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ABSTRACT

DETERMINANTS OF TEMPERATURE AND SALINITY IN THE LEVANTINE
SEA USING IN-SITU DATA

Serimdzi, Cem
MSc., Department of Sustainable Environment and Energy Systems

Supervisor: Prof. Dr. Ali Cevat Tagiran

August 2019, 211 pages

The Levantine Sea, part of the Eastern Mediterranean where international interests
collide and exposed to rising anthropogenic pressure, is our focus in this study.
Additionally, four of its sub-regions: Cilician and Levantine Basins, Coastal Nile
Delta and Rhodes Gyre are chosen. On account of the relative scarcity of scientific
studies of these regions, we aimed to contribute to the investigation of Sea Water
Temperature and Salinity, two critical oceanographic parameters in the context of
climate change. To this end, we selected a dataset demonstrating sparse observations
and erratic distribution for this pioneering in-depth analysis. We begin by presenting
a comprehensive spatial definition and introduce conventional data collection tools
and sharing infrastructures. An in-situ aggregated dataset, “Mediterranean Sea -
Temperature and Salinity Historical Data Collection SeaDataCloud V1’ covering the
area between 1960 and 2017 is retrieved to conduct a descriptive analysis for
multiple depth layers and seasons. Climatological and isothermal maps are used to
sketch the boundaries of the sub-regions. Meanwhile, cluster analysis is employed to
define the limits and further identify the existence of distinct regional properties.
Moreover, we replace missing observations with approximations using chained

equations to increase the robustness of our analysis, and the resulting datasets are



analysed on a yearly and monthly basis to determine variability. Furthermore,
empirical and theoretical cumulative distribution functions of the data supported by
classical statistical methods are used to establish optimal theoretic models. Finally,
regression analyses are performed to measure the significance of spatiotemporal

parameters using predicted values.

Keywords: Sea Water Temperature, Sea Water Salinity, In-Situ Data, Oceanography,

Levantine Sea.
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0z

YERINDE TOPLANAN VERILERI KULLANARAK LEVANTIN DENIiZINDE
SICAKLIK VE TUZLULUK BELIRLENMESI

Serimo6zu, Cem
Yuksek Lisans, Surdurulebilir Cevre ve Enerji Sistemleri

Tez Yoneticisi: Prof. Dr. Ali Cevat Tasiran

Agustos 2019, 211 sayfa

Carpisan uluslaras1 c¢ikarlar ve yiikselen antropojenik baskilar altindaki Dogu
Akdeniz’in bir parcasi olan Levanten Denizi bu aragtirmaki odak noktamiz. Buna ek
olarak, bilimsel ¢alismalarin goreceli olarak daha az olmast nedeniyle alt
bolgelerinden dordi: Kilikya ve Levanten Havzalari, Kiy1 Nil Deltasi ve Rodos
Dongiisii secildi. Seyrek gozlemler ve diizensiz dagilimi gdsteren bir veri seti sectik
ve Oncli bir c¢aligma ile, osinografinin iki Onemli parametresi, Deniz Suyu
Sicakliginin ve Tuzlulugunun arastirilmasina, iklim degisikligi baglaminda katkida
bulunmak istedik. Bu amacla kapsamli bir saha taniminin ardindan, geleneksel veri
toplama araglar1 ve mevcut veri paylasim altyapilarini sunarak basladik. 1960 ve
2017 willart arasindaki dénemi kapsayan yerinde toplanmis veri seti “Akdeniz -
Sicaklik ve Tuzluluk Tarihsel Veri Toplama SeaDataCloud V17, birden fazla derinlik
katmani ve mevsimin tanimlayict analizini yapmak tiizere ele alindi. Alt bolgelerin
siirlarint ¢izmek icin klimatolojik ve izotermal haritalar degerlendirildi. Bu arada,
farkli bolgesel 6zellikleri konumlandirmak amaciyla kiime analizi uygulandi. Ayrica,
analizin saglamligim1 arttirmak i¢in eksik degerler, zincirleme denklemler
gerceklestirilerek tamamlandi, ve elde edilen yeni veri setleri degiskenligi yillik ve
aylik olarak analiz edildi. Ayrica, klasik istatistiksel yontemlerle desteklenen

verilerin ampirik ve teorik kiimiilatif dagilim fonksiyonlar1 optimal teorik modeller
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olusturmak icin kullanildi. Son olarak, tahmini degerler kullanilarak spatiotemporal

parametrelerin 6nemini 6l¢mek igin regresyon analizleri yapildi.

Anahtar Sozcikler: Deniz Suyu Sicakligi, Deniz Suyu Tuzlulugu, Yerinde Toplanan

Veri, Osinografi, Levant Denizi
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CHAPTER1

INTRODUCTION

Global sea surface temperatures have significantly warmed during the past 30 years
alongside more than 70% of the world's coastlines, with highly heterogeneous rates
of change both spatially and seasonally (Lima et al., 2012) [1]. The average rate was
0.18°C + 0.16°C per decade and the average change in seasonal timing was -3.3 £
4.4 days per decade. These values are more significant in coastal waters than in the
global ocean where the average change has been 0.11°C per decade in the upper 75m
of the ocean during the 1971-2010 period, and the seasonal shift was -2.3 days per
decade (Lima et al., 2012) [1]. The already heightened anthropogenic greenhouse
gases (GHG) are expected to intensify further, causing more significant climate
change according to the predictions made by the Intergovernmental Panel on Climate
Change (IPCC) in 2014 [2].

Representative Concentration Pathways (RCPs) are predicted outcomes for GHG
concentrations published by the IPCC. RCPs indicate a definite increase in global
temperatures, ranging from 1°C for the RCP26 model optimistically, to a staggering
5°C at the end of the 21% century in case anthropogenic GHG emissions follow the
RCP85 model and GHG accumulation in the atmosphere continue to increase at the
current rate. While the global temperatures rise, it is a fact that Ocean warming
makes up the majority of the increase in contained energy in the climate system,
accounting for more than 90% of the energy accumulated between 1971 and 2010.
The upper layers, defined as 0 to 700m, account for approximately 60% of the total

heat stored according to the Physical Science Basis [3] section of the Fifth



Assessment Report of the IPCC, published in 2013. The global ocean will most
likely continue to warm during the 21% century, and the heat will penetrate from the
sea surface to the deep oceans and affect global ocean circulation. With higher mean
temperature values, there is also evidence of significant increases in the frequency of
marine heatwaves in the observational record (Oliver et al., 2018) [4].

The Mediterranean Sea, due to its quasi-enclosed nature with most of its waters
coming from the strait of Gibraltar (Robinson et al., 2001) [5] and the relatively few
avenues of freshwater input (Rohling et al., 1992) [6] is considered to be one of the
most affected regions by climate change (Giorgi, 2006) [7]. It is by its nature an
evaporative basin with an estimated freshwater loss of 50 to 100 cm year™ (Bethoux,
1979; Bryden et al., 1991) [8][9]. Furthermore, the Mediterranean Sea loses heat to
the atmosphere at about 4 + 7 Wm (Bunker et al., 1982) [10]. These two factors
translate into higher Sea Water Salinity (SWS) than most bodies of water while the
quick turnover rate makes it a miniature laboratory for studying the effects of global
warming on the world oceans at a human scale. (Lejeusne et al., 2010) [11].
Additionally, the Mediterranean Sea influences the global thermohaline circulation
and by extension plays an important role in the regulation of the global climate
(Lozier et al., 1995; Bethoux et al., 1998; Rahmstorf, 1998) [12][13][14].

The acquired knowledge of the Mediterranean Sea by researchers is still insufficient
to forecast the impact global warming will have on the complex natural balance at
work in the area and the results of climate change on the ecological, hydrological and
human systems. The information available is doubly so lacking for the Levantine Sea
(LS), being at the easternmost part of the Mediterranean where the majority of
studies conducted are focused on the western regions. The LS plays a critical role in
the oceanic circulation while also having the highest overall Sea Water Temperature
(SWT) and SWS in the Mediterranean Sea. A variation in water chemistry will most
likely lead to a change in the oceanic circulation system affecting both the local
ecology and the human populations depending on the sea locally and at large.



Another primordial issue arising from a warmer Mediterranean Sea is the intrusions
of tropical species, such as the case of the Lessepsian migration. Introduced either
through the Suez Canal or, to a lesser extent through the Strait of Gibraltar, the so-
called exotic species are increasing as the Eastern Mediterranean (EM) is warming
(Raitsos et al., 2010; Schmidt et al., 2015)[15][16]. Thus knowledge of the
spatiotemporal variability of SWT and SWS is of vital interest to grasp the extent of

the change in the marine ecosystem.

The selected spatial scope of this thesis is the LS in the EM, a major sub-basin that
exchanges water with the lonian Sea, Aegean Sea and the Red Sea and four of its
sub-regions selected for evaluation: the Cilician Basin (CB), the Levantine Basin
(LB), the Coastal Nile Delta (CND) and the Rhodes Gyre (RG). We will use in-situ
data in this thesis to conduct a localised study of the area. Although satellite data are
the most abundant source of observation available to oceanographers, however, the
modern instruments at the service of the scientific community are limited to the
surface layers making the use of scarcer in-situ data mandatory for analysing deeper

layers below the surface.

The purpose of this study is to explain in detail the in-situ data available for LS SWT
and SWS between 1960 and 2017. In order to so, this thesis focuses on two main
objectives. The first objective is to conduct a descriptive analysis of the area and the
sub-regions. The second objective is to determine the theoretical distribution of SWT

and SWS to identify the data distribution and conduct a regression analysis.

For the rest of the thesis, the breakdown of the chapters is as follows:

e The second chapter defines this dissertation from a spatial and physical
perspective. Furthermore, its strategic importance for both its energy potential
and the current political instability that are shaping the region should not be
ignored and taken into consideration when attempting to describe the area.
Relevant information within the scope of our study about the EM and its sub-
regions are presented, the LS is more accurately identified.



The third chapter examines the data collection methods in oceanography. The
SeaDataCloud (SDC) infrastructure, from where our dataset originates, is
detailed from a historical and architectural perspective. The dataset used in
this thesis, “Mediterranean Sea - Temperature and salinity Historical Data
Collection SeaDataCloud V1”’s format and content are inspected, followed
by an explanation of quality control systems. Additionally, this chapter sets
the spatio-temporal range selected in this investigation and the methodology

behind how our dataset is prepared for analysis.

The fourth chapter reviews the previous scientific studies related to this
thesis’s objectives. At this point, a warning should be made regarding the
different appellations of “The Levantine Sea” and “The Levantine Basin”
throughout the literature review. Since the investigations and results of other
publications are discussed, the spatial definition might differ from one work

to the next.

The fifth chapter, the core of this work, presents the tools and methodologies
applied for seasonal and monthly climatological maps and descriptive
statistical analysis at different depth levels employing Data-Interpolating
Variational Analysis (DIVA) and classical statistical methods. Clustering is
applied to showcase the amorphous nature of the sub-regions, and yearly data
sampling patterns are scrutinised. Plots and histograms of our data are created
to obtain a general picture of the evolution of SWT and SWS in the region.

The sixth chapter deals with an exploratory analysis of SWT and SWS.
Optimal theoretical distribution models for SWT and SWS are determined for
the LS seasonally, and at all depth levels, using cumulative distribution
functions and conventional statistical fitness tests. Furthermore, we present
the results of our exogenous regression analysis using predicted SWT and

SWS, laying out the weaknesses and strengths of our dataset.



e In the seventh and final chapter, we conclude this dissertation by revisiting
our methodologies, findings, contributions and some pointers for future

works.



CHAPTER 2

SPATIAL DEFINITION

When it comes to the sea as a subject of study, a system always in motion, it is
almost a given that the spatial definition of the boundaries needs to be determined
precisely. There is often ample confusion around this subject among the scientific
community and the interested parties of the names and the range of areas and
regions. In this chapter, we aim to clarify the areas that are of concern to this work,
starting from the definition of the Mediterranean Sea (Section 2.1) both vertically
and horizontally. The focus of this thesis, the LS and the four selected sub-regions,
are further detailed in Section 2.2. Additionally, the selection criteria are presented
for the CB (Section 2.2.1), the LB (Section 2.2.2), the CND (Section 2.2.3) and the
RG (Section 2.2.4) with all relevant details.

2.1 MEDITERRANEAN SEA

The Mediterranean is an intercontinental sea and spans from the Atlantic Ocean on
the west to Asia on the east, separating Europe from Africa. It occupies a deep,
elongated, and almost landlocked irregular depression with spatial boundaries lying
between latitudes 30° and 46° N and longitudes 5.50° W and 36° E. The
Mediterranean Sea, including the Sea of Marmara, occupies an area of approximately
2,510,000km?,



Even though representing only 0.8% of the surface area and 0.3% of the volume of
the world oceans, the Mediterranean is a hot-spot of biodiversity (Myers et al., 2000)
[17], and despite its limited geographical dimensions, it is the focus of a vast range of
process and interactions, such as the global circulation. Although it is considered one
of the most sophisticated marine environment, there is insufficient knowledge of its
circulation mechanics, biogeochemistry and biological activity; not enough is known
(Tanhua et al., 2013) [18].

The Mediterranean Sea is comprised of a series of connected sub-basins with
connections to the Atlantic Ocean through Gibraltar and the Black Sea through the
Dardanelles. Furthermore, there is a division into two distinct western and eastern
sub-basins by the boundary line set at the Strait of Sicily. It is not only a geographic
or conventional distinction as the two sub-basins show different physical and

hydrological properties regarding temperature, salinity and circulation.
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Figure 1 Map of the Mediterranean Sea and its sub-basins, Source:
https://en.wikipedia.org/wiki/Mediterranean Sea
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Figure 1 displays the Mediterranean Sea and its sub-basins labelled in white. The
Western Mediterranean (WM) region includes the Alboran Sea between the northern
Moroccan and the southern Spanish coasts with the Strait of Gibraltar allowing the
exchange of water with the Atlantic Ocean; the Balearic Sea located between the
Spanish and French coastline to the west, the Algerian coast to the south and Sardinia
and Corsica to the east. The Ligurian Sea covers an area between the Italian coast in
the Liguria region and Corsica and finally the Tyrrhenian Sea on the western coast of

Italy.

The EM region includes the Adriatic Sea between the eastern coast of Italy and the
Balkans; the lonian Sea delimited by the Otranto Strait in the north and the Libyan
Sea in the south which in turn extends to the island of Crete in the east. The Aegean
Sea is located between Turkey and Greece and finally the LS, the focus area of this
work nested in the easternmost part of the Mediterranean. The definition of the LS is

presented in detail in Section 2.2.

The circulation of the Mediterranean is forced by water exchange through the
interaction of various straits, wind stress and buoyancy flux at the sea surface due to
freshwater and heat fluxes (Robinson et al., 2001) [H]. In order to describe the
circulation of the Mediterranean Sea, the water masses must be identified and
described. The three main Mediterranean water masses (Figure 2) and the Levantine
Surface Water (LSW) are detailed as follows:

e The Modified Atlantic Water (MAW), which forms the upper layer between
the surface and 100m and enters from the Strait of Gibraltar flowing

westward starting from the Alboran Sea and ending its course in the LS.

e The Levantine Intermediate Water (LIW), formed during the winter months
in LB with the cooling and sinking of the MAW and in RG and LSW in LS.
It flows from east to west between 200m and 300m and is spread across the
entire Mediterranean basin. The LIW is identifiable from its slightly higher

salt concentration compared to the MAW.



The Mediterranean Deep Water (MDW) is divided into two distinct water
masses by the Strait of Sicily acting the role of a dam in the middle. The
Western Mediterranean Deep Water (WMDW) forms during the winter in the
Gulf of Lions and the Eastern Mediterranean Deep Water (EMDW) which in
turn forms in the Adriatic Sea and the Aegean Sea during the winter and in
extreme winter conditions in the RG. The EMDW is significantly saltier and
warmer than the WMDW.

