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ABSTRACT

Infrastructure is designed to be operational under normal circumstances and to cope with
common natural disruptions such as rainfall, snow and excessive heat. However, extreme
natural hazards can lead to severe problems not only at the areas where such events occur,

but also at neighbouring regions or even the entire country.

The main aim of this PhD thesis is the development of a novel methodology for the
identification of areas susceptible to land movements and the systematic monitoring of
land displacement at areas of interest in Cyprus, such as areas with critical infrastructure,
areas of Cultural Heritage (UNESCO sites) and other urban areas, through Earth
Observation (EO) techniques. Freely available Copernicus data such as those from the
Sentinel missions and datasets from other Copernicus contributing missions (Landsat
TM), as well as open-source European Space Agency (ESA) SNAP software were used
in the entire process. Three case study areas were selected based on the site geology and
the risk that land movements can cause to the general public, critical infrastructure and to

Cultural Heritage monuments.

The development of landslide hazard maps was carried out, in one case study area, via
the Analytic Hierarchy Process (AHP) methodology, using Landsat TM imagery.
Coherent Change Detection (CCD) and Differential Interferometric SAR (DINSAR)
methods, exploiting a series of Sentinel-1 SAR images, were used for monitoring land
displacement caused by earthquakes and landslides, affecting different areas in Cyprus.
For the calibration of the proposed EO based methodology, and the validation of the
results obtained through the DINSAR processing of Sentinel-1 acquisitions, coordinates
from the permanent Global Navigation Satellite System (GNSS) stations of the Cyprus
Positioning System (CYPOS) network, operated by the Department of Lands and Surveys

were used.

The main outcome of this PhD thesis is the development of a novel Earth Observation
based methodology integrating the CCD and DInSAR techniques for the systematic
identification of areas susceptible to natural hazards, such as earthquakes and landslides,
and the continuous monitoring of such land displacement phenomena based on the
analysis of optical and Synthetic Aperture Radar (SAR) satellite data, leading to a
systematic way of monitoring land movements on a larger scale. Rapid detection and
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more detailed multi-pass products were developed using the proposed DInNSAR and CCD
methodologies, for the detection and monitoring of natural hazards and their impact on

critical infrastructure resilience.

The proposed methodology might lay the foundations for the development of an
automated Early Warning System that will facilitate the operation of the country’s
emergency mechanism and warn public authorities and the general public in a timely
manner for an upcoming danger. Moreover, it can also serve as a guidance/consultation
tool for public authorities and decision-makers regarding the identification of high-risk
areas in terms of land displacement on time and the adoption of preventive protection

measures on Cultural Heritage landscapes and critical infrastructure.

Keywords: Coherence, Infrastructure resilience, Land displacement, Natural hazards,

SAR interferometry
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HEPIAHYH

Ot vodouég oyedtdlovtal Kot KotaoKeLALovTal yio vo. AEITOVPYOVUV VIO KOVOVIKEG
ouvOnKeg Kot va givar avOeKTIKEG 68 KOWVEG PLGIKEG SloTapayES OTMG PPOYOTTAOGELS,
xovL Ko vepPoiikn Beppotnra. Qotd6G0, 01 akpaiot PVOIKOL Kivduvol pmopovv vo
odnynoovv oe coPapd mpoPAnuate Oyt LOVO OTIG TEPLOYES Omov cupPaivovy TéToln

yYeYOvOTa, 0ALG KOl GE YEITOVIKEG TEPLOYES N OKOUN Kol GE OAOKAN P TN YDPOL.

O «Opog o1dY0¢ OVTNC NG OWAKTOPIKNG OTpIPng eivanr M avdmTuén og véag
KOvoTOHOL HEBOSOAOYIOG YO TOV TPOGOIOPIGHO TMV TEPLOYDV TTOV VOl EVAANDTES GE
UETOTOTIGES €0GPOVG KOl 1] CLOTNUOTIKY] TOPAKOAOVONGN TOV EKTOMIGE®V YNNG GE
TePLOYES evolnpEpovtog oty Kompo, dmwg meproyés pe kpiotpeg vmodopés, meployes
noMTioTikng KAnpovouds (puvnueion UNESCO) ko dAles aotikég meploxés, HECH
teyvikav [apatpnong g Ime. Awbéoipa dmpedv dopvpopikd dedopéva Copernicus,
Om®G aVTd omd TIg amooToAéC Sentinel kot dedopéva amd GALES ATOGTOAEG GUVEIC(POPAS
oto Copernicus (Landsat TM), kafd¢ kot o Aoyiopkd avorytov kadika SNAP tov
Evponaikod Opyovicpod Awactiuatog (ESA) ypnopworombnkav oe oldkAnpn
owowacio. EmdéyOnkoav tpeg meployég peréng pe Paon 1 yewioyio Tovg KOl TOV
Kivouvo OV PUTopEl Vo TPOKAAEGOVV HETOKIVIOELS EOAPOVS GTO VPV KOO, GE KPIGULES

VITOOOEG KO GE PUVNUELD TOMTIGTIKNG KATNPOVOLILAC.

H avantoén xoptdv kivduvov KatoAloHnoewv mpoaypotonomdnke, o€ pio meployn
pueréme, péow g pebodoroyiog g Avorvtikng lepopyknc Awdikooiog (AHP),
ypnoporolmvrog ewoveg Landsat TM. Ot pébodor Eviomiopod Zvvektikdv MetoafoAimv
(CCD) xar Awgopikng Zvpuporopetpiog paviap (DINSAR), a&omoidviag po oepd
ewovov pavtap Sentinel-1, ypnoonomOnkoy yio v mtopokorobOnon peTaKIVIGEDY
€00(QOVE TOV TPOKANONKAY omd GEIGHOVS KOl KOTOAMGONoELS, emnpedlovtas SLaQopES
neproyéc oty Kompo. T ™ Pabuovounon g mpotewvouevng pebodoroyiog, mov
Baciletar oe teyvikég ITlapampnong g Img, xor tov €ieyyo oélomiotiog ToV
QMOTEAECUAT®V OV LROAOYIGTNKAY HEC® TNG OvOAvong Kot emeEepyaciog ekOvov
Sentinel-1 pe ™ puébodo DINSAR, ypnoipomodnkay GuVTETAYUEVES OO TOVE LOVILOVG
otafuovg GNSS (IMaykdéopo Aopveopikd Xvomuoa IThonynong) tov Kvumprokod
Awktoov Movipwv Xtafuodv Avaeopdg CYPOS, mov Aettovpyel kot daxepileton omd to

Tunua Kmpotohoyiov koar Xwpopetpiog g Kompov.
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To kVplo amoTéAeoHO TNG TOPOVCAG OOAKTOPIKNG OTPIPNS ivar M avamTuén Log
Kowvotopov pebodoroyiag, Paciouévn oe teyvikég Ilapatnpnong g Img, mov
evoopatomvel Tig pebosovg CCD kot DINSAR yio T GLGTNUOTIKNY avayvOPIoT TEPLOYDV
eumabdV G PLOIKOVG KIVOHVOUG, OTMC CGEICUOVE Kol KOTOAGONOELS, KOl 1 GLUVEYNG
TOAPOKOAOVONOT TETO®V QOIVOUEVOV UETOKIVICEDV €3AQOVG, HECH TNG OVOAVONG
S0PLPOPIKOV OTTIKAOV EIKOVAOV Kol EIKOVOV cLVOETIKOV dtappdypatog pavtdp (SAR),
00NYMOVTOG OTO CLOTNUOTIKO TPOTO MOPAKOAOVONGNG TV KIVACE®V €04POVS OE
peyoAvtepn kAMpoko. IIpoidovia Toy€oc €VIOMGUOL KOl 7O AERTOUEPT TPOIOVIQ
moAMamANG dtédevong (Mmulti-pass) avomtdydnkov ¥pNoYOTOIOVTAG TIG TPOTEWVOUEVES
pebodoroyieg DInSAR kot CCD, yio Tov evtomiopd Kot TNV mopakoAovincn uoik®mv

KIVOUVOV KOl TOV OVTIKTUTO TOVS GTNV OVOEKTIKOTNTA TV KPIGUL®MV VTOSOUMV.

H mpotewvouevn pebodoroyio pumopel va 6écel ta Bgpéhor vy v avémtoén evog
OV TOUOTOTOINIEVOD GLGTHOTOG £yKopN¢ Ttpogdonoinong (Early Warning System), mov
Bo dtevkoAVVEL TN AEITOVPYIDL TOV UNYAVIGHOV EKTOKTNG OVAYKNG NG XOPOS Kot Oa
TPOELOOTOLEL TIC SNUOGLES APYES KOl TO EVPVL KOO £YKAIPMS Yol Evay EMIKEIEVO KivOLVO.
Emnpdobeta, pmopei va ypnopomondel wg epyoireio kabodnynong / dtafovrevong yo
TIG OMUOGLEg apyéS Ko TOVG VITELOVVOLG ANYNG ATOPACE®Y GYETIKA PE TOV £YKOPO
TPOGOIOPIGHO TOV TEPIOYDV LYNAOD KIVODVOL OGOV 0POPA TNV HETATOTIOT £0G(POVG Kot
TNV VWBETNON TPOANTTIKAOV HETPOV TPOGTAGIOG GE TEPLOYES TOALTIGTIKNG KANPOVOULAG

Kot KPIGIL®OV DTOOOUMV.
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1 Introduction

Infrastructure is designed to be operational under normal circumstances and to cope with
common natural disruptions such as rainfall, snow and excessive heat. However, extreme
natural hazards can lead to severe problems not only at the areas where such events occur,
but also at neighbouring regions or even the entire country as they can make parts of a
road network virtually impassable (Rodrigue, Comtois and Slack, 2006). Disruptions in
the operation of a single road can cause significant economic and social strains. Given
the value of a functional road transportation system, it is of great importance to be able to
predict the impacts of disruptions to the system, the most likely location they might occur,

and where the impacts would be the most severe (Jenelius and Mattsson, 2012).

The reliability of critical civil infrastructure, such as transportation systems, public
buildings, i.e. hospitals, schools, etc., is of key interest during all the stages of planning
and construction, from the conception of the idea until its realisation. Many different
actors are involved during this process, like infrastructure users, planners and designers
atall levels, both in the public and private sectors (Jenelius, Petersen and Mattsson, 2006).
Moreover, the safety of citizens and infrastructure users is of the greatest importance, thus
built-up areas must be properly specified, after careful and considerate planning by the
relevant responsible authorities, in geologically suitable areas with low risk for various

natural hazards.

Cultural landscapes of Europe, often characterised and enhanced by the presence of
exposed and buried archaeological remains, are endangered by environmental processes
and anthropogenic pressures and, more specifically, by intensive agriculture activities,
climate change and natural hazards (Cuca et al., 2016). The international community is
very sensitive regarding the protection of the religious and cultural heritage worldwide,
as it is evident from the number of Conventions and Protocols adopted for the protection
of cultural heritage, as well as for the return of such cultural heritage artefacts to their
rightful owners (Ministry of Foreign Affairs, no date). In 2005, the World Heritage Centre
of UNESCO performed a survey among the Member States to assess the major threats of
climate change and their possible impact to natural and cultural heritage (World Heritage
Centre UNESCO, 2007). The climate threats raised for cultural World Heritage sites
involved Hurricane storms (11 sites), Sea-level rise (9 sites), Erosion (both wind and



water driven) (8 sites), Flooding (7 sites), Rainfall increase (4 sites), Drought (3 sites),
Desertification (2 sites) and Rise in temperature (1 site).

The history and culture of Cyprus is among the oldest in the world. This rich cultural
landscape involves hundreds of archaeological sites scattered throughout the island,
representing various historical periods in the island's evolution, with three of them,
“Paphos”, “Choirokoitia” and “Painted churches in the Troodos region” being in the list

of UNESCO World Heritage Sites*.

In Cyprus, extreme weather conditions such as drought and heavy rainfall can lead to
amplification of the soil erosion processes. Furthermore, Cyprus is in an area of high
susceptibility to seismic activities and landslides. The main geotechnical problems that
take place are landslides, rock falls and ground subsidence, posing a constant threat not

only for built-up areas and civil infrastructure, such as roads, bridges, tunnels, etc., but

also to the cultural heritage monuments and landscapes (Figure 1).

Figure 1: Land movements in the form of landslide (left) and rock fall (right) events in Cyprus

(source: Cyprus Geological Survey Department)

In the western part of Cyprus, especially in the Paphos District, relatively large landslides
take place, due to the presence of geological formations prone to landslides, like the
Mamonia mélange and the Kannaviou bentonitic clays (Alexandris, Griva and Abarioti,
2016). In Limassol District, located in the southwestern part of the island, landslide
phenomena take place less frequently, relating mainly to the Lower Marls of the Lefkara
Formation as well as the Moni Formation. Rockfalls are observed mainly in the

mountainous areas of Cyprus and in natural and manmade slopes. Last but not least, due

1 UNESCO World Heritage List: https://whc.unesco.org/en/list/
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to nature of the main soil types in Cyprus ground, i.e. marls, clays and gypsum, ground
subsidence is a frequent phenomenon, as it is highly related to the geological conditions
and the mechanical properties of the ground itself (Research & Development Center-
Intercollege, 2004a). Under adverse morphological and hydrogeological conditions,
hazardous landslides can occur in areas, even when landslide prone formations are not
present (Alexandris, Griva and Abarioti, 2016).

Extensive research has been conducted studying several slope failures in Cyprus
(Pantazis, 1969; Charalambous and Petrides, 1997; Hart et al., 2010; Hart and Hearn,
2013) and emphasised on the effect and the importance of landside hazards, especially in
the western part of Cyprus.

A detailed analysis of the geological, climate conditions and seismicity of Cyprus, factors
that can lead to land displacement phenomena is carried out in section 1.1 of the present
thesis. Following, the importance of using Earth Observation for monitoring natural
hazards, especially landslides and land subsidence, is highlighted in section 1.2 of the

thesis. At the end of this chapter, the structure of the present dissertation is presented.

1.1 Factors triggering land movements

Land movements can be caused by geological factors (soil stability, lithology, faults,
etc.); geomorphological factors, such as soil erosion in the case of Cyprus, vegetation
removal due to fire or draught and volcanic or tectonic uplift; physical factors, such as
topography, tectonic activity, intense rainfall and snow melt; and factors associated with
human activity, such as excavations, agricultural activities, mining and deforestation
(Cruden and Varnes, 1996).

In this section, the factors of geology, seismicity, and climate and precipitation are
presented and analysed, to provide a detailed overview of the current conditions in Cyprus

that enhance the susceptibility of specific areas to land movements.



1.1.1 Geology

The geological genesis of Cyprus took place through a series of complex tectonic episodes
in the broader context of the subduction of the African plate under the Eurasian plate.
Geologically, Cyprus is divided into four geological terranes, as shown in Figure 2: the
Keryneia Terrane; the Troodos Terrane (or Troodos Ophiolite complex); the Mamonia
Terrane; and the Circum Troodos Sedimentary Succession (Geological Survey
Department, 2016).

Keryneia Terrane

Circum Troodos
Sedimentary Succession

Mamonia
Terrane

Figure 2: The geological zones of Cyprus (source: Cyprus Geological Survey Department)

The Keryneia Terrane is the geological zone locate at the northern part of Cyprus and is
the southern-most portion of the Tauro-Diranide Alpine Zone. The base of the Zone is
mostly composed of a series of allochthonous massive and recrystallised limestones,
dolomites and marbles of Permian-Carboniferous to Lower Cretaceous age (350-135
Ma). These are stratigraphically followed by younger autochthonous sedimentary rocks
of Upper Cretaceous to Middle Miocene age (67-15 Ma), on which the older
allochthonous formations have been thrust southward (Research & Development Center-

Intercollege, 2004b; Geological Survey Department, 2016).

The Troodos Terrane dominates the central part of the island. It was formed in the Upper

Cretaceous (90 Ma) on the Neotethys sea floor, which then extended from the Pyrenees
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through the Alps to the Himalayas (Geological Survey Department, 2016). It is a fragment
of a fully developed oceanic crust, consisting of plutonic, intrusive and volcanic rocks
and chemical sediments (Research & Development Center-Intercollege, 2004b). The
stratigraphy of the ophiolite shows a topographic inversion, with the lower suites of rocks
outcropping on the highest points of the range, while the stratigraphically higher rocks
appear on the flanks of the Troodos massif. The diapiric uplift of its core took place in
many episodes with more intense uplift taking place in the Pleistocene (2.6 Ma)

(Geological Survey Department, 2016).

The Mamonia Terrane is in the district of Paphos in the southwestern part of Cyprus. It
constitutes a series of igneous, sedimentary and metamorphic rocks, ranging in age from
Middle Triassic to Upper Cretaceous (230-75 Ma). These rocks, which are regarded as
allochthonous in relation to the overlying autochthonous carbonate successions and the
Troodos ophiolite rocks, were placed over and adjacent to the Troodos ophiolite during
the Maastrichtian (Research & Development Center-Intercollege, 2004b; Geological

Survey Department, 2016).

The Circum Troodos Sedimentary Succession, ranging in age from the Upper Cretaceous
through the Pleistocene (67 Ma to recent years), covers the area between the Keryneia
and Troodos Terranes as well as the southern part of the island. It consists of bentonitic
clays, volcaniclastics, marls, chalks, cherts, limestones, calcarenites, evaporites and

clastic sediments (Research & Development Center-Intercollege, 2004b).

The area geology plays an important role on the behaviour of land during a seismic event
or a landslide. This tendency, especially in Cyprus, is intensified by the long history of

powerful seismic activity in the region.

1.1.2 Seismicity

Cyprus is in the earthquake zone of the Alps-Himalayas, where 15% of earthquakes occur
worldwide. The seismicity of Cyprus is mainly attributed to the "Cyprus Arc", which is
the tectonic boundary between the African and Eurasian lithospheric plate in the Eastern
Mediterranean region (Figure 3). The African plate moves north to the plate of Eurasia

resulting in the collision of the two plates and the dive of the African plate under the



microplate of Anatolia (part of the Eurasian plate) (Geological Survey Department, 2012,
2014).
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Figure 3: The Cyprus Arc and the adjacent tectonic plates (Geological Survey Department, 2012)

The western part of the Cyprus Arc exhibits intense seismic activity with intermediate
depth earthquakes (up to 130km) near Antalya Bay, where subduction is active. The
central part, which is located between the south coast of Cyprus and Eratosthenes



Seamount and extends to the Latakia Ridge, also exhibits strong seismicity, mainly with
surface earthquakes. This is where the strongest earthquake of the last 50 years occurred
on the 9" of October 1996 (magnitude 6.5) with the epicentre about 50km south-west of
Paphos. The eastern part has low seismicity in the absence of intermediate depth
earthquakes, possibly due to inactive subduction. The strongest seismicity of Cyprus is
observed in the central-western part of the Cyprus Arc and in terrestrial faults in Paphos,

Limassol and Larnaca. The seismicity of Cyprus 1896-2019 is presented in Figure 4.
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Figure 4: Seismicity of Cyprus 1896-2019 (Geological Survey Department, 2019)

With Cyprus often being affected by catastrophic earthquakes, it is very important to
monitor the seismicity of our region not because lives can be saved directly by forecasting
the phenomenon, but because lives can be saved indirectly with constant improvement of
the earthquake protection measures applied in the country.

Earthquakes are natural phenomena that humans cannot prevent. However, the effects of
earthquakes on structures and the environment in general can be significantly reduced or
even eliminated, providing protection to people. Therefore, our initial focus should be on
the study and better understanding of the seismicity of Cyprus, and on the study of land
behaviour during an earthquake.

Today, the seismic activity of Cyprus and the Eastern Mediterranean is being monitored
by the Cyprus Geological Survey Department, of the Ministry of Agriculture, Natural

7



Resources and Environment, through a comprehensive Seismological Network (12
stations), a network of accelerometers and other relevant facilities. Seismological data are
received, recorded and processed and after evaluation of the seismological parameters,

the general public is informed through its website and mass media.
1.1.3 Climate and precipitation

Cyprus has a semi-arid climate type (BSh), in the north-eastern part of island, and a hot
Mediterranean climate type (Csa), in the rest of the island according to Képpen-Geiger
climate classification, with very mild winters and warm to hot summers as shown in
Figure 5. Snowfall appears only in the Troodos mountains in the central part of the Cyprus
island. Summers are generally dry with rain occurring mostly between November and
March (Aschmann, 1973; Peel, Finlayson and McMahon, 2007).
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Figure 5: Koppen-Geiger climate classification map — Cyprus belongs to Csa and BSh types

Csa climate type is characterised by hot dry weather with limited rainfall especially during
winter. Term “C” means that the average temperature for the coldest month fluctuates
between 18°C and 0°C (or —3°C) and the average temperature of the warmest month is
above 10°C, term “s” explains that the rainfall of the driest month is under 30mm and
amounts for 1/3 of the rainfall of the wettest month and finally term “a” indicates that the

average temperature for the warmest month is above 22°C.



BSh climate type is defined by very little precipitation. These climates tend to have hot,
sometimes extremely hot, summers and warm to cool winters, with some to minimal
precipitation. Hot semi-arid climates are found mostly around the fringes of subtropical
deserts. Term “BS” means that there is little precipitation, in the range of 50%-100% of
a specific threshold (combination of temperature and precipitation), and the climate is
defined as semi-arid: steppe (Peel, Finlayson and McMahon, 2007; Beck et al., 2018).
The term “h” indicates that the average annual temperature is above 18°C and the average

temperature of the coldest month is above 0°C (or —3°C) (Cereceda et al., 2008).

Based on a study for the development of future Koppen-Geiger climate classification
maps, Cyprus coastal areas are expected to convert from Mediterranean hot summer
climate (Csa) to hot semi-arid steppe climate (BSh) areas in the future (Beck et al., 2018),

as presented in Figure 6.
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Figure 6: (a) Present (1980-2016) and (b) future (2071-2100) Koppen-Geiger climate
classification map of Cyprus (Beck et al., 2018)



Therefore, Cyprus has an ideal Mediterranean climate with mild wet winters and dry hot
summers which are stretched between middle of May to middle of October. The winters
are quite short and not too cold, and most of the precipitation occurs between December
and February. Along the coast, the sea breeze affects the temperature especially during

summer.

Finally, the average temperature and precipitation statistics for Cyprus for the period

1991-2014, which are presented in Table 1, clearly show the dry summer climate.

Table 1: Cyprus meteorological data 1991-2014

Average
Temperature (°C) 17.7
Max Temperature (°C) 24.2
Min Temperature (°C) 13.1
Precipitation (mm/year) 470.2

Source: Department of Meteorology, Cyprus

Extreme meteorological phenomena occur rarely in Cyprus, like severe rainfalls, floods
and severe thunderstorms. These extraordinary events combined with the geological
properties in some areas and the seismically stressed ground, can lead to land movements,
in terms of land subsidence/uplift or landslides, causing severe damages to critical

infrastructure and urban areas.

1.2 The importance of using Earth Observation for monitoring land

movements

The collection of data and parameters for the detection of land movements via
conventional means, such as the establishment of ground-based monitoring infrastructure
and the conduction of extensive geotechnical studies, is time and money consuming.
Additionally, the data collected are mostly point-based and rather limited spatially, which

is insufficient, especially in the case that large areas are affected.
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Remote Sensing has evolved as a powerful and non-invasive tool of investigation that
allows to identify, observe, interpret and measure objects, surfaces or phenomena and to
identify, map and evaluate the risks treating such features, without getting in direct
contact with them (Wiseman and El-Baz, 2007; Parcak, 2009; Lasaponara and Masini,
2012). When using EO methods, the first and most important step for mapping and
detection of any event taking place in a region, is the systematic collection and analysis

of all available remote sensing data, obtained from either airborne or satellite platforms.

Optical satellite images offer a fast and economical alternative to monitor changes on the
earth’s surface over large and difficult to access areas. The availability of cloud-free
images is very important and depends on the geographical position and the prevailing
weather conditions of the area under study. Mediterranean countries seem ideal for the
use of optical remote sensing data since they are characterised by clear weather
conditions, and thus abundancy in cloud-free images. This is very important when using
satellite remote sensing in multitemporal studies for monitoring large areas. In Cyprus,
the availability of cloud-free images increases the potential of using satellite remote
sensing techniques successfully (Hadjimitsis, 2010). The use of remote sensing imagery
can assist in more efficient monitoring, time savings as well as cost-efficient updating of

existing land displacement inventories for the areas of interest.

Aerial images from historical and more recent archives, as well as photos obtained
through Unmanned Aerial Vehicle (UAV) campaigns over areas of interest, can also be
collected and used for interpretation and monitoring purposes. In fact, UAVs is becoming
lately a common remote sensing method due to the ease of use and the quality of the
processed images (Colomina and Molina, 2014; Yao, Qin and Chen, 2019). UAVSs benefit
from the fact that they fly at low altitude, in comparison to airplanes and satellites, thus
producing images that are not affected greatly by atmospheric effects. They can also be
deployed on demand easily to collect valuable information for monitoring and assessment
purposes. Field spectroradiometers, multispectral cameras, infrared cameras and thermal
cameras can be attached to UAVs to be used in different remote sensing applications,

such as agriculture, land use changes, infrastructure monitoring, etc.

However, the weather conditions and the presence of sun light are the main limiting
factors in passive remote sensing techniques. For visible wavelengths, the sun's energy is

reflected, whereas for thermal infrared wavelengths, the sun’s energy is absorbed and
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then re-emitted. Quickbird, WorldView, MODIS, SPOT and Landsat are all passive
sensors that can only measure radiation emitted by the sun and either reflected and/or
emitted by the Earth. In general, passive sensors that are sensitive only to visible and near-
infrared wavelengths are useless for remote sensing applications at areas with cloud-

covered skies.

Active sensors, on the other hand, do not depend on solar energy and generate their own
energy source for illumination. The produced radiation is directed towards the object
under study and returns to the sensor after being reflected from the object. This
characteristic allows active sensors, such as the Synthetic Aperture Radar (SAR), to
acquire images and obtain measurements anytime, day or night and regardless of the
weather conditions, as radar signals can penetrate clouds. The characteristics of the active
satellite sensors allow for the systematic monitoring of natural hazards and their impact
on infrastructure throughout the year over large areas and irrespective of weather
conditions, day and night.

Nowadays, there is a wide range of optical and SAR satellite images that can be used for
the monitoring of civil infrastructure and cultural landscapes. However, these images vary
in resolution depending on the satellite/sensor characteristics. Despite that many of these
satellite systems are currently inactive, their archived data can still be exploited for
research. Their different spatial, spectral and temporal resolution characteristics can be
useful for the detection and monitoring of changes in landscape. The processing of both
archive images (Landsat, Worldview, QuickBird, etc.) and novel data, such as Sentinel-1
and Sentinel-2, can strongly contribute towards the identification, monitoring and
assessment of risks to which built environment and cultural landscapes are currently

subjected to worldwide (Agapiou et al., 2014).

Numerous research activities focus on the use of Earth Observation and Remote Sensing
technologies, as presented in detail in section 2.3, combined with Geographic Information
Systems (GIS) in an effort to improve systematic monitoring of cultural heritage
monuments and sites (Hadjimitsis et al., 2013) and infrastructure resilience (Alexakis et
al., 2014).

Added value to monitoring the effects of land displacement phenomena to areas of interest
can be given with the exploitation of freely available optical and radar satellite data that
are currently provided by the Copernicus Sentinel missions. Obtaining information
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regarding land movements/displacement over time in a specific area of interest has
become easier lately, as free satellite data can be obtained on a regular basis, such as
Sentinel-1 and Sentinel-2, that can be processed and used in the benefit of the greater
good. A detailed description of the satellite data is provided in section 3.2.1 of the present

dissertation.

The spatial and temporal characteristics of the passive and active sensors used in remote
sensing, with their very short revisit times and high coverage, can overcome all obstacles
that can hinder the monitoring of natural hazards via conventional means, such as area
inaccessibility, bad weather conditions and high infrastructure cost. Earth Observation
can show the way for a systematic monitoring of land movements and assessment of their
impact on infrastructure resilience over large areas in a timely manner, regardless of

weather conditions, time of day, and at a very limited cost for data processing.

1.3 Structure of thesis

The present thesis is organised as follows: In Chapter 2, a literature review is conducted
on the use of earth observation techniques for the detection of natural hazards, and more
specifically land movements/displacement. Then in Chapter 3, the case study areas, the
data and software used, and the methodology applied for the identification of the areas
susceptible to land movements, and for monitoring land displacement are presented in
detail. In Chapter 4, the results that were obtained from the application of the proposed
methodology are presented and analysed. In Chapter 5, the findings from the application
of the proposed methodology are discussed further. Finally, the concluding remarks along
with a summary of the findings, innovation of the suggested methodology and future work

are showcased at the end of the present thesis.
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2 Literature review

Cyprus, being located on the Mediterranean fault zone (Cyprus Arc), as presented in
section 1.1.2, exhibits a unique geodynamic regime since its tectonic evolution is driven
by the interaction of the Eurasian and the African plate. Besides its seismological interest,
many active landslides and slope instabilities, in areas of steep topography occur in
Cyprus, having substantial impact to the built environment, by posing an imminent threat

for entire settlements, critical infrastructure and cultural heritage landmarks.

To date, the combined result of landslides and earthquakes in Cyprus has led to the
abandonment and relocation of many villages, especially in Paphos District, endangered
vulnerable archaeological sites, and caused the destruction of properties, infrastructure
and road networks. Current research infrastructure for monitoring and better
understanding of these natural hazards is limited to conventional equipment, such as
seismographs, geophones and inclinometers, and, thus, no systematic research has been
conducted to monitor ground deformation events with high accuracy and dense spatial

resolution, in a timely manner.

In this section, a literature review is carried out regarding the natural hazards that occur
most often in Cyprus, based on the characteristics that were presented in section 1.1, the
conventional methods that are currently being used for monitoring natural hazards
worldwide, and finally, how Earth Observation techniques can be applied to monitor

natural hazards and their impacts on infrastructure resilience.

2.1 Natural hazards

Seismic events are episodes of release of accumulated stress in the earth's crust and can
result in surface deformation, which may be observed in the form of ground surface

rupture, subsidence and/or uplift (Mathew, Majumdar and Kumar, 2015).

In fact, earthquakes are one of the major triggers of landslides in hilly areas besides
rainfall and anthropogenic factors. The seismic induced ground acceleration enhances the
shear stress along slopes and results in the factor of safety of the slope forming material
to fall below unity, triggering slope failures and hence the magnitude of the earthquakes
and the mechanism of movement along the source fault positively influence the number
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of landslides that are triggered or reactivated during a seismic event, in addition to the

terrain and geological factors (Mathew, Majumdar and Kumar, 2015).

Cyprus is frequently affected by catastrophic earthquakes, due to its position at the
tectonic boundary between the African and Eurasian lithospheric plate in the Eastern
Mediterranean region. Earthquakes are natural phenomena that humans cannot prevent.
However, the effects of earthquakes on structures and the environment in general can be
significantly reduced or even eliminated, providing at the same time protection to people.
Therefore, our initial focus should be on the study and better understanding of the
seismicity of Cyprus, and on the study of land behaviour during an earthquake.
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Figure 7: The seismic zoning map of Cyprus (Cyprus Organisation for Standardisation, 2004)

Since 2004, the seismic zoning map of Cyprus, as presented in Figure 7, is used as part
of the National Annex to CYS EN 1998-1:2004 (Cyprus Organisation for Standardisation,
2004). However, the World Health Organization in 2010, published a seismic hazard
distribution world map (Figure 8) with similar results for Cyprus. More specifically,
Paphos and Limassol Districts at the south-southwest, and Larnaca, Famagusta and
Nicosia Districts at the east-southeast of the island show the greatest risk in earthquake

occurrence. The rest of the island is at medium risk related to seismic activity.
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Figure 8: The seismic hazard distribution map of Cyprus (World Health Organization, 2010)

It is of great importance to monitor the seismicity of a region not only because lives can
be saved directly by forecasting the phenomenon, but also because lives can be saved
indirectly with constant improvement of the earthquake protection measures applied in
the country. The area’s geology plays a major role on the land behaviour during a seismic
event or a landslide. This tendency, especially in Cyprus, is intensified by the long history

of powerful seismic activity in the region.

Landslides and other slope instability events occur in Cyprus mainly in hilly and
mountainous areas, due to the presence of weak and vulnerable geological conditions and
the steep topography. Anthropogenic factors, such as excavation, agricultural activities,
removal of vegetation can be landslide triggering factors. Additionally, despite the
relatively warm and dry climate of Cyprus, extreme meteorological phenomena, such as
heavy rainfalls, floods and severe thunderstorms, occur rarely. These extraordinary events
combined with geological properties in some areas can lead to land movements, in terms
of land subsidence or landslides, causing severe damages to critical infrastructures and
urban areas (Geological Survey Department, 2013).
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In Cyprus, the most severe landslides for the built environment have taken place in the
mountainous and hilly areas of Paphos and Limassol district, causing damages to
residences, civil infrastructure networks, such as roads and road networks, utility services
pipelines, etc. Considering the impact of these phenomena combined with damages due
to seismic events, villages such as Statos, Agios Photios, Kivides and Korfi have been
abandoned and relocated at safer areas after the recommendations provided by the

Geological Survey Department (Geological Survey Department, 2013).

During the last decades, there has been a continuous demand for residential development
in the island, leading at the same time to the construction of utility services and road
networks connecting the newly built areas. Housing projects and other infrastructure are
potentially being built in areas with geotechnical problems. In order to avoid construction
damages, a detailed geotechnical survey should be carried out prior to the construction of
a new project. This can assist in the adoption of preventive measures so as to cope with
the geological and geotechnical conditions of the area, or even suggest that the area is

unstable and should be completely avoided.

Several geotechnical field investigations have been conducted by the GSD in
collaboration with the British Geological Survey between 1985 and 1986 in Paphos
District, and especially in the villages of Agios Photios, Kannaviou, Pendalia and Simou,

areas prone to landslides (Northmore et al., 1986, 1988).

Following that, a comprehensive study was carried out in Paphos District by the GSD in
collaboration with Scott Wilson Co. in the framework of a research project in 2008-2010,
in order to identify and map the various types of landslides through extensive geological
and geotechnical investigations, and interpretation of aerial photographs and QuickBird
high-resolution satellite imagery for observation and verification of the results (Hart and
Hearn, 2010, 2013; Hearn et al., 2018).

In all cases, extensive geological and geotechnical field investigations were conducted to
develop landslide susceptibility maps. Features such as back scarps, failed material,
intermediate scarps, etc., that assisted in the assessment of landslide triggering factors,
failure mechanisms and events, were identified. The landslide susceptibility maps that
were developed from these studies, along with the development of relevant ground
suitability maps, are currently being used as tools by the infrastructure management
authorities and other local authorities responsible to issue planning and building permits.
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However, the provision of information in a timely manner is of great importance in cases
of the occurrence of potentially hazardous events, when human lives are in danger.
Nowadays, there is an emerging need for real-time and/or near real-time monitoring
systems, the so-called Early Warning Systems (EWS), in order to be able to inform the
general public on time for an upcoming danger (Intrieri et al., 2013; Guzzetti et al., 2020).
EWS are defined as “The set of capacities needed to generate and disseminate timely and
meaningful warning information to enable individuals, communities and organizations
threatened by a hazard to prepare and to act appropriately and in sufficient time to reduce

the possibility of harm or loss.” (United Nations, 2009).

To achieve real-time and/or near real-time monitoring, measurements must be acquired
continuously to detect ground movements, and sent remotely to servers without the
interference of personnel. Moreover, data processing must be performed automatically in
a very short time (Yin et al., 2010). The selection of the appropriate monitoring method
and equipment are vital, as the entire process from data acquisition to the release of the

warning must be fully automated for a real-time hazard assessment (Sorensen, 2000).

There are many techniques for monitoring land movements due to landslides or
earthquakes. These techniques can be classified as ground-based or satellite-based
geodetic, geotechnical or physical, photogrammetric, and Earth Observation (EO)
techniques (Savvaidis, 2003). For each one of these categories, different instrumentation
and equipment needs to be installed or used for periodic monitoring or for continuous

data collection either remotely or in-situ (Liu and Wang, 2008).

In-situ monitoring methods can provide near-real-time high-resolution data regarding
land displacement at individual points, from the first few minutes until one hour from the
first signs of a geo-hazard (Manconi and Giordan, 2016; Guzzetti et al., 2020). These
methods together with the available technologically advanced monitoring equipment, can
assist in the immediate detection of land movements, to enable the authorities responsible
and the general public to make timely decisions about safety in the occurrence of
potentially hazardous events (Reid et al., 2012; Allasia et al., 2013; Guzzetti et al., 2020).
Nowadays, with the availability of data from Copernicus and other contributing missions,
the integration of conventional techniques (geotechnical investigations), with Earth

Observation techniques allows for the implementation of near real-time EWS.
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An analysis of the existing in-situ and remote (EO) monitoring methods is carried out in
sections 2.2 and 2.3 of the present thesis. The various methods used for monitoring land
movements and assessing the impact of such phenomena, like seismic events and
landslides on infrastructure resilience are presented, categorised into conventional and

Earth Observation techniques.

2.2 Monitoring natural hazards through conventional methods

There is great variety of conventional methods that are currently being applied for
monitoring natural hazards, and more specifically the ground deformation they generate.
The selection of the appropriate techniques is case and event-specific and depends on

various criteria.

More specifically, the type of risk, the accessibility to the area, the susceptibility of the
area to damage, the expected impact, the availability of resources and the availability of
field work time play a very important role in the selection process. In this section, the
various conventional techniques that are used in landslide and vertical ground

displacement studies are presented.

2.2.1 Geodetic techniques

Conventional ground-based geodetic methods have been used widely in deformation
surveys. They can provide absolute position, in the form of coordinates, of a specific point
on the ground. Additionally, they can be used to evaluate the accuracy of their
measurements globally and they are suitable to use in any environment (Dzurisin, 2007a).
Horizontal and/or vertical displacement vectors of targets can be calculated, after
appropriate processing, for ground deformation monitoring and landslides (Savvaidis,
2003; Dzurisin, 2007a; Liu and Wang, 2008), via two basic methodologies:

o Establishment of horizontal triangulation or vertical/elevation control networks at

the study area with appropriate control points at the area of deformation.
e Angle and distance measurements to prisms located on the area under study by
total stations.
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However, ground-based geodetic surveys are time consuming as they usually last for
several days and require the work of many operators, depending on the complexity of
work. Therefore, they can hardly be used for continuous ground displacement monitoring,
due to the high cost of the equipment and the number of personnel that needs to be
involved. Due to the introduction of Global Navigation Satellite Systems (GNSS), they
are not usually used for land displacement monitoring (Dzurisin, 2007a).

GNSS have many advantages over conventional ground-based geodetic techniques and
they have proved to achieve reliable results of high accuracy through different application
methodologies (Savvaidis, 2003; Liu and Wang, 2008; Gu and Wang, 2013). Station
selection is easier as there is no need for visibility between the stations, and measurements
can be carried out throughout the day and night, under all weather conditions (Savvaidis,
2003; Dzurisin, 2007b). GNSS techniques can assist in ground displacement
investigations, by measuring time series of coordinates at specific points within the
deformation area. There are numerous applications of episodic GNSS techniques in
small-scale projects and continuous monitoring ones in larger scale projects (Dzurisin,
2007b; Murray-Moraleda, 2011; Gualandi et al., 2017; Barzaghi et al., 2018).

Moreover, extensive GNSS/GPS networks have been established worldwide for
monitoring crustal deformation, such as the GEONET in Japan consisting of over 1000
GPS stations, the CORS, SCIGN and PANGA networks operated by different
organisations in the USA (Dzurisin, 2007b). They are case specific, as they differ in the
overall application cost (equipment installation and maintenance), and the type and
accuracy of data they provide.

2.2.2 Photogrammetric techniques

In photogrammetric techniques, the XYZ position of a target is obtained from
photographs taken from two or more survey points with known coordinates and a known
relative orientation of the cameras. Aerial and terrestrial photogrammetry techniques, due
to their advantageous characteristics, have been used widely in ground subsidence studies
(Liu and Wang, 2008). They can provide three-dimensional coordinates for an infinite

number of points in minimal fieldwork time (Thompson and Schilling, 2007).
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Ground-based photography has been used for monitoring landslides at local scale level,
whereas aerial photography for the identification and analysis of landslides at a large scale
(Savvaidis, 2003; Liu and Wang, 2008). However, aerial photography disadvantages in
terms of temporal resolution due to the very high cost for programming flights to obtain
aerial photos. On the other hand, terrestrial photogrammetry, where special cameras are
employed to take photos at ground locations, can effectively be used at inaccessible sites,
providing highly accurate positioning information over a period of time recording

landscape changes (Thompson and Schilling, 2007).

Photogrammetric techniques are generally preferable than conventional ground-based
surveying methods, especially in cases of inaccessible areas, or limited field survey time.

2.2.3 Geophysical techniques

Geophysical techniques are used in landslide investigation and provide sub-surface
information and more specifically the physical characteristics of rocks and soils. Borehole
investigation and the close collaboration with expert geologists, hydrogeologists,
geotechnical engineers and geomorphologists are necessary for data calibration
(Jongmans and Garambois, 2007; Pazzi, Morelli and Fanti, 2019). The various methods,

the related instrumentation and some of their limitations are described in brief below:

e Seismic methods generally make use of geophones as receivers of elastic waves
that are generated by various sources (explosives, earthquakes, rock-falls, etc.).
Based on the measurement methodology, they are categorised as follows:

o Seismic reflection: Capable for imaging the geometry of the landslide
structure through the installation of arrays of geophones. However, it
needs greater effort than other techniques, making it time consuming and
costly. It is rarely used in landslide investigations (Kearey, Brooks and
Hill, 2002; Bichler et al., 2004; Grit and Kanli, 2016).

o Seismic refraction: Measures the travel time of compressional waves
through sub-surface layers. It can be applied in landslide investigation for
determining the depth to bedrock (Kearey, Brooks and Hill, 2002). It has
a limitation in the penetration depth as it can only detect waves at a depth

up to 30 meters (Jongmans and Garambois, 2007).
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o Seismic tomography: It has been used for landslide investigation in rock

conditions (Meric et al., 2005) through geophones and boreholes. In
comparison with the seismic refraction method, tomography needs more
field effort (Jongmans and Garambois, 2007).

Seismic noise measurements: They are used quite often, since 2000, in
earthquake engineering. It is a cost effective technique and requires easy
to deploy instruments (Méric et al., 2007; Pilz et al., 2014).

Surface waves: This method has provided reliable results in monitoring
landslides. However, as the method is based only on one-dimension
approximation, it fails in the investigation of two or three-dimensional
structures (Foti, 2005).

