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Abstract

Climate change is a major challenge of our time. Adapting to climate act@mdasonomic and environmental
imperative. In order to enhance our climate resilience, we need to improve our understanding of climate change
impacts. Some of the most important impacts are temperature increase, more severe storms, increased drought and
warming and increasing ocean. Many of these impacts are interrelated and have many associated causes. An essential
need is to better understand the interdependencies between climate change cause/effect variables.

Earth observation data have a unique role fgrowing understanding of climate change, due to the facthbst

enable monitoring at several spatiotemporal scales with global coverage. Remote sensing technology can improve
climate change modelling butatsohassome limitations. For example, mufiectral and hyperspectras¢énsorcan

provide data only durinthe day with no cloud coverage. On the contrary, SAR datasets can provide consistent data
flows day and night. The unprecedenitecteased/olume of SAR/INSAR data can enable approaches thatugely

benefit climate change adaptati@attions. This dissertation contributes énhancingthe role of time series of
SAR/INSAR data for three climate change related topics.

The first topic is the studpf TSINSAR methodologies that estimate ground deformatiaeswell as ground
deformation relationships with natural ager@ound deformation is an essential climate change variablehvigi
connected to a) increasiggoundwater extraction due to increggdroughts; b) permafrost thawing dugncoreasing
temperature and dpcreasedflood/sinking risk over coastal regions. A thorough analysis of several TSINSAR
methodologie$or ground deformation is presented. Fiest,accuracy assessmentt@vertical componenbf ground
deformationwhich wasestimated from multiple orbit TSINSAR results is presented. Then, a detailed performance
analysis of several TSINSAR methodologies is provided. Next, a wéasetimethodologicalapproach able to
capture theelationships between driving factors and ground deformatidevslopedFinally, a description of the
developed software package (INTERFERON) for ground deformation estimation from INSAR data is provided.

The second topic of this dissertation is thd smdisture estimation from INSAR time series. Soil moisture is an
essential climate variable which is mainly used for drought monitoring. Climate change is expected to increase the
probability of longer, intensend frequent droughts over the world. Andwative methodological approach with its
opensource implementation (INSAR4SMable to capture surface soil moisture information over arid regions is
introduced. A remkable accuracyRSME~0.035 m3/m3)f volumetric surface soil moisture estimations roaa

arid region in California, USA at high spatial resolution (250 m) was achieved.

The third topic of this dissertation is floodwateapping ananonitoringby exploiting SAR time series data. Flooding

is one of the most impacting environmental hazéndt causes huge economic damages. Climate change is expected
to increase flood events mainly due to extreme precipitation events. A methodological framework for unsupervised
floodwater mapping and monitoring using Sentihdime series is proposed. Itsbust performance (OA~ 0.97,

Kappa score~ 0.77) was demonstrated over several investilgatgédases around the worthy the EMS, Copernicus

service An opensource toolbox (FLOMPY) implements the proposed nedhmgical framework and two case
studies thautilize FLOMPY's floodwater maps are presented. The first is related to flood damage assessment on

agricultural regions and the second is a sensitivity analysis of a coupled 1D/2D hydrodynami8otbdelse studies



highlighted the FLOMPY s significarbntribution to tackle scientific and socioeconomic issues related to increasing

flood events due to climate change.
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Introduction 1

1 INTRODUCTION

This doctoral dissertation deals with the subject of exploiting SAR and INSAR satellite data for
estimating ground deformation, soil moisture andrfamitoring floodwater.The overall workcroses
boundaries betweegarth observation, remote sensing aathdeience disciplineso identify tools and
gain unigue insights into the dissertation’s subj&bis chapter aims to provide a brief introduction
highlighting thecurrent challenges, the motivatidghe objectiveand thescientificcontributionscondicted
during the dissertationA detailed description of the contributions of this work are presented in the
subsequent chapters.

1.1 Current Scientific Challenges and Motivation

Climate changés not a future problem, it i&a major challenge of our timj&]. The need foclimate
actionis an undenible factfor reducingour risks from the harmful effects of climate chanigapting to
climate change poses challengas whether and how to adapt activities, systems and sectors to a
continuously changing climaf@]. Moreover, & thefrequency of climateelated extremes is increasing
moreeconomig social and environmental losses can &esed. Modelling of climate change impacta is
crucial stedor adaptation planninfpr a moreresilienttomorrow

The main impacts of climate change atemperature increase, more severe storms, increased
drought, warming and increasing ocean, healtksrisunger, poverty, and biodiversity Id8$. Many of
these impacts aieterrelatecand have many associatelisesT here isanunmet need to better understand
the interdependencidsetween climate change cause/effect variafflpsData related to climate risk and
losses are crucial to push the frontiers of climate change knowEldg&ontinuous monitoring, reporting
and evaluation is also essential for a systemic climate change addgfatamally, itis important to speed
up adaptation at a local and global level in order to enstemationaclimate resilience.

Earth observation dataave been used for improving understanding of climate change. Remote
sensing enables monitoring at several spatiotemporal scales with global cdg¢r&oygloiting remote
sensingbig data in conjunction with climatenodels and conventional obseivat, improved climate
projections and revealed new climatdated insights. However, remote sensing data uncertainties pose
challenges for extracting robust informatipfj. These uncertainties can be related to biases in sensors
and/orretrieval algorithmsThere is a need for building systems that make betteof remote sensing data
in climate change adaptation actiolmsthe next paragraphs, we provide a bde$criptionto some of the

climate changéopicswhere the use of remote sensing can be beneficial.



Introduction 2

Ground deformatiois related taseveral climate change impacks we already described, water
scarcity can intensify the groundwater depletion and cause ground subsibesceay causaerious
damages in buildings, cultural heritagssets, infrastructures, etith severe economignd social impact.
Anotherexampleis that thewarming and the temperature fluctuations can cause land degradation over
permafrost regiongl3]. Land degradatiorehds to increased risks to infrastructure and affects the water
and carbon cycle by altering the soil freg¢lzaw state. Temperature fluctuations are reflected as ground
deformation mainly due to the freezing and thawing of the permafrost layer closedmtind surface
[14]. Anotherclimate change impatd related to theea level risdn many densely populated coastal areas,
occurringground subsidence cancrease coastaldbd events andhagnify the impact of sea level rise
which will put a lot of regions below relative sea level. List not leastground deformation is an indicator
for many anthropogenic activities thae connectetb climate change. One of the most important ones is
mining whichis currently responsible for 4 to 7 percent of greenhgaseemissions global[{t5]. Ground
deformation monitdng over a mining region is an essential ngeg] during operation andlso during
sustainable transformation proc¢$g] to minimize its climate impacthe sparsity of ground equipment
is considered huge limitation for understanding and modellgmgund deformationlynamics. TSINSAR
remote sensing technology using SAR data cakema huge impact by providing invaluable ground
deformation estimationfd9]. Moreover, he increasing number of SAR satellites and the unprecedented
increasing volume of INSAR data offéiuge potential for methodological improvemesusl are important
motivationfactors for this dissertation.

Climate change increases the probability of longer, intense and frequent droughts over the world
[8]. Droughts are caused by high evaporatioa t temperature warming and by water sparsity due to less
precipitation. Increased precipitation variability due to climate change can also lead to longer periods of
droughts. Droughts are directly connected with groundwi@emusually over agricultural regions. A
conjunctive analysis is required to better understand the interconnections between drought and groundwater
to create a better water management plan. For drought monitoring, &iilmads considered one the most
essential variableld0]. Dueto the limited number of ground soil moisture stations, satellite derived soll
moisture information is considered an excellent alternative for soil moisture monitoring. For groundwater
monitoring, due to the sparsity of waterel data and isitu grounddeformation observations, remotely
sensed ground deformation can be used alternatjtély TSINSAR technology an provide accurate
ground deformation estimations at high spatiotemporal scales which can be used to track groundwater
fluctuations[12].

