estimated with interferometric stacking technique, June
1995-March 2008

4.2.1.1.6. Melissochorion

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Melissochorion are shown in Figure
134. Ground deformation results within Melissochorion settlement indicate that the
subsidence varies in the range -0.126 — -1.713 mm/year, while uplift varies in the
range 0.567 — 3.278 mm/year. The settlement is located 2.7 km south of a normal fault
trace, and is furthermore located 2.6 km east of another normal fault trace. Subsidence

patterns are concentrated in the western, middle, and northeastern parts of the

236




Chapter Four: Impact of faults movement and earthquakes on ground deformation

settlement, while uplift patterns are distributed northwest and southwest of the
settlement. Subsidence may be attributed to the location of the settlement east of the
hanging wall of a normal fault trace, whereas uplift may be attributed to the location
of the settlement at the southern part of the footwall of a normal fault trace, as

mentioned above.
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Figure.134 Total deformation at Melissochorion estimated with interferometric stacking technique,
June 1995- March 2008

4.2.1.1.7. Galini

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Galini are shown in Figure 135.
Ground deformation results within Galini settlement indicate that the subsidence
varies in the range -0.10 — -0.11 mm/year, while uplift varies in the range 0.694 —
3.692 mm/year. The settlement is located 0.17 km south of a normal fault, while
another normal fault trace crosses the settlement from the southeast to the southwest.
Subsidence patterns are concentrated in the middle and southern parts of the

settlement, while slight subsidence patterns are observed in the northern part. Uplift
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patterns are distributed along the northern border of the settlement, as well as in the
middle-east and middle-west and southeastern parts of the settlement. Subsidence may
be attributed to the location of the affected area in the side of the hanging wall of a
normal fault trace. However, subsidence in the side of the footwall of the normal fault
trace which crosses the settlement from the south may be attributed to another impact
factor. Uplift along the northern part of the settlement may be attributed to its location
south of the footwall of a normal fault trace, and the same applies to the uplift which

is observed in the southeastern part of the settlement.
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Figure.135 Total deformation at Galini estimated with interferometric stacking technique, June 1995
- March 2008

4.2.1.1.8. Platykampos

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Platykampos are shown in Figure 136.
Ground deformation results within Platykampos settlement indicate that the
subsidence varies in the range -0.138 — -3.027 mm/year, while uplift varies in the

range 0.527 — 3.463 mm/year. The settlement is located 0.35 km south of a normal
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fault trace, while another normal fault trace crosses the settlement from the upper
middle-east to the west of the settlement. Subsidence patterns are distributed through
the whole settlement, while slight uplift patterns are observed in the northern,
northeastern, western and middle, and southern parts of the settlement. Subsidence in
the northern part may be attributed to the location of the affected area in the side of
the hanging wall of a normal fault trace, but subsidence in the middle and southern
parts of the settlement, although observed in the side of the footwall of a normal fault
trace which crosses the settlement from the east, may nevertheless be attributed to
another impact factor. Whereas uplift in the northern, northeastern and middle parts of
the settlement may be attributed to its location south of the footwall of a normal fault
trace which is located north of the settlement, as mentioned above, the uplift in the
southern part of the settlement may be attributed to its location on the side of the

footwall of a normal fault trace which crosses the settlement from the east.
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Figure136. Total deformation at Platykampos estimated with interferometric stacking technique, June
1995-, March 2008

239




Chapter Four: Impact of faults movement and earthquakes on ground deformation

4.2.1.1.9. Glafki

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Glatki_are shown in Figure 137.
Ground deformation results within Glafki_ settlement indicate that the subsidence
varies in the range -0.874 — -0.9 mm/year, while uplift varies in the range 0.146 — 3.67
mm/year. The settlement is located 0.88 km south of a normal fault trace. Slight
subsidence patterns are observed in the northern, western, eastern and southern parts
of the settlement, whereas uplift patterns are concentrated in the northern, middle and
middle-western parts of the settlement. Uplift may be attributed to the location of the
settlement on the southern part of the footwall of a normal fault trace. However,

subsidence may be attributed to another impact factor.
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Figurel37. Total deformation at Glaftki estimated with interferometric stacking technique, June 1995
- March 2008
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4.2.1.1.10. Itea

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Itea are shown in Figure 138. Ground
deformation results within Itea settlement indicate that the subsidence varies in the
range -0.131 — -4.313 mm/year, while uplift varies in the range 0.463 — 2.946
mm/year. The settlement is located 2.3 km southwest of a normal fault. Subsidence
patterns are distributed through all parts of the settlement. Furthermore, uplift patterns
are also observed over almost all of the settlement. Subsidence may be attributed to its
location southwest of the hanging wall of a normal fault trace, as mentioned above.

However, uplift may be attributed to another impact factor.
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Figure. 138 Total deformation at Itea estimated with interferometric stacking technique, June 1995 -
March 2008
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4.2.1.1.11. Fyllon

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Fyllon are shown in Figure 139.
Ground deformation results within Fyllon settlement indicate that the subsidence
varies in the range -0.01 — -1.108 mm/year, while uplift varies in the range 0.326 —
3.502 mm/year. No fault traces have been observed around this settlement; in other
words, this settlement has not been affected by fault movements. Slight patterns of
subsidence and uplift can be observed distributed within the settlement: these may be

attributed to another impact factor.
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Figure. 139 Total deformation at Fyllon estimated with interferometric stacking technique, June 1995 -
March 2008

4.2.1.1.12. Palamas

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Palamas are shown in Figure 140.

Ground deformation results within Palamas settlement indicate that the subsidence
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varies in the range -0.216 — -1.676 mm/year, while uplift varies in the range 0.348 —
3.306 mm/year. No fault traces have been observed around this settlement; in other
words, this settlement has not been affected by fault movements. Subsidence patterns
can be observed over almost all the settlement. Uplift patterns are observed in the
northeast and less clearly in the middle and northwestern parts of the settlement.
Subsidence and wuplift are not attributed to the impact of fault movement;

consequently, this deformation is attributed to some other impact factor.

e
=]
g
g
2

4368800

3 mm/yrpercycle 0

590000 591000 592000 593000 594000 595000

Figure. 140 Total deformation at Palamas estimated with interferometric stacking technique, June
1995 - March 2008

4.2.1.1.13. Marathea

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Marathea are shown in Figure 141.
Ground deformation results within Marathea settlement indicate that the subsidence
varies in the range -0.664 — -1.545 mm/year, while uplift varies in the range 0.211 —
2.891 mm/year. The settlement is located 2.6 km west of a normal fault trace.
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Subsidence patterns are observed across the whole settlement, while uplift patterns are
slightly observed in the middle-north, eastern, western and southern parts of the
settlement. Uplift may be attributed to the location of the settlement west of the
footwall of a normal fault trace, as mentioned above, whereas subsidence may be

attributed to another impact factor.
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Figure.141 Total deformation at Marathea estimated with interferometric stacking technique, June
1995 - March 2008

4.2.1.1.14. Nikaia

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Nikaia are shown in Figure 142.
Ground deformation results within Nikaia settlement indicate that the subsidence
varies in the range -0.75 — -0.8 mm/year, while uplift varies in the range 0.217 —4.269
mm/year. The settlement is located 0.9 km southwest and 1.68 km west of two normal

faults. It is additionally located 4.0 km northeast of another normal fault, although the
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potential impact of this fault may be low, given the greater distance between the
settlement and the fault trace. Subsidence patterns are distributed across the north,
middle, middle-east and middle-west of the settlement, whereas uplift patterns are
distributed across the northeast and northwest of the settlement, in addition to which
they are concentrated in the southern part of the settlement. Subsidence may be
attributed to another impact factor of fault movements. However, the uplift
particularly in the northern part of the settlement may be attributed to the location of

the settlement southwest of the footwall of a normal fault, as mentioned above.
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Figure.142 Total deformation at Nikaia estimated with interferometric stacking technique, June 1995 -
March 2008

4.2.1.1.15. Terpsithea

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Terpsithea are shown in Figure 143.

Ground deformation results within Terpsithea settlement indicate that there is no
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subsidence, while uplift varies in the range 0.218 — 4.384 mm/year. The settlement is
located 0.77 km south of a normal fault, and 0.86 km northeast of another normal
fault. Although the rate of subsidence is nil, nevertheless patterns are slightly visible
distributed over the northern, middle and southern western parts of the settlement,
which may indicate the activity of a fault which is located southwest of the settlement.
Uplift patterns are observed over the whole settlement, which may be attributed to the
location of the settlement south of the footwall of a normal fault trace, as mentioned

above.
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Figure 143 Total deformation at Terpsithea estimated with interferometric stacking technique, June
1995 - March 2008

4.2.1.1.16. Tyrnavos

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Tyrnavos are shown in Figure 144.

Ground deformation results within Tyrnavos settlement indicate that the subsidence
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varies in the range -0.178 — -1.447 mm/year, while uplift varies in the range 0.14 —
2.504 mm/year. The settlement is located 3.5 km north and 2.57 km southwest of two
normal faults respectively. Subsidence patterns are distributed over the middle,
northern, western and southwestern parts of the settlement. Uplift patterns are
concentrated in the eastern and southeastern parts of the settlement, but are also
observed in the northern and northwestern parts of the settlement. Subsidence may be
attributed to the location of the settlement north of the hanging wall of a normal fault
trace, while uplift may be attributed to the location of the settlement southwest of the

footwall of another normal fault trace, as mentioned above.
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Figure144. Total deformation at Tyrnavos estimated with interferometric stacking technique, June
1995 - March 2008

4.2.1.1.17. Rodia

The results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Rodia are shown in Figure 145.
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Ground deformation results within Rodia settlement indicate that the subsidence
varies in the range -0.036 — -0.752 mm/year, while uplift varies in the range 0.284 —
3.109 mm/year. The settlement is located 0.995 km south and 0.123 km west of two
normal faults respectively. Subsidence patterns are approximately distributed over the
whole settlement, in the eastern, northeastern, southeastern, and less so in the
northwestern parts of the settlement, whereas uplift patterns are slightly observed in
the northeastern, northwestern and eastern parts of the settlement, and are in addition
more visible in the southeastern, middle and southwestern parts. Subsidence may be
attributed to the location of the settlement south and west of the hanging walls of two

normal fault traces, while uplift may be attributed to another impact factor.
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Figure.145 Total deformation at Rodia estimated with interferometric stacking technique, June 1995 -
March 2008
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4.2.1.1.18. Mandra

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Mandra are shown in Figure 146.
Ground deformation results within Mandra settlement indicate that the subsidence
varies in the range -0.086 — -1.587 mm/year, while uplift varies in the range 0.127 —
1.316 mm/year. The settlement is located 4.12 km south and 4.57 km west of two
normal faults. Subsidence patterns are slightly observed in the northern, northwestern,
and northeastern parts of the settlement. Uplift patterns are distributed approximately
all over the settlement. Subsidence may be attributed to another impact factor, while
uplift may be attributed to the location of the settlement to the south and west of the

footwalls of two normal fault traces, as mentioned above.
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Figure146. Total deformation at Mandra estimated with interferometric stacking technique, June 1995
- March 2008
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4.2.1.1.19. Eleftherai

The results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Eleftherai are shown in Figure 147.
Ground deformation results within Eleftherai settlement indicate that the subsidence
varies in the range -0.34 — -0.35 mm/year, while uplift varies in the range 0.267 —
3.365 mm/year. The settlement is located 2.45 km southwest of a normal fault.
Subsidence patterns are observed distributed all over the settlement. Uplift patterns
are observed also. Subsidence may be attributed to some other impact factor, while
uplift may be attributed to the location of the settlement southwest of the footwall of a

normal fault trace, as mentioned above.
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Figurel47. Total deformation at Eleftherai estimated with interferometric stacking technique, June 1995
- March 2008
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4.2.1.2. Conventional SAR Interferometry

A conventional technique of SAR interferometry was implemented to investigate the
deformation and to ascertain whether it is attributable to the impact of fault
movements or to the seasonal impact which results from any other impact factor,

taking into account the short temporal period.

A single differential interferogram  with a  short temporal period
(19960228 19960403) was chosen within this track, as depicted previously in Figure
9, additionally the parameters of this interferogram are depicted in Table 5 in the
chapter on processing. The settlement of Larissa was selected to verify the impact of
fault movements on ground deformation. The reason for this is that the settlement is
the largest one in the study area, and furthermore three normal faults cross the
settlement, as mentioned before. A 7 km cross-section was created across the
settlement from northeast to southwest. This additionally crosses the three normal
faults so as to be able to extract the ground deformation along the cross-section, and
thereafter to create a histogram by correlating the displacement with distance for each
0.5 km along the section. Figure 148 shows the single differential interferogram,
indicating the settlement of Larissa relative to the cross-section. Table 42 shows the

displacement and distance along the cross-section.
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Figure148. Conventional interferogram corresponding to a 7 km cross-section of Larissa in the period
19960228 19960403

Table 42 Displacement field as observed by conventional interferometry within a 7
km Larissa cross-section, in the period 19960228 19960403 (35 days)

I.d Distance (km) Displacement (mm)
1 0.5 -1.004
2 1 1.212
3 1.5 1.639
4 2 2.03
5 2.5 2.252
6 3 2.804
7 3.5 1.857
8 4 2.109
9 4.5 1.378
10 5 1.022
11 5.5 0.752
12 6 5.739
13 6.5 0.967
14 7 0.529

The behavior of the ground displacement along the cross-section is depicted in Figure

149. The behavior of ground displacement with distance along the cross-section
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begins with subsidence then changes to uplift; however, fluctuation of the ground
displacement is evident in between the fault traces. Subsidence can be observed to the
side of the hanging wall of the first normal fault trace, which is located northeast of
Larissa. Subsequently, a change in status from subsidence to uplift is observed,
followed by an increase of the uplift that can be observed in the side of the footwall of
the same fault trace. Gradually the uplift displacement decreases towards the hanging
wall of the second normal fault trace, which crosses Larissa from the southern part.
Thereafter an abrupt increase of uplift is observed in the side of the footwall of the
same fault trace, followed by a sharp decline of uplift in the side of the hanging wall

of the third normal fault trace.

The change of status from subsidence to uplift and the fluctuation of uplift along the
cross-section in between the three normal fault traces very probably indicate the

influence of fault movement, in spite of the short period.

Displacement mm/LOS
N

NE Distance Km SW

Figure149. Spatial profile showing the displacement field as observed by conventional interferometry
within a 7 km cross-section of Larissa, in the period 19960228 19960403 red lines correspond to the
faults
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4.2.1.3. Persistent Scatterers Interferometry (PSI)

The technique of Persistent Scatterers Interferometry was also implemented to verify
the impact of fault movements on ground deformation. However, a difficulty
confronted in using the results of this technique was the huge number of candidate
points that resulted within this track, as mentioned earlier in the chapter on

processing.

Consequently, the decision was made to select two candidate points within each
settlement, depending on the minimum and maximum deformation rate of the points
within each settlement. However, it can be seen that not all the settlements were
covered by the results of candidate points within this track. Therefore just 13
settlements from the total of 30 were covered with candidate points, while many other

points are observed outside the settlements.

The minimum and maximum deformation rate in LOS and the number of candidate
points within each settlement are depicted in Table 43. All the points were
superimposed in an ArcGIS environment to create spatial correlation between each
candidate point and the fault movements. The information of all following selected

points’ candidates is depicted in appendix B.

Table 43. Minimum and maximum deformation rate in LOS and the number of PSI
targets within urban areas of Thessaly prefecture, 1995-2006

Settlements Number of targets Mml(n;lg rate Maximum rate Mean
(mm)

Larissa 4099 -2 33 22
Giannouli 317 -3 30 20
Falanna 390 -6 16 4
Melissochorion 128 -1 36 12
Galini 181 -2 3 11
Platykampos 400 -1 20 8
Glafki 140 -3 11 11
Nikaia 230 -10 33 24
Terpsithea 185 -7 29 17
Tyrnavos 836 -2 3 9
Rodia 183 -13 7 2
Mandra 68 -2 17 9
Eleftherai 107 -4 15 5
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4.2.1.3.1. Minimum deformation rate

4.2.1.3.1.1. Larissa

Candidate point number 46536 was been selected as representative of the minimum
deformation rate. It is located northeastern of Larissa, 1.10 km from a normal fault
trace in the side of the hanging wall. A plot of this point is depicted in Figure 150.
The deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift, and thereafter further changing of status between
subsidence and uplift was observed during April 2004 — December 2006. The
minimum subsidence was -0.364 mm (August 2005) while the maximum subsidence
was -24.579 mm (June 1995). The minimum and maximum uplift were 0.771 and
5.914 mm in December 2006 and August 2003 respectively. Subsidence may be
attributed to the impact of fault movement. However, uplift may be attributed to

another impact factor. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 151.
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Figure150. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI of
Larissa. Point number 46536. Time series are rescaled to the first acquisition (28 June 1995)
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Figurel51. Location of selected candidate points minimum and maximum deformation rate ascending
track 143, settlement of Larissa.

4.2.1.3.1.2. Giannouli

Candidate point number 55991 was selected as representative of the minimum
deformation rate. It is located northwest of Giannouli 1.144 km from a normal fault in
the side of the footwall. A plot of this point is depicted in Figure 152. The
deformation behavior of this point through its time series begins with subsidence then
changes to uplift, and thereafter further changing of status between subsidence and
uplift was observed during February 2004 — December 2006. The minimum
subsidence was -2.318 mm (April 2004) while maximum subsidence was -43.143 mm
(April 1996). The minimum and maximum uplift were 2.724 mm and 10.084 mm in
September 2004 and December 2006 respectively. Subsidence may be attributed to
another impact factor than fault movement, because of the presence of the candidate
point in the side of the footwall, as mentioned above. However, uplift may be
attributed to the impact of the fault movement. It is worth mentioning that the

fluctuation or change of status between subsidence and uplift during February 2004 —
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December 2006 may be attributed to the disparity of fault activity with other impact

factors during this period. The location of the selected point’s minimum and

maximum deformation rate is shown in Figure 153.
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Figure.152 LOS displacement time series (1995-2006) of the minimum deformation rate of

PSI of Giannouli. Point number 55991. Time series are rescaled to the first acquisition (28
June 1995)
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Figure153. Location of selected candidate points minimum and maximum deformation rate,
ascending track 143, settlement of Giannouli

4.2.1.3.1.3. Falanna

Candidate point number 80781 was selected as representative of the minimum
deformation rate. It is located in southwestern Falanna, 2.906 km east of a normal
fault in the side of the hanging wall. A plot of this point is depicted in Figure 154. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift. The minimum subsidence was -0.382 mm (August
2004) while the maximum subsidence was -43.033 mm (June 1995). The minimum
and maximum uplift were 5.936 and 10.438 mm in May 2005 and December 2006
respectively. Subsidence may be attributed to the location of the point in the side of
the hanging wall; in other words, it may be attributed to the impact of fault movement.
However, the uplift may be attributed to another impact factor. The location of the
selected point’s minimum and maximum deformation rate is shown in Figure 155.
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Figure.154 LOS displacement time series (1995-2006) of the minimum deformation rate of PSI of
Falanna. Point number 80781. Time series are rescaled to the first acquisition (28 June 1995)
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Figure.155 Location of selected candidate points minimum and maximum deformation

ascending track 143, settlement of Falanna.
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4.2.1.3.1.4. Melissochorion

Candidate point number 35637 was selected as representative of the minimum
deformation rate. It is located northwest of the settlement, and 2.725 km south of a
normal fault in the side of the footwall as well as 3.4 km east of another normal fault
in the side of the hanging wall. A plot of this point is depicted in Figure 156. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift, and thereafter changing status between subsidence
and uplift is observed during August 2003 — December 2006. The minimum
subsidence was -0.796 mm (August 2005) while the maximum subsidence was -
24.967 mm (December 1995). The minimum and maximum uplift were 4.871 and
11.115 mm in May 2005 and August 2004 respectively. Subsidence may be attributed
to the location of the point on the eastern side of the hanging wall, while uplift may be
attributed to the location of point south of a normal fault in the side of the footwall. It
is worth mentioning that the fluctuation or change in status between subsidence and
uplift during August 2003 — December 2006 may be attributed to the disparity in the
impact of the faults’ activity during this period. The location of the selected point’s

minimum and maximum deformation rate is shown in Figure 157.

LOS displacement [mm]
3 &

Jun 1995

Dec_1995
Apr_1996
Mar_1997
May_ 1997
Dec_1997
Aug_1998
Jan_1999
Jun_1999
Oct_1999
May_2000
Apr_2003
Aug_ 2003
Feb_2004
Apr_2004
Aug 2004
Sep_ 2004
May-2005
Aug_2005
Dec_2006

Time

Figure156. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI

of Melissochorion. Point number 35637. Time series are rescaled to the first acquisition ( 28
June 1995)
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Figure157. Location of selected candidate points minimum and maximum deformation rate, ascending
track 143, settlement of Melissochorion.