LSW forms during summer and boasts the highest salinity in the
Mediterranean due to excessive heating induced evaporation in the region due
to the warm summer months (Gertman et al., 2002) [19]. It sinks during the
fall and winter months caused by the cooling and its higher salt content to
form the LIW.

Mediterranean Sea water masses: vertical distribution
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Figure 2 Mediterranean Sea water masses: vertical distribution, Source:

http://www.grida.no/resources/5885
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2.2 THE LEVANTINE SEA

LS is bordered by Turkey in the north, Syria, Lebanon, Israel and the Gaza Strip in
the East, Egypt and Libya in the south, and the Aegean Sea in the north-west with the
island nation of Cyprus in the middle. The western border to the open Mediterranean
is delimited by a line from the cape Ra's al-Hilal in Libya to the island of Gavdos,
south of Crete [20]. It stretches across over an area of 320,000km? and has a
maximum depth of 4,384m in the Pliny Trench. Except for the Suez Canal in Egypt,
it has no external connection with other bodies of water. Moreover, the Red Sea's
higher sea level compared to the Mediterranean Sea makes the canal act like a tidal
strait that pours the saltier water of its southern counterpart. Its main natural inflow

of freshwater comes from the Nile, Ceyhan and Seyhan rivers.
The four sub-regions of LS selected for evaluation in this thesis work, are the CB,

LB, CND and RG. They are chosen according to different factors, which are detailed

below in their respective sections and are illustrated in Figure 3.
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Figure 3 Map of the Levantine Sea and the sub-regions of interest, base taken from GEBCO
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2.2.1 CILICIAN BASIN

The area is frequently neglected as a separate entity in the majority of studies and is
often included in the wider Levantine Sea or one of its sub-basins. This lack of
attention is one of the main reasons for our selection. The name was applied
variously to regions at different periods but came ultimately to designate the eastern
half of the south coast. The region was home for successive Armenian Kingdoms

over the centuries where the basin takes its name [21].

CB is situated the north-eastern part of LS between Cyprus and Turkey, and it also
contains the Gulf of Iskenderun in its mist and includes the shallow continental shelf
areas of Mersin and Iskenderun Bay. The continental shelf of Mersin Bay forms the
north-western margin of the Adana-CB; it extends from the Goksu delta in the
southwest to the Seyhan-Tarsus-Ceyhan delta in the northeast and is narrower and
steeper in the southwest than in the northeast. The continental shelf adjoining Mersin
and Iskenderun Bays are one of the widest in the entire Levantine Sea, excluding the
Nile Cone where the coastal bathymetry is often very steep (Ozsoy & So6zer, 2006)
[22].

Two main types of circulation can be observed within the Iskenderun Bay: in
summer, two counter-rotating eddies driven by surface currents entering west of the
Bay were inferred, while in winter it was supposed that the currents following the
eastern coast could enter east of the Bay. Less saline and cooler waters were
observed in the inner part of the Bay (Ozsoy & Sozer, 2006) [22]. Eddies and
meanders,  wind-driven  currents,  topographic/continental  shelf = waves,
inertial/internal oscillations add significant variability to the primary cyclonic
circulation while the bifurcating mid-basin jet and the Asia-Minor current along the
Turkish coast, interspersed with quasi-permanent anticyclonic eddies in the EM
(Robinson et al., 1992; Ozsoy et al., 1993) [23][24].

The Seyhan-Sarus is the longest river (560km) that flows southeast from its

headwaters in the Anti-Taurus Mountains into the Mediterranean Sea via a broad
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delta, Cape Deli. The river is currently under extensive development for
hydroelectric power and irrigation and Seyhan Dam upstream of Adana serves for
irrigation, hydroelectric power, and flood control. The Ceyhan-Pyramus River has a
length of 509km and takes its source from the Eastern Taurus Mountains range. The
amount of water flowing on the Ceyhan River changes significantly seasonally. From
the end of summer to the last month of fall, the river is at its lowest flow meanwhile
from November to December, and the fall rains raise the flow rate temporarily from
50m3/s to 380m®/s. The flow increases during spring and early summer months as the
snow in the Taurus Mountains melt, leading to floods before its damming. Other
contributing rivers are the Goksu-Calycadnus (260km) and the Berdan-Cydnus
(124km), with their main headwaters in the Taurus Mountains. Although the river is
quite short (124km) it has a discharge average of 42m®/s, much higher than most
short rivers in the area. The drainage basin covers 1,592km?, and there are four dams
on the Berdan River. The dams are used for flood control and electricity production.

The Asi-Orontes River is the only river in the region flowing in the northern
direction, draining from west to the Levant coastline of the Mediterranean sea. As a
transboundary basin with a total area of 24,660km? divided between three countries,
69% of the river is located in the Syria, 23% in Turkey and the remaining 8% in
Lebanon (Lehner et al., 2008)[25]. The river takes its source in the mountains of
Lebanon initially flowing 40km within the country, then traverses Syria for 325km to
reach Turkish frontier and another 88km to the Mediterranean Sea (Bonacci, 2002)
[26] before draining from the west. Its flow volume shows typical winter peak flows
due to increased precipitation, and summer low flows maintained exclusively by
groundwater discharge. In 2002 the dams built in the Syrian part of the basin
numbered 41, with a total reservoir capacity of 741m?fs, all built on tributaries of the
Asi-Orontes River. At the present times, Syria is using roughly 90% of the total flow,
and only an annual average of 12m®s flow cross the Turkish-Syrian border.
Although building a shared dam on the Asi-Orontes River has always been discussed
albeit fruitlessly over the decades between Turkey and Syria, under the current

political circumstance, this utopian idea seems far off.
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Nowadays the Turkish rivers and the other perennial streams account for a total
freshwater flux of 870m3s (Ozsoy & Sézer, 2006) [22] contributing for about half of
their discharge along the northern Mediterranean and Aegean coasts, much higher
than the discharge of the Nile River, (Hamza et al., 2003; Pinardi et al., 2005)
[27][28] estimated to be 540m?3/s, with the Nile itself representing 110m%/s and the
overall Nile Delta runoff at 430m%s. These values are expected to decrease even
further in the near future. Struglia et al., 2003 [29], state that river discharge is one of
the five components of the Mediterranean Sea water budget, together with the net
inflow of Atlantic water through the Strait of Gibraltar that from the Black Sea at the
Dardanelles Strait, evaporation, and precipitation. Nevertheless, due to the significant
input of these rivers, CB has all the characteristics of costal or near-shore coastal area
under river runoff influence (Pinardi et al., 2005) [28]. Although in terms of absolute
values, river discharge represents only the smallest contribution and the evaporation
largely dominates the Mediterranean water budget resulting in a general freshwater
deficit, no other major river systems are feeding the EM. Devoid of almost 95% of its
discharge, runoff of the Nile being regulated by the Aswan dam is now lower than
other river runoffs (Pinardi et al., 2005) [28]. Figure 4 displays the most important
inflow of freshwater into the Mediterranean Sea.

River discharge of freshwater into the Mediterranean
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Figure 4 River Discharge of freshwater into the Mediterranean, Source:

http://www.grida.no/resources/5897
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Moreover, the CB is severely affected by a range of anthropogenic stresses and is
further projected to suffer from the harmful social, environmental and economic
impact of coastal litter (Aydin et al., 2016) [30]. Additionally, the controversial
Baku-Thilisi-Ceyhan pipeline operated by British Petroleum transporting oil and gas
from the Caspian Sea, commercial and military marine transports linked to the
harbours of Mersin, Iskenderun and Tasucu, crude oil storage tanks, pipeline and
terminals are the most significant potential threats of the region. On the other hand,
the Akkuyu Nuclear Power Plant, the country’s first nuclear power plant is under
development since April 2018 in Mersin Province comes on top of it. Admittedly
Russia takes a leading role in offering to finance, moreover, the aim is to complete
the first reactor in 2023, the same year the Republic of Turkey celebrates its 100"
anniversary. To crown it all, the deployment of a nuclear power plant is perceived as
irritating in Cyprus, as one might expect, due to its proximity to the island.

2.2.2 LEVANTINE BASIN

LB is located in the easternmost region of the Mediterranean Sea between Cyprus
and the Nile Delta Cone and Sinai in Egypt. It is constrained to the east by the Israel
and Lebanon coastlines and the Dead Sea rift. Levantine countries surround the

basin, Syria, Lebanon, The Palestinian Territories and Israel, respectively.

As one of the world’s significantly under-explored region, LB existed since the Late
Palaeozoic era, is a deep marine basin with water depths of 1,500 — 2,000m. LB is
the area with the highest temperature and salinity values in the entire Mediterranean
Sea. It is also the formation point of LIW during the winter months, making it an
indispensable area of study for having a better comprehension of the changes the

complex Mediterranean Sea circulation patterns and ecological balance.

There are eight energy basins in the eastern Mediterranean region; Cyprus Basin,
Eratosthenes High, Latakia Basin, LB, Judea basin, Nile Delta Basin, Western

Arabian province and Zagros province. Historically most of the hydrocarbon
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production occurred mainly the Western Arabian, and the Zagros Provinces and in
the Nile Delta Basin. According to a U.S. Geological Survey published in 2010, the
Levant Basin Province is a geological structure. It covers 83,000km? of the eastern
Mediterranean, and it is estimated to hold undiscovered reserves of 1.7 billion barrels
of oil and around 3,420bcm of gas (Schenk et al., 2010) [31]. Moreover, these
estimates were given before the discovery of significant volumes of gas fields in
Israeli and Egyptian off-shores. On the other hand, the Eastern Mediterranean
probably contains even more reserves other than LB. Figure 5 shows known gas and

oil fields in the LB and the surrounding region.
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Figure 5 Oil and gas reserves in the Levantine Basin, Source: U.S. Energy Information Administration,
IHS EDIN

EM region is currently undergoing changes to its energy landscape and is subject to
exploratory missions for natural gas extraction, and the detection of gas fields in the
Mediterranean Sea, specifically Tamar (2009), Aphrodite (2010) Leviathan (2011)
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and recently Egyptian off-shore Zohr (2015) in the Nile Delta Basin brings a new
energy portrait of the EM on the world agenda. Nevertheless, the exploitation of the
gas fields raises also new challenges. Undoubtedly this reserve tug-of-war will add
another layer to prevalent conflicts (Bornstein, 2018) [32], and will intensify the
rivalry over the rights to pre-empt those resources combined with existing tensions

over supremacy and maritime borders (Zhukov, 2013) [33].

2.2.3 CoASTAL NILE DELTA

The Nile River, one of the primary inflows of freshwater to the Mediterranean, forms
an arcuate shape delta covering 240km in the northern coastline of Egypt where it
disembogues into the Mediterranean Sea. One of the world’s largest river deltas,
CND, is also an essential source of nutrients for LS, playing a vital role in the
regulation of the local marine ecosystem due to inputs by the Nile River. The
Mediterranean Seas circulation patterns keep nutrients from flowing to the east,
therefore, creating an extremely hostile environment for ecological system, raising

the importance of the nutrients brought by the Nile River into the EM.

The longest river in the world, the Nile River has a total length of 6.695km from
Lake Victoria, confined by Uganda, Kenya and Tanzania, where it takes its source
and runs through eleven countries eliminating 94% of fresh Nile water that once
reached the EM. Ethiopia contributes 85% of the total flow of the Nile, with its two
main tributaries, the White Nile and the Blue Nile. The vast majority of the 97
million Egyptians who live along the Nile Valley and have depended on the river as a
vital resource and any threat to this lifeline would devastate the country. Meanwhile,
Ethiopia’s Grand Renaissance Dam (GERD), which is under construction and
reportedly financed by Chinese banks, seems to be a tremendous threat not only for
the future of the Nile River’s flow but also a great source of political pressure on

Egypt’s national survival.

The Nile River flowed for ages from Aswan, in the south of Egypt and 600 km from

Cairo to its Mediterranean border for more than 1200km with no bar or cataract.
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From the 1950s the name of the city commonly refers to the High Dam, constructed
between 1960s and 1970s following Egypt’s independence from the United Kingdom
in 1953, replacing the Aswan Low Dam first completed in 1902. Financed by then
the Soviet Union (USSR) at the pinnacle of the Cold War, more than thirty thousand
people worked round the clock to build the Aswan High which was completed in
1964, and since that time all the Nile discharge, including sediments, has been
impounded in Lake Nasser. (ElI Din, 1977) [34] Control of flooding is carried out
from the dam to Lake Nasser, the largest artificial lake in the world. The construction
of the dam aimed to increase economic production by preventing, further regulating
the annual flood and generating electrical power. The post-dam era had a significant

impact on Egypt’s economy, culture and sense of identity.
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Figure 6 Flow of the Nile before and after the Aswan High Dam, Source: El Din, 1977 [34]
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Construction of the Aswan High Dam brought an end to the historic flooding of the
Nile which had taken place undisturbed since ancient times changing the local
natural balance and leading to the collapse of the fisheries on the coast. The
freshwater discharge was reduced nearly into half, but oceanographic conditions in
the offshore region past the continental shelf did not showcase a noticeable change.
Nevertheless, hydrographical conditions over the continental shelf in front of the
Delta considerably changed (Figure 6) upon the closing of the High Aswan Dam in
1964 (El Din, 1977) [34]. Darwish et al., 2017 [35], studied geomorphologic changes
along the Nile Delta coastline between 1945 and 2015 using topographic maps
produced by the Egyptian Geological Survey in 1945 and Landsat satellite imagery
between 1973 and 2015. They found that the delta coastline was highly eroded after

the construction of the Aswan High Dam.

Although the presence of the Aswan High Dam tends to increase the salinity of the
Mediterranean Sea, which in turn affects the Mediterranean’s outflow current into the
Atlantic Ocean, Egyptian Mediterranean fishing declined after the dam was
completed because nutrients that used to flow the Nile River to the Mediterranean
Sea were trapped behind the dam. On the other hand and in an unexpected turn of
events, the fisheries were restored in the 1980s to the surprise of scientists,
coinciding with increasing artificial fertilizer use, expanded agricultural drainage,
growing human population, in parallel with significant extension of sewage
installations, therefore more wastewater and even more sanitary discharges (Nixon,
2004)[36]. Even if quite different from the past the Nile River and by extension, the
Nile Delta still play a crucial role in providing nutrient to the EM, although in a
different form (Nixon, 2003) [37]. The Nile Delta is also one of the most at-risk areas
to be affected by the rising of the sea level and the salinization of its soils, rendering

agricultural work harder.

There is a relative scarcity of data in the region compared to the risks brought by
climate change that will affect both the Mediterranean as a whole and the people
living in the Delta. These factors make the area an essential study subject for

ecological, hydrological and socioeconomic reasons. Moreover, when completed,
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The GERD will be the new reality of the Nile. It will further reduce the discharge of
the river waters into the Mediterranean in the limelight of having a capacity of about
half of the Aswan Dam and will take between eight to ten years to fill the new dam
[38].

2.2.4 RHODES GYRE

There are four primary sub-basin eddies within the LS, which interact dynamically
being the two anti-cyclonic Mersa Matruh gyre in the south-western LB, the
Shikmona gyre in the south-eastern LS, the cyclonic West Cyprus gyre in the north-
western LS and the RG east of Crete.