Flooding is one of the most impting environmental hazatbat causes huge economic damages
[20]. The climaterelated changes in temporal distribution and intensity of precipitationsiseexpected

to increase flood risR1]. To mitigate the flood casualties, remote sensing can provide invaluable data that
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can be used for flood monitoring and forecasting. Especially SAR sembmisare dle to provide data
under allweatherconditions day and nighhave an essential role in flood monitor{2@]. The big volume
of SAR data with higlspatidenmporal resolution offer huge potential for methodological improvements in

order to provide accurate floodwater monitoring solutions.

1.2 Objectives

The main objectives of this thesis are outlined as follows:
Objective 1: Assesghe performancédnterpretabiliy and potentiabf TSINSAR methodologies for ground

deformation estimationThis objective can be divided intaccuracy assessment of vertical ground

deformation from multiple track TSInSARSsults;comparison methodolodyased on theesultsproduced
from different TSINSAR methodologiediscussion of advantages, limitations and critical factors that are
related tothe performance of seral TSINSAR approaches addvelopment of anethodology forthe
identification ofthe driving factors of ground deforman which will help the interpretation of TSINSAR

estimations.

Objective 2 Development ofimethodology for soil moisture estimatiasing INSAR observation$his

objectivecan be divided into a)eview of the existing soil moisture estimation approaches that exploit
INSAR observations; ihnovative methodological workfloand c)real worldapplication to demonstrate

the performance of the proposagthodology.

Objective 3 Development o methodologicdiramework for floodwater monitoring using SAR datasets.
This objectivecan be thought of ag) developmenbf an unsupervised methodologickmeworkfor
floodwatermonitoringimaping using SAR datasets and ®Bvdlopnent of real worldapplications that

address problems related to flood modelling and flood disaster assessment.

Objective 4: Release developed reseaodude as opesource softwareThis objective is inspired by the

FAIR (Findability, Accessibility, Interoperability, and Reusabilitigtaprinciples.

1.3 Scientific publicationsand software

Most of the work in the framework of thifoctoral dissertation has been disseminated through a number of

scientificpublicationsand published scientific softwaas listed below.

Journals
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Using Wavelet Analysis Case StudfyKastoria Lake. FRINGE 2021, ESA, bne event.

Author Contributions: | came up with the idea, designed the methodology, implemented all
the source code, conded all experiments and prepared the original manuscript draft. The
manuscript was revised and editedrrpf. Vassilia Karathanassi.

1 Gounari 0., Falagas AKaramvasis K., Tsironis V., Karathanassi V., Karantzalos (R022)
Floodwater Mapping & Extractio of FloodAffected Agricultural Fields. Living Planet
Symposium Bonn 227 May 2022.

Author Contributions: | came up with th idea, designed the methodology andlemented
the source codelated to floodwater mapping from SAR data. Olympia Gounari im@ieed
the source code relatedride-basedcrop delineatiorandcondicted the experiment over the
region of interest. Vasileios Tsironis implemented thiéi architecture for crop delineation

Alexandros Falagas implemented the preprocessing schemeentinet2 data. | and
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Alexandros Falagas integrated the developed functionalities into the initial soffiere.
manuscript was revised and edited Prof. Vassilia Karathanassi arférof. Konstantinos
Karantzalos.
Zotou |.,Karamvasis K., Karathanassi VTsihrintzis V.(2022) Sensitivity of a coupled 1D/2D
model in input parameter variation exploiting Sentihelerived flood map. 7th IAHR Europe
Congress. Septembet97 2022
Author Contributions: My main contribution in this worls the extraction of flood map
extraction from Sentinel data.loanna Zotoucame up with the idea, designed the
methodology conductedhe experiments and prepared the original manuscript draft. The
manuscript was revised and editby Prof. Vassilia Kaathanassi anérof. Vassilios

Tsihrintzis.

Scientific oftware

T

INterferometricTime €£Ries For dEfoRmatiON (INTERFERON) In-house softwarg2018 -
2022) Permanent and Distributed scatterer interferometryrfmuryd deformation estimatiorwil
bereleasedinder GPLv3 licensg

FLOod Mapping PYthon toolbox (FLOMPY) GPLv3 license (20212022)
https://github.com/rslabtua/FLOMPY

I nterferometricSynthetic Aperture Radarfor Soil Moisture estimatio INSAR4SM) GPLv3
license(2022) https://github.com/rslabtua/INSAR4SM

1.4 Thesis Roadmap

The following chaptesin this dissertation are briefly summarized bel@Rapter 2 constitutes of theork

related to ground deformation estimation from TSINSAR methodedodh Chapter 3we introduce a

methodological pipeline for estimating soil moisture from INSAR observéinlesferometric coherence

and phase closure) over arid regions. In Chaptethé work related tofloodwater mapping using

multitemporal SAR observatioris presentedFinally, in Chapter 5 we provide concluding remarks and

suggestions for future work.

1. Introduction

2. Ground

deformation
from TSINSAR
methodologies

4. Unsupervised
floodwater 5. Conclusions &
monitoring using future work
SAR data

3. Soil moisture
estimation using
INSAR data

Figurel.1 Thesis Roadmap


https://github.com/rslab-ntua/FLOMPY
https://github.com/rslab-ntua/InSAR4SM

Ground deformation estimation from TSINSAR methodologies 6

2 GROUND DEFORMATION ESTIMATION FROM  TSINSAR
METHODOLOGIES

In Chapter2, the work related to ground deformation estimatissing TSINSAR mehodologies is
presented. Irsection2.1, we provide an introduction and specific research questions that we will try to
answer. Next, isection2.2, themaintheoretical concepbf several TSInSARigorithmicapproaches are
describedIn sction2.3, threecase studiegsing TSINSAR approacharepresented. Ithe fird case study,

a multitrack TSIFBAR approach able to estimate vertical and horizontal over a mining region is presented.

In the second case study, a performance comparison between three TSINSAR open source implementations
over an extended miningegion is presentedh the thirdcase studya waveletbased approach to explore

the connections of five potential driving factors (surface soil moisture, precipitation, lake water area
variations, NDVI and ground temperature) with grdaeformation results fromSInSARIs presentedn

section4, a brief description of then-housesoftware package Interferaa provided In Section5, the

conclusiongegarding TSINSAR studies for ground deformation estimation are presented.

2.1 Introduction

Ground deformation information can be acquired from various techniques. Traditional -ground
based methods such as leveling and GNSS (Global Navigation Satellite System) are widely used and
considered the most accurate and wleNeloped methodf23]. However, for extended areas, the
aforementioned techniques are labuensive and limited in spatial coverage and density. By contrast,
TSInSAR can obtain surface deformation along th@S exploiting the phase information of the SAR
images acquired at different times.

TSINSAR techniques were proven to be powerful tools and have gained increasing attention
because they can provide attihes, allweather deformatiomformation in a widearea. Thids related
to the recent advances in terms of the temporal/spatial resolution and coverage of satellite data, the
processing chains and the increase of the computational capabilities (parallel processing, cloud computing)
[24]. A lot of TSINSAR techniques have been developed and widely applied in many fields such as
earthquake displacemd@6], volcanic activity{26], groundwater/gas extractipt8], landslides instability
[27], [28], urban subsidencf9], and mining activity[30]. A brief summary of the most important
TSINSAR methods is presented in the next paragraphs.