4.2.1.3.1.5. Galini

Candidate point number 31580 was selected as representative of the minimum
deformation rate. It is located southwest of the settlement, and 0.240 km south of a
normal fault in the side of the footwall. A plot of this point is depicted in Figure 158.
The deformation behavior of this candidate point through its time series showed
continuous fluctuation between subsidence and uplift. The minimum subsidence was -
0.292 mm (September 2004) while the maximum subsidence was -13.592 mm
(January 1999). The minimum and maximum uplift were 0.442 and 10.444 mm in
February 2004 and April 2004 respectively. Subsidence may be attributed to another
impact factor. However, uplift may be attributed to the fault movement, since the
candidate point is located in the side of the footwall, as mentioned above. The
evidence of this impact is the increasing uplift during the two months of February and
April 2004. The location of the selected point’s minimum and maximum deformation

rate is shown in Figure 159.
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Figure158. LOS displacement time series (1995-2006) of the minimum deformation rate of

PSI of Galini. Point number 31580. Time series are rescaled to the first acquisition (28 June
1995)
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Figure.159 Location of selected candidate points
ascending track 143, settlement of Galini.

minimum and maximum deformation rate,
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4.2.1.3.1.6. Platykampos

Candidate point number 32889 was selected as representative of the minimum
deformation rate. It is located north of the settlement and 0.337 km south of a normal
fault in the side of footwall, and additionally 0.585 km north of another normal fault
trace in the side of the hanging wall. A plot of this point is depicted in Figure 160.
The deformation behavior of this candidate point through its time series begins with
uplift then changes to subsidence, and thereafter changing status between subsidence
and uplift is observed during April 2003 — December 2006. The minimum subsidence
was -2.049 mm (December 2006) while the maximum was -7.729 mm (August 2003).
The minimum and maximum uplift were 0.035 and 16.281 mm in May 2005 and
August 1998 respectively. Uplift may be attributed to the impact of the fault
movement at the footwall north of the candidate point. However, subsidence may be
attributed to the fault movement also at the hanging wall south of the point. Moreover,
the changing status may be attributed to the disparity between the activities of the two

normal faults. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 161.
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Figure160. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI

of Platykampos. Point number 32889. Time series are rescaled to the first acquisition (28 June
1995)
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Figurel61. Location of selected candidate points minimum and maximum deformation rate, ascending
track 143, settlement of Platykampos.

4.2.1.3.1.7. Glafki

Candidate point number 26115 was selected as representative of the minimum
deformation rate. It is located south of the settlement and 1.78 km south of a normal
fault in the side of the footwall. A plot of this point is depicted in Figure 162. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift; however, fluctuation between subsidence and uplift
is observed during May 2000 — September 2004. The minimum subsidence was -
1.881 mm (May 2005) while the maximum was -20.778 mm (June 1995). The
minimum and maximum uplift were 0.254 and 6.099 mm in August 2005 and October
1999 respectively. Subsidence may be attributed to another impact factor than the
fault movement. However, uplift may be attributed to the location of the point in the
side of the footwall of the normal fault. The location of the selected point’s minimum

and maximum deformation rate is shown in Figure 163.
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Figure.162 LOS displacement time series (1995-2006) of the minimum deformation rate of

PSI of Glaftki. Point number 26115. Time series are rescaled to the first acquisition (28 June
1995)
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Figure.163 Location of selected candidate points minimum and maximum deformation rate,
ascending track 143, settlement of Glafki.
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4.2.1.3.1.8. Tyrnavos

Candidate point number 116381 was selected as representative of the minimum
deformation rate It is located in the northern part of the settlement, and 2.78 km west
of a normal fault in the side of the footwall as well as 5 km north of another normal
fault in the side of the hanging wall. A plot of this point is depicted in Figure 164. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift, but changing status between subsidence and uplift
is observed during September 2004 — December 2006. The minimum subsidence was
-2.025 mm (April 2004) while the maximum subsidence was -35.901 mm (June

1995). The minimum and maximum uplift were 5.919 and 6.608 mm in December

2006 and August 2005 respectively.

Subsidence may be attributed to the impact of fault movement of the fault trace which
is located south of the candidate point, and uplift may be attributed also to the impact
of fault movement of the fault east of the candidate point, as mentioned above. The

location of the selected point’s minimum and maximum deformation rate is shown in
Figure 165.
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Figurel164. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI of
Tyrnavos. Point number 116381. Time series are rescaled to the first acquisition ( 28 June 1995)

266




Chapter Four: Impact of faults movement and earthquakes on ground deformation

@  Point’s candidates of minimum deformation rate

4395000

® Point's candidates of maximum deformation rate ‘
C:S Thessaly_Settlements
she—d Normal Faults

4394000

Ll T
604000 606000 608000 610000 612000 614000

Figure.165 Location of selected candidate points minimum and maximum deformation rate,
ascending track 143, settlement of Tyrnavos.

4.2.1.3.1.9. Rodia

Candidate point number 142796 was selected as representative of the minimum
deformation rate. It is located to the far west of the settlement, and between two
normal faults in the side of the hanging walls, the first one 1.10 km east of the point
and the second one 1.1186 km to the north. A plot of this point is depicted in Figure
166. The deformation behavior of this candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -0.174 mm
(August 2004) while the maximum was -64.326 mm (December 1995). The minimum
and maximum uplift were 4.539 and 10.297 mm in September 2004 and December
2006 respectively. Subsidence may be attributed to another impact factor. However,
uplift may be attributed to the impact of fault movement. The location of the selected

point’s minimum and maximum deformation rate is shown in Figure 167.
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Figure166. LOS displacement time series (1995-2006) of the minimum deformation rate of

PSI of Rodia. Point number 142796. Time series are rescaled to the first acquisition (28 June
1995)
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Figure167. Location of selected candidate pointsminimum and maximum deformation rate, ascending
track 143, settlement of Rodia.
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4.2.1.3.1.10. Mandra

Candidate point number 41227 was selected as representative of the minimum
deformation rate. It is located southwest of the settlement, and southwest of two
normal faults in the side of the footwalls at distances of 4.337 and 4.896 km
respectively. A plot of this point is depicted in Figure 168. The deformation behavior
of this candidate point through its time series begins with uplift then changes to
subsidence. The minimum uplift was 0.420 mm (April 2004) while the maximum
uplift was 27.553 mm (June 1995). The minimum and maximum subsidence were -
0.13 and -5.982 mm in August 2005 and May 2005 respectively. Uplift may be
attributed to the impact of fault movement. However, subsidence may be attributed to

another impact factor. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 169.
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Figure.168 LOS displacement time series (1995-2006) of the minimum deformation rate of

PSI of Mandra. Point number 41227. Time series are rescaled to the first acquisition (28 June
1995)
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Figure169. Location of selected candidate points minimum and maximum deformation rate,
ascending track 143, settlement of Mandra

4.2.1.3.1.11. Eleftherai

Candidate point number 28093 was selected as representative of the minimum
deformation rate. It is located west of the settlement, and 3.0 km southwest of a
normal fault in the side of the footwall. A plot of this point is depicted in Figure 170.
The deformation behavior of this candidate point through its time series begins with
uplift then changes to subsidence. The minimum uplift was 0.331 mm (August 2004)
while the maximum uplift was 35.828 mm (June 1995). The minimum and maximum
subsidence was -2.675 and -9.063 mm in May 2005 and December 2006 respectively.
Uplift may be attributed to the impact of fault movement. However, subsidence
towards the end of the time series may be attributed to decreasing fault movement
activity, as a result of which one or more parameters have begun to motivate
subsidence deformation. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 171.
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Figure170. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI of
Eleftherai. Point number 28093. Time series are rescaled to the first acquisition (28 June 1995)
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Figurel 71. Location of selected candidate points minimum and maximum deformation rate, ascending track 143,
settlement of Eleftherai
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4.2.1.3.1.12. Terpsithea

Candidate point number 36831 was selected as representative of the minimum
deformation rate. It is located southwest of the settlement, and 1.611 km south of a
normal fault in the side of the footwall, as well as 0.77 km northeast of a normal fault
trace in the side of the hanging wall. A plot of this point is depicted in Figure 172.
The deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift. The minimum subsidence was -1.086 mm (April
2004) while the maximum was -66.174 mm (June 1995). The minimum and
maximum uplift were 1.416 and 13.511 mm in August 2005 and December 2006
respectively. Subsidence and uplift may be attributed to the impact of fault
movements, through the disparity in the activity of the two faults. Since the point is
located between a footwall and a hanging wall, as mentioned above, it seems that after
a decrease in the activity of the hanging wall the activity of the footwall of other

normal fault trace began. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 173.
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Figurel72. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI of
Terpsithea. Point number 36831. Time series are rescaled to the first acquisition (28 June 1995)
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Figure173. Location of selected candidate points minimum and maximum deformation rate, ascending
track 143, settlement of Terpsithea

4.2.1.3.1.13. Nikaia

Candidate point number 19557 was selected as representative of the minimum
deformation rate. It is located east of the settlement, and 1.52 km south of a normal
fault in the side of the footwall, as well as 5.1 km northeast of another normal fault in
the side of the hanging wall. A plot of this point is depicted in Figure 174. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift. The minimum subsidence was -0.983 mm
(February 2004) while the maximum was -103.023 mm (June 1995). The minimum
and maximum uplift were 3.509 and 31.033 mm in May 2005 and December 2006
respectively. Subsidence may be attributed to the impact of fault movement.
However, uplift may be attributed to the disparity of faults activity, since the location
of the point is between a footwall and a hanging wall, as mentioned above, so after a
decrease in the activity of the hanging wall the activity of the footwall of the other
normal fault trace began. The location of the selected point’s minimum and maximum

deformation rate is shown in Figure 175.
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Figurel174. LOS displacement time series (1995-2006) of the minimum deformation rate of PSI
of Nikaia. Point number 19557. Time series are rescaled to the first acquisition (28 June 1995)
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Figure.175 Location of selected candidate points minimum and maximum deformation rate,
ascending track 143, settlement of Nikaia
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4.2.1.3.2. Maximum deformation rate

An identical context has been implemented to that previously used with the minimum
deformation rate to interpret the deformation behaviour of each candidate point;
relating the spatial correlation of the candidate point location with faults traces will
enable the maximum deformation rate to be verified, reflecting the impact of fault

movement on the ground deformation.

4.2.1.3.2.1. Larissa

Candidate point number 31912 was selected as representative of the maximum
deformation rate. It is located southeast of Larissa, and 0.402 km north of a normal
fault in the side of the hanging wall, as well as 1.49 km south of another normal fault
in the side of the footwall. A plot of this point is depicted in Figure 176. The
deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift. The minimum subsidence was -3.185 mm
(September 2004) while the maximum was -301.818 mm (June 1995). The minimum
and maximum uplift were 1.048 and 67.334 mm in August 2004 and December 2006
respectively. Subsidence may be attributed to the impact of fault movement. Uplift
towards the end of the time series for the candidate point may be attributed also to the
disparity in faults activity, since the location of the point is between the hanging wall
and the footwall of two normal faults, as mentioned above. The location of the
selected point’s minimum and maximum deformation rate was shown previously in

Figure 151.
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Figurel176. LOS displacement time series (1995-2006) of the maximum deformation rate of PSI
of Larissa. Point number 31912. Time series are rescaled to the first acquisition (28 June 1995)

4.2.1.3.2.2. Giannouli

Candidate point number 50363 was selected as representative of the maximum
deformation rate. It is located southeast of the settlement, and 1.149 km west of a
normal fault trace in the side of the footwall. A plot of this point is depicted in Figure
177. The deformation behavior of this candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -2.538 mm
(September 2004) and the maximum subsidence was -278.597 mm (June 1995). The
minimum and maximum uplift were 1.465 and 22.588 mm in August 2004 and May
2005 respectively. Subsidence may be attributed to an impact factor other than fault
movement, because of the presence of the point in the side of the footwall, as
mentioned above. However, uplift may be attributed to the impact of fault movement.

The location of the selected point’s minimum and maximum deformation rate was

shown previously in Figure 153.
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Figurel77. LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Giannouli. Point number 50363. Time series are rescaled to the first acquisition (28
June 1995)

4.2.1.3.2.3. Falanna

Candidate point number 80751 was selected as representative of the maximum
deformation rate. It is located southwest of the settlement, and 2.38 km east of a
normal fault trace in the side of the hanging wall. A plot of this point is depicted in
Figure 178. The deformation behavior of the candidate point through its time series
begins with subsidence then changes to uplift, and changing status from uplift to
subsidence was observed in August 2004. The minimum subsidence was -3.918 mm
(April 2004) while the maximum was -54.374 mm (April 1996). The minimum and
maximum uplift were 1.408 and 14.376 mm in August 2004 and December 2006
respectively. Subsidence may be attributed to the location of the point in the side of
the hanging wall; in other words, it is attributed to the impact of fault movement.
However, uplift may be attributed to another impact factor. The location of the

selected point’s minimum and maximum deformation rate was shown previously in

Figure 155.
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Figurel78. LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Falanna. Point number 80751. Time series are rescaled to the first acquisition (28 June
1995)

4.2.1.3.2.4. Melissochorion

Candidate point number 35184 was selected as representative of the maximum
deformation rate. It is located in the middle-west of the settlement, and 2.94 km south
of a normal fault trace in the side of the footwall, as well as 3.48 km east of another
normal fault trace in the side of the hanging wall. A plot of this point is depicted in
Figure 179. The deformation behavior of this candidate point through its time series
begins with subsidence then changes to uplift. The minimum subsidence was -3.547
mm (August 2004) while the maximum subsidence was -334.301 mm (June 1995).
The minimum and maximum uplift were 24.470 and 84.008 mm in May 2005 and
December 2006 respectively. Subsidence and uplift may be attributed to the impact of
fault movement, given the candidate points location between the hanging wall and
footwall of two normal faults, as mentioned above. The location of the selected

point’s minimum and maximum deformation rate was shown previously in Figure
157.
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Figurel79. LOS displacement time series (1995-2006) of the maximum deformation rate of
PSI of Melissochorion. Point number 35184. Time series are rescaled to the first acquisition

(28 June 1995)

4.2.1.3.2.5. Galini

Candidate point number 32014 was selected as representative of the maximum
deformation rate. It is located southwest of the settlement, and 1.04 km north of a
normal fault trace in the side of the hanging wall, as well as 0.137 km south of another
normal fault trace in the side of the footwall. A plot of this point is depicted in Figure
180. The deformation behavior of the candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -1.924 mm
(September 2004) while the maximum was -192.557 mm (December 1995). The
minimum and maximum uplift were 14.064 and 54.073 mm in May 2005 and
December 2006 respectively. Subsidence and uplift may be attributed to the impact of
fault movement. The noticeable increase of uplift during May 2005 — December 2006
may be attributed to the disparity of fault activities. The location of the selected

point’s minimum and maximum deformation rate was shown previously in Figure
159.
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Figure180. LOS displacement time series (1995-2006) of the maximum deformation rate of PSI
of Galini. Point number 32014. Time series are rescaled to the first acquisition (28 June 1995)

4.2.1.3.2.6. Platykampos

Candidate point number 29080 was selected as representative of the maximum
deformation rate. It is located south of the settlement and 1.0383 km south of a normal
fault trace in the side of the footwall as well as 3.236 km northeast of another normal
fault trace in the side of the hanging wall. A plot of this point is depicted in Figure
181. The deformation behavior of the candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -0.236 mm
(August 2004) while the maximum was -179.972 mm (June 1995). The minimum and
maximum uplift were 2.942 and 45.814 mm in September 2004 and December 2006
respectively. Subsidence and uplift may be attributed to the impact of fault
movements, given the candidate points location, and evidence of this impact is the
increasing uplift during the three years from September 2004 — December 2006. The

location of the selected point’s minimum and maximum deformation rate was shown

earlier in Figure 161.
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Figurel81. LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Platykampos. Point number 29080. Time series are rescaled to the first acquisition
(28 June 1995)

4.2.1.3.2.7. Glafki

Candidate point number 26720 was selected as representative of the maximum
deformation rate. It is located southwest of the settlement and 1.505 km south of a
normal fault in the side of the footwall. A plot of the point is depicted in Figure 182.
The deformation behavior of this candidate point during its time series begins with
subsidence then changes to uplift. The minimum subsidence was -2.035 mm
(September 2004) while the maximum was -184.707 mm (June 1995). The minimum
and maximum uplift were 0.908 and 41.900 mm in August 2004 and December 2006
respectively. Subsidence may be attributed to an impact factor other than fault
movement. However, uplift may be attributed to the impact of fault movement.
Evidence for this interpretation is the increasing uplift during the two years May 2005

— December 2006. The location of the selected point’s minimum and maximum

deformation rate was shown earlier in Figure 163.
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Figurel82. LOS displacement time series (1995-2006) of the maximum deformation rate

of PSI of Glafki. Point number 26720. Time series are rescaled to the first acquisition (28
June 1995)

4.2.1.3.2.8. Tyrnavos

Candidate point number 106597 was selected as representative of the maximum
deformation rate. It is located south of the settlement, and 3.7 km north of a normal
fault trace in the side of the hanging wall, as well as 3.94 km southwest of another
normal fault trace in the side of the footwall. A plot of this point is depicted in Figure
183. The deformation behavior of this candidate point through its time series begins
with uplift then changes to subsidence. The minimum uplift was 4.583 mm
(September 2004) while the maximum uplift was 157.538 mm (June 1995). The
minimum and maximum subsidence were -0.635 and -33.408 mm in August 2004 and
December 2006 respectively. Uplift may be attributed to the impact of fault
movement. Furthermore, subsidence at the end of the time series may be attributed as
well to the disparity in fault activities, given that this point is located between two
faults, as mentioned above. The location of the selected point’s minimum and

maximum deformation rate was shown earlier in Figure 165.
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Figurel83. LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Tyrnavos. Point number 106597. Time series are rescaled to the first acquisition (28
June 1995)

4.2.1.3.2.9. Rodia

Candidate point number 144160 was selected as representative of the maximum
deformation rate. It is located northwest of the settlement and is located between the
hanging walls of two normal fault traces, the first one 1.065 km east of the point, and
the second one 0.970 km north of the point. A plot of the point is depicted in Figure
184. The deformation behavior of the candidate point through its time series begins
with uplift then changes to subsidence. The minimum uplift was 1.008 mm
(September 2004) while the maximum uplift was 94.15 mm (June 1995). The
minimum and maximum subsidence were -4.883 and -35.91 mm in August 2005 and
December 2006 respectively. Subsidence may be attributed to the impact of fault
movement. However, uplift may be attributed to another impact factor, for the reason
that the deformation behavior should be subsidence, based on the location of the point
between two hanging walls, as mentioned above. The location of the selected point’s

minimum and maximum deformation rate was shown earlier in Figure 167.
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Figure184. LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Rodia. Point number 144160. Time series are rescaled to the first acquisition (28 June
1995)

4.2.1.3.2.10. Mandra

Candidate point number 41360 was selected as representative of the maximum
deformation rate. It is located in the middle of the settlement and 4.431 km south and
5.346 km west of two normal faults in the side of the footwall. A plot of this point is
depicted in Figure 185. The deformation behavior of this candidate point through its
time series begins with subsidence then changes to uplift. The minimum subsidence
was -1.381 mm (August 2004) while the maximum was -151.649 mm (April 1996).
The minimum and maximum uplift were 17.349 and 40.023 mm in May 2005 and
December 2006 respectively. Subsidence may be attributed to another impact factor,
while uplift may be attributed to the impact of fault movement. The location of the

selected point’s minimum and maximum deformation rate was shown earlier in Figure
169.
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Figure.185 LOS displacement time series (1995-2006) of the maximum deformation rate of

PSI of Mandra. Point number 41360. Time series are rescaled to the first acquisition (28 June
1995)

4.2.1.3.2.11. Eleftherai

Candidate point number 27935 was selected as representative of the maximum
deformation rate. It is located southwest of the settlement and 3.01 km southwest of a
normal fault trace in the side of the footwall. A plot of this point is depicted in Figure
186. The deformation behavior of this candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -0.176 mm
(September 2004) while the maximum was -151.518 mm (June 1995). The minimum
and maximum uplift were 8.409 and 37.188 mm in May 2005 and December 2006
respectively. Subsidence may be attributed to another impact factor. However, uplift
may be attributed to the impact of fault movements since it began through the
decrease in the impact of some other factor. The location of the selected point’s

minimum and maximum deformation rate was shown earlier in Figure 171.
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Figurel186. LOS displacement time series (1995-2006) of the maximum deformation rate of PSI of
Eleftherai. Point number 27935. Time series are rescaled to the first acquisition (28 June 1995)

4.2.1.3.2.12. Terpsithea

Candidate point number 38866 was selected as representative of the maximum
deformation rate. It is located north of the settlement and 0.625 km south of a normal
fault trace in the side of the footwall, as well as 2.5 km east of another normal fault
trace in the side of the hanging wall. A plot of this point is depicted in Figure 187.
The deformation behavior of the candidate point through its time series begins with
subsidence then changes to uplift. The minimum subsidence was -1.058 mm
(September 2004) while the maximum was -271.024 mm (June 1995). The minimum
and maximum uplift were 1.784 and 62.075 mm in August 2004 and December 2006
respectively. Subsidence may be attributed to the impact of fault movement.