The RG is a persistent cyclonic feature of the general circulation of the EM and has
been the subject of multiple investigations. According to the oceanographic studies,
it is approximately centred at around 36 °N and 28.5 °E and has a radius of 300km
(Milliff & Robinson, 1991) [39]. In the LS known humorously as the Blue Desert,
the RG with its overall cooler yearlong waters, it stands as an area where late-winter
pulses of high primary productivity are likely to create suitable feeding conditions
for various marine life (Notarbartolo di Sciara & Bearzi, 2010) [40]. It is also a point
of formation for the LIW (Lascaratos et al., 1993) [41] and also occasionally
becomes a point of formation for the EMDW when the winter conditions are severe
(Lascaratos & Nittis, 1998) [42] as demonstrated during the Eastern Mediterranean
Transient (EMT).

Even if the area covered by the RG is known, there is a certain degree of variability
as demonstrated by Marullo et al. [43], but using the estimated central coordinate and
the radius previously mentioned when working in the area seems unproductive. This
conclusion is due to the analysis conducted during the preliminary work for the
selection and localisation of the sub-regions using the data available on the World
Ocean Atlas 2018 (WOAI18, https://www.nodc.noaa.gov/OC5/woal8/) yielding a

different area than the definition given by the previous literature presented at the

opening of this section. The geospatial analysis of the temperature maps obtained by
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treating the WOAL18 data with the System for Automated Geoscientific Analysis
(SAGA GIS) software, we obtain isothermal maps with the visible pocket of colder
water locating the RG further south than expected (e.g., Figure 7). Additional
temperature isotherm maps are available in Appendix B.

Figure 7 Sea Surface Temperature and resulting Isotherms
according to the data provided by the WOAL8, September

[ asabap]

From the results of the preliminary analysis and the tendency of the RG to shift, it is
vital to select a wider spatial area compared to the given coordinates to get the best

coverage even with the changing location of the cyclonic feature while proceeding
with calculations.
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CHAPTER 3

DATA INFORMATION & INFRASTRUCTURE

The basic working principle of satellite and in-situ data collection (Section 3.1) and
an overview of the SDC infrastructure from an architectural and historical
perspective (Section 3.2) are given followed by an introduction to the in-situ
aggregated dataset used in our analysis (Section 3.3). The details of the quality check
procedures applied to the dataset (Section 3.4) and the available variables in the
dataset of concern to our study are explained (Section 3.5). In this chapter, we further
provide information about the data sources and the content detailed of the dataset
(Section 3.6). The spatial scope for the LS and its sub-regions and the temporal range
of our analysis are presented respectively in Section 3.7 and Section 3.8. The Ocean
Data View (ODV, https://odv.awi.de/) [44] software developed with the explicit

purpose of working with marine data interpretation is introduced in Section 3.8.
Finally, the methodology (Section 3.9) used to reduce the aggregated data to conform

to the limits of this thesis is explained step by step.

3.1 DATA COLLECTION METHODS

Ocean observations originate from a variety of sources and change the way ocean
science evolves. The ocean observation systems currently in operation can be
categorised as in-situ observations and satellite observations. Standardised Sea
Surface Temperature (SST) in-situ observations, mainly from trading ships, began in
the second half of the 19th century according to the rules set at the Brussels Maritime
Conferences of 1853 (Rayner et al. 2006) [45].
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Surface and sub-surface buoys, floats and volunteer observing ships are some of the
in-situ observation instruments for capturing and tracking changes in time and depth
at specific points. The most commonly used platforms are: moored and drifting
buoys, bathythermographs deployed from research vessels to measure the
temperature along with its route and conductivity-temperature-depth sensor launched
from ships and Niskin bottles. Since the middle of the twentieth-century data from
ocean profilers and drifting buoys were incorporated to the global observation of
SST.

Satellite remote sensing systems are aerial systems to capture the spatial and
temporal variations of surface parameters. With the advent of remote satellite data
gathering technology in the 1980s, satellite data became a staple tool of the
oceanographic community and revolutionised the field. Compared to in-situ data
gathering, which often has sparse space-time resolution, it allows for high-resolution
data collection. However, it is mostly limited to sea-surface observations, and the
collected data are mainly for sea level height, temperature, salinity and chlorophyll

analysis purposes.

The Advanced Very High Resolution Radiometer (AVHRR) is the most commonly
encountered satellite sensor in oceanographic data collected by satellites. Relevant to
our work, the satellite has a maximum resolution of 1.1 km2 and provided data
precisely are excellent sources of uninterrupted data series starting from 1981 to the
present. AVHHRs are present on both the National Oceanic and Atmospheric
Administration  (NOAA, https://www.noaa.gov/)  Polar-orbiting  Operational
Environmental Satellite (POES) and the MetOp Satellites (Figure 8) of the European

Space Agency (ESA, https://www.esa.int/ESA). Recently, the Group for High

Resolution Sea Surface Temperature (GHRSST, https://www.ghrsst.org/) has

established a framework and set rules for best practices of processing and sharing
SST data in an organised and standardised way handy for scientists and data users.
GHRSST is an international science group that promotes the monitoring of SST.

Satellite data providers involved in the collaborative effort deliver their accumulated
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data to the GHRSST Data Assembly Centre (GDAC, online at

http://ghrsst.jpl.nasa.gov) which in turn distributes data to users in near-real-time.

Furthermore, 30 days after their submission data, are stored at the Long Term

Stewardship and Reanalysis Facility (LTSRF, online at http://ghrsst.nodc.noaa.gov)

for long-term archive.
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Figure 8 MetOp satellite system, Source: https://www.eumetsat.int/eps webcast/eps/print.htm

Even though the oceanographic community has been using it for a long time, in-situ
data collection still preserves its importance as a reference point and complement to
the satellite-based observations. Reciprocally in-situ observation systems use satellite
data to relay from remote areas. Meanwhile, the high cost of in-situ instruments and
the limited availability of in-situ data with high spatial and temporal resolutions,
deploying and maintaining the observational platforms in place, together with the
degradation of sensor performance and their short lifespan in the harsh marine
environment are the downsides of in-situ observations. Traditional sub-surface

observations and satellite-derived observations of the sea surface and the potential
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models developed from those observations might allow the oceanographic
community in the future to attain observational capability similar to what

meteorologists use daily.

Researchers interested in oceanography used in-situ data collection platforms for
decades. Classical in-situ platforms include moorings, profiling floats, gliders, ships
volunteering for observation and research vessels are incorporated with highly
specialised equipment. The most routine variables measured by in-situ installations
are temperature, salinity, currents, dissolved oxygen, hydrogen sulphur, alkalinity,
phosphate, ammonium, nitrite, silicate, chlorophyll and PH. The first two variables,
salinity and temperature, are our primary involvement in this thesis. The descriptions
of the most usual tools and conventional methods of in-situ collection are listed and

described as follows:

Moorings, capable of being employed for more extended data collection periods, are
fixed in position with a wire anchored to the seafloor and a platform on the surface.
Specialised sensory equipment can be attached to a wire to go up and down different
depth levels along a vertical line. The data collected by the sensors are transmitted
back by the agency via the use of satellites or radio waves. Figure 9 exhibits a

standard mooring setup.
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Figure 9 A mooring system example, Source: Bahamon et al, 2011 [46]

Profiling floats (Figure 10) used by the ARGO program are often called "ARGO
floats" and deployed worldwide. The program is a collaborative effort by more than
30 nations and consists of a 3,800 unit fleet. The free-drifting profiling floats that
measure the temperature and salinity of the upper 2000 m of the ocean. Each float
weighs 20-30 kg and equipped to descend into thousands of meters in depth by
regulating their buoyancy. Every ten days they move to the sea-surface, measuring
conductivity and temperature profiles as well as pressure. This instrument will go as
far as possible until it ends up on the ocean floor when its battery fails, the so-called
parking depth happens in most cases when probes drift at a depth of 1000m. They are
widely utilised due to their disposable pattern qualification and prohibitive costs. The
collected data are sent back for analysis through the agency of satellites when they

resurface. This program allows for the continuous monitoring of the physical
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properties of the upper ocean, with all data obtained being relayed and made

available publicly within hours after collection (http://www.argo.ucsd.edu/).
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Figure 10 ARGO Float Schematic, Source: http://www.argo.ucsd.edu/

Gliders are autonomous underwater vehicles (AUV) that can move both horizontally
with their internal battery to propel themselves and vertically through control of their
buoyancy. Meanwhile, an underwater glider is a type of AUV that employs variable-
buoyancy propulsion instead of traditional propellers or thrusters. Many glider

designs are using different techniques to move through the water, but all gliders
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share the common ability to travel long distances over extended periods, without
maintenance. They will transmit their findings through satellite or be collected when

their mission is complete (Figure 11).
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Figure 11 3-D Model of an Underwater Glider, Source: Isa et al, 2015 [47]

Research vessels are employed to deliver and conduct accurate and highly
specialised data collection from the surface to the deepest reaches of the seafloor.
The main drawback is the intermittent spatial coverage and the high cost of running
such an operation for long periods. The main instruments handled on these kinds of
vessels are the Niskin bottle, the mechanical bathythermograph (MBT), expendable
bathythermograph (XBT) and CTD (Conductivity, Temperature, and Depth):

MBT is a small cylindrical device used to detect changes in water temperature to
depth down to approximately 300m. Lowered by a winch on the ship into the water,
the MBT records pressure and temperature as it is dropped freely through the water.
When the instrument drops, the wire unfurls until it reaches a predetermined depth,

then a brake is applied, and the operator draws the MBT back to the surface. Initially
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a military technology, it has been phased out in the 1980s for the operational danger
it posed. Figure 12 is the schematic of a classical MBT. Although obsolete, some of

our data are provided by MBTSs requiring their presentation.
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Figure 12 MBT Schema, Source: Measuring the Ocean - Coastal Oceanography,
modb.oce.ulg.ac.be/mediawiki/upload/Aida/OCEA0011/MeasuringOcean.pdf

XBT is a probe deployed from the ship and not meant to for recovery. As it does not
interfere with the vessels normal operations, it is launched from volunteer vessels
such as cargo ships or ferries rather than scientific vessels. The probe falls freely and
provides a temperature-depth which is connected electronically to a chart recorder
through a wire where readings are displayed. Eventually, the wire reaches its
maximum length and snaps, resulting in the XBT to sink to the ocean floor. Figure

13 is a rendering of an XBT with its copper wire visible.

Figure 13 Rendering of an XBT, Source: https://en.wikipedia.org/wiki/Bathythermograph
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CTD indicates a package of electronic instruments in order to assess the three
variables of its namesake. It derives depth measurement from the measurement of
hydrostatic pressure and measures salinity from electrical conductivity. It is possible
to obtain for seawater density, which is a significant component of ocean circulation
by doing further calculations using SWT and SWS values. With proper casing
material, such as titanium, depths over 10,000m are reachable. It is the preferred
method for conducting sampling of the water column for scientific vessels. If
necessary, the installation of additional sensors on the apparatus is possible for
additional measurements of chemical and physical properties. Often CTD and other
equipment are attached to a rosette before being lowered into the water from research
vessels with any additional equipment for the collection of more specific data. Figure

14 shows the electronic components, sensors and casing of a CTD.

Figure 14 CTD Source: https://en.wikipedia.org/w9iki/CTD (instrument)

Niskin bottles are plastic cylinders with stoppers at both ends to seal the bottle
entirely and employed to take water samples at the desired depth without risking
contamination from other depth levels. They are relatively simple to handle for
taking samples of the water column at different depths. When used alone, a weight is
attached to a separate line to the bottle. It is released from the surface when the
desired depth is deemed reached and slides down until hitting a button that under the
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shock will close the apparatus. In the case a CTD and Niskin bottles are mounted
together onto a carousel and used concurrently, an electronic system takes charge of
the sealing of the bottles. In Figure 15, a Niskin bottle is being lowered into the sea
for individual sampling, and Figure 16 shows a CTD with Niskin Bottles arranged
into a carousel, a so-called Rosette in action.

Figure 15 Niskin Bottle, Courtesy of NIOZ
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Figure 16 Rosette with CTD and Niskin Bottles, Source:
http://intothecaymanabyss.noc.ac.uk/p/eqguipment.html

3.2 SEADATACLOUD

SDC (https://www.seadatanet.org/) is a Pan-European infrastructure for ocean and

marine data management [48] currently coordinated by “L’Institut Frangais de
Recherche pour I’Exploitation de la Mer” (IFREMER, https://wwz.ifremer.fr/ ). SDC

goals are to address the problem of the fragmentation of the marine scientific
community. The infrastructure facilitates the management and data sharing,
originating from several scientific and research institutes along the coastlines of the
European seas, introducing common standards for metadata format, quality control
of data format methods, and Quality Flags (QF). Furthermore, the system allows
users to retrieve data, metadata, and products coming from different data centres

through a unique integrated portal.

SDC initially started its existence as the SeaDataNet (SDN, 2006) initiative with
funding in the scope of the EU Sixth Framework and coordinated by IFREMER. The
first phase was deemed successful and an effort to create an operationally robust and

state-of-the-art Pan-European infrastructure and ended in 2011. The second round of
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funding was granted for four additional years starting from 2011 to 2015, changing
its name to SeaDataNet2 (SDN2) in the scope of the second phase with much of its
original goals intact with the addition of two main objectives, promoting common
data management standards and realizing technical and semantic interoperability

with other relevant data management systems and initiatives.

Currently in its third phase, SDC with a funding period starting in 2016 and
continuing until 2020 in the scope of EU Horizon2020 programme, intending to
considerably advance SDN Services and increasing their usage, adopting cloud and
High-Performance Computing technology for better performance and creating a
virtual research environment. The network intends to enhance the currently existing
infrastructures, which are the national oceanographic data centres or data focal points
of 34 European, coastal Mediterranean countries and Australia active in data
collection shown in Figure 17 [48].

Figure 17 SeaDataCloud Partners Map, Source: https://www.seadatanet.org/About-

us/SeaDataCloud/Partners

32


https://www.seadatanet.org/About-us/SeaDataCloud/Partners
https://www.seadatanet.org/About-us/SeaDataCloud/Partners

SDC metadata catalogue contains the following sections allowing users to access and

find information about marine data, cruise reports and research projects:

European Directory of Marine Organisations (EDMO)

European Directory of Marine Environment Data sets (EDMED)

European Directory of Marine Environmental Research Projects
(EDMERP)

Cruise Summary Reports (CSR)

European Directory of the Initial Ocean-Observing Systems (EDIOS)
Common Data Index (CDI)

The components of the SDC project are succinctly summarised as follows:

Networking Activities (NA)’s purposes are to improve the services while
providing research infrastructure in order to foster co-operation between the
project participants and the scientific communities. NA includes project
coordination, training of data providers and users, communication and

distribution, and management of SDN metadata catalogues.

Virtual Access Activities (VAA) provide continuous access to the national
marine data and information services including: SDN portal, SDC metadata
catalogue (EDMED, EDMERP, EDMO, EDIOS and CSR), product catalogue
such as aggregated datasets, vocabulary, monitoring, authentication and
authorisation, help desk, cloud replication, online SWE, Virtual Research
Environment (VRE) and MySeaDataCloud.

Joint Research Activities (JRA) aims to contribute further to quantitative and
qualitative advances of the current standards, tools and services provided by
the infrastructure in the cloud environment. Furthermore, new scientific

marine data products are developed under JRA activities.
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SDN metadata catalogue, not to be confused with the old SDN platform, is a
standardized infrastructure for managing the broad and diverse data gathered by the
research vessels and making use of automatic land-based or oceangoing observation
systems providing a virtual data management system for integrated data sets of

standardized quality on-line.

The underlying architecture of SDC is summarised in Figure 18, showing the Sextant

portal (https://sextant.ifremer.fr/eng), where our dataset is located as a different

entity separated from the general data products of SDN. Sextant goal is to document,
spread and promote a catalogue of data related to the marine environment. Sextant
services are exclusively for laboratories and partners of IFREMER as well as other

European national entities working in the marine and coastal domain.