The oldest and first group of TSINSAR approaches focuses on a subset of points (caiacement
points) that have high phase stability and are referenced as persistent scatterer (PS]3tit[81sPS
methodologies extract the measurement points from a simgbéer network interferograms and can

achieve even submillimeter accurd®p]. The main selection strafies of the measurement points are
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based on their phase variation in tif8&] or on the correlation of their phase variatiospacg34]. Many
applications of PS methods can be found for urban environments. Arsopere implementation of a PS
methodology is provided by Stamps toold#], [36].
The second group of TSINSAR approaches focuses on exploiting a redundant network-ofastelti
interferograms that have small temporal apdtial baselines. Thesgpproaches are referred to anal
BAseline Sibset (SBAS) methodf37]. The network of the SBAS methods consists of unwrapped
interferograms that can be fulgonnected or form isolated clusters over time. Fatlgnected networks
are inverted using least square estimation entyin minimizationg38]. Non-fully connected networks
are inverted/solved using singular value decomposition or a regularization constraint to obtain physically
sound solution§37], [39]. Open sourcamplementation®f SBAS methodologies are provided in several
software packages, such as GMTSRB], Giant[41], Stampg$36], MSBAS[42], Pyratd43] and, Mintpy
[44].
The third group of TSINSAR approaches exploits all the possible interferograms of a given set of SLC
acquisitiong45]i [47]. Similarto the aforementioned techniguelse goal of the network inversion is to
obtain optimal and noiskimited phases of the given SAR acquisitions. Maximum likelihood estirf#gpr
and eigenvalue decomposition of the covariance mi@@ix [50] are some of the tools that can be used for
optimal phase estimation. The main characteristic of these methods is that the network inversion is
performed before phase unwrapping. Another important characteristic of these methods is the pngprocess
of the distributed scatterers in order to be processed by PS algorithms. The preprocessing step enables the
joint processing of distributed and persistent scatterers, which increases coverage with high accuracy
deformation retrieval. This is due to tFect that the estimator @& distributed scatterer signal provides
triangular phase that enables spatiotemporal (3D) unwrapping, which is superior to 2D unw&idping
The main limitation of these techniques is the computational complexéy thie big volume of SAR data.

The unprecedented availability of open SAR data, open souméeimmetric software packages as
well as the readyo-use interferometric products such as ground displacement maps, resulted in their wide
use by a range of stakeholders such as scientists, institutional organizatiadhe emmimercial sector.
Furthernore, in recent years, many algorithmic approaches and improvements able to exploit the large
amount of multtemporal interferometric SAR data and provide high accuracy ground deformation results
have been developed. However, the repeatability and trebitigéyi of multi-temporal interferometric
processing still remains an open issue, mainly due to the ongoing and continuous algorithmic improvements
[52]. Different processing methodologies may produce inconsistent ground displacement results. Moreover,
the high complexity othe interferometric SAR signals makes interpretation a challengingb@jsk
In this chaper, the three published case studies related to ground deformation from TSINSAR

methodologiesire presentedn the framework of this dissertatiomet main djectivesof this chapter are:
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1 Examine the accuracy of vertical ground deformation estimations ritattiple trackTSINSAR
results.
Developa comparisormethodology foresults from differenT SInSARmethodologies.
Presenthepositive and negative sidesseveral TSInSARpproachksin respect to environmental
conditions accuacies and spatial coverage.

1 Presenthe critical factors that are related to the performansewérall SINSAR approachesnd
present some best practices.

1 Developa methodology for identification of driving factors of ground deformation that will help
the interpretation of TSINSAR estimations.

2.2 Description of TSINSAR methodologies/implementations

a) Interferograms | _ b) Interferograms
€ 125} « SAR acquisitions £ 125 " ——— « Secondary SAR acquisitions
Y ’ s Primary SAR acquisition
= 715 AT = 75 1 ’
HINVAWAVN Pl NS
0 Ke]
&5 O ; g 0 L
5 o =
c -75 ¥ c -75 ~ —
g N 2 4
& 125 & 125

Jan Feb Mar Apr May Jan Feb Mar Apr May
Acquisition Time Acquisition Time

Figure2.1 Interferogram network types a) fully connected network for Mintpy, GianSaachps/MT lapproaches b)
single master network for Stamp$ approach

2.2.1 Mintpy -Miami INSAR Time -Series Software in Python

The Mintpy toolbox is a python 3 software for small baselnSAR time series analysis. The input
is a stack of differential interferograms that form a fully connected net{ifigkre 2.1a) Interferograms
have to be already unwrapped with small geometric perpendicular and temporal baselines for maximizing
theirquality. For modern SAR constellations with small orbital tube and short revisit time, such as Sentinel
1, a fully connected network of interferograms can easily be formed. The input stack can be generated using
among other tools, the Interferometric SABientific Computing Environment ISQB4]. The main steps
of the interferometric processing performed by ISCE are orbit camectieburst, ceregistration,
interferogram generation and adaptive filtering, subtraction of topographic phase using given Digital
Elevation Model (DEM) and 2D (space) unwrapping.
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The Mintpy toolbox consists of three main processing steps a) the texveiiometric phase time
series calculation b) the correction of the raw phase time series from error sources and c) the noise
evaluation step that results in the exclusion of noise SAR acquisitions and the final calculation-of noise
reduced displacemenirte series. Moreover, in order to have a quality index for the extracted deformation
values, temporal coherence is calculdtedeach pixel according {&5].

The first processing step of Mpy is the inversion of the input redundant, fully connected stack
via an unbiased weighted least square estimator in order to acquire raw time series of interferometric phase
for each date. The weight information can be related with ammibehavior ono weighting37], spatial
coherence at pixel levf6], [57], inverse of the phase varian&8], and nonparametric Fisher information
matrix (FIM) [50], [59]. For this study, only the inverse of the phase variance weighting was selected
because, according [48] and for a mall number of look§44] the inverse of phase variance as a weighting
factor gives the most robust andeocof the best performances for network inversion.

The second processing step is the correction of the raw inverted phasetiiesefrom phase error
sources at the time domain. Deterministic components such as tropospheric delays, topagidphls
and/or phase ramps are preserved after inversion and can be suppressed ingigetntmmain in order
to obtain a time series of noiseduced displacement. Moreover, a correction scheme of 2D unwrapping
procedure errors with a variety of approachesfisred. The unwrapping correction method that was
selected is related with the phase closure of triplets of interferograms, based on the assumption that the
SAR phase field is conservatiy25].

The third processing step is the noise evaluation of each SAR acquisition in terms of residual phase.
Mintpy considers the residual phase as a doatlwn of residual tropospheric turbulence, uncorrected
ionospheric turbulence, and the remaining decorrelation noise. The root mean square error of the residual
phase is calculated for each SAR acquisitifter a quadratic derampifi@0] over the reliable pixels that
are used in the network inversion. Thentfied noisy acquisitions are excluded and the topographic

residual and velocity estimatias performed for a second time.

2.2.2 Giant - Generic INSAR Analysis Toolbox

The Giant toolbo)41] was developed for small baseline INSAR time series analysis in python 2.
It requires a stack ofiffierential geocoded or slamange unwrapped interferograifisgure 2.1afor the
extraction of ground deformation time evolution information. The input interferogram stack can be

generated among other tools using I964.
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The first step is the preparation of the interferograms stack by applying phase correction schemes.
Firstly, a deramping correction scheme at a network IR&] [61] is applied. Secondly, a tropospheric
correction scheme based on ERAtmospheric mod¢b2] is applied.

The next step is the inversion of the interferograms stack to obtain deformation information.
Conventional SBA$37], NSBAS[39], [62], [63] and Multis@le INSAR TimeSeries MINnTJ64] are the
available inversion choices. Conventional SBAS uses singular value desitionp to redundant
information from the interferometric stack to provide ground deformation &mess The main difference
of NSBAS with respect to the conwwonal SBAS technique is thatSBAS includes constraints from user
predefined temporal functis to join islands of disconnected interferograms. The main differences of
MINnTS with respect to conventional SBAS technique are firstly the transformation of the interferometric
phase into the wavelet domain before the temporal inversion and secondlgsthiption of the time
evolution of the ground deformation by predefined functions. In all the strategies, the inversion operation
is performed in each pixel separately subject to coherence and valid number of observationircthiria.

dissertationonly Giant-NSBAS approach wasonsidered

2.2.3 Stamps- Stanford Method for Persistent Scatterers

Stamps consists of a PS and a combined PS and SBAS (Stamps/MTI) processing workflow which
are briefly described below. Comprehensive algorithm descriptions cani ih[33], [36], [65].

The Stamp$S approacliFigure 2.1b)is based on spatial correlation of interferometric phases.
Conventional PS methodologi¢31] extract deformation over high amplitude pixels assuming a well
defined phase history. Furthermore, the phase history of each pixel is compared with a predefined temporal
deformation model. Stam@Simplementation is based on the stable spatial phase characteristics and is
able to extract deformation over lemmplitude pixels without prior knowledge of temporal deformation
behavior. However, the assumption that the deftion is spatially correlated is not true for isolated
movement of individual scatterers which are considered as noise. SR&napproach has a lot of
applications in urban and namban areas like volcanic regions.