Furthermore, uplift may be attributed to the disparity of fault activities, given the

location of the point between the sides of a footwall and hanging wall, as mentioned

above. Consequently, after the decrease in hanging wall activity, activity of the
footwall of the other normal fault trace began, which may be the reason that the time
series begins with subsidence then moves to uplift. The location of the selected

point’s minimum and maximum deformation rate was shown earlier in Figure 173.
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Figurel87. LOS displacement time series (1995-2006) of the maximum deformation rate of PSI

of Terpsithea. Point number 38866. Time series are rescaled to the first acquisition (28 June
1995)

4.2.1.3.2.13. Nikaia

Candidate point number 20809 was selected as representative of the maximum
deformation rate. It is located northwest of the settlement and 3.79 km south of a
normal fault trace in the side of the footwall, as well as 4.44 km northeast of another
normal fault trace in the side of the hanging wall. A plot of the point is depicted in
Figure 188. The deformation behavior of this candidate point through its time series
begins with subsidence then changes to uplift. The minimum subsidence was -4.755
mm (September 2004) while the maximum was -301.321 mm (June 1995). The
minimum and maximum uplift were 21.717 and 75.157 mm in May 2005 and
December 2006 respectively. Subsidence and uplift may be attributed to the impact of
fault movement. After a decrease in the hanging wall activity, activity of the footwall
of the other normal fault trace began, which may be the reason that the time series
begins with subsidence then changes to uplift. The location of the selected point’s

minimum and maximum deformation rate was shown earlier in Figure 175.
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Figure.188 LOS displacement time series (1995-2006) of the maximum deformation rate of PSI of
Nikaia. Point number 20809. Time series are rescaled to the first acquisition (28 June 1995)
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4.2.2. Descending track 279

4.2.2.1. Interferometric stacking

The result of the interferometric stacking technique of the descending track was
depicted previously in Figure 22 in the chapter on processing. The interferometric
pattern results are confined to within settlements, and do not cover agricultural lands.
The patterns within each settlement have been isolated and superimposed within the
ArcGIS environment to extract the statistics on ground deformation. Thirty
settlements were identified by implementing the interferometric stacking technique.
However, just 19 settlements were selected to examine the influence of fault
movements on ground deformation. The reason for choosing these settlements is that
each of them overlies just one type of lithology. The other settlements each overlie
more than one type of lithology. The minimum and maximum rate of ground
deformation of each settlement is depicted in Table 44.

Table 44. Minimum and maximum deformation rates in LOS of interferometric

stacking, 1992- 2010

Minimum | Maximum Minimum .
: . . Maximum
I.d| Settlements | subsidence | subsidence | Mean uplift sl Mean
(mm) (mm) (mm) (o)

1 Larissa -0.385 -3.048 -1.716 0.276 3.442 1.859
2 Giannouli -0.432 —4.580 -5.012 0.06 0.612 0.336
3 Chalki -0.518 -1.342 -0.927 0.50 0.524 0.512
4 Eleftheron -0.086 -0.862 -0.474 0.044 0.365 0.204
5 Falanna -0.09 -2.524 -1.307 0.191 0.957 0.574
6 Melissochorion -0.02 -1.286 -0.653 0.065 0.86 0.462
7 Galini -0.321 -0.969 -0.645 0.087 0.319 0.203
8 Platykampos 0 -1.859 -0.929 0.52 0.53 0.525
9 Glafki -0.23 -1.336 -0.391 Null Null Null
10 Itea -0.7 -3.744 -2.222 0.671 1.338 1.00
11 Fyllon -0.219 -1.009 -1.228 Null Null Null
12 Palamas -0..,11 -2.205 -1.157 0.58 0.6 0.59
13 Marathea -0.058 -1.054 -0.556 Null Null Null
14 Nikaia -0.018 -2.142 -1.08 0.445 0.784 0.614
15 Terpsithea -0.088 -0.849 -0.468 0.046 0.358 0.202
16 Tyrnavos -0.195 -2.157 -1.167 0.36 0.37 0.365
17 Rodia -0.003 -1.425 -0.714 0.348 1.28 0.814
18 Mandra -0.58 -1.731 -1.155 Null Null Null
19 Eleftherai -0.273 -1.207 -0.74 0.028 0.303 0.165
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In the following section the deformation of each settlement will be discussed
separately.

4.2.2.1.1. Larissa

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Larissa are shown in Figure
189. Two phase patterns of both subsidence and uplift are observed distributed
through the settlement. Subsidence varies in the range - 0.385 — -3.048 mm/year.
Uplift varies in the range 0.276 — 3.442 mm/year.

Three normal fault traces pass through the settlement, as mentioned before, with the
ascending track. Interferometric patterns of subsidence can be observed in the middle,
middle-east, northwest and southwest parts of the settlement, and are less clearly
observed in the northern part of the settlement. Uplift patterns can be observed also in
the northwestern border, east, and southwestern parts of the settlement; in addition
less clear patterns are observed in the northern part of the settlement. Subsidence
patterns within Larissa may be attributed to their location in the side of the hanging
walls of normal fault traces in the northern, middle and southeastern parts of the
settlement. Uplift patterns in the northwestern borders and eastern and southwestern
parts of the settlement may be attributed also to their location in the side of footwalls
of the normal fault traces. However, faint uplift patterns which are observed in the
northern part of the settlement in the side of hanging wall of a normal fault trace may

be attributed to another impact factor.
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Figure.189 Total deformation at Larissa estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.2. Giannouli

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Giannouli are shown in Figure
190. Two phase patterns of both subsidence and uplift are observed distributed
through the whole settlement. Subsidence varies in the range -0,432 — -4,580
mm/year, while uplift varies in the range 0.06 — 0.612 mm/year. Interferometric
patterns of subsidence can be slightly observed in the northwestern, northeastern parts
of the settlement. However, uplift patterns are distributed in the northwestern,
northeastern and eastern parts of the settlement, in addition to which a very few

patterns are distributed in the western and southern parts of the settlement.

Subsidence may be attributed to another impact factor. Uplift may be attributed to the
location of the settlement southeast of the footwall of a normal fault trace. Note that

the density of the patterns distribution for both subsidence and uplift is less than the
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density of the patterns distribution of the two phases which are observed within the

ascending track within the same settlement.
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Figure.190 Total deformation at Giannouli estimated with interferometric stacking technique, November
1992 — October 2010

4.2.2.1.3. Chalki

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Chalki are shown in Figure 191.
Two phase patterns of subsidence and uplift are observed; however, the density of the
subsidence patterns is very slightly observed in the southern part of the settlement.
Additionally, uplift patterns can be slightly observed also in the southern and

northeastern parts of the settlement.

On the whole the density of patterns distribution of both subsidence and uplift is less
than the density of patterns distribution of the two phases which are observed within
the ascending track within the same settlement. This may be because the number of

interferograms with the descending track is more than the number of interferograms

292




Chapter Four: Impact of faults movement and earthquakes on ground deformation

with the ascending track (70 and 29 items respectively), which affects the wrapped

phase of interferometric stacking.

The deformation results within Chalki indicate that the subsidence varies in the range
-0.518 — -1.342 mm/year, while uplift varies in the range 0.50 — 0.524 mm/year.
Subsidence may be attributed to another impact factor, given that it is located in the
side of the footwall of a normal fault trace, whereas uplift may be attributed to the

location of this part in the side of the footwall of a normal fault trace.

630000 631000 632000 633000 634000

Figurel91. Total deformation at Chalki estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.4. Eleftheron

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Eleftheron are shown in Figure
192. Slight patterns of subsidence are observed distributed in the south of the
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settlement, whereas uplift patterns are observed in the northern, eastern and western
parts of the settlement. Note that the density of patterns distribution of both
subsidence and uplift is less than the density of patterns distribution of the two phases

which are observed within the ascending track within the same settlement.

Subsidence varies in the range -0.086 — -0.862 mm/year, while uplift varies in the
range 0.044 — 0.365 mm/year. Subsidence may be attributed to the location of the
settlement north of the hanging wall of a normal fault trace. Furthermore, uplift may
be attributed to the location of the settlement south and east of the footwalls of two

normal fault traces.

3  mm/yr per cycle

[ T | egena
0 A Alormal Faults

£
5
L

L) 1 1 L)
632000 633000 634000 635000 636000 637000 638000 639000 840000

Figure.192 Total deformation at Eleftheron estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.5. Falanna

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Falanna are shown in Figure

193. Ground deformation results within Falanna settlement indicate that the
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subsidence varies in the range -0.09 — -2.524 mm/year, while uplift varies in the range

0.191 — 0.957 mm/year.

Subsidence patterns are concentrated in the northern part. However, slight subsidence
patterns can be observed in the northern, southeastern and western parts of the
settlement. Uplift patterns are distributed over almost all parts of the settlement.
Subsidence may be attributed to the location of the settlement in the eastern part of the
hanging wall of a normal fault trace, while uplift may be attributed to some other

impact factor.
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Figure.193 Total deformation at Falanna estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.6. Melissochorion

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Melissochorion are shown in
Figure 194. Ground deformation results within the settlement indicate that the

subsidence varies in the range -0.02 — -1.286 mm/year, while uplift varies in the range
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0.065 — 0.86 mm/year. A very low density of patterns distribution of both subsidence
and uplift is observed within this settlement compared with the density of patterns
distribution within the same settlement in the ascending track. Subsidence patterns are
slightly observed in the southwestern part of the settlement, whereas uplift is observed
in the northeastern part of the settlement. Subsidence may be attributed to the location
of the settlement east of the hanging wall of a normal fault trace. Uplift may be
attributed to the location of the settlement in the southern part of the footwall of a

normal fault trace.
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Figure.194 Total deformation at Melissochorion estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.7. Galini

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Galini are shown in Figure 195.
Ground deformation results for the settlement indicate that the subsidence varies in
the range -0.321 — -0.969 mm/year, while uplift varies in the range 0.087 — 0.319

mm/year. A very low density of patterns distribution of both subsidence and uplift can
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be observed within this settlement compared with the density of patterns distribution
at the same settlement with the ascending track. Slight subsidence patterns are
observed in the southwestern part of the settlement, while uplift patterns are observed
in the north, northeastern and southeastern parts of the settlement. Subsidence may be
attributed to the location of the area in the side of the hanging wall of a normal fault
trace, whereas uplift may be attributed to the location of the area in the footwalls of
two normal faults, one located in the northern and the other in the southern part of the

settlement.
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Figurel195. Total deformation at Galini estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.8. Platykampos

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Platykampos are shown in
Figure 196. Ground deformation results within the settlement indicate that the

subsidence varies in the range 0 — -1.859 mm/year, while uplift varies in the range

297




Chapter Four: Impact of faults movement and earthquakes on ground deformation

0.52 — 0.53 mm/year. A very low density of patterns distribution of both subsidence
and uplift can be observed within this settlement compared with the patterns density
of the same settlement with the ascending track. Subsidence patterns are observed in
the northern middle, southwestern and western parts of the settlement. Uplift patterns
are slightly distributed in the northern and southern parts of the settlement.
Subsidence may be attributed to the location of the area in the side of the hanging wall
of a normal fault trace. However, slight subsidence can be observed in the
southwestern part of the settlement in the side of the footwall of a normal fault trace,
which may be attributed to another impact factor, given that on this side of the fault
there should be an uplift phase. Uplift may be attributed to the location of this area in

the side of the footwall of a normal fault trace.
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Figure.196 Total deformation at Platykampos estimated with interferometric stacking technique,
November 1992 — October 2010
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4.2.2.1.9. Glafki

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Glafki are shown in Figure 197.
Ground deformation results within the settlement indicate that the subsidence varies in
the range -0.23 — -1.336 mm/year, while uplift was null, although it is observed as
pattern phenomena. A very low density of patterns distribution of both subsidence and
uplift can be observed within this settlement compared with the patterns density of the
same settlement with the ascending track. Slight subsidence patterns are observed in
the middle part of the settlement, whereas uplift patterns are observed southwest of
the settlement. Subsidence may be attributed to another impact factor. The absence of
uplift may be attributed to the footwall of the normal fault trace which is located north

of the settlement.
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Figure197. Total deformation at Glafki estimated with interferometric stacking technique, November
1992 — October 2010

4.2.2.1.10. Itea

Results of interferometric stacking patterns and total deformation rate estimation

during the period November 1992 — October 2010 for Itea are shown in Figure 198.
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Ground deformation results within Itea settlement indicate that the subsidence varies
in the range -0.7 — -3.744 mm/year, while uplift varies in the range 0.671 — 1.338
mm/year. A low density of patterns distribution of both subsidence and uplift has been
observed within this settlement. Subsidence and uplift patterns are distributed through

many parts of the settlement.

Subsidence may be attributed to the location of the settlement southwest of the
hanging wall of a normal fault trace, while uplift may be attributed to another impact

factor.
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Figurel98. Total deformation at Itea estimated with interferometric stacking technique, November
1992 — October 2010

4.2.2.1.11. Fyllon

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Fyllon are shown in Figure 199.
Ground deformation results within the settlement indicate that the subsidence varies in

the range -0.219 — -1.009 mm/year, while uplift was null. However, it is observed as
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pattern phenomena. A very low density of patterns distribution of both subsidence and
uplift can be observed within this settlement compared with the patterns density at the
same settlement with the ascending track. Subsidence patterns can be observed in the
middle and southern parts of the settlement, whereas uplift patterns can be observed in
the northern part of the settlement. This settlement has not been affected by fault

movements, so subsidence and uplift may be attributed to other impact factors.
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Figure199. Total deformation at Fyllon estimated with interferometric stacking technique, November
1992 — October 2010

4.2.2.1.12. Palamas

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Palamas are shown in Figure
200. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.11 —-2.205 mm/year, while uplift varies in the range 0.58 — 0.6
mm/year. A low density of patterns distribution of both subsidence and uplift can be

observed within the settlement compared with the patterns density at the same
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settlement with the ascending track. Subsidence patterns are observed through almost
all the settlement. Uplift patterns are observed in the northwestern, western and
southwestern parts of the settlement. This settlement has not been affected by fault

movements, so this subsidence and uplift are attributed to another impact factor.
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Figure.200 Total deformation at Palamas estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.13. Marathea

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Marathea are shown in Figure
201. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.058 — -1.054 mm/year, while uplift is null, although it is
observed as pattern phenomena. A very low density of patterns distribution of both
subsidence and uplift can be observed within this settlement compared with the
patterns density at the same settlement with the ascending track. Slight subsidence

patterns are observed in the northern and southern parts of the settlement, while uplift
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patterns have been observed in the southwestern part of the settlement. The null result
for uplift may be attributed to the location of the settlement west of the footwall of a

normal fault trace, whereas subsidence may be attributed to another impact factor.
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Figure201. Total deformation at Marathea estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.14. Nikaia

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Nikaia are shown in Figure 202.
Ground deformation results within the settlement indicate that the subsidence varies in
the range -0.018 — -2.142 mm/year, while uplift varies in the range 0.445 — 0.784
mm/year. A low density of patterns distribution for both subsidence and uplift can be
observed within this settlement compared with the patterns density of the same
settlement with the ascending track. Subsidence patterns can be observed in the
northern, middle, and southern parts and less marked patterns can be observed in the

eastern parts of the settlement. Uplift patterns are concentrated in the southeast and
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slight patterns can be observed in the northwestern, middle and western parts of the
settlement. Subsidence may be attributed to the impact of fault movement. However,
uplift particularly in the northeastern part of the settlement may be attributed to its

location east of the footwall of a normal fault trace.

4380800 4381600

4380000

2
o
2
2

4378400

Legend
b Mormal Faulis

earthquake_1964_2010_Depth_30km
mm/yr per cycle 0 | masniTupe

T |
O 4

-3 .5

621000 622000 623000 624000 625000 626000 627000 628000 629000

4377600

4376800

Figure.202 Total deformation at Nikaia estimated with interferometric stacking technique, November
1992 — October 2010

4.2.2.1.15. Terpsithea

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Terpsithea are shown in Figure
203. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.088 — -0.849 mm/year, while the uplift varies in the range 0.046
— 0.358 mm/year. Slight subsidence patterns can be observed in the northern,
southeastern, western, and southwestern parts of the settlement. However, uplift
patterns are observed over almost all of the settlement. Subsidence may be attributed

to the location of the settlement northeast of the hanging wall of a normal fault trace.
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Uplift may be attributed to its location south of the footwall of another normal fault

trace.
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Figure203. Total deformation at Terpsithea estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.16. Tyrnavos

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Tyrnavos are shown in Figure
204. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.195 — -2.157 mm/year, while uplift varies in the range 0.36 —
0.37 mm/year. Subsidence patterns are distributed over the middle, eastern, and
southeastern parts, and less clearly in the northern and southern parts of the
settlement. Uplift patterns are distributed over the middle, northern, southern and
eastern parts of the settlement. Subsidence may be attributed to the location of the

settlement north of the hanging wall of a normal fault trace. However, uplift may be
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attributed to the location of the settlement southwest of the footwall of another normal

fault trace.
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Figure204. Total deformation at Tyrnavos estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.1.17. Rodia

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Rodia are shown in Figure 205.
Ground deformation results within the settlement indicate that the subsidence varies in
the range -0.003 — -1.425 mm/year, while the uplift varies in the range 0.348 — 1.28
mm/year. A low density of patterns distribution for both subsidence and uplift can be
observed within this settlement compared with the patterns density of the same
settlement with the ascending track. Slight subsidence patterns are observed in the
eastern, far northeastern, middle, and southwestern parts of the settlement. Uplift
patterns are concentrated in the northern part and less clearly observed in the eastern,

western, southwestern, and far northwestern parts of the settlement. Subsidence may
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be attributed to the location of the settlement south and west of the hanging walls of

two normal fault traces. However, uplift may be attributed to another impact factor.
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Figure.205 Total deformation estimated with interferometric stacking technique of Rodia between
November, 1992 — October, 2010

4.2.2.1.18. Mandra

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Mandra are shown in Figure
206. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.58 — -1.731 mm/year, while uplift is null. A very low
distribution of patterns density for both subsidence and uplift can be observed within
this settlement compared with the patterns density of the same settlement with the
ascending track. Subsidence patterns are distributed throughout the whole settlement,
which may be attributed to another impact factor, given the settlement’s location

south and west of the footwalls of two normal fault traces.
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Figure.206 Total deformation at Mandra estimated with interferometric stacking
technique,November 1992 — October 2010

4.2.2.1.19. Eleftherai

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Elftherai are shown in Figure
207. Ground deformation results within the settlement indicate that the subsidence
varies in the range -0.273 — -1.207 mm/year, while uplift varies in the range 0.028 —
0.303 mm/year. The distribution of patterns density observed for both subsidence and
uplift within this settlement is low compared with the patterns density of the same
settlement with the ascending track. Subsidence patterns are concentrated in the
southern parts of the settlement. Uplift patterns are observed in the northwestern,
eastern, middle, western and southern parts of the settlement. Subsidence may be
attributed to some other impact factor. However, uplift may be attributed to the

location of the settlement southwest of the footwall of a normal fault trace.
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Figure.207 Total deformation at Eleftherai estimated with interferometric stacking technique,
November 1992 — October 2010

4.2.2.2. Conventional SAR Interferometry

A single interferogram with a short temporal period (19980802 19980906) was
chosen within this track, as depicted previously in Figure 21, additionally the
parameters of this interferogram are depicted in Table 14 in the chapter on processing.
The settlement of Larissa was selected in order to verify the impact of fault
movements on ground deformation. Figure 208 shows the interferogram of Larissa
corresponding to the cross-section. Table 45 shows the displacement and the distance

along the cross-section.
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Figure.208 Conventional interferogram corresponding to 7 km cross-section of Larissa in the period

19980802 19980906

Table 45. Displacement field as observed by conventional interferometry within 7 km
cross- section of Larissa in the period 19980802 19980906

I.d Distance (km) Displacement (mm)
1 0.5 -30.221
2 1 -30.424
3 1.5 -30.617
4 2 -30.28
5 2.5 -30.163
6 3 -20.882
7 3.5 -20.721
8 4 -20.49
9 4.5 -20.774
10 5 -20.898
11 5.5 -30.086
12 6 -30.212
13 6.5 -30.427
14 7 -30.213
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Ground displacement along the cross-section is depicted in Figure 209. The behavior
of the ground displacement along the cross-section indicates subsidence. Furthermore,
the stability of the subsidence can be seen at the beginning of the cross-section and for
2.0 km, but thereafter a decrease in subsidence is observed in the side of footwall of
the first normal fault trace, northeast of the settlement. Subsequently, the stability of
the subsidence is observed once again throughout the distance 3.0 — 5.0 km, followed
by increasing subsidence in the side of the hanging wall of the second normal fault
trace. Thereafter, subsidence stability is once again observed until the third normal
fault southwest of the settlement. This fluctuation of subsidence may be attributed to

the impact of fault movement, in spite of the short time period.
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Figure.209 Spatial profile showing the displacement field as observed by conventional
interferometry within a 7 km cross-section of Larissa, in the period 19980802 19980906 red lines
correspond to the faults

4.2.2.3. Persistent Scatterers Interferometry (PSI)

Note that not all settlements were covered with the results of candidate points within
this track. Consequently, just four settlements out of the total of 30 were covered. The
less marked distribution of other candidate points can be observed outside the
respective settlements. The mminimum and maximum deformation rate in LOS and

the number of candidate points within each settlement are depicted in Table 46. All
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the candidate points have been superimposed within an ArcGIS environment to create
a spatial correlation between each point candidate and fault movements.