Metadata directories
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Figure 18 SeaDataCloud Architecture, Source: https://www.seadatanet.org/About-us/SeaDataCloud

3.3 DATA GATHERING

The data used in this work are taken from the SDN infrastructure and the dataset
selected for the analysis is "Mediterranean Sea - Temperature and salinity Historical
Data Collection SeaDataCloud V1", [49] is available on the Sextant portal. The data
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covers a temporal range between 1900 and 2017 and possess a spatial coverage
between 9.25° W and 37° E, encompassing the whole Mediterranean basin. It also
includes an Atlantic box and the Marmara Sea. According to those coordinates, a
more substantial part of the Atlantic Ocean should be included but left out of the
dataset on purpose.

The data set contains all open access in-situ temperature and in-situ salinity data
retrieved from the SDN infrastructure until the end of October 2017, collected by
autonomous underwater gliders, profiling floats, and research vessels using CTD,
MBT, XBT and Niskin bottles. The dataset is visually represented using ODV in
Figure 19.
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Figure 19 Mediterranean Sea - Temperature and salinity Historical Data Collection SeaDataCloud V1
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3.4 DATA QUALITY

SDN members conduct Quality Control (QC) of the collected data before

submission. The QC process is made in accordance with the Intergovernmental

Oceanographic Commission (IOC) and the International Council for the Exploration

of the Seas (ICES) baselines and employs human and standard automatic monitoring

test of instruments and parameters.

The three primary QC checks are:

. Format checks flag missing mandatory information such as cruise, sensor

type and observation system. Alerts to wrong variable names and incorrect

platform codes and names.

. Location and date checks, which can be further detailed as:

o

Duplicate Test for eliminating multiple entries of the same data twice
or more.

Date and Time Test to confirm that the temporal format is respected.
Longitude and Latitude Test to ascertain that the range of the
coordinates falls between -180° and 180° for the former and 90° and
90° for the latter.

Position Test to ensure that the data points are not on land.

. Measurement checks are different according to the parameters and

instrument employed, but three general tests apply to all of them.

o

Global Range Test confirms if the measurements are in the proper
range of the ocean.

Regional Range Test checks if the values fall within the usual limits
of each particular region.

Deepest Pressure Test to confirm whether the pressure values do not

exceed the bathymetry values.
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The data are quality checked using ODV 5.0 software presented in Section 3.9 and
treated to conform to the temporal and spatial range we define in Section 3.7 and
Section 3.8. QFs of anomalous data are revised according to the necessary quality
control procedures; only data entries that are given a QF value of 1 or 2 according to
Table 1 rating QFs are included in our calculations.

Key Entry Term Abbtr:r;atcd Term definition

0 no quality control none No quality control procedures have been applied to the
data value. This is the initial status for all data values
entering the working archive.

1 good value good Good quality data value that is not part of any
identified malfunction and has been verified as
consistent with real phenomena during the quality
control process.

2 probably good value | probably good | Data value that is probably consistent with real
phenomena but this is unconfirmed or data value
forming part of a malfunction that is considered too
small to affect the overall quality of the data object of
which it is a part.

3 probably bad value | probably bad Data value recognised as unusual during quality
control that forms part of a feature that is probably
inconsistent with real phenomena.

4 bad value bad An obviously erroneous data value.

5 changed value changed Data value adjusted during quality control. Best
practice strongly recommends that the value before the
change be preserved in the data or its accompanying

metadata.
6 value below BD The level of the measured phenomenon was too small
detection to be quantified by the technique employed to measure

it. The accompanying value is the detection limit for
the technique or zero if that value is unknown.

7 value in excess exXcess The level of the measured phenomenon was too large
to be quantified by the technique employed to measure
it. The accompanying value is the measurement limit
for the technique.

8 interpolated value interpolated This value has been derived by interpolation from
other values in the data object.
9 missing value missing The data value is missing. Any accompanying value
will be a magic number representing absent data.
A value phenomenon ID_uncertain There is uncertainty in the description of the measured
uncertain phenomenon associated with the value such as

chemical species or biological entity.

Table 1 List of SeaDataNet Quality Flags. Quality flags are used to describe the data value. Source:
SeaDataNet DATA QUALITY CONTROL PROCEDURES Version 2.0 [50]

MBT and XBT are known to have incorrect fall rates often and results in warm bias
in measurement (Wijffels et al., 2008) [51], and there is no possible bias correction

for them in the Mediterranean Sea unlike the one available by NOAA for the global
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oceans [52]. In our study, MBT and XBT data entries were not discarded for two
main reasons, the first being that the data provided by MBT and XBT significantly
improve the amount of geographical coverage, especially for the 1960 to 1985 range.
The second is the resulting bias being relatively small, outweighing the
disadvantages of their inclusion compared to the slight bias that might arise from
their use (lona et al., 2018) [53].

3.5VARIABLES

The essential variables for this study in the aggregated dataset entries are Date,
Latitude, Longitude, Depth, Temperature and Salinity. A short a brief definition of
each variable and its corresponding unit is presented in Table 2 for ease of reference.
Angular distance north or south from the equator of a point on the earth’s surface,

measured on the meridian of the point.

Date Moth, Day and Year of the in-situ measurement as MM/DD/YYYY

recorded in the entry.

Latitude Angular distance north or south from the equator of a Decimal Degrees
point on the earth’s surface, measured on the (N°/S°)

meridian of the point.

Longitude Angular distance east or west on the earth’s surface, Decimal Degrees
by the angle contained between the meridian, in this (E°/W°)

case Greenwich

Depth Vertical distance from the sea surface during the Meter (m)
measurement.
Temperature In-situ Sea Water Temperature measured using Degree Celsius (C°)

equipment in section 4.2.1.

Salinity In-situ Sea Water Salinity measured using equipment Practical Salinity
in section 4.2.1. It is referred to as the Practical Unit (PSU)
Salinity.

Table 2 List of Variables in the Dataset
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Temperature is not a foreign idea and is easy to understand, but non-specialist might
get confused with the concept of Practical Salinity. This issue arises due to a
technical mismatch that prevents an absolute definition since the convention was
established. As a crutch, the PSU is used, but doing so is formally discouraged and
incorrect. Practical Salinities are numerically smaller by about 0.5% than the mass
fraction of dissolved solid when this fraction is expressed as grams of solute per
kilogram of seawater. For ease of comprehension, the values are expressed in PSU in

this work, but we concluded that informing our readers on this subject was relevant.

3.6 DATA SAMPLING

In the original dataset used in this work contains SWS and SWT measurement
obtained during the 20" century and the first two decades of the 21 century by
research institutes of different origins as noted in Section 3.3. It contains precisely
739,784 stations and 41,001,444 individual data entries from various devices. The
entries are from CTD, MBT, XBT, floats, gliders, moorings and Niskin bottles. The
vertical distribution of the data entries per instrument differs due to the actual
physical limits of the hardware. Moreover, the spatial coverage depends on the
countries resources and their priorities. Some entries are sampled by commercial or

trading vessels while some others are the result of dedicated scientific cruises.

3.7 TEMPORAL RANGE

Despite the historical in-situ dataset having a temporal range between 1900 and
2017, the nature of the data’s distribution makes it unfeasible to take into account the
totality of the available data for two reasons. The first issue arises from the many
yearlong gaps in the data collection, especially in the EM compared to the WM,

precluding a significant interpretation of the entirety of the dataset.

The second important factor is the considerable amount of error and uncertainty in

the quality of the data available before 1960, mainly due to the quality and reliability
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of equipment available and the scant resources devoted to the region. Technological
advances of the hardware and methodological improvements assure a higher degree
of quality in collected data after that year, which in turn sets the reliable limit while

determining the temporal range of the analysis presented in Chapter 5.

In this study, LS is investigated over the period 1960-2017, utilising all available
products from 1960 onwards in order to cover a maximum amount of possible time
intervals. The statistical method is applied to the datasets with three different
temporal ranges, respectively 1960-1980 (20 years), 1960-2017 (57 years) and 1980-
2017 (37 years).

The selection of three distinct temporal ranges may seem exuberant. However, our
primary purpose is to be of service to other studies on the subject area and are useful
when comparing our findings — Moreover, very few studies discussed in Chapter 4
adopted ranges going as far back as our initial start date. Most studies in the area are
post-1980 be it due to the previous lack of in-situ data or due to the abundance of
available satellite data with the launch of AVHRR equipped platform in the 80s.
There is also a visible trend upward both in SWT, and SWS values in studies
performed past the 1980 mark making results produced after that period
consequently a more accurate representation of the current conditions of the physical

properties of the sea caused by climate change.

Some depth ranges in our first dataset lack the necessary amount of data points
or/and continuity, especially at lower depth levels to allow for an inferential
statistical analysis to support a yearly analysis. In such a case, the selected starting
year is the minimum possible date for allowing the most extensive coverage. Let us
bear in mind that the second dataset does not contain enough entries to interpret the

sub-regional areas, limiting its versatility statistically.
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3.8. SPATIAL LIMITS

LS, due to its shape, cannot be depicted as a single box for analysis. In order to
achieve maximum coverage, three segments of the data are defined to encompass the
whole area. The latitudinal and longitudinal coordinates of the three rectangular
sectors are selected as follows:

. [36.80 °N; 36.01 °N; 28.00°E; 39.00 °E]
[36.00 °N; 34.51 °N; 26.00°E; 39.00 °E]
[34.50 °N; 30.00 °N; 22.10°E; 39.00 °E]

The resulting area is a non-rectangular shape and contains CB, LB, CND and RG. In
order to focus on the four sub-regions included in our work, further division of the
dataset is required. For LB, CB, and CND, the process is straightforward as they
correspond to actual geographical features resulting in a simple spatial delimitation.
The dataset is cut into appropriate rectangular shapes in order to accommodate the
basins and CND according to the spatial definitions to obtain the following spatial

limits:

CB: [36.80 °N; 35.51 °N; 32.40°E; 39.00 °E]
. LB:[35.50 °N; 30.00 °N; 33.00°E; 39.00 °E]
«  CND: [33.00 °N; 30.00 °N; 29.00°E; 32.99 °E]

RG is a particular case, as demonstrated in Section 2.2.4 due to its shifting nature.
From the observation of the WOA18 data in Appendix B and the climatological
maps produced in Section 5.1.2, RG is delimited to encompass the region showing a
distinctly different SWT and SWS compared to the local average which in theory
corresponds to the area mentioned above resulting in the following rectangular box

with the following latitudinal and longitudinal coordinates.

L]

RG: [36.50 °N; 34.00 °N; 27.00°E; 29.5.00 °E]
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The eight vertical depth ranges selected for this study are surface (Om-10m), 25m,
50m, 100m, 200m, 500m, 1000m and 2000m. The high density of the first four
layers is due to the more significant seasonal variability ensuing from their
interaction with the atmosphere leading to more significant changes in SWT and
SWS, especially at the surface where the SST is greatly affected by atmospheric
trends and events. Lower layers are thus much more spread out relative to the upper
layer as they do not show much seasonal variability at first glance. The surface is

referred to as 10m in the analysis section.

As the water masses are not well defined vertically, a 5% margin is given for each
depth level to increase the amount of data available at that range. As an example,
50m corresponds to 50m + 2.5m, while 100m corresponds to 100m * 5m. Thus when
we refer to a depth range during analysis, unless specified otherwise, it should be
assumed that the actual range is an interval of the stated number + 5%. Also, the
surface layer is a particular case (as depth cannot be negative), leading to the surface

layer to refer to a corresponding interval between Om and 10m.

3.9. OceaN DATA VIEW

ODV is a software package developed by the Alfred Wegener Institute for Polar and
Marine Research (AWI, https://www.awi.de/en.html) for the interactive exploration,

analysis and visualization of oceanographic and other geo-referenced profile, time-
series, trajectory, and sequence data. It can display original data points or a gridded
field based on the original data and includes two fast weighted-averaging gridding

algorithms as well as the highly efficient DIVA algorithm (Section 5.1).

The unique data format of the software allows compact storage and high-speed data
access where extensive data collections containing millions of stations can
adequately be maintained and explored on personal computers with relative ease.
This feature allows for easy data manipulation and visualization without access to
powerful computing facilities — the base data for the EM is shown in Figure 20

using the ODV software.
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In order to obtain the selected spatial range for the datasets required for our
calculations, the station selection criteria are set to three different latitudes and
longitudes limit for accepted station positions for the LS as defined previously. The
resulting parts are recombined and then exported into a single file from which further
generation of datasets as needed. The primary purpose of extracting the data and
recombining them is the fact that station selection in ODV is limited to rectangular
shapes. Meanwhile, the subject area is by default non-rectangular, allowing for some

more precise control on the boundaries of the LS in order to not treat is as a block.
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Figure 20 Map of the spatial distribution for the in-situ data available in the Eastern Mediterranean in the

SeaDataNet archives
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Figure 21 Map of the spatial distribution for the in-situ data available for the Levantine Sea after
recombination in the SeaDataNet archives in the 1960-2017 period
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Figure 22 Map of the spatial distribution for the in-situ data available for the Levantine Sea after
recombination in the SeaDataNet archives in the 1980-2017 period
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Figure 23 Map of the spatial distribution for the in-situ data available for the Levantine Sea after

recombination in the SeaDataNet archives in the 1960-1980 period

The dataset with the appropriate spatial distribution is then further subdivided for LB,
CB, CND and RG according to the spatial ranges (Section 3.8) of interest. The sub-
regional datasets are exploited to be able to conduct a more specific regional analysis

of their respective areas.

For the two required temporal ranges proposed (Section 3.7), the station selection
criteria are once again changed to only accommodate data at first from 1960 to 2017,
and then from 1980 to 2017 for proper statistical analysis in our desired timeframe
for all previously created spatial range selections. Afterwards, the same process is
repeated to get seasonal datasets by changing the station selection criteria for three
month periods to create spring, summer and fall. However, the winter season requires
the creation of two distinct datasets, one containing the data from stations in January
and February and the second harbouring values for December of the previous year.
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Figure 21 displays the dataset obtained after the spatial limits for the LS defined in
Section 3.8 are applied to the aggregated 1960-2017 dataset through ODV.
Meanwhile, Figure 22 is the representation of the 1980-2017 time range. Finally,
Figure 23 shows the data points for 1960 to 1980. The number of stations and data
entries for each area of the study are detailed in Table 3.

1960-2017 81,317 2,690 25,925 9,556 8,401
Station
1960-2017 10,590,891 481,592 2,679,179 787,890 1,686,260

Data Entries

1980-2017 81,317 2,626 21,828 9,453 8,184
Station
1980-2017 10,481,474 480,439 2,597,862 777,073 1,639,337

Data Entries

1960-1980 101 8 46 11 14
Station
1960-1980 107,466 1,153 13,528 12,629 3,079

Data Entries

Table 3 Regional Station and Data Entry Numbers

In Table 3, the sum of stations and entries when for the 1960-1980 and 1980-2017 do
not equal to the values of the 1960-2017 period. This discrepancy is the result of
overlap in the two datasets at the 1980 boundary where simply summing the numbers
of both periods would give a misleading outcome.
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CHAPTERA4

LITERATURE REVIEW

There are specific acknowledge facts by the scientific community in the literature
when it comes to the Mediterranean Sea. The mean SST and SWS tend to increase
when the observation point moves further south and east in all monthly, seasonal and
annual gradients. The further south-eastwards the area is in relation to the Strait of
Gibraltar as a point of reference, the higher the SST values are. The warmest
observed segment is in the LS and especially the LB. The same pattern is also valid

for SWS in the same manner as SST.