The combined Stamps/MTI approafffigure 2.1a)is able to combine information from PS and
SBAS at a full resolution and have some clear advantages over conventional multilooking SBAS
approaches. It was observed that multilooking procedure may include pixels that completely decorrelate
and addnoise to the multilooked pixel. In this direction, adaptive multilooking approaches have been
developed46]. The full resolution processing that Stamps/MTI adopts, mitigates the noise from traditional
boxcar multilooking procedures. Meover, Stamps/MTI performs the unwrapping of the phase in three

dimensions (spacend time) and therefore produces more robust results in respect to two dimensional

(space) unwrapping algorithrf4].
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Both approaches include a selection strategy of pixels that the deformation information will be
extracted. Fit, for computation reduction reasons an initial selection of pixels that are expected to be either
persistent scatterers or slowdgcorrelating filtered phase (SDFP) pixels through amplitude dispersion
analysis[65] is performed. For the selected pixels, a spatiadiyelated part of interferometric phase is
estimated by bandpass filtering of th&rrounding pixels. The spatialborrelated part consists of phase
due to ground displacement, atmospheric phase delay, orbit errors and spatialgted height error.
Moreover for each measurement poiat,spatiallyuncorrelated height/DEM error estimated from its
correlation with perpendicular baseline. By subtracting the spatiathglated part and the spatially
uncorrelated height error from raw wrapped interferometric phase a temporal coherence metric is calculated
for each measurement ptifThen, a thresholding approach on the aforementioned coherence metric is

performed to select the measurement pdhms are going to be processed.
2.3 Ground deformation case studies

2.3.1 Multi -track N-SBAS Sentinell Interferometry focused on opencast mingnonitoring: The

case study of the Ptolemaiddrlorina coal mine in Greece

2.3.1.1 Introduction

Deformation monitoring in mining areas has a great importance because mining activities impact
the nearby environment and may cause severe mining hggééids Fr om t he fAi nterferor
view, the mining areabave some special issues that have to be addressed. First of all, it is the loss of
coherence that is usually caused by the mining operations that prevent the detection of ground surface
deformation67]. Secondly, the low density and the inhomogeneous distribution of persistent scatterers in
the mining regions limit the use of higitcurate persistent scatterer metHé8% [69]. In contrast, SBAS
techniques allow the measurement of surface displacements in low reflectivity areas like scattered outcrops,
bare soil areas, debris areas that areally found in mining regiong0].

In thisstudy, a Sentinell multi-track methodology based or$BAS([39] is presented. The main
objective of thiscasestudy is to explore the deformation monitoring ability of the proposed methodology
in mining regions. The case study of the Ptolemé&ildaina coal mine in Greece helped us to outline the
strengths and the limitatns of the proposed methodology. Validation between #iraltk NSBAS and
levelling measurements was conducted. The output ofctse studyshows the effectiveness of the
Sentinell constellation for the monitoring of ground subsidence ovefactie nining areasThe results

can be useful for management, risk analysis and planning of mining operations.
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2.3.1.2 Methodology

One of the limitations of deforation measurements made withIiSAR techniques is that they
provide only one compwnt of the surface defmationi n t he satel |l it FH.sThel i ne o
availability of ascending and descending tracks of Senrtirwnstellation that cover the same region is
important in order to resolve the 3D surface deformatkesch orbit/track can yeld only a single
deformation measurement along LFgure 2.2 so multiple orbits should be exploited in order to estimate

northing, @sting and vertical components.
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Figure2.2 The SAR imaging geometrgnd the relationship between LOS deformation and
the vertical, NortFSouth and EadVe st component s. d and U are the
and the orbit azimuth angle, respectively.

According to Figure .2, the following equation derivd31], [72]:

Q Qoéi Q80+ QEQDE I | (2.1)

Where Q deformation along LOS Q FQ HQ vertical, NorthSouth, EastWest deformation
components  heading angle— incidence angle

From a theoretical point of view, in order to be able to resblee8D deformation componersds
least three LOS deformation measurements required Due tothe high computational cost to obtain
deformation time serie®r three tacks, a method that combines information from neighboring pigels
proposedThe main assumption of the method is thatubsef the neighborhood pixels share the same
deformation behavior with the central pixel for which we want to obtain the 3Dndafion components.
The neighborhood pixels are defined by a 3x3 window. The gragfifarimationis the criterion for
neighborhood pixel selection. Gradient is estimated using a DEM with better resolution than the SAR grid.

Two reighborhood pixels witthe mossimilar gradient with the central pixel are selected for the solution
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of the system of equation®2(). In the following section a case study in Ptolemdiigina mine is

presented.

2.3.1.3 Study area and datasets
The area of interest is located in tlegion of Western Macedonia (Kozani), Greece, which is
considered one of the most important industrial areas in Greece. In particular this work focuses on a part of
the Ptolemaiddrlorina opencast lignite mine, illustrated in the left part of FiguBeDue to the mining
activitiesintheAOIAiunst abl ed0 regi ons 2B8erteh e eflu metad elde 0 | me d-ii
with a gay color. In these regions, TMSAR techniqus cannot provide reliable results due to strong
decorrelation of the SAR sigh& he main objective of the case study is to examine the stability of the zone
along ASoul oud water st r eam stabhoattthe cigksudf the gxistinge nt i al
transportation network inside the mining area. For the validation of thiésrefthe proposed methodology
10levelingpoi nts | ocated in the buffering zone along t1
A total of 249 Sentinel TOPS IW acquisitions from the descending track 80 and the ascending
track 102, spanning two and afrygears have been processed. Around 1400 interferograms were created
and processed with the multack GiantENSBAStechnique that was described in the previous section. The
processed area is about 4x8%ithe earlier scene of each orbit stack was sedeas the zerdeformation
reference image. As an externdtld, a photogrammetric DEM with ground pixel size of 5 m, provided
by KTIMATOLOGIO S.A.is used
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Figure 2.3 Study area(part of Ptolemaiddlorina coal mine) and available datasets
(Sentinell and éveling). Reference system is WGS84 UTM34N. The background image
is a very high resolution optical image © Google Earth Copyright 2018

2.3.1.4 Results and validation

In this section the most significant results eeported and analyzed. In Fig@é the cumulative
displacements for the time period from the start of 2016 till the half of 2018 are presented. The pixel size
of each map/grid in Figurd.4 per each component is 15ih.can easilybe identified that he vertical
displacement values are relatively higher than in the other directions. Looking closely at the vertical
component the subsidence zone (red ellipdege tothe active mining regions (gray regionsgn be
identified It is important to state & for each point in the grid the time series of displacement are calculated.
Inside the subsidence zone, the time series displacement information of a point (bottom right &4jigure
is presented. Different linear components of the deformation in @ $iemse can be identified. The

decreasing behavior of the subsidence rates is clearly evident.
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10/1/2016 to 5/7/2018. Time series of displaceicorrespondence of six locations the subsidence zone

inside te subsidence zone (bottom right). nearest centroid of the deformation grid was sel
according to location of the leveling point.

The validation procedure has been performed by comparing the vertical component-toaciulti

N-SBAS approach with the levelling measurements in the levelling points close to the subsidence zone

(Figure 25). In Figure 25, for each point, the evolution of the subsidence according to leveling

measurements and to mefitack GiantNSBAS estimations (denoted as SAR estimations) is presented. In

most cases, SAR estimations tend to overestimate subsidence Gatud® other hand, the subsidence
rates between the two different methods are in good agreehenaverall RMSE between all (160) the

leveling measurements at 10 leveling points and the +#tnattk NSBAS estimations is 1.07 cm.
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2.3.1.5 Discussion and conclusin

The above results demonstrate that the subside
can be identied by the proposed methodology particular, subsidence and subsiding trend can be
estimated witltcentimetric accuracwith the proposed thnique ovea complex mining environmenthe
subsidence is possibly connected with operations in the mine. However, the interpretation of the
measured/observed deformation patterns is a complex task and requires the knowledge of the geological,
tectonic, hydrogeological and geotechnical conditions. A deeper understanding of the subsidence
mechanism requires more investigation.