Table 46. Minimum and maximum deformation rate in LOS and the number of PSI
targets within urban areas of Thessaly prefecture, 1992-2010

Minimum rate .
Settlements Number of targets i) Maximum rate Mean
(mm)
Larissa 3850 -1 12 1
Giannouli 25 -1 9 2
Nikaia 11 -1 10 1
Terpsithea 122 -1 9 2
4.2.2.3.1. Minimum deformation rate
4.2.2.3.1.1. Larissa

Candidate point number 171091 was selected as representative of the minimum
deformation rate. It is located northwest of the settlement and 1.163 km southwest of
a normal fault trace in the side of the footwall, as well as 2.848 km north of another
normal fault trace in the side of the hanging wall. A plot of this point is depicted in
Figure 210. The ground deformation behavior of this candidate point through its time
series begins with uplift then changes to subsidence. The minimum uplift was 1.226
mm (July 2008) while the maximum was 134.964 mm (November 1992). The
minimum and maximum subsidence were -9.772 and -23.687 mm in November 2008
and October 2010 respectively. Uplift may be attributed to the impact of fault
movement, given the location of the point in the side of the footwall, as mentioned
above. However, subsidence at the end of the time series may be attributed to the

impact of the hanging wall of the other fault which is located south of the point.

An acceptable reason for this deformation behavior from uplift to subsidence through
the time series of the candidate point in this case may be the disparity of fault activity.
The location of the selected point’s minimum and maximum deformation rate is

shown in Figure 211.
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Figure210. LOS displacement time series (1992-2010) of the minimum deformation rate of PSI of
Larissa. Point number 171091. Time series are rescaled to the first acquisition (12 November 1992)

GHiTa Lo

@  Point’s candidates of minimum deformation rate
@ Point’s candidates of maximum deformation rate
m Thessaly_Settlements
A Normal Faults

m 2 o T T T
618000 619000 620000 621000 622000 623000 624000 625000 626000

Figure.211 Location of selected candidate points minimum and maximum deformation rate,
descending track 279. Settlement of Larissa.
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4.2.2.3.1.2. Giannouli

Candidate point number 166001 was selected as representative of the minimum
deformation rate. It is located southwest of the settlement and 1.765 km southwest of
a normal fault trace in the side of the footwall. A plot of this point is depicted in
Figure 212. The ground deformation behavior of the candidate point through its time
series begins with uplift then changes to subsidence. The minimum uplift was 9.5015
mm (August 2007) while the maximum uplift was 104.942 mm (November 1992).
The minimum and maximum subsidence were -0.322 and -17.124 mm in July 2008
and October 2010 respectively. Uplift may be attributed to the impact of fault
movement, given the location of the point in the side of the footwall, as mentioned
above. Subsidence may be attributed to another impact factor. The location of the

selected point’s minimum and maximum deformation rate is shown in Figure 213.
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Figure212. LOS displacement time series (1992-2010) of the minimum deformation rate of PSI of
Giannouli. Point number 166001. Time series are rescaled to the first acquisition (12 November 1992)
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Figure213. Location of selected candidate points minimum and maximum deformation rate,
descending track 279. Settlement of Giannouli

4.2.2.3.1.3. Nikaia

Candidate point number 225264 was selected as representative of the minimum
deformation rate. It is located northeast of the settlement and 1.42 km south of a
normal fault in the side of the footwall, as well as 5.1 km northeast of another normal
fault in the side of the hanging wall. A plot of this point is depicted in Figure 214. The
ground deformation behavior of this candidate point through its time series begins
with uplift then changes to subsidence. The minimum uplift was 2.071 mm (July
2008) while the maximum uplift was 125.798 mm (November 1992). The minimum
and maximum subsidence were -0.775 and -26.967 mm in November 2008 and
October 2010 respectively. Uplift may be attributed to the impact of fault movement,
given the location of the point in the side of the footwall, as mentioned above.
Subsidence may be attributed to the impact of the hanging wall southwest of the point,
in spite of the long distance between them. The location of the selected point’s

minimum and maximum deformation rate is shown in Figure 215.
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Figure.214 LOS displacement time series (1992-2010) of the minimum deformation rate of PSI of Nikaia.
Point number 225264. Time series are rescaled to the first acquisition (12 November 1992)
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Figure215. Location of selected candidate points minimum and maximum deformation rate,
descending track 279. Settlement of Nikaia
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4.2.2.3.1.4. Terpsithea

Candidate point number 202683 was selected as representative of the minimum
deformation rate. It is located southwest of the settlement and 1.351 km southwest of
a normal fault in the side of the footwall, as well as 0.960 km northeast of another
normal fault in the side of the hanging wall. A plot of this point is depicted in Figure
216. The ground deformation behavior of the candidate point through its time series
begins with uplift then changes to subsidence. The minimum uplift was 0.887 mm
(July 2008) while the maximum uplift was 108.817 mm (October 1993). The
minimum and maximum subsidence were -1.111 and -21.807 mm in April 2008 and
October 2010 respectively. Both uplift and subsidence may be attributed to disparities
in the impact of fault movements, although the side of the footwall is more proactive
than the side of the hanging wall. The location of the selected point’s minimum and

maximum deformation rate is shown in Figure 217.
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Figure216. LOS displacement time series (1992-2010) of the minimum deformation rate of PSI of
Terpsithea. Point number 202683. Time series are rescaled to the first acquisition (12 November 1992)
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Figure217. Location of selected candidate points minimum and maximum deformation rate, descending
track 279. Settlement of Terpsithea

4.2.2.3.2. Maximum deformation rate
4.2.2.3.2.1. Larissa

Candidate point number 185001 was selected as representative of the maximum
deformation rate. It is located in the centre of the settlement and 2.3 km south of a
normal fault in the side of the footwall, as well as 1.10 km north of another normal
fault in the side of the hanging wall. A plot of the point is depicted in Figure 218. The
ground deformation behavior of this candidate point through its time series begins
with subsidence then changes to uplift. The minimum subsidence was -0.150 mm
(January 2009) while the maximum was -187.556 mm (November 1992). The
minimum and maximum uplift were 0.788 and 30.802 mm in July 2008 and October
2010 respectively. Subsidence may be attributed to the impact of fault movement.
Furthermore, uplift at the end of the time series may be attributed also to disparity in
the fault movement activity. The location of the selected point’s minimum and

maximum deformation rate was shown earlier in Figure 211.
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Figure.218 LOS displacement time series (1992-2010) of the maximum deformation rate of PSI of
Larissa. Point number185001. Time series are rescaled to the first acquisition (12 November 1992)

4.2.2.3.2.2. Giannouli

Candidate point number 163240 was selected as representative of the maximum
deformation rate. It is located in the middle-west of Giannouli and 1.417 km
southwest of a normal fault trace in the side of the footwall. A plot of this point is
depicted in Figure 219. The ground deformation behavior of the candidate point
through its time series begins with subsidence then changes to uplift. The minimum
subsidence was -9.556 mm (August 2007) while the maximum was -137.145 mm
(November 1992). The minimum and maximum uplift were 2.228 and 19.329 mm in
April 2008 and October 2010 respectively. Subsidence may be attributed to another
impact of fault movement. However, uplift may be attributed to the impact of fault
movement. The location of the selected point’s minimum and maximum deformation

rate was shown earlier in Figure 213.
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Figure.219 LOS displacement time series (1992-2010) of the maximum deformation rate of PSI of
Giannouli. Point number163240. Time series are rescaled to the first acquisition (12 November

1992)

4.2.2.3.2.3. Nikaia

Candidate point number 221761 was selected as representative of the maximum
deformation rate. It is located north of the settlement and 5.3 km northeast of a normal
fault trace in the side of the hanging wall, as well as 1.1 km south of another normal
fault trace in the side of the footwall. A plot of this point is depicted in Figure 220.
The ground deformation behavior of this candidate point through its time series
begins with subsidence then changes to uplift. The minimum subsidence was -1.863
mm (July 2008) while the maximum was -145.412 mm (November 1992). The
minimum and maximum uplift were 0.804 and 16.11 mm in April 2008 and October
2010 respectively. Both subsidence and uplift may be attributed to disparity in the
impact of fault movements in the hanging wall and footwall on the two sides. The
location of the selected point’s minimum and maximum deformation rate was shown

earlier in Figure 215.
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Figure220. LOS displacement time series (1992-2010) of the maximum deformation rate of PSI of

Nikaia. Point number 221761. Time series are rescaled to the first acquisition (12 November 1992)

4.2.2.3.2.4. Terpsithea

Candidate point number 204403 was selected as representative of the maximum
deformation rate. It is located south of the settlement and 0.879 km northeast of a
normal fault in the side of the hanging wall, as well as 1.612 km south of another
normal fault trace in the side of the footwall. A plot of this point is depicted in Figure
221. The ground deformation behavior of this candidate point through its time series
begins with subsidence then changes to uplift. The minimum subsidence was -1.549
mm (July 2008) while the maximum subsidence was -142.923 mm (November 1992).
The minimum and maximum uplift were 5.487 and 15.834 mm in November 2008
and October 2010 respectively. Both subsidence and uplift may be attributed to the
disparity in the impact of fault movements. Evidence of this is the increasing uplift
during the period November 2008 — October 2010. The location of the selected

point’s minimum and maximum deformation rate was shown earlier in Figure 217.
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Figure.221 LOS displacement time series (1992-2010) of the maximum deformation rate of PSI of
Terpsithea. Point number 204403. Time series are rescaled to the first acquisition (12 November 1992)
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Chapter Five: Impact of lithology types on ground deformation

5.1. Introduction to the lithology

The type of lithology has an important impact on ground deformation for the reason
that any physical or chemical change of shape or size of materials will be reflected in

the stability of objects above the ground.

(Caputo and Helly, 2005) found that in Thessaly in general and particularly the sector
corresponding to the Tyrnavos Basin most of the villages are settled on thick
Quaternary fluvio-lacustrine deposits and therefore on the worst geological conditions
for the possible occurrence of site effects. Spatial correlation between lithology type
and ground deformation has been created to verify the impact of lithology on ground

deformation, taking into account the general type of lithology within the study area.

5.2. Results and Discussion

Spatial correlation has been created between the lithology type of geological

formations and ground deformation within the study area.

Ground deformation was assessed by implementing three techniques of SAR
interferometry: interferometric stacking, conventional interferometry and Persistent

Scatterers Interferometry.

Seven geological maps of Thessaly at a scale of 1:50,000 issued by the Greek Institute
of Geology and Mineral Exploration, covering Larissa, Farkadwn, Platykampos,

Gonnoi, Trikala, Rapsani, and Sofades, were used along with field observations.

Thirty settlements were identified. However, just 19 were selected to examine and
investigate the influence of lithology type on ground deformation. The reason for
selecting these settlements, as mentioned previously in the chapter on fault
movements, was dependent on the type of lithology, since each one of the 19
settlements overlies just one type of lithology, while the others each overlie more than

one type of lithology.

The geological formations cropping out on the surface of the broader area of the
settlements were identified and mapped, and consequently a shape file was created

and identified utilizing GIS software ArcGIS 9.3, as depicted in Figure 222. The
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intersection of the geological formation and the settlement layers revealed the

geological formations of the surface of the cities and villages under investigation.
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Figure222. Geological map of Thessaly, map is modified from IGME. Faults are modified from the results of

previous studies.

5.2.1. The role of lithology type

The formations of the study area can generally be grouped into two categories; the
first includes recent Post-Alpine deposits while the second concerns old Paleozoic

rocks.

The geological formations are then grouped into three classes taking into account their

lithology, consolidation, origin and age.

The first class includes recent loose alluvial deposits of Quaternary age. The second
class consists of old consolidated talus cones, scree and torrent terraces material of
Pleistocene and Miocene age. The third class is composed of middle Triassic, Jurassic
and metamorphic systems, and old (Paleozoic) massif metamorphic rocks such as
schists, gneisses and amphibolites of the metamorphic system of the Pelagoniki

geotectonic zone.
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5.2.1.1. First class

Alluvial deposits (al), Quaternary age. This formation consists mostly of loose fluvial
material derived from the erosion over the Pinios River and its tributaries’ catchments
and deposited at the Thessaly alluvial plain. The thickness of this formation is not the
same over the entire plain. Probably close to the borders with the older rocks of
Palacozoic and Neogene age the thickness is less. Alluvial deposits are particularly
prone to subsidence due to the fact that they consist mostly of recent loose river-
transported and deposited sediments. This formation occupies the southwestern part,

and an extensive area of the central part of the study area.

Fluvio-lacustrine deposits (Pt2), Larissa basin. These consist mainly of clays and
sands with intercalation of coarse-grained material of various thicknesses. The age of
these deposits is Pleistocene. They occur at the northwestern settlements of the study
area. It is considered that fine-grained deposits (clays and sand) show a trend of

subsidence.

Terrestrial fluvio-torrential deposits (P1-Pt), Pontio Pliocene-Pleistocene age. These
overlie lacustrine and fluvio-lacustrine deposits consisting of sandy-clay material and
loam with dispersed angular and rounded pebbles of different origin with intercalation
of loose/semi-loose breccio conglomerates. Lacustrine deposits consist of marls, marl
sandstones, micro- and macro-breccio conglomerates. The maximum thickness of this

formation according to the geological mapping of IGME is approximately 100 m.

5.2.1.2. Second class

Old talus cones, scree and torrent terraces material (Qsc-CS, Ms) Pleistocene age.
This formation occurs mainly at the borders of the alluvial plains and rarely on
mountain massifs. It consists of coarse-grained material with pebbles of various sizes,
consolidated, usually with carbonate cement. Terrace heights range up to
approximately 20 m. Transgressive polygenic compact conglomerates pass upwards

to thick-bedded micro-brecciated grey limestone.
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5.2.1.3. Third class

Middle Triassic, Jurassic (Tm-J.mr). Marbles, crystalline, coarse, medium or fine-
grained, overlie the rocks of the metamorphic system, with a thickness of

approximately 30 m.

Mica schists (Pz-Tm.sch) of Paleozoic Middle Triassic age belong to the Pelagonian
geotectonic zone. They constitute the upper members of the neopaleozoic-lower-
middle Triassic formations.

Mica-schists, gneiss schists and amphibolites (Pzn-Tm-sch.mi) of Lower-Middle

Triassic age of the Pelagonian geotectonic zone.

Gneisses (mainly bimicaceous) (Pz.gn), Pelagonian geotectonic zone, Paleozoic
(Precarboniferous) age. These occur in the form of compact banks with a strong
gneissic character and locally granitic texture. Usually, they are light-colored,
greenish to whitish with a milky appearance of the feldspar components and
sometimes presenting an augen structure. The proportion of femic minerals fluctuates
widely from place to place and from bank to bank. Therefore, they sometimes appear

to be leucocratic and sometimes Socratic.

Blue schists, gneiss-schists, gneisses and prasinites (Sch) of the blue schists class
which belongs to the Pelagonian geotectonic zone. These petrographic types alternate

vertically and laterally, with local predominance of either one of them.

Crystalline mica, chlorite, schist gneisses, intercalations, marbles and quartzites (Pt
sh). The age of this formation is Triassic and it belongs to the metamorphic system of
Geopaliagoniki geotectonic zone.

5.2.2. Ascending track 143

A similar context of discussion to that used to discuss the spatial correlation between
fault movements and ground deformation will be used here also to create and discuss
the impact of lithology type on ground deformation.

5.2.2.1. Interferometric stacking

Results of the interferometric stacking technique, ascending track, were depicted

previously in Figure 10 within the processing chapter. The type of lithology,
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minimum and maximum rate of ground deformation subsidence and uplift for each
settlement are depicted in Table 47.

Table 47. Type of lithology and minimum and maximum deformation rates in LOS of
interferometric stacking, 1995- 2008

e of Minimum Max.imum Minirpum Maxirpum
I.d Settlements litholo Subsidence Subsidence | Mean Uplift Uplift Mean
gy mm mm mm
mm
1 Larissa al -0.46 -2.961 -1.710 0.545 6.636 3.276
2 Giannouli al -0.131 -3.574 | -1.852 0.729 4.171 2.450
3 Chalki al -0.208 -2.842 -1.494 0.42 4.317 2.039
4 Eleftheron al -0.225 -0.225 -0.224 0.556 3.526 2.066
5 Falanna al -0.05 -2.34 -1.048 0.539 3.691 1.832
6 | Melissochorion al -0.126 -1.713 -0.859 0.567 3.278 1.657
7 Galini al -0.10 -0.11 -0.105 0.694 3.692 1.973
8 Platykampos al -0.138 -3.027 -1.441 0.527 3.463 1.770
9 Glafki al -0.874 -0.9 -0.84 0.146 3.67 1.855
10 Itea al -0.131 -4.313 -1.947 0.463 2.946 1.575
11 Fyllon al -0.01 -1.108 -0.551 0.326 3.502 1.598
12 Palamas al -0.216 -1.676 -0.945 0.348 3.306 1.497
13 Marathea al -0.664 -1.545 -1.104 0.211 2.891 1.371
14 Nikaia al -0.75 -0.8 -0.77 0.217 4.269 1.850
15 Terpsithea pl-pt Null Null Null 0.218 4.384 2.688
16 Tyrnavos Pt2 -0.178 -1.447 -0.735 0.14 2.504 1.052
17 Rodia Pt2 -0.036 -0.752 -0.393 0.284 3.109 1.254
18 Mandra PI-Pt -0.086 -1.587 -0.681 0.127 1.316 0.665
19 Eleftherai PI-Pt -0.34 -0.35 -0.345 0.267 3.365 1.552

al= Alluvial. Pt2= Fluvio-lacustrine deposits. pl-pt= Terrestrial fluvio-torrential deposit.

Figure 223 shows the correlation between lithology type and minimum and maximum
deformation rate in LOS. The plot indicates that no significant differences were
observed between uplifts for settlements which overlie the same type of lithology
(alluvial). However, significant differences between the rate of uplift of the same
lithology type, and the terrestrial fluvio-torrential deposits of the settlements of
Mandra and Eleftherai are clearly observed. Additionally, the plot points to significant
differences between the subsidences at settlements which have the same type of
lithology (alluvial). Furthermore, the rate of subsidence at settlements which overlie a
lithology of fluvio-lacustrine deposits and the terrestrial fluvio-torrential deposits at
the settlements of Tyrnavos, Rodia, Mandra and Elftherai is less than the rate of
subsidence at settlements which overlie the alluvial type of lithology. The greatest
subsidence is observed within the settlements of Itea, Larissa, Giannouli and

Platykampos.
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Figure.223 Minimum and maximum deformation rates in LOS of interferometric stacking 1995-2008 of 19
settlements corresponding to type of lithology.

The impact of lithology type on ground deformation will be discussed separately for

each settlement.

5.2.2.1.1. Larissa

Results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Larissa were shown previously in

Figure 129.

Ground deformation results within the settlement of Larissa indicate that the

subsidence varies in the range -0.46 — -2.961 mm/year, while uplift varies in the range

0.545 — 6.636 mm/year.

Subsidence within Larissa settlement may be attributed to the impact of the lithology
type, which is alluvial, since it consists mostly of loose fluvial material, which is less
coherent than other types of material and consequently shows more vulnerability.
However, the impact of the hanging walls of the normal fault traces, as mentioned

before, should not be ignored.
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5.2.2.1.2. Giannouli

Results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Giannouli were shown earlier in Figure
130.