Meanwhile, the Aegean Sea, with its latitude and longitude, is an exception in the
EM showing a lower SST as well as SWS average. This anomaly is due to the cold
Black Sea outflow coming from the Strait of the Dardanelles into the Mediterranean.
Figure 24 and Figure 25 illustrate the SST and SWS gradients for the Mediterranean
Sea from west to east.

Russian oceanographic expeditionary research history, dating back over 300 years, is
very comprehensive and loaded with a myriad of global-scale explorations of
scientific importance (Mikhailov et al., 2002) [54]. Previously Soviet and then from
1993 onwards Russian researchers were the pioneers showing a deep interest in the
Mediterranean Sea. Climatological water masses of the Mediterranean Sea and its
general circulation have been the main subject of liberal studies. The first
climatological analyses of hydrographic data as a basis of geostrophic circulation in
the Mediterranean has been conducted by Ovchinnikov (1966) [55] following the
pioneering work of Nielsen (1912) [56].
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Figure 24 Mean Surface Temperature Map of the Mediterranean Sea, Source:

http://www.grida.no/resources/5919
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Figure 25 Mean Surface Salinity Map of the Mediterranean Sea, Source:

http://www.grida.no/resources/5889
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The Soviet program led by Ovchinnikov in the Mediterranean contributed
significantly to the investigation of physical processes of the region, under his
supervision, a group of Russian scientists, in addition to numerous publications also
created a substantial, comprehensive monograph (Ovchinnikov & Plakhin, 1976)
[57] of the Mediterranean. The program was nearly a decade before the Physical

Oceanography of the Eastern Mediterranean (POEM), and GOIN cruises commence.

The EM has become the subject of advanced studies towards the end of the last
century, starting with two extensive expeditions of the EM, POEM, an international
effort, and GOIN, an initiative of the State Oceanographic Institute of the former
Soviet Union, were undertaken between 1985 and 1995. Although two projects were
not related and the cruises were carried out according to the requirements of their
respective programs, as a consequence intensive oceanography research has been
accomplished for a better understanding of the dynamics of the EM waters masses
(Hecht & Gertman, 2001) [58].

From 1987 to 1990 GOIN carried out 9 EM cruises in the EM, during which data
collected at 1779 stations. Later in the nineties, Ovchinnikov initiated a brand new
scientific program and targeted to investigate the circulation of the sub-basins this
time, focusing on the variability of the thermohaline structure related to synoptic-
scale eddies. (Ovchinnikov & Plakhin, 1976) [57]. Meanwhile, the scene of history
decided otherwise on the future, and Perestroika slowed down the Soviet
oceanographic research enterprise, carrying out only the initial analyses of the
Mediterranean GOIN cruises. The research expeditions were put on hold during the

post-Soviet period, apparently due to funding difficulties.

The circulation of the EM has been studied by POEM, a research group founded in
1982, under the auspices of IOC/UNESCO and of The Mediterranean Science
Commission (CIESM), via both in-situ and modelling studies (Ozsoy et al., 1989;
1991; 1993) [59][60][24]. The focus on the EM was motivated by the very little
knowledge of this basin compared with other world regions (Malanotte, 1988) [61]

as well as by a particular interest in some of its characteristics reproducing the global
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ocean general circulation accordingly to the multiple and interactive space and time
scales. POEM carried out six coordinated cruises between 1985 and 1995 with a total
number of 1674 stations. As a result of the scrupulous collection and accurate
measurements of the POEM data, an exhaustive description and comprehensive
circulation pattern of the EM was achieved (Ozsoy et al., 1989; Ozsoy et al., 1991;
Robinson et al., 1991; POEM Group, 1992; Malanotte-Rizzoli et al., 1997).
[59]1[60][62][23][63]

Even though the POEM data were available to researchers publicly, the GOIN data
access was given only to a very few investigators who participated in the data
collection. Nevertheless, the opening permission of these data has been granted by
the Ukrainian Scientific Centre of Sea Ecology, formerly Odesa branch of the State

Oceanographic Institute, are presently displayed on the CIESM (http://ciesm.org)

portal. Meanwhile, some selected GOIN cruises are also available for download in

different formats at IFREMER (http://www.ifremer.fr/sismer/ formats).

Despite both POEM and GOIN projects explained in detail a vast range of the
phenomena regarding EM, nevertheless, abundant questions require further
investigations and validations. Moreover, the period of both programs coincided with
the unique climatic transient of deep water formation, EMT, in the EM in the late
1980s and mid-1990s. At this point, it is worth mentioning that POEM cruises
provide the observational evidence of the profound changes due to EMT. This
phenomenology has been and still is investigated and debated extensively in
oceanographic studies (Klein et al., 1999; Lascaratos et al., 1999; Malanotte-Rizzoli
et al., 1999; Roether et al., 1996) [64][65][66][67]. Therefore the observations
performed during this relevant period persist drawing the oceanographic

community’s attention.

The first reported research on an increase of SWS in the Mediterranean Sea is by Nof
(1979) [68] evaluating the impact of the man-induced reduction of freshwater inflow
from rivers, such as the Nile, for agricultural purposes. Examining the change in

circulation caused by the diversion and damming of the rivers in the region he
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theorised according to the results of his model a net increase in SWT and SWS due
to changing circulation patterns in the entire basin. Lacombe et al. (1985) [69]
examined historical hydrographic data in the WM and did not find any significant
evidence for variability in SWT and SWS of deep waters between 1910 and 1970,
although changes were already underway during the conduction of their studies.

The model constructed by Skliris and Lascaratos (2004) [70] evaluated that removing
the flow from the Nile into the Mediterranean completely will results in an increase
of 0.04 PSU over 40 years pointing at the importance of the freshwater inflow into
the Mediterranean Sea in order to regulate its SWS levels, giving credence to Nof’s
findings (1979) [68]. The higher SWS of LIW, which courses through the entire
Mediterranean Sea makes the effect global rather than localised. Knowing the fact
that the discharged amount of freshwater is continually falling due to the need for
irrigation resulting from a rapidly increasing population and the development of
intensive agriculture on the shores of LS, this study is also a valuable supporting
document for proving the existence an upward trend of SWS in the region.
Understanding the evolution of SWT and SWS in the CND is an essential factor to
comprehend how the changes in the seawater physical properties will affect the
global circulation of the Mediterranean. During EMT between 1988 and 1992, new
and more saline deepwater formation happened in the Aegean Sea according to the
work of Roether et al. (1996) [67], increasing the salt content of EMDW whose
generation was limited to the Adriatic Sea. The change in water mass formation

patterns also affected the salt content of LS.

The Global Oceanographic Data Archaeology and Rescue (GODAR), followed by
the World Ocean Database project are two crucial international ocean data
management projects. GODAR was initiated in 1993 under the auspices of the
UNESCO’s 10C to establish and increase the volume of historical oceanographic
data available to climate change studies and other research purposes. The project had
the goal of first locating and then transfer to the advanced digital media pre-1992
historical oceanographic data that existed in manuscript and electronic media format
under the risk of loss due to media decay (Levitus, 2007) [71]. Meanwhile, the 10C
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World Ocean Database (WOD) project initiated in 2001 focused on the development
of regional atlases encouraging international data exchange for the post-1991 period.
All data acquired as part of the GODAR project were included in WOD 2001 and
released in March 2002.

In addition to the significant programmes such as GODAR 4, we should also
mention the largest multidisciplinary research project, Mass Transfer and Ecosystem
Response (MATER) supported and carried out by the European Commission within
the framework of the Marine Sciences and Technology (MAST) targeting an
integrated and a multi-scale approach on the marine systems of regional seas,
especially Mediterranean Targeted Project (MTP) [72]. Moreover, new initiatives are
being taken in the Mediterranean region, where climate change is a severe physical
menace. Launched by the French scientific community and released for the first time
through the White Book in 2007, the Hydrological cycle in the Mediterranean
Experiment (HyMeX) (http://www.hymex.org/) program targeting at a better

understanding, quantification and modelling of the hydrological cycle of the
Mediterranean in the context of global change. HyMeX has since been extended to
the international community, producing an international science plan, and is

currently working on the implementation of an international program.

Meanwhile, the most representative and comprehensive project for the
Mediterranean and the Black Sea is the Mediterranean Data Archaeology and Rescue
(MEDAR/MEDATLAS 11, http://www.ifremer.fr/medar/) including a collection of
historical data from roughly 1890 to 2002. MEDAR/MEDATLAS is the ancestor of
the SDN (2006-present) which still uses the foundation set by its predecessors.
Figure 26 shows the partners of the MEDAR/MEDATLAS project.
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Figure 26 MEDATLAS Partners, Source: http://doga.ogs.trieste.it/medar/

The first work to use the MEDATLAS dataset is by Jourdan et al. (1998) [73]. The
study treats the data to construct SWT and SWS maps for the whole Mediterranean
Sea. The work itself does not extrapolate much on its findings besides confirming the
degree of reliability of the MEDATLAS dataset. Gertman & Hecht (2002) [19] is the
oldest investigation available for trend identification in the LB available was
conducted with data from the Israel Marine Data Centre (ISRAMAR,

https://isramar.ocean.org.il/), established in 2001 at the Israel Oceanographic and

Limnological Research (IOLR, http://www.ocean.org.il/) at the time and found
statistically significant rising trends above 50m by about 0.5 + 1 °C between 1945
and 2001. They also uncovered a very slight increment in SWT in EMDW (0.002 +
0.0003°C) per year but noted that if the EMT period is discarded, because the data do

not satisfy statistical significance tests.

Skliris et al. (2011) [74] used satellite data and in-situ data to calculate yearly trends
for the Mediterranean SST in the following particular time ranges, 1985-2008 for
satellite and 1973-2008 for in-situ data. Their results are for the entire Mediterranean
Sea, but their East Mediterranean results are of interest to this work. For in-situ data,
they selected multiple ranges to conduct statistical evaluations. For comparison
purposes, the 1985-2008 range where both satellite and in-situ results are available is

of note. Both analyses show an upward trend for SST, 0.042°C/year for satellite and

53


http://doga.ogs.trieste.it/medar/
https://isramar.ocean.org.il/
http://www.ocean.org.il/

0.031°Clyear for in-situ data, respectively. There is an apparent increase with the

results obtained from satellite data showing a more significant warming trend.

Zveryaev (2015) [75] documented the intraseasonal and interannual variability of
Mediterranean SST on the rise across the whole region with a marked increase in the
LS. Macias et al. (2015) [76] stated the positive trends with an increase in mean SST
between 1985 and 2009 corresponding to 0.17+0.67°C for the entire Mediterranean
and 0.16x0.77°C for EM.

Pastor et al. (2019) [77] led recent research concerning seasonal SST trend analysis
dividing their work area into clusters and in their work two of them correspond
approximately to our area of in winter and three in summer. For winter, they
calculated a yearly trend of 0.0379°C/year and 0.0402°C/year for the two regions
while summer clusters values are respectively 0.0377°C, 0.0373°C/year and
0.0347°Clyear. The first winter trend covers an area extending away north-westward
from LS, resulting in a smaller increase. Interestingly the last summer value is
covering an area spanning CB and LB, which is the only example of a study in that
precise area which in turn shows that the local SST increase is slower in that region.

The study by Shaltout & Omstedt (2014) [78] is a valuable source for understanding
the recent SST trends and future scenarios for the LS being one of the rare work that
takes an interest in the sub-basins instead of the larger EM/WM area. They
demonstrated that an annual trend of 0.042°C/year for LS using a linear regression
analysis conducted on a satellite dataset in the 1982-2012 time range. Their
projections using RCP26, RCP45, RCP60, RCP85 scenario of the IPCC for the area
is unique and descriptive of the potential future SST of LS. The outcome of their
research points out that the resulting trends from satellite data and the Coupled
Model Intercomparison Project 5 (CMIP5), a collaborative framework aiming to
improve knowledge of climate change, is severely underestimating the rate of change
in the region, with the mean SST changes found by the CMIP5 at the end of the 21st
century are presented in Table 4. The paper finds from satellite data the following

seasonal upward trends: 0.028°C/year winter, 0.031°C/year spring, 0.041 °C/year
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summer and 0.038°C/year fall. When comparing both values for the control period
between 1982 and 2012, the CMIP5 mean values demonstrate lower results ranging
from -0.9°C to -1.6°C for each month.

Winter 05°C 11°C 1.3°C 23°C
Spring 05°C 1.1°C 1.4°C 25°C
Summer 0.4°C 1.2°C 1.5°C 2.8°C

Fall 0.4°C 1.1°C 1.4°C 25°C

Table 4 CMIP5 Estimates for mean temperature change in the Levantine Sea by season and RCP model,
Source: Shaltout & Omstedt[BD]

If the trends of mean SST values found using satellite data are correct, the
consequences are alarming. According to these values, LS may experience
approximately, according to some simple calculations, a 4.2°C annual mean SST
increase at the end of the 21st century which can have disastrous results for both the
physical and ecological balance on the region. It is highly likely that those changes
will also impact the human populations in the area, although the actual severity is not

evident.

Even minute changes in SWT and SWS can have long lasting impact on the
environment. An example would be the freezing point of seawater at around -2°C,
which can result in drastic changes in the polar icecaps even with a small warming
trend. The Mediterranean warming will also impact global oceanic circulation,
making it crucial to study the evolution of SWT and SWS in the region as we

accomplished in Chapter 5 and Chapter 6.
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CHAPTERS

DESCRIPTIVE ANALYSIS

In each section of this chapter for each method, we first introduce the theory and
methodology and then we present our results. The first part (Section 5.1) is about the
DIVA gridding algorithms and the resulting seasonal SWT and SWS gridded fields
at different depth levels and their corresponding climatological maps. Afterwards, we
continue by introducing the R software (Section 5.2). We present the results of our
cluster analysis in Section 5.3, showing the amorphous nature of the sub-regions.
Next, the descriptive analysis we obtained for 1960-1980 (Section 5.4), 1980-2017
(Section 5.5) and 1960-2017 (Section 5.6) time ranges are presented and commented

upon.

5.1. DATA-INTERPOLATING VARIATIONAL ANALYSIS

The inhomogeneous distribution of in-situ data compared to satellite data leads to a
common problem faced by oceanographer being the gridding of the available data
point in space-time to determine a field on a regular grid. To solve this issue, the
GeoHydrodynamics and Environment Research (GHER, http://modb.oce.ulg.ac.be/),

a working group at the University of Liége has developed the DIVA
(http://modb.oce.ulg.ac.be/mediawiki/index.php/DIVA) software in the Fortran 90

compiled imperative programming language making use of the Variational Inverse
Method (VIM) comparable to Optimal Interpolation (Ol) while taking into account

observational uncertainties.
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Compared to standard Ol employed in data assimilation, DIVA takes into account
coastlines, sub-basins and advection because of its variational formulation on the real
domain when applied to ocean data. The calculations rely on a finite element

resolution and are highly optimised.

5.1.1. THEORY

In order to understand the development and working principle of DIVA, it is
necessary to examine the first method in meteorological and oceanographic
climatology for constructing optimal interpolation of data, Objective Analysis (OA)
by Gandin [79] in 1965. VIM used in DIVA and introduced to the field of
meteorology by Wahba & Wendelberger [80] was proven in 1996 to be statically
equivalent to OA by Brasseur et al. [81]. VIM's main difference is the fact that it
employs a method of minimization of resolution of a variational principle of a

domain of interest with a finite element method denoted as D.

The variational principle of D to be minimized is:
Nd ) )
Tlel =2 uild; — elzy)l +llell” @
j=1
And the norm is defined as:
o]l = / (Ve : VVo+ V- Vo + ape?)dD ()
D

Where:
e 00 penalizes the field itself (anomalies),
e ol penalizes gradients (no trends),

e o2 penalizes variability (regularization),

1 penalizes data-analysis misfits (objective)
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Introducing non-dimensional space coordinates using a characteristic length scale L:

. for the gradients: V=LV
« for the domain: 2 = L0}

Replacing ||op|| in (1) with (2) the formula takes on this final form:

N
Jg] = Z piLE[di—w(:ci,yi)]?‘—i—[ (ﬁ'ﬁ'gﬂ VWV +a [PV -V + Q0L4§:‘2) dQl.