Electrical methods: They are mainly applied to investigate the electrical resistivity
at the ground surface via electrodes and a measuring device (Jongmans and
Garambois, 2007; Pazzi, Morelli and Fanti, 2019). The various techniques are:

o Electrical resistivity: Measures the current potential differences between

the current and the measuring electrodes. In landslide investigations,
Electrical Resistivity Test (ERT) is used to identify the location of the
sliding plan and can assist in the identification of changes due to ground
movement (Godio and Bottino, 2001; Bell et al., 2006; Pasierb, Grodecki
and Gwozdz, 2019). A disadvantage of this method is the difficulty to
specify the resolution of the survey.

Spontaneous potential: Measures the natural electrical potential difference
between pairs of electrodes connected to a voltmeter (Reynolds, 2011).
Only few hydro-geophysical methods were applied on landslides, except
those conducted with the Self-Potential method (SP), which is the easier
to deploy and monitor for moisture-induced landslides (Baron and Supper,
2013; Akinlabi, Akinrimisi and Fabunmi, 2018; Whiteley et al., 2019).
There is no quantitative interpretation on the fluid source limiting the

application of SP in landslide investigations.

Electromagnetic methods: They are used often for landslide investigations for the
definition of the unstable mass boundaries (Meric et al., 2005; Bell et al., 2006).
They are conducted with two horizontal loops and a ground conductivity meter,

providing a single electrical resistivity value used in the mapping of the
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underlying geology (Jongmans and Garambois, 2007; Reynolds, 2011). However,
to achieve proper interpretation in landslide investigations, these results need to
be combined with other geophysical techniques (Meric et al., 2005).

e Ground Penetrating Radar (GPR): A very popular technique that is used in
geosciences due to its high resolution, its sensitivity to electromagnetic contrasts
and the penetration depth when operating in low frequency (Reynolds, 2011). The
equipment is very easy to use and transfer. However, their inability to identify
water saturated soil layers; and their significantly reduced penetration depth when
soil discontinuities are present, have minimised its use potential for landslide
investigations (Jongmans and Garambois, 2007; Pazzi, Morelli and Fanti, 2019).

e Gravimetry methods: They are used to study landslide geometry by lightweight
instrumentation (gravimeters). Gravimetric studies can provide useful
information for slope stability analysis (Jongmans and Garambois, 2007),
although they are not commonly used, as they require time consuming and rather

difficult data processing (Reynolds, 2011).

2.2.4 Geotechnical techniques

Geotechnical techniques are used to monitor the relative ground displacement through the
installation of sensors in the area under study. The main sensors used for ground
deformation monitoring are extensometers and inclinometers; whereas piezometers
provide data about the groundwater pressure; strain meters and pressure cells measure
total stress in soil (Dunnicliff, 1994; Hill and Sippel, 2002). These sensors can either store
the measured data internally or transfer the measurements automatically to a database
and/or computer. Meteorological sensors are also used for deformation monitoring, as
they provide important measurements, i.e. precipitation, or measurements that are used to

calibrate other geotechnical sensors.

2.2.5 The case of Cyprus

In Cyprus, the Cyprus Geological Survey Department (GSD), of the Ministry of

Agriculture, Natural Resources and Environment undertakes the planning, execution and
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evaluation of the required geological and geotechnical investigations prior to the technical
construction works of the public development projects. GSD is also responsible for
conducting studies related to natural geological hazards such as landslides and land

subsidence (Geological Survey Department, no date a).

Furthermore, GSD is responsible to determine the geological suitability zones. This
includes the preparation of specialised geological and geotechnical surveys to obtain the
required information for the planning and safe urban development of an area. These
studies include geotechnical drilling investigations, geological mapping activities and

geophysical excavations (boreholes).

To date, the geological suitability map, as shown in Figure 9, covers approximately
9.65% of Cyprus, and more specifically (a) the mountainous and semi-mountainous
Paphos District; and small parts of (b) Limassol; (c) Larnaca; and (d) Famagusta
(Geological Survey Department, no date a). This information is rather limited and there

IS a great need to cover more areas and continuous update the relevant information.
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Figure 9: Geological suitability zone map of Cyprus (source: Geological Survey Department?)

2 Digitised map based on data obtained from the Geological Survey Department
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Additionally, GSD carries out land displacement monitoring and assessment studies, in
various areas in Cyprus, known for their geological problems, especially in Paphos and
Limassol Districts. Between 1985 and 1986, geotechnical landslide investigations have
been conducted by the GSD in collaboration with the British Geological Survey in Paphos
District, and especially in areas susceptible to landslides (Northmore et al., 1986, 1988).

Moreover, a comprehensive landslide study was carried out in Paphos District by the GSD
in collaboration with Scott Wilson Co. in 2008-2010, to identify and map the various
types of landslides, resulting in the “Paphos Landslide Study” (Hart and Hearn, 2010,
2013; Hearn et al., 2018). In the framework of this study, a landslide inventory was
developed, and aerial photograph interpretation, extensive field mapping and ground
investigations were carried out to record the landslide distribution, and assess the

landslide susceptibility, hazard and risk across the area of interest (Hart and Hearn, 2010).

These studies showed how the identification of the geomorphological features in an area
can assist in the identification of landslides and the assessment of their impact on
infrastructure and residential areas (Hearn et al., 2018). In all cases, extensive field

investigations were conducted to develop landslide susceptibility maps (Figure 10).

<Makounta

Legend
D Study Areas
@ Selected Villages

Larger Towns . - o <
Road network G ,;

Landslide Susceptibility b o j;l

B Hion o =3
Moderate v .

- Low

Very Low or None

Troodos
Mountains

Nicosia

PAPHOS

Figure 10: Landslide susceptibility map (Hart and Hearn, 2010; Hearn and Hart, 2019)
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Furthermore, an inventory of all landslide events that occurred in Cyprus was developed
by the GSD based on these studies, as presented in Figure 11, and is continuously updated
based on new ground deformation events that take place. It is clear, that the vast majority

of the landslides that occurred in Cyprus, took place in Paphos District.

Legend
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Figure 11: Landslide inventory map of Cyprus (source: Geological Survey Department®)

The landslide susceptibility map, that was developed from these studies, and the landslide
inventory map are still being updated by the Geological Survey Department, and they are
used as decision-making tools by infrastructure management authorities to issue planning

and building permits.

Today, the systematic monitoring of ground movements is carried out using electronic
equipment (inclinometers), which are essential tools for monitoring active landslides and,
under certain circumstances, facilitates early warning of landslide activation. These
studies are targeted in areas, where specific settlements were abandoned due to serious
ground stability issues, as in the case of Statos and Agios Photios villages that is presented

in detail in section 3.1.1.

% Digitised map based on data obtained from the Geological Survey Department
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Currently, 26 exploration boreholes and wells, with a total depth of 561 meters, are being
monitored by GSD in Pissouri, Armou, Letimbou, Nata, Pentalia, Choletria, Panagia,
Asbestos, Petra tou Romiou and Pano Deftera — Panagia Chrysopiliotissa. New areas are
added every year to the existing monitoring network, based on the arising geological

problems (Geological Survey Department, no date a).

Seismic events are also being monitored by the GSD, through a permanent comprehensive
Seismological Network, consisting of 12 stations and 2 seismological centres, a network

of accelerometers and other relevant facilities (Figure 12 and Figure 13).

M Seismological centre

A Seismological station

Figure 12: The Cyprus Seismological Network (source: Geological Survey Department)

Each one of these 12 seismological stations is equipped with the following instruments

(Geological Survey Department, 2018):

e State-of-the-art three-component, broadband and high-resolution seismometer.

e Digital seismograph (digitiser) that converts ground vibrations recorded by the
seismometer into a digital signal.

e Satellite modem for data transmission and two-way connection of the station with
the seismological centres.

o Satellite antenna (VSAT) for data transmission and two-way telecommunication
of the station with the seismological centres.
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e GPRS modem for transmitting data (backup) over terrestrial internet.

e External GPS receiver for accurate time setting, to allow accurate seismic
vibration recording time from the seismometer, accurate coordinates and altitude
of each station.

e Standalone power system including batteries and photovoltaics for autonomous
and seamless power supply throughout the year.

The new seismic network is also equipped with a private satellite network with real-time
earthquake detection and processing, including data management software with 24/7 high
availability network monitoring (Nanometrics, 2015). Seismological data are received,
recorded and processed and after evaluation of the seismological parameters, the general
public is informed through its website and mass media.

Figure 13: The primary seismological centre (left) and the prototype seismological station GSD

in Nicosia (right) (source: Geological Survey Department)

The primary seismological centre GSD, located in Nicosia, and the back-up centre CSS,
in Mathiatis, record about 2000 earthquakes yearly, 1300 of which have their epicentre in
the wider area of Cyprus. However, only a small portion of these, approximately 0.5%,
are perceived by Cyprus citizens (Geological Survey Department, no date c).

The Geological Survey Department, based on the studies presented above, the extensive
network of inclinometers and exploration boreholes that it possesses, has developed a risk
map for earthquakes and other hydro-geological hazards. This map, which is a

continuation of the map developed in the “Paphos Landslide Study”, is mostly focused in
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Paphos District, as shown in Figure 14. It is being continuously updated by the GSD and
is free to access via the national open data portal*, according to the INSPIRE Directive®.
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Figure 14: The earthquake and other geological hazards risk map (source: Geological Survey

Department®)

The mapping of geologically suitable areas (Figure 9) and landslide susceptible areas can
assist in the prevention of catastrophic events and mitigate their impact on infrastructure,
by prohibiting any new development in high-risk areas and by instructing appropriate
geotechnical investigations and the application of case-specific stabilisation measures.

The identification and monitoring of seismic and landslide events through traditional
means can be achieved, as described earlier, through the establishment of expensive
ground-based monitoring infrastructure and extensive field inspection studies. These
conventional methods can provide detailed information on surface and sub-surface

4 National open data portal: https://www.data.gov.cy/node/1925?language=en

5 The INSPIRE Directive: https://inspire.ec.europa.eu/legislation-details/directive-20072ec-article-17

® Digitised map based on data obtained by the Geological Survey Department
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process characteristics contributing to the principle understanding of the nature of the
phenomenon (Teshebaeva et al., 2015).

Currently, the monitoring of natural hazards is achieved by conventional equipment, such
as seismographs and inclinometers, which are sometimes outdated. Additionally,
borehole investigations are carried out by the GSD, as described before. Unfortunately,
this has led to the insufficient recording of events for monitoring geo-hazards as the data

collecting techniques are rather time consuming.

These data are not always available and the process for producing a dataset that can be
used with confidence, is quite long, which is not always compatible with the short time
scales of engineering investigations (Hearn et al., 2018; Hearn and Hart, 2019).
Moreover, these time and money consuming methods are mostly point-based and are
rather limited in the spatial extent of the monitored area, which is especially insufficient

if large areas are affected (Teshebaeva et al., 2015).

2.3 Monitoring natural hazards through Earth Observation

Physical constraints tend to restrict the topology of transportation networks and make
them nearly planar, making them sensitive to failures (Patuelli et al., 2007). Therefore,
the road network vulnerability analysis is very important for road network planning,
construction and management (Yang and Qian, 2012). Lately, investments have been
made in infrastructure for planning, designing and operating more resilient transportation

systems to cope with emerging risks (Transportation Research Board, 2009).

Qualitative landslide risk analysis and geotechnical engineering have proved to be very
useful in route selection, road design and road construction in order to construct roads
with significantly less risk to landslides. This is very important, because landslides and
slope instabilities often lead to economic losses, property damages and high maintenance

costs, as well as injuries or fatalities (Das et al., 2010).

Land movements occur due to complex interactions among many partially inter-related
factors. The observation of the Earth from space has many uses in the natural sciences,
but it is only in the last decades that technological advances have also extended to land

movements (Tofani et al., 2013). During this period, numerous studies have extensively
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used geo-information techniques such as remote sensing, GIS, spectroradiometry and
Lidar in applications related to the natural disasters and landslide risk assessment
(Ardizzone et al., 2007; Biswajeet and Saro, 2007; Tsai et al., 2010; Rossi and
Reichenbach, 2016). Although the prediction of a land displacement event is difficult in
space and time, a study area can be ranked according to its susceptibility to land
movements in order to possibly minimise future infrastructure damage (Saha et al., 2005).

Land displacement susceptibility is the likelihood for a land displacement event, like
landslide or subsidence/uplift, to take place in an area. It depends on the area stability and
the presence of a set factors triggering land movements, such as the geology, the
seismicity and the climate/precipitation of the area as described in section 1.1 of the
present thesis (Crozier and Glade, 2012).

Landslide hazard assessment and risk management can be accomplished by providing the
risk managers with easily accessible and continuous landslide susceptibility information
of the study area (Galli et al., 2008; Kouli et al., 2013; Alexakis et al., 2014). A landslide
hazard susceptibility map depicts areas in which landslides are likely to occur in the future
by correlating some of the main factors that contribute to landslides with the past
distribution of slope failures (Fall, Azzam and Noubactep, 2006). In addition, satellite
remote sensing techniques have been widely used in landslide susceptibility assessment
in terms of development of landslide inventory maps (Saha, Gupta and Arora, 2002; Lee
and Lee, 2006; Fourniadis, Liu and Mason, 2007; Park and Chi, 2008; Pradhan, 2010).
Satellite imagery offers a fast and economical alternative to monitor land movements over
large and inaccessible areas. The availability of cloud-free images for such projects is
crucial and depends greatly on the geographical position and the prevailing weather

conditions of the area of interest.

Numerous statistically based landslide investigation methods have been used for landslide
susceptibility modelling and area zoning (Reichenbach et al., 2018). Land displacement
susceptibility mapping can be either qualitative or quantitative. Qualitative methods are
subjective, as they represent the susceptible levels in descriptive expressions and depend
on expert opinions. On the other hand, gquantitative methods are based on numerical
expressions of the relationship between triggering factors and landslides (Guzzetti et al.,

1999). In literature, many different methods for landslide susceptibility mapping have
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been suggested, such as the Analytical Hierarchy Process (AHP), bivariate, multivariate,

logistic regression, fuzzy logic and artificial neural network analysis (Yalcin et al., 2011).

AHP, has proved to be a very useful tool for decision makers and has been used widely
in many research fields, such as cultural heritage conservation (Yau, 2009; Nicu, 2016),
land subsidence susceptibility (Zhu et al., 2013; Bhattarai and Kondoh, 2017; Andriani
et al., 2018; Ghorbanzadeh, Feizizadeh and Blaschke, 2018; Lyu et al., 2019), landslide
susceptibility (Yoshimatsu and Abe, 2006; Yalcin, 2008; Pourghasemi, Pradhan and
Gokceoglu, 2012; Kayastha, Dhital and De Smedt, 2013; Althuwaynee et al., 2014; Chen
etal., 2016; Mandal and Mandal, 2018; Yan et al., 2019), land suitability analysis (Quinn,
Schiel and Caruso, 2015; Bozdag, Yavuz and Gilinay, 2016; Dedeoglu and Dengiz, 2019),
groundwater potential assessment (Oikonomidis et al., 2015; Kaur et al., 2020) and soil
erosion (Ni, Li and Borthwick, 2008; Haidara et al., 2019; Saha et al., 2019).

AHP is a knowledge driven qualitative method, in which experts’ opinion plays a crucial
role. It can be applied in GIS, combining a number of landslides triggering factors in the
form of layers/maps. Then, based on the recorded past landslide events, and the experts’
knowledge of the residing factors within the area of interest, weights are assigned to
certain combinations of factors. The summation of all factors and their weights leads to
the development of the susceptibility map (Saaty, 1980). Although, AHP is a subjective
method due to its dependency on the opinion of experts, the weights assigned to the

factors are clear and can be discussed among experts and decision makers.

Nevertheless, apart from the passive remote sensing techniques that were described
above, active remote sensing techniques are currently being used in various applications
and can provide complimentary information to optical systems. The key advantages of
active remote sensing, as presented in section 1.2 of the present thesis, are the capability
to acquire images 24 hours a day, i.e. day and night, and in all weather conditions as

microwaves are unobstructed by clouds.

Satellite-borne radar remote sensing can be used to measure surface backscattering,
surface topography and rainfall distribution. Synthetic Aperture Radar (SAR) measures
backscattered emitted radar signals, which consist of amplitude (strength of radar
response) and phase (fraction of one complete sin wave cycle / single SAR wavelength).
Amplitude depends on the incidence angle, the ground roughness and the soil moisture,
whereas phase mainly depends on the distance between the antenna and the target, such
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as the land and sea (Le Mouélic et al., 2005; Ferretti et al., 2007). SAR performs
particularly well in change detection applications, as SAR sensors produce well-
calibrated imagery of high quality and good geo-location accuracy (Closson and
Milisavljevic, 2017). SAR acquisitions can be used for the development of Digital
Elevation Models (DEMs), the detection of oil spills, ship detection, earthquake
deformation, land subsidence, land use/land change applications in terms of forest and
agriculture monitoring, ice monitoring and urban mapping, as well as climate change
monitoring (Engram et al., 2018; Khati et al., 2018; Liu et al., 2019).

Interferometric Synthetic Aperture Radar (INSAR) is a space-based technique that can
determine the Earth’s surface topography and its temporal changes over large areas (e.g.,
100 x 100 km), with line-of-sight (LoS) accuracy of millimetres (Le Mouélic et al., 2005;
Ferretti et al., 2007; Veci, 2016; Braun and Veci, 2020). INSAR is based on the principle
of combining the phase information of two SAR observations of the same area taken from
different positions. These observations may be made by different sensors but with nearly
identical radar system parameters. Since phase is highly correlated to topographic
characteristics this forms the foundation for the derivation of distance information about
the Earth’s terrain and subsequently uplifting or subsidence (Ferretti et al., 2007; Veci,
2016; Braun and Veci, 2020). A pair of SAR acquisitions can generate three

interferometric products (Closson and Milisavljevic, 2017):

1. Anamplitude image (intensity) often used to locate points of interest.

2. A phase difference image or interferogram, used to show either the topographic
contribution or ground displacements.

3. A coherence image showing the confidence level of each pixel in the

interferogram.

INSAR technique can be used to assess the impact of natural hazards to critical
infrastructure, as it can detect areas and rates of land movements, caused by earthquakes
and landslides. Indeed, INSAR techniques have been used in monitoring landslide

phenomena since the mid 90’s (Fruneau, Achache and Delacourt, 1996).

INSAR is a powerful tool to assess the slope deformation related to the activation
landslides, as well as vertical land movements, i.e. land subsidence and uplift. With the
increasing availability of suitable radar data, advanced time-series analysis techniques
have been developed, which allow for the quantitative derivation of spatially variable
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deformation rates with increasing improvements in the temporal resolution. The resulting
satellite INSAR techniques have been successfully applied for the quantitative analysis of
land movements in a variety of environments (Wasowski and Bovenga, 2014; Teshebaeva
etal., 2015).

INSAR can assist in the derivation of topographic information of very high spatial
resolution about the landscape from radar images, via which, landscape changes can be
detected and mapped with very high precision. To detect changes in topography between
two observations, Along Track Interferometry (ATI) can be used. In general, platforms
in repeat pass ATI do not follow identical paths resulting at the same time to some cross-
track separation too (Richards, 2009). Thus, repeat pass ATI can be used both for the

detection of topography as well as terrain changes (Figure 15).
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Figure 15: Interferometric Synthetic Aperture Radar principle (Geoscience Australia, 2014)

For acquisitions with small perpendicular baseline and short temporal baseline, the
amplitude and phase of the object responses may be considered identical (Ferro-Famil
and Pottier, 2014). In this case, when a feature on the landscape shifts during two SAR
acquisitions, an interferometric phase difference will be measured for the relevant pixels

as follows:

4n

A(Pchange = TArr (Eq 1)
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where:
Ary: the relative displacement projected on the slant range direction.
A: the transmitted wavelength

In the case that there is also an across track baseline, apart from the phase shift related to
the time variation described by Equation 1, a phase change will occur associated with the
topography. As a result, the total interferometric phase difference would be a function of
both the topography and its change. To monitor land movements, the change in
interferometric phase with land displacement between radar image acquisitions needs to
be calculated, thus the contribution of the topography must be subtracted from the overall
result. The above can be achieved via the application of Differential SAR Interferometry
(DInSAR) (Ferretti et al., 2007). If a suitable Digital Elevation Model (DEM) is available,
the effect of the topography can be subtracted pixel by pixel from the interferometric
phase, providing a differential interferogram, and therefore, land movements can be
measured and monitored between two or more SAR acquisitions.

DINSAR technique is based on the theory that, due to the very high stability of the satellite
orbits, the exploitation of the information carried by the phase difference between two or
more SAR images is possible, looking at the same scene from different geometries
(Ferretti et al., 2007; Polcari et al., 2014; Veci, 2016; Braun and Veci, 2020). The
availability of large datasets and the multi-pass DINSAR methodology, can lead to more
accurate estimations of the atmospheric contribution and topographic phase components,
allowing at the same time the reduction of error sources (Zebker, Rosen and Hensley,
1997; Polcari et al., 2014; Yu, Li and Penna, 2018). Moreover, the temporal density of
SAR imagery facilitates the study of the temporal evolution of a natural hazard, through
the development of a time series and the calculation of the rate of deformation (Polcari et
al., 2014).

The quality of DInSAR findings can be also measured by a variable called coherence,
which depends on the nature of the surface being studied. Changes in the surface
reflectivity over time due to vegetation or other natural phenomena decorrelate the
measurements significantly (Zebker and Villasenor, 1992). As a result, most conventional
INSAR studies tend to focus on dry and sparsely vegetated regions, which fits perfectly

in our case studies in Cyprus.
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Unfortunately, interferometric phase is also influenced by other factors, as presented in
Equation 2, such as the atmosphere, pixel reflectivity, radar system phase noise and the

uncertainty in knowing the platform position and baseline.
A(P = A(Ptopo + A(pdisp + A(patm + A(ppixel + A(pnoise + A(perror (Eq 2)

The error associated with atmospheric effect be corrected by stacking or averaging many
interferograms, since the atmospheric effect has short spatial correlation length with
virtually no temporal correlation between data acquisition times (Zebker, Rosen and
Hensley, 1997; Ouchi, 2013; Yu, Li and Penna, 2018).

Several studies have been carried out on investigating the effectiveness of Differential
SAR Interferometry (DINSAR) on the detection of land movements. DINSAR has been
used successfully for monitoring land subsidence and uplift (Bhattacharya et al., 2014;
Mullissa et al., 2017; Da Lio and Tosi, 2018; Liosis et al., 2018; Tzouvaras et al., 2019;
Morishita et al., 2020), with particular applications such as landslides (Di Martire et al.,
2016; Bovenga et al., 2017; Strozzi et al., 2018) and other ground displacements caused
by natural occurring phenomena such as earthquakes (Pieraccini et al., 2002; Lin-lin et
al., 2003; Dong et al., 2011), volcano eruptions (Pritchard and Simons, 2002; Pavez et
al., 2006; Meyer et al., 2015; Schaefer et al., 2019), and also human activities (Bitelli et
al., 2010; Hsieh et al., 2011). Last but not least, DINSAR has proved to be effective in
identifying damages in large civil infrastructure like roads, road networks (D’ Aranno et
al., 2019) and dams (Corsetti et al., 2018), assisting in that way in planning infrastructure

maintenance works.

DINSAR can be used to detect and monitor, under certain conditions, ground
deformations on a centimetric scale, with a good spatial resolution (a few meters),
offering an effective method for assessing land movements over large areas (Raucoules
et al., 2009). These characteristics are making DINSAR one of the most promising space-
geodetic techniques for monitoring Earth's surface deformations (Klees and Massonnet,
1998). Therefore, DINSAR techniques can be used for various engineering applications,
such as land use and urban planning, as they contribute to the better understanding of an
area’s geomorphology and assist in the impact assessment of natural hazards, such as

earthquakes and landslides (Hearn and Duncumb, 2018; Hearn et al., 2018).
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In the last couple decades, advanced DINSAR techniques have been developed, such as
the Persistent Scatterers (PS), Interferometric Point Target Analysis (IPTA) and Small
Baseline Subsets (SBAS), exploiting extensively the satellite capabilities. This is
achieved through the use of large SAR image datasets of the same area, acquired at
different times and with different perpendicular baselines, i.e. a multi-pass DINSAR
approach (Polcari et al., 2014). This allows the development of the displacement time
series and the more precise calculation of surface deformation rates with millimetric

accuracy (Le Mouélic et al., 2005; Polcari et al., 2014).

Applications of Earth Observation for cultural heritage have rapidly increased in the last
years. A review of the available literature indicates a growing interest in the exploitation
of active satellite sensors with particular emphasis on the use of SAR data (Agapiou and

Lysandrou, 2015; Chen, Lasaponara and Masini, 2017; Tapete and Cigna, 2017a).

In recent years, there has been a growing interest in the use of remote sensing techniques,
such as the application of DINSAR for deformation monitoring, for risk monitoring and
assessment of cultural heritage (Zhou, Chen and Guo, 2015; Cuca et al., 2016). This
interest was further enhanced by free provision and access to SAR data of various spatial
resolutions and temporal coverage. Research interests have often focused on identifying
the perspectives of SAR remote sensing for cultural heritage applications (Lasaponara
and Masini, 2011; Tapete and Cigna, 2017b). In other cases, the aim has been to monitor
cultural heritage sites and assess the risk of geo-hazards (Chen, Lasaponara and Masini,
2017; Tapete and Cigna, 2017a; Tzouvaras et al., 2019).

Polarimetric C- and L-band SAR sensitivity has been analysed with buried archaeological
structures (Stewart, Lasaponara and Schiavon, 2014), and integration of radar and laser-
based remote sensing techniques for monitoring structural deformation of archaeological

monuments has also been studied (Tapete et al., 2013).

Additionally, Persistent Scatterer Interferometry (PSI) techniques such as Permanent
Scatterer SAR Interferometry (PSInSAR) and “Squeezed” SAR (SqueeSAR) have proven
to be suitable for deformation analyses in cultural heritage sites (Tapete et al., 2012). The
latter, however, require continuous information on the precise position of a number of
scatterers, which can be features such as roof tops, bridges, antennas, corner reflectors
etc., to provide accurate results on ground deformation. This information is provided in
terms of coordinates measured via geodetic surveys, or via the installation of permanent
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GNSS antennas and/or other expensive infrastructure at the desired locations, leading in

turn to additional costs.

Based on these studies, the selection of the type of SAR data should be case-specific and
should always be based on the properties and characteristics of the area of interest and its
surroundings to achieve optimum results. Therefore, SAR acquisitions with a long
wavelength (L-band, P-band, etc.), having enhanced capabilities for penetration, are
recommended for areas covered with vegetation, whereas in the cases of DINSAR and
MT-INnSAR, SAR data with a short wavelength (C-band) are preferred, as there is a need
to improve the accuracy of the calculated deformations. In the case of early warning
systems and detailed monitoring, high-resolution SAR data are required (Chen,
Lasaponara and Masini, 2017). Integration of different SAR interferometry techniques
can overcome any obstacles by combining their respective advantages (Zhou, Chen and
Guo, 2015).

DInSAR is a very promising methodology for monitoring ground displacement over large
areas at Line-of-Sight, providing important information for monitoring natural hazards.
However, several criteria have to be met, as described before, the most important being
the maintenance of coherence, at some extent, during the period of study (Rocca et al.,
2000). Nevertheless, the low spatial resolution characteristics of some satellite imagery
impose some limitations. Additionally, in some cases the temporal resolution is also very

limited.

The increase in spatial resolution, as in the case of TerraSAR—X and COSMO-SkyMed,
and in temporal resolution, as in the case of the Sentinel-1 constellation, are two main
developments in this domain. The free, full, and open data policy adopted by the
Copernicus program, which foresees free access to the Sentinel datasets, can be
considered as a milestone for the scientific progress of radar space technology (ESA, no
date e). The launch of Sentinel-1A in 2014 and Sentinel-1B two years later, has made

possible the systematic supply of data for multitemporal analyses.

Indeed the characteristics of the Copernicus missions, such as the 12-day repeat cycle of
the Sentinel-1 sensors in a single pass, ascending or descending, or the 6-day repeat cycle
that the two-satellite constellation offers at the equator, can be used for mapping rapid
changes in the landscape such as those in the case of an earthquake. Additionally, the
spatial resolution of Interferometric Wide (IW) swath images for Level-1 Single Look
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Complex (SLC) products varies from 2.7 x 22m to 3.5 x 22m provides additional
advantages compared to their predecessors. Considering the fact, that these Copernicus
Sentinel-1 data are freely distributed datasets, provided by the European Space Agency
(ESA), along with the availability of open-source software for processing these images,
provide us the opportunity to systematically monitor and assess the impact of natural
hazards to cultural heritage and built environment worldwide, overcoming area
inaccessibility issues and weather conditions, even in regions and countries with limited
budgets (Cuca et al., 2016; Themistocleous et al., 2016; Tzouvaras et al., 2019).

Nevertheless, DINSAR is not an absolute measurement methodology. This is not due to
the resolution of the processed SAR images, but because the displacement values that are
calculated at the end of DINSAR processing show the relative change in position between
the acquisition time of the first image to the acquisition time of the second image. This
matter, in fact, does not allow the identification and monitoring of the impact that the
natural hazard has to the area of interest, in its full extent and on a global scale.

Therefore, the final DINSAR products need to be ultimately tied with some stable points,
or points of known subsidence or uplift, to convert relative values to absolute ones.
Geodetic surveys are the most common way to supply absolute global information, in
terms of changes in coordinates, on the behaviour of an object under investigation. The
integration of DINSAR analysis with GNSS techniques is vital, as GNSS measurements
can calibrate and validate the results obtained from DINSAR processing and thus
minimise errors. Hence, the combination of the characteristics of an integrated DINSAR-
GNSS technique provides us the opportunity to measure vertical ground deformations

with sub-centimetric precision and unparalleled spatial coverage.

Several attempts have been made to integrate space-based techniques (SAR) and ground-
based ones for the measurement and monitoring of ground deformation. Validation of the
results from DINSAR processing have been conducted by theodolite and Electronic
Distance Meter (EDM) measurements of selected benchmarks (Tarchi et al., 2003). In
other cases, results from DINSAR processing are compared with findings from GPS
campaigns, through different methodologies (Lu, 2005; Biggs et al., 2007; Calamia et al.,
2008; Wei, Sandwell and Smith-Konter, 2010; Bejar-Pizarro et al., 2016; Tzouvaras et
al., 2019). Since 2013, the Australian Geophysical Observing System (AGOS), an
innovative network that combines an array of 40 radar corner reflectors, co-located GNSS
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instrumentation, and a repository of X-band and C-band SAR data, operates for the
measurement of crustal deformation (Garthwaite et al., 2013). However, the optimum

combination of DINSAR and GNSS technologies is still under research worldwide.

Despite their capability to monitor efficiently vertical land movements, i.e. subsidence or
uplift, certain transformations need to be applied in order to fully integrate the two
measurement techniques, as they differ significantly in the type of data they collect, their
geometries, and their coverage. Thus, the 3-dimensional coordinates obtained from GNSS
should be transformed into 1-dimension DINSAR Line-of-Sight ones, or the LoS
displacement values from DInSAR processing should be converted to vertical ground
displacement (Parker et al., 2017).

Additionally, although the moderate spatial resolution of the IW swath images for Level-
1 SLC products (2.7 x 22m to 3.5 x 22m), that are available for Cyprus, has proven to be
satisfactory for the detection of land subsidence and/or uplift (Liosis et al., 2018;
Tzouvaras et al., 2019; Morishita et al., 2020), the detailed study and monitoring of more
complex ground displacement phenomena, especially of fast-moving landslides and slope
deformations cannot be achieved using Sentinel-1 images due to the limitations of the C-
band wavelength and the images” medium spatial resolution (Kyriou and Nikolakopoulos,
2018; Kovécs et al., 2019).

This is due to a limitation called temporal phase aliasing, which mainly affects the phase
unwrapping step of the DINSAR methodology (Rabus and Pichierri, 2018; Manconi,
2019), when the displacement of a pixel or an area under investigation exceeds the value
of /4 between two consecutive satellite acquisitions that form an interferometric SAR
pair (Moretto et al., 2017; Manconi et al., 2018). A is the wavelength of the SAR sensor,
which in the case of Sentinel-1 satellite’s C-band is approximately 5.55cm. Temporal
phase aliasing thresholds for the currently available SAR satellites have been calculated
based on their nominal wavelengths and revisit times (Wasowski and Bovenga, 2014;
Moretto et al., 2017; Manconi et al., 2018; Manconi, 2019). In fact, this limitation can
lead to confusing results as any ground deformation, that is observed between two
consecutive SAR acquisitions, exceeds this threshold of 1.39cm, in the case of Sentinel-
1, and can be two, three or n times greater than this value, can be underestimated as all

these deformations produce the same observed phase.
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The exploitation of higher resolution images from TerraSAR—X and COSMO-SkyMed
missions has provided more reliable outputs applying DINSAR methodology for
monitoring landslide phenomena (Wasowski and Bovenga, 2014; Di Martire et al., 2016;
Bovenga et al., 2017, 2018).

In the case of fast-moving land displacement events, interferometric SAR coherence can
be used instead, serving as an additional diagnostic source of information regarding
changes in topography. Coherence is one of the products of the INSAR methodology, as
described before, and a measure of the quality of the produced interferogram. It describes
the similarity of the reflected radar signal between two images (Rocca et al., 2000). SAR
coherence vy is calculated, as shown, in Equation 3, where n is the number of pixels, Ai
and B; are the complex SAR images A (master) and B (slave) respectively and the *

denotes the complex conjugate.

 Eas
i 1 (Eg. 3)
\/n(Zin:lAi 'ArznlB' B')

It ranges from 0, i.e. complete phase decorrelation (interferometric phase is pure noise)
to 1, i.e. complete phase correlation (Rocca et al., 2000; Rosen et al., 2000).The overall
coherence of a single pixel is determined by a number of factors and is usually expressed

by Equation 4, as follows:

Y overall = Y thermal * YSpatiaI 'Ytemporal (Eq 4)

where Ytemporal 1S the temporal component of coherence, yspatial IS the spatial component of
coherence, and ywermal 1S the thermal component of coherence (Zebker and Villasenor,
1992). If one or more of the three components of coherence decorrelates, the entire radar
signal will also decorrelate. Thermal coherence is related to radar signal noise, and its
decorrelation is rather trivial (Zebker and Villasenor, 1992). Spatial coherence depends
on the area’s topography, and the characteristics of the satellite, such as the geometry of
image acquisition and the radar wavelength (Zebker and Villasenor, 1992; Burrows et al.,
2019).

On the other hand, the temporal component of coherence depends on changes on the

ground surface, that appears as variations in the scattering properties of the target pixels
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in the area of interest between the two SAR images of the interferometric pair (Zebker
and Villasenor, 1992; Lu et al., 2018; Burrows et al., 2019). To detect these changes, the
two images of the same scene must be acquired with a same incident angle, but at different
times. Any changes in the surface reflectivity are considered as a phase decorrelation of
the pixels between the two images (Rocca et al., 2000; Closson and Milisavljevic, 2017).
Thus, even the smallest changes in an area of interest, between two images, can be
detected, by means of a reduction in the temporal component of coherence and
consequently in the overall coherence. In general, a random change of the position and
physical properties of a specific point on the surface of the Earth can be detected as low
coherence of a pair of images (Rocca et al., 2000).

The Coherent Change Detection (CCD) technique is useful for detecting changes of a
centimetre scale but, being a statistical value, it cannot provide quantitative information
about ground displacement (Closson and Milisavljevic, 2017). CCD has been used in
several applications, such as monitoring land use / land cover changes (Abdelfattah and
Nicolas, 2006; Parihar et al., 2014; Zahid Khalil and Saad-ul-Haque, 2018; Pan, Hu and
Wang, 2019; Yun et al., 2019), as well as agricultural studies (Erten et al., 2016; Tamm
et al.,, 2016; Liu et al., 2019) and forestry applications (Suga and Takeuchi, 2000;
Canisius et al., 2019; Durieux et al., 2019; Ban et al., 2020; Hirschmugl et al., 2020), and
lately in earthquake impact assessment (Lu et al., 2018; Monti-Guarnieri et al., 2018;
Burrows et al., 2019; Uemoto et al., 2019; Jung and Yun, 2020).

CCD techniques present limitations related to the radar interferometric methods that were
analysed earlier. Steep slopes, forests, and areas with high moisture can lead to
decorrelated phase signal in very limited time (less than a day). Vegetated or water
surfaces, due to their continuous variations appear to have low coherence values
(Bouaraba et al., 2014; Closson and Milisavljevic, 2017). Moreover, coherence values
decrease with larger image temporal baselines and larger perpendicular baseline lengths
between the two images (preferable to be in the range of 0-400m). Coregistration must be
performed accurately, as it significantly affects the coherence map, as it also happens in
the case of the developed interferogram (Rocca et al., 2000; Bouaraba et al., 2014; Veci,
2016; Braun and Veci, 2020). Last but not least, the poor resampling can lead to low
coherence during INSAR processing (Zebker and Villasenor, 1992; Rosen et al., 2000;
Bouaraba, Acheroy and Closson, 2013; Closson and Milisavljevic, 2017).
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CCD technique is less efficient in areas with high human activity, or where the underlying
geological formations are too hard to record detectable surface modifications. Seasonal
variations, such as varying weather conditions, can also affect the estimated coherence
(Rocca et al., 2000; Bouaraba, Acheroy and Closson, 2013; Lu et al., 2018). However,
the identification of changes in coherence through Interferometric SAR processing can
provide useful information for the rapid detection of natural hazards (Plank, Twele and
Martinis, 2016; Watanabe et al., 2016; Jung and Yun, 2020). Indeed, NASA’s Advanced
Rapid Imaging and Analysis (ARIA) project uses SAR coherence to develop damage
proxy maps following earthquakes, hurricanes and wildfires in urban areas to inform and
improve the awareness of emergency response mechanisms following natural hazards
(NASA, no date; Burrows et al., 2019).

Lately, the latter has been also accomplished using Sentinel-1 data in the cases of
earthquake induced natural disasters (Lu et al., 2018; Washaya, Balz and Mohamadi,
2018; Burrows et al., 2019). However, there are no attempts, in literature, regarding the
application of the Coherent Change Detection (CCD) methodology, for the identification
and monitoring of fast-moving landslides induced by heavy rainfall in rural/sub-urban

areas, as in the case study of Pissouri-Petra tou Romiou, exploiting Sentinel-1 SAR data.

The main goal of the present study is to systematically monitor and assess the resilience
of infrastructure, such as cultural heritage and built environment with regards to natural
hazards and more specifically, land movements, either caused by seismic events or
landsides, at three case studies in Paphos and Limassol District using Earth Observation
techniques, through the exploitation of free datasets and open software, aiming to
demonstrate the capabilities that can be offered by such solutions. Due to the fact that the
three case study areas have different geomorphological characteristics and attributes, an
overall methodological approach was developed for the identification of areas vulnerable
to land movements and the monitoring and detection of these phenomena and their impact

to infrastructure resilience.

Freely available archive optical remote sensing data, such as Landsat imagery, and
Geographic Information Systems (GIS) were used for the identification of areas/zones
vulnerable to landslides and other land displacement phenomena. Moreover, freely
available satellite data that are currently provided by the Copernicus Sentinel missions,

such as Sentinel-1 SAR images and Sentinel-2 optical images, were exploited along with
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suitable DEMs in order to detect land movements through the application of DINSAR and
CCD techniques.

Based on the characteristics of the Sentinel-1 satellites, mentioned before, such as the
short revisit time, the medium resolution images, and the fact that Cyprus, almost in its
entirety, is included in a single SAR image, a novel methodology for the calibration and
validation of the absolute land displacement values, through GNSS 3D coordinates, is

proposed to overcome the limitations of DINSAR, as found in literature.

Indeed, this is a first attempt to develop a methodology for systematically monitoring
natural hazards and their impact to infrastructure resilience, that its application, from the
acquisition of images, to the monitoring of ground deformation, its calculation in absolute

values and the calibration/validation of the results, is completely free.

Moreover, it is the first time that CCD methodology is applied for the identification of
landslides triggered by rainfall, a fact that is quite common in many geological and
geomorphological settings in Cyprus and worldwide.

The methodological approach is described in detail and analysed thoroughly in the next

section of the thesis.
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3 Methodology

In this section, the areas of study, their characteristics and the hazards that they are
susceptible to are presented in section 3.1. Then, the data and software used for the
application of the proposed methodology are described in section 3.2. Finally, in section
3.3, the overall methodology and the steps of the two processing chains that are applied

for case study areas, is analysed thoroughly.

3.1 Areas of study

Three case studies are selected for the application of the methodology proposed for
identifying susceptibility to ground deformation events and for monitoring land
movements as a result of earthquakes and landslides. These are: a) Statos — Agios Photios,

b) Nea Paphos — Tombs of the Kings and c¢) Pissouri — Petra tou Romiou.

0 5 10 20 30
s Kilometers

205 BRI, G, and

Figure 16: The three case study areas of (a) Statos — Agios Photios, (b) Nea Paphos — Tombs of

the Kings and (c) Pissouri — Petra tou Romiou
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The selection of the case study areas are based on the area susceptibility to natural hazards
and the importance of the area, in terms of the proximity to residential areas, as in the
case of Statos — Agios Photios, critical infrastructure (Pissouri — Petra tou Romiou), or
the presence of cultural heritage monuments, as in the case study area of Nea Paphos —

Tombs of the Kings.

3.1.1 Statos — Agios Photios

The village of Statos - Agios Photios is located in the western part of Cyprus and more

specifically in the north-eastern part of Paphos District (Figure 17). Its main part is rather

hilly and mountainous, covered by bare soil or coniferous forest.

Figure 17: The Statos — Agios Photios study area

In Paphos District, between the Troodos Mountains and the sea, deposits of massive
breccias (melange formation) are widely exposed. The area’s geology consists mainly of

these deposits, which are rich in clay minerals. These deposits are susceptible to
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landslides, with this susceptibility being enhanced due to the area’s steep anaglyph and
the long history of seismicity in the area (Pantazis, 1969; Northmore et al., 1986, 1988).

According to the geological map (Figure 18), the study area is occupied by alluvium-
colluvium deposits on its northern part and lavas, marls/chalks (Lefkara formation-
Mamonia Complex) and marl, clay, sandstone and limestone melange (Kannaviou
formation) in the central and southern part. The marls act as reservoirs releasing water

into the clay and sandstones (Alexakis et al., 2014).
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Figure 18: Geological map of the study area — Statos — Agios Photios

According to historical data from the Cyprus Geological Survey Department, the area was
affected by a destructive double earthquake measuring 6.5 that occurred in Paphos
District on the 10" of September 1953 (Mercier, Vergely and Delibassis, 1973;
Geological Survey Department, 2014).