Ground deformation results within Giannouli settlement indicate that the subsidence
varies in the range -0.131 — -3.574 mm/year, while uplift varies in the range 0.729 —
4.171 mm/year.

Subsidence may be attributed to the impact of the lithology type, which is alluvial.
Evidence for this explanation is the location of the settlement southwest of a normal

fault trace in the side of the footwall.

5.2.2.1.3. Chalki

Results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Chalki were shown earlier in Figure
131.

Ground deformation results within the settlement of Chalki indicate that the
subsidence varies in the range -0.208 — -2.842 mm/year, while uplift varies in the

range(0.42 and 4.317 mm/year.

Subsidence may be attributed to the alluvial lithology. However, the impact of the

hanging wall of a normal fault trace should not be ignored.

5.2.2.1.4. Eleftheron

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Eleftheron were shown in Figure 132.

Ground deformation results within Eleftheron settlement indicate that the subsidence
varies in the range -0.225 — -0.225 mm/year, while uplift varies in the range 0.556 —
3.526 mm.

Subsidence in the southwestern part of the settlement may be attributed either to the

alluvial lithology or to its location south of the hanging wall of a normal fault trace.
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The subsidence deformation which is observed in the middle and northwest of the
settlement may be attributed to the alluvial lithology for the fact that this part of the

settlement is located south of the footwall of a normal fault trace.

5.2.2.1.5. Falanna

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Falanna were shown in Figure 133.

Ground deformation results within Falanna settlement indicate that the subsidence
varies in the range -0.05 — -2.34 mm/year, while the uplift varies in the range 0.539 —
3.691 mm/year.

Subsidence may be attributed to the impact of the alluvial lithology. However, the
location of the settlement in the eastern part of the hanging wall of a normal fault

trace should not be ignored.

5.2.2.1.6. Melissochorion

Results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Melissochorion were shown in Figure

134.

Ground deformation results within Melissochorion settlement indicate that the
subsidence varies in the range -0.126 — -1.713 mm/year, while uplift varies in the

range 0.567 — 3.278 mm/year.

Subsidence may be attributed to the alluvial lithology. However, the location of the

settlement east of the hanging wall of a normal fault trace should not be ignored.

5.2.2.1.7. Galini

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Galini were shown in Figure 135.

Ground deformation results within Galini settlement indicate that the subsidence
varies in the range -0.10 — - 0.11 mm/year, while uplift varies in the range 0.694 —
3.692 mm/year.
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Subsidence may be attributed to the impact of the alluvial lithology. The evidence for
this is the existence of subsidence in the side of the footwall of a normal fault trace
which crosses the settlement from the south. However, the location of the areca
affected by this type of deformation in the side of the hanging wall of a normal fault
trace, in addition to the impact of the alluvial type of lithology, should not be ignored.

5.2.2.1.8. Platykampos

Results of interferometric stacking patterns and total deformation rate estimation
during the period June 1995 — March 2008 for Platykampos were shown in Figure
136.

Ground deformation results within Platykampos settlement indicate that the
subsidence varies in the range -0.138 — -3.027 mm/year, while uplift varies in the

range 0.527 — 3.463 mm/year.

Subsidence in the northern part may be attributed to the impact of the alluvial
lithology type. However, the impact of the hanging wall of a normal fault trace should
not be ignored. Additionally, the evidence of the influence the alluvial lithology is the
existence of subsidence in the middle and southern parts of the settlement in the side

of the footwall of a normal fault trace.

5.2.2.1.9. Glafki

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Glafki were shown in Figure 137.

Ground deformation results within Glafki settlement indicate that the subsidence
varies in the range -0.874 — -0.9 mm/year, while uplift varies in the range0.146 — 3.67
mm/year.

Subsidence may be attributed to the impact of the alluvial lithology type.

5.2.2.1.10. Itea

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Itea were shown in Figure 138.
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Ground deformation results within Itea settlement indicate that the subsidence varies
in the range -0.131 — -4.313 mm/year, while uplift varies in the range 0.463 — 2.946
mm/year.

Subsidence may be attributed to the impact of the alluvial lithology type. However,
the location of the settlement southwest of the hanging wall of a normal fault trace

should not be ignored.

5.2.2.1.11. FEyllon

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Fyllon were shown in Figure 139.

Ground deformation results within Fyllon settlement indicate that the subsidence
varies in the range -0.01 — -1.108 mm/year, while uplift varies in the range 0.326 —
3.502 mm/year.

Subsidence may be attributed to the impact of the alluvial lithology.

5.2.2.1.12. Palamas

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Palamas were shown in Figure 140.

Ground deformation results within Palamas settlement indicate that the subsidence
varies in the range -0.216 — -1.676 mm/year, while uplift varies in the range 0.348 —
3.306 mm/year.

Subsidence patterns are observed over almost all the settlement may be attributed to

the impact of the alluvial lithology.

5.2.2.1.13. Marathea

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Marathea were shown in Figure 141.

Ground deformation results within Marathea settlement indicate that the subsidence
varies in the range -0.664 — -1.545 mm/year, while uplift varies in the range 0.211 —
2.891 mm/year.
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Subsidence patterns are observed distributed all over the settlement. Subsidence may

be attributed to the impact of the alluvial lithology.

5.2.2.1.14. Nikaia

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Nikaia were shown in Figure 142.

Ground deformation results within Nikaia settlement indicate that the subsidence
varies in the range -0.5 — -0.8 mm/year, while uplift varies in the range 0.217 — 4.269
mm/year.

Subsidence may be attributed to the impact of the alluvial lithology.

5.2.2.1.15. Terpsithea

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Terpsithea were shown in Figure 143.

Ground deformation results within Terpsithea settlement indicate that the subsidence

is null, while uplift varies in the range 0.218 — 4.384 mm/year.

The low deformation rate of subsidence may be attributed to the type of lithology,
since it is terrestrial fluvio-torrential deposits consisting of sandy-clay material and
loam with dispersed angular and rounded pebbles of different origin with intercalation
of loose/semi-loose breccio conglomerates. In consequence, this type of material may
be more resistant to subsidence, although the previous reasoning relating to the impact

of the footwall of a normal fault trace is more likely.

5.2.2.1.16. Tyrnavos

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Tyrnavos were shown in Figure 144.

Ground deformation results within Tyrnavos settlement indicate that the subsidence
varies in the range -0.178 — -1.447 mm/year, while uplift varies in the range 0.14 —
2.504 mm/year.

The settlement overlies fluvio-lacustrine deposits and this lithology type may be more

resistant to subsidence. In consequence, the previous reasoning relating to the impact
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of the hanging wall of a normal fault trace is more likely. Additionally, the low
deformation rate of subsidence of the following settlement of Rodia may support this

reasoning.

5.2.2.1.17. Rodia

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 of Rodia were shown in Figure 145.

Ground deformation results within Rodia settlement indicate that the subsidence
varies in the range -0.036 — -0.752 mm/year, while uplift varies in the range 0.284 —
3.109 mm/year.

Note the low deformation rate of subsidence in spite of the location of the settlement
south and west of the hanging walls of two normal fault traces. This may be attributed

to the fluvio-lacustrine deposits lithology which may be more resistant to subsidence.

5.2.2.1.18. Mandra

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Mandra were shown in Figure 146.

Ground deformation results within Mandra settlement indicate that the subsidence
varies in the range -0.086 — -1.587 mm/year, while uplift varies in the range 0.127 —
1.316 mm/year.

Subsidence may be attributed to the impact of the terrestrial fluvio- torrential deposits

lithology type.

5.2.2.1.19. Eleftherai

Results of interferometric stacking patterns and total deformation rate estimation

during the period June 1995 — March 2008 for Eleftherai were shown in Figure 147.

Ground deformation results within Eleftherai settlement indicate that the subsidence
varies in the range -0.34 — -0.35 mm/year, while uplift varies in the range 0.267 —
3.365 mm/year.

Subsidence may be attributed to the impact of the terrestrial fluvio- torrential deposits

lithology type.
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5.2.2.2. Conventional SAR Interferometry

The results of the conventional technique of SAR interferometry, which was
discussed previously to reveal the impact of fault movement, were used once again to
reveal the impact of lithology type on ground deformation. A single interferogram
with a short temporal period (19960228 19960403) was chosen within this track, as
depicted previously in Figure 148. However, within this case we will not discuss the
deformation rate along the cross-section but will discuss the distribution of subsidence
deformation patterns across the settlement of Larissa corresponding to the impact of

the alluvial deposits lithology type.

Subsidence patterns have been observed to the east, north-east, and south-west. The
subsidence deformation rate is -62 mm/LOS during this period. Subsidence could not
be attributed to the impact of the single factor of the lithology type during this short
temporal period. This is because there are several nested and interconnected factors
such as lithology, fault movements, type of clay minerals and amount of precipitation
during this period. However, the lithology of alluvial deposits may constitute an
essential co-factor that activates other factors in spite of the short period. Figure 224
shows the amount of precipitation during 1996, indicating the precipitation during the

period of the interferogram, which varies in the range 56 — 61.9 mm.

It is worth mentioning that the amount of precipitation plays an important role by
causing a swelling process in clay minerals, as mentioned before in the chapter on
groundwater. In consequence, although the type of lithology under discussion is
alluvial deposits, nevertheless the observed distribution of subsidence patterns does
not cover the whole settlement, which may be attributed to the activation of the
swelling process of clay minerals during this period. Evidence for this explanation is
the greater distribution of subsidence patterns observed in the summer interferogram
of the descending track. Furthermore, the largest rate of subsidence is shown in the

following.
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Figure.224 Monthly amount of precipitation during 1996 including precipitation during the period
of the interferogram.

5.2.2.3. Persistent Scatterers Interferometry (PSI)

The same candidate points and a similar context to that used previously in discussion
of the impact of fault movements on ground deformation will be used here to verify

the impact of lithology type on ground deformation.

5.2.2.3.1. Minimum deformation rate

5.2.2.3.1.1. Larissa

Candidate point number 46536 was selected as representative of the minimum

deformation rate. A plot of this point was depicted previously in Figure 150.

The deformation behavior of this candidate point through its time series begins with
subsidence then changes to uplift, and thereafter changing status between subsidence
and uplift is observed during April 2004 — December 2006. Subsidence may be
attributed to the impact of the alluvial deposit lithology on ground deformation of this
point. However, the location of the point in the side of the hanging wall of a normal

fault trace should not be ignored.
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5.2.2.3.1.2. Giannouli

Candidate point number 55991 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 152.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift, and thereafter changing status between subsidence and uplift is

observed during February 2004 — December 2006.

Subsidence may be attributed to the impact of the alluvial deposit lithology. A
reasonable interpretation of this case is the location of the point in the side of the

footwall of a normal fault trace.

5.2.2.3.1.3. Falanna

Candidate point number 80781 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 154.

The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology on ground
deformation through the behavior of this point. However, the location of the point in

the side of the hanging wall of a normal fault trace should not be ignored.

5.2.2.3.1.4. Melissochorion

Candidate point number 35637 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 156.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift, and thereafter changing status between subsidence and uplift is

observed during August 2003 — December 2006.

Subsidence may be attributed to the impact of the alluvial deposit lithology type on
ground deformation. However, the location of the point in the side of the hanging wall

of'a normal fault trace should not be ignored.
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5.2.2.3.1.5. Galini

Candidate point number 31580 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 158.

The deformation behavior of this point through its time series shows continuous

fluctuation between subsidence and uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology. Evidence
for this reasoning is the location of the point in the side of the footwall of a normal
fault trace. Additionally, the continuous fluctuation between subsidence and uplift
during the time series may be attributed to the influence of the footwall activity of the

normal fault trace and other factors, one of which is the type of lithology.

5.2.2.3.1.6. Platykampos

Candidate point number 32889 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 160.

The deformation behavior of this point through its time series begins with uplift then
changes to subsidence, and changing status between subsidence and uplift is observed

during April 2003 — December 2006.

Subsidence may be attributed to the impact of the alluvial deposit lithology type.
However, the location of point in the side of the hanging wall of a normal fault trace
should not be ignored. It is worth mentioning that the fluctuation of the histogram
may be attributed to not only the impact of the lithology but also the influence of the

hanging wall on one side and the footwall on the other.

5.2.2.3.1.7. Glafki

Candidate point number 26115 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 162.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift, but fluctuation between subsidence and uplift can be observed

during May 2000 — September 2004.
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Subsidence may be attributed to the impact of the alluvial deposit lithology type. In
addition, the fluctuation between subsidence and uplift may be attributed to the

respective influence of the footwall of the normal fault trace activity and the type of

lithology.

5.2.2.3.1.8. Tyrnavos

Candidate point number 116381 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 164.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift, but a changing status between subsidence and uplift can be

observed during September 2004 — December 2006.

Subsidence may be attributed to the impact of the fluvio-lacustrine deposits lithology.
However, this type of lithology may be more resistant to subsidence. Furthermore, the
location of the point in the side of the hanging wall of a normal fault trace should not

be ignored.

5.2.2.3.1.9. Rodia

Candidate point number 142796 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 166.

The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the fluvio-lacustrine deposits lithology. However,
this type of lithology may be more resistant to subsidence. Furthermore, the location
of the point south and west of the hanging walls of two normal fault traces should not

be ignored.

5.2.2.3.1.10. Mandra

Candidate point number 41227 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 168.
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The deformation behavior of this point through its time series begins with uplift then

changes to subsidence.

Subsidence may be attributed to the impact of the terrestrial fluvio- torrential deposits
lithology type. The appearance of subsidence at the end of the time series may be
attributed to the decreasing or fading of the impact of the footwall, as a consequence

of which the impact of that lithology type has begun.

5.2.2.3.1.11. Eleftherai

Candidate point number 28093 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 170.

The deformation behavior of this point through its time series begins with uplift then

changes to subsidence.

Subsidence may be attributed to the impact of the terrestrial fluvio- torrential deposits
lithology type. The appearance of subsidence at the end of the time series may be
attributed to the decreasing or fading of the impact of the footwall, as a consequence
of which the impact of that lithology type has begun. It is worth mentioning that the

deformation behavior of this point is similar to that of the selected point at Mandra.

5.2.2.3.1.12. Terpsithea

Candidate point number 36831 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 172.

The deformation behaviour of this point through its time series begins with

subsidence then changes to uplift.

Subsidence may be attributed to the lithology of terrestrial fluvio-torrential deposits.
However, the impact of the hanging wall of a normal fault trace to the southwest

should not be ignored.

5.2.2.3.1.13. Nikaia

Candidate point number 19557 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 174.
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The deformation behavior of this point through its time series begins with subsidence
then changes to uplift.
Subsidence may be attributed to the impact of the alluvial lithology type.

5.2.2.3.2. Maximum deformation rate
5.2.2.3.2.1. Larissa

Candidate point number 31912 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 176.

The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology type.
However, the location of the point in the side of the hanging wall of a normal fault

trace should not be ignored.

5.2.2.3.2.2. Giannouli

Candidate point number 50363 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 177.

The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology type. An
acceptable reason for this is the location of the point in the side of the footwall of a

normal fault trace.

5.2.2.3.2.3. Falanna

Candidate point number 80751 was selected as representative of the maximum
deformation rate. A plot of this point was depicted in Figure 178.

The deformation behavior of the point through its time series begins with subsidence
then changes to uplift, and changing status from uplift to subsidence can be observed
in August 2004.

Subsidence may be attributed to the impact of the alluvial deposit lithology type.

However, the location of the point in the side of the hanging wall of a normal fault
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trace should not be ignored. It is worth mentioning that the behavior of the point’s
minimum deformation rate is similar to the behavior of its maximum deformation

rate. This may confirm the impact of the lithology type on the ground deformation.

5.2.2.3.2.4. Melissochorion

Candidate point number 35184 was selected as representative of the maximum
deformation rate. A plot of this point was depicted in Figure 179.
The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology. However,
the location of the point in the side of the hanging wall of a normal fault trace should
not be ignored. It is worth mentioning that the behavior of the point’s minimum
deformation rate is similar to the behavior of its maximum deformation rate. This may

confirm the impact of the lithology type on the ground deformation.

5.2.2.3.2.5. Galini

Candidate point number 32014 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 180.

The deformation behavior of the point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology type.
Evidence for this reasoning is the location of the point in the side of the footwall of a
normal fault trace. Additionally, the uplift at the end of the time series may relate to

the effect of the footwall after the fading of the lithology’s influence.

5.2.2.3.2.6. Platykampos

Candidate point number 29080 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 181.

The deformation behavior of the point through its time series begins with subsidence

then changes to uplift.
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Subsidence may be attributed to the impact of the alluvial deposit lithology type.
Evidence for this reasoning is the location of the point in the side of the footwall of a
normal fault trace. Additionally, the uplift at the end of the time series may relate to

the beginning of the footwall’s effect after the fading of the lithology’s influence.

5.2.2.3.2.7. Glafki

Candidate point number 26720 was selected as representative of the maximum
deformation rate. A plot of the point was depicted in Figure 182.
The deformation behavior of this point during its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology type. In
addition, the stability of subsidence during April 2004 — September 2004 after the
beginning of uplift may be attributed to the respective influences of the footwall of a

normal fault trace and the type of lithology.

5.2.2.3.2.8. Tyrnavos

Candidate point number 106597 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 183.

The deformation behavior of this point through its time series begins with uplift then

changes to subsidence.

Subsidence may be attributed to the impact of the fluvio-lacustrine deposits lithology.
However, this type of lithology may be more resistant to subsidence. Furthermore, the
location of the point southwest of the footwall of a normal fault trace should not be

ignored.

Consequently, subsidence at the end of the time series may be attributed to the fading

impact of the footwall, and then the influence of the lithology.

5.2.2.3.2.9. Rodia

Candidate point number 144160 was selected as representative of the maximum

deformation rate. A plot of the point was depicted in Figure 184.
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The deformation behavior of the point through its time series begins with uplift then

changes to subsidence.

Subsidence may be attributed to the fluvio-lacustrine deposits lithology. However,
this type of lithology may be more resistant to subsidence. In consequence, this may
be the first reason for the uplift deformation behavior at the beginning of time series.
Secondly, this uplift may be attributed to a local impact factor, given the location of

the point south and west of the hanging walls of two normal fault traces.

5.2.2.3.2.10. Mandra

Candidate point number 41360 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 185.

The deformation behavior of this point through its time series begins with subsidence

then changes to uplift.

Subsidence may be attributed to the impact of the terrestrial fluvio-torrential deposits
lithology. However, the appearance of uplift at the end of the time series may be
attributed to the decreasing or fading impact of the lithology and the consequent

impact of footwall activity.

5.2.2.3.2.11. Eleftherai

Candidate point number 27935 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 186.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift.
Subsidence may be attributed to the impact of the terrestrial fluvio-torrential deposits

lithology.

5.2.2.3.2.12. Terpsithea

Candidate point number 38866 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 187.

The deformation behavior of the point through its time series begins with subsidence

then changes to uplift.
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Subsidence may be attributed to the lithology of terrestrial fluvio-torrential deposits.
Evidence for this reasoning is the location of the point in the side of the footwall of a

normal fault trace.

5.2.2.3.2.13. Nikaia

Candidate point number 20809 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 188.

The deformation behavior of this point through its time series begins with subsidence
then changes to uplift. Subsidence may be attributed to the impact of the alluvial

lithology type.
5.2.3. Descending track 279

5.2.3.1. Interferometric Stacking

Results of the interferometric stacking technique of the descending track were
depicted previously in Figure 22 within the processing chapter. The type of lithology,
minimum and maximum rate of ground deformation - subsidence and uplift - of each

settlement are depicted in Table 48.
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Table 48. Type of lithology and minimum and maximum deformation rates in LOS of
interferometric stacking, 1992- 2010

I Minimum Max.imum Minimum Maxirpum
I.d Settlement i . subsidence Mean uplift uplift Mean
ithology subsidence
mm mm mm mm
1 Larissa al -0.385 -3.048 -1.716 0.276 3.442 1.859
2 Giannouli al -0.432 —4.580 -5.012 0.06 0.612 0.336
3 Chalki al -0.518 -1.342 -0.927 0.50 0.524 0.512
4 Eleftheron al -0.086 -0.862 -0.474 0.044 0.365 0.204
5 Falanna al -0.09 -2.524 -1.307 0.191 0.957 0.574
6 | Melissochorion al -0.02 -1.286 -0.653 0.065 0.86 0.462
7 Galini al -0.321 -0.969 -0.645 0.087 0.319 0.203
8 Platykampos al 0 -1.859 -0.929 0.52 0.53 0.525
9 Glafki al -0.23 -1.336 -0.391 Null Null Null
10 Itea al -0.7 -3.744 -2.222 0.671 1.338 1.00
11 Fyllon al -0.219 -1.009 -1.228 Null Null Null
12 Palamas al -0.11 -2.205 -1.157 0.58 0.6 0.59
13 Marathea al -0.058 -1.054 -0.556 Null Null Null
14 Nikaia al -0.018 -2.142 -1.08 0.445 0.784 0.614
15 Terpsithea pl-pt -0.088 -0.849 -0.468 0.046 0.358 0.202
16 Tyrnavos Pt2 -0.195 -2.157 -1.167 0.36 0.37 0.365
17 Rodia Pt2 -0.003 -1.425 -0.714 0.348 1.28 0.814
18 Mandra pl-pt -0.58 -1.731 -1.155 Null Null Null
19 Eleftherai pl-pt -0.273 -1.207 -0.74 0.028 0.303 0.165

al= alluvial Pt2= fluvio-lacustrine deposits pl-pt= terrestrial fluvio-torrential deposits

Figure 225 shows the correlation between lithology type and minimum and maximum

deformation rate in LOS. The plot indicates that no significant differences are

observed between the uplift of settlements which overlie the same type of lithology

(alluvial). However, a significant difference is observed between the uplift at Larissa

and uplift of other settlements of the same and different types of lithology. It is worth

mentioning that this result is similar to the result for the ascending track.