Q

=1

Notes:

« ap fixes the length scale L the front and the end term of the integral have a

similar importance: ooL* = 1.

« uil? fix the weights on the individual observations. If the typical misfit is

2
represented by the observational noise standard deviation € of data point i
and the integral norm representative of the background field variance ¢2, then

the weights of the data are given by:

2

9 a0
}'_I.E'L - 4?1'5—2 .

« Finally as fixes the influence of gradients: 01L2 = 2&, the default value in

DIVA being = 1.

The domain €, corresponding in this case to the selected oceanic area, which is
bounded by the coasts, makes prevention of overland association a necessity. In
order to achieve this objective, a finite element method is used hence the need for
generating a finite element grid. Because the domain Q is limited to the water, the
minimization will only function on the area delimited by the perimeter generated by
the coastline and defined area. In order to solve this problem, the domain is
transformed into a mesh of triangles (e.g. Figure 27) where the identification of

adjacent connectors assures the continuity of the elements.
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Figure 27 DIVA Example Mesh, Source: Troupin et al. (2013) [82]

The resulting gridding is optimal for solving and displaying complex problems such
as the one faced by oceanographers. In oceanography, a climatological map is a set
of gridded fields that describe the mean state of the oceanic properties over a given
period. It is constructed by the analysis of in-situ data and has many applications
such as the initialisation of numerical models and quality control of observational
data. In our case, the climatological maps are useful as a baseline to understand how
the oceans are changing and the identification of intriguing areas for study. The

climatological maps obtained using DIVA are displayed in Section 5.1.2.

5.1.2 RESULTS

In this section, we present the seasonal climatological maps for LS constructed using
the DIV algorithm and the 1980-2017 dataset on ODV. The winter, spring, summer
and fall SWT and SWS maps, grouped according to their corresponding vertical
layer in the following ranges surface, 25m, 50m, 100m, 200m as defined in Section

3.7 for easier comparison. Past 200m the results did not show any significant
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seasonal variation and were omitted due to not showing any definite conclusion.

White spots are areas where there is not enough to create a climatological projection.

At the surface layer, there is significant seasonal variation, as shown in Figure 28.
The season with the highest average SST is summer followed by fall, with the
warmest spot falling in LB and CB. There is a sharp drop in SST average when going
from fall to winter, but the basin remains relatively warm year-round compared to
the rest of the Mediterranean. In Figure 29, we can observe pockets of extreme SWS
starting in summer and intensifying in fall and ending in winter, with spring being
the season with the least amount of SWS in LS. RG area stands out with lower SWT
consistently except for the fall season. These results are following the existing

literature reviewed in the previous chapter and our statistical findings.

The 25m layer in Figure 30 has some similarities with the surface layers with
significant variation seasonal in SWT between seasons. The highest averages are
recorded during the fall season followed by summer. SWT temperature difference in
all seasons, more pronounced in fall and winter, makes RG conspicuous on the maps.
Figure 31 shows that SWS is highest in fall, and the summer values are less

significant. The CND area presents a high peak of SWS in summer.

The 50m layer also displays higher SWT temperature for the fall season with the
coldest temperatures in spring, as seen in Figure 32. RG is especially visible in
summer and fall, forming a discernable circular pattern of colder SWT. SWS is
evenly distributed with slight seasonal variation compared to the upper layer. Of note
is the highly saline water in the east of the LS during winter, the pockets in CB and
CND band that stands out in the winter season of Figure 33.

In the 100m layer, there is a perceptible seasonal variation in winter when the upper
water masses sink towards the bottom of LS to form LIW with for two points of
interest. The first is located in the southeast of Crete in fall and the slight peak on the

coast of CND, visible in Figure 34, which also shows RG with a slightly colder
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average SWT across all season. The results obtained from the fall and winter SWS

values of Figure 35 correlates the sinking of the denser water observed in SWT.

The 200m demonstrates no perceptible SWT seasonal variability except in CDN,
discernable in the summer section of Figure 36. RG area is once again showing
colder SWT values. SWS values are more uniformly distributed and there only
significant pockets of higher seasonal variation in summer in LB, and the central LS
observed in Figure 37. SWS stability is most likely due to LIW which course through
the Mediterranean Sea east to west remaining relatively undisturbed by the other

Masses.
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Figure 28 Seasonal temperature climatological maps at the surface, units in (°C)
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Figure 29 Seasonal salinity climatological maps at the surface, units in (PSU)
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Figure 30 Seasonal temperature climatological maps at 25m, units in (°C)
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Figure 32 Seasonal temperature climatological maps at 50m, units in (°C)
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Figure 33 Seasonal salinity climatological maps at 50m, units in (PSU)
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Figure 34 Seasonal temperature climatological maps at 100m, units in (°C)
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5.2 DESCRIPTIVE STATISTICAL ANALYSIS

The data have been subjected to descriptive statistical analysis to get a better
understanding of seasonal and monthly datasets at different depth levels and in two
different temporal ranges. The R software, version 3.6.0 (Planting of a Tree), detailed
in Appendix D, is exclusively used for computational purposes in this study for both

descriptive and exploratory analysis (Chapter 6).

Beyond classical analysis we also use clustering methods for better delimiting the
spatial boundaries of our data (Section 5.3). Sub-regional analyses are conducted

when feasible.

5.3 CLUSTERING

In order to ascertain our selection of regions using a more robust method than just
pointing out areas of interest, we attempted the use of clustering on our data. As the
number of data points we have in our dataset is too large, conventional clustering
algorithms are unable to group the data in an efficient manner properly. To
accomplish our task, we decided to use the Clustering Large Application (CLARA)
algorithm (Rousseeuw & Kaufman, 1990) [83], an extension of the k-medoid (PAM)
method applied to data with a large number of objects to reduce RAM usage and

computing time.

Instead of finding medoids for the entire data set, CLARA considers a small sample
of the data with fixed size and applies the PAM algorithm to generate an optimal set
of medoids for the sample. The quality of resulting medoids is measured by the
average dissimilarity between every object in the entire data set and the medoid of its
cluster, defined as the cost function. CLARA repeats the sampling and clustering
processes a pre-specified number of times in order to minimize the sampling bias.

The final clustering results correspond to the set of medoids with the minimal cost.
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Due to the nature of our data, only the surface layer is subjected to the cluster
analysis in order to determine the spatial fitness of our selections. The first step was
the preparation of our data for cluster analysis. The rows must correspond to
observations and the columns to variables, and any missing values must be removed
and then the values must be scaled to make different variables comparable.
Standardisation, in our case, corresponds to setting the variables to have a mean of 0

and a standard deviation of 1.

The second step was the identification of the optimal k, meaning the optimal number
for cluster analysis. We applied the Elbow, Average Silhouette and Gap Statistic
methods to determine k. From the results of the k determination, the optimal number

appears to be 4 clusters at the surface resulting in the following cluster in Figure 38.

Cluster plot

cluster

o
'

Dim2 (25.9%)

Dim1 (30.5%)

Figure 38 Clusters obtained using the CLARA algorithm at the surface layer with k=4

The overlap of the different clusters was an expected result, and in order to determine
their exact spatial distribution, we proceed to plot them according to their latitude
and longitude. The overlap of CB and LB appear quite clearly at the edges. RG is at
the initial location theorised but extends very slightly further from our delimited area
towards the south-east. Meanwhile, CND seems to go further west than what was
thought off and shows some minute overlap with LB. Overall our regional selection
seemed to be correct as the areas show distinct SWT and SWS properties.
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5.4 1960-1980 DATA

The distribution of the data in the dataset between 1960 and 1980 shows a relatively
higher interest in the region starting from 1967 until a drastic collapse in data
collection efforts between 1973 and 1975 is observed, coinciding seemingly with the
conflict on the island of Cyprus which had a significant impact in the region. Figure
39 displays the amount of collected data in LS between 1960 and 1979, as the
inclusion of the values from 1980 makes it challenging to comprehend the annual
observations. The year 1959 only represents the month of December as our analysis

is seasonal and thus requires its inclusion.

The number of annual observations does not allow a meaningful investigation from a
statistical perspective and to do any in-depth regional analysis in CB, LB, CND and
RG over the 1960-2017 period.

The descriptive analysis is computed for monthly values for both SWT and SWS at
the following depth ranges: Surface (0-10m), 25m, 50m, 100m, 200m, 500m, 1000m

and 2000m. The results are presented in this section.

2000 o

1500
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=
2
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Year

Figure 39 Number of data entries per year over the 1960-1980 period.
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Table 5 and Table 6 show the exact amount of entries for SWT and SWS in LS
seasonally for the 1960 to 1980 time range per depth level and the total amount of
data entries for the two variables. The most sampled seasons for both SWT and SWS
are spring and summer. Meanwhile, the most sampled depths for SWT are
respectively 1000m layer and the surface layer and 1000m and 500m for SWS. There
are extremely few entries in the 2000m layers, most likely due to the lack of the
modern technological methods of data collection available to modern
oceanographers. The relatively few data points at the 25m layers are consistent with
the overall sampling patterns observed from a general overview of all the time ranges
in LS and its sub-regions as shown in this and the following sections.

The density plots for the time range for SWT and SWS are available in Appendix A
and show interesting results. At the surface level, SWT presents a bimodal plot while
moving towards the deeper layers the density is evolving into a mounded shape
progressively. For SWS, the density shows a definite bimodal tendency from the

surface to the 200m layer before taking on a mounded appearance starting from 500

meters.
10m 941 1,319 1,090 992 4,342
25m 88 131 133 36 388
50m 284 382 371 263 1,300
100m 339 475 452 191 1,457
200m 451 677 644 123 1,895
500m 964 1,467 1,421 141 3,993
1000m 1,183 1,695 1,886 99 5,133
2000m 39 260 206 46 551

Table 5 Temperature data entries per season and depth, the Levantine Sea from 1960 to 1980
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10m 817 164

1,093 958 3,775
25m 81 107 101 29 318
S0m 266 348 339 229 1,182
100m 290 432 411 164 1,297
200m 1,184 640 629 115 551
500m 900 1,408 1,383 111 3,802
1000m 1,184 1,964 1,884 99 5,131
2000m 39 260 207 45 551

Table 6 Salinity data entries per season and depth, the Levantine Sea from 1960 to 1980

The amount of missing SWT and SWS in percentage is approximately 0% and 4%
respectively (Figure 40 and Figure 41). These numbers are relatively low and within
an acceptable margin to allow us to fill the missing values with approximations. The
plot seen in Figure 42 obtained through the use of the VIM package shows that the
amount of both SWT and SWS missing values do not overlap significantly and there

is only a negligible amount, 0.1%, where the two variables are both missing.

The entries where SWT and SWS are missing are by default discarded as they would
not be able to be filled using an educated guess. As for the other entries, we can use
the chained equation method to fill the missing values with the results derived from
existing variables for a more robust analysis. Additionally, regression analysis
conducted on the obtained dataset does not show any significant dispersion for both
SWT and SWS values.
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Figure 42 VIM plot for missing value combinations between 1960 and 1980, the Levantine Sea

There is a significant monthly variation in LS SWT at the surface but also the 25m
and 50m layers (Figure 43). Seasonal variability is highest in SST at the surface layer
with peak temperatures around 28°C in August. The 25m and 50m layers attain their

respective peak of 26°C and 21°C also in August and converge in December.
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As seen in Figure 44, SWT at the 100m layer displays only a very slight monthly
increase peaking in December before falling back. The 200m layer showcases an
erratic pattern for SWT which does not conform to seasonal influence, and are most
likely due to sporadic data sampling. Figure 48 showcases that the 500m, 1000m,
and 2000m ranges have almost no significant monthly variation staying at the same
level year-round. The depth of the water mass between the higher and lower layers
prevents any significant seasonal influence. Unfortunately, we do not aboard the
potential causes and consequences of these findings in this work and can only
speculate on the observed results concerning SWT values.

SWS for the surface, 25m, 50m and 100m show some seasonal variability with two
peaks in August and November but seem to hover around the same level (Figure 45).
The lower layers are considerably more stable and show similar numbers throughout
the year (Figure 46). There is a slight indication of the formation of LIW at the start
of fall with the 25m layer overtaking the surface layer in terms of SWS, but it is not

very perceptible.

The overall stable picture not showcasing the formation of LIW from MAW and
LSW should be attributed to the lower amount of data entries in this period compared
to the 1980-2017 time range as investigated in Section 5.4 and as exhibited in the
aggregated analysis for the 1960-2017 period in Section 5.5 The values for the 1960-
1980 dataset do not influence significantly the results in Section 5.6 as they only
make up 1.03% of the total dataset used in our calculations. This factor is the reason
why they are presented separately for comparison purposes and in order to have a
better understanding of this period.
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Figure 43 Monthly temperature means and standard deviations in the surface to the 100m range, the
Levantine Sea from 1960 to 2017
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Figure 44 Monthly temperature means and standard deviations in the 200m to the 2000m range, the

Levantine Sea from 1960 to 2017
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Figure 45 Monthly salinity means and standard deviation in the surface to the 100m range, the Levantine
Sea from 1960 to 2017
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Sea from 1960 to 2017
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5.51980-2017 DATA

The distribution of the data in the dataset between 1980 and 2017 show a limited
uptake in the regional data collection compared to the 1960-1980 time range, with
the turning point visible in Figure 47. The influence of the POEM project in the
1980s is noticeable in the graph. Other significant data collection years which can be
singled out are 1995, 1999, 2000, 2004 and 2005. This section will provide a general
look at SWT and SWS data entries for LS. The sub-regional analysis for CB, LB,
CND and RG are conducted in Section 5.6 as the results are not significantly
different from the 1980-2017 range and would be just a repetition of our findings.
The advantage of taking the 1960-2017 period allows us for a longer time to be
analysed.

The descriptive analysis for the LS is very similar to those of the 1960-2017 range
presented in Section 5.6 for both SWT and SWS at the following depth ranges:
Surface (0-10m), 25m, 50m, 100m, 200m, 500m, 1000m and 2000m. Therefore they
are not presented in this section to avoid repletion.
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Figure 47 Number of data entries per year over the 1980-2017 period.

Table 7 and Table 8 demonstrate the exact amount of entries for SWT and SWS in

the LS seasonally for the 1980 to 2017 time ranges per depth level and the total
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amount of data entries for the two variables. The most sampled seasons for both
SWT and SWS are spring and fall. Meanwhile, the most sampled depth for SWT and
SWS is the 500m layer and the 1000m. The data collection effort seems to be
focused below the 100m layer with significant interest in the lower water masses.
The amount of entries still indicates a reduction in the 2000m layer. The increased
interest of international research groups in the region such as POEM and GOIN,
combined with the improvement of in-situ data collection technologies should be
attributed to the abundance of data compared to the 1960-1980 time range. The
relatively few data points at the 25m layers are consistent with the overall sampling
patterns observed from a general overview of all the time ranges in LS and as seen

previously in Section 5.4.