All 158 villages of Paphos District suffered from damages mainly caused by landslides
and ground cracking, but the villages of Stroumpi, Axylou, Kithasi, Lapithiou and
Fasoula were destroyed. The shocks were strongly felt in Lebanon, Israel, Egypt, Greece

and Turkey (Paphos Life, no date).
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The catastrophic earthquake triggered landslide events that occurred later in 1965,
following heavy rainfall, in the broader area of Statos and Agios Photios villages. The
landslides caused severe damages to residences and the broader road network. Due to the
hazardous state of the area, both villages were relocated some kilometres eastern of the
original location and their residents decided to unite into the present Statos — Agios
Photios village (Community Council of Statos-Agios Photios, no date).

On the 9" of October 1996, a 6.8 earthquake occurred southwest of Cyprus and affected
Pentalia village, which is located within the study area, causing creep movements. The
area is covered by sandstones, clay and marls melange, formations prone to landslides
(Kalogeras, Stavrakakis and Solomi, 1999). The village was abandoned and re-

established southern, in the present location of New Pentalia village.

Figure 19: The evacuated village of Statos (left). Rockslide in chalk across a roadcut (right)

Moreover, until recently, numerous landslide events have been recorded within the study
area and especially across the road-cuts, causing damages to critical infrastructure, such
as roads and road networks, leading to mobility issues for citizens and tourists.

Due to the long history of Statos — Agios Photios area in landslides and other land
displacement events, this area was used for the development of the land displacement
susceptibility map described in section 3.3.1 Development of land displacement
susceptibility maps.
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3.1.2 Nea Paphos — Tombs of the Kings

The second area of study is the wider region of the city of Paphos, located in the western
part of Cyprus (Figure 20). In this region, important archaeological sites and monuments
attract thousands of tourists every year. The sites are scattered around the wider area of
the city, while the main attractions are “Nea Paphos” and the “Tombs of the Kings” sites,
which were inscribed on the World Heritage List of UNESCO in 1980. These sites, placed
in the most western part of Paphos, preserve a unique heritage identity of the island,

revealing the rich cultural heritage of the area (Department of Antiquities, no date c).

Tombs of the Kings

Nea Paphos
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Figure 20: The case study of Nea Paphos — Tombs of the Kings

“Nea Paphos” is considered one of the most important sites of the island. It was founded
at the end of the 4™ century and in the beginning of the 3 century B.C., when Cyprus
became part of the Ptolemaic kingdom. Nea Paphos became the centre of Ptolemaic
administration on the island. Until the end of the 2" century B.C., Nea Paphos was the
capital of the whole island and remained as such until the 4" century A.D (Department of
Antiquities, no date a). The remains that can be visited today are mainly dated to the

Hellenistic and Roman periods. Nea Paphos was a harbour town and a planned city. The
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city seems to have already been fortified by Nicocles, and the city walls formed a
considerable work of defence. Most of their superstructure has disappeared or quarried,
but the course of the city wall can be traced over most of its length by the rock-cut

foundations (Department of Antiquities, no date a).

Systematic excavations at Nea Paphos started in 1962 by the Department of Antiquities,
and many of the ancient town’s administrative buildings as well as private houses and
ecclesiastical buildings came to light. Important monuments of the site are considered the
Roman villas with impressive floor mosaics, such as the “House of Dionysos”, the “House
of Aion”, and the “House of Orpheus”. Moreover, the civic centre of Nea Paphos was
situated in the north-western part of the city and included the important public buildings

of the town, such as the Agora, the theatre, and the Asklepieion, parts of which can be

visited today (Department of Antiquities, no date a).

Figure 21: The archaeological site of Nea Paphos (left) and the “Tombs of the Kings” (right)

(source: Department of Antiquities)

The “Tombs of the Kings” archaeological site is an impressive necropolis that is located
to the north along the coast from the harbour of Kato Paphos. It is part of the
Archaeological Park of Kato Paphos and is in the UNESCO World Heritage Sites list
since 1980. It was built during the Hellenistic period (3" century B.C.) to satisfy the needs
of the newly founded Nea Paphos (Department of Antiquities, no date b).

They are thought to have been the burial sites of aristocrats and high officials and its name
relates to the impressive character of its burial monuments. In 1977, systematic
excavations were carried out by the Department of Antiquities, which revealed eight large
tomb complexes. Most of the underground tombs are carved out of solid rock and date

back to the Hellenistic and Roman periods. They are similar to tombs found in
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Alexandria, demonstrating the close relations between the two cities during the
Hellenistic period (Department of Antiquities, no date b).

The ancient sites lay about 12km northwest of the ancient capital of the island called
Palaepaphos (Figure 22). The average terrain elevation of the case study is approximately
13m above sea level. The landscape in Paphos varies from the coastal plain, the hilly area
extending from the coastal plain up to the igneous rocks of Paphos forest and finally to

the mountainous region of Troodos Mountain to the north.

Figure 22: Nea Paphos and Tombs of the Kings archaeological structure

The geology of Paphos city and the location of the two cultural heritage sites that
constitute the study area are presented in Figure 23. The case study of “Nea Paphos —
Tombs of the Kings” lies in the Mamonia Terrane. The Mamonia Terrane, as described
in detail in Chapter 1 Introduction of this report, constitutes a diverse and structurally
complex assemblage of igneous, sedimentary and metamorphic rocks, ranging in age
from Middle Triassic to Upper Cretaceous (230-75 Ma) (Research & Development
Center-Intercollege, 2004b; Geological Survey Department, 2016).

They occur only on the southern part of Cyprus with extensive outcrops in the Paphos
region. The stratigraphic classification of the Mamonia Terrane poses problems; however,
three main groups can be identified (Geological Survey Department, 2016):
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e Volcanic (lavas) and sedimentary rocks (recrystallised limestones) of the Diarizos
Group.

e Pelagic sedimentary rocks (limestones, mudstones and quarzitic sandstones) of
the Agios Fotios Group.

e Metamorphic rocks (schists and marbles) of the Agia Varvara formation. These
rocks were derived from the metamorphism of the Diarizos Group.
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Figure 23: Geological map of the study area — Nea Paphos — Tombs of the Kings

Both archaeological sites, as seen in Figure 23, lie on aeolian deposits, consisting of loess,
which are made up of windblown grains of sand or dust. There are also marine terrace
deposits adjacent to the sea, whereas in the case of Nea Paphos site, there are man-made
deposits to the west near the ancient walls. The high degree of soil erosion in combination
with the clays and steep topography are considered some of the factors for ground
instability in the Paphos District. This tendency is intensified by the powerful seismic
activity in the region. Issues with ground stability and consequently structural stability of
the ancient residues can be considered as a result of land movement mainly caused by the
seismic activity of the area. Some examples of degradation are shown in Figure 24.
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Figure 24: Examples of degradation of the structures present in the area of Nea Paphos, mainly
caused by the seismic activities and erosion (source: Dr K. Themistocleous, CUT team).

It is possible that these monuments were built over unstable underlying ground
conditions, thus increasing the risk for severe damages or even their collapse. Cyprus is
located within a seismically active zone, a fact that further enhances the importance of
monitoring cultural heritage sites. Paphos is situated in the most tectonic region of
Cyprus, and several earthquakes have been reported in the past. One of the most
devastating earthquakes in the area was the 6.5 Richter earthquake in 1953, which had a
result of 40 people killed, 100 people injured, and 4000 people becoming homeless.

5.6|Richter
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Figure 25: Map of Paphos and the epicentre of the 15 April 2015 earthquake

On 15 April 2015, at 8:25 AM UTC, Cyprus was hit by a new earthquake, as shown in

Figure 25. The earthquake had a magnitude 5.6 on the Richter scale with an epicentre
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3km offshore, west of Kissonerga, and 8km northwest of Paphos (Geological Survey
Department, no date b). The earthquake was strongly felt throughout Cyprus. Many minor
earthquakes occurred in the vicinity during the day raising concern to citizens and local
authorities. In total, the post-seismic sequence consisted of around 60 smaller scale

earthquakes in the same epicentral area.

3.1.3 Pissouri — Petra tou Romiou

Two areas, at the south-west part of the island, near Pissouri and the tourist site of “Petra
tou Romiou” are studied. They are located in Limassol and Paphos District respectively,
between the villages of Pissouri and Kouklia and lies in an area between the A6 motorway
and the coastal road (old Limassol-Paphos road) connecting the cities of Limassol and
Paphos, with thousands of people commuting every day using the specific part of the road
network. The extents of the two case study areas and the specific parts of the roads that
were closed due to individual landslide events are shown in Figure 26 and Figure 27.

0 0.04 0.08 ; ; 032
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Figure 26: The case study area by the A6 motorway near Pissouri
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Figure 27: The case study area next to the old Limassol-Paphos road near Petra tou Romiou

The geology of the area consists of rocks with various mechanical properties, relating to
resistance to erosion and weathering, such as bentonite, lava, limestone, quartz sandstone,
argillaceous shale and hornstone, serpentinite, pyroxenite, gabbro, chalks and marls
(Cyprus Tourism Organisation, no date). The most resistant rocks lie over the very soft

and fragmented masses. The overall geology of the case study area is shown in Figure 28.

The wider area of Petra tou Romiou, near the village of Kouklia, lies on a complex
geology with the formations of the Mamonia Complex, the Troodos Ophiolite Complex,
the Kannaviou Formation, the Lefkara Formation, the Pachna Formation, as well as the
Plio-Pleistocene deep-sea and alluvial depositions. The limestone of Petra tou Romiou is
exposed in detached blocks of various sizes, as the Fasoulla lavas of the Fasoulla

formation (Cyprus Tourism Organisation, no date; Geological Survey Department, 2016).

Pissouri, located at the south-east part of the case study area, is covered by sediments of
Pliocene-Pleistocene age, most notably calcarenites, carbonate marls and sandstones of
the Nicosia formation, as in the case of the case study area near A6 motorway (Alexandris,

Griva and Abarioti, 2016). Underneath lies the Pissouri marl, which is characterised by
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sandy interlayers. The marlstone is susceptible to fast weathering and in most sites the
fresh marl is covered by a layer of weathered marl (Stow, Braakenburg and Xenophontos,
1995). The case study area located near “Petra tou Romiou” and the surrounding area
between the villages of Kouklia and Pissouri lies mainly on the Pachna Formation, i.e.

which consists of yellowish marls and chalks (Geological Survey Department, 2016).
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Figure 28: Geological map of the study area — Pissouri — Petra tou Romiou. Case study (a) by the
A6 motorway near Pissouri and (b) next to the old Limassol-Paphos road near Petra tou Romiou

In this area, the soils are particularly problematic and prone to landslides, rockslides and
other geotechnical failures. Numerous landslide and rockslide events have occurred
following mainly extreme rainfall during the last decade having a significant impact to
citizens as they led to road closures due to the proximity of the “problematic” soils to the
road network (new and old motorway) connecting the cities of Limassol and Paphos.

More specifically, in January 2014, landslides and rockslides occurred in the areas
adjacent to “Petra tou Romiou” leading to the closure of approximately 1.5km stretch of
road in the direction from Paphos to Limassol for numerous days, diverting the traffic to
other parts of the adjacent road network. Works for soil removal, slope normalisation and
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lining of stairs were carried out. During the winter of 2014-2015, landslides and
rockslides took place in the same area, where the landslide of January 2014 occurred, and
also in adjacent areas. Several parts of the old Limassol-Paphos road as well as of the new
motorway connecting the two cities, remained closed because of mud and rocks on the
road caused by a landslide. Traffic was diverted to alternative routes, causing significant

disruption to everyday commute.

In the present thesis, two individual landslide events were studied. The first one took
place on 15 February 2019, following substantial rainfall, next to the Paphos — Limassol
motorway A6, in the direction from Paphos to Limassol between exits of Avdimou and
Pissouri (Figure 29). Extensive earthworks were carried out to remove the disturbed soil

and the Paphos-Limassol motorway was given back to traffic on the 23" of March 2019.

Figure 29: Landslide on the Paphos-Limassol motorway near Pissouri (source: Geological

Survey Department)

Moreover, a landslide that took place on the 20" of February 2019, following heavy
rainfall, was studied (Figure 30). A 3km long part of the old road from Paphos to Limassol
was closed, approximately 200m away from “Petra to Romiou”. Structural issues were
found in that part of the road, which remains closed until today for security reasons. The
Department of Public Works’, of the Ministry of Transport, Communications and Works,
is in charge of the rehabilitation works, which are currently at the stage of planning and
design. The access from Paphos to Limassol, is still carried out only through the Paphos
— Limassol motorway A6. The extensive precipitation and residing soil erosion issues

were found to be the main reasons for this phenomenon.

" Department of Public Works:

http://www.mcw.gov.cy/mcw/pwd/pwd.nsf/index_gr/index_gr?opendocument
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Figure 30: Landslide near Paphos-Limassol old road next to Petra tou Romiou (source:
Geological Survey Department)

Based on the landslide inventory provided by the Geological Survey Department,

landslides were never recorded before in both areas, as shown in Figure 31.
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Figure 31: Landslides (a) next to the Paphos-Limassol motorway and (b) next to Paphos-
Limassol old road near Petra tou Romiou (source: Geological Survey Department?)

8 Digitised map based on data obtained from the Geological Survey Department
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3.2 Data and software

The data and software that were used in the present thesis for the application of the
proposed methodology are described in this section. Satellite data, optical and SAR, and
other information are presented in section 3.2.1, and the software used for the analysis

and processing of the datasets are presented in section 3.2.2.

3.2.1 Data

3.2.1.1 Optical data

The development of the landslide hazard map for the case study of Statos — Agios Photios
was performed in the framework of research published in 2014 and prior to the launch of
the two Sentinel-2 satellites. More specifically, Sentinel-2A was launched on the 23™ of
June 2015 and Sentinel-2B was launched on the 7*" of March 2017.

Therefore, for the needs of the study, one Landsat 5-TM satellite image was downloaded
from the USGS Earth Explorer®. A pansharpened multispectral QuickBird image (0.6m
resolution — VIS, NIR) was also downloaded for year 2010 to assist in the mapping of
various parameters that could not be observed via the medium-resolution Landsat images
and improve the accuracy of the developed maps. These images were analysed in order
to identify all the factors required to perform the Analytic Hierarchy Process (AHP)
methodology for the development of the landslide hazard map for the case study of Statos

— Agios Photios, as presented in section 3.3.1.

The Landsat Thematic Mapper (TM) sensor was carried on Landsat 4 and Landsat 5, and
created images of six spectral bands with a spatial resolution of 30m for Bands 1-5 and
7, and one thermal band at 120m resolution (Table 2). The approximate scene size is

170km north-south and 183 km east-west (Earth Observing System, no date).

Due to their low spatial resolution, Landsat TM images could not be used to distinguish
individual houses or trees, but for monitoring urban sprawl or deforestation over large
areas (USGS, no date a).

® USGS Earth Explorer: https://earthexplorer.usgs.gov/
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Table 2: Landsat 5 TM bands and their spatial resolutions

Landsat 5 TM bands Wavelength (nm) Resolution (m)
Band 1 — Visible 450-520 30
Band 2 — Visible 520-600 30
Band 3 — Visible 630-690 30
Band 4 — Near-Infrared 760-900 30
Band 5 — Near-Infrared 1550-1750 30
Band 6 — Thermal 10400-12500 120
Band 7 — Mid-Infrared 2080-2350 30

Source: United States Geological Survey, Landsat 5

The Landsat 5 TM image (30m resolution — VIS, NIR) that was downloaded, and its
characteristics are presented in Table 3. The acquisition date was solely governed by the

availability of a cloud-free image on the specific date.

Table 3: Acquired Landsat 5 TM image characteristics

o produs | 0% TP 700
301 T1
Acquisition Date 27/08/2010
Spacecraft Id. LANDSAT 5
WRS Path / Row 176 /036
Scene Cloud Cover 2
Image Quality 9
Data Type Level-1 TM_L1TP
UTM Zone 36
Datum WGS84
Centre Latitude 34°37'28.20"N
Centre Longitude 33°05'15.72"E

During the application of the DINSAR and CCD methodologies, Sentinel-2 images were
used for the calculation of the NDVI, that was used for the removal of the effect of

vegetation from the displacement and coherence map products.

In fact, a Sentinel-2 image was downloaded from the Copernicus open access hub
(S2A_MSIL2A 20190203T083141 N0211 R021 T36SVD_20190203T111709), dated
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3 February 2019. This was the closest to the landslides cloud-free and atmospherically
corrected image (Level-2A).

The Copernicus Sentinel-2 mission comprises a constellation of two polar-orbiting
satellites, Sentinel-2A and Sentinel-2B, placed in the same sun-synchronous orbit, phased
at 180° to each other. It is mainly used for the systematic monitoring of land surface
changes, and its wide swath width (290km) and high revisit time (10 days at the equator
with one satellite, and 5 days with 2 satellites under cloud-free conditions which results
in 2-3 days at mid-latitudes) support monitoring of Earth's surface changes. The coverage

limits are from between latitudes 56° south and 84° north (ESA, no date c).

The 13 spectral bands of Sentinel-2 range from the Visible Near (VNIR) and Near Infra-
Red (NIR) to the Short Wave Infra-Red (SWIR) at different spatial resolutions ranging
from 10 to 60 meters on the ground, as shown in Table 4. The four bands at 10m resolution
ensure continuity with older missions, like SPOT-5 and Landsat-8 and support user
requirements for basic land-cover classification. The six bands at 20m resolution address
requirements for enhanced land-cover classification and for the retrieval of geophysical
parameters. Finally, three bands at 60m resolution are mainly dedicated to atmospheric

corrections and cirrus-cloud screening (ESA, no date c).

Table 4: Sentinel-2 bands and their spatial resolutions

Sentinel-2 bands Wavelength (nm) Resolution (m)
Band 1 — Coastal aerosol 443 60
Band 2 — Blue 490 10
Band 3 — Green 560 10
Band 4 — Red 665 10
Band 5 — Vegetation Red Edge 705 20
Band 6 — Vegetation Red Edge 740 20
Band 7 — Vegetation Red Edge 783 20
Band 8 — NIR 842 10
Band 8A — Vegetation Red Edge 865 20
Band 9 — Water vapour 940 60
Band 10 — SWIR — Cirrus 1375 60
Band 11 - SWIR 1610 20
Band 12 - SWIR 2190 20

Source: European Space Agency, Sentinel-2 mission

61



3.2.1.2 SAR data

Sentinel-1 SAR acquisitions were downloaded from the European Space Agency (ESA)
Copernicus Open Access Hub'® to study the impact of earthquakes and landslides to
infrastructure in the case studies of Nea Paphos — Tombs of the Kings and Pissouri — Petra
tou Romiou. Specific events were chosen, a seismic event and two landslide events, as

presented in sections 3.1.2 and 3.1.3 respectively.

ess Hub x o+ =0
C & scihub.copernicus.eu o

Bookmarks @ Riska ¢ DLR - Earth Observ ¥ 2 Nature of Remot. [8] Remote sensing for.. @ CHAPTER 4 - REMC @ The destructive ¢ @ nNpoooxi! Exre @ Exieoz o autokvn,
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The Copernicus Open Access Hub (previously known as Sentinels Scientific Data Hub) provides complete, free and open access to
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Sentinel-1, Sentinel-2, Sentinel-3 and Sentinel-5P user products, starting from the In-Orbit Commissioning Review (IOCR) ﬁ
Sentinel Data are also available via the Copernicus Data and Information Access Services (DIAS) through several platforms . ’ '

prod. published in the last 24h
Please visit our User Guide for getting started with the Data Hub Interface. Discover how to use the APIs and 5
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Figure 32: The Copernicus Open Access Hub

The Sentinel-1 mission consists of a constellation of two polar-orbiting satellites,
Sentinel-1A and Sentinel-1B, sharing the same orbital plane. It performs C-band (central
frequency of 5.404 GHz or ~5.547cm) Synthetic Aperture Radar (SAR) imaging,
operating at wavelengths unobstructed by cloud cover or a lack of illumination, acquiring

imagery during day and night and under all weather conditions (ESA, no date b).

The Sentinel-1 satellites provide free of charge imagery in four exclusive acquisition
modes, Stripmap (SM), Interferometric Wide (IW) swath, Extra-Wide (EW) swath and
Wave (WV), with different resolution (down to 5m) and coverage characteristics (up to
400km). Each mode can potentially produce products at SAR Level-0, Level-1 SLC,
Level-1 GRD, and Level-2 OCN, that can be used in different thematic areas and

10 Copernicus Open Access Hub: https://scihub.copernicus.eu/
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applications. Data products are available in single polarisation (VV or HH) for WV mode
and dual polarisation (VV+VH or HH+HV) or single polarisation (HH or VV) for SM,
IW and EW modes (ESA, no date b). Each Sentinel-1 satellite offers a 12-day revisit cycle
in IW swath mode in a single pass, whereas the constellation of the two Sentinels have a

6-day revisit cycle at the equator (ESA, no date b).

Flight Direction

SENTINEL 1

Sub-Satellite Track

Orbit Height
~700 km

Mode
Wave Mode

Interferometric Wide Swath
Mode

Figure 33: Sentinel-1 acquisition modes (ESA, no date b)

The very short revisit times of the Sentinel-1 satellites, the fast product delivery ranging
from 1 to 24 hours, and the availability of precise measurements of spacecraft position
and attitude for each observation, offer reliable and systematic monitoring over large
areas. As suggested by ESA, the primary conflict-free mode for observations over land is
the Interferometric Wide (IW) swath mode, with VV+VH polarisation. The resolution of

IW swath images for Level-1 SLC products varies from 2.7 x 22m to 3.5 x 22m.

For the case study of Nea Paphos — Tombs of the Kings, two pairs of IW swath mode

SLC products with VV+VH polarisation were downloaded before and after the
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earthquake event. For the case study of Pissouri — Petra tou Romiou, due to the nature
and complexity of the natural hazard phenomenon under investigation, 32 Sentinel-1 (16
S1A and 16 S1B) images were downloaded for the period starting from 11 January 2019
until 12 April 2019, to carry out a comprehensive study on the evolution of the landslide.
A pre-selection of the downloaded images was carried out prior to interferometric
processing. The acquisition of the SAR images was performed through the Copernicus

Open Access Hub by specifying the area of interest for each case, as shown in Figure 34.

Figure 34: Selection of area of interest — Copernicus Open Access Hub

A detailed list of the characteristics of the acquired images for the two case study site is
presented in Table 5 and Table 6.

Table 5: Sentinel-1 SAR image characteristics — Nea Paphos-Tombs of the Kings

Pass Polarisation Mode/ Relative
direction type orbit

Sentinel-1A  14/04/2015  15:49:38  Ascending VV VH IW/SLC 160

Platform Date Time

Sentinel-1A  15/04/2015 03:51:19 Descending VV VH IW/SLC 167
Sentinel-1A  26/04/2015  15:49:39  Ascending VV VH IW/SLC 160
Sentinel-1A  27/04/2015 03:51:20 Descending VV VH IW/SLC 167
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Table 6: Sentinel-1 SAR image characteristics — Pissouri-Petra tou Romiou

Platform Date Time dirPeecl:St?on Polarisation I\QSSS / Rglrabtii;/e
Sentinel-1A  11/01/2019  15:49:53  Ascending VV VH IW/SLC 160
Sentinel-1A  12/01/2019  03:51:43 Descending VV VH IW/SLC 167
Sentinel-1B  17/01/2019  15:49:27  Ascending VV VH IW/SLC 160
Sentinel-1B 18/01/2019  03:51:07 Descending VV VH IW/SLC 167
Sentinel-1A  23/01/2019  15:49:53  Ascending VV VH IW/SLC 160
Sentinel-1A  24/01/2019  03:51:43 Descending VV VH IW/SLC 167
Sentinel-1B 29/01/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 30/01/2019  03:51:07 Descending VV VH IW/SLC 167
Sentinel-1A  04/02/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  05/02/2019  03:51:42 Descending VV VH IW/SLC 167
Sentinel-1B 10/02/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 11/02/2019  03:51:06  Descending VV VH IW/SLC 167
Sentinel-1A  16/02/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  17/02/2019 03:51:42 Descending VV VH IW/SLC 167
Sentinel-1B  22/02/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 23/02/2019 03:51:06 Descending VV VH IW/SLC 167
Sentinel-1A  28/02/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  01/03/2019 03:51:42 Descending VV VH IW/SLC 167
Sentinel-1B 06/03/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 07/03/2019 03:51:06 Descending VV VH IW/SLC 167
Sentinel-1A  12/03/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  13/03/2019 03:51:42 Descending VV VH IW/SLC 167
Sentinel-1B 18/03/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 19/03/2019  03:51:06  Descending VV VH IW/SLC 167
Sentinel-1A  24/03/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  25/03/2019 03:51:42 Descending VV VH IW/SLC 167
Sentinel-1B 30/03/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 31/03/2019 03:51:06 Descending VV VH IW/SLC 167
Sentinel-1A  05/04/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  06/04/2019  03:51:43  Descending VV VH IW/SLC 167
Sentinel-1B 11/04/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B  12/04/2019  03:51:07 Descending VV VH IW/SLC 167
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3.2.1.3 Other data

A Digital Elevation Model (DEM) was used to generate geomorphologic parameters,
such as aspect, slope and drainage network, factors that were used in the application of
the AHP methodology for the development of land displacement susceptibility maps. The
DEM of 25m pixel size was provided by the Department of Lands and Surveys of Cyprus
and created with the use of orthorectified stereo pairs of aerial photos covering the study

area (scale 1:5,000).

At the step of pre-processing of the optical images, geometric corrections were carried
out using several Ground Control Points (GCPs). Topographical maps (scale 1:5000 and
1:2000) were used to locate the position of GCPs in conjunction with the island’s

shoreline.

Geological maps of the areas under study were used to locate the areas’ main tectonic
faults and for the digitisation of the zones of geological formations in GIS environment.
This information was used to identify areas susceptible to land movements.

Moreover, annual precipitation data were collected from the Cyprus Meteorological

Service stations to incorporate them in the AHP methodology.

For DINSAR processing, SRTM 3sec and SRTM 1sec HGT Digital Elevation Models
were automatically downloaded through SNAP software, and were used at the steps of
coregistration, development of interferogram, the removal of topographic phase and the

geometric correction of the displacement and coherence maps.

Sentinel-1 precise orbits, that were downloaded automatically through SNAP software,
were used during the application of DINSAR and CCD methodologies, at the step of

coregistration.

Finally, coordinates of the CYPOS network permanent GNSS stations were used on the
SAR images acquisition dates to perform the calibration and validation of the land

displacement results obtained at the end of the DINSAR processing chain.
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3.2.2 Software

3.2.2.1 SNAP

The processing of Sentinel-1 SAR acquisitions was carried out using the open-source
software Sentinel Applications Platform (SNAP) (version 5.0, as of 5™ of December 2016
and version 7.0 of 22" of July 2019) (ESA, no date f). The open source policy and the
great number of capabilities make it an ideal candidate software for SAR as well as optical
imagery processing. Within SNAP, the Sentinel-1 Toolbox (S1TBX) was used for the
application of the proposed DINSAR and CCD processing chains, presented in section
3.3.2.
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Figure 35: The interface of SNAP software

S1TBX consists of a collection of processing tools, data product readers and writers and
a display and analysis application to support the large archive of data from ESA SAR
missions including SENTINEL-1, ERS-1 & 2 and ENVISAT, as well as third party SAR
data from ALOS PALSAR, TerraSAR-X, COSMO-SkyMed and RADARSAT-2 (ESA,
no date d). The Toolbox includes tools for calibration, speckle filtering, coregistration,
orthorectification, mosaicking, data conversion, polarimetry and interferometry. SITBX
is developed for ESA by Array Systems Computing in partnership with DLR, Brockmann
Consult and OceanDatalab (ESA, no date d).
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Moreover, the NDVI processor module of SNAP was used for the processing of Sentinel-
2 imagery that was then used as a mask to remove the effect of vegetation from the
coherence maps and displacement maps that were developed from the application of the
DINSAR and CCD methodologies.

3.2.2.2 SNAPHU

SNAPHU v1.4.2 software (Stanford Radar Interferometry Research Group, 1995), a
statistical-cost network-flow algorithm for phase unwrapping developed at Stanford

University, was used for the phase unwrapping process of the DINSAR methodology.
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Figure 36: The interface of SNAPHU software

SNAPHU is an implementation of the Statistical-cost, Network-flow Algorithm for Phase
Unwrapping (Chen and Zebker, 2001a, 2001b, 2002). This algorithm solves phase
unwrapping as a maximum a posteriori probability estimation problem, aiming to
compute the most likely unwrapped solution based on the observable input data. Because

the statistics relating the input data to the solution depend on the measured quantity,
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SNAPHU uses three built-in statistical models, for topography data, deformation data,
and smooth generic data. The optimisation problem is solved approximately using
network-flow techniques (Stanford Radar Interferometry Research Group, 1995).
SNAPHU always produces complete unwrapped solutions, and its accuracy is
comparable to or better than that of other available algorithms. The execution time of
SNAPHU depends on the interferogram complexity. In single-tile mode the memory
required is on the order of 100 MB per 1,000,000 pixels in the input interferogram. The
software is written in C and can be operated on most Unix/Linux platforms (Stanford

Radar Interferometry Research Group, 1995).

In 2019, a SNAPHU plugin was introduced within the SNAP environment (Braun and
Veci, 2020). Therefore, the phase unwrapping step of the Interferometric processing of
the time series of SAR images, for the case study area of Pissouri — Petra tou Romiou,

was carried out within the environment of SNAP software.

3.2.2.3 Other software

ArcGIS Desktop 10.6.1 from Esri was used for the application of AHP methodology and
for the visualisation of the processing results from DINSAR and CCD methodologies.
ArcGIS was also used for the extraction of displacement and coherence values from the
displacement and coherence maps produced. Additionally, the Raster Calculator tool was
used for the development of the NDVI mask, and for the calculation of coherence

difference and normalised coherence difference values.

Microsoft EXCEL software was used for the mathematical calculations, simple and more
complex ones, in the present study. More specifically, it was used in the calculation of
weight factors in the AHP methodology and for the analysis of the findings from the
application of DINSAR and CCD methodologies as described in section 4 of this thesis.

Last but not least, the ROC Analysis web-based calculator for ROC curves was used for
the ROC analysis of the coherence difference and normalised coherence difference

indicators during the CCD methodology (Eng, no date).
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3.3 Methods

An integration of auxiliary and satellite data was conducted in the case study of Statos —
Agios Photios. More specifically, topographic maps, Digital Elevation Models (DEM),
meteorological data (precipitation), as well as Landsat TM data were used, for the

development of landslide susceptibility maps via remote sensing and GIS techniques.

Furthermore, SAR images from the recently launched ESA’s satellite Sentinel-1 were
used together with appropriate DEMs to produce coherence and land displacement maps
through the application of Differential Interferometric SAR (DINSAR) and Coherent
Change Detection (CCD) processing.

Finally, in section 3.3.3, a calibration and validation methodology for the results of the

DINSAR methodology is presented.

3.3.1 Development of land displacement susceptibility maps

The methodology for the development of land displacement susceptibility map is based
on a Qualitative knowledge-driven approach, the Analytical Hierarchy Process (AHP),
which is shown diagrammatically in Figure 37. The general methodology was included
in a publication, | co-authored, titled “Integrated use of GIS and remote sensing for
monitoring landslides in transportation pavements: the case study of Paphos area in
Cyprus”(Alexakis et al., 2014).

In general, it is applied in GIS environment by combining a number of factors (layers)
that are considered to be important for the generation of landslide events. As analysed
below, specific weights are assigned to these factors by experts, resulting, after
processing, in a final landslide susceptibility map for the area of interest. The various

steps of the proposed methodology are the following:

Mapping of known landslide events
Definition of the case study area
Acquisition of medium and high-resolution satellite imagery

Pre-processing (geometric corrections) of satellite imagery

ok w0 DD

Application of radiometric corrections to satellite imagery
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6. Application of atmospheric correction to satellite imagery

7. Post-processing

8. Development of land use/land cover, faults and road network layers

9. Extraction of topographical characteristics / GIS data (slope, aspect, etc.)
10. Identification of parameters related to landslide probability

11. Implementation of parameters in GIS and their reclassification with weights
12. Application of AHP method — landslide susceptibility map

13. Evaluation of results

In-situ field visits were carried out in Paphos District to map known landslide events and
record the landslide occurrence in the area. Following this step and based on its findings,
the case study area was clearly defined. Appropriate medium and high spatial resolution
optical images, such as Landsat TM and QuickBird were acquired in order to monitor
land use changes, faults and the road network in the area of interest. At the step of pre-
processing, geometric corrections were carried out using several Ground Control Points

(GCPs) and a second-order polynomial fit.

, \
INPUT DATA : Satellite images GIS data '
| (Landsat, Sentinel-2) (DEM) I

S o ar=arar-ar-or-or-or-or-er- CEp— . — — — — "

AHP methodology

Susceptibility Map

Land Displacement

Figure 37: Flow chart of the proposed AHP methodology

For this purpose, detailed topographical maps (scale 1:5000 and 1:2000) were used to
locate the position of GCPs in conjunction with the island’s shoreline. Moreover,

radiometric corrections were applied to the acquired images. These are crucial for optical
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imagery, as variations in illumination, i.e. earth to sun distance correction, and viewing

geometry, i.e. sun elevation correction should be minimised in multitemporal analysis.

Atmospheric correction, which is considered to be one of the most difficult tasks in the
pre-processing of image data, was then applied. This is due to the fact that the
distributions and intensities of these effects are often inadequately known. From
literature, it is generally accepted that Darkest Pixel (DP) atmospheric correction
technique can be applied through the use of dark targets that are included in the satellite
images (Hadjimitsis, Clayton and Hope, 2004; Hadjimitsis, 2010; Agapiou et al., 2011).
In the present case study, the Asprokremmos Dam, a deep inland water body, was used
as a dark object. An assumption is made in principle in such cases, that the signal reaching
a satellite sensor, originating from a dark object, and its dark pixels, is contributed to by
the atmosphere at visible wavelengths. Moreover, near infrared and middle infrared
images are assumed to be free of atmospheric scattering effects (Lu et al., 2002).
Therefore, the surface reflectance of the dark target, is approximated to have zero surface
reflectance. The atmospheric path radiance adds to the surface radiance of the dark target,

giving the target radiance at the sensor.

Following the pre-processing steps, several digital layers were developed during the
image post-processing analysis, such as the Land Use/ Land Cover (LULC), the position
of faults and road network in the area of study. These layers were used for the creation of
the landslide hazard map. Moreover, topographic characteristics, such as slope, surface

hydrological information and aspect were obtained from the area’s DEM.

The following nine parameters were considered for the calculation of landslide

probability, and they were implemented in GIS environment in the form of layers:

Slope

Land use

Aspect

Faults

Drainage Network
Road network
Relief

Lithology

© ®© N o 0o bk w0 DR

Precipitation
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A team of experts in the field were contacted, such as geologists, geotechnical and civil
engineers, from the Department of Public Works'! of the Ministry of Transport,
Communications and Works; and the Technical Chamber of Cyprus (ETEK)2. They have
extensive field knowledge of the land displacement mechanisms and the importance of
the aforementioned factors in the initiation of ground movements. Therefore, they assisted
in the re-classification of these parameters with certain weights, according to their

contribution to landslides.

As a next step, the Analytical Hierarchy Process (AHP) methodology was applied to
compare the different parameters and their importance in relation to landslide risk, leading
to the assignment a final weight factor. The AHP methodology (Saaty, 1980), as described
in section 2 Literature review and more specifically in section 2.3, has been used widely
in remote sensing applications and is considered a powerful tool that can be used to
analyse multiple and conflicting criteria and objectives, and make decisions resulting in
a ranking of preferences derived from a set of alternatives (Yalcin et al., 2011).

In more detail, during the application of the AHP, a set of evaluation criteria is set that
will be used in the decision-making process. Then, a weight of importance is assigned to
each evaluation criterion according to the decision maker’s pairwise comparisons of the
criteria. As a next step, for each criterion, a score from 1 to 9 is assigned to each factor,
based on the effectiveness of the factors in relation to the criterion under study. Finally,
the criteria weights and parameters scores are combined to derive a final score of
significance and subsequently an overall ranking for each parameter with respect to all
the set criteria (Saaty, 1987, 2008).

The resulting landslide susceptibility map was then validated against the inventory of
known landslides in the study area (Figure 11) and the earthquake and other geological
hazards risk map developed by the Geological Survey Department (Figure 14). In this
section, the nine parameters that are associated with landslide susceptibility are presented
and analysed below along with their calculations via remote sensing and GIS techniques.

11 Department of Public Works:
http://www.mcw.gov.cy/mcw/pwd/pwd.nsf/index_gr/index_gr?opendocument

12 Technical Chamber of Cyprus: https://www.etek.org.cy/site-menu-82-en.php
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3.3.1.1 Slope

Slope and slope stability play a crucial role in landslide vulnerability. In general, shear
stress in soil increases when there is also an increase in slope angle. Subsequently,
landslides occur at a low frequency at gentle slopes, due to the lower shear stresses
associated with small slopes (Duncan, 1996).

The slope map of the study area was developed from a DEM that was provided by the
Department of Lands and Surveys. Its values extent from 0° to 51° with the steep slopes
distributed primarily in the northern part of the case study area. The slope values derived
from the DEM were classified in GIS environment in seven categories (0°-5°, 5°-10°,
10°-20°, 20°-30°, 30°-40°, 40°-50°, >50°) as presented in Figure 38. Based on experts’

opinion, a rating was assigned to each slope category as shown in Table 7.

o 460000 465000 470000 475000
S N 8
ﬁ ] Value -ﬁ
] w@n e 8
ol 1
s
g |2
3" s B
2 —tHRE:
— 1
o (=]
S 8
2 -3
B 8
o o
g
1 §
3 2
8
g 8
8 8

Figure 38: Slope classes — Statos-Agios Photios

Table 7: Slope classification and rating

Slope 0°-5° 5°-10° 10°-20° 20°-30° 30°-40° 40°-50° >50°

Rating 1 4 6 7 8 9 10
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3.3.1.2 Land use

In general, vegetation through their roots provide stabilising mechanical properties to
slopes. Landslides occur mainly in non-vegetated areas where there is no or minimum
root strength (Montgomery et al., 2000). A Land Use map, using a QuickBird high
resolution image to improve its accuracy, was developed for year 2010 as presented in
Figure 39. Urban, water, vegetation and bare soil were the four land use types used in the
AHP methodology. Based on experts’ opinion, a rating was assigned to each land use

type as shown in Table 8.
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Figure 39: Land use map — Statos-Agios Photios

Table 8: Land use classification and rating

Landuse  Water Vegetation  Urban  Bare soil

Rating 0 2 5 9

75



3.3.1.3 Aspect

From literature, landslide susceptibility is affected greatly by aspect (Lee, 2005; Galli et
al., 2008). For the case study, the aspect map was derived from the initial DEM of the
study area following a classification, that was carried out in GIS environment, in nine
categories (flat, north, northeast, east, southeast, south, southwest, west, northwest).
These 9 categories were then grouped into 4 new categories that are mainly affected by
the area’s precipitation phenomena. Based on the meteorological data that were analysed
for the area of study, the southeast-south and northeast-east facing hill slopes are mainly
affected by rainfall. Therefore, higher values were assigned in these two categories, while
lower values were assigned in the rest (Figure 40).
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Figure 40: Aspect classes — Statos-Agios Photios

3.3.1.4 Faults

The proximity of an area to faults increases the probability of landslide generation (Lee,
2005). Geological maps and a Landsat 5 TM image were used to detect the area’s main
tectonic discontinuities, and the results were inserted as a layer in GIS environment. The

76



results were classified based on the area’s current geological map in two classes: definite
and undefined. Finally, a buffer zone of 500m was created around definite faults and a
buffer zone of 250m around undefined faults to depict the areas that potentially face

greater danger due to their proximity to faults (Figure 41).
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Figure 41: Faults and buffer zones — Statos-Agios Photios

3.3.1.5 Drainage network

The proximity of areas to drainage networks has proved to be critical in the susceptibility
of these areas to landslides. Water courses tend to erode the slopes by saturating their
lower parts (Saha, Gupta and Arora, 2002; Yalcin et al., 2011). In our case study, the
drainage network was extracted from the DEM. In some cases, certain areas with missing
information, due to resolution limitations, were filled in through the use of a QuickBird
image. The streams of the drainage network were then numbered according to Strahler’s
order (1% — 6" order) and they were grouped into three categories, i.e. 182", 34" and
56" (Figure 42). Then, buffer zones of 50m, 100m and 250-500m were created around

the three developed groups, respectively as shown in Figure 43.
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Figure 43: Streams and buffer zones — Statos-Agios Photios
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3.3.1.6 Road network

The expansion of the road network is considered to be a key factor for landslide hazard
zonation. The road network of the study area was extracted from two sources, the
topographic map of the area, from which the road network was digitised in GIS
environment, and the QuickBird high-resolution image to update the digitised road
network. Three buffer zones of 50m each, i.e. 50m, 100m and 150m, were created around
the main paved road network and a buffer zone of 50m was created around the loose
unpaved roads (Figure 44).
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Figure 44: Roads and buffer zones — Statos-Agios Photios

3.3.1.7 Relief

In the area of study, the elevation ranges approximately from 200m to 1,200m with the
vast majority of the steep slopes located in higher elevations. Therefore, the DEM was
reclassified and greater values were assigned to areas with higher elevation. The relief
map was classified into ten classes of 100m each as shown in Figure 45. More specifically,
the classes created were 180m, 280m, 380m, 480m...1180m.
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Figure 45: Relief map — Statos-Agios Photios

3.3.1.8 Lithology

As it was mentioned in section 3.1, the geological formations of marls, chalks, alluvium
and sandstones, limestone melanges at the Statos-Agios Photios area, make it extremely
susceptible to landslides. These rocks form the geological formations of Lefkara,
Kathikas, Kannaviou, Apalos and Athalassas together with the lava origin formations of
Mamonia complex.

After the digitisation and the classification of the geological formations in five categories
in GIS environment, values were assigned in each one of them, with greater values
assigned to marl formations (Figure 46).
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Figure 46: Lithology map — Statos-Agios Photios

3.3.1.9 Precipitation

Precipitation, as presented in section 1.1.3 of the present thesis, is considered as one of
the most triggering factors of landslides (Kouli et al., 2010). Therefore, annual
precipitation data were collected from the Cyprus Meteorological Service stations and

interpolated, to create a continuous layer of data.