Furthermore, significant differences between the subsidence at settlements which

have the same and different type of lithology are observed. The greatest subsidence is

observed at Itea, Larissa, and Falanna and it is noticeable that this result is similar to

the result for the ascending track.
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Figure225. Minimum and maximum deformation rates in LOS of interferometric stacking 1992-2010 of
nineteen settlements corresponding to type of lithology.

The impact of lithology type on ground deformation will be discussed separately for

each settlement.

5.2.3.1.1. Larissa

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Larissa were shown in Figure

189.

Ground deformation results within the settlement of Larissa indicate that subsidence
varies in the range -0.385 — -3.048 mm/year. Uplift varies in the range 0.276 — 3.442
mm/year.

Subsidence within Larissa settlement may be attributed to the alluvial lithology, since
it consists mostly of loose fluvial material which is less coherent than other types of
material and consequently shows more vulnerability.

Furthermore, the impact of the hanging walls of normal fault traces, as mentioned

before, should not be ignored.
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5.2.3.1.2. Giannouli

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Giannouli were shown in

Figure 190.

Ground deformation results within Giannouli settlement indicate that the subsidence
varies in the range -0.432 — -4.580 mm/year, while uplift varies in the range 0.06 —
0.612 mm/year.

Subsidence may be attributed to the impact of the alluvial lithology. Evidence for this
reasoning is the location of the settlement southwest of a normal fault trace in the side

of the footwall.

5.2.3.1.3. Chalki

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Chalki were shown in Figure
191.

Ground deformation results within the settlement of Chalki indicate that the
subsidence varies in the range -0.518 — -1.342 mm/year, while uplift varies in the

range 0.50 — 0.524 mm/year.

Subsidence may be attributed to the impact of the alluvial lithology. Evidence for this
reasoning is the location of subsidence patterns which have been observed in the side

of the footwall of a normal fault trace.

5.2.3.1.4. Eleftheron

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Eleftheron were shown in
Figure 192.

Ground deformation results within Eleftheron settlement indicate that the subsidence
varies in the range -0.086 — -0.862 mm/year while uplift varies in the range 0.044 —
0.365 mm/year. Subsidence may be attributed to the alluvial lithology. However, the
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location of the settlement north of the hanging wall of a normal fault trace should not

be ignored.

5.2.3.1.5. Falanna

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Falanna were shown in Figure
193.

Ground deformation results within Falanna settlement indicate that the subsidence
varies in the range -0.09 — -2.524 mm/year, while uplift varies in the range 0.191 —
0.957 mm/year.

Subsidence may be attributed to the alluvial lithology. However, the location of the

settlement east of the hanging wall of a normal fault trace should not be ignored.

5.2.3.1.6. Melissochorion

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Melissochorion were shown in

Figure 194.

Ground deformation results within Melissochorion settlement indicate that the
subsidence varies in the range -0.02 — -1.286 mm/year, while uplift varies in the range

0.065 — 0.86 mm/year.

Subsidence may be attributed to the alluvial lithology. However, the location of the

settlement east of the hanging wall of a normal fault trace should not be ignored.

5.2.3.1.7. Galini

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Galini were shown in Figure
195.

Ground deformation results within Galini settlement indicate that the subsidence
varies in the range -0.321 — -0.969 mm/year, while uplift varies in the range 0.087 —
0.319 mm/year.
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Subsidence may be attributed to the alluvial lithology. However, the location of the
area affected by this type of deformation in the side of the hanging wall of a normal

fault trace should not be ignored.

5.2.3.1.8. Platykampos

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Platykampos were shown in
Figure 196.

Ground deformation results within Platykampos settlement indicate that the
subsidence varies in the range 0 — -1.859 mm/year, while uplift varies in the range

0.52 — 0.53 mm/year.

Subsidence may be attributed to the alluvial lithology. However, the location of the
area affected by this type of deformation in the side of the hanging wall of a normal
fault trace should not be ignored.

Additionally, slight subsidence is observed in the southwestern part of the settlement
in the side of the footwall of a normal fault trace. This may confirm the influence of

the alluvial lithology on the ground deformation.

5.2.3.1.9. Glafki

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Glafki_were shown in Figure
197.

Ground deformation results within Glafki settlement indicate that the subsidence
varies in the range -0.23 — -1.336 mm/year, while uplift was null, although it is
observed as pattern phenomena.

Subsidence may be attributed to the alluvial deposits lithology.

5.2.3.1.10. Itea

Results of interferometric stacking patterns and total deformation rate estimation

during the period November 1992 — October 2010 for Itea were shown in Figure 198.
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Ground deformation results within Itea settlement indicate that the subsidence varies
in the range -0.7 — -3.744 mm/year, while uplift varies in the range0.671 — 1.338
mm/year.

Subsidence may be attributed to the alluvial lithology. However, the location of the
settlement southwest of the hanging wall of a normal fault trace should not be

ignored.

5.2.3.1.11. FEyllon

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Fyllon were shown in Figure
199.

Ground deformation results within Fyllon settlement indicate that the subsidence
varies in the range -0.219 — -1.009 mm/year, while uplift was null. Subsidence may be

attributed to the impact of the alluvial deposit lithology.

5.2.3.1.12. Palamas

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Palamas were shown in Figure

200.

Ground deformation results within Palamas settlement indicate that the subsidence
varies in the range -0.11 — -2.205 mm/year, while uplift varies in the range 0.58 — 0.6
mm/year. Subsidence may be attributed to the impact of the alluvial deposit lithology.

5.2.3.1.13. Marathea

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Marathea were shown in Figure
201.

Ground deformation results within Marathea settlement indicate that the subsidence
varies in the range -0.058 — -1.054 mm/year, while uplift is null. Subsidence may be
attributed to the impact of the alluvial deposits lithology. Evidence for this reasoning

is the location of the settlement west of the footwall of a normal fault trace,
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5.2.3.1.14. Nikaia

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Nikaia were shown in Figure
202.

Ground deformation results within Nikaia settlement indicate that the subsidence
varies in the range -0.018 — -2.142 mm/year, while uplift varies in the range 0.445 —
0.784 mm/year.

Subsidence may be attributed to the impact of the alluvial deposits lithology.
However, the location of the settlement northeast of the hanging wall of a normal fault

trace should not be ignored.

5.2.3.1.15. Terpsithea

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Terpsithea were shown in
Figure 203.

Ground deformation results within Terpsithea settlement indicate that the subsidence
varies in the range -0.088 — - 0.849 mm/year, while the uplift varies in the range 0.046
—0.358 mm/year.

The low rate of subsidence deformation may be attributed to the type of lithology
since it is terrestrial fluvio-torrential deposits. Consequently, this type of material may
be more resistant to subsidence. Furthermore, the low subsidence may be attributed
more to the effect of the footwall of a normal fault trace north of the settlement than
the effect of the lithology type or the hanging wall of another normal fault trace to the

northeast.

5.2.3.1.16. Tyrnavos

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Tyrnavos were shown in Figure
204.
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Ground deformation results within Tyrnavos settlement indicate that the subsidence
varies in the range -0.195 — -2.157 mm/year, while uplift varies in the range 0.36 —
0.37 mm/year.

Subsidence may be attributed to the impact of the fluvio-lacustrine deposits lithology.
However, the location of the settlement north of the hanging wall of a normal fault

trace should not be ignored.

5.2.3.1.17. Rodia

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Rodia were shown in Figure
205.

Ground deformation results within Rodia settlement indicate that the subsidence
varies in the range -0.003 — -1.425 mm/year, while the uplift varies in the range 0.348
— 1.28 mm/year.

Subsidence may be attributed to the fluvio-lacustrine deposits lithology. However, the
location of the settlement south and west of the hanging walls of two normal fault

traces should not be ignored.

5.2.3.1.18. Mandra

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Mandra were shown in Figure
206.

Ground deformation results within Mandra settlement indicate that the subsidence

varies in the range -0.58 — -1.731 mm/year, while uplift is null.

Subsidence may be attributed to the impact of terrestrial fluvio-torrential deposits
lithology. Evidence for this reasoning is the location of the settlement south and west
of the footwalls of two normal fault traces. It is noticeable that these normal fault

traces may have a low impact during this period.
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5.2.3.1.19. Eleftherai

Results of interferometric stacking patterns and total deformation rate estimation
during the period November 1992 — October 2010 for Eleftherai were shown in Figure
207.

Ground deformation results within Eleftherai settlement indicate that the subsidence
varies in the range -0.273 — -1.207 mm/year, while uplift varies in the range 0.028 —
0.303 mm/year.

Subsidence may be attributed to the impact of the terrestrial fluvio-torrential deposits
lithology. Evidence of this reasoning is the location of the settlement southwest of the

footwall of a normal fault trace.

5.2.3.2. Conventional SAR Interferometry

The results of the conventional technique of SAR interferometry which were
discussed previously to reveal the impact of fault movements has been used once
again to reveal the impact of lithology type on ground deformation. A single
interferogram with a short temporal period (19980802 19980906) was chosen within

this track, as depicted previously in Figure 21.

However, in this case we will not discuss the deformation rate along the cross-section
but will discuss the distribution of subsidence deformation patterns across the
settlement of Larissa corresponding to the impact of alluvial deposits lithology type,

as was done previously with the ascending track.

Subsidence patterns have been observed distributed over the middle, northern, eastern,
south-eastern, and south-western parts of the settlement. Noticeably more explicit
subsidence patterns were observed compared with the winter interferogram of the

ascending track.

The subsidence deformation rate is -163 mm/LOS during this period. Subsidence
could not be attributed to the sole impact of the type of lithology during the short
temporal period, as mentioned before with the ascending track. Figure 226 shows the
precipitation during 1998 and indicates the amount of precipitation during the period

of the interferogram, which varies in the range 0.7 — 37.1 mm.
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As mentioned before, the amount of precipitation plays an important role through its
impact on the swelling process of clay minerals. Conversely, it plays an important role
also by activating shrinkage of clay minerals during periods of drought or low
precipitation. Consequently, not only the impact of the alluvial lithology type on
ground deformation, but also the amount of precipitation plays an important affective
factor. Thus, because of the low amount of precipitation, shrinkage of clay minerals
was activated. Subsidence is then the natural result of the shrinkage process.
Therefore, several factors have influenced the ground deformation. However, the

alluvial lithology may well constitute an essential co-factor to activate the other

factors.
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Figure.226 Monthly amount of precipitation during 1998, indicating precipitation during the period
of the interferogram.
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5.2.3.3. Persistent Scatterers Interferometry
5.2.3.3.1. Minimum deformation rate

5.2.3.3.1.1. Larissa

Candidate point number 171091 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 210.

The ground deformation behavior of this point through its time series begins with

uplift then changes to subsidence.

Subsidence may be attributed to the impact of the alluvial deposit lithology. However,
the location of the point in the side of the hanging wall of a normal fault trace should
not be ignored. Evidence of the lithology’s impact is the location of the point
southwest of another normal fault trace in the side of the footwall. However, the uplift
at the beginning of the time series may be attributed to the impact of this footwall.
Furthermore, the impact of the lithology may have begun after the fading of the

footwall’s effect.

5.2.3.3.1.2. Giannouli

Candidate point number 166001 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 212.

The ground deformation behavior of the point through its time series begins with

uplift then changes to subsidence.

Subsidence may be attributed to the impact of the alluvial deposit lithology. A reason
for this interpretation is the location of the point in the side of the footwall of a normal

fault trace. Additionally, the appearance of subsidence after uplift behavior may be

attributed to the fading effect of the footwall of the normal fault trace.

5.2.3.3.1.3. Nikaia

Candidate point number 225264 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 214.

The ground deformation behavior of this point through its time series begins with

uplift then changes to subsidence.
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Subsidence may be attributed to the impact of the alluvial lithology. Evidence for this
reasoning is the location of the point south of a normal fault in the side of the
footwall. Additionally, the appearance of subsidence after uplift behavior may be
attributed to the fading effect of the footwall of the normal fault trace. However, the
impact of the hanging wall of another normal fault trace southwest of the point should

not be ignored.

5.2.3.3.1.4. Terpsithea

Candidate point number 202683 was selected as representative of the minimum

deformation rate. A plot of this point was depicted in Figure 216.

The ground deformation behavior of the point through its time series begins with

uplift then changes to subsidence.

Subsidence may be attributed to the lithology of terrestrial fluvio-torrential deposits.
However, the impact of the hanging wall of a normal fault trace southwest of the point

should not be ignored.

5.2.3.3.2. Maximum deformation rate

5.2.3.3.2.1. Larissa

Candidate point number 185001 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 218.

The ground deformation behavior of this point through its time series begins with

subsidence then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology. However,
the location of the point north of a normal fault trace in the side of the hanging wall

should not be ignored.
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5.2.3.3.2.2. Giannouli

Candidate point number 163240 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 219.

The ground deformation behavior of the point through its time series begins with
subsidence then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology.

5.2.3.3.2.3. Nikaia

Candidate point number 221761 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 220.

The ground deformation behavior of this point through its time series begins with

subsidence then changes to uplift.

Subsidence may be attributed to the impact of the alluvial deposit lithology. However,
the location of the point northeast of a normal fault trace in the side of the hanging

wall should not be ignored.

5.2.3.3.2.4. Terpsithea

Candidate point number 204403 was selected as representative of the maximum

deformation rate. A plot of this point was depicted in Figure 221.

The ground deformation behavior of this point through its time series begins with
subsidence then changes to uplift.

Subsidence may be attributed to the lithology of terrestrial fluvio-torrential deposits.
However, the impact of the hanging wall of a normal fault trace southwest of the point

should not be ignored.
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Chapter Six: Impact of soil on ground deformation
6.1. Introduction to Soil

Soil is an important element that has many uses, notably agricultural production and
many others such as engineering constructions. Thus any adverse influence, either
internal or external, on the body of the soil will have a negative impact on plant
growth or production and on engineering structures. This chapter will focus on the
study of the varieties of soil deformation, whether subsidence or uplift, by using SAR
interferometry, and will illustrate the behavior of the soil deformation using statistical
analysis, before discussing the parameters which have a major influence on this

deformation.

(Soil Survey Staff, 1998) defines soil, like many common words, with several
meanings. In its traditional meaning, soil is the natural medium for the growth of land
plants, whether or not it has discernible soil horizons. This meaning is still the most
common understanding of the word, and the greatest interest in soil is centered on this
meaning. People consider soil important because it supports the plants that supply
food, fibres, drugs, and other human needs, and because it filters water and recycles
wastes. Soil covers the earth’s surface as a continuum, except on bare rock, in areas of
perpetual frost or deep water, or on the bare ice of glaciers. In this sense, soil has a
thickness that is determined by the rooting depth of plants. Soil for the purposes of
this text is a natural body comprised of solids (minerals and organic matter), liquid
and gases, that occurs on the land surface, occupies space, and is characterized by one
or both of the following: horizons, or layers, that are distinguishable from the initial
material as a result of additions, losses, transfers, and transformations of energy and

matter, or the ability to support rooted plants in a natural environment.

The upper limit of soil is the boundary between soil and air, shallow water, live lands,
or plant materials that have not begun to decompose. Areas are not considered to have
soil if the surface is permanently covered by water that is too deep (typically more
than 2.5 m) for the growth of rooted plants. The horizontal boundaries of soil are areas
where the soil grades to deep water, barren areas, rock, or ice. In some places the
separation between soil and non-soil is so gradual that clear distinctions cannot be

made.
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The lower boundary that separates soil from the non-soil underneath is most difficult
to define. Soil consists of the horizons near the earth’s surface that, in contrast to the
underlying parent material, have been altered by the interactions of climate, relief, and
living organisms over time. Commonly, soil grades at its lower boundary to hard rock
or to earthy materials that are virtually devoid of animals, roots, or other marks of
biological activity. The lowest depth of biological activity, however, is difficult to
discern and is often gradual. For the purposes of classification, the lower boundary of
soil 1s arbitrarily set at 200 cm. In soils where either biological activity or current
pedogenic processes extend to depths greater than 200 cm, the lower limit of the soil

for classification purposes is still 200 cm.

6.2. Description of soil orders

It is worth mentioning the general characteristics or properties of each soil order that
has been found within the study area. (Soil Survey Staff, 1998) and (Soil Survey Staff,
1999) describes in detail the properties of each order depending on field and
laboratory analysis, as will be mentioned below. What will be referred to are the

general and standard characteristics of each soil order.

6.2.1. Entisols

The unique properties common to Entisols are dominance of mineral soil materials
and absence of distinct pedogenic horizons. The absence of features of any major set
of soil-forming processes is itself an important distinction. There can be no accessory
characteristics. Entisols are soils in the sense that they support plants, but they may be
in any climate and under any vegetation. The absence of pedogenic horizons may be
the result of: an inert parent material, such as quartz sand, in which horizons do not
readily form; slowly soluble hard rock, such as limestone, which leaves little residue;
insufficient time for horizons to form, as in recent deposits of ash or alluvium;
occurrence on slopes where the rate of erosion exceeds the rate of formation of
pedogenic horizons; recent mixing of horizons by animals or by ploughing to a depth

of 1 or 2 m; or the spoils from deep excavations.
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6.2.2. Inceptisols

Inceptisols have a wide range of characteristics and occur in a wide variety of
climates. They can form in almost any environment, except for an arid environment,
and the related differences in vegetation are great. Inceptisols can grade toward any
other soil order and occur on a variety of landforms. The unique properties of
Inceptisols are a combination of water available to plants for more than half the year,
or more than 3 consecutive months during a warm season, and one or more pedogenic
horizons of alteration or concentration with little accumulation of translocated
materials other than carbonates or amorphous silica. In addition, Inceptisols do not
have one or more of the unique properties of Mollisols, which are a thick, dark surface
horizon and a high calcium supply, or the unique property of Andisols, which is the

dominance of short-range-order minerals or Al-humus complexes.

6.2.3. Mollisols

The unique properties of Mollisols are a combination of a very dark brown to black
surface horizon (mollic epipedon) that makes up more than one-third of the combined
thickness of the categories of Soil Taxonomy 121 of the A and B horizons, or that is
more than 25 cm thick and that has a structure that is not hard or very hard when dry;
a dominance of calcium among the extractable cations in the A and B horizons; a
dominance of crystalline clay minerals of moderate or high cation-exchange capacity;
and less than 30 percent clay in some horizon above 50 cm if the soils have deep,
wide cracks (1 cm or more wide) above this depth at some season. Mollisols
characteristically form under grass in climates that have a moderate to pronounced
seasonal moisture deficit. Some Mollisols, however, have formed under a forest
ecosystem, and a few have formed in marshes or in marls in humid climates.
Mollisols are extensive soils on the steppes of Europe, Asia, North America, and

South America.

6.2.4. Vertisols

These soils have markers of processes related to the failure of soil materials along
shear planes (slickensides). Because the soil material moves, the diagnostic properties
have many accessory properties. Among them are a high bulk density when the soils

are dry, low or very low hydraulic conductivity when the soils are moist, an
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appreciable rise and fall of the soil surface as the soils become moist and then dry, and
rapid drying as a result of open cracks. The unique properties common to Vertisols are
a high content of clay, pronounced changes in volume with changes in moisture,
cracks that open and close periodically, and evidence of soil movement in the form of
slickensides and of wedge-shaped structural aggregates that are tilted at an angle from
the horizontal. The development of eluvial/illuvial horizons in some Vertisols
suggests that pedoturbation is not rapid enough to preclude long-term translocation

processes.