27,365 43,674 41,066 76,194 188,299

25m 6,038 12,564 10,139 10,735 39,476

50m 10,361 20,626 16,604 18,815 66,400

100m 20,180 39,142 30,487 34,682 124,491
200m 37,031 72,169 56,072 61,608 226,880
500m 56,467 127,173 97,894 106,129 387,663
1000m 44,901 109,380 72,119 90,179 316,579
2000m 16,278 22,230 14,563 34,478 87,549

Table 7 Temperature data entries per season and depth, the Levantine Sea from 1980 to 2017

19,924 34,752 34,255 66,858 155,789

25m 3,823 9,843 8,148 7,766 29,580
50m 6,556 15,990 13,334 12,944 48,824
100m 11,815 29,448 23,877 23,988 89,128
200m 21,321 53,954 43,876 44,079 163,230
500m 35,996 107,829 85,287 81,890 311,002
1000m 41,684 109,022 65,901 90,081 306,688
2000m 15,822 22,175 14,536 34,464 86,997

Table 8 Salinity data entries per season and depth, the Levantine Sea from 1980 to 2017
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The density plots for the time range for SWT and SWS are available in Appendix A
and show interesting results. Once again at the surface level, SWT presents a
bimodal plot while moving towards deeper layers the density is evolving into a
mounded shape progressively. One significant difference is the multimodal shape of
the SWT values at the 2000m layer. The shape might be the result of the noticeably
colder EMDW formed during the EMT uncovered during the POEM project in the
RG region. For SWS, the density shows a definite bimodal tendency from the surface
to the 200m layer before taking on a mounded appearance starting from 500m but
once again showing a bimodal density, due most likely to the saltier EMDW
resulting from EMT skewing the density plots.

The amount of missing SWT and SWS in percentage is approximately 7% and 27%
respectively (Figure 48 and Figure 49). These numbers are relatively low for SWT
and within an acceptable margin to allow us to fill the missing values with
approximations. On the other hand, the amount of missing SWS value is troubling
but still barely within an acceptable range for the insertion of appropriate inferred
values from existing variables. After inserting SWS missing value, we tested if there
was any significant variation in our results, but the only difference is slightly
smoother plots and not a major change in the obtained value. The plot seen in Figure
50 obtained through the use of the VIM package indicates that the amount of both
SWT and SWS missing values overlap are noticeable with 6.8% entries where the

two variables are both missing.

The entries where SWT and SWS are missing are by default discarded as they would
not be able to be filled in with any representative values. For the other entries, we
used the chained equation method, and the missing values are filled with the results
derived from existing variables for a more robust analysis going forward.
Meanwhile, the regression analysis conducted on the obtained dataset does not show

any significant dispersion for both SWT and SWS values.
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Figure 50 VIM plot for missing value combinations between 1980 and 2017, the Levantine Sea
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5.6 1960-2017 DATA

The bar plot (Figure 51) demonstrates a significant increase in the amount of in-situ
data collected in LS after 1979, which stands as a point of interest. There is no
distinct information on the cause of this abrupt change in the amount of data and
might require further study to ascertain the reason for such a drastic increase between
two consecutive years. It should be noted that 1979 correspond to the second oil
crisis and the increased exploration for hydrocarbon sources globally. The sub-
regional analysis for CB, LB, CND and RG are conducted in Section 5.6.1, Section
5.6.2, Section 5.6.3 and Section 5.6.4, respectively. Moreover, empirical and

theoretical distribution of SWT and SWS will be explored in Section 6.1.

The descriptive analysis is conducted for monthly, seasonal and yearly values for
both SWT and SWS at the following depth ranges: Surface (0-10m), 25m, 50m,
100m, 200m, 500m, 1000m and 2000m.
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Figure 51 Number of data entries per year over the 1960-2017 period
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25m

50m
100m
200m
500m
1000m
2000m

28,379
6,129

10,655
20,542
37,510
57,461
46,084
16,318

45,008
12,696
21,013
39,624
72,849
128,646
111,346
22,491

42,252
10,283
17,011
30,969
56,745
99,341
74,026
14,777

77,163
10,773
19,079
34,874
61,733
106,272
90,278
34,524

192,802
39,881
67,758
126,009

228,837
391,720
321,734
88,110

Table 9 Temperature Data Entries per Season and Depth, the Levantine Sea from 1960 to 2017

25m

50m
100m
200m
500m
1000m
2000m

20,733
3,906
6,819
12,106
21,727
36,895
42,867
15,861

35,830
9,950
16,334
29,880
54,595
109,237
110,984
22,435

35,260
8,246

13,699
24,307
44,523
86,684
67,799
14,749

67,723
7,794

13,171
24,151
44,195
81,996
90,172
34,504

159,546
29,896
50,023
90,444
165,040
314,812
311,822
88,110

Table 10 Salinity Data Entries per Season and Depth, the Levantine Sea from 1960 to 2017
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Table 9 and Table 10 show the exact amount of entries for SWT and SWS in the LS
seasonally for the 1960 to 2017 time ranges per depth level and the total amount of
data entries for the two variables. The most sampled seasons for both SWT and SWS
are spring and fall. Meanwhile, the most sampled depth for SWT and SWS are the
500m layer and the 1000m. The details concerning the trends in data collection, such
as the POEM and GOIN initiatives are discussed in Section 5.5. As expected, the
amount of data from the 1980-2017 range drowns the less numerous 1960-1980 data

creating similar results to the one observed in the previous section.

Nevertheless, the inclusion of the 1960-1980 dataset allows for more prolonged
yearly analysis both at the descriptive stage and inferential analysis going forward in
our study. Not all sub-regions allow going as far back as 1960 due to data collection
differences and the periods mentioned above results should be taken with a grain of
salt.

There is a significant monthly variation in SWT at the surface, 25m and 50m layers
(Figure 52). As expected, the surface demonstrates the highest variability peaking at
around an average of 30°C in August. The 25m and 50m layers accumulate and
dissipate heat slower attaining their respective peak in September and November.
The 100m layer only displays a very slight monthly increase peaking in December
before falling back. Figure 53 showcases that the 200m, 500m, 100m, 2000 ranges
have almost no significant monthly variation staying at the same level year-round.
There is significant water mass between the higher and lower layers for the heat to be
able to reach the bottom, resulting in the stability observed. Of note is the fact that
the 2000m range sometimes shows higher temperature rates than the 1000m strata.
There are likely two reasons, oceanographic phenomena or data collection
techniques. Our work does not cover the causes and consequences of these findings,
but data collection methods might have played a part in these results, and further

research might be advisable in the area.

There is an apparent increase in SWS during the winter months, and the sinking of

the highly saline LSW towards lower depth ranges to form the LIW (Figure 54). The
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sinking of the water masse is inferable from the rise of SWS in the 25m range even
after the decline of salinity at the surface level between September and October, with
the increase in the 25m range being almost equal to the falling SWS values at the
surface indicating that the water mass is shifting. The shift is even more pronounced
starting from October onward as the surface, and the 25m SWS declines which in
turn is followed by the sharp rise at the 50m depth range. The rise of SWS during the
summer months up to the end of November is an expected result, corresponding to
the region’s warm months and the increased rate of evaporation due to the higher
SWT temperature, as shown in Figure 54. There is no significant monthly variation
in SWS at the depth levels of the 200m, 500m, 1000m and 2000 ranges, and they
follow an overall uniform trend. The 500m, 1000m and 2000m correspond to
EMDW with few interactions with the higher layers and the nearly no discernable
change in SWT (Figure 55). The 200m range is remarkably stable, falling into the
scope of LIW which spans the entirety of the Mediterranean Sea from LS to the
Strait of Gibraltar.
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Figure 52 Monthly temperature means and standard deviations in the surface to the 100m range, the
Levantine Sea from 1960 to 2017
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Figure 54 Monthly salinity means and standard deviation in the surface to the 100m range, the Levantine

Sea from 1960 to 2017
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Figure 55 Monthly salinity means and standard deviation in the 200m to the 2000m range, the Levantine
Sea from 1960 to 2017
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Figure 56 Annual summer temperature means in the surface to the 100m range, the Levantine Sea from
1960 to 2017
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Figure 57 Annual summer salinity means in the surface to the 100m range, the Levantine Sea from 1960 to
2017

SWS values are on the rise across the board for LS like in Figure 56, but there is a
sharp drop in the last couple of years concerning SWT which invariably shows
higher values on average each successive year. The results for SWT in the last few
years of our dataset, such as the one seen in Figure 57 are most likely due to data
collection preference, rather than an actual drop of SWT. Additional plots for the

global LS are available in Appendix C.

5.6.1 CILICIAN BASIN ANALYSIS

The following section will detail the information concerning the CB from 1960 to
2017. From Table 11 and Table 12, we can conclude some general information about
the data collection pattern in the region. The number of data points both for salinity
and temperature available for CB is the lowest amongst all sub-regions. Moreover, it
is the only area of this study that does not have a depth that requires analysis beyond
1000m due to its relative shallowness compared to the other areas. The most
significant amount of data for both SWT and SWS are available primarily during the

summer and fall seasons with the most sampled depth appears to be in the 500m
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layer, followed by the 10m layer. Compared to other sub-region, the measurements
are relatively recent as the difference between the percentage of SWT to SWS

measurements are relatively low, indicating a more modern approach with better

equipment.

1,150 4,390 6,876 7,457 19,873

25m 814 1,224 1,788 1,363 4,685
50m 349 1,599 2,385 1,690 6,023
100m 446 1,981 3,197 2,114 7,738
200m 814 3,174 5,224 3,392 12,604
500m 1,453 5,575 9,754 4,770 21,552
1000m 56 1,179 2,020 797 4,052

2000m NA NA NA NA NA

Table 11 Temperature data entries per season and depth, the Cilician Basin from 1960 to 2017

4,208 6,700 7,314 19,205
25m 272 1,185 1,742 1,318 4,517
50m 272 1,555 2,333 1,551 5,711
100m 279 5,146 3,131 1,982 7,265
200m 466 2,937 5,146 3,171 11,720
500m 884 5,195 5,195 4,453 20,198
1000m 6 1,176 1,965 795 3,942
2000m NA NA NA NA NA

Table 12 Salinity data entries per season and depth, the Cilician Basin from 1960 to 2017

CB exhibits higher monthly SWT temperature at the surface compared to the global
LS. SWT difference between the 10m, 25m and 50m is the lowest in the region
during the summer and fall seasons, as seen in Figure 58. There is a noticeable drop
during August for the 50m layer standing as a point of interest. The average SWT
results for the 100m and 200m layers are slightly higher than the average of LS.
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Figure 59 demonstrates that the 500m and 1000m are closely following the trend for

LS and do not show any unexpected behaviour.

From Figure 60 we can infer that the SWS of the 10m, 25m, 50m and 100m layers
are close from summer until the end of winter with a significant difference of the
10m layers observable during winter where SWS drops noticeably compared to the

lower depth ranges.

There is not an as significant difference as LS when it comes to SWS during the
summer and fall months, which might indicate a constant exchange of the water
masses in the region. SWS for the 200m, 500m and 1000m are giving expected
results with no significant change year long and do not seem to be strongly affected

by seasonal variability as revealed by Figure 61.
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Figure 58 Monthly temperature means and standard deviations in the surface to the 100m range, the
Cilician Basin from 1960 to 2017
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Figure 60 Monthly salinity means and standard deviations in the surface to the 100m range, the Cilician

Basin from 1960 to 2017
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There is a significant upward trend in the 200m layer SWT during spring, which is of

note in CB, as Figure 62 demonstrates. Figure 63 and other seasonal plots in

Appendix C display higher SWS values, indicating that there is a non-negligible

mixing between LSW and LIW in the area. It should once again be noted that CB is

the least sampled area.
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Figure 62 Annual spring temperature means in the 200m to the 1000m range, the Cilician Basin from 1960
to 2017
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Figure 63 Annual spring salinity means in the 200m to the 1000m range, the Cilician Basin from 1960 to
2017
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5.6.2 LEVANTINE BASIN ANALYSIS

The following section will detail the information concerning LB from 1960 to 2017.
From Table 13 and Table 14, we can conclude that among the four selected sub-
regions LB is by far the most studied area amongst our four selected regions. For
SWT the greatest amount of casts have been accomplished in the summer season
followed by fall and spring leaving winter the least studied seasonal period.
Compared to other regions the number of casts is proportionately high in the 200m
and 500m ranges, most likely due to the interest of researchers working on LIW with
also high interest in the 1000m layer corresponding to EMDW. The surface is also
amply sampled in a methodical fashion showing the great interest that the
neighbouring countries and members of SDC networks have in the area, which in
turn is an excellent opportunity to understand LSW. Unlike CB the area has points
reaching to the 2000m depth.

6,569 12,321 13,471 20,357 52,719

25m 1,500 3,476 2,721 2,098 9,795
50m 2,537 5,655 4,595 3,822 16,609
100m 4,568 10,495 8,454 7,415 30,932
200m 8,045 18,951 15,189 13,271 55,456
500m 16,679 39,923 33,644 21,775 117,021
1000m 16,121 10,495 25,993 25,774 78,383
2000m 4,013 2,410 1,780 3,468 11,671

Table 13 Temperature data entry per season and depth, the Levantine Basin from 1960 to 2017
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Salinity Data Winter Spring Summer Fall Total

10m 5,443 10,822 11,970 19,494 47,729
25m 1,248 3,162 2,365 1,824 8,599

50m 2,087 5,055 3,949 3,240 14,331
100m 3,505 9,357 7,189 6,274 26,325
200m 5,981 16,695 12,976 11,272 46,924
500m 13,386 36,928 29,874 24,373 104,561
1000m 16,066 37,523 23,062 25,784 102,435
2000m 4,013 2,380 1,759 3,468 11,620

Table 14 Salinity data entries per season and depth, the Levantine Basin from 1960 to 2017

LB demonstrates higher monthly SWT temperature at the surface compared to the
global LS, which is expected from what we know of the region. There is a distinct
SWT difference between the 10m, 25m and 50m are the highest in the region during
the summer with an average peak temperature in August of 30°C at the surface. The
peaks for 25m and 50m are delayed and occur in September and November
respectively as seen in Figure 64, most likely due to the time required for the heat
transfer from the surface to the lower layers to occur. SWT for the upper layers
converge back to similar values in December, but the mean SWT remains higher
than the global LS with less significant standard deviation yearlong. The average
SWT results for the 100m and 200m layers are noticeably higher than the average of
LS. Figure 65 demonstrates that the 500m to 2000m conform closely to the trend for

LS and do not show any unforeseen behaviour.

Figure 66 displays SWS of the 10m, 25m and 50m layers have significant seasonal
variability and also the highest salinity rating in the whole LS. The formation of LIW
from LSW is observable from the plots clearer than the global LS. The sinking of
LSW is clearly shown with the sharp rise of SWS at 25m starting from September
with the slowing down of the rise of SWS at the surface layer. The phenomenon is
followed by a continuous rise of SWS peaking in October for 25m and December for
50m. From its peak, in September the surface SWS drops below the 25m range

before converging in December with the three topmost ranges SWS. From Figure 67,
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we can see that the 200m SWS is slightly more elevated than the one for LS, but the

lower layers are consistent with our general findings.

In general, there is a noticeable upward trend in both SWT and SWS in LB, as seen
from both Figure 68 and 69 from 1960 to 2017. It is more distinctly visible than the
global LS. The region having higher SWT and SWS combined with a good spatial
and temporal sampling of the area is the most likely reason for such an evident
picture of the evolution of the physical parameters in the region.

Temperatura (*C)
A

RS Depth (m)
b = 10

_ Y == 25

- 5

e 100
? - -—— RSN
[ z f,’ R
20 I = -
“ P ; B -1
l' 11 A= _ -
-
*
*

01 0z 03 04 05 il 07 08

6
Months

Figure 64 Monthly temperature means and standard deviations in the surface to the 100m, the Levantine

Basin from 1960 to 2017
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5.6.3 COASTAL NILE DELTA ANALYSIS

The following section will detail the information concerning the CND from 1960 to
2017. Table 15 and Table 16 clearly show that CND is the second least studied
region despite the significant number of people living in the area. For SWT the most
amount of casts have been accomplished in fall. The other three seasons are equally
sampled, a different distribution compared to the other regions. The number of casts

is concentrated in the surface and 200m to 1000m layers.