In the area of study, the precipitation ranges from 750mm to 1,150mm in the mountainous
areas. Five classes of precipitation were created, starting from 750mm until the maximum
of 1,150mm with a 100mm step. Greater values were assigned to the areas with high
precipitation (Figure 47).
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Figure 47: Precipitation map — Statos-Agios Photios
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The parameters, the classes and the values that were assigned to the classes of all 9

parameters are presented in Table 9.

Table 9: Parameters, classes and rating values — Statos-Agios Photios

Parameter Classes

Buffer

Value

Slope >50°
40°-50°
30°-40°
20°-30°

10°-20
5°-10°
0°-5°

[ERN
o

Bare soil
Urban
Vegetation
Water

Land use

Aspect SE, S

oo N O Ok M OO N 0O ©
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NE, E
NW, N
SW, w

Faults

Definite
Undefined

500
250

Drainage network

5t-6t" order
5t-6t" order
314" order
15-2" order

No stream

250
250-500
100
50

o O OO N O oo O w o1 o

Road network

Paved

Paved

Paved
Unpaved

50
100
150

50

[y
© o

(6]

Relief

1,180
980
880
780
680
580
480
380
280
180

[EEY
o

P N W ks OO N O ©

Lithology

Marl
Alluvium
Melange
Limestone, sandstone
Lavas

[EEN
o

Precipitation

1,150
1,050
950
850
750
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3.3.2 Development of coherence and land displacement maps

An overview of the methodology steps that were carried out for the detection and
calculation of land movements in the areas of study is presented in Figure 48. This
methodology has been published with title “The Use of Sentinel-1 Synthetic Aperture
Radar (SAR) Images and Open-Source Software for Cultural Heritage: An Example from
Paphos Area in Cyprus for Mapping Landscape Changes after a 5.6 Magnitude
Earthquake” (Tzouvaras et al., 2019). For the purposes of the current study, Sentinel-1
images were used. However, this methodology can be applied for various SAR sensors,
such as COSMO-SkyMed, TerraSAR-X, RADARSAT, ALOS PALSAR, etc., which are

also supported by SNAP software as described in section 3.2.2.
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Figure 48: Outline of the coherence and displacement map processing chain

For interferometric analysis, high coherence between the two image acquisitions is very
important. Coherence is used as a quantitative indicator of the quality of the associated
interferogram and is an indication of any significant radar signal changes between
acquisitions. Surface cover changes, such as vegetation growth, often exhibit and
introduce sudden changes in coherence in SAR imagery. Thus, for higher accuracy of
results, it is suggested that the final displacement maps are masked according to high
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coherence for land cover such as urban areas. However, coherence changes (see section

2.3) can provide valuable information regarding sudden changes on the earth’s surface.

Therefore, it is recommended that the acquisition times for the pair of SAR images are
temporally close in order to minimise the loss of coherence. Small perpendicular baseline
interferograms are preferable, as these do not suffer from geometric decorrelation, show
good fringes, and are usually easy to unwrap (Ferretti et al., 2007). For DINSAR, the limit
of their perpendicular baselines was set to 200m (Le Mouélic et al., 2005). In general,
DINSAR favours short baselines (less than 200m) for C-band systems. Due to the high
revisit frequency and the excellent orbital accuracy of Sentinel-1, the perpendicular
baseline is usually not a limiting factor, facilitating the application of INSAR in many
countries (Kovacs et al., 2019). The perpendicular baseline aspect, though, can be used

to select the optimal pair of images (Hoser, 2018).

Two pairs of SAR acquisitions, one ascending and one descending, were downloaded
from the European Space Agency (ESA) Copernicus Open Access Hub®® to study the
earthquake’s effects in the case study of Nea Paphos — Tombs of the Kings (section 3.1.2).
From these two pairs, the optimal pair was selected, based on the image pair
characteristics and more importantly the image acquisition geometry, to be used in the
proposed DINSAR methodology. In the case study of Pissouri — Petra tou Romiou, a total
of 32 SAR images were downloaded to study the evolution and impact of the two

landslide events, that took place in February 2019, as described in detail in section 3.1.3.

After downloading the pairs of Sentinel-1 images, these were inserted into the SNAP
software v5.0 (see section 3.2.2). The open-source policy and the great number of
capabilities make it an ideal candidate software for SAR processing. SNAPHU v1.4.2
software (see section 3.2.2), a statistical-cost network-flow algorithm for phase
unwrapping developed at Stanford University, was used for the phase unwrapping step of

the methodology, as shown in Figure 48.

The coregistration step followed, and then the interferograms were developed. Images
were aligned and matched, in each case, using coarse followed by DEM-assisted fine

coregistration of subpixel accuracy. The derived original interferograms were used to

13 Copernicus Open Access Hub: https://scihub.copernicus.eu/

85


https://scihub.copernicus.eu/

remove the topographic phase using the DEM that was automatically acquired by the
SNAP software in order to produce the differential interferograms. After the completion
of this step, the differential interferograms and the coherence maps were produced.
Coherence maps were used for the rapid identification of areas that were affected by the

natural hazards, as it will be analysed further in section 4 Results.

The Goldstein phase filter was then applied to enhance the developed interferograms and
make the interferometric fringes visually clearer. Then, phase unwrapping was carried
out using the SNAPHU software for each case. After importing the results back in SNAP,
the phase values were converted to displacement values. In order to obtain accurate
results, geometric correction and coherence masking were applied to lead to the final

output, which was the displacement map.

The calibration and validation of DINSAR results was carried out based on the known
absolute three-dimensional positions of the permanent GNSS stations, of the Cyprus
Positioning System (CYPOS) network, on the SAR images acquisition dates. Moreover,
results from a study carried out on the linear and non-linear deformation effects in the
permanent GNSS network of Cyprus can also be used (Danezis, Chatzinikos and

Kotsakis, 2019). The proposed methodology is further explained in detail in section 3.3.3.

3.3.2.1 Data acquisition

In order to study the deformation caused by the earthquake and its effects to the wider
area of Paphos, four SAR images, i.e. two images before and two images after the
earthquake occurred were obtained to be used in the proposed DINSAR methodology.
Two ascending and two descending Sentinel-1 IW SLC SAR images were acquired,
forming two co-seismic pairs, one ascending pair between 14 April 2015, i.e. one day
before the earthquake, and 26 April 2015 and one descending pair with images on 15
April 2015 (day that the earthquake occurred) and 27 April 2015. Sentinel-1B satellite
was not launched until April 25, 2016, so all images acquired were from Sentinel-1A

satellite, with a temporal baseline of 12 days.

For the case study of Pissouri — Petra tou Romiou, initially ten SAR images were
downloaded, six Sentinel-1A images (3 ascending and 3 descending) and four Sentinel-

1B images (2 ascending and 2 descending). These images were used to form 6 co-event
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pairs to study the two landslide events that took place near Pissouri and Petra tou Romiou
on 15 February 2019 and 20 February 2019 respectively. After the application of DINSAR
methodology, it was necessary to download another 22 SAR images, i.e. 32 images in
total, to study the two landslide events further, forming a total of 28 interferometric SAR

pairs, with all images in the respective SAR pairs being acquired 12 days apart.

Sentinel-1 SAR images were downloaded freely from the Copernicus Open Access Hub
after registration. After completing registration and logging in with a username and
password, the area of interest was selected for both case studies by creating each time a

rectangle containing the area under study.
For the case study of Nea Paphos — Tombs of the Kings, the following criteria were used:

e Sensing period: 1/4/2015 — 30/4/2015
e Product type: SLC (Single Look Complex)
e Polarisation: VV+VH

e Sensor mode: IW (Interferometric Wide swath)

The four images that were downloaded for DINSAR processing are presented below in
Table 10. The image on 15 of April 2015 was downloaded, as it was acquired before the
time that the earthquake occurred (08:25 AM UTC).

Table 10: Sentinel-1 SAR images — Nea Paphos — Tombs of the Kings

Pass

Platform Date Time Name . ;
direction

S1A IW_SLC_1SDV_2015041
Sentinel-1A  14/04/2015  15:49:38  4T154911 20150414T154938_  Ascending
005482_006FEA_FAS5F

S1A_IW_SLC__1SDV_201504
Sentinel-1A  15/04/2015  03:51:19  15T035053_20150415T035119 Descending
005489 _007021_6792

S1A_IW_SLC_1SDV_2015042
Sentinel-LA  26/04/2015  15:49:39  6T154912_20150426T154939 Ascending
005657_007411_92E3

S1A_IW_SLC__1SDV_201504
Sentinel-LA  27/04/2015  03:51:20  27T035054_20150427T035120 Descending
_005664_007440_4A44

For the case study of Pissouri — Petra tou Romiou, the following criteria were filled in:
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e Sensing period: 10/1/2019 — 15/4/2019
e Product type: SLC (Single Look Complex)
e Polarisation: VV+VH

e Sensor mode: IW (Interferometric Wide swath)

The 32 images that were downloaded for processing are presented below in Table 11.

Table 11: Sentinel-1 SAR image characteristics — Pissouri — Petra tou Romiou

Platform

Date

Time

Name

Pass
direction

Sentinel-1A

Sentinel-1A

Sentinel-1B

Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

11/01/2019

12/01/2019

17/01/2019

18/01/2019

23/01/2019

24/01/2019

29/01/2019

30/01/2019

04/02/2019

05/02/2019

10/02/2019

15:49:53

03:51:43

15:49:27

03:51:07

15:49:53

03:51:43

15:49:26

03:51:07

15:49:52

03:51:42

15:49:26

S1A_IW_SLC__1SDV_2019011
1T154925_20190111T154953_02
5432_02D14A_9784

S1A_IW_SLC__1SDV_2019011
2T035116_20190112T035143_02
5439_02D183_B26B

S1B_IW_SLC__15DV_2019011
7T154900_20190117T154927_01
4536_01B131_A3CA

S1B_IW_SLC__15DV_2019011
8T035040_20190118T035107_01
4543 01B170_7D79
S1A_IW_SLC__1SDV_2019012
3T154925_20190123T154953_02
5607_02D7AD_62A1

S1A_IW_SLC__1SDV_2019012
4T035116_20190124T035143_02
5614_02D7E5_0D38
S1B_IW_SLC__1SDV_2019012
9T154859_20190129T154926_01
4711_01B6D1_AADD

S1B_IW_SLC__1SDV_2019013
0T035040_20190130T035107_01
4718_01B710_5334

S1A_IW_SLC__1SDV_2019020
4T154924_20190204T154952_02
5782_02DE08_3142
S1A_IW_SLC__1SDV_2019020
5T035115_20190205T035142_02
5789_02DE41_F5E2
S1B_IW_SLC__15DV_2019021
0T154859_20190210T154926_01
4886_01BC91_396F

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending
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Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

Sentinel-1B

Sentinel-1A

Sentinel-1A

Sentinel-1B

11/02/2019

16/02/2019

17/02/2019

22/02/2019

23/02/2019

28/02/2019

01/03/2019

06/03/2019

07/03/2019

12/03/2019

13/03/2019

18/03/2019

19/03/2019

24/03/2019

25/03/2019

30/03/2019

03:51:06

15:49:52

03:51:42

15:49:26

03:51:06

15:49:52

03:51:42

15:49:26

03:51:06

15:49:52

03:51:42

15:49:26

03:51:06

15:49:52

03:51:42

15:49:26

S1B_IW_SLC__15DV_2019021
1T035039_20190211T035106_01
4893_01BCCD_DS8DO0

S1A_IW_SLC__1SDV_2019021
61154924 _20190216T154952_02
5957_02E43B_F0A1l

S1A_IW_SLC__1SDV_2019021
7T035115_20190217T035142_02
5964_02E473_35E0
S1B_IW_SLC__1SDV_2019022
2T154859_20190222T154926_01
5061_01C24C_DEF08
S1B_IW_SLC__1SDV_2019022
3T035039_20190223T035106_01
5068_01C287_F087
S1A_IW_SLC__1SDV_2019022
8T154924_20190228T154952_02
6132_02EA77_D663

S1A_IW_SLC__1SDV_2019030
1T035115_20190301T035142_02
6139_02EAB6_082C

S1B_IW_SLC__1SDV_2019030
6T154859_20190306T154926_01
5236_01C814_1E64

S1B_IW_SLC__1SDV_2019030
7T035039_20190307T035106_01
5243_01C850_0684

S1A_IW_SLC__1SDV_2019031
2T154924 20190312T154952_02
6307_02F0D5_B33B
S1A_IW_SLC__1SDV_2019031
3T035115_20190313T035142_02
6314_02F112_228D

S1B_IW_SLC__15DV_2019031
8T154859_20190318T154926_01
5411_01CDBD_37E7

S1B_IW_SLC__15DV_2019031
9T035039_20190319T035106_01
5418_01CDFB_15DF
S1A_IW_SLC__1SDV_2019032
4T154924 20190324T154952_02
6482_02F74C_F05A
S1A_IW_SLC__1SDV_2019032
5T035115_20190325T035142_02
6489_02F78B_4ES80
S1B_IW_SLC__1SDV_2019033
0T154859_20190330T154926_01
5586_01D376_DF9A

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

Descending

Ascending

89



S1B_IW_SLC__1SDV_2019033
Sentinel-1B 31/03/2019  03:51:06  1T035039_20190331T035106_01 Descending
5593 _01D3B2_8DAE

S1A_IW_SLC__1SDV_20190
Sentinel-1A  05/04/2019  15:49:52  405T154924 20190405T1549  Ascending
52_026657_02FDC3_8FEOQ

S1A_IW_SLC__1SDV_20190
Sentinel-1A  06/04/2019 03:51:43 406T035116 20190406T0351 Descending
43026664 02FE02_B80D

S1B_IW_SLC__1SDV_20190
Sentinel-1B  11/04/2019  15:49:26  411T154859 20190411T1549  Ascending
26_015761_01D947_90DD

S1B_IW_SLC__1SDV_20190
Sentinel-1B  12/04/2019  03:51:07  412T035040_20190412T0351 Descending
07_015768_01D985_4FAQ

3.3.2.2 Data input

As it was mentioned earlier, the processing of radar images was carried out in SNAP
software. The downloaded images were imported one by one in .zip format, as they were
downloaded from the Copernicus Open Access Hub, by selecting the “Import Product”
command. The two products can then be seen in the “Product Explorer” section of the
screen. By selecting the options under the product names, information regarding the SAR
images can be found, such as metadata, bands, vector data, etc. Additionally, by selecting

the “Worldview” tab, the location of the two acquired images can be viewed.

In order to check the suitability of the pair of downloaded SAR images, the perpendicular
baseline, modelled coherence and height ambiguity of the image pair need to be

overviewed. This is achieved through “InSAR Stack Overview” command.

Moreover, the geometry of the image acquisition, based on the pass direction of the
satellite, i.e. ascending or descending, in relation to the orientation of the area under study,
needs to be carefully considered, as errors can be introduced in the processing steps due

to foreshortening and shadow effects.

3.3.2.3 Coregistration

The two (or more) images must be coregistered into a stack. One image was selected as
the master (the older acquisition) and the other as the slave (the most recent acquisition).
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During this process, the pixels in the slave image were aligned with the master image to
sub-pixel accuracy. Coregistration ensures that each ground target contributes to the same
(range, azimuth) pixel in both the master and the slave images (Veci, 2016; Braun and
Veci, 2020).

Terrain Observation with Progressive Scans (TOPS) Coregistration with Enhanced
Spectral Diversity (ESD) was applied to achieve fine azimuth coregistration accuracy
(Yague-Martinez et al., 2016). Coregistration with ESD consists of a graph that reads two
products, selects a single sub-swath with TOPSAR-Split, applies a precise orbit
correction with Apply-Orbit-File and performs a DEM assisted Back-Geocoding
coregistration, before applying Enhanced Spectral Diversity (Liosis et al., 2018).

ESD is a co-registration method that exploits the overlapping area between two
consecutive bursts to estimate the mis-registration with the required sensitivity (Yague-
Martinez et al., 2016). However, a prior fine co-registration step is a prerequisite for the
ESD, such as back-geocoding. After selecting S1 TOPS Coregistration with ESD, a new

window opens with several tabs guiding the user through the coregistration process.

The first acquisition, in chronological order, was set as the master image whereas the
second as the slave image. Additionally, the bursts that include the area under study were
selected to reduce the processing time. It is compulsory to select the same sub-swath,

given that they have the same orbit, but different bursts can be selected in the two images.

Sentinel Precise Orbits, downloaded automatically by SNAP, were used to complete the
task, which contain information about the position of the satellite during the acquisition
of SAR data. If precise orbits are not available, the option “Restituted orbits” from the
drop-down menu can be selected, which may not be as accurate as the Precise orbits but

will be better than the predicted orbits available within the product.

Additionally, the SRTM (Shuttle Radar Topography Mission) 1sec HGT DEM was used,
and the bilinear interpolation resampling method was chosen to achieve more accurate
results of the subpixel coregistration. SRTM 1sec HGT DEM is available between 60°
North and 54° South (Figure 49), and has a resolution of 30m (USGS, no date b).

When available, DEMs of higher resolution, such as ASTER GDEM (Global Digital
Elevation Model), and so on, can be used instead to improve the results even further. The

coregistration result was manually assessed by vertically displaying both images at the
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same time. Coherence is also a good indicator for the successful completion of the

coregistration step, as a higher coherence area indicates a better coregistration location
(Li and Bethel, 2008).

Legend
| SRTM coverage

0 1,625 3,250 6,500 9,750 13,000 Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRICMGN
Kilometers and the GIS User Community

Figure 49. SRTM coverage (USGS, no date b)**

The resulting coregistered stack product appears in the Product Explorer. The
coregistration result can be manually assessed by vertically displaying at the same time
both images. The corresponding points between the two images can be selected using the

synchronisation cursor position option.

Figure 50. RGB representation of SAR pair coregistration 04.02.2019-16.02.2019

Additionally, the coregistration result can be checked by creating an RGB representation

(Figure 50) of the master and slave images to see if the images are correctly aligned. The

14 Digitised map based on data obtained from the United States Geological Survey (USGS)
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master image was selected for red and green channels and the slave image for blue
channel (Braun and Veci, 2020).

The quality of the results from the interferometric processing step, i.e. the interferogram

and coherence maps, is greatly affected by the quality of the coregistration.

3.3.2.4 Development of interferogram

This step leads both to the development of the Interferogram and the Coherence images.
Additionally, the synthesized interferogram from the Reference DEM Step is combined
with the interferogram from the Input interferometric pair to create the Differential
Interferogram. The resulting interferogram will appear in the Product Explorer. Opening

the drop-down menu for bands and double-clicking on phase will show the result.

The fringes represent the changes in phase between the two images in terms of radians of
a full 2z cycle. Each cycle of colours represents half the sensor’s wavelength. In the case
of Sentinel-1, each cycle represents a line-of-sight phase displacement of approximately
2.7cm. In general, the closer the distance between the fringes, the greater is the shift in
position of the surface. Where no clear colours are visible, this is the result of phase noise,
which in turn is due to temporal change of the scatterers. This is also an indicator of low
coherence points. The black line in the displayed Interferogram between the two bursts
can be removed by the S1 TOPS Deburst tool.

3.3.2.5 Topographic phase removal

The produced interferogram, essentially being the difference between the phases of two
SAR images, is influenced by the topography, as it is highly correlated to elevation. To
derive a SAR Interferogram without the influence of the surface elevation, a DEM was
used to simulate the topographic fringes (topographic phase) which were then removed
from the produced Interferogram. During this step, the option of including an external
DEM as user input or the automatic download of a DEM is offered. The products after
the completion of this step are the differential interferogram and the coherence maps, the
latter of which will be used in the application of CCD methodology. The coherence maps

produced need to be geo-located, as in the case of displacement maps presented in section
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3.3.2.9 Geometric correction. The CCD methodology process will be analysed further in
chapter Results.

3.3.2.6 Phase filtering

Goldstein phase filtering was then carried out prior to unwrapping, as a preparatory step
for increasing the signal-to-noise ratio. The differential interferogram produced in the
previous step contains information regarding elevation displacement. The resulting
interferogram after the application of Goldstein Phase Filtering is the result of this step.

The other product of the previous step, the coherence map remains the same.

3.3.2.7 Phase unwrapping

The Differential Interferogram calculated in the previous step contains information
regarding the elevation displacement. The process of converting the interferogram from
acyclical to a linear format is called interferogram phase "unwrapping™ (Figure 51). This
step was carried out in order to calculate the absolute phase, which can then be

transformed into height or displacement.

phase phase
A A

8]‘[ —— Fe—",

6n 4+ e

4n + m—
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o ——l>
wrapped phase y unwrapped phase y

Figure 51: Phase unwrapping principle (Braun and Veci, 2020)

The quality of unwrapped results depends greatly on the input coherence. Thus, only areas
with high coherence can provide reliable results. This "unwrapping” can be difficult, or
even disrupted, in areas with geometric distortions (steep terrain) or low coherence (due
to under-sampling or noise). However, interferogram filtering can be used during this
process to minimize the number of errors.
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Phase unwrapping was carried out in SNAPHU software plugin. SNAPHU is a statistical-
cost network-flow algorithm for phase unwrapping developed at Stanford University by
Curtis Chen and Howard Zebker. More details can be seen at section 3.2.2 of the present
thesis. SNAPHU uses an iterative optimization procedure. The execution time of this
process depends largely on the complexity of the interferogram. In case the unwrapping
process fails due to lack of memory, a subset of the area can be created to reduce

processing time. The results of this step were then used as an input to SNAP software.

This process produces the final unwrapped interferogram that was then used to convert

phase to displacement.

3.3.2.8 Conversion of phase to displacement

One of the final steps of the process in the conversion of phase to displacement, leading
to the calculation of either LoS displacement and/or vertical and horizontal land
movements/ displacement. These findings assist in the assessment of the impact of the
natural hazards under study on critical infrastructure of interest, such as sites of Cultural
Heritage in the case study of Nea Paphos — Tombs of the Kings, or road network in the

case study of Pissouri — Petra tou Romiou.

Firstly, the location of a stable pixel or a pixel of a known displacement between the two
acquisitions must be identified. Such information can be acquired from Global Navigation
Satellite System (GNSS) receivers. The value of the pixel of known displacement was
then used to convert relative displacement values to absolute ones. This was achieved by
subtracting the value of the specific pixel from all the pixels in the areas of interest. If
more than one pixel with such information was available, it could be used to validate the

final output of the displacement map.

At this stage, the displacement values are relative. Further processing is required to
calculate the absolute displacement values. As aforementioned, in order to achieve this, a
point of known displacement between the two SAR image acquisitions was incorporated
into the procedure. In order to define the exact position of the point, the produced
displacement image above needed to be geometrically corrected. The result of this step

was the development of geo-referenced displacement maps.
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3.3.2.9 Geometric correction

Range-Doppler Terrain Correction was applied in order to geocode the displacement map
product. In this step, the resampling method of bilinear interpolation and the Map
projection of WGS 84 were selected. Areas without elevation were masked out, based on
the DEM used, from the geo-referenced displacement map. The geo-referenced
displacement map is the product of this step.

3.3.2.10 Coherence masking

Following completion of the aforementioned steps, the resulting displacement map for
our area of interest was produced. For a higher accuracy of results, it is suggested that the
final displacement map is masked to remove regions of low coherence. This can allow us
to exclude all vegetated land cover from the displacement map, which often introduces
errors to results because of temporal variations, and enabled us to concentrate on coherent

areas such as urban cover.

3.3.2.11 Displacement map

This is the final step of the proposed methodology as the final LoS, vertical and/or
horizontal displacement maps were produced. Values of positive or negative LoS
displacement, maximum uplift and subsidence, as well as land movements in the east-
west direction were calculated depending on the natural hazard under study, to show the

impact of earthquakes and landslides on each area of interest.

More specifically, in the case study of Nea Paphos — Tombs of the Kings, a vertical
displacement map was developed, showing uplift and subsidence (vertical land
displacement) as the aftermath of the seismic event that took place on the 15" of April
2015. For the impact assessment study of the landslide events that took place in Pissouri
and Petra tou Romiou by the A6 motorway and the old Limassol — Paphos road
respectively, LoS, vertical and east-west horizontal displacement maps were developed

to study the more complex nature of the landslide phenomena.
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3.3.3 Calibration and validation methodology of DINSAR results

In this section, a first attempt is made for the integration of GNSS measurements and
results from DINSAR processing, by combining the characteristics of both measurement
techniques, the absolute positioning information of individual points provided from
GNSS and the relative displacement information provided by DINSAR processing and
the spatial and temporal characteristics of SAR datasets.

The calibration and validation of all DINSAR results will be carried out based on the
known three-dimensional absolute positions of the seven permanent GNSS stations®, that

comprise the Cyprus Positioning System (CYPOS) network.

CYPOS, operates in Cyprus under the auspices of the Department of Lands and Surveys
(DLS) at its current form since 2010. CYPOS covers the free areas of the Republic of
Cyprus with inter-station distances of about 60km (Department of Lands and Surveys,
2016). The permanent GNSS stations, as shown in Figure 52, are located in Nicosia
(LEFK), Limassol (LEME), Larnaca (LARN), Paphos (PAFQO), Paralimni (PARA), Polis
(POLI) and Evrychou (EVRY).

(@)
) O " Rizokarpaso
Yialousa P

O .
Leonarisso

O O ;
Myrtou Kyrenla/ .
LEFK O Kythrea Lefkoniko
|

) O )
Kokkina | efka Morphel g NICO © Prastio
Pomos 9) O “Famagusta
A — EVRY Arso A
— POLI ) o @ . LN
Kakopetria® o Kirou~ Merki™ PARA
Syl Alona ~ LARN
Pegia O
Lefkara . . @
A Kiti
— PAFO

Episkopi or_
3 o Zygi
Kouklia — LEME

O .
Akrotiri

Figure 52: The CYPOS permanent GNSS network

15 The data used for the calibration and validation of this thesis were kindly provided by the Cyprus

Department of Lands and Surveys.
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The network is in continuous operation all year round (24/7/365) and transmits data in
support of the requirements for various surveying and geodetic engineering applications.
These data are available for free, through the DLS INSPIRE GeoPortal of Cyprus?®, to all
citizens in Cyprus after registration and proof of identity. The positioning data that are
collected by this network offer useful information for the study of the behaviour of the
crustal deformation field in Cyprus. The nature of the data, as they can be downloaded
daily and analysed, can assist in the task of calibration and validation of the results

obtained from DINSAR processing.

Based on these data, a multi-year study of daily GNSS data, was conducted from
November 2011 until January 2017, on the position of the seven permanent CYPOS
GNSS stations (Danezis, Chatzinikos and Kotsakis, 2019). The results of the study for
the estimated positions and the horizontal and vertical velocities at the seven CYPOS

GNSS stations are summarised in Table 12.

Table 12: Estimated positions (values in m) and horizontal and vertical velocities of the CYPOS

GNSS stations (values in mm/year)

Station \;‘2':?;3 X (to) Y (t) Z(t) e l};
EVRY 4 4389846.035 2839909.310 3641645008 147 195 0.2
LARN A 4358623310 2899369.048 3631599.949 136 202 -4.9
i B 4360035737 2870860968 3652605816 163 103 0.1

C 4360035736 2870860.987 3652605816 164 193 0.2
LEME 4 4403058471 2862122638 3607630.266 156 203 0.3
NICO A 4359415.715 2874117.069 3650777.829 15.7 189 -0.3
aco D 427028128 2812497.002 3617359846 161 106 17

E 4427028124 2812497.091 3617359.841 159 197 16
PARA 4 4335378631 2022300281 3641064.127 17.2 189 0.6
POLI 4 4413130062 2803627.159 3640911041 142 191 -0.4

(*) The following time periods apply to the above results:

A: 30/11/2011 — 28/1/2017; B: 30/11/2011 — 21/3/2013; C: 22/3/2013 — 28/1/2017; D: 30/11/2011 —

9/3/2016; E: 10/3/2016 — 28/1/2017

16 The DLS INSPIRE GeoPortal: https://eservices.dls.moi.gov.cy/#/national/inspiregeoportalmapviewer



https://eservices.dls.moi.gov.cy/#/national/inspiregeoportalmapviewer

More specifically, the 3D coordinates of the nearest CYPOS station to the case study
areas were used, at both SAR acquisition dates, prior and after a seismic or landslide
event. In the case that such information is not available, the estimated velocities of the
CYPOS GNSS stations (Danezis, Chatzinikos and Kotsakis, 2019), can be used to
calculate the expected position of the CYPOS station nearest to the area of interest at the
required dates. The values of expected displacement were then calculated at the case study

areas on the specific dates that the land displacement phenomena took place.

These results were used for the calibration of the results obtained from DInSAR
processing. Finally, the calibrated absolute displacement results from the DINSAR
processing can be compared against the known positions of the remaining 6 CYPOS

network stations, for validation purposes.

In the case study of Nea Paphos — Tombs of the Kings the known position of the CYPOS
station named PAFO was used for the conversion of relative displacement values to
absolute ones and the calibration of the vertical displacement. Moreover, results from a
field GNSS survey were also used for the validation of the DINSAR displacement results,

as presented in section 4.2.1.1.
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4 Results

The results from the application of the proposed methodologies for each case study area
are presented in detail in this chapter. In section 4.1, the results from the application of
the AHP methodology are presented for the case study of Statos — Agios Photios. Then,
in sections 4.2 and 4.3, the results from DINSAR and CCD processing are presented

respectively for Nea Paphos — Tombs of the Kings and Pissouri — Petra tou Romiou.

4.1 Implementation of AHP methodology

The application of the AHP methodology along with the final land displacement hazard
map that was developed, are presented below for the case study area of Statos — Agios
Photios.

According to the AHP methodology, a pair-wise comparison of the contribution of each
factor to the event under study was established. Answers from experts were collected on
the reciprocal matrix, and the appropriate eigenvector solution method was then

employed to calculate the factor weights, as presented in Table 13.

Table 13: AHP matrix — Statos-Agios Photios

Total Normalised

Factors F1 F2 F3 F4 F5 F6 F7 F8 F9 .
sum weights
1. Slope 1 3 7 3 5 5 7 1/3 7 38.33 0.200
2. Land use 1/3 1 7 1/3 3 3 5 1/5 3 22.86 0.119
3. Aspect 1/7 1/7 1 1/7 1/5 1/5 3 1/9 1/3 5.12 0.026
4, Faults 1/3 3 7 1 3 5 7 1/3 7 33.66 0.176
5. Drainage
network 1/5 1/3 5 1/3 1 3 5 1/5 3 18.06 0.094
6. Road 5 13 5 15 13 1 5 15 3 1526 0.079
network
7. Relief 7 15 13 1/7 155 15 1 1/9 1/3 2.65 0.013
8. Lithology 3 5 9 3 5 5 9 1 7 47.00 0.245
9. Precipitation  1/7  1/3 3 7 13 13 3 1/7 1 8.41 0.043
191.35
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The above results revealed the significance of the factors of lithology (24.5%) and slope
(20%) in the development of the model compared with the relief factor, which was
considered to be the least important (1.3%). After the calculation of the normalised
weights, the Consistency Ratio (CR) was calculated to check the consistency of the

responses. For that reason, the Consistency Index (CI) was calculated from Equation 5.

Cl=tmm =N 9656900, (Eq. 5)
n-1 9-1

where:
Amax: the largest eigenvector and n is the number of criteria used in the study.
n: the number of factors considered in the study.

The value of Amax Was calculated with the use of Microsoft EXCEL software (section
3.2.2) following the calculation of the correlation matrix for the 9 aforementioned factors.

The final CR was calculated through Equation 6.

R=1 0952 4057 (Eq. 6)
Rl 1.45

where RI is the Random consistency Index.

For the 9 factors that we study, Rl is equal to 1.45. If CR exceeds 0.1, the set of judgments
may be too inconsistent to be reliable (Saaty, 1980). However, in practice, CRs of little
over 0.1 are accepted and the extracted weight values are considered as reliable. In fact,
the result of CR = 0.057 appears to be well below the 0.1 threshold, proving that the
judgements that were made concerning the impact of each individual factor has on the

landslide susceptibility of the area under study are rather reliable.

The final landslide hazard map (Figure 53) was developed in GIS environment by
summing up, through Boolean operators, the product of each category, which has been
rated accordingly for its subcategories, as presented in detail at the end of section 3.3.1.
The landslide susceptibility with the corresponding weights of significance was

calculated by Equation 7 as:

Landslide susceptibility = (Eq. 7)
= F1 x 0.200 + F2 x 0.119 + F3 x 0.026 + F4 x 0.176 + F5 x 0.094
+ F6 X 0.079 + F7 x 0.013 + F8 x 0.245 + F9 x 0.043
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Figure 53: Final landslide hazard map — Statos-Agios Photios

4.1.1 Calibration and validation of results

The produced landslide hazard map was then validated for its accuracy with recorded
landslide events that occurred in the area with good results, as shown in Figure 54.

More specifically, Figure 54a, show the overall area that was affected by the 1965
landslide. Moreover, the place where the two villages, i.e. Agios Photios and Statos were
relocated and the new village of Statos-Agios Photios was established (indicated with
arrow) can be clearly seen to the east of the affected area. It can be clearly seen in the

proposed map, that it is located at an area of low landslide hazard.

In Figure 54b, the location of a major landslide event that occurred on the main road
between Statos-Agios Photios village and Panayia village, near Chrysorrogiatissa
monastery, can be seen in the black circle.
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Figure 54: Areas affected by recorded landslide events — Statos-Agios Photios

Subsequently, the landslide hazard map was transformed to Landslide Hazard Zonation
Map (LHZM), as shown in Figure 55. The GIS layer was reclassified, according to the
Natural Breaks method (Jenks, 1967), into five major classes: very high hazard, high
hazard, moderate hazard, low hazard and very low hazard. The road network was then
superimposed over the final LHZM.
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Figure 55: Landslide hazard zonation map — Statos-Agios Photios broader area

It is clear, that the vast majority of the road network in the broader area of Statos — Agios
Photios is vulnerable to landslides. Additionally, the same situation exists at the south-
eastern part of the study area in the broader area of Arminou, Mesana and Salamiou
villages; at the road eastern of Asprogia village as well as in the western part of the

broader area of Kannaviou, Choulou and Agios Dimitrianos villages.

4.2 Implementation of DINSAR methodology

In this section of the thesis, and more specifically, in section 4.2.1, the results from the
application of the DINSAR methodology for the case study area of Nea Paphos — Tombs
of the Kings are presented. In section 4.2.2, the impact of two individual landslides that
occurred in the case study area of Pissouri — Petra tou Romiou is studied using the same
methodology.
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4.2.1 Nea Paphos — Tombs of the Kings

For the case study of Nea Paphos — Tombs of the Kings, four SAR images were
downloaded from the Copernicus Open Access Hub, as described in section 3.3.2. These
acquisitions were then imported in SNAP software one by one in .zip format, by selecting

the “Import Product” command.

The suitability of both SAR image pairs was checked, via an overview of the
perpendicular baseline and other image pair characteristics, such as the temporal baseline,
and the modelled coherence, that was carried out through “InSAR Stack Overview”

command (Figure 56).
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Figure 56: INSAR Stack Overview — Nea Paphos-Tombs of the Kings

In both pairs, the temporal baseline is 12 days, however, there appears to be a difference
with regards to the perpendicular baseline and the height of ambiguity. The perpendicular
baseline for the first image pair (14 April 2015 — 26 April 2015) is -84.71m, i.e. the slave
image was acquired from a position of -84.71m in relation to the acquisition position of
the master image whereas in the case of the second image pair (15April 2015 — 27 April
2015), the perpendicular baseline is -18.00m. Despite this difference both perpendicular
baselines are below the threshold of 200m that was originally set in section 3.3.2 (Le
Mouélic et al., 2005). The modelled coherence values for both pairs appear to be high,

0.92 for the first pair and 0.97 for the second one.

Moreover, another important aspect that needs to be considered carefully is the image

acquisition geometry in relation with the orientation of the area under study. In fact,
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ascending and descending SAR images cannot always be used for the study of the same

area, because the selection of the wrong SAR image pair might introduce errors in the

processing steps due to foreshortening and shadow effects, as shown in Figure 57.
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Figure 57. Geometric distortions — (a) Foreshortening and (b) shadowing effects (ESA, 2014)

In the case of Nea Paphos — Tombs of the Kings, both Cultural heritage sites are located
on a level area next to the sea, facing towards the southwest — west direction with
overlooking mountains and steep slopes to the north and northeast. Due to the geometry
of the ascending and descending satellite orbits (Figure 58), the pair of ascending images
was selected for DINSAR processing as it was expected to be affected the least by

foreshortening and/or shadowing effects.
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Figure 58: Geometry of ascending (left) and descending (right) satellite orbits
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The two images that were selected, were then coregistered into a stack through the “TOPS
Coregistration with ESD” tool. Within the coregistration process, the first acquisition, in
chronological order (14/04/2015), was set as the master image whereas the second as the
slave image (26/04/2015). Additionally, the specific bursts that include the area under
study were selected to reduce the processing time. In our case, bursts 5 and 6 were
selected.

Coherence was also very high in both images, being a good indicator for the successful
completion of the coregistration step, as a higher coherence area indicates a better

coregistration location (Li and Bethel, 2008).

The resulting coregistered stack product appears in the Product Explorer (Figure 59). The
coregistration result was manually assessed by vertically displaying at the same time both
images. The corresponding points between the two images was selected using the

synchronisation cursor position option.

Assessment of corresponding points

oo R

Figure 59: Coregistered images — Intensity IW2 band (master & slave) — Nea Paphos-Tombs of

the Kings

The resulting interferogram can be seen in the Product Explorer by opening the drop-

down menu for bands and double-clicking on phase to display the result (Figure 60).
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Figure 60: Interferogram Result — Nea Paphos-Tombs of the Kings

There was a clear black line in the resulting interferogram between the two bursts, which

was then removed by using the S-1 TOPS Deburst tool.
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Figure 61: Deburst Result — Nea Paphos-Tombs of the Kings

During the step of topographic phase removal, a SRTM 1sec HGT DEM was used and
was automatically downloaded from SNAP software to complete this step. The result
after the removal of topographic phase by using the DEM is presented in Figure 62.
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Figure 62: Interferogram Result after Topographic Phase Removal — Nea Paphos-Tombs of the

Kings

The resulting interferogram after the application of Goldstein Phase Filtering is presented

in Figure 63, after using ArcGIS software (see section 3.2.2.3) for visualisation purposes.

G

nterferogram |

Figure 63: Differential interferogram after the application of phase filtering at (a) western
Cyprus; (b) “Nea Paphos”; and (¢) “Tombs of the Kings”.
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SNAPHU software was then used to carry out the phase unwrapping step, after exporting
the result from the previous step from SNAP. The result of the unwrapping step was then

used as an input to SNAP software.

Moreover, phase was converted to displacement, leading to the calculation of vertical
land movements/ displacement in mm. From the geometry of SAR acquisitions (Figure
64), to convert the unwrapped Line-of-Sight (LoS) phase ¢ to vertical displacement in

millimetres, Equation 8 was used:

. f (punwrapped A
vertical displacement = (Eq. 8)
—47-C0S 6,

incident

where:
(unwrapped: the unwrapped LoS phase
A: the wavelength of SAR signal in mm

Oincigent: the incident angle of the scene

Figure 64: The SAR acquisition geometry

However, the calculated displacement values are relative (Figure 65) and further
processing was required to calculate the absolute displacement values, incorporating a

reference point of known displacement into the procedure.
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Figure 65: Relative displacement map — Nea Paphos-Tombs of the Kings

4.2.1.1 Calibration and validation of results

In Paphos, the department of Civil Engineering and Geomatics of the Cyprus University
of Technology conducted an analysis on the deformation introduced at the Continuously
Operating Reference Station (CORS) PAFO. PAFO is located within the area of interest
and is one of the stations of the Cyprus Positioning System (CYPOS), the national
reference station network operated by the Department of Lands and Surveys. Deformation
analysis was conducted by processing daily GNSS observation files for the timespan 14—
16 April 2015 (i.e., before and after the earthquake event).

GNSS processing was carried out using Leica Geo Office v.8.40. Specifically, an
ionospheric-free linear combination was used using precise ephemeris and clock products
and the Hopfield tropospheric model. An elevation cut-off angle of 15° was further
imposed to exclude low-elevation satellites from the final solution. Reference data were
obtained by the IGS (International GNSS Service) station NICO for the same period.
Furthermore, the observations were inspected, both automatically and manually, for cycle

slips to enhance the quality of the observations and the accuracy of the final solution.

The results indicated that the specific station did not show any statistically significant

displacement (vertical displacement of 0.5mm was observed); thus, PAFO was
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considered stable and was set as “Zero Point Reference.” It is noted that GNSS
performance suffers in the vertical component because of the architecture of the system
(only satellites above the horizon are used). However, with appropriate processing

techniques, results at the millimetre level can be obtained.

Taking this into account, our result was further supported by the findings of a recent study,
which examined daily solutions from PAFO station for a time span of 5 years using the
Bernese GNSS v.5.2 software (Danezis, Chatzinikos and Kotsakis, 2019). The latter

concluded that vertical velocities on the order of 1.6mm/year occurred at this location.

To determine the exact position of the point, the produced displacement map above
needed to be geometrically corrected. The result of this step was the development of a
geo-referenced displacement map. The geo-referenced displacement map produced
(WGS84), after the application of Range-Doppler Terrain Correction, is shown in Figure
66.
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Figure 66: Displacement Map Result — Geo-referenced — Nea Paphos-Tombs of the Kings

Following the completion of the aforementioned steps, the resulting displacement map
for our area of interest was produced, indicating vertical displacement ranging between —
79.43 and 102.92mm.

For a higher accuracy of results, a coherence mask was applied to remove regions of low

coherence. For our case study, all areas with coherence less than 0.6 were chosen as the
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mask. This allowed us to exclude all vegetated land cover from the displacement map,
which often introduces errors to results because of temporal variations, and allowed us to

concentrate on coherent areas, as in the case of urban areas.

The final vertical displacement map is shown in Figure 67. From the figure, it is clear that
during the 12 days between the two SAR acquisitions there was a maximum uplift of

74mm and a maximum subsidence of 31mm.
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Figure 67: Final displacement map at (a) western Cyprus; (b) “Nea Paphos”; and (¢) “Tombs of
the Kings”

Based on the findings of DINSAR processing, a further investigation of the displacement
characteristics, in sites of cultural heritage interest was performed. As shown in Figure
68, two important archaeological sites of Cyprus, namely the “Nea Paphos” (Figure 68b)
and “Tombs of the Kings” (Figure 68c), as well as the broader area of the historic centre

of Paphos (Figure 68a) were studied.