The validation of the methodology for average subsideakeesand subsidence rates showed that
the proposed method can providghtemporal/spatial resolution and accurate subsidence information. In
other studies such §6], millimetric accuracy level has been achieved using an approach mainly based on
persistent scatterer interferometry. Due to the absence of persistent scatterers in the study area, the
centimetric level of accuracy is cadsered satisfactory. Combining INSAR and leveling measurements can
be a good strategy to better monitor the subsidence of the area of interest. One possible solution for better
monitoring of the subsidence phenomena can be the following: (1) to detéaitéipet areas using the
multi-track GiantENSBAS techique over the whole region an@) to plan ground survey measurements
and collect precise ground information about the hotspot areas.

One of the most important limitatisiof the proposed method is relatiedhe orientation and the
slope of the ground. In stesfope regions, the reliability of the interferometric estimations is decreased
mainly due to geometric distortions of the SAR sig@a]. The geometric distortions also affect the spatial
resolution of the SAR sensor which will cause lower spatial resolution of the final deformation results.

Another limitation factor of the proposed method is thediinensional measurement of SAR
systems inthe LOS direction71]. Moreover, due to the current ngaslar orbiting SAR sensors the
accuracy of each estimated component is different. The north component is considered the most difficult to
determine, due to the small angular separaifdhe different LOS# respect tahe SouthNorth direction
[71]. In other studies, 3D deformations have been resolved usirgl-wisking azimuth techniqudg3]
and multiaperture INSR techniquef68], [74]. The aforementioned techniguse valuable tools mainly
in studies of largecale displacement events like earthquakes, volcano eruption, glacier dynamics but they
cannot provide sufficient accuracy for srastlle deformation phenome[¥b]. The proposed approach
which is based on the combination of multiple track interferometric results can produce estimations with
sufficient accuracy at theettical direction. Even though a lot of methods that resolve the 3D deformation
components have been developed, it remains unclear which approhehmsgt suitable for each case
[75].
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One of the benefits of the proposed method is that the produced results can support decision makers
for mining risk management and disaster awareness. The fact is that active opi@iagons are well
monitored by the mining authorities. However in abandoned mines or abandoned regions of the mines even
though they have been considered secured, hidden factors can cause geohazards af#3jy Tinee
proposed method can provide critical information to mitigate fegaliind ensure the safety of mining
operations and local societies during-priming, mining and posmining period.

The multitrack GiantENSBAS method yielded deformation results with centimetric level of
accuracy at the vertical component. It has totdsted in regions with different conditions and to be
compared with other methods. The results of the proposed method can be used for further planning of the
ground surveys from mine authorities. Using Sentinike data the proposed method can prowddenal
coverage and continuous delivery information with no cbee produced results can support decision

making authorities for risk mitigation and sustainability.

2.3.2 Performance Analysis of Open Source Time Series INSAR Meatlls for Deformation

Monitoring of PtolemaidaFlorina coal mine

2.3.2.1 Introduction

Ground movements and surface deformation on mines can lead to instabilities and slope failures
that can cause risks to personnel, equipment and prod{i¢éidnThe main limitations in our ability to
monitor deformation in mining regions are the difficult and fast changing comslitEused by the ongoing
mining activity. In order to successfully monitor the complex spatial and temporal behavior of the
deformation in mining regions, a monitoring system with suitable spatial density of measurement points
(MPs) with a high measuremeinéquency is required. In most cases, the monitoring techniques of such a
system can be divided into two main categories. The first category is related to surveying technigues that
determine the absolute and relative positions of certain points. Theomaar surveying instruments that
are commonly used are GNSS (Global Navigation Satellite Systems), total stations, levels, Terrestrial Laser
scanners, Grourbased SARs, and photogrammetric cameras. The second category is related to the use of
geotechnial equipment such as extensometers, piezometers, inclinometers etc. The aforementioned
conventional technigues can provide high quality measurements but are limited by their operation and
maintenance cost.

Due to the high maintenance and operation coshefaforementioned deformation monitoring
strategies, alternative approaches based on remote sensing data can potentially improve the monitoring
procedure in terms of cost and accuracy. TSINSAR methodologies are capable tmgxeadime series
of ground deformation from a set of SAR acquisiti¢n8]. In the mining world, to our knowledge, there

are only a few organiions that are using TSINSAR deformation results in existing deformation
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monitoring systems. Open goe tools play a crucial role this respect. Nowadays, the availability of the
TSINSAR algorithms will enable mining organizations and ederd stakediders to generattheir own

SAR derived ground deformation estimations. Given the fact that most of the mining organizations perform
ground surveys for deformation measurements, open source TSINSAR estimations can be assessed and
validated, and capabilgs and limitations of each TSINSAR approach can be pointed out. However, an
assessment and comparison approach of the results between different TSINSAR approachessitud the in
measurements is missing. In fact, this will not only provide best practicesisights on the preferred

existing methodological strategies owaining regions but also will potentially support the rapid evolution

of algorithmic approaches that will make optimal use of big data in terms of accuracy and computational

cost. Therefa, the following comparison methodological framewaslproposed

2.3.2.2 Comparisonframework

The proposedomparison methodological framewarknsists of three steps. The first step is the
conversion of the TSINSAR results to vector GIS compatible format wittmom attributes. Raster
datasets from each of the selected open source TSINnSAR tools (Stamps, Giant, Mintpy) are converted to
TSINSAR point vector datasets mainly for visualization reasons and also to benefit from GIS processing
tools. The common structuoé the vector data from different TSINSAR tools is suitable for-postessing
and comparison analysis.

The second step is the identification of the homologous points between the different TSINSAR
point vector datasets. For every pair of vector dataaeist of points for comparison is selected using a
geographical distance criterion. For every point in the first TSINSAR result, the point from the second
TSINSAR result with the nearest distance is selected. If this distance is below the predefingohgssdg
distance, then this pair of points will be compared. For each pair of TSINSAR point vector datasets, a vector
file including the comparison points is created.

The third step is the calculation of the similarity metrics for each point. Similagtyias are
important for an insightful comparison of time series data. The selection of the similarity metrics is required
for optimizing grouping that can potentially reveal distinctive tae@endent processes related with
deformation or noise sourceshd Euclidean distance metric was selected because a) can provide robust
results in a wide range of applicatidi@®] and b) can provide insights because the unit have the same units
as the input ata. Moreover, the dynamic time warping metf®@] has been used. Dynamic time warping
met hod can handle time series that dondét share th
time series that have different observation dates when they come from different,sdiffeoesit orbit

geometries or result from different algorithms that exclude some observation dates. The Euclidean distance
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metric is expressed as the RMSE by setting the one TSINSAR point vector datassfe@nce dataset
and the otheas test datatseRMSE is calculated according to the following formula:

B Q Q
YD YO _ (2.2)
v p
Where, 0 is the total number of common used SAR acquisitions for methods A ai@DB; the
homologous point that is an@, is the"QQL OS deformation estimation of method A.

The above steps enable the spatial identification of agreements and disagreements between TSINSAR
results in terra of deformation and deformatiomates. The spatial identification of these agreements can
provide insights regarding the performance of each algorithm. The interested user can focus on particular
regions to identify the common deformation patterns or to search potential uncorrectsoleoes among
the different TSINSAR results.