6.2.5. Alfisols

The soils in this order have markers of processes that translocate silicate clays without
excessive depletion of bases and without dominance of the processes that lead to the
formation of a mollic epipedon. The unique properties of Alfisols are a combination
of an ochric or umbric epipedon, an argillic or natric horizon, a medium to high
supply of bases in the soils, and water available to mesophytic plants for more than
half the year or more than 3 consecutive months during a warm season. Because these

soils have water and bases, they are, as a whole, intensively used.

According to the Exploratory Soil Survey and soil classification system (Soil Survey
Staff, 1998) and (Soil Survey Staff, 1999), the classification of soil units of the study
area (north part of Larissa) has been completed and 5 different orders were recognized
(Alfisols, Entisols, Inceptisols, Mollisols, Vertisols (Figure 227). The soil properties
of each order have been examined, such as texture, drainage, erosion and slope. Soil
data has been manipulated using Arc GIS 9.3 software, and several maps, such as soil
texture (depth 0 — 25 cm), soil drainage, slope, and erosion have been created (Figures
228 - 231).The soil data has been obtained from the (Institute of Soil Mapping and

Classification of Larissa).
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Figure227. Map of exploratory soil survey depicts the distribution of soil orders within the study area in the
northern part of Larissa. Based on SLC of SAR image.
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Figure228. Map of soil texture within 0-25 cm, within the study area in the northern part of Larissa. Based on
SLC of SAR image.
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Figure.229 Map of soil drainage within the study area in the northern part of Larissa. Based on SLC of SAR
image.
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Figure230. Map of soil slope within the study area in the northern part of Larissa. Based on SLC of SAR image.
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Figure231. Map of soil erosion within the study area in the northern part of Larissa. Based on SLC of SAR image.
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6.3. Soil deformation

Soil deformation implies any change in the shape or the volume of the soil body,
produced by any external or internal impact, that has negative effects on plant growth
and water movement inside the pores as a result of deformations in the size of the soil
pores. This will also have an impact on the shape and stability of buildings in the

engineering context.

(Fakhri et al., 2012) mentioned that the identification of soil deformation is rather
difficult because it is a complicated open system that changes rapidly with time. It is
true that all kinds of agricultural operations and characteristics such as tillage
irrigation, different cultivation methods and plant growth affect the soil properties and
thereafter may as a result have an effect on the structure of the soil body both
vertically and horizontally. Nevertheless, the technique of Persistent Scatterers
Interferometry (PSI) needs some prerequisites in order to be fulfilled. Firstly, stable
“targets” that are not affected by acquisition geometry must be found, and not affected
by temporal decorrelation. To find stable points, the decision was to choose stable
points inside the field to display reliable phase information. These points should be
inside every soil mapping unit so as to express the properties of the soil or soil

deformation.

The goal of this chapter is to examine the potential of using the PSI technique to
identify the deformation of soil vertically (i.e., line of sight, LOS), and to study the
statistical behavior of deformation for each candidate point through the statistical time

series schemes of the data set, as well as the effect of soil type on its deformation.

After identifying the soil order classes in the northern part of Larissa, only points
which were within the soil map of the study area were finally chosen. Specifically,
one point for each soil class has been selected to identify the behaviour of soil
deformation for all the area of each mapping unit, for the reason that the
characteristics and properties of each soil class as a mapping unit are almost similar,
so one point is enough to express the behaviour of the whole soil mapping unit for

each soil class.

366



Chapter Six: Impact of soil on ground deformation

6.4. Results and discussion
6.4.1. Ascending track 143

The total number of candidate points within the non-urban area was 96, with a
deformation rate varying in the range -15 — 30 mm/year. The distribution of the points
within the non-urban area is depicted in Figure 232. However, a few of the points
have been identified within the soil classification map. The frequency of the candidate
points in relation with the deformation rates is depicted in Figure 233. The

information of all following selected points’ candidates is depicted in appendix C.
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Figure232. PSI candidate points within the non-urban area, mean displacement rates 1995-2006, ascending
track 143. Movements are in the satellite line-of-sight direction. Based on SLC of SAR image.
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Figure.233 Frequency of deformation rate of points candidates after expansion within
agriculture fields

6.4.1.1. Entisols

The properties of this soil type are a silty to silty loam texture, well drained, flat, with
no signs of erosion. The candidate point selected within an Entisol soil order was
number 152562. The plot of this point (Figure 234) shows that the time series begins
with subsidence and then changes to uplift. The minimum subsidence was -0.982 mm
(April 2004) and the maximum subsidence was -59.378 mm (December 1995). The
minimum uplift was 2.067 mm (May 2005) and the maximum uplift was 14.362 mm
(August 2005). The subsidence may be attributed to the location of the point which is
between two normal faults in the side of the hanging wall, at a distance of 2.190 km
from the first one, which is located in the northern part, and a distance of 1.174 km
from the second one, which is located to the south. Probably the lithology of the area,
which is fluvio-lacustrine deposits of the Larissa basin, is affecting the subsidence.
Conversely, the uplift of this point is probably attributed to the type of soil minerals.
No other interpretation of the reason for this uplift can be extracted. The location of

this point is depicted in Figure 235.
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6.4.1.2. Inceptisols

The properties of this soil type are a silty to silty loam texture, well drained, with
slightly inclined slopes and a slight degree of erosion. The candidate point selected
within the Inceptisol soil order was number 160425. The plot of this point (Figure
236) shows that it is almost stable through the time series. In particular, it shows
subsidence at the beginning of the time series, with a minimum of -1.89 mm (April
2003) and a maximum of -12.34 mm (April 1996). The minimum uplift was 0.53
(August 2003) and the maximum uplift was 7.2 mm (February 2004). The subsidence
may be attributed to the erosion process of the area. In particular, the area is
characterized by slight erosion, especially to the south of the area, close to the normal
fault in the side of the hanging wall, at a distance of 0.97 km. Moreover, the
subsidence and uplift are probably affected by the lithology of the area, which is a
fluvio-lacustrine deposit of the Larissa basin. The location of this candidate point is

depicted in Figure 237.

6.4.1.3. Vertisols

The properties of this soil type are sandy clay to silty clay texture, moderately drained
soils, flat, with no signs of erosion. The candidate point selected within a Vertisols
soil order is number 71921. The plot of this point (Figure 238) shows that the time
series begins with uplift and then changes to subsidence. The minimum uplift was
1.463 mm (August 2004) and the maximum uplift was 113.524 mm (June 1995). The
minimum subsidence was -2.903 mm (September 2004) and the maximum was -
26.115 mm (December 2006). The uplift may be attributed to the location of the point
south of a normal fault in the side of the footwall, at a distance of 2.016 km. In
addition, this uplift may be attributed to the type of soil minerals, especially as the
maximum uplift was in June, when there is a swelling of soil minerals through the
period of irrigation, period, and moreover to precipitation in that month, which
amounts to 34.4 mm. The minimum uplift was in August, possibly due to the
shrinkage of the soil minerals. In this case, in spite of the probable use of irrigation
water, there is not enough precipitation to activate the swelling of the soil minerals.
The minimum subsidence was in September and the maximum was in December,
which may be attributed to the influence of other parameters. The location of this

candidate point is depicted in Figure 239.
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6.4.1.4. Alfisols

The properties of this soil type are a sandy clay loam to clay loam, well drained, flat,
with no signs of erosion. The candidate point selected within this order is number
47756. The plot of this point is shown in (Figure 240). The time series begins with
subsidence and then changes to uplift. The minimum subsidence was -1.426 mm
(September 2004) and the maximum subsidence was -286.935 mm (June 1995). The
minimum uplift was 23.010 mm (May 2005) and the maximum was 77.001 mm
(December 2006). Subsidence may be attributed to the properties of the soil and more
exactly to the possibility of including a horizon of organic materials within the soil
pedon, which is too thin to meet the requirements for a histic or folistic epipedon (Soil
Survey Staff, 1998). Also, oxidation may occur, and moreover there is the possibility
of losing material from the eluvial horizons to the illuvial horizons, or for this material
to leave with the drainage water. The other reason for the subsidence may be the
location of the point 2.050 km north of a normal fault in the side of the hanging wall,
although the uplift of this point may equally be attributed to the eluvial horizons and
the deposits of the Penios River, especially as the distance between the river and the
point is 2.239 km. The location of this point is depicted in Figure 241.

No candidate points were found in the Mollisols soil order.
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Figure.234 LOS displacement time series (1995-2006) of PSI. Point number 152562-Entisol.
Time series are rescaled to the first acquisition (28 June 1995).
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Figure235. Location of candidate point 152562 within Entisols soil order.
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Figure236. LOS displacement time series (1995-2006) of PSI. Point number 160425-Inceptisol. Time
series are rescaled to the first acquisition (28 June 1995)
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Figure237. Location of candidate point 160425 within Inceptisols soil order.
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Figure238. LOS displacement time series (1995-2006) of PSI. Point number 71921-Vertisol. Time
series are rescaled to the first acquisition (28 June 1995)
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Figure239. Location of candidate point 71921 within Vertisols soil order.
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Figure240. LOS displacement time series (1995-2006) of PSI. Point number 47756-Alfisols. Time

series are rescaled to the first acquisition (28 June 1995)

373




Chapter Six: Impact of soil on ground deformation

358300 359400 358500 359600 . 358700 : 359800 359900 ¢

Figure241. Location of candidate point 47756 within Alfisols soil order.
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6.4.2. Descending track 279

The total number of candidate points within the non-urban area was 382, with
deformation rates varying in the range -7 — 10 mm/year. The distribution of the points
within the non-urban area is depicted in Figure 242. Only one point has been selected
within each soil mapping unit for the reasons mentioned before. The frequency of
candidate points in relation to the deformation rates is depicted in Figure 243. The

information of all following selected points’ candidates is depicted in appendix C.
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Figure242. PSI candidate points within the non-urban area, mean displacement rates 1992-2010, descending,
track 279. Movements are in the satellite line-of-sight direction. Based on SLC of SAR image
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Figure.243 Frequency of deformation rate of points candidates after expansion within
agriculture fields

6.4.2.1. Entisols

The properties of this soil type are a sandy loam texture, well drained, flat, with no
signs of erosion. The candidate point selected within an Entisol order is number
111583. The plot of this point (Figure 244) shows that the time series begins with
uplift and then changes to subsidence. The minimum uplift was 1.21 mm (October
2006) and the maximum uplift was 60.71 mm (August 1993). The minimum
subsidence was -2.14 mm (August. 2007) and the maximum was -7.54 mm (April
2009). The uplift is probably attributed to the accumulation of river deposits from the
Pinions River which is located 2.38 km to the east of the point. The subsidence is
possibly attributed to the proximity of the point to a normal fault 2.39 km to the east
in the side of the hanging wall. It is possible that at the beginning of the time series
there was no impact or activity of the normal fault. The location of this point is

depicted in Figure 245.

6.4.2.2. Inceptisols

The properties of this soil type are a silty to silty loam texture, well drained, flat, with

no signs of erosion. The candidate point selected within an Inceptisol order is number
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132614. The plot of this point (Figure 246) shows that the time series begins with
subsidence and then changes to uplift at the end. The plot shows the subsidence at the
beginning of the time series with a minimum of -0.29 mm (April 2008) and a
maximum of -53.63 mm (June 1993). The minimum and maximum uplift were 1.05
mm (February 2009) and 12.0 mm (October 2010) respectively. The subsidence is
most likely attributed to the type of soil minerals (especially during the swelling and
shrinkage during the summer), or to the location of the point close to the eastern part
of a normal fault, in the side of the hanging wall, at a distance of 0.78 km. The type of
soil minerals appears to be the main reason for the maximum uplift in October and the
minimum uplift in February, given their swelling during the rainy period. The location

of this point is depicted in Figure 247.

6.4.2.3. Alfisols

The properties of this soil type are a sandy clay loam to clay loam texture, well
drained, flat, with no signs of erosion. The candidate point selected within this order is
number 126619. The plot of this point is depicted in Figure 248. The time series of
this point begins with uplift then changes to subsidence at the end. The minimum
uplift was 0.924 mm (July 2006) and the maximum was 56.790 mm (June 1993). The
minimum subsidence was -1.484 mm (November 2009) and the maximum was -8.487
mm (October 2010). The subsidence may be attributed to the soil properties and more
exactly to the possibility of including a horizon of organic materials within the soil
pedon, which is too thin to meet the requirements for a histic or folistic epipedon (Soil
Survey Staff, 1998), and oxidation may be occurring, together with a loss of soil
material from the eluvial horizons to the illuvial horizons, or this material may instead
leave with the drainage water. However, the uplift of this point may be attributed
either to the eluvial horizons or to the location of the point in the side of the footwall
of a normal fault at a distance 0.830 km. The location of this point is depicted in

Figure 249.

No candidate points were found within the Vertisols and Mollisols soil orders.
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Figure244. LOS displacement time series (1992-2010) of PSI. Point number 111583-Entisols.
Time series are rescaled to the first acquisition (i.e 12 Nov 1992).

4402820

4402850

361200

Figure245. Location of candidate point 111583 within Alfisols soil order.
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6.5. Interference between soil deformation and precipitation (Seasonal
deformation)
It is difficult to discuss in practical or theoretical terms the impact of any single
parameter on soil or land deformation without mentioning the interference of others.
Thus within each parameter such as soil, this chapter will also mention the additional
influence of other factors. To clarify the main impact of any parameter on the
behaviour of soil deformation and its interference with others, a statistical correlation
needs to be created. Note in this chapter that there are other influences on soil
deformation, whether uplift or subsidence, through the respective interference of the
effects of precipitation and the water table on soil deformation. For this reason, it is

possible to regard this impact as a seasonal factor and as geospatial interference.

6.5.1. Ascending track 143
6.5.1.1. Entisols

Interference between soil deformation and the monthly amount of precipitation is
shown in Figure 250, the two diagrams of which indicate that there is no continuous
significant correlation between either subsidence or uplift and precipitation. The
reason for this is that this candidate point is located in a well-drained mapping unit,
and consequently there is not enough opportunity for water to remain for long enough
to cause swelling and shrinkage or to physically change the volume of the soil. For
example, the large subsidence of -59.378 in June 1995 cannot be attributed to the
impact of the precipitation, but implies that there may be other factors or parameters

influencing the soil deformation.

However, there is an individual influence of the lack of precipitation on soil
subsidence through activation of the shrinkage of the soil minerals. Thus the value of
subsidence increases with decreasing precipitation through the time series of April

1996, March 1997 and May 1997 respectively.

A similar thing occurs with decreasing subsidence during the increasing precipitation

in May 2000 and April 2003 respectively.
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The same behavior showing the influence of precipitation on soil deformation occurs
once again with increasing subsidence during the decreasing precipitation in August

2004 and May 2005 respectively.

Again, it is noticeable that the uplift behavior decreases with decreasing precipitation
in August 2005 and December 2006 respectively.
Interruption or non-continuation of the influence of precipitation on soil deformation

behavior during the time series may be attributed to the non-sequence of the data set.

6.5.1.2. Inceptisols

Interference between soil deformation and the monthly amount of precipitation is
shown in Figure 251, which indicates that there is no continuous significant
correlation between soil deformations, whether uplift, or subsidence, and the monthly
amount of precipitation. For instance, the value of subsidence in December 1995 is -
16.441 mm while the amount of precipitation in this month is 34.4 mm. With this
amount of precipitation, uplift or a small value of soil subsidence could be expected
through the impact of the volume of water on the volume of the soil body, affecting
the soil particle size by activating swelling. This implies that this subsidence cannot
be attributed to the impact of precipitation. However, there are many individual
influences of precipitation on soil uplift and subsidence as well. For instance, the
impact of precipitation on uplift and subsidence may be observed through decreasing
subsidence associated with increasing precipitation in March 1997, and then
increasing subsidence associated with decreasing precipitation in May 1997.
Thereafter, a transition in the soil deformation from subsidence to uplift occurs as a
result of increasing monthly amounts of precipitation from May 1997 to December
1997. Once again a reverse transition occurs from uplift to subsidence due to a
decrease in the monthly amount of precipitation from December 1997 to August 1998.
Subsequent to a decrease in subsidence as a result of increasing precipitation in
January 1999, then an increase in subsidence due to decreasing precipitation in June
1999, another transition in the soil deformation occurs once again, changing from
subsidence to uplift with increasing precipitation from June to October 1999. Figure
25 depicts also another individual case of a correlation between soil deformation

uplift and subsidence with the monthly amount of precipitation, with a transition from
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uplift to subsidence, followed by increasing subsidence during a decrease in

precipitation from May to August 2005 and December 2006 respectively.

6.5.1.3. Vertisols

The correlation between soil uplift and subsidence with the monthly amount of
precipitation is shown in Figure 252, which indicates that there is no continuous
significant correlation between soil deformation and precipitation. Perhaps that can be

attributed to the interruption of the data set, as mentioned before.

However, there are many individual cases of the influence of precipitation on soil
deformation, whether uplift or subsidence. The general behavior of the soil
deformation begins with uplift then changes to subsidence. A large uplift value in
December 1995 can very probably be attributed to the large amount of precipitation.
Thereafter, the decreasing uplift may be attributed to the decreasing precipitation in

April 1996, March 1997, and May 1997 respectively.

There is further probable influence of precipitation on soil deformation during the
decreasing uplift associated with decreasing precipitation in October 1999, May 2000
and April 2003 respectively. Another example is the increasing subsidence during the
decreasing precipitation in May 2005, August 2005 and December 2006. In addition
to the direct effect of precipitation on soil deformation, in this case, there is another
probable influence through the activation the swelling and shrinkage of clay minerals.
Because the continuation of the diagram of the soil deformation begins with uplift
then changes to subsidence without any fluctuation reflecting the impact of
precipitation, this uplift and subsidence deformation may be attributed to the impact
of other parameters; in other words, all or many parameters may be associated
together in having effects on soil deformation. On the other hand, the cracks which
occur after the shrinkage of soil minerals give an opportunity for soil materials to
leave or to migrate physically or with the irrigation water from the upper horizons and
then leave with the drainage water. Over time, the volume of the soil body in general
will decrease, and this may be the reason for which the behavior of the soil

deformation curve continues without any fluctuation.
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6.5.1.4. Alfisols

The correlation between soil deformation uplift and subsidence with the monthly
amount of precipitation is shown in Figure 2253, which indicates that there is no
significant continuous correlation between soil deformation and precipitation, similar
to the case of the Vertisols. Although the behavior of the soil diagram begins with
subsidence and then changes to uplift, the fluctuation of this diagram is not directly
affected by the precipitation. The large value of subsidence in December 1995, which
1s -254.3 mm, is not attributed to the impact of the monthly amount of precipitation,
which is 92.7 mm, which implies that this subsidence has been influenced by other

factors or parameters.

In many of the cases mentioned previously for numerous soil orders, there are many
individual cases of correlation. For instance, the decreasing subsidence in May 1997
and December 1997 may be attributed to the increasing precipitation. Similar
associations occur in June and October 1999, August 2003 and February 2004. A
transition occurs from subsidence to uplift during an increase of precipitation from
August to September 2004 and in May 2005. There are not many cases of correlation
in this type of soil, especially in this mapping unit, which may be attributed to the
well-drained soil type, meaning that there is no opportunity for water to remain in the
soil body for a long time and to change the volume of the soil by activating various

operations.
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Figure.250 Interference correlation between soil deformation and monthly amount of precipitation for

candidate point 152562 within Entisols soil order.
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Figure251. Interference correlation between soil deformation and monthly amount of precipitation for
candidate point 160425 within Inceptisols soil order.
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Figure252. Interference correlation between soil deformation and monthly amount of precipitation

for candidate point 71921within Vertisols soil order.
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6.5.2. Descending track 279
6.5.2.1. Entisols

Interference correlation is depicted in Figure 254. As mentioned in the many previous
cases of interference correlation between soil deformation and the monthly amount of
precipitation, there is no continuous significant correlation between the two
parameters, despite the large volume of the data set with the descending track 279.
This may imply that there are other accompanying factors or parameters that have an
impact on soil deformation. One such case is the declining uplift through the
increasing precipitation from April to June 1995. A similar case occurred also with
the decreasing uplift during the increasing precipitation from July to October 2006
and the increasing subsidence during the increasing precipitation from June to
October 2010. Moreover, the interference correlation is evident during the increase of
uplift with the increasing precipitation from August to September 1995. There are
many more similar cases, such as the decreasing uplift through the decreasing
precipitation from December 1995 to March 1996, April 1996 and May 1996.
Thereafter, the decreasing uplift during the increasing precipitation in October 1996
may be attributed to the speedy run-off of the precipitation, going directly into the
channels of drainage, meaning that there is not enough time for the water to remain, or
to filter through the soil body and reach the water table reservoir. Then the increase in
uplift despite decreasing precipitation in November 1996 is either attributed to the
water table recharging in the reservoir from the previous accumulation of

precipitation, or there is a high probability of an association with water irrigation.