The analysis shows that displacement was close to Omm in both UNESCO World
Heritage sites. Some areas, mainly in the southern part of “Nea Paphos”, indicated minor

vertical displacement (subsidence), which were, however, modern constructions.
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Figure 68: Final displacement map at () historic centre of Paphos; (b) Nea Paphos and (c) Tombs

of the Kings

A similar pattern was also observed in the “Tombs of the Kings” site, where hotels and
buildings in the eastern part of the site showed some small subsidence in contrast to the
archaeological site in the west. On the contrary, in the wider area of the historic centre of
Paphos, a negative vertical displacement (subsidence) was recorded in the eastern and
northern parts. The western part of that region seems to be unaffected from the event.

4.2.2 Pissouri — Petra tou Romiou

For the case study of Pissouri — Petra tou Romiou, initially ten SAR images were
downloaded, six Sentinel-1A images (3 ascending and 3 descending) and four Sentinel-
1B images (2 ascending and 2 descending). These images were used to form six co-event
pairs to study the two landslide events that took place near Pissouri and Petra tou Romiou
on 15 February 2019 and 20 February 2019 respectively.

The suitability of all SAR image pairs was checked, via an overview of the perpendicular

baseline and other image pair characteristics, such as the temporal baseline and the
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modelled coherence, that was carried out through “InSAR Stack Overview” command.
The characteristics of the co-event SAR pairs are presented in Table 14.

Table 14: SAR image interferometric pairs — Pissouri-Petra tou Romiou

Date Date Pass Temp. Perp. Modelled
(master) (slave) direction baseline  baseline  coherence

1 Sentinel-1A  04/02/2019 16/02/2019  Ascending 12 days  102.44m 0.90

No. Platform

2 Sentinel-1A  05/02/2019 17/02/2019 Descending 12 days 12.46m 0.98
3 Sentinel-1B  10/02/2019 22/02/2019  Ascending 12 days 17.44m 0.97
4 Sentinel-1B  11/02/2019 23/02/2019 Descending 12 days 86.63m 0.92
5 Sentinel-1A  16/02/2019 28/02/2019  Ascending 12 days 84.72m 0.92
6 Sentinel-1A  17/02/2019 01/03/2019 Descending 12 days 14.88m 0.97

The perpendicular baselines for all six co-event SAR pairs are shorter than the threshold
of 200m that was set. Moreover, all six pairs show high modelled coherence equal or
greater than 0.90. However, the modelled coherence shown above is only an estimate.
The coherence of the interferometric pair will be calculated after the completion of the

step of the interferogram formation.

Landslides took place in both areas on slopes facing towards the south, and thus there is
no preferred satellite pass direction, compared with the case study of Nea Paphos — Tombs
of the Kings. Therefore, all six pairs were processed further using the proposed DINSAR
processing chain. Interferometric pairs 1, 2, 3 and 4 were used to study the landslide that
occurred on the 15™ February 2019 near Pissouri, next to the A6 motorway, whereas the
interferometric pairs 3, 4, 5 and 6 were used to investigate the impact of the landslide that

took place near Petra tou Romiou by the old Paphos-Limassol road.

Following the same procedure, as in the case of Nea Paphos — Tombs of the Kings, the
SAR images were coregistered in pairs, and the result of coregistration was checked by
developing RGB representations of the master and slave images to see if the images were
correctly aligned. The master image was selected for red and green channels and the slave
image for blue channel (Braun and Veci, 2020). The results of coregistration for the six

interferometric pairs are presented in Figure 69.
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Figure 69. RGB representation of SAR image pair coregistration — Pissouri-Petra tou Romiou

Interferograms and coherence maps were then produced for the six interferometric pairs.
To produce the final products, the topography component was removed by using the
SRTM 1sec HGT DEM, and the black line between the bursts of the image was removed
using the Deburst tool. Finally, Goldstein phase filter was then applied to enhance the
developed interferograms and make the interferometric fringes visually clearer. The final
interferograms and coherence maps, geo-located for easier visualisation, are presented in

Figure 70 and Figure 71 respectively.
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Figure 70. Interferograms of SAR image pairs — Pissouri-Petra tou Romiou
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Figure 71. Coherence maps of SAR image pairs — Pissouri-Petra tou Romiou

The interferograms were then converted into KMZ files to be overlaid in Google Earth to
check for any fringes that could potentially indicate the sudden change on the Earth’s
surface in the two areas of interest. The wider areas of the two landslide events were

defined based on directions by the Geological Survey Department as shown in Figure 72.

S A = A Landslide 20/02/2019

Figure 72: Landslide areas indicated in red near Pissouri by the motorway A6 (left) and near

Petra tou Romiou next to the old Paphos-Limassol road (right)

The interferograms produced in SNAP were then inserted into Google Earth and the
results are presented for the landslide near Pissouri in Figure 73 and for the landslide near
Petra tou Romiou in Figure 74. The black lines in all interferograms in both figures, are
the limits of motorway A6 and the coastline respectively.
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Figure 73: Interferograms at the area of the landslide near Pissouri by the motorway A6
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Figure 74: Interferograms at the area of the landslide near Petra tou Romiou
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The fringes, or else the colour variations, represent phase changes between two images in
terms of radians of a full 2w cycle. Each cycle of colours represents half the sensor’s

wavelength, i.e. in the case of Sentinel-1, it represents a LoS displacement of ~ 2.7cm.

In Figure 73, i.e. the case of the 15" of February landslide near Pissouri, it can be seen
that there is substantial phase noise in both ascending S1A and S1B SAR image pairs at
the landslide area and the areas nearby. The noise at the north of the landslide outlined
area could be due to the vegetation and at the south due to the presence of the motorway
(Figure 72). Additionally, as analysed in literature (Zebker and Villasenor, 1992; Rocca
et al., 2000; Bouaraba et al., 2014; Closson and Milisavljevic, 2017), heavy rainfall and
changes in soil moisture can alter the radar signal significantly leading to loss of
coherence. However, in both cases with pairs of descending S1A and S1B images dated
05/02/2019-17/02/2019 and 11/02/2019-23/02/2019 respectively, there appears to be a
clear phase shift at the western part of the landslide area, as shown in the red circled areas
in Figure 75.
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Figure 75: Interferograms of S1A and S1B descending pairs at the area near Pissouri

In Figure 74, i.e. the case of the 20™" of February landslide near Petra tou Romiou, it can
be seen that there is phase noise in all interferometric SAR image pairs to the west and
northwest from the outlined landslide. It is clear from Figure 72, that this is mainly due
to the existing vegetation, that leads to a reduction in the radar signal coherence. There is
also significant phase noise to the south after the black line (coastline), as sea is

characterised by very low, close to zero, coherence.

The 6 produced interferograms, were then unwrapped within SNAP, using the SNAPHU
plugin, which was included in SNAP in 2019 (see section 3.2.2.2 SNAPHU). The
unwrapping results are then re-imported to the DINSAR processing chain and appear in

the Product explorer, as presented in Figure 76.
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04/02/2019 — 16/02/2019 05/02/2019 — 17/02/2019

10/02/2019 - 22/02/2019 o 11/02/2019 — 23/02/2019

16/02/2019 — 28/02/2019 17/02/2019 - 01/03/2019

Figure 76. Unwrapped interferograms of SAR image pairs — Pissouri-Petra tou Romiou

Following, the unwrapped interferograms were used to convert phase to displacement.
Due to the complexity of the land movements in the case of landslides, unwrapped phase
was converted to LoS displacement, i.e. land movements along the slant range direction

of the satellite. This step was carried out using the Phase to Displacement SNAP module.

@ Create Stack X | @ Create Stack X
1ProductSet-Reader 2-CreateStack  3-Write 1-ProductSetReader 2-CreateStack  3-ywrite
Fle Name. Type ‘Accisiton Track orbit + Master: o S1A_IW_SLC__1SDV_20190204T154924_20190204T154952_025782_02DE08_3142_Orb_Stack_ifg |
S1A_IW_SLC__15DV_2019020... [Unknown Sensor ... [04Feb2019 160 25782 eeneine e NoE
S1A_IW_SLC__15DV_2019020... [Unknown Sensor ... 05Feb2013 167 25789 o [Inital Offset Method: ‘Geolocation
S18_IW_SLC__1SDV_201902L... [Unknown Sensor ... | 10Feb2019 160 |14886 + (Output Extents: | master
S18_IW_SLC__1SDV_201902L.. [Unknown Sensor ... | 11Feb2019 167 |14893 :
S1A_IW_SLC__15DV_2019021... [Unknown Sensor ...|16Feb2018 160 25957 = Find Optimal Master
S1A_IW_SLC__15DV_2019021... [Unknown Sensor .. |17Feb2013 167 25%4
6 Products
< >
@ | Dan | @ | D |

Figure 77: Development of a stack of displacement maps

All displacement products were then geo-located using the Range-Doppler Terrain
Correction function. Finally, the individual displacement products were stacked in

chronological order using Geolocation as initial offset method (Figure 77).
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The final displacement maps and their histograms are presented below in Figure 78.

LoS Displacement Map LoS Displacement Histogram
04/02/2019 — 16/02/2019 miff”"m
Min: -2.143

Max: 1.093

I

0 o o
- o o
»

L 8

Name: 05FEB19-17FEB19
Unit: meters

Name: 10FEB19-22FEB19
Unit: meters

Min: -0.241
Max: 0.205

B

: =)
5 o

z-369'9

Name: 11FEB19=23FEB19
Unit: meters
Min: -1.185
Max: 0.117

%

0'1-
z-328%

16/02/2019 — 28/02/2019 m"t‘!m :zﬁaw-ﬁmw

Min: -1.715
Max: 0.7207

i
L —————————————— |
T o °

L, o
w

Lv

Name: 17FEB19-01MAR19
Unit: meters
Min: -0.171
Max: 0.482

Z2-3E8'E

Figure 78: Absolute LoS displacement maps and histograms — Pissouri-Petra tou Romiou
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Following the geo-location of all displacement maps, the relative LoS displacement
values that were calculated at this stage, were converted to absolute values, by specifying
a point of high coherence in the area, in our case a nearby building. The pixel value of
displacement at the coordinates of the building were subtracted by all the displacement

map values in all six cases individually.

In Figure 78, areas with zero or nearly zero displacement are marked white, areas where
uplift occurred with blue and areas that subsidence took place with red colour. According
to the histograms, at the right side of the figure, in the first product, i.e. 4/2/2019-
16/2/2019, displacement varies from -2.143m to 1.093m; in the second map (5/2/2019-
17/2/2019), displacement varies from -0.655 to 0.147m; in the third one, i.e. 10/2/2019-
22/2/2019, displacement values vary from -0.241 to 0.205m; in the fourth map
(11/2/2019-23/2/2019), displacement varies from -1.185m to 0.117m; in the fifth
displacement map, i.e. 16/2/2019-28/2/2019, values vary from -1.715m to 0.707m and in
the sixth map (17/2/2019-1/3/2019), displacement values vary from -0.171m to 0.482m.

In all cases, the extreme displacement values, in intense red and blue colour appear at the
sea area around Cyprus, and the majority of the pixel values of displacement inland are
around zero, with some small variations, seen in light red and blue, for subsidence and
uplift respectively. In the cases where more intense red and blue colours can be seen
inland in the displacement maps, this is since zero is close to the confidence intervals of
the histogram for 95% level of confidence. The displacement maps produced in SNAP
were then inserted into Google Earth and the results are presented for the landslide near

Pissouri in Figure 79 and for the landslide near Petra tou Romiou in Figure 80.
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Figure 79: Displacement maps at the landslide area near Pissouri
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Figure 80: Displacement maps at the landslide area near Petra tou Romiou

In both sites, zero and/or near to zero LoS displacements were calculated. As stated in the
Literature review, the averaging or stacking of many interferometric products can assist
in minimising or even correcting the error associated with the atmospheric effect, since
the atmospheric effect has short spatial correlation length with virtually no temporal
correlation between data acquisition times (Zebker, Rosen and Hensley, 1997; Ouchi,
2013; Yu, Li and Penna, 2018). The averaging of the geo-located displacement maps for

each landslide event was performed via the Band Maths module, as shown in Figure 81.

I 2anc Maths Expression Editor e

Figure 81: Development of average displacement maps — Band Maths

Thus, displacement maps dated 4/2/2019-16/2/2019, 5/2/2019-17/2/2019, 10/2/2019-
22/2/2019 and 11/2/2019-23/2/2019 were used to develop the average displacement map
for the landslide near Pissouri (15 February 2019); and displacement maps of 10/2/2019-
22/2/2019, 11/2/2019-23/2/2019, 16/2/2019-28/2/2019 and 17/2/2019-1/3/2019 were
combined for the average displacement map for the second landslide event (20 February

2019). The average displacement maps and their histograms are presented in Figure 82.
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Landslide 20 Feb 2019
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presented in Figure 83 and Figure 84.
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Figure 82: Average LoS displacement maps and histograms — Pissouri-Petra tou Romiou

In both cases, as it was also observed in the analysis of Figure 78, the extreme
displacement values, in intense red and blue colour appear at the sea area around Cyprus,
and the majority of the pixel values of displacement inland are around zero, with some
small variations, seen in light blue, i.e. uplift. In cases where more intense blue colours
can be seen inland, this is because zero is close to the maximum confidence interval of

the histogram for 95% level of confidence. The results overlaid in Google Earth are

Average LoS Displacement map - Landslide 15 February 2019
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Figure 83: Average LoS displacement map — Pissouri
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At the landslide area near Pissouri, LoS displacement values are nearly zero, with an
exception at the north part of the area, where a small positive displacement, along the
satellite track, in the range of 1cm is observed, seen in light blue. At the landslide area

near Petra tou Romiou, as seen in Figure 84, LoS displacement values are nearly zero.

(meters)

Average LoS Displacement map - Landslide 20 February 2019

-0.53

882

L2020 Gongle
inage %2020 Hlasar Techrologss

HZ>

00 m.

K

Figure 84: Average LoS displacement map — Petra tou Romiou

As seen in Figure 85 and Figure 86, none of the LoS displacement maps showed the real
extent of the two landslide events. An attempt was made to decompose the LoS
displacement into vertical, i.e. up/down and horizontal, East-West only, components, to
investigate both events further. The North-South part of the horizontal displacement
needs different processing with various combinations of ascending and descending SAR
images (Dalla Via, Crosetto and Crippa, 2012; Jo, Jung and Yun, 2017; Fan et al., 2019).

Figure 85: Landslide near Pissouri by the A6 motorway (Geological Survey Department)
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Figure 86: Landslide near Petra tou Romiou (Geological Survey Department)

The calculation of the vertical (up-down) and east-west displacement components can be
achieved using the already developed average LoS displacement products from the
ascending and descending image pairs, together with the scene’s incidence angle from

Equations 9 derived from the acquisition geometry as presented in Figure 87.
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Figure 87: Decomposition of LoS displacement into vertical and east-west components
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Figure 88: Incident angle as seen in image metadata

The incident angle, as obtained from the image metadata in SNAP (Figure 88), ranges
from 36.23° to 41.86°. The mean incident angle, (39.05°) was used in the calculations of
vertical and east-west displacements. The two maps that were produced for the landslide
events for vertical and E-W displacement are presented in Figure 89 and Figure 90

respectively. Pixel size of all displacement products is 11.4m x11.4m.
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Figure 89: Average vertical displacement maps — Pissouri-Petra tou Romiou
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Average E-W Displacement Map E-W Displacement Histogram
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Figure 90: Average E-W displacement maps — Pissouri-Petra tou Romiou

Due to the magnitude of the incident angle, 6 = 39.05°, displacement values increased for
the vertical and east-west components but not significantly, as expected, since the
denominator in both equations was above 0.5, i.e. 0.777 for the vertical and 0.63 for the
east-west displacement. The displacement maps from SNAP were then inserted in
ArcGIS, where the sea was subtracted and displacement values were classified, for the
development of the final displacement products, as presented in Figure 91 and Figure 92

for Pissouri and Petra tou Romiou respectively.
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Figure 91: Final displacement maps — Pissouri
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Co-event East-West Displacement Map - Average
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Figure 92: Final displacement maps — Petra tou Romiou

In Figure 91 and Figure 92 the legends at the bottom right, show the classes of
displacement values within the Area of Interest (AOI) boundaries and these of the entire

scene. The AOI is the area within the red polygon in each case.

The AOI near Pissouri shows a maximum uplift of 6.7mm with the average being 3.9mm
(min +0.9mm and max +6.7mm). In the east-west direction the entire area seems to have
moved to the east with the maximum shift being 8mm and the minimum 1.1mm (average
eastwards +4.8mm). The only exception is a small area (a single pixel) at the northeast
part of the AOI, which appears to have marginally subsided (-0.4mm) and moved to the
west (-0.4mm). As the standard deviation for the 29 points that the AOI consists of, is
+1.8mm for the vertical displacement component and +2.2mm for the East-West

displacement, these subsiding and westbound movements are considered insignificant.

The AOI near Petra tou Romiou, which consists of 79 points, seems to have subsided by
5.3mm on average with the maximum subsidence (negative values) being 6.7mm and the
minimum 3.1mm. Moreover, the AOI appears to have moved to the west by maximum
8.3mm and minimum 3.9mm (average 6.5mm). Standard deviations for the up-down and
east-west displacements are £0.8mm and £0.9mm respectively. All displacement values

are presented in Table 15 and Table 16.
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Table 15: Displacement results AOI — Pissouri

89 1014:12]1
41516171819

2122232472526 2

Displacement (m)

Point
LOS (m) Vertical (m) East-West (m)
1 0.0033 0.0043 0.0053
2 0.0047 0.0061 0.0075
3 0.0027 0.0034 0.0042
4 0.0052 0.0067 0.0083
5 0.0010 0.0013 0.0016
6 0.0042 0.0054 0.0066
7 0.0041 0.0053 0.0065
8 0.0045 0.0058 0.0071
9 0.0020 0.0026 0.0032
10 0.0048 0.0061 0.0076
11 0.0007 0.0009 0.0011
12 -0.0003 -0.0004 -0.0004
13 0.0036 0.0047 0.0058
14 0.0028 0.0037 0.0045
15 0.0037 0.0048 0.0059
16 0.0019 0.0025 0.0031
17 0.0041 0.0052 0.0065
18 0.0013 0.0017 0.0021
19 0.0033 0.0042 0.0052
20 0.0035 0.0046 0.0056
21 0.0031 0.0039 0.0049
22 0.0023 0.0030 0.0037
23 0.0012 0.0015 0.0019
24 0.0033 0.0043 0.0053
25 0.0014 0.0018 0.0022
26 0.0034 0.0044 0.0054
27 0.0037 0.0048 0.0059
28 0.0042 0.0054 0.0067
Average 0.0030 0.0039 0.0048
Min -0.0003 -0.0004 -0.0004
Max 0.0052 0.0067 0.0083
St. Deviation 0.0014 0.0018 0.0022
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Table 16: Displacement results AOI — Petra tou Romiou

Point

47

6162163646566 6768697071

4757677

- - .

Displacement

217222324725 2627 2829 3031,
3334'3536,37.38,39.404 14243 4445

849505152 535455565758

257

Point

59

4

g

Displacement

Vertical East-West Vertical East-West
LOS (m) (m) (m) LOS (m) (m) (m)

1 -0.0051 -0.0066 -0.0082 43 -0.0044 -0.0056 -0.0069
2 -0.0048 -0.0062 -0.0077 44 -0.0036 -0.0047 -0.0058
3 -0.0038 -0.0049 -0.0061 45 -0.0044 -0.0057 -0.0070
4 -0.0036 -0.0047 -0.0058 46 -0.0045 -0.0058 -0.0072
5 -0.0048 -0.0061 -0.0076 47 -0.0039 -0.0051 -0.0062
6 -0.0047 -0.0061 -0.0075 48 -0.0039 -0.0050 -0.0062
7 -0.0039 -0.0050 -0.0061 49 -0.0043 -0.0056 -0.0069
8 -0.0041 -0.0052 -0.0064 50 -0.0024 -0.0031 -0.0039
9 -0.0050 -0.0064 -0.0079 51 -0.0039 -0.0050 -0.0062
10 -0.0050 -0.0064 -0.0079 52 -0.0046 -0.0060 -0.0074
11 -0.0045 -0.0058 -0.0071 53 -0.0036 -0.0046 -0.0057
12 -0.0038 -0.0049 -0.0061 54 -0.0036 -0.0046 -0.0056
13 -0.0043 -0.0056 -0.0069 55 -0.0037 -0.0048 -0.0059
14 -0.0052 -0.0067 -0.0083 56 -0.0044 -0.0057 -0.0070
15 -0.0033 -0.0043 -0.0053 57 -0.0043 -0.0055 -0.0068
16 -0.0045 -0.0058 -0.0072 58 -0.0035 -0.0045 -0.0055
17 -0.0042 -0.0055 -0.0067 59 -0.0040 -0.0052 -0.0064
18 -0.0042 -0.0054 -0.0067 60 -0.0043 -0.0055 -0.0068
19 -0.0043 -0.0056 -0.0068 61 -0.0044 -0.0056 -0.0069
20 -0.0044 -0.0057 -0.0070 62 -0.0029 -0.0038 -0.0047
21 -0.0043 -0.0055 -0.0068 63 -0.0042 -0.0054 -0.0066
22 -0.0041 -0.0053 -0.0066 64 -0.0047 -0.0060 -0.0075
23 -0.0048 -0.0062 -0.0076 65 -0.0041 -0.0052 -0.0064
24 -0.0050 -0.0064 -0.0079 66 -0.0040 -0.0052 -0.0064
25 -0.0042 -0.0055 -0.0067 67 -0.0042 -0.0054 -0.0066
26 -0.0039 -0.0051 -0.0062 68 -0.0042 -0.0054 -0.0066
27 -0.0035 -0.0045 -0.0056 69 -0.0048 -0.0062 -0.0077
28 -0.0045 -0.0058 -0.0072 70 -0.0024 -0.0031 -0.0039
29 -0.0037 -0.0048 -0.0059 71 -0.0051 -0.0066 -0.0081
30 -0.0043 -0.0055 -0.0068 72 -0.0044 -0.0056 -0.0069
31 -0.0043 -0.0055 -0.0068 73 -0.0041 -0.0053 -0.0065
32 -0.0038 -0.0049 -0.0061 74 -0.0035 -0.0045 -0.0056
33 -0.0037 -0.0048 -0.0059 75 -0.0041 -0.0053 -0.0065
34 -0.0045 -0.0057 -0.0071 76 -0.0050 -0.0065 -0.0080
35 -0.0037 -0.0047 -0.0058 77 -0.0030 -0.0039 -0.0048
36 -0.0043 -0.0055 -0.0068 78 -0.0045 -0.0058 -0.0071
37 -0.0047 -0.0061 -0.0075 79 -0.0040 -0.0052 -0.0064
38 -0.0033 -0.0042 -0.0052 Average -0.0041 -0.0053 -0.0065
39 -0.0026 -0.0033 -0.0041 Min -0.0052 -0.0067 -0.0083
40 -0.0037 -0.0047 -0.0058 Max -0.0024 -0.0031 -0.0039
41 -0.0044 -0.0056 -0.0069 St.

42 -00040 -0.0051  -0.0063 | Deviation 0006 ~ 00008  0.0009
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Based on the information obtained through photos of the landslide that were kindly
provided by the Geological Survey Department, as well as from site visits, the DINSAR

displacement results are underestimated.

A proper selection of the suitable images for the case study was performed, with minimum
temporal baselines and avoiding, at the same time, geometric distortion issues, that could
arise from the area’s topography. Moreover, a stack of interferograms was created with
six individual co-event interferometric pairs in order to minimise the atmospheric effect
on the displacement calculations and provide us with displacement in the vertical and

east-west directions.

However, as found in literature, the moderate spatial resolution of the IW swath images
for Level-1 SLC products (2.7 x 22m to 3.5 x 22m), that are available for Cyprus, has
proven to be inadequate for the detailed study and monitoring of more complex ground
displacement phenomena, such as fast-moving landslides and slope deformations (Kyriou
and Nikolakopoulos, 2018; Kovécs et al., 2019).

This is mainly due to a limitation called temporal phase aliasing, which affects the
accuracy of DINSAR results due to issues created during the phase unwrapping step of
the DINSAR methodology (Rabus and Pichierri, 2018; Manconi, 2019), when the
displacement of a pixel or an area under investigation exceeds the value of A/4 between
two consecutive satellite acquisitions that form an interferometric SAR pair (Moretto et
al., 2017; Manconi et al., 2018). A is the wavelength of the SAR sensor, which in the case
of Sentinel-1 satellite’s C-band is approximately 5.55cm. In fact, this limitation can lead
to confusing results as any ground deformation, that is observed between two consecutive
SAR acquisitions, exceeds this threshold of 1.39cm, in the case of Sentinel-1, and can be
two, three or n times greater than this value, can be underestimated as all these

deformations produce the same observed phase.

Furthermore, the coherence values were studied in both areas of interest to investigate the
reason behing the small displacement values calculated through the proposed DINSAR
methodology. The coherence products were geo-located and stacked and the average
maps were produced via the Band Maths module. The results for Pissouri and Petra tou

Romiou are presented in Figure 93 and Figure 94 respectively.
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Figure 94: Average coherence map — Petra tou Romiou
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In both cases, within the two AOIs, coherence values are lower compared to the entire
scenes. However, there are other areas in both scenes individually that are characterised
by similar values. The low coherence values could be due to the residing vegetation
surrounding the case study site near Pissouri and the vegetation towards the north and

west from the AOI near Petra tou Romiou (Zebker and Villasenor, 1992).

Additionally, as both events were induced by heavy rainfall, this is an important factor
along with changes in soil moisture that can alter the radar signal significantly leading to
loss of coherence, as analysed in literature (Zebker and Villasenor, 1992; Rocca et al.,
2000; Bouaraba et al., 2014; Closson and Milisavljevic, 2017). However, from a first
overview of the coherence maps, there seems to be valuable information regarding the

extents of the two landslide events that took place on the 15" and 20" of February 2019.

To remove the effect of vegetation from the phase decorrelation (coherence loss), NDVI
was calculated from Equation 10 within SNAP, based on a Sentinel-2 satellite image
downloaded from the Copernicus open access hub, dated February 3, 2019
(S2A_MSIL2A 20190203T083141 N0211 R021 T36SVD_20190203T111709). This
was the closest to the landslides cloud-free and atmospherically corrected image (Level-
2A).

NIR —R
NDvi = NIR —Red (Eq. 10)
NIR + Red

A NDVI based mask was created, as seen in Figure 95, based on the fact that for NDVI
values greater than 0.2, vegetation is present. From Literature, NDVI values range from
-1 to +1, with the negative values of NDVI generally corresponding to water, whereas
NDVI values between -0.1 and +0.2 usually represent barren areas of rock, sand, or snow
(Sentinel Hub, no date).

Thus, all areas with NDVI1 > 0.2, were removed from the final coherence maps to exclude
the vegetation’s impact on phase decorrelation in the two areas of interest. The removal
of the areas of vegetation from the coherence maps presented in Figure 93 and Figure 94
was performed in ArcGIS using the Raster Calculator tool, following a reclassification of
the NDVI values in appropriate classes. The results are presented in Figure 96 and Figure
97.
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Figure 96: Average coherence map (NDVI mask) — Pissouri

Indeed, at the case study of the landslide by the A6 Paphos-Limassol motorway near
Pissouri, there seems to be a substantial match, of a scale of 85%, between the area of
landslide and the area of very low coherence (<0.4). The areas to the north, northwest and

east of the landslide area, are covered with vegetation, a matter that could explain the loss
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of coherence between the SAR acquisitions, as supported by the Literature. These were
removed through the application of the NDVI mask. However, due to the fact, that there
is very limited vegetation at the specific slope, with the exception of the part at the top of
AOI, within the determined area of landslide, other factors, such as the heavy rainfall or
a sudden change in the topography could be the reasons for such a substantial phase
decorrelation. All the coherence values for the AOI are presented in Table 17.

Table 17: Coherence results AOI — Pissouri

78 %0 011421800
4151617181920

T T W o ) e
Point Coherence (All)  Coherence (NDVI<0.2)
1 0.3441
2 0.3071
3 0.3169
4 0.3605
5 0.4915
6 0.4440
7 0.4758
8 0.3758 0.3758
9 0.3000 0.3000
10 0.3171 0.3171
11 0.3999 0.3999
12 0.4390 0.4390
13 0.5345 0.5345
14 0.4841 0.4841
15 0.4178 0.4178
16 0.3522 0.3522
17 0.3146 0.3146
18 0.2938 0.2938
19 0.3491 0.3491
20 0.4921 0.4921
21 0.5150 0.5150
22 0.4578 0.4578
23 0.3608 0.3608
24 0.3169 0.3169
25 0.2869 0.2869
26 0.2856 0.2856
27 0.4383 0.4383
28 0.4400 0.4400
Average 0.3897 0.3891
Min 0.2856 0.2856
Max 0.5345 0.5345
St. Deviation 0.0778 0.0799
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Figure 97: Average coherence map (NDVI mask) — Petra tou Romiou

At the second case study, near Petra tou Romiou, there are also indications that a sudden
change in the topography has occurred within the predefined landslide area. However,
there is some sparse vegetation that resides within the defined AOI and in close proximity
to the area. The vast majority of the vegetation was successfully removed with the
application of the NDVI mask, as seen from Figure 97, especially to the north and
northwest part of the scene. Apart from the AOI, there seems to be an area (yellow circle)
where there are low coherence values (<0.4) that needs to be investigated further. All the

coherence results for the AOI are presented in Table 18.

Table 18: Coherence results AOI — Petra tou Romiou
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Point Coherence  Coherence Point Coherence  Coherence
(Al (NDVI<0.2) (Al (NDVI1<0.2)

1 0.4324 43 0.5445 0.5445
2 0.4823 44 0.5436 0.5436
3 0.5146 45 0.4571 0.4571
4 0.5741 0.5741 46 0.3778 0.3778
5 0.5662 47 0.7216 0.7216
6 0.5705 48 0.6669 0.6669
7 0.5990 0.5990 49 0.6336 0.6336
8 0.5999 0.5999 50 0.5827 0.5827
9 0.6303 0.6303 51 0.5239 0.5239
10 0.5679 0.5679 52 0.4030 0.4030
11 0.4896 53 0.4808 0.4808
12 0.6002 54 0.5525 0.5525
13 0.6008 0.6008 55 0.5976 0.5976
14 0.5942 56 0.6195 0.6195
15 0.6543 57 0.4964 0.4964
16 0.6677 58 0.5001

17 0.4994 59 0.5049 0.5049
18 0.4268 60 0.4224 0.4224
19 0.4896 61 0.5911 0.5911
20 0.5404 62 0.5994 0.5994
21 0.6757 0.6757 63 0.5681 0.5681
22 0.6106 0.6106 64 0.4204 0.4204
23 0.5409 0.5409 65 0.5102 0.5102
24 0.4919 0.4919 66 0.5765 0.5765
25 0.5545 67 0.7044 0.7044
26 0.6109 68 0.6359 0.6359
27 0.4970 69 0.5026 0.5026
28 0.4030 70 0.4156

29 0.4269 71 0.4302

30 0.6198 72 0.5089 0.5089
31 0.6230 0.6230 73 0.5922

32 0.6091 0.6091 74 0.7713 0.7713
33 0.6732 0.6732 75 0.6561 0.6561
34 0.6384 0.6384 76 0.5763 0.5763
35 0.4970 0.4970 77 0.4256 0.4256
36 0.4326 0.4326 78 0.4423 0.4423
37 0.4719 0.4719 79 0.4410 0.4410
38 0.5174 0.5174 Average 0.5457 0.5583
39 0.6175 0.6175 Min 0.3778 0.3778
40 0.4702 Max 0.7713 0.7713
41 0.4824 St. Deviation 0.0855 0.0883
42 0.5373

Following the findings from the coherence analysis, the Coherent Change Detection
(CCD) methodology was applied, which is a part of the DINSAR process as the coherence
maps are outputs of the Interferogram formation step. Due to the nature and complexity
of the natural hazard phenomenon under investigation, another 22 SAR images were
downloaded for the period starting from 11" of January 2019 until the 12" of April 2019.
These were used to study the development of landslides further. The detailed processing
that was carried out is presented in detail in section 4.3 Implementation of CCD

methodology.
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4.3 Implementation of CCD methodology

After the application of DINSAR methodology with the six selected co-event
interferometric pairs, using a total of 10 SAR images (6 S1A and 4 S1B), another twenty-
four SAR images were downloaded for the period starting from 11" of January 2019 until
the 12" of April 2019.

This would assist in the direction to conduct a more comprehensive study of the
landslides, starting one month before the landslides took place and one month following
their occurrence. Due to the nature and complexity of the natural hazard phenomena under
investigation, the study of the evolution of the landslides was considered the way forward
towards the monitoring and rapid detection of the events that will in turn enable the

establishment of an early warning system.

From the two areas of interest that landslides took place, within the case study Pissouri —
Petra tou Romiou, the area by the A6 motorway was chosen to study the efficiency of the
CCD methodology for monitoring the landslide impact, as all the details about the specific
landslide, such as the exact landslide outline, the extents of construction works and their

duration, as well as the exact date of the road re-opening back to the traffic were known.

Indeed, following the instructions by the Geological Survey Department, a smaller
polygon (light blue) was used to define the exact landslide extents (Figure 98). Any

further analysis, from this point forward was carried out based on this AOI.

e - U0

Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus
DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Figure 98: The extents of the February 15, 2019 landslide near Pissouri
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The 32 SAR images (16 S1A and 16 S1B) in total were combined into twenty-eight
consecutive interferometric SAR pairs, fourteen ascending and fourteen descending, with
all images in the respective pairs being acquired with a temporal baseline of 12 days to
minimise the atmospheric and topography effects, as analysed in chapter 2 Literature
review. The interferometric SAR pairs are presented in Table 19, in ascending order based
on the master image acquisition date.

Table 19: SAR image interferometric pairs — Pissouri-Petra tou Romiou

No Platform Date Date _ Pasg Tem_p. Perp. Modelled
(master) (slave) direction baseline  baseline  coherence
1 Sentinel-1A  11/01/2019 23/01/2019  Ascending 12 days 16.36m 0.98
2 Sentinel-1A  12/01/2019 24/01/2019 Descending 12 days  108.39m 0.90
3 Sentinel-1B  17/01/2019 29/01/2019  Ascending 12 days 43.40m 0.95
4 Sentinel-1B  18/01/2019 30/01/2019  Descending 12 days 34.79m 0.96
5 Sentinel-1A  23/01/2019 04/02/2019  Ascending 12 days  155.91m 0.86
6 Sentinel-1A  24/01/2019 05/02/2019 Descending 12 days 79.26m 0.92
7 Sentinel-1B 29/01/2019 10/02/2019  Ascending 12 days 23.22m 0.97
8 Sentinel-1B  30/01/2019 11/02/2019  Descending 12 days 46.48m 0.95
9 Sentinel-1A  04/02/2019 16/02/2019  Ascending 12 days  102.44m 0.90
10  Sentinel-1A  05/02/2019 17/02/2019  Descending 12 days 12.46m 0.98
11 Sentinel-1B  10/02/2019 22/02/2019  Ascending 12 days 17.44m 0.97
12 Sentinel-1B  11/02/2019 23/02/2019  Descending 12 days 86.63m 0.92
13 Sentinel-1A  16/02/2019 28/02/2019  Ascending 12 days 84.72m 0.92
14 Sentinel-1A  17/02/2019 01/03/2019  Descending 12 days 14.88m 0.97
15  Sentinel-1B  22/02/2019 06/03/2019  Ascending 12 days 63.25m 0.94
16  Sentinel-1B  23/02/2019 07/03/2019  Descending 12 days 10.12m 0.98
17 Sentinel-1A  28/02/2019 12/03/2019  Ascending 12 days 3.15m 0.99
18  Sentinel-1A  01/03/2019 13/03/2019  Descending 12 days 87.86m 0.92
19  Sentinel-1B  06/03/2019 18/03/2019  Ascending 12 days 30.08m 0.96
20  Sentinel-1B  07/03/2019 19/03/2019  Descending 12 days 75.78m 0.93
21 Sentinel-1A  12/03/2019 24/03/2019  Ascending 12 days 17.67m 0.97
22 Sentinel-1A  13/03/2019 25/03/2019  Descending 12 days 63.94m 0.93
23 Sentinel-1B  18/03/2019 30/03/2019  Ascending 12 days 82.29m 0.92
24 Sentinel-1B  19/03/2019 31/03/2019  Descending 12 days 9.54m 0.98
25  Sentinel-1A  24/03/2019 05/04/2019  Ascending 12 days 51.98m 0.94
26 Sentinel-1A  25/03/2019 06/04/2019  Descending 12 days 57.14m 0.94
27  Sentinel-1B  30/03/2019 11/04/2019  Ascending 12 days 30.86m 0.96
28  Sentinel-1B  31/03/2019 12/04/2019 Descending 12 days 24.92m 0.97

The timeline of the SAR acquisitions and the landslide related events, such as

rehabilitation works, road opened to traffic, etc., are presented in Figure 99.
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Landslide - 15 February 2019
Road open to traffic — 23 March 2019

Pre-event Co-event Rehabilitation works Post-event

Figure 99: Timeline of SAR acquisitions and events

The perpendicular baselines for all 28 SAR pairs are shorter than the threshold of 200m
that was set. Moreover, all pairs show high modelled coherence close to or greater than
0.90. Twenty-eight coherence maps were developed following the same methodology, as

in DINSAR, through the Interferogram formation step, as shown below in Figure 100.
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Figure 100: Coherence maps development methodology

These coherence maps were then geo-located using Range-Doppler Terrain correction
and stacked separately using the coherence map of the first interferometric pair according
to the satellite (Sentinel-1A / Sentinel-1B) and the satellite pass direction (ascending /
descending). In total, four different stacks of coherence maps were developed, that were
then stacked altogether using the coherence map dated 11 January 2019 — 23 January

2019 as the master image, to assist in the comparison of results on the same basis.

The coherence maps produced after stacking and geolocating, for Sentinel-1A ascending,
Sentinel-1A descending, Sentinel-1B ascending and Sentinel-1B descending are
presented in Figure 101, Figure 102, Figure 103 and Figure 104 respectively.
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Coherence Map — S1A Ascending
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Figure 101: Coherence maps — Sentinel-1A ascending

147



Coherence Map — S1A Descending Coherence Histogram
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Figure 102: Coherence maps — Sentinel-1A descending
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Coherence Map — S1B Ascending Coherence Histogram
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Figure 103: Coherence maps — Sentinel-1B ascending
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Coherence Map — S1B Descending Coherence Histogram
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Figure 104: Coherence maps — Sentinel-1B descending
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4.3.1 Statistical analysis

Both landslides affected critical infrastructures, thus it is of great importance to raise
awareness of an upcoming danger in a timely manner. As noted in literature, it is the first
time that the CCD methodology is applied for landslides induced by heavy rainfall, thus

the evolution of the natural hazard needed to be investigated in detail.

A statistical analysis of all results is carried out in the present section. All coherence maps
produced in SNAP were inserted in ArcGIS, where the sea was subtracted, and coherence
values were classified appropriately for the development of the final coherence products.
For the analysis of the data, a grid of 52 points (Figure 105) was created within ArcGIS,
that covers the entire area were rehabilitation works took place, starting the day after the
landslide occurred, i.e. 15 February 2019, until the road was opened again to the traffic
(23 March 2019). From these 52 points, twenty points lie within the landslide area, which

was defined after the directions of the Geological Survey Department.

Legend

[ Landslide area
0 0.01 0.02 7 Rehabilitation works area
I i —— Road Network

Figure 105: Coherence maps — Point grid

A thorough analysis was carried out based on the coherence values obtained in the two
aforementioned areas, with the first images dated one month before the landslide (11-18
January 2019), and the last ones nearly one month after the landslide (5-12 April 2019).
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The coherence values obtained from Sentinel-1A and 1B images, for each pass direction,

were studied separately for each of the two areas, and the results are presented below.