2.3.2.3 Study area

The area of interest is located in the region of Western Macedonia, in Greece, which is one of the most
important industrial areas of the country. The land cover classes in the area can be categorized into three
main classes according to Corine letdhrd cover classepB1]: artificial surfaces, agricultural areas and
forest/seminatural areas. Interferometrtoherence is different for each land cover class and is exploited

in a lot of land cover classification studi®2], [83]. The different backscattering properties of each land

cover can affect the density of the TSINSAR measurenf@itas well as their expected accuracies.
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Figure2.6 Corineland cover leveP classes of the study area (Source Copasniand Monitoring Servicg31]).
a) The spatil extent of the AOI is denoted with the red dashed rectangle. b) Sehfioelprint is denoted with
filled red rectangle. Reference system is WGS84. © Google Earth background map Copyright 2018.
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Active mining regions due to fast changing conditions regeetial treatment. There are regions
inside the mine that are under work for certain time periods and other regions that are inactive. Fast
changng surface properties result temporal decorrelation. The study area is included in the dashed red
rectangk and is around 357 km2. This work focuses on the part of the PtoleRtertda opencast coal
mine, which covers around 90 km2, illegted with gray color in Figure@. Since the 1960s, Ptolemaida
Florina mine has been one of the main sources of epeoglyction for the country and is owned by Public
Power Corporation S.AHellas[85]. Since 2020 according to the European Commission, the particular
coal regionis included in the transition initiative that will lead to mine closure. The gradual decrease of
mining operations is an interesting subject for the study of-piising deformation using TSINSAR

techniques.

2.3.2.4 Datasets

Due to the expected temporal decorrelation of the mining regions, SAR data from short revisiting
(6-day) Sentinell constellation from ESA (Eapean Space Agency) are used. Sentinebnsists of two
satellites namely, Sentir&A and Sentinel B that were launched in 2014 and 2016, respectively. Sentinel
1 constellation is a polarbiting radar imaging system working atb@nd (~5.7 cm waveletig). A total
of 125 Sentinell TOPS IW acquisitions from the descending track with relative orbit number 80, dating
from 2016 till middle of 2018 have been processed. All the data are in the Single Look Complex (SLC)
format and only the VV polarization onsidered. All the employed S1 acquisitions were sfiee. The
input SLC stack is prepared using ISCE Topstack functiorj@&y

Due to the great importance of the stability d& titansportation network, levia measurements
were performed i n t he20ld ® the énd af 2016 letggi measurdmentsior 7 u n
points that are lotae d i nsi de t hFRggurdi23 are useddoo thervaligatioa of the TSINSAR

resuts.
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Figure2.7 In-situ deformation measurements. a) Location of levelling points in Soulou region (light
blue rectangle). b) The spatial extent of the AOI. Reference system is WGS84. © Google Earth
background map Copyright 2018.

As an external DEMa photogrammetric DEM with ground pixel size of 5 m, provided by
KTIMATOLOGIO S.Ais used The aforementioned DEM was created in the years-2008 and is more
recent in respect to the SRTM DEM.

2.3.2.5 Experimental Results

In this section the generated results of the selected algorithms from the open source TSINSAR
softwarepackages are presented (Figu&).dt is important to state, that because of the high inconsistencies
in the connected components of the ABwrapping procedure resulting from the availabledag
interferograms at the start of 2016, the Mintpy processing was performed onkddgri6terferograms
(from October of 2016 till June of 2018). Stamps and Giant results refer to the time spaarfuamy 2016
till June 2018. All the results are differential in space and time. They are spatially relatedstorié
reference point (Figure &.that is located in a very high coherent region of Ptolemaida town. Temporally,
the latest date of the SARG@uisition dataset is selected for all tproaches. The temporal reference has
been changed to the first available satellite acquisition after the inversion of each algorithm approach. All

the results are referring to th®S sensor to target direction.
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Figure2.8 LOS deformation rate results of open source TSINSAR approaches. a) Google earth optical image
at 2018. AOI is denoted with the red dashed rectangular. Mining region is denoted with purgtenpbly
Temporal coherence of the SAR dataset from Mintpy. ¢) Stamps Permanent Scatterers (PS) results d)
Stamps/MTI results e) MintpWSBAS results f) GiaaNSBAS results. Red color indicatesbsidence while

blue showing uplift.

In Figure2.8, it is obvibus that the density of measurement points for each selected algorithm is
varying. The following can be related with the temporal coherEigeere 28b that can be considered as an
index for the resulting point density. Temporal coherence can yield Vatmezeo to one. According to
Figure 28, over bright regions such as urban areas, rocks, roads, abandoned parts of mining regions, which

preserve their scattering properties, a high density and good quality resxiteisted. Over the darker
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regions, sah as forests, crops, and active mining regions, due to temporal decorrelation, a sparse and low
quality result is expected. In particuléinge StampsPS method/ielded around 100K measurememints

over the high coherence regions. Using the combined@Stapproach that merges PS and SBAS results

the measurement points increased to 136is.important to statéhat oversampling is not implemented in

the Stamps processing chain, something that is expected to increasmste of MPs[87]. Mintpy-

WSBAS and the NSBAS approach that is includedhe Giant toolbox outperformed in terms of
measurement point density and yielded 900K and 1300K spoegpectively. Spatial patterns of ground
deformation can be extracted easier from the resfithese TSINSAR approaches.

All the algorithms performed similarly over urban areas. The deformation rate of spatial patterns
inside the mining area are in agreement for Stamps/MTI, MiW@BAS and GianNSBAS approaches.
Discrepancies between TSInBAesults can be found over lamedium coherent vegetated regions. Even
though the MintpyWSBAS and GianNSBAS approaches yielded denser results their quality is
guestionable in vegetated regions. The deformation picture of the vegetated regionsrifosiitanps
PS and Stamps/MTI results, only. Thus, further investigation is required to identify and mitigate effects
from potential noise sources such as the soil or/and vegetation moisture in forest, mountainous and crop

field regions.

2.3.2.6 Cross-comparison

An RMSE metric is calculated for each pairwise combination of the results provided by the methods.
For each pairwise combination, the results of one method are seleaterleasnce dataset and the results
of the second method adest dataset. RMSE nmigt is calculated for all the homologous points that are
present in both results. Homologous points are selected based on the seconditetepoofparison
methodology [2.3.2]using a 10m geographical distance criterion.
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Figure2.9 Deformation (a) and deformation rate (velocity) (b) RMSE values for each Corine land cover téaved
in the AOI.

The deformation and deformation rate RMSE values for each Corine land cove? tdas$ are
presented in Fige 29. In general, the lowest RMSE values were found in industrial, commercial and
transportation units, in open spaces with little or no vegetation, in pastures, and in urban fabric classes. This
is expected due to their high coherence in respect vétlofloter land cover classes (Figur&®. In land
cover classes that include medium to high vegetation, the TSINSAR approaches showed the most
controversial results. The different performance of the TSINSAR approaches in the vegetated areas, can be
related with effects caused by seasonal variation in vegetation density, as well as, effects from variations in
soil and vegetation moisture. Overall, amohg three pairwise combinations (Figur®)2 Stamps and
Giant results showed the best agreement gatth other. Stamgdintpy combination yielded the highest
disagreements.
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Figure2.10 Crosscomparison of the deformation results in the mining region (denoted with purple polygon).
a) Google earth opticafiage at 2018 b) Temporal coherence from Mintpy c) Average velocity (deformation
rate) from Mintpy d) Stamp&iant deformation RMSE map e) Stardstpy deformation RMSE map f)
Mintpy-Giant deformation RMSE map.

In Figure 2.1Q deformation RMSE maps for all available pairs between the used TSInSAR
approaches for the corresponding comparison points are presented. TSINSAR approaches were not able to
yield results in the high deformation mine regions, which prdentemporal cberence (Figure 2.1).

These regions are observed with very high average deformation velocity inuheregided by Mintpy
toolbox[44] (Figure 2.1@). In the borders of the high deformation regions, big deformation RMSE values,
deroted with yellow color (Figure 2.10) e, ) are observed. This oars because of the low accuracy of the



Ground deformation estimation from TSINSAR methodologies 26

results due to high temporal decorrelation. However, in the stable regions of the mine wiiehragbtest

regions in Figure 2.1) TSINSAR approaches yield comparable results, with low RMSEs. These regions
are slown with purple color. The regions in the mine for which useful deformation results can be extracted
are mainly high coherent regions such as abandoned mining regions, infrastructure and transportation

network.