Once more, decreasing uplift occurred from January to February 1997 during a
decrease in precipitation, and then increasing uplift occurred with the increase of
precipitation in August 1997. The increasing uplift from November 1997 to January
1998, June 1998 and August 1998 is not attributed to precipitation, which decreased
during this period. Consequently, the increasing uplift may be for two reasons. The
first is an indirect influence of the precipitation on soil deformation by its impact on
the water table, increasing its volume through recharging the water table reservoir, as
well as the possibility of an association of the irrigation water with recharging the
water table reservoir, which may have increased the uplift. The second reason may be

the association of other parameters or factors influencing the soil uplift. The
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continuously decreasing uplift in September 1998, despite increasing precipitation,
strengthens the theory of the indirect influence of the water table. Thus in this case the
declining level of the water table level may have been an influencing factor on the
decline in uplift. Thereafter, the increasing uplift in August, September, and October
1999 was associated with increasing precipitation. The declining uplift in October to
December 1999 is perhaps not attributed to the precipitation, given that this decrease
in uplift is associated with an increase in precipitation, probably implying that other

parameters or factors have an influence on this reduced uplift.

Subsequently, the decreasing uplift from May to September 2005 despite increasing
precipitation may consequently be attributed to the decline in the level of the water
table. The reason is that this amount of precipitation may be filtered quickly, such that
there is not enough time to remain in the soil body; also it does not sufficiently
compensate the loss of water through water extraction for irrigation in the summer
months between May and September. Afterwards, the increasing uplift due to
increasing precipitation from September to November 2005 was followed by
declining uplift which was associated with the decrease in precipitation in June 2006.
Subsequently, an increase in of uplift occurred once again during an increase in

precipitation in July 2006.

6.5.2.2. Inceptisols

The interference behavior between soil deformation and the monthly amount of
precipitation is depicted in Figure 255. The influence of precipitation on soil
deformation is evident from the fluctuation in the soil deformation curve with varying
monthly amounts of precipitation. From this point of view, the non-linearity of the
soil deformation of this candidate point may be attributed to this fluctuation in
precipitation through two routes. The first is the direct impact of precipitation on soil
deformation by activating swelling and shrinkage of soil minerals. The second is an
indirect influence of the impact of precipitation on the fluctuation of the water table
level, which subsequently affects the soil deformation as either uplift or subsidence.
In spite of the continuity of the data set, there is no continuity in the impact of
precipitation on the soil deformation, which may imply or explain the association with
the influence of other parameters on soil deformation. Also, Figure 29 depicts the

increasing subsidence as the precipitation increases in April 1995. The reverse case
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occurs, with subsidence decreasing with the declining precipitation, in August 1995.
Thereafter, increasing subsidence occurs once again with decreasing precipitation
from December 1995 to March 1996. However, the decreasing subsidence in April
and May 1996 is not attributed to the impact of precipitation, because the decrease in
subsidence occurred in parallel to the decrease in precipitation; in addition, the
increasing subsidence from May to September 1996 is not attributed to the impact of
increasing precipitation, which implies that there are other factors or parameters

influencing the soil deformation.

An indirect impact of precipitation on soil deformation is evident in November 1997
and January 1998; despite decreasing precipitation, nevertheless the subsidence
continued to decrease, which may be attributed to the indirect impact of precipitation
on the water table level, in other words, the recharging of the water table reservoir

from the precipitation or from the irrigation water from the previous months.

The indirect impact of precipitation on soil deformation either through its impact on
the level of the water table, or because of the capacity of the soil to retain water,

consequently affects the volume of soil vertically and horizontally.

A transition case from subsidence to uplift occurred despite the declining precipitation
from January 2009 to February and April 2009, after which the uplift continued to
increase, which may imply that the amount of precipitation which was filtered before
had recharged the water table reservoir, or may be attributed to the association with
other factors. In the last part of the Figure, the increasing uplift with increasing

precipitation is obvious from June to October 2010.

6.5.2.3. Alfisols

The interference correlation between soil deformation and monthly amounts of
precipitation is shown in Figure 256. The behavior of the interference does not show a
significant continuous correlation, the reason for which may be similar to the cases

mentioned before with the other soil orders in descending track 279.

Nonetheless the interference correlation between soil deformation and precipitation is
obvious from the fluctuation of the soil deformation curve at many points of the plot.

Many other measurements within the graph demonstrate that there is an interruption
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of this interference; examples include the high uplift values of 56.79 and 41.05 mm in
June and August 1993 which cannot be attributed to the influence of precipitation.
Another case is the increase in uplift in May 2005 during decreasing precipitation,
compared with the previous and next cases in February 2005 and September 2005
respectively. Another case is the decrease in subsidence during the decrease in
precipitation in February 2009, April 2009 and June 2010, and thereafter the increase
in subsidence during the increase in precipitation in October 2010. In all these cases,
as mentioned before, the interruption of the interference correlation may be attributed
either to the impact of other factors or parameters on soil deformation or to the
indirect influence of precipitation on soil deformation through its impact on other
features or characteristics, whether internal or external. Although there are many cases
of interference correlation interruption, nevertheless interference correlation does
appear within this graph. For example, the decrease in uplift is associated with
decreasing precipitation in September and October 1995, then afterwards the increase
in uplift during the increasing precipitation in December 1995, and thereafter the
gradually decreasing uplift through the decreasing precipitation in March, April, and
May 1996.

After that, the increase in uplift was accompanied by increasing precipitation in
September and October 1996. However, the uplift continued despite decreasing
precipitation in November 1996, which may be attributed to the indirect influence of
precipitation on soil deformation through the accumulation of water either from

precipitation or from irrigation water in the water table reservoir.

Another instance is the decrease in uplift from December 1996 to February 1997
during a decrease in precipitation, then once more an increase in uplift during an
increase in precipitation in August 1997, followed by a reverse case with decreasing

uplift occurring during a decrease in precipitation in September 1997.

Subsequently, an increase in uplift in November 1997 and January 1998 is
accompanied by decreasing precipitation, which may be attributed to the
accumulation of recharging water in the water table reservoir; this is an indication of

the indirect impact of the precipitation on soil deformation.

Afterwards, a steep decline in the uplift curve is accompanied by decreasing

precipitation in August 1998, proceeding with the precipitation as an influencing
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factor on soil deformation, through the increase in uplift during increasing
precipitation in September 1998, and thereafter a decrease in uplift can be noticed in
June and August 1999 during a decrease in precipitation. However, an increase in
precipitation is noticed in September 1999, despite a continued decrease in uplift,
which may be attributed to the indirect effect of precipitation on soil deformation
through its influence on the level of the water table. Consequently, in this case there is
not enough time for the precipitation to remain in the soil body and it leaves quickly
to the water table reservoir, especially after two dry months (June and August 1999).
For this reason there is no direct correlation of increasing precipitation and increasing
soil uplift in this case. The evidence for this is the increase in uplift during the
increase in precipitation in October 1999. However, there is a steep decline in uplift
despite the increase in precipitation in December 1999, which may be attributed to the

influence of other parameters or factors.

Thereafter the increase in uplift in May and November 2000, despite the decrease in
precipitation, may be either an indicator of other accompanying parameters or factors
having an effect on soil uplift or an indirect impact of the precipitation on soil
deformation by recharging of the water table reservoir.

Once again, an increase in uplift occurred during increasing precipitation in December

2002, October 2002 and October 2003 respectively.

Then a steep decline in uplift occurred once more during a decrease in precipitation in
November 2003. Following on from this impact was an increase and decrease of uplift
as a result of increasing and decreasing precipitation in March 2004 and February

2005 respectively.
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Figure254. Interference correlation between soil deformation and monthly amount of precipitation for

candidate point 111583 within Entisols soil order.
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Figure255. Interference correlation between soil deformation and monthly amount of precipitation for

candidate point 132614 within Inceptisols soil order.
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Figure.256 Interference correlation between soil deformation and monthly amount of precipitation for

candidate point 126619 within Alfisols soil order.
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Chapter Seven: The conclusions derived from this research study and
recommendations for future researches

7.1.

Conclusions

The data of SAR images ERS1/2 and ASAR ENVISAT which have been used in this
research study are shown the possibility for investigating and identifying the temporal
and spatial ground vertical movement within study areas of Larisa basin. However, the
cons of these types of data were the spatial resolution which is 20 meters, consequently
this spatial resolution does not was large enough to detect the ground deformation for
objects which are located within large scale. However, the temporal resolution was

applicable good enough to the objectives of this study.

Data of Groundwater level, monthly amount of precipitation, lithology of geological
formation, faults traces and earthquakes, and soil have been taken into account for this
research study to identify the causes of ground deformation. However, the important data

related to the amount of groundwater withdrawal has not been found.

- Concerning to the GAMMA (S/W) including IPTA algorithm. This has been used in
this research study. Has very high-quality advantages related to the time and results of
processing to identify the short and long-term of ground deformation within study area,
through the implementing the three techniques. However the con of this software is the
user has to transfer the data into other software such as ArcGIS, ERDAS and Excel to

implement some processes.

SAR interferometeric techniques have been applied in this research study, have been
identified and investigated the ground deformation of study area appropriately.
Additionally the applying spatial and statistical correlations methods provide the
possibility to monitor ground deformation. Furthermore identify the influence of each
single parameter and factor on ground deformation. Also are revealed the spatial and

temporal behavior of ground deformation representative by area or single object.

The SAR interferometric conventional technique, has pros to investigate the ground
deformation during short-term within urban and non-urban area. However, the cons of

this technique are the deformation is limited by the atmospheric path delay term.
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- The SAR interferometric stacking technique has the advantages to bypass the cons of the
atmospheric path delay, however no time series could be obtained for each single object

by this technique.

- The persistent scatterers technique has the advantages to obtain the ground deformation
for each single object for long-term time series; however the disadvantage of this
technique is the hard conditions ought to apply to get the candidates points specially

within agricultural fields.

- The implementing of the expansion algorithm aftermath applying the persistent scatterers
technique in this research study had an advantage of increase the numbers of candidate

point.

- Short-term deformation has been observed within study area during time interval
19960228 — 19960403. Two phase’s patterns for subsidence and uplift are distributed
through the entire Larissa basin within urban and non-urban area. However, deformation
for two phase’s patterns subsidence and uplift are confined to the urban-area, and a few
phase’s patterns of subsidence and uplift has been observed within non-urban area during

the time interval 19980802—19980906.

- Results of interferometric phases of individual differential interferograms cover
approximately the entire scene, except for the south-eastern part of the scene for an
ascending track and except for the northern, eastern and south-eastern parts of the Larissa

settlement and south-western part of the scene for the descending track.

- Results of implementing conventional technique point to seasonal deformation. This is
attributed to the fluctuation of groundwater level, which plays an important role through

its impact on ground deformation during short time periods of up to one month.

- It is noticeable that the fluctuation of groundwater level has a significant correlation with
monthly precipitation amount within practically all monitoring data for all boreholes. In
addition, the impact of precipitation amount on groundwater level is evident from the
behaviour of groundwater level during May and October, which represent the wet and dry

periods.
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- Water withdrawal is the main cause of groundwater decline within almost all of the

boreholes within the study area.

- Approximately all correlation cases between fluctuation of groundwater level and land
deformation point to non-continuous significant correlation through the short and long
distances between boreholes and point candidates of PSI within ascending and
descending tracks. This may be a reflection of the spatial complexity of aquifer systems,
the variety of subsidence and uplift deformation, and the large number of illegal wells

with different depths.

- Significant correlation has been found between fluctuation of groundwater level and land
deformation within ascending and descending tracks, despite of the short time series data
of ascending track (1995-2006) and the long distance between boreholes and many point
candidates of PSI relevant to descending track. This may be attributable to the short
distances between boreholes and many point candidates regarding the ascending track or

to the large expansion time series data (1992-2010) of descending track.

- The other main reason for deformation is the compaction of materials deduced by water
pumping and this is related with local deformation. This compression of materials may

produce a micro-seismic (3 - 4) magnitude.

- It is noticeable that the rate of subsidence during the dry period, represented by August, is
more than the rate of subsidence during the wet period, represented by March. This is

evidence of the seasonal fluctuation impact of groundwater level on land deformation.

- Significant interferometric fringes are observed within approximately all of the boreholes
in two differential interferograms of two tracks, ascending and descending, through the

fluctuation of groundwater level.

- Long-term deformation has been observed within study area during two periods 1995 —
2008 and 1992 — 2010, respectively. Two phase’s patterns for subsidence and uplift are
distributed through all the settlements of Larissa basin.

- Results of patterns phases of interferometric stacking are confined to urban and
mountainous areas. However, no results have been observed within agricultural fields

within the Larissa basin for ascending and descending tracks.
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- Results of interferometric stacking of the descending track indicate a low distribution of

patterns density compared with the ascending track.

- Differences in the ground deformation rate of the same settlements resulting from the
interferometric stacking technique of two tracks, ascending and descending, may be
attributed to the difference between the numbers of interferograms within each
interferometric stacking result, since there were 29 items within the ascending track and
70 items within the descending track. Furthermore, there were differences between the
time periods of the radar images within each track in addition the place of reference point

within each track.

- The number of candidate points within the descending track is fewer than the number of
candidate points within the ascending track. An interpretation of this case is that pairs
between different seasons typically encounter stronger atmospheric effects (in particular
stronger height dependent atmospheric effects). The results have been found that the
descending track phases are more difficult to unwrap and that this might reduce the

spatial coverage achieved.

- Direct correlation has been found between the number of interferograms and the average
coherence with ascending and descending tracks within urban areas. However, an inverse
correlation has been found between the number of interferograms and average coherence

within agricultural fields.

- Direct correlation has been found between a long perpendicular baseline and the number
of interferograms. In addition, direct correlation has been found between the wrapped

phases and a long perpendicular baseline.

- The theoretical correlation between locations and distances of ground deformation
represented by point candidates of PSI and normal faults indicates a probability of impact
of normal fault movement on ground deformation. This result is attributable to the
statistics time series behaviour of each point candidate and the location of these points in

the side of the footwall or hanging wall.

- The Persistent Scatterers Technique, through the application of spatial correlation
between the locations of candidate points and fault traces, reveals or/and indicates the

possibility of the influence of fault movements on ground deformation.
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- In spite of the controversy regarding the gap of the last large magnitude earthquake in
Larissa (1941), which remains a major issue, nevertheless, fault movements, which are
the main reason of earthquakes creation, may be attributed to the impact of mutual
processes between the swelling and shrinkage of clay minerals. The types of these
minerals consists of two layers of aluminium to one layer of silicon, or two to two layers
of aluminium to one layer of silicon. These processes are activated through the successive
operations of water withdrawal and compensation. In consequence, this reason may
explain the low earthquake magnitudes. However, there remains a need to implement a

tectonic study within this study area in the eastern part of northern Thessaly.

- The most important ground deformation within the study area can be considered to be the
northeastern border of the area, for the reason that this area is near the major fault of the
Olympos Ossa zone. Due to the uplift of the Olympos Ossa region in parallel with the
throw-down of the basin through the decline of groundwater level, subsidence occurred

generally within Larissa basin.

- Subsidence in the northern part of Larissa, identified by implementing three SAR
interferometry techniques, may be for two reasons. The first is the influence of the
hanging wall of the normal fault trace, and the second is the impact of liquefaction-

induced ground disruption.

- SAR interferometry techniques successfully revealed the impact of lithology type on

ground deformation through the ascending and descending tracks.

- Subsidence could not be attributed to the sole impact of the type of lithology. This was
because there are several nested and interconnected factors such as lithology, fault

movements, type of clay minerals and amount of precipitation.

- There is no continuous significant correlation between uplift and subsidence soil
deformations and the monthly amount of precipitation at many points within the time
series of the data set. This can perhaps be attributed to the interruption of the data set,

especially in the ascending track 143.

- There are many cases of interference correlation of the influence of precipitation on soil
deformation, as either uplift or subsidence, and these are distributed separately or

connected within each time series of each candidate point.

398



Chapter Seven: The conclusions derived from this research study and recommendations for

future researches.

7.2.

It is difficult to isolate the behavior of the impact of any parameter on soil deformation
separately as an ideal condition or in practical terms, despite using statistical analysis, for
the reason that all parameters or factors are associated together to influence soil

deformation.

The non-continuous impact of precipitation on soil deformation is evident at all candidate
points within all soil orders through the diagrams and curves produced. This may be
attributed to the indirect effect of the monthly amount of precipitation on soil
deformation, due to its impact on the fluctuation of the level of the water table. However,
there are no bore holes near to the candidate points or within these soil mapping units to

emphasize this interference correlation.

Interference correlation between soil deformation and the monthly amount of
precipitation is more obvious in descending track 279 than ascending track 143. This may
be because the size of the data set for descending track 279 is larger than for ascending

track 143.

The impact of the fluctuating level of the water table on uplift or subsidence is due to two
effects. The first is a direct impact through its horizontal or vertical movement within the
soil body, and the second is the accumulation of water either from precipitation or from

irrigation water in the water table reservoir.

Theoretically and without creating any statistical correlations, it is not possible to identify
the source of the impacts on soil deformation, or which parameters or factors have the

most important influence on the soil or land deformation.

Despite creating correlation statistics, it remains difficult to separate completely the

impact association of factors.

Recommendations

- Use other sources of radar images with a high resolution to obtain a much greater number of

candidate points, especially within the non-urban area.

- Try to build a statistical model to predict the values of deformation within a time series, for the

data from radar images which are omitted during the implementation of data processing, for
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technical or any other reasons, in order to fill the gaps in the data set within the time series for

each point.

- An attempt should be made to build a statistical model of ground characteristics and
deformation rate resulting from the SAR interferometric techniques, especially the result of the
PSI technique, to make it easier to forecast future deformation and furthermore to reveal the size

of the impact of each single ground feature on ground deformation.
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Appendix A

The properties of selected points’ candidates

I.d | Candidate point number | Easting coordinate | Northing coordinate H(erll;g)ht
1 68587 620213 4395095 67
2 168496 614596 4410160 245
3 69756 619944 4395242 67
4 67381 608562 4392235 120
5 166220 615985 4410060 392
6 166379 618507 4410660 303
7 95360 607965 4397079 104
8 95042 607993 4397024 101
9 96573 607932 4397251 115
10 29192 626988 4385096 75
11 29406 627094 4385251 73
12 29622 627114 4385362 75
13 41577 630404 4391007 61
14 140781 603959 4403255 450
15 41078 630246 4390808 62
16 41694 627727 4390444 67
17 41858 627396 4390438 67
18 41185 627112 4390120 65
19 35265 625901 4387423 75
20 34800 626225 4387269 73
21 33920 625692 4386767 73
22 165801 626871 4389797 69
23 168393 625824 4389544 72
24 170545 624743 4389380 72
25 185134 626075 4387330 72
26 184117 626051 4387455 75
27 189118 625755 4386791 73
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Appendix B

The properties of selected points’ candidates

I.d | Candidate point number | Easting coordinate | Northing coordinate | Height
(m)
1 46536 623422 4391057 69
2 55991 618963 4392385 72
3 80781 619438 4397147 67
4 35637 628347 4388166 69
5 31580 630164 4386871 69
6 32889 631829 4387745 63
7 126115 600834 4400358 412
8 116381 610060 4400709 90
9 142796 616639 4406426 75
10 41227 607969 4385767 94
11 28093 614536 4381695 44
12 36831 615716 4385937 115
13 19557 626275 4380484 91
14 31912 622874 4385336 79
15 50363 619891 4391434 74
16 80751 619378 4397129 67
17 35184 628420 4387954 -11
18 32014 629831 4386966 69
19 29080 631686 4386109 68
20 26720 635084 4385747 61
21 106597 609904 4399122 89
22 144160 616696 4406672 78
23 41360 608132 4385849 95
24 127935 617310 4404408 62
25 38866 616005 4386835 99
26 220809 605551 4417730 608
27 171091 621295 4389956 72
28 166001 619198 4391268 73
29 225264 625955 4380840 91
30 202683 615637 4386248 122
31 185001 622154 4388118 80
32 163240 619279 4391693 75
33 221761 625817 4381391 89
34 204403 615852 4385922 115
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Appendix C

The properties of selected points’ candidates

I.d

Candidate point number | Easting coordinate | Northing coordinate | Height

(m)
1 152562 611921 4406840 69
2 160425 611663 4408116 85
3 71921 610364 4393414 91
4 47756 617390 4390128 72
5 111583 618273 4402552 65
6 132614 615587 4399302 75
7 126619 612292 4401054 81
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