Table 20: Coherence values — Sentinel-1A ascending

Coherence
Id 11JAN- 23JAN- 04FEB- 16FEB- 28FEB- 12MAR- 24MAR- Average
23JAN 04FEB 16FEB 28FEB 12MAR 24MAR 05APR
Point 1 0.7642  0.7077 0.5645 0.1937 0.6852 0.4084 0.4544 0.5397
Point 2 0.6455 0.4138 0.5054 0.3291 0.6025 0.4922 0.3450 0.4762
Point 3 0.6110 0.3884  0.4400 0.4179 0.4360 0.6069 0.3703 0.4672
Point 4 0.7161  0.2587 0.4459 0.4244 0.3906 0.4635 0.3965 0.4423
Point 5 0.6210 0.6861 0.5884 0.2838 0.4518 0.4225 0.3402 0.4848
Point 6 0.5910 0.6046 0.4847 0.3900 0.5052 0.5059 0.4283 0.5014
Point 7 0.5703 0.6844  0.4420 0.3613 0.3995 0.5315 0.5497 0.5055
Point 8 0.6697  0.5525 0.4934 0.3486 0.4308 0.4937 0.5709 0.5085
Point 9 0.7157  0.4870 0.4261 0.3889 0.4290 0.4112 0.7429 0.5144
Point 10 0.8028  0.3067 0.5196 0.3002 0.4242 0.4114 0.5744 0.4770
Point 11 0.7774  0.3367 0.6330 0.5273 0.6174 0.4623 0.6704 0.5749
Point 12 0.5470 0.7654  0.5925 0.4853 0.3715 0.3430 0.4352 0.5057
Point 13 0.5288  0.6903 0.6005 0.3075 0.1779 0.2394 0.3867 0.4187
Point 14 0.5489  0.6322 0.4720 0.3631 0.3891 0.3474 0.5828 0.4765
Point 15 0.5558  0.6646 0.4513 0.1625 0.3735 0.4533 0.6149 0.4680
Point 16 0.6499  0.5750 0.4566 0.1802 0.4226 0.5148 0.6183 0.4882
Point 17 0.6301  0.5297 0.4394 0.1467 0.5219 0.4718 0.6591 0.4855
Point 18 0.6839 0.3804 0.5717 0.2440 0.4153 0.3785 0.4558 0.4471
Point 19 0.7350 0.3327 0.6074 0.4791 0.5267 0.4016 0.6951 0.5397
Point 20 0.4270  0.7520 0.6058 0.4561 0.1840 0.2543 0.3527 0.4331
Point 21 0.5191  0.7078 0.5800 0.2640 0.0617 0.3138 0.4284 0.4107
Point 22 0.4885 0.6737 0.4774 0.2559 0.2656 0.4071 0.6313 0.4571
Point 23 0.4647  0.5888 0.4797 0.2287 0.3986 0.5156 0.5946 0.4672
Point 24 0.5975  0.4480 0.4809 0.3022 0.4369 0.5124 0.5409 0.4741
Point 25 0.4884  0.5508 0.4394 0.2585 0.6127 0.4239 0.5431 0.4738
Point 26 0.5350 0.4770 0.5116 0.2309 0.3934 0.2697 0.3907 0.4012
Point 27 0.7015 0.5587 0.5050 0.4968 0.4409 0.1978 0.6661 0.5096
Point 28 0.5575 0.7854  0.5820 0.4002 0.2863 0.2792 0.3855 0.4680
Point 29 0.5842  0.7249 0.5602 0.3381 0.1579 0.3882 0.5301 0.4691
Point 30 0.5668  0.6805 0.4818 0.1194 0.2101 0.3484 0.5617 0.4241
Point 31 0.4473  0.5479 0.5001 0.4550 0.4956 0.5126 0.5268 0.4979
Point 32 0.5219  0.4902 0.5087 0.4451 0.4727 0.4423 0.4816 0.4804
Point 33 0.3898  0.6150 0.3686 0.2819 0.6196 0.3748 0.5657 0.4593
Point 34 0.5292 0.7564  0.4060 0.2604 0.2375 0.2926 0.4802 0.4232
Point 35 0.6862  0.8546 0.3718 0.4805 0.2409 0.3415 0.6150 0.5129
Point 36 0.7101  0.8390 0.6664 0.5995 0.3001 0.4726 0.4297 0.5739
Point 37 0.7374  0.7519 0.6842 0.5310 0.4486 0.4509 0.4341 0.5769
Point 38 0.7399  0.6380 0.5930 0.5883 0.3144 0.4914 0.5829 0.5640
Point 39 0.6260 0.5933 0.5376 0.3031 0.3354 0.4727 0.5130 0.4830
Point 40 0.4488 0.5084  0.5065 0.5293 0.5386 0.6264 0.5198 0.5254
Point 41 0.4757  0.4629 0.5534 0.5547 0.4462 0.4638 0.5886 0.5065
Point 42 0.4396  0.6966 0.4112 0.3839 0.4335 0.3442 0.6326 0.4774
Point 43 0.6455  0.9017 0.4054 0.4377 0.1026 0.2547 0.5534 0.4716
Point 44 0.6978  0.9269 0.4155 0.5257 0.1097 0.2689 0.5105 0.4936
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Point 45 0.6703  0.6636 0.7399 0.6849 0.6526 0.4895 0.5699 0.6387
Point 46 0.6289  0.5370 0.6689 0.7467 0.5121 0.5789 0.7418 0.6306
Point 47 0.3507  0.4916 0.5742 0.6585 0.5184 0.6149 0.6018 0.5443
Point 48 0.4533  0.5165 0.5645 0.5884 0.5686 0.7170 0.5888 0.5710
Paint 49 0.6254  0.4985 0.6447 0.6383 0.3564 0.5824 0.5976 0.5633
Point 50 0.6588  0.6924 0.4637 0.3482 0.1168 0.2286 0.4395 0.4212
Point 51 0.7531  0.8891 0.6243 0.5727 0.0920 0.4683 0.3497 0.5356
Point 52 0.7643  0.9105 0.6297 0.5755 0.2942 0.5830 0.3596 0.5881
Average 0.6018 0.6101 0.5245 0.4014 0.3889 0.4296 0.5230 0.4971
Min 0.3507  0.2587 0.3686 0.1194 0.0617 0.1978 0.3402 0.4012
Max 0.8028  0.9269 0.7399 0.7467 0.6852 0.7170 0.7429 0.6387
St. Deviation 0.1112  0.1620 0.0867 0.1508 0.1559 0.1147 0.1075 0.0540
St. Error 0.0154  0.0225 0.0120 0.0209 0.0216 0.0159 0.0149 0.0075
Difference (%) 13811 -14.0266 -23.4727 -3.1067 10.4629  21.7397
Normalised
Difference (%) 0.6858  -7.5423  -13.2969 -1.5779 49714 9.8042
Table 21: Coherence values — Sentinel-1A ascending — AOI
Coherence
Id 11JAN- 23JAN- 0O4FEB- 16FEB- 28FEB- 12MAR- 24MAR- Average
23JAN 0O4FEB  16FEB 28FEB 12MAR 24MAR  05APR
Point 14 0.5489 0.6322 0.4720 0.3631 0.3891 0.3474 0.5828 0.4765
Point 15 0.5558  0.6646 0.4513 0.1625 0.3735 0.4533 0.6149 0.4680
Point 16 0.6499  0.5750 0.4566 0.1802 0.4226 0.5148 0.6183 0.4882
Point 17 0.6301  0.5297 0.4394 0.1467 0.5219 0.4718 0.6591 0.4855
Point 18 0.6839  0.3804 0.5717 0.2440 0.4153 0.3785 0.4558 0.4471
Point 22 0.4885 0.6737 0.4774 0.2559 0.2656 0.4071 0.6313 0.4571
Point 23 0.4647  0.5888 0.4797 0.2287 0.3986 0.5156 0.5946 0.4672
Point 24 0.5975  0.4480 0.4809 0.3022 0.4369 0.5124 0.5409 0.4741
Point 25 0.4884  0.5508 0.4394 0.2585 0.6127 0.4239 0.5431 0.4738
Point 26 0.5350 0.4770 0.5116 0.2309 0.3934 0.2697 0.3907 0.4012
Point 30 0.5668  0.6805 0.4818 0.1194 0.2101 0.3484 0.5617 0.4241
Point 31 0.4473  0.5479 0.5001 0.4550 0.4956 0.5126 0.5268 0.4979
Point 32 0.5219  0.4902 0.5087 0.4451 0.4727 0.4423 0.4816 0.4804
Point 33 0.3898 0.6150 0.3686 0.2819 0.6196 0.3748 0.5657 0.4593
Point 34 0.5292  0.7564 0.4060 0.2604 0.2375 0.2926 0.4802 0.4232
Point 39 0.6260  0.5933 0.5376 0.3031 0.3354 0.4727 0.5130 0.4830
Point 40 0.4488  0.5084 0.5065 0.5293 0.5386 0.6264 0.5198 0.5254
Point 41 0.4757  0.4629 0.5534 0.5547 0.4462 0.4638 0.5886 0.5065
Point 42 0.4396  0.6966 0.4112 0.3839 0.4335 0.3442 0.6326 0.4774
Point 43 0.6455  0.9017 0.4054 0.4377 0.1026 0.2547 0.5534 0.4716
Average 0.5367  0.5887 0.4730 0.3072 0.4061 0.4214 0.5527 0.4694
Min 0.3898 0.3804 0.3686 0.1194 0.1026 0.2547 0.3907 0.4012
Max 0.6839  0.9017 0.5717 0.5547 0.6196 0.6264 0.6591 0.5254
St. Deviation 0.0823  0.1206 0.0523 0.1255 0.1299 0.0954 0.0672 0.0290
St. Error 0.0184  0.0270 0.0117 0.0281 0.0290 0.0213 0.0150 0.0065
Difference (%) 0.6898 -19.6548 -35.0560 32.2039  3.7626 31.1837
Normalised
Difference (%) 46210 -10.8985 -21.2532 13.8688  1.8466 13.4887
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From the coherence outputs of the ascending Sentinel-1A images, the average coherence

seems stable in the greater area during 11/01/2019 — 04/02/2019. The average coherence
then dropped at the co-event pair i.e. 04/02/2019 — 16/02/2019, by 14%, and continued to

decrease by 23.5% until the next pair. The coherence values during the period of

rehabilitation works remained stable and then increased by 10.5% as the works completed

and by 21.7% after the road re-opened. The average, minimum and maximum coherence

results are presented in Figure 106.
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Figure 106: Coherence changes — Sentinel-1A ascending
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In the case of the AOI, the coherence values decreased at a greater rate (19.7%) at the co-

event SAR pair and at the start of the rehabilitation works (35%), reaching a minimum of

0.307. The coherence values were then increased by 36% as construction works reached

completion and by 31.2% after the road opened to traffic. The average, minimum and

maximum coherence values for each SAR image pair are presented in Figure 107.
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Figure 107: Coherence changes — Sentinel-1A ascending — AOI
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The peak that is seen in the maximum values at both cases, in the image pair dated
23/01/2019 — 04/02/2019, is at point 43 which is located near the road.

154



Table 22: Coherence values — Sentinel-1A descending

Coherence
Id 12JAN- 24JAN- O05FEB- 17FEB- 01MAR- 13MAR- 25MAR- Average
24JAN O05FEB 17FEB 01MAR 13MAR 25MAR 06APR
Point 1 0.8004  0.6905 0.3134 0.3248 0.4550 0.3220 0.3481 0.4649
Point 2 0.8452  0.7730 0.2335 0.2778 0.4280 0.3871 0.2341 0.4541
Point 3 0.8241  0.7611 0.2302 0.3970 0.5512 0.4479 0.4445 0.5223
Point 4 0.8390 0.7869 0.3923 0.5658 0.5409 0.4835 0.5290 0.5911
Point 5 0.7618 0.6773 0.3498 0.3144 0.3393 0.3156 0.2816 0.4343
Point 6 0.8225 0.7715 0.3826 0.2660 0.2289 0.4255 0.2596 0.4510
Point 7 0.8443  0.8361 0.4140 0.4076 0.2994 0.5104 0.4084 0.5315
Point 8 0.8512  0.8385 0.5538 0.4785 0.3649 0.5310 0.5482 0.5952
Point 9 0.7632  0.7795 0.6370 0.5788 0.3806 0.5579 0.5515 0.6069
Point 10 0.6525 0.7596 0.5423 0.6048 0.5067 0.3668 0.5413 0.5677
Point 11 0.6192 0.5814 0.6422 0.6418 0.5697 0.5346 0.4335 0.5746
Point 12 0.5661  0.4165 0.5672 0.2443 0.2723 0.1242 0.2118 0.3432
Point 13 0.7508  0.6338 0.2768 0.2726 0.2181 0.1952 0.1201 0.3525
Point 14 0.8012  0.6863 0.2820 0.1868 0.1746 0.4395 0.3199 0.4129
Point 15 0.7630 0.7726 0.4110 0.3088 0.1270 0.5308 0.4726 0.4837
Point 16 0.7075  0.7695 0.6701 0.3590 0.2671 0.5542 0.6436 0.5673
Point 17 0.6684  0.6836 0.7562 0.4922 0.2038 0.5228 0.5396 0.5524
Point 18 0.5901  0.6456 0.5485 0.4801 0.3364 0.4758 0.6292 0.5294
Point 19 0.6539  0.5149 0.6155 0.5784 0.4917 0.6288 0.4785 0.5660
Point 20 0.5886  0.5579 0.5755 0.2921 0.2287 0.2174 0.1619 0.3746
Point 21 0.7222  0.5890 0.2480 0.2649 0.1031 0.1783 0.1898 0.3279
Point 22 0.7815  0.5931 0.2925 0.1731 0.1880 0.2569 0.2454 0.3615
Point 23 0.6457  0.6143 0.3311 0.2551 0.1218 0.5025 0.3270 0.3996
Point 24 0.4885  0.6438 0.5555 0.1366 0.1918 0.6153 0.6431 0.4678
Point 25 0.5006 0.6066 0.6676 0.2887 0.3084 0.5461 0.5652 0.4976
Point 26 0.5361  0.6407 0.6455 0.3703 0.3866 0.5480 0.6663 0.5419
Point 27 0.6992  0.5948 0.7114 0.4958 0.5486 0.6980 0.5470 0.6135
Point 28 0.5171  0.6729 0.4901 0.4048 0.1504 0.1690 0.4387 0.4061
Point 29 0.5897  0.5922 0.3062 0.2160 0.1447 0.2168 0.3104 0.3394
Point 30 0.6752  0.4998 0.3792 0.1071 0.2289 0.1114 0.3837 0.3408
Point 31 0.4752  0.3899 0.3475 0.2923 0.1241 0.4496 0.3767 0.3508
Point 32 0.3070  0.4192 0.3499 0.0947 0.1696 0.6177 0.5736 0.3617
Point 33 0.3494  0.4395 0.3902 0.1331 0.3414 0.5714 0.5519 0.3967
Point 34 0.4985  0.5967 0.4263 0.3538 0.4418 0.5491 0.6604 0.5038
Point 35 0.6887  0.6482 0.5780 0.3956 0.6098 0.6680 0.6243 0.6018
Point 36 0.6407 0.6614 0.2952 0.4825 0.2827 0.2068 0.4521 0.4316
Point 37 0.4348 0.7234 0.3789 0.4610 0.1306 0.2454 0.6573 0.4331
Point 38 0.3133  0.5892 0.2891 0.1854 0.1904 0.2702 0.5782 0.3451
Point 39 0.3581  0.4565 0.3645 0.0455 0.1944 0.0923 0.5268 0.2912
Point 40 0.1665  0.1940 0.3425 0.2566 0.2212 0.3768 0.3730 0.2758
Point 41 0.1974  0.1580 0.2040 0.0944 0.1462 0.6246 0.4688 0.2705
Point 42 0.3166  0.2537 0.2917 0.1243 0.3283 0.5855 0.4705 0.3387
Point 43 0.3332  0.4887 0.3878 0.4042 0.4950 0.4556 0.6174 0.4545
Point 44 0.5491  0.5825 0.5293 0.4740 0.5728 0.5846 0.6727 0.5664
Point 45 0.3235 0.6477 0.3077 0.5140 0.2565 0.2838 0.7166 0.4357
Point 46 0.2723  0.5615 0.3868 0.3770 0.2528 0.3461 0.7025 0.4141
Point 47 0.2405 0.5151 0.2877 0.2384 0.2813 0.2270 0.6463 0.3480
Point 48 0.2560 0.4146 0.2138 0.1562 0.1618 0.4440 0.4293 0.2965
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Point 49 02418 04401 01082 02050  0.1325  0.6143 04682  0.3157
Point 50 03945 03789 02085 02758 02356 05753  0.4265  0.3564
Point 51 02353 03589 03032 04721 04616 04698  0.5542  0.4079
Point 52 03983 04563 04283 05907 05670 04987  0.6698  0.5156
Average 05550 05838 04123  0.3348 03068 04263 04748  0.4420
Min 01665 01580 01082  0.0455 01031  0.0923 01201  0.2705
Max 08512 0.8385 07562  0.6418  0.6098  0.6980  0.7166  0.6135
St. Deviation ~ 02063  0.1575 0.1537 01532  0.1488  0.1636  0.1544  0.0996
St. Error 00286 00218 00213 00212 00206  0.0227  0.0214  0.0138
Difference (%) 51891 -29.3732 -18.7952 -8.3661 38.9614  11.3691
Dﬁf%’;?;;f?& ) 25290 -17.2149 -10.3723 -4.3656 16.3045  5.3788
Table 23: Coherence values — Sentinel-1A descending — AOI
Coherence
Id 12JAN- 24JAN- OSFEB- 17FEB- OIMAR- I13MAR- 25MAR- oo o
24JAN  05FEB  17FEB  0IMAR 13MAR 25MAR  06APR
Point 14 08012 0.6863 02820  0.1868  0.1746 04395  0.3199  0.4129
Point 15 07630 07726  0.4110  0.3088  0.1270 05308  0.4726  0.4837
Point 16 07075 07695 0.6701  0.3590  0.2671 05542  0.6436  0.5673
Point 17 06684 006836 07562 04922 02038 05228 05396  0.5524
Point 18 05901 0.6456 05485 04801 03364 04758  0.6292  0.5294
Point 22 07815 05931 02925 01731 01880  0.2569  0.2454  0.3615
Point 23 06457 06143 03311 02551  0.1218 05025  0.3270  0.3996
Point 24 04885 06438 05555  0.1366  0.1918  0.6153  0.6431  0.4678
Point 25 05006 0.6066 0.6676  0.2887  0.3084 05461  0.5652  0.4976
Point 26 05361 06407 06455 03703 03866 05480  0.6663  0.5419
Point 30 06752 0.4998 03792 01071 02289 01114  0.3837  0.3408
Point 31 04752 03899 03475  0.2923 01241 04496  0.3767  0.3508
Point 32 03070 04192 03499  0.0947  0.1696  0.6177 05736  0.3617
Point 33 03494 04395 03902 01331 03414 05714 05519  0.3967
Point 34 04985 05967 0.4263 03538 04418 05491  0.6604  0.5038
Point 39 03581 04565 03645  0.0455 01944 00923 05268  0.2912
Point 40 01665 01940 03425 02566 02212 03768  0.3730  0.2758
Point 41 01974 01580 02040  0.0944 01462  0.6246  0.4688  0.2705
Point 42 03166 02537 02917  0.1243 03283 05855  0.4705  0.3387
Point 43 03332 04887 03878 04042 04950 04556  0.6174  0.4545
Average 05080 05276 0.4322 02478 02498 04713 05027  0.4199
Min 01665 0.1580 0.2040  0.0455  0.1218  0.0923  0.2454  0.2705
Max 08012 07726 07562  0.4922 04950  0.6246  0.6663  0.5673
St Deviation 01941 01777 01537 01342 01089 01539  0.1286  0.0951
St. Error 00434 00397 00344 00300 00243 00344  0.0287  0.0213
Difference (%) 3.8608 -18.0830 -42.6590 0.8021  88.6600  6.6706
D:\f']f’err';f‘r?c':f?f/o | 1.8939  -9.9403 -27.1124 03995 307143  3.2276
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From Table 22, it is clear that in the wider area, coherence values are nearly stable on
average before the landslide, i.e. 12/01/2019 — 05/02/2019. There is a small increase of
0.028 (5.2%) on average that is though lower than the standard error estimated (+0.0286),
and thus considered insignificant. Moreover, the coherence values dropped at the co-event
pair (05/02/2019 — 17/02/2019), by 29.4%, and continued to decrease by 18.8% until the
next one (17/2/2019 — 01/03/2019). During the period of rehabilitation works there was a
small decrease of 8.4%, but the coherence values increased by 39% as the works ended
and by 11.4% after the road re-opened to traffic. The average, minimum and maximum

coherence values obtained from each pair of images are presented in Figure 108.
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Figure 108: Coherence changes — Sentinel-1A descending

Within the AOI, the coherence values decreased by 18.1% at the co-event SAR pair and
an additional 42.7% when the rehabilitation works commenced. The coherence values
then increased by 88.7% as construction works reached completion and by 6.7% after the
road re-opened to traffic. The average, minimum and maximum coherence values

obtained from each pair of images are presented in Figure 1009.
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Figure 109: Coherence changes — Sentinel-1A descending — AOI
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By averaging the coherence pixel values from ascending and descending Sentinel-1A
pairs, a clearer representation of the coherence changes trends in all 3 categories, i.e.
minimum, maximum and average values is provided, as shown in Figure 110 and Figure
111. At the same time, standard deviations are reduced leading to more reliable results.

The x-axis values were changed from dates to periods, as shown earlier (Figure 99).
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Figure 110: Coherence changes — Sentinel-1A average

The peaks that existed in the maximum values in the case of the Sentinel-1A ascending
images, and other small fluctuations evened out, resulting in a common trend in coherence
changes in maximum, minimum and average values. The average coherence is nearly
stable within the error limits calculated in the pre-event period. It then decreased by
18.9% (co-event pair) and continued to decrease by 38.7% to reach the minimum value
of 0.278 during the rehabilitation works. Then, the average coherence increased by 54.3%
until the end of this period and by another 18.2% after the road opened. The maximum

values of average coherence lie as expected within the pre-event and post-event periods.
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Figure 111: Coherence changes — Sentinel-1A average — AOI
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Table 24: Coherence values — Sentinel-1B ascending

Coherence
Id 17JAN- 29JAN- 10FEB- 22FEB- 06MAR- 18MAR- 30MAR- Average
29JAN 10FEB 22FEB 06MAR 18MAR 30MAR 11APR
Point 1 0.6362 0.5373 0.2752 0.4432 0.5805 0.1891 0.6418 0.4719
Point 2 0.5857  0.5582 0.1685 0.4298 0.5414 0.5491 0.7234 0.5080
Point 3 0.5366  0.5632 0.2263 0.3329 0.5596 0.4606 0.6909 0.4815
Point 4 0.5450  0.5979 0.1942 0.4481 0.6447 0.3028 0.4096 0.4489
Point 5 0.6482  0.4814 0.1527 0.3798 0.5288 0.2630 0.7108 0.4521
Point 6 0.5121  0.5288 0.3839 0.3562 0.4662 0.7146 0.7916 0.5362
Point 7 0.4327 0.5143 0.3621 0.1709 0.5590 0.6138 0.8083 0.4945
Point 8 0.4693  0.5681 0.2886 0.1307 0.6744 0.3990 0.6056 0.4480
Point 9 0.4218 0.5280 0.0842 0.2814 0.6472 0.3690 0.4263 0.3940
Point 10 0.5025 0.5891 0.2734 0.3053 0.5024 0.4861 0.3188 0.4254
Point 11 0.7900 0.7728 0.5473 0.1318 0.6643 0.5683 0.3647 0.5485
Point 12 0.7754  0.6085 0.3533 0.4373 0.5370 0.3191 0.5502 0.5115
Point 13 0.6371  0.5697 0.4594 0.4021 0.3914 0.4324 0.7483 0.5201
Point 14 0.5173  0.5860 0.3738 0.1973 0.4202 0.7559 0.8150 0.5237
Point 15 0.4484 0.5184 0.3400 0.0750 0.5225 0.6168 0.8547 0.4823
Point 16 0.4668 0.5736 0.2663 0.1527 0.5688 0.3835 0.6950 0.4438
Point 17 0.3713  0.4891 0.1092 0.3134 0.4988 0.3553 0.6255 0.3947
Point 18 0.4576  0.5178 0.2669 0.2896 0.3523 0.3810 0.4643 0.3899
Point 19 0.7813  0.7438 0.5685 0.1136 0.6367 0.6395 0.5442 0.5754
Point 20 0.7585 0.6074 0.4276 0.4935 0.3596 0.3702 0.6466 0.5233
Point 21 0.6207 0.6024 0.6077 0.3995 0.2413 0.5473 0.7854 0.5435
Point 22 0.5747 0.6122 0.3904 0.0939 0.4114 0.7176 0.8435 0.5205
Point 23 0.5332 0.4861 0.2516 0.1811 0.4519 0.6072 0.8833 0.4849
Point 24 0.4508 0.5034 0.2270 0.2248 0.4504 0.4692 0.7396 0.4379
Point 25 0.3211  0.3377 0.1189 0.2566 0.4002 0.3691 0.7184 0.3603
Point 26 0.4661  0.4349 0.3389 0.2443 0.3430 0.2902 0.5929 0.3872
Point 27 0.7504  0.6856 0.5504 0.0584 0.6384 0.6148 0.6755 0.5676
Point 28 0.7058 0.5725 0.5625 0.5630 0.2997 0.3578 0.5743 0.5194
Point 29 0.6500 0.6353 0.6747 0.3869 0.1512 0.4547 0.7290 0.5260
Point 30 0.6422  0.6213 0.3781 0.1028 0.4259 0.6824 0.8273 0.5257
Point 31 0.6196  0.4796 0.1785 0.3733 0.4278 0.5752 0.8827 0.5052
Point 32 0.5409 0.4248 0.2241 0.1842 0.3638 0.5675 0.7422 0.4354
Point 33 0.4873  0.2261 0.1521 0.1777 0.3147 0.4150 0.7429 0.3594
Point 34 0.6101  0.4297 0.3537 0.0977 0.1993 0.3391 0.7211 0.3930
Point 35 0.6774  0.5318 0.3372 0.0887 0.4800 0.5023 0.7576 0.4821
Point 36 0.7089  0.6582 0.5373 0.2438 0.2436 0.3165 0.5586 0.4667
Point 37 0.7233  0.6705 0.6948 0.5808 0.3065 0.3015 0.5722 0.5499
Point 38 0.7562  0.6670 0.7399 0.4453 0.2334 0.3994 0.6198 0.5516
Point 39 0.7279  0.5610 0.3901 0.3898 0.5302 0.7534 0.7367 0.5842
Point 40 0.7509  0.5433 0.2200 0.5012 0.4800 0.6773 0.8428 0.5736
Point 41 0.7206  0.4724 0.3980 0.1315 0.4017 0.6743 0.7512 0.5071
Point 42 0.6886  0.3868 0.3644 0.1615 0.3721 0.4771 0.7626 0.4590
Point 43 0.6893  0.5502 0.5698 0.3031 0.2561 0.3459 0.7783 0.4989
Point 44 0.6225  0.5429 0.4047 0.2950 0.3628 0.3211 0.7536 0.4718
Point 45 0.7681  0.7963 0.7838 0.7816 0.6267 0.3996 0.6143 0.6815
Point 46 0.8166  0.7787 0.8120 0.7294 0.5340 0.5564 0.6476 0.6964
Point 47 0.7672  0.7344 0.6565 0.5982 0.6538 0.7209 0.7278 0.6941
Point 48 0.7590 0.6639 0.4033 0.3796 0.4302 0.6477 0.7293 0.5733
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Point 49 0.7439  0.5547  0.6733 0.2853 0.2988 0.6367 0.7371 0.5614

Point 50 0.7432  0.5573  0.6339 0.1767 0.3351 0.4410 0.7463 0.5191
Point 51 0.7837  0.6969  0.7884 0.2531 0.4699 0.3339 0.6661 0.5703
Point 52 0.7079  0.7105  0.7182 0.2488 0.5208 0.3522 0.6262 0.5549
Average 0.6235 0.5689  0.4088 0.3043 0.4483 0.4814 0.6831 0.5026
Min 0.3211 0.2261  0.0842 0.0584 0.1512 0.1891 0.3188 0.3594
Max 0.8166 ~ 0.7963  0.8120 0.7816 0.6744 0.7559 0.8833 0.6964

St. Deviation 0.1286 ~ 0.1101  0.1985 0.1674 0.1334 0.1486 0.1281 0.0756
St. Error 0.0178  0.0153  0.0275 0.0232 0.0185 0.0206 0.0178 0.0105

Difference (%0) -8.7607 -28.1458 -25.5610 47.3229 7.3925  41.8974

Normalised

Difference (%) -4.5810 -16.3777 -14.6533  19.1340 3.5645 17.3203

Table 25: Coherence values — Sentinel-1B ascending — AOI

Coherence
Id 17JAN- 29JAN-  10FEB- 22FEB- 06MAR- 18MAR- 30MAR Average
29JAN  10FEB 22FEB  06MAR 18MAR 30MAR -11APR

Point 14 0.5173 0.5860 0.3738 0.1973 0.4202 0.7559 0.8150 0.5237
Point 15 0.4484  0.5184 0.3400 0.0750 0.5225 0.6168 0.8547 0.4823
Point 16 0.4668 0.5736 0.2663 0.1527 0.5688 0.3835 0.6950 0.4438
Point 17 0.3713 0.4891 0.1092 0.3134 0.4988 0.3553 0.6255 0.3947
Point 18 0.4576 0.5178 0.2669 0.2896 0.3523 0.3810 0.4643 0.3899
Point 22 0.5747 0.6122 0.3904 0.0939 0.4114 0.7176 0.8435 0.5205
Point 23 0.5332 0.4861 0.2516 0.1811 0.4519 0.6072 0.8833 0.4849
Point 24 0.4508 0.5034 0.2270 0.2248 0.4504 0.4692 0.7396 0.4379
Point 25 0.3211 0.3377 0.1189 0.2566 0.4002 0.3691 0.7184 0.3603
Point 26 0.4661 0.4349 0.3389 0.2443 0.3430 0.2902 0.5929 0.3872
Point 30 0.6422 0.6213 0.3781 0.1028 0.4259 0.6824 0.8273 0.5257
Point 31 0.6196 0.4796 0.1785 0.3733 0.4278 0.5752 0.8827 0.5052
Point 32 0.5409 0.4248 0.2241 0.1842 0.3638 0.5675 0.7422 0.4354
Point 33 0.4873 0.2261 0.1521 0.1777 0.3147 0.4150 0.7429 0.3594
Point 34 0.6101 0.4297 0.3537 0.0977 0.1993 0.3391 0.7211 0.3930
Point 39 0.7279 0.5610 0.3901 0.3898 0.5302 0.7534 0.7367 0.5842
Point 40 0.7509 0.5433 0.2200 0.5012 0.4800 0.6773 0.8428 0.5736
Point 41 0.7206 0.4724 0.3980 0.1315 0.4017 0.6743 0.7512 0.5071
Point 42 0.6886 0.3868 0.3644 0.1615 0.3721 0.4771 0.7626 0.4590
Point 43 0.6893 0.5502 0.5698 0.3031 0.2561 0.3459 0.7783 0.4989
Average 0.5542 0.4877 0.2956 0.2226 0.4095 0.5226 0.7510 0.4633

Min 0.3211 0.2261 0.1092 0.0750 0.1993 0.2902 0.4643 0.3594

Max 0.7509 0.6213 0.5698 0.5012 0.5688 0.7559 0.8833 0.5842

St. Deviation 0.1234 0.0964 0.1142 0.1124 0.0912 0.1565 0.1031 0.0678
St. Error 0.0276 0.0215 0.0255 0.0251 0.0204 0.0350 0.0231 0.0152

Difference (%0) -12.0017 -39.3952 -24.7036  84.0134  27.6152 43.6915

Normalised

Difference (%) -6.3839  -24.5293 -14.0925 29.5808 12.1324 17.9290
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In the case of Sentinel-1B ascending image pairs, in the wider area, coherence values
started reducing on average by 8.8% before the landslide, i.e. 17/01/2019 — 10/02/2019.
Moreover, the coherence values continued to drop during the period 10/02/2019 —
22/02/2019 (co-event pair) by 28.1%, and by 25.6% at the next pair dated 22/2/2019 —
06/03/2019, reaching their lowest value on average (0.304). During the period of
rehabilitation works there was a significant increase of 54.7% until their completion, and
an additional increase of 41.9% after the road re-opened to traffic. The average, minimum

and maximum coherence values obtained at each period are presented in Figure 112.
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Figure 112: Coherence changes — Sentinel-1B ascending

Within the AOI, the coherence values decreased by 12% at the pre-event pair and further
39.4% at the co-event pair. The average coherence continued to drop by 24.7% during
the start of rehabilitation works reaching its minimum value of 0.223. The coherence
values then increased significantly by 111.6% as construction works reached completion
and by 43.7% after the road re-opened to traffic. The average, minimum and maximum

coherence values obtained from each pair of images are presented in Figure 113.
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Figure 113: Coherence changes — Sentinel-1B ascending — AOI
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Table 26: Coherence values — Sentinel-1B descending

Coherence
Id 18JAN- 30JAN- 11FEB- 23FEB- 07MAR- 19MAR- 31MAR- Average
30JAN 11FEB 23FEB 07MAR 19MAR 31MAR 12APR
Point 1 0.5669 0.4012 0.3748 0.2162 0.4405 0.2060 0.7889 0.4278
Point 2 0.6603 0.5317 0.2699 0.2373 0.3798 0.2473 0.6824 0.4298
Point 3 0.6097 0.5826 0.3199 0.2947 0.4517 0.3302 0.6487 0.4625
Point 4 0.7459 0.5899 0.3629 0.4867 0.5652 0.3053 0.6550 0.5301
Point 5 0.5101 0.3831 0.3984 0.1621 0.5688 0.3616 0.7946 0.4541
Point 6 0.6177 0.5022 0.2107 0.2222 0.4834 0.3348 0.7165 0.4411
Point 7 0.6475 0.5182 0.1168 0.2957 0.4256 0.4456 0.7318 0.4544
Point 8 0.7394 0.5948 0.2268 0.3266 0.5034 0.3522 0.6977 0.4915
Point 9 0.7552 0.4897 0.5140 0.1845 0.5493 0.4294 0.7029 0.5178
Point 10 0.6665 0.4219 0.5095 0.4647 0.5199 0.3044 0.7507 0.5196
Point 11 0.6472 0.5420 0.5617 0.5314 0.7282 0.4657 0.6490 0.5893
Point 12 0.4284 0.5588 0.5401 0.0815 0.6911 0.3041 0.7097 0.4734
Point 13 0.4661 0.4226 0.3742 0.1734 0.6016 0.3566 0.7877 0.4546
Point 14 0.5321 0.4473 0.1955 0.3613 0.4628 0.3745 0.7847 0.4512
Point 15 0.6396 0.4496 0.0615 0.3498 0.3566 0.5034 0.7535 0.4449
Point 16 0.6692 0.5733 0.1462 0.4699 0.3451 0.4041 0.7356 0.4776
Point 17 0.6552 0.4456 0.3214 0.2343 0.4541 0.4729 0.7313 0.4735
Point 18 0.5280 0.3562 0.5399 0.4674 0.5208 0.3499 0.8243 0.5124
Point 19 0.6207 0.4456 0.6538 0.5405 0.7139 0.5545 0.7703 0.6142
Point 20 0.6220 0.5960 0.6827 0.1078 0.6250 0.1479 0.7440 0.5036
Point 21 0.6067 0.5151 0.4131 0.2724 0.5291 0.1202 0.8088 0.4665
Point 22 0.5132 0.3974 0.1772 0.4756 0.3349 0.2236 0.8413 0.4233
Point 23 0.5368 0.4287 0.1617 0.4793 0.2213 0.4465 0.7817 0.4366
Point 24 0.5678 0.4570 0.1796 0.6120 0.1886 0.4334 0.7099 0.4498
Point 25 0.5517 0.4565 0.1174 0.4331 0.3574 0.5075 0.7095 0.4476
Point 26 0.4180 0.3860 0.4479 0.3849 0.5646 0.5532 0.8291 0.5120
Point 27 0.5308 0.5318 0.6914 0.5856 0.7770 0.6452 0.8512 0.6590
Point 28 0.7342 0.6250 0.6529 0.2197 0.4637 0.3107 0.7627 0.5384
Point 29 0.7007 0.5409 0.5364 0.2774 0.2816 0.1661 0.8146 0.4740
Point 30 0.6234 0.4356 0.3073 0.4329 0.1373 0.1570 0.8442 0.4197
Point 31 0.5453 0.4772 0.2188 0.4584 0.1419 0.3519 0.8032 0.4281
Point 32 0.5118 0.4330 0.2466 0.5659 0.1437 0.4312 0.6869 0.4313
Point 33 0.5082 0.4218 0.2109 0.4038 0.2516 0.6264 0.6431 0.4380
Point 34 0.4442 0.3789 0.3299 0.2387 0.5382 0.6853 0.7916 0.4867
Point 35 0.5231 0.5791 0.6057 0.6009 0.8486 0.6701 0.8644 0.6703
Point 36 0.7851 0.6047 0.6359 0.4578 0.3029 0.5422 0.6768 0.5722
Point 37 0.7873 0.6847 0.4404 0.3092 0.3293 0.5213 0.7799 0.5503
Point 38 0.7492 0.6200 0.4567 0.2497 0.0777 0.3472 0.8075 0.4726
Point 39 0.6645 0.5614 0.4259 0.2774 0.0875 0.3037 0.8434 0.4520
Point 40 0.5625 0.4633 0.3456 0.3894 0.1821 0.3188 0.8120 0.4391
Point 41 0.5318 0.4661 0.3394 0.5430 0.1567 0.4685 0.7308 0.4623
Point 42 0.5440 0.4376 0.2637 0.4405 0.1856 0.6804 0.5644 0.4452
Point 43 0.5473 0.4227 0.3363 0.2131 0.4424 0.7779 0.7694 0.5013
Point 44 0.5600 0.5749 0.4817 0.5818 0.8025 0.7813 0.8627 0.6635
Point 45 0.7858 0.6857 0.2021 0.3696 0.2433 0.6188 0.8034 0.5298
Point 46 0.7893 0.7126 0.3466 0.3287 0.1403 0.5371 0.7983 0.5219
Point 47 0.7511 0.7278 0.4843 0.1377 0.1565 0.4227 0.8342 0.5020
Point 48 0.6801 0.5749 0.4384 0.2866 0.1924 0.3599 0.7904 0.4747
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Point 49 0.6603 0.5843 0.4223 0.4875 0.1484 0.4872 0.7572 0.5067

Point 50 0.6469 0.4533 0.3985 0.5262 0.1716 0.5743 0.5843 0.4793
Point 51 0.6749 0.4805 0.4881 0.4144 0.5003 0.7082 0.6635 0.5614
Point 52 0.6278 0.5793 0.4770 0.6250 0.6854 0.7964 0.7809 0.6531
Average 0.6152 0.5106 0.3781 0.3709 0.4033 0.4389 0.7550 0.4960
Min 0.4180 0.3562 0.0615 0.0815 0.0777 0.1202 0.5644 0.4197
Max 0.7893 0.7278 0.6914 0.6250 0.8486 0.7964 0.8644 0.6703

St. Deviation 0.0985 0.0916 0.1611 0.1443 0.2071 0.1692 0.0703 0.0656
St. Error 0.0137 0.0127 0.0223 0.0200 0.0287 0.0235 0.0097 0.0091

Difference (%0) -17.0091 -25.9500 -1.9042  8.7381 8.8380  72.0104

Normalised

Difference (%) -9.2951  -14.9095 -0.9612  4.1862 4.2320 26.4734

Table 27: Coherence values — Sentinel-1B descending — AOI

Coherence
Id 18JAN- 30JAN- 11FEB- 23FEB- 07MAR- 19MAR- 31MAR- Average
30JAN 11FEB 23FEB  07MAR 19MAR 31MAR 12APR

Point 14 0.5321 0.4473 0.1955 0.3613 0.4628 0.3745 0.7847 0.4512
Point 15 0.6396 0.4496 0.0615 0.3498 0.3566 0.5034 0.7535 0.4449
Point 16 0.6692 0.5733 0.1462 0.4699 0.3451 0.4041 0.7356 0.4776
Point 17 0.6552 0.4456 0.3214 0.2343 0.4541 0.4729 0.7313 0.4735
Point 18 0.5280 0.3562 0.5399 0.4674 0.5208 0.3499 0.8243 0.5124
Point 22 0.5132 0.3974 0.1772 0.4756 0.3349 0.2236 0.8413 0.4233
Point 23 0.5368 0.4287 0.1617 0.4793 0.2213 0.4465 0.7817 0.4366
Point 24 0.5678 0.4570 0.1796 0.6120 0.1886 0.4334 0.7099 0.4498
Point 25 0.5517 0.4565 0.1174 0.4331 0.3574 0.5075 0.7095 0.4476
Point 26 0.4180 0.3860 0.4479 0.3849 0.5646 0.5532 0.8291 0.5120
Point 30 0.6234 0.4356 0.3073 0.4329 0.1373 0.1570 0.8442 0.4197
Point 31 0.5453 0.4772 0.2188 0.4584 0.1419 0.3519 0.8032 0.4281
Point 32 0.5118 0.4330 0.2466 0.5659 0.1437 0.4312 0.6869 0.4313
Point 33 0.5082 0.4218 0.2109 0.4038 0.2516 0.6264 0.6431 0.4380
Point 34 0.4442 0.3789 0.3299 0.2387 0.5382 0.6853 0.7916 0.4867
Point 39 0.6645 0.5614 0.4259 0.2774 0.0875 0.3037 0.8434 0.4520
Point 40 0.5625 0.4633 0.3456 0.3894 0.1821 0.3188 0.8120 0.4391
Point 41 0.5318 0.4661 0.3394 0.5430 0.1567 0.4685 0.7308 0.4623
Point 42 0.5440 0.4376 0.2637 0.4405 0.1856 0.6804 0.5644 0.4452
Point 43 0.5473 0.4227 0.3363 0.2131 0.4424 0.7779 0.7694 0.5013
Average 0.5547 0.4448 0.2686 0.4115 0.3037 0.4535 0.7595 0.4566

Min 0.4180 0.3562 0.0615 0.2131 0.0875 0.1570 0.5644 0.4197

Max 0.6692 0.5733 0.5399 0.6120 0.5646 0.7779 0.8442 0.5124

St. Deviation 0.0674 0.0522 0.1201 0.1092 0.1531 0.1570 0.0729 0.0283
St. Error 0.0151 0.0117 0.0269 0.0244 0.0342 0.0351 0.0163 0.0063

Difference (%0) -19.8200 -39.6029 53.1930 -26.2119 49.3473  67.4742

Normalised

Difference (%) -11.0001 -24.6905 21.0089 -15.0827 19.7906  25.2264
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Within the larger area, coherence values decreased by 17% on average before the
landslide (18/01/2019 — 11/02/2019) took place. The coherence values continued to drop
during the period 11/02/2019 — 23/02/2019 (co-event pair) by 26% reaching their
minimum value of 0.371 on average. During the period of rehabilitation works there was
an increase of 17.5% in coherence until their completion. Finally, the average coherence
rose by 72% after the road re-opened to traffic. The average, minimum and maximum
coherence values obtained at each period are presented in Figure 114.
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Figure 114: Coherence changes — Sentinel-1B descending

There is a peak at the maximum coherence (0.849) at the pair of SAR images dated
07/03/2019-19/03/2019, which corresponds to point 35. This is due to the fact the specific
point is located at the eastern boundaries of the area, and only a small portion of the pixel
is within its limits.
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Figure 115: Coherence changes — Sentinel-1B descending — AOI

Within the AOI, the coherence values decreased by 20% at the pre-event pair and a further
39.6% at the co-event pair reaching its minimum average value of 0.269. During the
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rehabilitation works average coherence fluctuated, increasing initially by 53.2% and then
decreasing by 26.2%. Average coherence then increased by 49.3% close to the completion
of the works and continued increasing by 67.5% after the road opened to traffic reaching
its maximum value of 0.76. The average, minimum and maximum coherence values

obtained from each pair of images are presented in Figure 115.

Coherence values from Sentinel-1B ascending images appeared to be the best fit of what
was expected to see based on the landslide occurrence, rehabilitation works and road
opening. Sentinel-1B descending also performed quite well with the exception of a high
peak in the maximum coherence values in the larger area for the pair 07/03/2019 —
19/03/2019 and a high peak in maximum, minimum and average coherence values within
the AOI for the image pair 23/02/2019 — 07/03/2019.

By averaging the coherence pixel values from ascending and descending Sentinel-1B
pairs, a clearer representation of the coherence changes trends in all 3 categories, i.e.
minimum, maximum and average values is provided, as shown in Figure 116 and Figure

117. The x-axis values were changed from dates to periods, as shown earlier (Figure 99).
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Figure 116: Coherence changes — Sentinel-1B average

The high peak that existed in the maximum values for the wider area, but also for the
minimum, maximum and average values in the case of the Sentinel-1B descending images
in the AOI, evened out completely, and there is a common trend in coherence changes in
maximum, minimum and average values. The minimum values, as shown in Figure 116,
lie within the rehabilitation works period and the maximum values in the post-event one.