2.3.2.7 External comparison with in-situ levelling measurements

In this section, the comparison of TSINSAR results with levelling measurements is preEeated.
Mintpy processing was performed only from September of 2016 till June of 2018. TheNSRAS
deformation results present a smoothed behavior efstibsidence due to the inclusion of temporal
functions (quadratic in this case) in the design matrix of the system. Mintpy and Stamps results were

generated without the use of predefined temporal contstrain
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Figure2.11 Comparison of TSINSAR accumulated displacement (subsidence) results-gitth imeasurements

for seven levelling points (position of the levelling pdigtven in Fig 26). Levelling values are projected in the
LOS direction for the compison.

Overall, all of the TSINSAR methods overestimated the subsidence rate according to the regression

equatons at top left side of Figure 2.1Stamps and Mintpy regression equations for deformation rates

presented the highest coefficients of detertimma(0.86). Stampsapproach was able to better capture the

deformation rate information of the leveling points with an overall RMSE of 15.2 mm/year. Regarding the

deformation information, GiamtISBAS approach was able to better estimate the levelingwalies with

an overall RMSE of 5.9 mnT.he RMSE values are calculated for the displacements in thedlr@Sion.

In particular, levéng values are projected in the LOS direction by multiplying with the cosine of incidence

angle of Sentinel radiationneglecting horizontal deformation, for the simplicity of validation.

The above results demonstrate that the subsidence behavior on the levelling points can be identified

from all the selected opesource methodologies. The regional subsidence is possblyected with

mining operatioa However, the interpretation of the deformation patterns is a complex task that requires
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geological, hydrogeological and geotechnical information. In order to draw safe conclusions, the mining
schedule activitynayalsoberequired. For the abovementioned reasons, the interpretation of the subsidence
mechanism is omitted at the current stage of this study.

2.3.2.8 Discussion
In this session, the main advantages and limitations of each algorithm are discussed. Then, potential
improvements for better monitoring of deformation in mining regions based on our case study results and

other recent existing studies are proposed.

Table2-1 Processing factors for the selected TSINSAR approaches

Algorithmi Ph nwr. in . . . .
gorithmic ase Unwrapping Multilooking Measurement point selection factor
approach method

Giant-NSBAS 2D - space suggested spatial coherence

. 2D ¢ space + spatial/temporal coherence, connected component

Mintpy -WSBAS p. suggested P P L . P
corrections unwrapping information
Stamps/MTI 2D - space + 1D time - Spatial deformation criteria

The performance of each TSINSAR approach is controllechéyfdllowing important factors
(Table 21). The first factor is relatetb the unwrapping procedure of the interferometric phase. Mintpy
and Giant software toolboxes require a stack of the differential unwrapped interferograms. In most cases,
the unwrapping procedure is performed in space (2D) and for each interferogramselep2bat
unwrapping can produce errors that a sophisticated TSINSAR approach should be able to correct or mitigate
their effects. Mintpy includes unwrapping error correction modules that can be employed and minimize the
impact of the unwrapping errors inethdisplacement time series. NSBAS approach can mitigate the
unwrapping errors by using predefined time functidnsour view,Stamps/MTI approach includes the
most sophisticated unwrapping approach which exploits the spatiotemporal behavior of the phapped
However, the 3D unwrapping inherently assumes the high temporal coherence of each point. This results
in a network of points that will be sparser than that resulting from the 2D unwrappingyres;eds it is
shown in Figure 3.

The second factds related to the multilooking operation which is usually performed to improve
the SNR with the cost of spatial resolution. The multilooking procedure is suggested usingigeigle
SBAS techniques such as the GiaAl8BAS and MintpyWWSBAS. On the othelhand, multilooking can
introduce noise to the resulting-gpaled pixel in case small scale deformation patterns exist or in case the
study region is prone to geometric distortions. Adaptive multilooking approg6esan mitigate the
errors from the multilooking operation. Additionally, multilooking procedure cao alffect the

performance of the unwrapping error correction algorithms that are based in the phase closure since the
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assumption of conservative interferometric phase is vio[8®&d Stamps/MTI approach is applied for the
processing of fulkesolution (without multilooking) interferograms which is critical for studying
deformation in mining regions. However, fudisoluion processing increases the processing cost which
can be crucial for wideoverage and/or large time series applications.

The third factor is relatetb the formulation and inversion of the interferogram network for each
measurement point that takes @ao each TSINSAR approach. Mintpy and Giant software packages
require a stack of unwrapped differential interferograms in comparison with Stamps software which
provides the functionality to form the unwrapped differential interferogram stack. Tempog#@nétric
baseline criteria should be defined to form the interferogram stack. For all the software packages, a quality
check for each pixel in order to decide whether the pixel will be analyzed or will be discarded, is performed.
In singlepixel SBAS tebniques such as GiaMSBAS and MintpyWSBAS for each pixel a separate
interferogram network is formed.

In GiantNSBAS approach, a thresholding technique based on spatial coherence is supported. This
will result in the use of a subset of the initial ifdeograms stack for deformation estimation. The formed
interferogram network can have isolated clusters of interferograms or to include only a small number of
interferograms. In both cases, unstable inversion of grdeftmation can be observi@9]. The sufficient
number of interferograms that will lead to an unbiased estimation of deformationascalsmnon problem
in modern sequerdi estimation techniquef®0], [91]. The GiantNSBAS approach requirespaiori
knowledgeof the temporal behavior of deformation in order to connect the isolated clusters in the network.
In this study, based on the StarS results and the available levelling measurements the quadratic
functionis selectedlt is important to state that thelsction of the temporal function is a critical step for
theGiantNSBAS approach and thispessiblythe main reason that GiaNSBAS outperformed the most
recent and sophisticated MingyySBAS approach.

In Mintpy-WSBAS approach, pixel selection crigeinclude the connected component information
from the 2D unwrapping procedure and the temporal coherence information. The abovementioned approach
exploits information about the temporal coherence and unwrapping quality and can ensuresadunbi
deformaton estimation[44]. Note that with this pixel edection strategy, after masking, the network
inversion result is not sensitive to the few very low coherent interferograms in a redundant network, giving
robust and consistent spatial coverage. On the other hand, in case of isolated islands in tbgriamesfe
network for high decorrelated regions such as mining regions, this approach can provide results at certain
time periods. Irnthis case study, during the start of 2016 only Sentlfell2-day interferograms were
available. However, after the launohSentinellB, using 6day interferogramsvereformedanda fully

connected interferograms network wiffeat spatial coverage constructedFigure 28e).
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Stamps/MTI approach identifies the measurement pixels based on their phase characterissics. This
performed by calculating the phase stability of each pixel by using the spatial correlation of the phases in
the neighborhood. The high threshold value of the amplitude dispersion index (0.6 in this study) in the pixel
selection strategy enables thdes&on of almostall PS and SDFP point65]. One advantage of
Stamps/MTI approach is the fab@t this method is not based on the phase history of a single pixel but in
phase similarity of the neighborhood assuming that deformation is spatially correlated. Moreover,
accounting for spatial correlation significantly improves deformation estirfédgg88]. This way there
is no need to parameterize the deformation in tipgférmedin Giant) which can be challenging for
temporallyvariable deformation processes that are common in mining environments. Stamps/MTI
approach emplgs an iterative bangdass adaptive filtering approach to estimate phase noise for each pixel
in the interferogram stack. If the iterative filtering proceduresdd t converge theen t hi
discarded. This will result in theability of detectingsolated deformation phenomena, as well as, to extract
information in cases of complex defornagt at small spatial scal§&7]. It can be critical in the deformation
study of narrow regions inside mining regions such as transportatimorke that remain coherent but
their neighborhood experiences intense deformation or decorrelation. Another limitation of the Stamps/MTI
approach that can be relevant for processing big SAR data is the processing cost.

In this paragraph, a discussion aedjng the feasibility of TSINSAR approaches for deformation
monitoring over opencast mining regions is presented. The main limitation of the TSINSAR approaches is
relatedto the ambiguous nature of the wrapped interferometric observations. The follocovires drom
the fact that a difference bigger than °~ bet ween

deformation unambiguous[@2]. Moreover, in order to get a correct estimation of the unwrapped phase,
the phase gradient between two adjacent pixels has to be lessithath corresponds te  * p& o afor
Sentinell [93]. For a éday interferometric stack ovene year, the maximum detectable deformation rate
is = T L wo 6o ‘Q & Longer wavelength interferometric data can yield higher maximum detectable

deformation rate and should be considered in future studies. According to administration of éee Min
Central Support Department of Publicvika Corporation S.AHellas[85], the displacement rates in the
active mining regions of Ptolemaidiorina opencast lignite mine are several meters per year. For this
reason, the deformation values were not reasonable inadtiee mining regions. However, the
administration found that TSINSAR displacement pattéapsift or subsidence) (Figure 8.should be
analyzed in combination with their excavation and dumping activities. Furthermore, TSINSAR results over
abandoned ming regions, infrastructure, road network and neighbor regions were the most useful for the

mining administration.
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Based on the recent algorithmic advantages of TSINSAR techniques, there is a lot of room for
improvements and advances for better monitoringhe deformation in mining regions. The main
improvements according to our case study are related with the use of soil/vegetation moisture information
that lead to high RMSE value&igure 2.10). One other significant improvement is related with the
paranetrization of phase term due to DEM error in the inversion system. In thesopese toolboxes that
are used in this study, the residual topographic phase due to DEM error is considered constant in time, fact
that is not valid in active mining regions aase of large height changes. One possible solution to this
problem can be a time varying parametrization of the DEM error phase term similar to the {9dik of

The proposed comparison scheme that is developed for this work can be useful for various
communities and entities. Currently, many initiatives sud®%is [96] provide freely available geocoded
unwrapped interferograms for most of fheats of the earth. Moreover, open source software $ogls as
Giant[41], Mintpy [44] and LICSBAS[97] are selected to extract ground deformation information. To this
point, we believe that the need of comparing and ine¢imy the differences of the results between several
processing strategies is imperative. Moreover, identifying the differences can reveal the limitations of each

methodology and theeed for further corrections.

2.3.3 Exploring Driving Factors of Ground Deformation Using Wavelet Tools

2.3.3.1 Introduction

As we already discussed in the previous section, different TSINSAR methodologies can yield different
ground deformation estimatiorfap to 5 mm/y over urban regionsyen using the same SAR dataset
(Figure 2.9) Themotivation of this study is related to the complexity of the ground deformation extracted
from interferometric SAR signals. In many cases, ground deformation information is hard to interpret and
to use due to its complex nature and noisy interferometriR Si§nals. Ground deformation complex
pattens area result of ceexisting driving factors which can be relatenatual and anthropogenic
processesThe measured total ground deformation can be considered as a sum of several deformation
components indwx by several driving factors. Driving factors can be related with natural and
anthropogenic processes such as tectonic activity, groundwater extracti®®Jesaccessfully identified
connections of natural driving factors (temperature and soil mojstitteground deformatiorin thiscase

study, we present a waveledsed approach to explore the connectionivefpotentialdriving factos
(surface soil moisture, precipitation, lake water area variations, NDVI and ground tempeviltugejund
defamation results fronT SINSAR

2.3.3.2 Methodological framework and application
The study area covers a part of the Korisos basin, in Kastoria region, which is located in northwestern

Greece (Figure 22). The area of the region of interest is about 95 squareTkmdand cover of the study
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area consists mainly of agricultural, mountainous regions and some villagesmethodological

framework consists of four steps.
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Figure2.12 Area of interest (left), ground deformation ratéormation (left) and insitu photographsf buildings
located inside subsidence zqgettom right).

Step 1: Ground deformation estimation using Stamps TSInSAR methodology

The ground deformation informat time series, using a wdlhown StampsPSapproachimplemented in
STaMPS toolboX36], were extracted. A datasdti®3 single look complex-®and SAR images acquired

by SentinellA/B, from September of 2016 till December of 2019, have been processed. The preprocessing
of the SAR dataset in order be further processed by tistampsPSapproachwas performed sing tre

ISCE software packadg®4]. As a reference stable point, a high coherent point located in Kastoria city
outside of the AOI waselected. The first image of the SAR dataset was usateagporal reference. The
extraction of the topographic term from the interferograms was done using a photogrammetrically produced
digital elevation model with ground pixel size ofrbcreated in 209, provided by KTIMATOLOGIO S.A.

The calculated displacement time series was sampled every 6 daygrolimel displacement values
correspond to the direction between the sensor and the ta@@)t Only the points with high temporal
coherence (>0.90) werused in this studyin Figure 2.2 we can identify the subsidence zone and
subsidence effectsom in-situ photographs taken August 2020.
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Figure2.13 Ground deformation time series of a subsiding region in Mavrochori vjlkastoria, Greece

In Figure 2.8, we can clearly identify the seasonal behaviour of ground deformation of a subsiding region
over Mavrochori villageBased on our three and a hadar analysis, we can say tlateasonaubsidence
occurs from around/archto September in an order of 2 cm and then we have the uplift period from
September to the neklarchin an order of 1 cm. The subsidence behavior seerhavea significant
impact onbuildings according to our igitu photographs (Figure 2)1

Step 2 Clustering of ground deformation estimation

Next, athreestep clustering analysis of the ground deformation time series has been performed in order to
reduce the volume of the data todmalysed (Figure 24). The tdistributed stochastic neighbor embedding
(T-SNE) transformatiofi99] was applied in the ground deformation time series for all the points. Then
using elbow and silhouette methods the optimal number of clusters was cald0aieHinally, a density

based spatial clustering of applications with noise (HDBSCAN) clust¢fi6d] was applied to the
transformed ground defmation data. This -8tep clustering analysis providegeographicallywell-
separated cluste(Bigure 2.5). Based on the average ground deformation time sede® ef the regions

appear to havstronger seasonal patterns than others
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Figure2.14 Three-step clusteringanalysisof ground deformation estimation
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Figure2.15 Clustered ground deformation resulesft), Average deformation over time for each cluster/region

Step 3 Preprocessing of driving factor information

At a third stage, the preprocessing of the information retatiéa driving forces of the ground deformation
is implemented. The drivinigctorsthat were considered consist oNDVI calculated from a stack of 250
Sentinel2 acquisitions, b) the variations ilake waterarea by applyg a thresholding approaamn the
intensity of the Sentinel dataset, c) the temperature from ERABd reanalysis dataset, d) the soil
moisture from ERAH.and reanalysis dataset and e) the total precipitation from ER#& reanalysis
datase{(Figure 2.B). It is important to state thaéihe considered\Ol covers a single ERARand pixel,
which means we have only a single valueE&®A5-Land factors fothe whole AOI in time.
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Figure2.16 Consideregotentialdriving factors of ground deformatiasver time

Step 4 Cross wavelet amgsis and results

In the fourth stepcross wavelet analysis (XWT) of the calculated ground defoomadiime series in
conjunction witheach one of the considered driving factors for eagjion/clustemwvas performed. The

XWT analysis was performed to identify patterns at different time intervals and consists of two steps. The
first step is the calculation of the continuous wavelet transform (CWT) of each time series to identify
localized intermittent p@dicities at time/frequency space. The second step is the multiplication of the
CWT of the first time series with the complex conjugate of the CTW of each driven factor. Each XWT
result is a 2D representation of the absolute value and the phase obthelex number in the time
frequency space. The XWT analysis was performed using the freely available MATLAB wavdtEd 2ol

The XWT resultgFigure 2.7) of three regions (3, 5 and &je presentedhe XWT resultsof all regions

are providedht [103]. We encourage interested readers to have a |[ddk4}regarding thénterpretation

of XWT results.The following interpretations have been made.
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Figure2.17 Cross wavelet results between driving factors and ground deformation for regions 3, 5 and 6.

1 For all regions (3, 5 and 6) deformation and soil moisture are in phaisezgion 6, deformation

is leadingprecigtation for about 1.5 months. hegions 3 and there is no time lag.




















































































































































