Through the averaging of coherence values, the standard deviations and standard of the
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samples are minimised. However, there is still a peak at the maximum coherence (0.708)
during the period of rehabilitation works, which corresponds to point 27. This is due to
the fact the specific point is located at the eastern boundaries of the area, and only a small

portion of the pixel lies within its limits.
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Figure 117: Coherence changes — Sentinel-1B average — AOI

In the landslide area, as presented in Figure 117, the three lines of minimum, average and
maximum coherence follow the same trend, with their maximum values being in the post-
event period. The range between minimum and maximum values is smaller compared

with all other set of data seen before.

The average coherence decreased by 15.9% during the pre-event period, giving valuable
information for the evolution of the landslide. It continued decreasing more rapidly by
39.5% at the co-event period, reaching its minimum value of 0.282. Then, the average
coherence increased by cumulatively 60% until the end of the rehabilitation works and
then increased by another 54.7% after the road opening back again reaching its maximum
value of 0.755.

For the area of interest, within the boundaries of landslide alone, from the analysis of
Sentinel-1A data, the minimum values of the average, maximum and minimum coherence
lie within the rehabilitation works period. In the case of Sentinel-1B data, there seems to
be a better match of the data with the timeline of incidents, as all minimum values of the
average maximum and minimum coherence, that were obtained from the analysis of the
co-event ascending and descending pairs for the area of interest, are within the co-event
period, i.e. the period that the landslide took place. In both cases the maximum values are
all within the pre-event and post-event periods.
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The above results were combined further as per passing direction, to investigate if the
information obtained by ascending and/or descending platforms provides more valuable

input in the study conducted. The results are presented in the following figures.
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Figure 118: Coherence changes — S1A and S1B ascending

In the wider area, the averaging of coherence values from Sentinel-1A and Sentinel-1B
ascending images, shows that maximum coherence values of the average, maximum and
minimum coherence are found in the pre-event and post-event periods whereas their
minimum values within the rehabilitation works period and more specifically at the next

pairs of images following the co-event ones (Figure 118).

More specifically, the average coherence is stable in the pre-event period with a value
over 0.50 (~0.60) and then decreases by 20.8% at the co-event period and continues to
reduce by an additional 24.4% reaching its minimum value of 0.353 within the
rehabilitation works period. Then the average coherence increases by 27.4% until the end
of the rehabilitation works and by 32.4% after the road opening. Standard deviations and

standard errors have decreased through the averaging based on the satellite pass direction.

As presented in Figure 119, within the AOI, the phenomenon looks intensified. The
average coherence remains stable approximating 0.54 in the pro-event period and then
reduces by 28.6% at the co-event one. It continues to decrease within the rehabilitation
period at a rate of 31.1% reaching its minimum of 0.265 at the first at the first pairs of
images following the co-event ones. The average coherence then increases at a cumulative
rate of 69.7% until the end of the construction works and by a further 38.1% after the road
was open to traffic. Overall, the coherence values are higher in the post-event than in the
pre-event period.
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Figure 119: Coherence changes — S1A and S1B ascending — AOI

Coherence values were also calculated from the descending pass of Sentinel-1A and
Sentinel-1B satellites. The results are presented in Figure 120 and Figure 121 for the

wider area and the area of interest respectively.

More specifically, as presented in Figure 120, the average coherence is nearly stable in
the pre-event period with a small decrease of 6.5% and a value over 0.50 in both sets of
image pairs, 0.585 in the first pairs and 0.547 in the second ones. The average coherence
then decreases by 27.8% at the co-event period and continues decreasing by 10.7%
reaching its minimum value of 0.353 in the rehabilitation works period. It is noteworthy

that the minimum average coherence value in both averages per pass direction is identical.
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Figure 120: Coherence changes — S1A and S1B descending

Then the average coherence increases by 21.9% until the end of the rehabilitation works
and by 42.1% after the road opening. Standard deviations and standard errors have also
decreased, in this case, through the averaging of the satellites according to the descending
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satellite pass direction. There is a peak at the maximum coherence (0.729) during the
period of rehabilitation works, which corresponds to point 35. This is due to the fact the
specific point is located at the eastern boundaries of the area, and only a small portion of

the pixel lies within its limits.

Within the landslide area defined, there appears to be a more significant decrease within
the pre-event period, compared with that in the previous case, of 8.5% with the average

coherence value dropping below the threshold of 0.5 (0.486).

Following, the average coherence continues to reduce at the co-event pairs by 27.9% and
at the rehabilitation works period by an additional rate of 22%, reaching its minimum
value of 0.277. Then, the average coherence values increased by 67.1% as the road was
opening and an additional 36.5% after the road opened, reaching its maximum value of

0.631. The results are presented in Figure 121.
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Figure 121: Coherence changes — S1A and S1B descending — AOI

The averaging of all coherence values, from both satellites and pass directions, was then
carried out to see the effect that this will have on the overall coherence values. The results
are presented in Figure 122 and Figure 123 for the larger area (52 points) and the more

confined area (20 points) respectively.

In the larger area, average maximum and minimum coherence values follow the same
trend, having their minimum values during the period of rehabilitation works and their
maximum during the pre-event and post-event periods. The coherence is nearly stable
within the pre-event period approximating at 0.58 and then drops by 24.2% during the

co-event period and continues to decrease by 18.1% reaching its minimum value of 0.353
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during the rehabilitation works period. Then average coherence increased by 26.4% in

total by the end of the same period and by an additional 37.1% after the road opening,

reaching its maximum value of 0.61.
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Figure 122: Coherence changes — S1A and S1B average

0.7226

0.6090

753 AVERAGE
MIN
MAX

7
Post-event

A high peak appears in the maximum coherence values in the middle of the period of

rehabilitation works. By checking the point grid, this value is at point 11, located at the

far north-eastern part of the wider area, near its boundaries. The fact that the entire pixel

is not within the area of study, has introduced this unexpected rise in maximum values.

In the case of the landslide area (Figure 123), all three components, minimum, maximum

and average coherence follow the same trend with a small range of values between min

and max. However, a noteworthy point is that their maximum values, that are within the

post-event period, range only from 0.593 to 0.68.
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The coherence is nearly stable within the pre-event period averaging at 0.525 and then
drops by 28.3% during the co-event period and continues to decrease by 19.1% reaching
its minimum value of 0.297 during the rehabilitation works period. Then the average
coherence increased by 51.6% in total by the end of the same period and by an additional

37.3% after the road opening, reaching its maximum value of 0.642.

Based on the findings, both Sentinel-1A and Sentinel-1B satellites performed quite well,
with the sole difference being in the pre-event period where images from Sentinel-1A
show a small increase in average coherence values, in comparison with a more significant
reduction in average coherence values in the case of Sentinel-1B images during the same
period. In all cases the maximum values were within the pre-event and post-event periods,

and the lowest values during the rehabilitation works period. The latter is considered

reasonable as there was a lot of soil disturbance during the period of rehabilitation works
(Figure 124), that lasted from the 16" of February until the 23™ of March 2019, when the
road was again open to traffic.

Figure 124: Rehabilitation works at the landslide area — Pissouri (Geological Survey Department)

It is clear that the coherence values change more significantly within the landslide area
than in the wider area of rehabilitation works. Additionally, the average, minimum and
maximum values are generally lower within the AOI. Averaging the coherence results as
per satellite and satellite pass direction, has provided valuable input and reduced the
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variations that existed when studying the values individually. Coherence values of pixels
located at the boundaries of both areas and included partially within them, have affected
the results of the analysis, but not greatly, as their impact was minimised by averaging

observations from different satellites and pass directions.

The trend of the changes in coherence over time, in average, minimum and maximum
values was similar after averaging of the coherence values from all SAR pairs. This
finding was intensified in the case of the AOI where all three sets of values follow
identical trends. At the same time, this led into a reduction of the range of values, i.e. the
difference between maximum and minimum values, especially in the case of the confined

area of the landslide as seen before in Figure 123.

Landslide — 15 February 2019
Road open to traffic — 23 March 2019

Pre-event Co-event Rehabilitation works Post-event

Figure 125: Timeline of SAR acquisitions and events

The results were then averaged for each period, using the coherence values from the
interferometric SAR pairs with the images that were obtained during the specific periods
of the event timeline, as seen in Figure 125. Therefore, for Sentinel-1A ascending image
pairs, the average of coherence values obtained from pairs 11/01/2019 — 23/01/2019 and
23/01/2019 — 04/02/2019 was calculated, and this value will correspond to the coherence
of the pre-event period based on Sentinel-1A ascending observations. The same was done
for the observations in the other three satellites.

As the main purpose of the present study is the identification of coherence changes due
to natural disasters, the period of rehabilitation works was excluded from further analysis.

Therefore, only the pre-event, co-event and post-event periods are studied from this point

172



forward. An overview of the results for each satellite and satellite pass direction are

presented in Figure 126.
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Figure 126: Coherence changes in the 3 periods for the entire area (left) and the AOI (right)
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From the above, it is clear that both Sentinel-1A and Sentinel-1B satellites seem to be
able to identify the sudden coherence loss, i.e. the phase decorrelation, from the pre-event
to the co-event period, and the increase in coherence values between the co-event and

post-event period.

The average coherence values for the three periods, based on observations from all
satellites and satellite pass directions for the wider area (rehabilitation works) and the

landslide area are shown in Figure 127 and Figure 128 respectively.

Coherence change - AVERAGE
1.0

0.9
0.8

0.7

) \ —_ ;
0s \ S —

0.4 I

™ HH L

Coherence

0.3

0.2

0.1

0.0

Pre-event Co-event Post-event
—e—S1A - ASCENDING 0.6060 0.5245 0.5230
—e—S1A - DESCENDING 0.5694 0.4123 0.4748
S1B - ASCENDING 0.5962 0.4088 0.6831
S1B - DESCENDING 0.5629 0.3781 0.7550
S1A & S1B - AVERAGE 0.5836 0.4309 0.6090

Figure 127: Coherence changes — Average

From the figure above, the decorrelation (coherence loss) between the pre-event and co-
event periods and the coherence gain between the co-event and post-vent periods become

more obvious.

In fact, in Sentinel-1A ascending based interferometric pairs, coherence decreased by
13.4% from 0.606 to 0.525 between the pre-event and co-event periods and remained
stable between the co-event and post-event periods. In the case of Sentinel-1A descending
pairs, average coherence decreased significantly from 0.569 to 0.412 (-27.6%) and then
increased by 15.2% from 0.412 to 0.475.

174



Moreover, in the case of Sentinel-1B ascending image pairs, average coherence was 0.596
during the pre-event period and dropped by 31.4% reaching its minimum value of 0.409
during the co-event period. Then it raised significantly by 67% during the post-event
period reaching its maximum value of 0.683. For Sentinel-1B descending image pairs,
average coherence decreased by 32.8% from 0.563 that was during the pre-event period
to 0.378 (minimum value) within the co-event period. Average coherence then almost
doubled (+99.7%) between the co-event and post-event periods reaching its maximum
value of 0.755.

Therefore, interferometric pairs from Sentinel-1B imagery appear more efficient,
compared to Sentinel-1A, in demonstrating the coherence loss between pre-event and co-
event periods and the coherence gain from co-event to post-event periods. This is due to
the fact that in the case of Sentinel-1B imagery minimum average coherence values are
found in the co-event period, whereas in the Sentinel-1A based interferometric pairs,
minimum average coherence values lie within the rehabilitation works period. Indeed,
average coherence continues to decrease at a rate of 22.5% and 13.7% in period of
rehabilitation works for ascending and descending pairs respectively. This, in turn, leads
to their inability to present the maximum coherence loss and gain between the periods
under study.

This problem seems to be minimised when averaging all results together. In this case,
average coherence starts at 0.584 at the pre-event period and then decreases by 26%
towards the co-event to a value of 0.431. This value is not the minimum, as it continues
to decrease by another 8.4% reaching its minimum 0.395 during the rehabilitation works
period. However, the earlier issue is mitigated by a significant increase of 41.3% between

the co-event and post-event periods.

Within the determined landslide area, coherence loss and gain trends appear to be
strengthened, as presented in Figure 128. For Sentinel-1A ascending pairs, average
coherence starts at 0.563 at the pre-event period and reaches 0.473 during the co-event
period (-15.9%). Then, it increases by 16.9% reaching 0.523 at the post-event period. In
the case of Sentinel-1A descending, the situation is similar, as coherence decreased by
16.5% between the pre-event (0.518) and co-event periods (0.432) and then increased by

16.3% reaching 0.527. In both cases, the increase and decrease in coherence look
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symmetrical. As before, the minimum average values are not within the co-event period

as values appear to decrease even more during the rehabilitation works.
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Figure 128: Coherence changes — Average — AOI

In the case of Sentinel-1B ascending pairs, there is a significant coherence loss of 43.3%
between the pre-event (0.521) and co-event (0.296) periods. Then, from its minimum
value, it increases by a substantial 154.1% to reach its maximum value of 0.751 during
the post-event period. The average coherence values for the Sentinel-1B descending pairs,
follow similar coherence changes as in the previous case. In fact, average coherence
starting at 0.500 before the landslide, decreases by 46.2% reaching its minimum value of
0.269 during the co-event period. Then it increases by a vast 182.7% reaching its

maximum value of 0.760 after the road opened to traffic.

The averaging of the results within the AOI, show a decrease of 30.1% in coherence
between the pre-event (0.525) and co-event pairs (0.367) and an increase of 74.6%
between the co-event and post-event pairs, reaching its maximum value of 0.642. The
main difference is that the minimum value of average coherence is during the co-event

period and not during the rehabilitation works, as in the case of the average for the wider
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area. This finding is quite promising, as it provides a clear distinction between the
landslide and rehabilitation works area.

Analysis of variance (ANOVA) statistical tests and two-tail t-tests were carried out, in
EXCEL, to prove the statistical significance of the results using a 95% level of
confidence. T-tests were used to determine if there is a significant difference between the
means of two samples, i.e. time periods, based on a null hypothesis that the means of two
populations are equal. The vast majority of the results rejected this null hypothesis, with

t values calculated being outside the predefined limits set by the level of confidence.

However, there was one exception in the rehabilitation works area, regarding the Sentinel-
1A ascending pairs between the co-event and post-event period datasets. Within the AOI,
there were two cases between the pre-event and post-event datasets for Sentinel-1A
ascending and descending pairs that failed to reject the null hypothesis, and thus the

datasets for these two periods do not differ significantly.

Moreover, ANOVA tests were performed to test the null hypothesis that the means of
several populations are all equal for the data corresponding to the wider area and the
landslide area. The only case that marginally failed the ANOVA tests were the coherence
value datasets obtained from Sentinel-1A descending pairs within the landslide area failed
in this test. This fact is also supported by the results of the t-tests presented above.

These results are well supported from the findings of the analysis that was carried out in
the present section of the thesis concluding in Figure 127 and Figure 128. The observed
variations between the average coherence values between the specific periods were not
great enough to assume that the results differ significantly. In the case of Sentinel-1A
ascending interferometric pairs, average coherence values in the wider area between the
co-event and post-period were almost identical, i.e. 0.525 and 0.523 respectively.
Concerning the landslide area, average coherence values, in the case of Sentinel-1A
ascending pairs were similar in the cases of pre-event (0.563) and post-event periods
(0.553). The same case is with Sentinel-1A descending pairs as pre-event and post-event
average coherence values were very close, 0.518 and 0.503. In all cases, these findings
do not limit the use of Sentinel-1A pairs, as results are compared between consecutive
time periods and more importantly between the pre-event and co-event periods in the

landslide timeline.
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Covariance and correlation tables were also calculated to study the direction and strength
of the relationship between the individual samples of coherence values. The following

equations were used for the determination of covariance COV and correlation p:

X=X, =V)

COV(X,Y) = - (Eq. 11)
p(x,y) = covix.v) (Eqg. 12)
Oy Oy

The results of all the statistical tests can be seen in Appendix I.

4.3.2 Coherent Change Detection analysis

The distinction between coherence changes due to geological hazards and coherence
changes due to natural variations was attempted through the calculation of the coherence
differences, and normalised coherence differences between the pre-event coherence and

co-event coherence.

The coherence maps were developed by averaging the consecutive pre-event pairs for
each satellite and satellite pass direction, within ArcGIS, using the Raster Calculator tool

(Spatial Analyst) as seen in Figure 129.
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Figure 129: Raster calculator — Coherence averaging

Coherence maps were produced for the three time periods for each satellite and satellite
pass direction. The maps from Sentinel-1A ascending pairs are presented in Figure 130,

Figure 131 and Figure 132 for the pre-event, co-event and post-event periods respectively.
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Pre-event Coherence Map - Sentinel-1A ascending
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Figure 131: Co-event coherence map — Sentinel-1A ascending
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Post-event Coherence Map - Sentinel-1A ascending
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Figure 132: Post-event coherence map — Sentinel-1A ascending

The coherence maps from Sentinel-1A descending pairs are presented in Figure 133,

Figure 134 and Figure 135 for the pre-event, co-event and post-event periods respectively.
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Figure 133: Pre-event coherence map — Sentinel-1A descending
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Co-event Coherence Map - Sentinel-1A descending
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Figure 134: Co-event coherence map — Sentinel-1A descending
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Figure 135: Post-event coherence map — Sentinel-1A descending
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The coherence maps from Sentinel-1B ascending pairs are presented in Figure 136, Figure
137 and Figure 138 for the pre-event, co-event and post-event periods respectively.
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Figure 136: Pre-event coherence map — Sentinel-1B ascending
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Figure 137: Co-event coherence map — Sentinel-1B ascending
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Post-event Coherence Map - Sentinel-1B ascending
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Figure 138: Post-event coherence map — Sentinel-1B ascending

The coherence maps from Sentinel-1B descending pairs are presented in Figure 139,

Figure 140 and Figure 141 for the pre-event, co-event and post-event periods respectively.
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Figure 139: Pre-event coherence map — Sentinel-1B descending
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Co-event Coherence Map - Sentinel-1B descending
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Figure 140: Co-event coherence map — Sentinel-1B descending
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Figure 141: Post-event coherence map — Sentinel-1B descending

The average coherence maps were then developed by averaging the above results for the

pre-event (Figure 142), co-event (Figure 143) and post-event (Figure 144) periods.
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Figure 142: Pre-event coherence map — Average
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Figure 143: Co-event coherence map — Average
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Post-event Coherence Map - AVERAGE
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Figure 144: Post-event coherence map — Average

A perfect relationship/correlation between two consecutive SAR images is represented
by a coherence value of 1, corresponding to no phase decorrelation, i.e. no changes
between two or more SAR images. Coherence values of 0.5 and 0.75 usually show
moderate and strong correlation between SAR images respectively. When coherence
values drop below the value of 0.5, correlation of two or more images is lower than the
moderate relationship, and the change in coherence is assumed higher than expected due

to the temporal separation of the SAR images used in the interferometric image pair.

From a first view of the produced maps, Sentinel-1A based coherence maps appear to
have misinterpreted the impact of the landslide under investigation. For Sentinel-1A
ascending SAR pairs, there was minimal coherence loss between the pre-event and co-
event periods, whereas in the case of descending images, the area with coherence loss

appear towards the south and west from the defined landslide area.

There appears to be a better representation of the landslide impact in the Sentinel-1B
based products with the coherence dropping in the co-event period and then increasing
back again during the post-event one. The average maps provided also similar results.
However, to distinguish between coherence loss due to the landslide under investigation
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and natural coherence loss due to the temporal baseline of SAR images, all the above

maps were further compared.

4.3.2.1 ldentification of natural hazards

Following the development of the coherence maps for the three periods under study, the
analysis, during this section of the thesis, is concentrated on the identification of natural
hazards. Therefore, the coherence differences and normalised coherence differences were
calculated using only the pre-event and co-event maps, produced earlier, by Equations 13
and 14, through the Raster Calculator tool (Figure 145) in ArcGIS.

AC=C,-C, (Eq. 13)
Normalised AC = 2= (Eqg. 14)
C,+C,

Figure 145: Raster calculator — Coherence difference (left) and normalised difference (right)

Both approaches are based on the assumption that the phase decorrelation caused by geo-
hazard phenomena is stronger than the phase decorrelation induced by natural temporal
changes. This assumption is nonetheless intensified via the use of multi-pass SAR
imagery with identical and short temporal baselines for all interferometric SAR image
pairs. The selection of SAR pairs of 12 days apart assists in ruling out significant nature-
derived phase decorrelations. In fact, Sentinel-1 SAR takes full advantage of the long-
term coherence, the frequent revisit, the small baselines, and the dual polarisations
(Monti-Guarnieri et al., 2018).

Significant changes of coherence need to be identified in order to be able to distinguish
between natural coherence decrease and coherence decrease due to the occurrence of a
natural disaster. As mentioned earlier, a perfect relationship between two consecutive

SAR images is represented by a coherence value of 1. Ideally, in areas that no significant
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change occurred, coherence difference and normalised difference should have zero
values. However, this is never the case as natural decay takes place with coherence values
decreasing over time. Maintaining the temporal baseline of the acquired images,
combined into interferometric pairs, at a minimum of twelve days, minimised the impact

of temporal baseline on coherence values.

The distinction between the coherence loss due to the landslide under investigation and
the natural coherence loss due to the temporal baseline of SAR images was further
enhanced via the calculation of the expected natural reduction in coherence. This was
calculated by developing coherence maps via DINSAR processing, using a single SAR
image as a master and the rest of the images as slaves for each satellite and pass direction
separately. The coherence maps produced were than stacked together and geolocated, so
that results can be correctly combine on a common basis. Then, the coherence maps that
were developed by SAR images, which were both acquired during the pre-event and post-
event periods, were used for the calculation of the average coherence values at the wider
area. During these two periods, no known landslides, earthquakes or other land movement
inducing phenomena occurred. The results are shown in Figure 146.
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Figure 146: Average natural coherence loss
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There seems to be a natural decay in coherence values in the order of 3.25% every 12
days. Thus, any coherence reduction lower or equal to this threshold was considered

normal and all other coherence changes over 3.25% were considered significant.

Moreover, as the area of interest is surrounded by vegetation, this can lead to phase
decorrelation, as seen in literature. In the present study, the impact of vegetation is
minimised through the use satellite images with short temporal baselines (12 days).
However, to test the efficiency of the methodology in non-vegetated areas, a coherence
mask (NDVI < 0.2) was applied to all products. Additionally, sea was also removed from

all layers, in order to calculate mean values and standard deviations more accurately.

All results obtained from the application of the two indicators were classified, in ArcGIS,
to highlight the possibility for the occurrence of a landslide in the case study site. The

classification was based on the mean value and the standard deviation of each dataset.

The standard deviations in all datasets varied from 0.15 to 0.20 for the individual products
and improved to approximately 0.09 in the case of average coherence difference and
normalised coherence difference products. Therefore, areas/pixels with values outside of
the confidence lower limits (negative values) for 99.73% level of confidence, i.e. three
standard deviations from the mean value, were defined as areas with very high probability
of landslide occurrence, or else, areas that is very highly probable that were affected by
landslide. Coherence difference and normalised difference values between two and three
standard deviations from the mean value, i.e. 95.45% - 99.73% level of confidence, were

included in the class “High”, i.e. areas with high probability of landslide occurrence.

In the class “Low — Medium”, the values between one and two standard deviations were
entered. All values that were within one standard deviation, positive or negative, from
each dataset mean value were included in the class named “None — Very Low”, along
with all other positive values, that indicate coherence increase, and thus they are areas
that there is no possibility that a landslide or any other natural hazard phenomenon took
place. The conditions used to classify all values were the following:

"Very High" <pu—3c <" High" <u—20 <" Low—Medium" < p—1c <" None—Very Low"
where: | the mean value and o the standard deviation of each dataset.

The final products with the differences and normalised differences of coherence are

presented below for each satellite and satellite pass direction separately.
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A Coherence Difference Map - Sentinel-1A ascending
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Figure 147: Coherence difference map — Sentinel-1A ascending
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Figure 148: Normalised coherence difference map — Sentinel-1A ascending

190



A Coherence Difference Map - Sentinel-1A descending
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Figure 149: Coherence difference map — Sentinel-1A descending
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Figure 150: Normalised coherence difference map — Sentinel-1A descending
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A Coherence Difference Map - Sentinel-1B ascending
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Figure 151: Coherence difference map — Sentinel-1B ascending
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Figure 152: Normalised coherence difference map — Sentinel-1B ascending
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Figure 153: Coherence difference map — Sentinel-1B descending
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Figure 154: Normalised coherence difference map — Sentinel-1B descending
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The above maps fully support the results of the statistical analysis that was conducted
earlier in section 4.3.1. The coherence difference and the normalised coherence difference

show similar spatial patterns in all four cases individually.

Interferometric pairs from Sentinel-1A ascending and descending images failed to
identify the area affected by the landslide. This was pointed out during the statistical
analysis, based on the findings from the t-tests and ANOVA tests that were carried out,
but also as the minimum coherence values, obtained from Sentinel-1A imagery, were

found within the period of rehabilitations works, which follows the co-event one.

More specifically, Sentinel-1A ascending based maps show a small area of high
probability of landslide occurrence at the eastern boundaries of the defined area adjacent
to the A6 motorway, via the calculation of coherence differences (Figure 147), which
turns to Low-Medium when the normalised differences were calculated (Figure 148). As
presented in Figure 149, the Sentinel-1A descending based coherence difference
products, detected a small area of high landslide occurrence probability at the northwest
boundaries of the AOI and some smaller areas to the west and southwest of the AOI with
high and very high probability for landslides. However, in the case of the false alarm at
the area towards the west, this is due to the fact that is situated within the boundaries of
the A6 motorway. These indications were minimised after the calculation of the

normalised coherence differences, as seen in Figure 150.

Sentinel-1B satellite appears to perform significantly better in the identification of areas
that is highly and very highly possible for a landslide to have occurred. Indeed, the
normalised coherence difference maps based on ascending and descending
interferometric SAR pairs, as presented in Figure 152 and Figure 154 respectively, have
succeeded to identify the extents of the landslide, confirming in a spatial manner the
results of the statistical analysis. In fact, they enhanced the results obtained through the
calculation of simple coherence differences (Figure 151 and Figure 153) by turning areas
of low and medium probability to high probability ones and areas of high probability to
very high probability of landslide occurrence. At the same time, they minimised false

alarms that were indicated by the simple coherence differences products.

As all the acquisition and sensor characteristics of the Sentinel-1A and Sentinel-1B
satellites are nearly identical, an explanation to this could be the different dates between
the co-event SAR acquisitions of the Sentinel-1A and Sentinel-1B as shown in Table 28.
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Sentinel-1A images were acquired 10-11 days prior and 1-2 days after the landslide,
whereas the Sentinel-1B images dated 4-5 days before and 7-8 days after the landslide.
The difference in dates could have introduced additional phase decorrelations due to the

residing meteorological conditions on the specific dates.

Table 28: Co-event SAR pairs

Platform Date Time dilf:a?:st?on Polarisation Mt)c;gs ! Rglrall;cil;/e
Sentinel-1A  04/02/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  05/02/2019  03:51:42  Descending VV VH IW/SLC 167
Sentinel-1B 10/02/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B 11/02/2019 03:51:06 Descending VV VH IW/SLC 167
Sentinel-1A  16/02/2019  15:49:52  Ascending VV VH IW/SLC 160
Sentinel-1A  17/02/2019  03:51:42  Descending VV VH IW/SLC 167
Sentinel-1B  22/02/2019  15:49:26  Ascending VV VH IW/SLC 160
Sentinel-1B  23/02/2019  03:51:06  Descending VV VH IW/SLC 167

Comparing the two coherence differences, i.e. the simple and the normalised one, the
main distinction between the two detection indicators is that the coherence difference
provided many incorrect detections, while the normalised coherence difference has less
cases of such false alarms. In fact, the normalised coherence difference performed better
than the coherence difference in all cases.

In general, the coherence difference indicator shows greater changes in areas with
originally (pre-event) high coherence values, whereas the normalised coherence
difference method adjusts the difference based on the sum of the pre-event and co-event

values, i.e. denominator in Equation 13.

As found in literature, coherence values can vary significantly as the temporal baseline
between two SAR acquisitions increases. Thus, to ensure the efficiency of the proposed
CCD methodology, it is very important to keep temporal baselines at an absolute
minimum. This condition is satisfied by the Sentinel-1 mission with the very short revisit
times it offers. This fact can also assist in the further improvement of the proposed method

into a multi-pass CCD methodology for the detection and monitoring of natural hazards.

In that aspect, average maps of coherence difference (Figure 155) and normalised
difference (Figure 156) were developed from all the maps produced earlier to benefit from
the multi-pass capabilities of the Sentinel-1 mission.
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A Coherence Difference Map - AVERAGE
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Figure 155: Coherence difference map — Average
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Figure 156: Normalised coherence difference map — Average
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The averaging of all maps has provided some valuable input in the benchmarking of the
methodology; however, the results were influenced significantly by the poor results
obtained by the Sentinel-1A interferometric SAR pairs. There is a better distinction
between areas affected and not affected by the landslide, compared with the Sentinel-1A
satellite-based products but their overall performance is inferior to that of the Sentinel-
1B based coherence difference and normalised difference maps.

In that aspect, based on the superior performance of the Sentinel-1B satellite, the results
from the coherence difference and normalised coherence difference maps, which were
developed by Sentinel-1B ascending (Figure 151 and Figure 152) and descending (Figure
153 and Figure 154) SAR image pairs, were utilised to produce Sentinel-1B average
coherence difference and normalised coherence difference products, as presented in

Figure 157 and Figure 158 respectively.

The averaging of these two products has further improved the previous individual results
of the Sentinel-1B ascending and descending SAR pairs, matching the landslide defined
area, especially in the case of the normalised coherence difference indicator. The pixels

of very high landslide probability almost cover fully the extents of the landslide area.
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Figure 157: Coherence difference map — Sentinel-1B average
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A Normalised Coherence Difference Map - Sentinel-1B Average
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Figure 158: Normalised coherence difference map — Sentinel-1B average

At the same time, the number of false alarms was reduced, compared to the individual
Sentinel-1B ascending and descending based results, with some sparse incidents (single
pixels) located to the west and east of the area under study, being in the majority of cases
in the class of “Low — Medium” probability. The few pixels within the motorway
boundaries can be removed from the analysis, as most probably the coherence changes

are due to the traffic using the A6 motorway on its other direction.

The performance of the coherence difference and normalised coherence difference
indicators was further tested by the Receiver Operating Characteristic (ROC) analysis.
ROC analysis has been widely used for the benchmarking of natural hazard detection
methods (Begueria, 2006; Burrows et al., 2019; Jung and Yun, 2020). A map of landslide
and non-landslide pixels is created and the trade-off between the true positive fraction
and the false positive fraction with some thresholds are calculated. In this case, four
different thresholds were defined that correspond to the probability classes set for the
development of the coherence difference and normalised coherence difference maps. So,

the very high probability corresponded to the “definitely positive” threshold, the high
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landslide probability to “probably positive”, the low-medium probability to the “probably
negative” and the none — very low probability to the “definitely negative” threshold.

Then, the true positive fraction (y-axis), i.e. the number of pixels within the landslide area
that were detected as a landslide and the non-landslide pixels that were correctly classified
as non-landslide pixels, is then plotted against the false positive fraction (x-axis), i.e. non-
landslide pixels that were detected as landslide ones and landslide pixels that were
detected as non-landslide ones. A good landslide detection indicator is expected to detect
true positive pixels faster than false positive ones. Hence, the more accurate the detection

indicator is, the closer the ROC curve should lie to the upper left corner of the plot.

The ROC curves were developed for the coherence and coherence difference products
based on the better performing Sentinel-1B images average, as presented earlier in Figure

157 and Figure 158 respectively.
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Figure 159: ROC curves for coherence difference (left) and normalised coherence difference

(right) — Sentinel-1B average

In Figure 159, the blue line and red marks represent the fitted ROC curve and the grey
lines are the 95% confidence intervals of the fitted ROC curves. The coherence difference
performed with an overall accuracy of 93% and the normalised coherence difference with
an overall accuracy of 94.8% for the detection of the landslide and non-landslide areas.
The true-positive rate, also known as sensitivity or probability of landslide detection was

63.2% in the case of the coherence difference and increased to 73.7% for the normalised
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coherence difference. Finally, the false-positive rate, or else the probability of false alarm,
was calculated as 1 — specificity and for both indicators was approximately 1%. The

summary statistics calculated are presented in Table 29.

Table 29: ROC analysis — Summary statistics

Coherence Difference Cohel;leonrégéll)“isf?grence
Number of cases 115 115
Number correct 107 109
Accuracy 93% 94.8%
Sensitivity 63.2% 73.7%
Specificity 99% 99%
Positive cases missed 7 5
Negative cases missed 1 1
Fitted ROC area 0.922 0.972
Empirical ROC area 0.897 0.952

The ROC analysis also proved that the normalised coherence difference performed better
than the coherence difference indicator as it can detect the areas affected by landslide
more efficiently. The five cases/pixels that were missed by the normalised coherence
difference indicators were all at the edges of the area of interest and the majority of those
lie only partially within it, causing their wrong characterisation as pixels of none-very

low and low-medium landslide occurrence probability, as described earlier.

The ROC curves and the complete statistics from the ROC analysis were calculated using

the web-based calculator for ROC curves (Eng, no date) and are included in Appendix II.

In conclusion, the multi-pass CCD methodology through the application of the
normalised coherence difference indicator, based on averaging Sentinel-1B products,
proved to be the most beneficial for the detection of landslide phenomena and their impact
on critical infrastructure. It is the first time that this methodology is applied in the case of

landslides induced by heavy rainfall.

The validation of the proposed methodology follows in the next section of the thesis,
using the other landslide event that occurred on the 20" of February 2019, by the old
Paphos — Limassol road near Petra tou Romiou as the validation site.
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4.3.2.2 Validation of methodology

The performance of the CCD methodology applied in section 4.3.2.1, was tested at
another case study site, which was described in section 3.1.3 Pissouri — Petra tou Romiou,

affected by a landslide, following heavy rainfall.

The landslide event took place on the 20" of February 2019 causing structural issues, that
led to the closure of a 3km long part of the old road from Paphos to Limassol,
approximately 200m away from “Petra to Romiou”, which remains closed until today for
security reasons. The extensive precipitation and residing soil erosion issues were found
to be the main reasons for this phenomenon. To date, the access from Paphos to Limassol,
is carried out only via the Paphos — Limassol motorway A6.

As this case study was used for validation purposes, no intermediate steps are analysed
within the present section. Therefore, the final coherence difference and normalised
coherence difference results produced from the various Sentinel-1 datasets using the CCD
methodology are presented below. The present landslide was not well documented by the

local authorities, so the landslide extents were approximately defined after a site visit.
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Figure 160: Coherence difference map — Sentinel-1A ascending
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Figure 161: Normalised coherence difference map — Sentinel-1A ascending
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Figure 162: Coherence difference map — Sentinel-1A descending
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Figure 163: Normalised coherence difference map — Sentinel-1A descending
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Figure 164: Coherence difference map — Sentinel-1B ascending
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Figure 165: Normalised coherence difference map — Sentinel-1B ascending
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Figure 166: Coherence difference map — Sentinel-1B descending
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Figure 167: Normalised coherence difference map — Sentinel-1B descending

From a first overview of the above maps, it is noticeable that both Sentinel-1A (Figure
160 and Figure 161) and Sentinel-1B (Figure 164 and Figure 165) satellites in their
ascending pass successfully detected the landslide under study, whereas descending pass

satellites failed to identify the areas affected by the landslide.

This was due to the fact that the landslide occurred at a slope facing in the southwest
direction, enabling thus satellites of the ascending pass direction to acquire geometrically
correct images and avoid shadow and/or overlay effects that can be introduced in the
processing due to the topography of the area with the residing steep slopes. This problem
was also encountered during the application of the DINSAR methodology that was applied
for the case study of Nea Paphos — Tombs of the Kings. In that case, the ascending SAR

images were also selected for further processing.

Moreover, the ascending pass satellites detected some areas of high and very high
probability of landslide occurrence to the southeast of the study area. Although some of
these areas are within the boundaries of the old Paphos — Limassol road, some others,

especially from the level of the road downslope towards the sea are noteworthy. As one
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of the main reasons for this landslide was the residing soil erosion issues, there might be
additional areas that were eroded and collapsed or subsided following the heavy rainfall.

In all cases, the normalised coherence difference indicator, managed to detect more
successfully the areas affected by landslide providing at the same time less false alarms.
In fact, the majority of the false indications fall within the road boundaries, a matter that
could have led to a loss of coherence as traffic was present during the acquisition dates

of the images used as master during the interferometric processing.

The average coherence difference and normalised coherence difference maps were also
developed to study the impact of the landslide further, taking at the same time advantage
of the short revisit times of the Sentinel-1 satellites. The multi-pass capabilities were
explained in detail in the previous section and also in sections 2.3 Monitoring natural
hazards through Earth Observation and 3.2.1 Data.
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Figure 168: Coherence difference map — Average

The averaging of all results resulted in improved and more accurate end-products,
compared to the individual Sentinel-1A and Sentinel-1B based ones. The average

coherence difference and normalised coherence difference products show the extents of
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the area affected by the landslide whereas at the same time managed to nearly eliminate
all false indications that were located on the old Paphos — Limassol road. Moreover, the
area to the southeast of the AOI is now highlighted partially as an area of high landslide
probability in both maps, as presented in Figure 168 and Figure 169.
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Figure 169: Normalised coherence difference map — Average

The further optimisation of the detection results was attempted by combining the results
of the two successful products based on ascending Sentinel-1A and Sentinel-1B imagery,
as it was performed earlier for the case study near Pissouri. Based on the superior
performance of both satellites (ascending), the results from the coherence difference and
normalised coherence difference maps, which were developed earlier, were averaged to
produce Sentinel-1A and B average coherence difference and normalised coherence

difference products, as presented in Figure 170 and Figure 171 respectively.

Once more, this combination resulted in the further improvement in landslide detection
providing a clear representation of the area affected by the landslide and at the same time
minimised the false indications, limiting to those located along the old Paphos — Limassol

road, in the case of the normalised coherence difference map.
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The averaging of the two products based on ascending Sentinel-1 imagery, i.e. S1A and
S1B, has further improved the previous results that were based on individual satellite
observations, optimising the detection of the area that was affected by the landslide (very

high probability), especially in the case of the normalised coherence difference indicator.

Other areas marked with high probability are all along the road and are not taken into
consideration, with the exception of the area to the southeast of the AOI, that the values
mostly fall into the “Low — Medium” class, with some areas of high and very high
probability of landslide occurrence, downbhill towards the sea. As seen in Figure 170 and

Figure 171, this area was marked as a site that was potentially affected by a landslide.

The normalised coherence difference has once more performed better than the coherence
difference indicator, as happened in the case of the landslide by A6 motorway near
Pissouri, providing more accurate results for the detection of the area affected by a

landslide and less number of false indications regarding the occurrence of a landslide.

Based on the thorough analysis that was carried out in the present section 4.3
Implementation of CCD methodology, the proposed methodology has proven to be
efficient in the detection and monitoring of natural hazards as well as for the assessment
of their impact on infrastructure. Despite the fact, that the results are not quantifiable, as
in the case of DINSAR methodology, CCD methodology provides valuable input for the
extents of the affected area and can even detect landslides that occurred in remote areas
and were not recorded before. It was the first time that such a technique has been

successfully applied for landslides induced by heavy rainfall.

It is worth noting that the Coherent Change Detection technique can be used at two
different stages producing different types of outputs. At a first stage, CCD can provide
very quickly an initial assessment of the impact due to the occurrence of a natural hazard,
using a minimum number of three SAR images, creating two interferometric SAR pairs,
one pre-event and one co-event pair. Finally, CCD can develop more accurate end-
products, showing the exact extents of the natural hazard affected area through the
exploitation of the multi-pass advantages of the Copernicus Sentinel-1 mission,

combining numerous pre-event and co-event SAR imagery.
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5 Discussion

Earthquakes and landslides are considered to be two of the most devastating natural
hazards worldwide. They are triggered by many factors that can be monitored via ground-
based or satellite-based techniques, as described in detail in the Introduction and

Literature review sections of the present thesis.

Conventional ground-based geodetic, photogrammetric, geophysical and geotechnical
techniques are being used for many decades for monitoring the geological stability and
other parameters that can induce land displacement events. These techniques involve
time-consuming and costly field surveys and the use and installation of expensive
equipment. They are usually conducted at specific areas with proven history in hazardous

events, as monitoring networks are difficult and costly to be established everywhere.

Space-based passive and active remote sensing techniques, utilising optical and radar
images respectively, are widely used in many applications and research fields, as they are
very efficient in monitoring changes on the Earth’s surface. The continuously improving
spatial and temporal characteristics of the satellites, and the capabilities to acquire images
day and night and under all weather conditions as in the case of SAR images, have laid
the ground for continuous monitoring of land and sea. This, in fact, is enhanced through
the complementarity of datasets that the various satellite missions provide. During the last
years, the Earth Observation (EO) sector has provided remarkable opportunities for

monitoring infrastructure resilience in urban and cultural heritage sites.

There seems to be a complementarity of the different monitoring techniques, as they were
presented in sections 2.2 and 2.3. Geophysical techniques provide data on sub-surface
characteristics; geodetic techniques measure absolute displacements at specific points;
geotechnical methods provide information on soil mechanical properties;
photogrammetric methods can give valuable information through archive aerial photos;
and EO methods, provide the advantages of spatial and temporal coverage characteristics
in land displacement studies. Therefore, the integration of EO based derived data with all
available information on ground deformation collected through other in-situ techniques,
is the way forward to achieve accurate and continuous monitoring and mapping of land

displacement, and reliable assessment of the impact of natural hazards to infrastructure.
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In the present thesis, the main aim was the integration of optical and SAR images, with
GNSS coordinates at three different case studies in order to identify areas vulnerable to
land movements and evaluate the impact of specific events, such as earthquakes and

landslides to infrastructure resilience and cultural heritage landscape.

More specifically, the use of optical remote sensing techniques and GIS for land
displacement susceptibility zonation was attempted. The goal was to develop a
methodology that can provide critical information based on parameters extracted solely
from satellite imagery data, as with the freely distributed archive Landsat 5 TM images.
Additionally, other data originating from satellite images, such as the CORINE Land Use
/ Land Cover map, which is based on Sentinel-2 images, and data provided by local
authorities through the INSPIRE directive, can be used to collect the required parameters

and update the current hazard maps.

All these parameters were rated for their contribution to possible land displacement events
and a certain weight factor was assigned to each parameter through AHP methodology,
based on experts’ opinion, to identify the areas susceptible to land displacement triggering
phenomena. The land displacement susceptibility maps were then compared to recorded
known landslide events for evaluation purposes. This information can be used in the

decision-making process by stakeholders and responsible authorities.

Furthermore, the impact of these natural hazards on infrastructure resilience and Cultural
Heritage landscapes was assessed through the use of freely distributed Sentinel-1 SAR
datasets and open-source software. The Sentinel-1 sensors, due to their high temporal
resolution, enabled us to acquire radar images before and after the specific events, which

were then processed using the DINSAR and CCD methodologies.

The DInSAR technique can assist in monitoring the displacement pattern over large areas,
as those in all case studies, thus providing fast and reliable information to local
stakeholders and policy makers about a specific hazard. DINSAR processing can,
therefore, be part of a continuous updated risk management plan for the built environment
and critical infrastructure, along with state-of-the-art geoinformation technologies such

as those provided under the Copernicus umbrella.

Moreover, the CCD methodology can operate complimentarily with DINSAR or as a

stand-alone technique for the monitoring of ground deformations over large areas
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providing useful information, of qualitative nature, regarding the impact of a natural
hazard. Its advantage compared with DINSAR methodology is the fact that the processing
time required is limited, thus providing valuable information very quickly to responsible
local authorities. Additionally, CCD techniques, using the advantages of Sentinel-1
satellites and other contributing missions, can be used for the continuous update of natural
hazard risk maps and geological suitability maps (Figure 172) as they can detect areas
affected by natural hazards, such as landslides, with great accuracy, as in the case of the

normalised coherence difference indicator.
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Figure 172: The proposed CCD methodology

Indeed, the contributions of the Copernicus program through the freely available Sentinel-
1 and Sentinel-2 satellite data along with the open-source software SNAP provided freely
by ESA, as well as SNAPHU plugin/software developed at Stanford university, which
can be used to process the Copernicus data, can lead to the collection of valuable
information in a timely manner due to the high temporal resolution and multi-pass nature
of the Sentinel satellites (Figure 173).

Apart from datasets provided by the Copernicus Sentinel missions, the Copernicus
contributing missions (Landsat, WorldView, COSMO-SkyMed, ALOS/PALSAR, etc.)
play also a crucial role to meet the observational needs, as they deliver complementary
data to those of Copernicus (ESA, no date a). Geographic information systems (GIS) were
employed in order to provide a valuable mapping representation of all the different

parameters and collected data, enabling the spatial representation of the various findings.
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Figure 173: The contribution of Copernicus, ESA, and Stanford University on natural hazards
monitoring via DINSAR and CCD methodologies

As presented in Figure 174, the results of this study can be used as a roadmap for
stakeholders to take specific actions regarding the identification of land movement
vulnerable areas in Cyprus. The local authorities will be capable to identify areas prone
to land movements on a systematic basis, by updating the area’s land displacement
susceptibility map through the automated use of AHP methodology using satellite or other
GIS based data (INSPIRE), prior to the issue of a new building permit or the construction

of new infrastructure.
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Figure 174: The AHP methodology for the continuous monitoring of land displacement
susceptibility
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AHP, as a knowledge driven qualitative method methodology, has certain limitations, as
the result depend on the experts’ opinion. Despite the subjective nature of the AHP
methodology, it can be applied easily in GIS, combining a number of factors in the form
of layers/maps. Additionally, the weights assigned to the natural hazard triggering factors
are clear and can be discussed among experts and decision makers; and reviewed if

necessary.

Moreover, the land displacement information provided in the form of displacement maps
and normalised coherence difference maps can be utilised in the decision-making process
of local stakeholders and responsible authorities. This information can be used for the on-
time activation of disaster/emergency management services for the protection of the
environment and citizens. Such a solution will allow stakeholders to observe, monitor,
and even model natural hazards such as earthquakes and landslides in minimum time
(Figure 175). This hazard-related information combined with vulnerability maps that will
present the condition of cultural heritage monuments and infrastructure of interest can
enable authorities to apply specialised protective measures for the respective monuments

and road networks based on their characteristics and residing risks on each specific site.
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Figure 175: The integrated CCD — DINSAR methodology for the continuous monitoring of land

movements

The complementarity of the Coherent Change Detection and DINSAR methodologies is
necessary due to the limitations that exist in the application of DINSAR. As seen in section
4.2.1, DInSAR methodology performed exceptionally well for the detection and
measurement in the form of displacement values of the impact of an earthquake in the

214



case study of Nea Paphos — Tombs of the Kings, but failed to do so for the assessment of
the landslide impact in Pissouri — Petra tou Romiou case study. As seen in Literature
review, fast moving land displacements cannot be detected via DINSAR due to a
phenomenon called temporal phase aliasing. In fact, when land movement values exceed
the threshold of A/4, i.e. ~1.39cm in the case of Sentinel-1 C band, between two
subsequent satellite acquisitions, these are detected ambiguously by DInSAR

methodology.

On the other hand, in the same case study, the application of the proposed CCD
methodology provided valuable information for the location of the area that was affected
by the landslide through the study of the normalised coherence difference between two
sets of interferometric SAR pairs, a pre-event and a co-event one. Its application proved,
that the phase decorrelation caused by a natural disaster is far more significant than the
one caused by the natural coherence loss due to the temporal baseline of two or more
consecutive SAR images.

The results from the application of the CCD methodology in the case study near Pissouri
and its validation through the successful detection of two other landslides in the area near
Petra tou Romiou, have proved that this methodology can provide significant information
for the coordination of emergency response services and other responsible authorities in
limited time. Additionally, it can provide directions for carrying out new site-specific
investigations. It was the first time that this methodology was applied successfully for the
detection of natural hazards induced by intense precipitation. Thus, the integration of the
two methodologies, CCD and DInSAR, can successfully monitor natural hazards and
assess their impact on infrastructure resilience irrespectively of the magnitude of the

hazardous event under study.

Another disadvantage of the DINSAR methodology has always been the difficulty in the
measurement of absolute displacement values, in order to monitor the land displacement
events and their impact to infrastructure resilience in their full extent and in a global scale.
This is achieved by converting the relative displacement values to absolute ones, by
introducing, in the process, a point of known displacement, as described in detail in
sections 3.3.2 and 4.2. This information is not always available, and thus in most studies

the results are in relative displacement values.

215



In the present dissertation, a novel calibration / validation methodology is proposed for
country-wide applications, for monitoring the impact of natural hazards on infrastructure,
through the use of coordinates of the permanent GNSS network stations of CYPOS that
is operated by the Department of Lands and Surveys (Figure 176). These positions are
received on a 24/7/365 basis, providing useful information in monitoring natural hazard
phenomena causing land movements. The fact, that the island of Cyprus, and
consequently all seven CYPOS network stations can be seen in a single Sentinel-1 image,
can assist in the effective calibration and validation of the DINSAR processing results.
The methodology and the final results are analysed thoroughly in sections 3.3.3 and

4.2.1.1 respectively.

Global Navigation Satellite Synthetic Aperture Radar
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Figure 176: The integration of DINSAR processing results and GNSS measurements

Despite all the advantages that EO techniques have, as they were discussed thoroughly in
the present section, certain limitations exist mostly because of the spatial resolution of
Sentinel-1 images and the C-band wavelength. As presented in the literature review, areas
covered with vegetation cannot be monitored very efficiently with Sentinel-1 images;
thus, P-band SAR images, which have enhanced capabilities for penetration, are preferred
instead. Finally, higher resolution SAR data, such as COSMO-SkyMed and TerraSAR-X
are required in the case of more detailed monitoring. In the case study of Pissouri — Petra
tou Romiou, the effect of vegetation was removed for the application of the CCD

methodology, using an NDVI mask created based on Sentinel-2 imagery.
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Last but not least, the provision of information about an upcoming hazard in a timely
manner is of vital importance, when lives are in danger. There is an emerging need for
real-time and/or near real-time monitoring systems, the so-called Early Warning Systems
(EWS). To achieve real-time and/or near real-time monitoring, the entire process from
data acquisition to the release of the warning must be fully automated for a real-time

hazard assessment.

Indeed, with the proposed integrated CCD — DInSAR methodology, products can be
developed at two stages. A first stage with quick products that can be developed based on
the normalised coherence difference calculation by three SAR images, two before and
one after the natural hazard occurrence. These can provide an initial assessment of the
impact of the natural disaster, which is valuable information for the coordination of

emergency response services and for raising information awareness to public.

Finally, at a second stage, CCD can develop more accurate multi-pass end-products,
showing the exact extents of the natural hazard affected area through the exploitation of
the multi-pass advantages of the Copernicus Sentinel-1 mission, combining numerous
pre-event and co-event SAR imagery. At the same time displacement maps will be
developed through the proposed DINSAR techniques to provide information regarding
the quantitative aspects of the disaster. These second stage products can be used for the
continuous update of the landslide inventory and natural hazard risk map, as well as to

provide directions for carrying out new site-specific investigations.

In the present thesis, a first attempt is made to consider all the relevant information
required to identify areas vulnerable to potential hazards and assess the impact of natural
hazards to infrastructure, the monitoring and processing techniques to be applied, and
how all these can potentially be included in an automated procedure that can lead towards

the implementation of a country-wide Early Warning System in Cyprus.
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CONCLUSIONS

In this thesis, the integrated use of Earth Observation (EO) techniques and GIS for the
monitoring and assessment of the impact of natural hazards on infrastructure resilience
was accomplished. The main aim of the study was to develop a novel EO based
methodology that can be used for the continuous and systematic monitoring of natural
hazards and the assessment of their impact on critical infrastructure, such as road
networks and on areas of cultural heritage significance, minimising, at the same time, the
in-situ field campaigns and related costs. The concluding remarks of this thesis are the
following:

1. The results of the AHP methodology were successfully compared with already
known landslide events in the case study area. The Landslide Hazard Zonation
Map that was developed can be continuously updated with more recent data, that
are currently available in Cyprus through the INSPIRE framework and by
exploiting Copernicus products, either directly by processing Sentinel-2 imagery
or indirectly by using the Sentinel-2 based CORINE LULC.

2. A novel integrated CCD — DInSAR methodology was proposed to overcome the
qualitative knowledge-driven nature of the AHP and provide displacement
outputs in the other two cases study sites, Nea Paphos — Tombs of the Kings and
Pissouri — Petra tou Romiou. The geological and geomorphological characteristics
of the two areas differ significantly and thus, the proposed methodology needed
to be operational irrespectively of the residing geological and geomorphological
aspects of the case study sites.

3. In the case study of Nea Paphos — Tombs of the Kings, the findings from the
DInSAR processing of SAR images dated 14 April 2015 and 26 April 2015,
recorded absolute vertical displacement values, ranging between a maximum
uplift of 74mm and a maximum subsidence of 31mm. As shown, both
archaeological sites in the eastern part of the area showed nearly zero
displacement , whereas some vertical displacement was observed in the northern
part of the city of Paphos.

4. A novel calibration/validation methodology of DINSAR results was proposed
using the 3D coordinates of the CYPOS network permanent GNSS stations,

converting relative displacement values to absolute ones. The results were also
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10.

validated through a GNSS study, used as a ground truth of this analysis,
confirming the above results.

There are certain limitations in the application of the proposed DInSAR
methodology, especially in the case that it is applied for operational monitoring
of areas of interest. Atmospheric phase delay can seriously affect the accuracy of
DINSAR measurements if not properly corrected. Additionally, areas of rough
topography cannot be monitored at all as they can be affected by geometric
distortions due to satellite acquisition geometries and local topography.
Monitoring of fast-moving landslides cannot be achieved using Sentinel-1 images
due to the limitations of the C-band wavelength and the images’ medium spatial
resolution. Vegetation and the residing meteorological conditions can also
influence the DINSAR results significantly.

DINSAR failed to detect the ground deformation due to the landslides that
occurred in the case study of Pissouri — Petra tou Romiou on the 15" and 20" of
February 2019.

Interferometric SAR coherence, a different product of the DINSAR methodology,
was used to overcome the limitations of DINSAR, and investigate the landslides
under study.

The Coherent Change Detection (CCD) methodology was applied for the case
study of Pissouri — Petra tou Romiou producing results at two stages, a quick
product by combining the results of one pre-event and one co-event
interferometric SAR image pair, and a more refined product based on multiple
passes of the Sentinel-1 satellites exploiting its capabilities at its full extents.

The results of the CCD methodology were very promising as the normalised
coherence difference indicator managed to detect accurately the extents of both
landslides. The normalised coherence difference detected landslide and non-
landslide areas with an overall accuracy of 94.8%, whereas the probability of
landslide detection was 73.7% and the probability of false alarm was
approximately 1%.

It was the first time that CCD methodology was successfully applied for the
identification of areas affected by landslides that were induced by heavy
precipitation. This is due to the fact that rainfall is one of the factors, as analysed

in section 2.3, that can cause severe phase decorrelation leading to false alarms in
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11.

12.

13.

14.

detection of areas affected by natural hazards. The impact of vegetation in phase
decorrelation was also addressed through the application of a NDVI mask that
was developed solely using cloud-free Sentinel-2 optical imagery of the area.
The use of open-source software and freely distributed images was also
highlighted in the present thesis. Freely distributed Earth Observation datasets
supported by national and international space agencies, such as those of the
Copernicus space program and Landsat series, will continue to provide optical
and radar images with a high temporal resolution around the world. The need to
provide tangible end-products and services to non-experts in remote sensing, thus
addressing societal challenges both on a local and a regional level, is essential to
the scientific community.

The Sentinel-1 constellation benefits its users with its very short revisit times and
continuity of a wide area coverage; however, it has a low spatial resolution
compared with other SAR satellites such as COSMO-SkyMed or TerraSAR-X.
For Cyprus, Interferometric Wide swath Sentinel-1 products are only available
with a resolution of 2.7 x 22m to 3.5 x 22m. This can be a constraint for smaller
scale studies where more detailed monitoring is required, as described in the case
of Pissouri — Petra tou Romiou.

The application of interferometric stacking methods through the proposed
integrated CCD — DInSAR methodology helped to study the vulnerability of
cultural heritage monuments and critical infrastructure, such as the A6 motorway
and the old Paphos — Limassol road, to the residing site-specific risks, and can
indeed aid in the development of appropriate vulnerability maps that will assist
local authorities in adopting protective measures to protect the general public and
conserve cultural and archaeologic heritage. Moreover, the more detailed second
stage multi-pass products can be used for the continuous update of the landslide
inventory and natural hazard risk maps, as well as to provide directions to the
authorities responsible for conducting new site-specific investigations.

The proposed CCD — DINSAR methodology has proved to be an invaluable source
of information both of qualitative nature, as in the case of CCD, and quantitative
nature, as in the case of DINSAR, on ground displacements. In all cases, natural
hazard impact assessment results from EO based techniques, that are used for the
systematic and continuous monitoring of large areas should always be statistically
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15.

16.

assessed for false alarms, or else they could provide misleading information. An
extensive statistical analysis and validation was carried out in the case of CCD
and DINSAR methodologies.

It should also be stressed, at this point, that EO based techniques can only act as
an aid to in-situ engineering investigations, proving complimentary information
to that obtained from field campaigns and other observation techniques.

In this thesis, a first attempt is made to consider all the relevant information
required to identify areas vulnerable to potential hazards and assess the impact of
natural hazards to infrastructure, the monitoring and processing techniques to be
applied, and how all these can potentially be included in an automated procedure
that can lead towards the implementation of a country-wide Early Warning
System in Cyprus. The time of data availability and the data processing time are

the main two limiting factors for the realisation of such a goal.

Future Work

1.

2.

In the future, new ways of how Copernicus sensors can be exploited further for
non-invasive monitoring of critical infrastructure resilience will be investigated.
The exploitation of the Copernicus program in its full capacity, including all other
sensors, is expected to enhance research in new directions and methodologies. The
integration of different SAR interferometry techniques can overcome any
obstacles by combining their respective advantages.

As the selection of the type of SAR imagery is case-specific, different
combinations of SAR sensors are planned to be tested for applications at different
areas to achieve optimum results. The proposed CCD — DInSAR methodology is
planned to be tested exploiting longer wavelength SAR acquisitions, such as L-
band and P-band, for applications at areas covered with vegetation and higher
resolution SAR products, such as those produced by the TerraSAR-X and
COSMO-SkyMed missions for the establishment of an Early Warning System in
Cyprus.
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3. In fact, as a next step, a research project, the Cyprus Continuously Operating
Natural Hazards Monitoring and Prevention System, abbreviated CyCLOPSY’
(RPF/INFRASTRUCTURES/1216/0050), which is co-financed by the European
Union Regional Fund and the Republic of Cyprus through the Research
Promotion Foundation was successfully obtained by the Cyprus University of
Technology and the Eratosthenes Research Centre. The main objective of the
project is the establishment of a novel Strategic Research Infrastructure Unit for
monitoring Geohazards in Cyprus and the broader EMMENA region. CyCLOPS
will deploy permanent co-located multi-sensor configurations (Tier-1 GPS/GNSS
reference stations, SAR Corner Reflectors, weather stations, tiltmeters, etc.)
throughout Cyprus to promote geohazard monitoring, critical infrastructure
resilience and enhance National Geodetic and Spatial Data Infrastructure.

4. Moreover, the EXCELSIOR® H2020 Teaming Phase 2 project (Grant agreement
ID: 857510), was successfully submitted by the Eratosthenes Research Centre
with the final objective to be upgraded into the Eratosthenes Centre of Excellence
(ECoE) for Earth Surveillance and Space-Based Monitoring of the Environment.
An EO Satellite Data Acquisition Station (DAS) will be established by the ECoE
in cooperation with DLR, to directly receive data from EO satellite missions,
which will allow Near Real Time (NRT) monitoring over the wider EMMENA
region.

5. The proposed novel integrated CCD — DInSAR methodology combined with the
flagship infrastructure that will soon be established in Cyprus, through the
upgraded Eratosthenes Centre of Excellence, are expected to overcome all
obstacles from the nature of SAR sensors, such as the temporal and spatial
resolution, the data availability time and the processing speed, and will lead to the
development of an Early Warning System in Cyprus and the wider EMMENA
region for the systematic geohazard monitoring and critical infrastructure

resilience.

17 CyCLOPS: https://cyclops-rpf.eu/

18 EXCELSIOR: https://excelsior2020.eu/
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APPENDIX I — Statistical tests

1. ANOVA tests: single factor

Sentinel-1A ascending

SUMMARY
Groups Count Sum Average Variance
Pre-event 52 31.5103375 0.605968029 0.00963497
Co-event 52 27.276288 0.524544 0.007515291
Post-event 52 27.198441 0.523046942 0.011553534
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.234139018 2 0.117069509 12.23561315 1.17654E-05 3.055161773
Within Groups 1.463893523 153 0.009567932
Total 1.698032541 155
Sentinel-1A descending — AOI
SUMMARY
Groups Count Sum Average Variance
Pre-event 52 29.608446 0.569393192 0.029604203
Co-event 52  21.440338 0.412314192 0.023630925
Post-event 52 24.69043 0.474815962 0.023826759
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.65043569 2 0.325217845 12.66064945 8.16297E-06 3.055161773
Within Groups 3.93015623 153 0.025687296
Total 4.58059192 155
Sentinel-1A — Average
SUMMARY
Groups Count Sum Average Variance
Pre-event 52 30.5593918 0.587680611 0.010488439
Co-event 52 24.358313 0.468429096 0.006286503
Post-event 52 25.9444355 0.498931452 0.011395409
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.39914733 2 0.199573665 21.25358706 7.16058E-09 3.055161773
Within Groups 1.43668787 153 0.009390117
Total 1.8358352 155
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Sentinel-1B ascending

SUMMARY
Groups Count Sum Average Variance
Pre-event 52 31.0019885 0.596192087 0.011597808
Co-event 52 21.2557515 0.408764452 0.039383789
Post-event 52 35.52187 0.683112885 0.016400019
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.044491035 2 1.022245518 45.51295604 3.09061E-16 3.055161773
Within Groups 3.436462445 153 0.022460539
Total 5.48095348 155
Sentinel-1B descending
SUMMARY
Groups Count Sum Average Variance
Pre-event 52 29.270858 0.562901115 0.007764885
Co-event 52 19.6603463 0.378083583 0.02595015
Post-event 52 39.260762 0.755014654 0.004943149
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 3.694464184 2 1.847232092 143.3511789 8.45759E-36 3.055161773
Within Groups 1.971567393 153 0.012886061
Total 5.666031577 155
Sentinel-1B — Average
SUMMARY
Groups Count Sum Average Variance
Pre-event 52 30.1364233 0.579546601 0.00737082
Co-event 52 20.4580489 0.393424017 0.022393032
Post-event 52 37.391316 0.719063769 0.006327045
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.77589701 2 1.387948505 115.3710726 2.81756E-31 3.055161773
Within Groups 1.840635754 153 0.012030299
Total 4.616532764 155
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Sentinel-1A and Sentinel-1B ascending

SUMMARY
Groups Count Sum Average Variance
Pre-event 52 31.256163 0.601080058 0.006907241
Co-event 52 24.26601975 0.466654226 0.017335408
Post-event 52 31.3601555 0.603079913 0.007066489
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.635895379 2 0.31794769 30.46532535 7.29473E-12 3.055161773
Within Groups 1.596766027 153 0.010436379
Total 2.232661406 155

Sentinel-1A and Sentinel-1B descending

SUMMARY
Groups Count Sum Average Variance
Pre-event 52 29.439652 0.566147154 0.00944975
Co-event 52 20.55034215 0.395198888 0.015107842
Post-event 52 31.975596 0.614915308 0.007622017
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1.384533764 2 0.692266882 64.53778435 4.74172E-21 3.055161773
Within Groups 1.641160043 153 0.010726536
Total 3.025693806 155

Sentinel-1A and Sentinel-1B - Average

SUMMARY
Groups Count Sum Average Variance
Pre-event 52 30.3479075 0.583613606 0.004301833
Co-event 52 22.40818095 0.430926557 0.008789493
Post-event 52 31.66787575 0.608997611 0.003990601
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.96489437 2 0.482447185 84.72940727 1.70065E-25 3.055161773
Within Groups 0.87117828 153 0.005693976
Total 1.836072649 155
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Sentinel-1A ascending — AOI

SUMMARY
Groups Count Sum Average Variance
Pre-event 20 11.253141 0.56265705 0.005197518
Co-event 20 9.459158 0.4729579 0.002735179
Post-event 20 11.054951 0.55274755 0.004512817
ANOVA
Source of Variation ) df MS F P-value F crit
Between Groups 0.096736826 2 0.048368413 11.65923922 5.69105E-05 3.158842719
Within Groups 0.23646479 57 0.004148505
Total 0.333201616 59
Sentinel-1A descending — AOI
SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.355876 0.5177938 0.031931101
Co-event 20 8.64388 0.432194 0.023627422
Post-event 20 10.054683 0.50273415 0.016530394
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.083533544 2 0.041766772 1.738135637 0.185037905 3.158842719
Within Groups 1.369689425 57 0.024029639
Total 1.453222968 59
Sentinel-1A — Average — AOI
SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.804509 0.540225425 0.01138683
Co-event 20 9.051519 0.45257595 0.006125907
Post-event 20 10.554817 0.52774085 0.003239013
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.089920382 2 0.044960191 6.499720334 0.002865749 3.158842719
Within Groups 0.394283254 57 0.00691725
Total 0.484203636 59
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Sentinel-1B ascending — AOI

SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.4197155 0.520985775 0.00784828
Co-event 20 5.911712 0.2955856 0.013045793
Post-event 20 15.020007 0.75100035 0.01062782
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.074096921 2 1.03704846 98.69792378 3.05772E-19 3.158842719
Within Groups 0.598915965 57 0.010507298
Total 2.673012886 59
Sentinel-1B descending — AOI
SUMMARY
Groups Count Sum Average Variance
Pre-event 20 9.9950305 0.499751525 0.003093643
Co-event 20 5.3726643 0.268633215 0.014429365
Post-event 20 15.190088 0.7595044 0.005312033
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.41227833 2 1.206139165 158.4589855 5.22766E-24 3.158842719
Within Groups 0.433865787 57 0.00761168
Total 2.846144117 59
Sentinel-1B — Average — AOI
SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.207373 0.51036865 0.003318118
Co-event 20 5.64218815 0.282109408 0.008569091
Post-event 20 15.1050475 0.755252375 0.004075334
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.239563922 2 1.119781961 210.4517916 4.79993E-27 3.158842719
Within Groups 0.303288327 57 0.005320848
Total 2.542852249 59
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Sentinel-1A and Sentinel-1B ascending — AOI

SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.83642825 0.541821413 0.004317919
Co-event 20 7.685435 0.38427175 0.004080434
Post-event 20 13.037479 0.65187395 0.005271227
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.723629297 2 0.361814649 79.40580281 3.32125E-17 3.158842719
Within Groups 0.259722013 57 0.004556527
Total 0.983351311 59

Sentinel-1A and Sentinel-1B descending — AOI

SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.17545325 0.508772663 0.009187403
Co-event 20 7.00827215 0.350413608 0.010045616
Post-event 20 12.6223855 0.631119275 0.004354177
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.792279704 2 0.396139852 50.38409701 2.50541E-13 3.158842719
Within Groups 0.448156718 57 0.007862399
Total 1.240436423 59

Sentinel-1A and Sentinel-1B - Average— AOI

SUMMARY
Groups Count Sum Average Variance
Pre-event 20 10.50594075 0.525297038 0.003559414
Co-event 20 7.346853575 0.367342679 0.003151663
Post-event 20 12.82993225 0.641496613 0.000508376
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.757415334 2 0.378707667 157.3696799 6.17497E-24 3.158842719
Within Groups 0.137169606 57 0.002406484
Total 0.89458494 59
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2. t-tests: two-tailed

S1A-ASCENDING

Pre-event
Co-event
Post-event

S1A-DESCENDING

Pre-event
Co-event
Post-event

S1A-ASCENDING & DESCENDING

Pre-event
Co-event
Post-event

S1B-ASCENDING

Pre-event
Co-event
Post-event

S1B-DESCENDING

Pre-event
Co-event
Post-event

S1B-ASCENDING & DESCENDING

Pre-event
Co-event
Post-event

Pre-event

Pre-event

Pre-event

Pre-event

Pre-event

Pre-event

Co-event
9.57261E-06

Co-event
2.45531E-07

Co-event
9.41403E-10

Co-event
4.36485E-14

Co-event
1.27005E-10

Co-event
5.28205E-18

Post-event
0.000539818
0.943077639

Post-event
0.010569338
0.015453758

Post-event
0.000233505
0.059862792

Post-event
0.001191176
8.34419E-11

Post-event
1.33418E-16
2.73028E-22

Post-event
1.69375E-10
8.5456E-18
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S1A & S1B-ASCENDING

Pre-event Co-event Post-event
Pre-event 1.61673E-15 0.911695689
Co-event 2.9423E-07
Post-event
S1A & S1B-DESCENDING
Pre-event Co-event Post-event
Pre-event 2.77832E-11 0.012479896
Co-event 1.61829E-16
Post-event
S1A & S1B
Pre-event Co-event Post-event
Pre-event 6.09313E-18 0.071081328
Co-event 3.92623E-15
Post-event
S1A-ASCENDING - AOI
Pre-event Co-event Post-event
Pre-event 0.00122976 0.617983269
Co-event 0.002076731
Post-event

S1A-DESCENDING - AOI

Pre-event Co-event Post-event
Pre-event 0.038996251 0.763966871
Co-event 0.020244528
Post-event

S1A-ASCENDING & DESCENDING - AOI

Pre-event Co-event Post-event
Pre-event 0.002198526 0.620935556
Co-event 0.000142155
Post-event
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S1B-ASCENDING - AOI

Pre-event Co-event Post-event
Pre-event 3.13013E-10 8.52148E-09
Co-event 1.04638E-11
Post-event
S1B-DESCENDING - AOI
Pre-event Co-event Post-event
Pre-event 9.20315E-07 1.30066E-10
Co-event 7.78797E-14
Post-event
S1B-ASCENDING & DESCENDING - AOI
Pre-event Co-event Post-event
Pre-event 6.48861E-10 1.31486E-13
Co-event 1.06476E-13
Post-event
S1A & S1B-ASCENDING - AOI
Pre-event Co-event Post-event
Pre-event 7.32742E-12 9.62576E-06
Co-event 2.17045E-10
Post-event
S1A & S1B-DESCENDING - AOI
Pre-event Co-event Post-event
Pre-event 2.76945E-05 8.15739E-05
Co-event 5.55534E-14
Post-event
S1A & S1B - AOI
Pre-event Co-event Post-event
Pre-event 1.09459E-08 3.08208E-09
Co-event 4.60317E-14
Post-event
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3. Covariance

S1A - Ascending

Pre-event Co-event Post-event
Pre-event 0.0094
Co-event 0.0014 0.0074
Post-event -0.0025 -0.0017 0.0113
S1B - Ascending
Pre-event Co-event Post-event
Pre-event 0.0114
Co-event 0.0166 0.0386
Post-event -0.0026 -0.0015 0.0161
S1A & S1B - Ascending
Pre-event Co-event Post-event
Pre-event 0.0068
Co-event 0.0083 0.0170
Post-event -0.0014 -0.0017 0.0069
S1A - Descending
Pre-event Co-event Post-event
Pre-event 0.0290
Co-event 0.0083 0.0232
Post-event -0.0062 0.0074 0.0234
S1B - Descending
Pre-event Co-event Post-event
Pre-event 0.0076
Co-event 0.0030 0.0255
Post-event -0.0002 0.0021 0.0048
S1A & S1B - Descending
Pre-event Co-event Post-event
Pre-event 0.0093
Co-event 0.0016 0.0148
Post-event -0.0007 0.0026 0.0075
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S1A - Average

Pre-event Co-event Post-event
Pre-event 0.0103
Co-event 0.0017 0.0062
Post-event -0.0021 0.0023 0.0112
S1B - Average
Pre-event Co-event Post-event
Pre-event 0.0072
Co-event 0.0095 0.0220
Post-event -0.0011 -0.0020 0.0062
S1A & S1B - Average
Pre-event Co-event Post-event
Pre-event 0.0042
Co-event 0.0030 0.0086
Post-event -0.0008 -0.0004 0.0039
S1A - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 0.0049
Co-event -0.0015 0.0026
Post-event 0.0010 -0.0013 0.0043
S1B - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 0.0075
Co-event 0.0065 0.0124
Post-event 0.0034 0.0018 0.0101
S1A & S1B - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 0.0041
Co-event 0.0029 0.0039
Post-event 0.0013 -0.0002 0.0050
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S1A - Descending - AOI

Pre-event Co-event Post-event
Pre-event 0.0303
Co-event 0.0122 0.0224
Post-event -0.0002 0.0117 0.0157
S1B - Descending - AOI
Pre-event Co-event Post-event
Pre-event 0.0029
Co-event -0.0017 0.0137
Post-event -0.0001 0.0031 0.0050
S1A & S1B - Descending - AOI
Pre-event Co-event Post-event
Pre-event 0.0087
Co-event 0.0012 0.0095
Post-event 0.0007 0.0049 0.0041
S1A - Average - AOI
Pre-event Co-event Post-event
Pre-event 0.0108
Co-event 0.0025 0.0058
Post-event 0.0011 0.0021 0.0031
S1B - Average - AOI
Pre-event Co-event Post-event
Pre-event 0.0032
Co-event 0.0018 0.0081
Post-event 0.0018 -0.0001 0.0039
S1A & S1B - Average - AOI
Pre-event Co-event Post-event
Pre-event 0.0034
Co-event 0.0006 0.0030
Post-event 0.0007 -0.0001 0.0005
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4. Correlation

S1A - Ascending

Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.1695 1.0000
Post-event -0.2380 -0.1913 1.0000
S1B - Ascending
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.7914 1.0000
Post-event -0.1931 -0.0606 1.0000
S1A & S1B - Ascending
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.7724 1.0000
Post-event -0.1982 -0.1537 1.0000
S1A - Descending
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.3213 1.0000
Post-event -0.2369 0.3183 1.0000
S1B - Descending
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.2191 1.0000
Post-event -0.0331 0.1905 1.0000
S1A & S1B - Descending
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.1395 1.0000
Post-event -0.0804 0.2514 1.0000
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S1A - Average

Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.2197 1.0000
Post-event -0.1939 0.2730 1.0000
S1B - Average
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.7526 1.0000
Post-event -0.1675 -0.1673 1.0000
S1A & S1B - Average
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.4898 1.0000
Post-event -0.1892 -0.0625 1.0000
S1A - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event -0.4314 1.0000
Post-event 0.2137 -0.3960 1.0000
S1B - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.6759 1.0000
Post-event 0.3963 0.1629 1.0000
S1A & S1B - Ascending - AOI
Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.7289 1.0000
Post-event 0.2920 -0.0418 1.0000
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S1A - Descending - AOI

Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.4687 1.0000
Post-event -0.0091 0.6238 1.0000

S1B - Descending - AOI

Pre-event Co-event Post-event
Pre-event 1.0000
Co-event -0.2697 1.0000
Post-event -0.0289 0.3681 1.0000

S1A & S1B - Descending - AOI

Pre-event Co-event Post-event
Pre-event 1.0000
Co-event 0.1309 1.0000
Post-event 0.1195 0.7720 1.0000

S1A - Average - AOI

Pre-event  Co-event Post-event
Pre-event 1.0000
Co-event 0.3135 1.0000
Post-event 0.1887 0.4869 1.0000

S1B - Average - AOI

Pre-event  Co-event Post-event
Pre-event 1.0000
Co-event 0.3577 1.0000
Post-event 0.5285 -0.0121 1.0000

S1A & S1B - Average - AOI

Pre-event  Co-event Post-event
Pre-event 1.0000
Co-event 0.1855 1.0000
Post-event 0.5724 -0.1002 1.0000
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APPENDIX II — ROC analysis

Coherence Difference — Sentinel-1B average

JROCFIT:

Maximum likelihood estimation of a binormal ROC curve from categorical rating data.

Java translation by John Eng, M.D.
The Russell H. Morgan Department of Radiology and Radiological Science
Johns Hopkins University, Baltimore, Maryland, USA

Version 2.0.1, June 2017

Original Fortran program ROCFIT by Charles Metz and colleagues
Department of Radiology, University of Chicago

January 1994

DATA CHARACTERISTICS:

Data collected in 4 categories with category 4 representing strongest evidence of

positivity (e.g., that abnormality is present).
Number of actually negative cases = 96

Number of actually positive cases = 19

RESPONSE DATA:
Category 1 2 3 4
Actually negativecases 72 23 1 0

Actually positivecases 2 5 11 1
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OBSERVED OPERATING POINTS:
FPF: 0.0000 0.0000 0.0104 0.2500 1.0000

TPF: 0.0000 0.0526 0.6316 0.8947 1.0000

INITIAL VALUES OF PARAMETERS:
A =21629
B=1.1754
Z(K): 0.6742 2.3114 2.5621

LOGL =-94.0040

FINAL VALUES OF PARAMETERS:
Procedure converges after 7 iterations.
A =1.6297
B =0.5598
Z(K): 0.6745 2.3110 5.8050

LOGL =-78.2751

VARIANCE-COVARIANCE MATRIX:
A 0.2694 0.1069 0.0131 -0.0251 -0.6464
B 0.1069 0.0665 0.0034 -0.0450 -0.4870
Z(1) 0.0131 0.0034 0.0193 0.0093 -0.0122
Z(2) -0.0251 -0.0450 0.0093 0.1408 0.4215

Z(3) -0.6464 -0.4870 -0.0122 0.4215 4.4709
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CORRELATION MATRIX:

A 1.0000 0.7989 0.1822 -0.1291 -0.5890
B 0.7989 1.0000 0.0961 -0.4650 -0.8934
Z(1) 0.1822 0.0961 1.0000 0.1777 -0.0416
Z(2) -0.1291 -0.4650 0.1777 1.0000 0.5313

Z(3) -0.5890 -0.8934 -0.0416 0.5313 1.0000

SUMMARY OF ROC CURVE:
Area = 0.9225

Std. Dev. (Area) = 0.0495

ESTIMATED BINORMAL ROC CURVE WITH ASYMMETRIC 95% CONFIDENCE

INTERVAL:

FPF TPF 95% Conf. Interv.
0.005 0.5744 (0.2757, 0.8342)
0.010 0.6282 (0.3504, 0.8505)
0.020 0.6843 (0.4316, 0.8711)
0.030 0.7179 (0.4798, 0.8857)
0.040 0.7420 (0.5133, 0.8972)
0.050 0.7608 (0.5385, 0.9067)
0.060 0.7761 (0.5583, 0.9149)
0.070 0.7891 (0.5745, 0.9220)
0.080 0.8004 (0.5881, 0.9283)
0.090 0.8103 (0.5996, 0.9339)
0.100 0.8192 (0.6097, 0.9389)

0.110 0.8272 (0.6185, 0.9435)
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0.120

0.130

0.140

0.150

0.200

0.250

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0.950

ESTIMATES OF EXPECTED OPERATING POINTS ON FITTED ROC CURVE:

0.8344 (0.6263, 0.9476)
0.8411 (0.6333, 0.9513)
0.8473 (0.6396, 0.9547)
0.8530 (0.6453, 0.9578)
0.8767 (0.6680, 0.9701)
0.8948 (0.6842, 0.9786)
0.9093 (0.6967, 0.9845)
0.9316 (0.7155, 0.9919)
0.9484 (0.7298, 0.9959)
0.9617 (0.7419, 0.9981)
0.9728 (0.7530, 0.9992)
0.9822 (0.7642, 0.9998)
0.9905 (0.7775, 1.0000)

0.9946 (0.7871, 1.0000)

Expected 95% C.I. of

Operating Point

Lower Bound

95% C.1. of

Upper Bound

( FPF, TPF) ( FPF, TPF) ( FPF, TPF)

(0.0000, 0.0526) (0.0000, 0.0000) (0.0484, 0.7581)

(0.0104, 0.6316) (0.0012, 0.4699) (0.0576, 0.7727)

(0.2500, 0.8947) (0.1718, 0.8642) (0.3439, 0.9199)

WARNINGS AND ERROR MESSAGES:

Chi-square goodness of fit not calculated because some expected cell frequencies are less

than 5.
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Summary statistics:

Number of Cases: 115
Number Correct: 107
Accuracy: 93%
Sensitivity: 63.2%
Specificity: ~ 99%
Positive Cases Missed: 7
Negative Cases Missed: 1

(A rating of 3 or greater is considered positive.)

Fitted ROC Area: 0.922

Empirical ROC Area: 0.897

Normalised Coherence Difference — Sentinel-1B average

JROCFIT:

Maximum likelihood estimation of a binormal ROC curve from categorical rating data.

Java translation by John Eng, M.D.
The Russell H. Morgan Department of Radiology and Radiological Science
Johns Hopkins University, Baltimore, Maryland, USA

Version 2.0.1, June 2017

Original Fortran program ROCFIT by Charles Metz and colleagues
Department of Radiology, University of Chicago

January 1994
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DATA CHARACTERISTICS:

Data collected in 4 categories with category 4 representing strongest evidence of

positivity (e.g., that abnormality is present).
Number of actually negative cases = 96

Number of actually positive cases = 19

RESPONSE DATA:
Category 1 2 3 4
Actually negativecases 82 13 1 0

Actually positivecases 1 4 6 8

OBSERVED OPERATING POINTS:
FPF: 0.0000 0.0000 0.0104 0.1458 1.0000

TPF: 0.0000 0.4211 0.7368 0.9474 1.0000

INITIAL VALUES OF PARAMETERS:
A =2.8001
B =1.0704
Z(K): 1.0545 2.3114 2.5621

LOGL =-70.4433

FINAL VALUES OF PARAMETERS:
Procedure converges after 7 iterations.
A =23971
B =0.7527
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Z(K): 1.0540 2.3272 3.4536

LOGL =-66.5271

VARIANCE-COVARIANCE MATRIX:

A 0.6424 0.2726 0.0243 -0.0485 -0.4097
B 0.2726 0.1458 0.0056 -0.0633 -0.2849
Z(1) 0.0243 0.0056 0.0248 0.0148 0.0067
Z(2) -0.0485 -0.0633 0.0148 0.1381 0.2240

Z(3) -0.4097 -0.2849 0.0067 0.2240 0.7945

CORRELATION MATRIX:

A 1.0000 0.8909 0.1927 -0.1629 -0.5735
B 0.8909 1.0000 0.0930 -0.4460 -0.8372
Z(1) 0.1927 0.0930 1.0000 0.2532 0.0479
Z(2) -0.1629 -0.4460 0.2532 1.0000 0.6762

Z(3) -0.5735-0.8372 0.0479 0.6762 1.0000

SUMMARY OF ROC CURVE:
Area =0.9723

Std. Dev. (Area) = 0.0232

ESTIMATED BINORMAL ROC CURVE WITH ASYMMETRIC 95% CONFIDENCE

INTERVAL:
FPF TPF 95% Conf. Interv.
0.005 0.6765 (0.3336, 0.9108)

0.010 0.7408 (0.4421, 0.9246)
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0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

0.110

0.120

0.130

0.140

0.150

0.200

0.250

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0.950

0.8026 (0.5494, 0.9427)
0.8367 (0.6054, 0.9549)
0.8597 (0.6406, 0.9639)
0.8767 (0.6648, 0.9707)
0.8900 (0.6826, 0.9760)
0.9008 (0.6964, 0.9802)
0.9098 (0.7073, 0.9835)
0.9174 (0.7162, 0.9862)
0.9240 (0.7237, 0.9884)
0.9297 (0.7301, 0.9902)
0.9348 (0.7355, 0.9917)
0.9393 (0.7403, 0.9929)
0.9434 (0.7445, 0.9940)
0.9471 (0.7483, 0.9948)
0.9611 (0.7624, 0.9975)
0.9706 (0.7719, 0.9988)
0.9774 (0.7788, 0.9994)
0.9863 (0.7887, 0.9998)
0.9917 (0.7957, 1.0000)
0.9952 (0.8012, 1.0000)
0.9974 (0.8059, 1.0000)
0.9988 (0.8104, 1.0000)
0.9996 (0.8153, 1.0000)

0.9999 (0.8185, 1.0000)
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ESTIMATES OF EXPECTED OPERATING POINTS ON FITTED ROC CURVE:
Expected 95% C.I. of 95% C.I. of
Operating Point ~ Lower Bound Upper Bound
( FPF, TPF) ( FPF, TPF) ( FPF, TPF)
(0.0003, 0.4198) (0.0000, 0.0646) (0.0439, 0.8670)
(0.0100, 0.7407) (0.0011, 0.5387) (0.0549, 0.8837)

(0.1460, 0.9456) (0.0865, 0.9149) (0.2280, 0.9668)

WARNINGS AND ERROR MESSAGES:

Chi-square goodness of fit not calculated because some expected cell frequencies are less

than 5.

Summary statistics:

Number of Cases: 115
Number Correct: 109
Accuracy: 94.8%
Sensitivity: 73.7%
Specificity:  99%
Positive Cases Missed: 5
Negative Cases Missed: 1

(A rating of 3 or greater is considered positive.)

Fitted ROC Area: 0.972

Empirical ROC Area: 0.952
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