There is a significant difference between the number of SWS values and SWT
measurements in the region. At this point, it should be noted that the discrepancy is
by far the highest amongst our sub-regions. The discrepancy is most likely due to
the preferences of the research interests of the scientists in the area or a lack proper
scientific cruises resulting in the data available originating from trade vessels, which
are mostly equipped to measure SWT rather than other variables and limited to the

surface. SWS measurements are the most prominent in fall followed by summer.
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4,585 3,502 2,276 7,030 17,393

25m 747 967 623 823 3,160
50m 1,315 1,672 1,071 1,526 5,584
100m 2,622 3,367 2,082 2,910 10,981
200m 4,736 895 3,888 5,399 20,399
500m 4,869 6,968 5,249 7,731 24,817
1000m 2,510 4,390 4,639 5,872 17,411
2000m 27 895 689 731 2,342

Table 15 Temperature data entries per season and depth, the Coastal Nile Delta from 1960 to 2017

2,989 1,817 1,200 5,556 11,562

25m 194 356 231 316 1,097
50m 379 638 432 560 2,009
100m 637 1,231 817 1,044 3,729
200m 1,185 2,403 1,544 2,044 7,176
500m 1,369 4,209 3,176 4,284 13,038
1000m 1,714 4,369 4,474 5,858 16,415
2000m 25 895 689 731 2,340

Table 16 Salinity data entries per season and depth, the Coastal Nile Delta from 1960 to 2017

CND shows on average higher SWT at 50m layer when compared to the LS, but
lower peak temperature for its surface water as seen in Figure 70. Of note are the
nearly identical values for SWT at the surface and 25m in August showing
considerable seasonal variation although this phenomenon does not seem to
influence the 50m range as much as LB. The average SWT for the 100m and 200m
ranges, even if not affected by seasonality has higher monthly mean values compared
to LS. Lower depth ranges are within the norm for LS as can be observed in Figure
71 and which have been the case for all the previous regions so far. From their peak
in August around 27°C interestingly the 10m and 25m layers remain at the same

SWT until they get normalised in December with the 50m layer.
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SWS values for the region are the highest for LS with mean values at the surface of
39.45 PSU without even taking into account standard deviation, as seen in Figure 72,
There is distinct seasonal variability in the upper three layers and especially in the
50m range, which shows a sharp increase between September and November. Figure
73 indicates that the 100m range is higher than the global LS values, but once again,

the deepest three ranges are within expected values for LS.
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Figure 70 Monthly temperature means and standard deviations in the surface to the 100m range, the
Coastal Nile Delta from 1960 to 2017
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Figure 71 Monthly temperature means and standard deviations in the 200m to the 2000m range, the
Coastal Nile Delta from 1960 to 2017
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Figure 72 Monthly salinity means and standard deviation in the surface to the 100m range, the Coastal
Nile Delta from 1960 to 2017
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Figure 73 Monthly salinity means and standard deviations in the 200m to the 2000m range, the Coastal
Nile Delta from 1960 to 2017

SWT seems to be on the rise in CND as can be seen from Figure 74, a noticeable
trend may be observed across all seasons presented in Appendix C. SWS values,
such as the one in Figure 75, are extremely erratic except for the lower layers, and it

is not really possible to comment on them without further smoothing.
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Figure 74 Annual winter temperature means in the 200m to the 2000m range, the Coastal Nile Delta from
1960 to 2017
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Figure 75 Annual summer salinity means in the surface to the 100m range, the Coastal Nile Delta from
1960 to 2017
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5.6.4 RHODES GYRE ANALYSIS

The following section will detail the information concerning RG from 1960 to 2017.
From Table 17 and Table 18, we can conclude that among the four selected sub-
regions, RG is the second most studied area after LB. For SWT the most amount of
casts have been accomplished in the fall season followed by spring. Distinctly from
the other regions, summer is the least studied seasonal period. The winter season has
a proportionally elevated number of data points. The casts are concentrated in the
200m to 1000m layers, most likely due to the interest of researchers concerning EMT
and EMDW formation in the region, which would explain the higher winter sampling

rate. The surface always shows a proper spread of data entries.

Meanwhile, SWS measurements are the most numerous in fall followed by spring.
As it is always the case, there are less SWS samples compared to SWT
measurements, but these differences are less pronounced than the other regions

indicating that proper scientific cruises were conducted in the area.

3,479 5,582 3,179 9,876 22,116

25m 791 1,545 767 1,813 4,916

50m 1,589 2,880 1,579 3,453 9,501

100m 3,112 5,505 2,937 6,252 17,806
200m 5,923 10,619 5,596 11,428 33,566
500m 9,380 19,060 6,635 17,366 52,441
1000m 8,439 19,784 6,929 17,634 52,786
2000m 3,694 4,609 1,762 10,489 20,554

Table 17 Temperature data entries per season and depth, the Rhodes Gyre from 1960 to 2017
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Salinity Data Winter Spring Summer Fall Total

10m 2,631 4,762 2,479 8,868 18,740
25m 553 1,338 603 1,497 3,991
50m 1,189 2,812 1,300 2,812 7,830
100m 2,239 4,776 2,405 5,215 14,635
200m 4,259 9,236 4,617 9,747 27,859
500m 6,627 17,119 5,726 14,855 44,327
1000m 8,327 19,773 6,128 17,619 51,847
2000m 3,482 4,607 1,762 10,482 20,333

Table 18 Salinity data entries per season and depth, the Rhodes Gyre from 1960 to 2017

RG has noticeably lower SWT than LS at all depth levels and most noticeably in the
upper layers. The mean SWT for the surface is barely reaching 25°C in August
compared to the 26° in LS at large. It is apparent in Figure 76 that the seasonal
variability is much less drastic, yet apparent, with a more mitigated slope for the
surface, 25m and 50m ranges. As demonstrated in all previous regional and sub-
regional analysis, and also seen in Figure 76 and Figure 77, there is no significant
seasonal variability below the 100m to 2000m depth ranges. SWT values for the
upper layers converge in January and stay uniform until they bifurcate once more
starting in March. These results correlate well with the literature and the preliminary
exploration we conducted concerning the location of RG from the DIVA
climatological maps in Section 5.1.2. These results also confirm SWT maps created
using WOA18 dataset showing lower temperature isotherms with an example in

Section 2.2.4 and the complete seasonal SWT and isotherm maps in Appendix B.

SWS values of RG are equivalent to the one of LS except for a slightly more
pronounced peak for the surface layer in August and display the usual pattern of
seasonal variability common in the region. The sinking of the saline water during the
fall months is also observable in Figure 78. Compared to LS at large and the other
regions in our study Figure 79 showcases that there seems to be an erratic behaviour
in SWS readings in the 200m, 500m, 1000m, and 2000m layers that do not seem
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linked to seasonality. We can only speculate about these findings, but they are most
likely the result of the gyre in action and potential formation of EMDW.
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Figure 76 Monthly temperature means and standard deviations in the surface to the 100m range, the
Rhodes Gyre from 1960 to 2017
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Figure 77 Monthly temperature means and standard deviations in the 200m to the 2000m range, the

Rhodes Gyre from 1960 to 2017
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Gyre from 1960 to 2017
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Figure 79 Monthly salinity means and standard deviations in the 200m to the 2000m range, the Rhodes
Gyre from 1960 to 2017

EMT phenomenon is visible in an average yearly plot as seen in Figure 80 and 81
with the drop in SWT, creating a sudden rise in SWS in the region at lower depth
ranges. The overall temperatures are consistently cooler compared to the rest of the
LS, as can be seen from the detailed yearly plots in Appendix C.
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Figure 80 Annual winter temperature means in the 200m to the 2000m range, the Rhodes Gyre from 1960
to 2017
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Figure 81 Annual winter salinity means for the 200m to the 2000m range, the Rhodes Gyre from 1960 to
2017
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CHAPTER®G

EXPLORATORY ANALYSIS

In order to determine the distribution of the data, empirical and theoretical
distribution of the seasonal observations at each depth level is determined and tested
using standard statistical Cullen & Frey graphs and CDF methods in Section 6.1.
Meanwhile, Section 6.2 is dedicated to the regression analysis according to the found
distribution patterns conducted on our data to determine the significance of different

geospatial factors on SWT and SWS and their interaction with each other.

6.1 EMPIRICAL AND THEORETICAL DISTRIBUTION

In order to determine the theoretical distribution model of SWT and SWS data points
seasonally and per depth level we first started our analysis by plotting Cullen and
Frey graphs such as Figure 82 at every single depth level seasonally for the LS. By
comparing the square of skewness and kurtosis, we can identify potential distribution
patterns of our data to narrow the tested models. From our preliminary density plots
displayed in Appendix A, we expected the potential distribution to follow a
lognormal, normal, beta or gamma trend. Most layers seasonally do indeed seem to
correspond to our hypothesis except for normal distribution, which appears not to be
compatible with any of the layers. In some rare cases, they seem to conform to a
Weibull distribution which fits better than the more common lognormal or beta

distribution.
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Figure 82 Cullen and Frey graph for the 500m layer in summer of the LS with the data of the 1960-2017
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Figure 83 Cullen and Frey graph for the 500m layer in winter of the LS with the data of the 1960-2017
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Occasionally the available data points did not conform to any easily discernable
distribution being scattered unexpectedly. Further work is necessary to determine any
potential distribution model they might conform too, but such a task would require a

huge amount of time and human resources and is beyond the scope of this thesis.

Figure 83 is an example of a layer where the Cullen and Frey graph remains
inconclusive, showing a very disparate distribution. Fortunately, these are relatively
few overall, but in such cases; it is not feasible to find out a prope theoretical
distribution model for those layers. They are representative of a non-parametric
distribution and will be noted as such.

Before going forward with empirical and theoretical Cumulative Distribution
Functions (CDF), the data must be manipulated. The beta distribution only works
with data having values between 0 and 1, which is not the case for both SWT and
SWS. In order to make it compatible, we divide both SWT and SWS by 1000 and
create new datasets. We expected SWS to follow a beta distribution meaning that
only SWS should be standardised, but to check if SWT also follows a beta
distribution we also standardised the temperature values. We compared the results
for non-beta distributions for the two datasets at the same layer and season and
observed identical results meaning that this action did not disturb other potential

theoretical known models by standardisation.
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Figure 84 Temperature empirical and theoretical CDFs for fall season between 1960 and 2017
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Figure 84 and Figure 85 are examples of the CDFs obtained. The black plot
represents the empirical distribution of the data while the coloured plots are the
theoretical distribution for Weibull, lognormal, gamma and beta distribution. This
process has been applied to every single season and depth layer. When applicable,
each seasonal layer is tested for lognormal, gamma, beta and Weibull distribution. In
case a particular model is not fit under any circumstances due to the data structure, it
is omitted from the CDFs.

Once we obtain the theoretical distribution, we proceed to look at the area between
the empirical plot and the different models. We accomplish this with an Anderson
Darling goodness of fit test (AD) to ascertain if the models correspond to our data
and which model is the most suitable at a certain depth level and season. The results
for each season and depth level are further controlled using an Akaike’s goodness of
fit information criterion measurement (AIC). The following tables show the results
of AD test and the AIC measurement. In the case of a non-parametric result, no

Akaike test is performed.

10m AD

25m AD
50m AD
100m AD
200m AD
500m AD
1000m AD

2000m AD
Table 19 Optimal theoretical model using Anderson Darling test for SWT LS in winter from 1960 to 2017
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10m AD

25m AD

50m AD
100m AD
200m AD

500m AD

AD

1000m
AD

2000m
Table 20 Optimal theoretical model using Anderson Darling test for SWS LS in winter from 1960 to 2017

| TemperatreData  Weibul  Lognormal  Gamma  Beta NP
10m AD

25m AD
AD

50m
AD

100m
AD

200m
500m AD

1000m AD
2000m AD
Table 21 Optimal theoretical model using Anderson Darling test for SWT LS in spring from 1960 to 2017

10m AD

25m AD

50m AD

100m AD

AD

200m
AD

500m
AD

1000m

2000m AD
Table 22 Optimal theoretical model using Anderson Darling test for SWS LS in spring from 1960 to 2017
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10m AD

25m AD
50m AD
100m AD
200m AD
500m AD
1000m AD

2000m AD
Table 23 Optimal theoretical model using Anderson Darling test for SWT LS in summer from 1960 to 2017

10m AD

25m AD

50m AD

100m AD

200m AD
500m AD
1000m AD
2000m AD

Table 24 Optimal theoretical model using Anderson Darling test for SWS LS in summer from 1960 to 2017

10m AD

25m AD

50m AD

100m AD

200m AD
500m AD
1000m AD

2000m AD

Table 25 Optimal theoretical model using Anderson Darling test for SWT LS in fall from 1960 to 2017
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10m AD

25m AD

50m AD

100m AD

200m AD

500m AD
1000m AD

2000m AD
Table 26 Optimal theoretical model using Anderson Darling test for SWS LS in fall from 1960 to 2017

10m AlIC

25m AlIC
50m AlIC
100m AlIC

200m

500m AlC

1000m AlIC

2000m AlIC

Table 27 Optimal theoretical using Akaike measurement model for SWT LS in winter from 1960 to 2017

10m AlC

25m AlIC

50m AlC

100m AlC

200m AlIC AlIC
500m AlIC

1000m

2000m
Table 28 Optimal using Akaike measurement theoretical model for SWS LS in winter from 1960 to 2017
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10m AlIC

25m AlIC

50m AlIC
100m
200m
500m AlC
1000m AlC

2000m AlIC
Table 29 Optimal theoretical using Akaike measurement model for SWT LS in spring from 1960 to 2017

10m

25m AIC
50m AIC
100m AlIC
200m AlIC
500m
1000m

2000m AlC

Table 30 Optimal theoretical using Akaike measurement model for SWS LS in spring from 1960 to 2017

10m AlC

25m AlIC

50m AlC
100m AlC
200m

500m AlIC
1000m AlC
2000m AlC

Table 31 Optimal theoretical model using Akaike measurement for SWT LS in summer from 1960 to 2017
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10m AlIC

25m AlIC

50m AlC

100m AlIC

200m AlIC
500m
1000m

2000m AlC
Table 32 Optimal theoretical model using Akaike measurement for SWS LS in summer from 1960 to 2017

10m AlC

25m AlIC

50m AlIC
100m AlIC

200m

500m AlC

1000m AlIC

2000m AlIC

Table 33 Optimal theoretical model using Akaike measurement for SWT LS in fall from 1960 to 2017

10m AlC

25m AlIC

50m AlC

100m AlIC

200m AlIC
500m
1000m

2000m AlIC
Table 34 Optimal theoretical model using Akaike measurement for SWS LS in fall from 1960 to 2017
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Our results indicate that approximatively 25% of the layers have non-parametric
distributions for SWT and SWS which would require further analysis. Theoretical
lognormal distribution has the highest ration of the goodness of fit according to the
AIC, where 12 out of 13 results are confirmed. Lognormal distribution is followed
closely by the beta distribution with a ratio of 11 to 15. Weibull is only ascertained
for 5 out of 16 AD outcomes. Meanwhile, gamma distribution is not established for
any layer with a 0 to 4 ratio, meaning that it can most likely be discarded in any

further attempt.

Of note is SWS 200m layers in winter which gave identical results, with both gamma
and beta showing the lowest results, ergo potentially confirming beta as the right
model between the available options. SWT seems to conform majorly to a
lognormal, secondly Weibull distribution and few instances of beta distribution. On
the other hand, SWS is mostly compliant with beta distribution, followed by

lognormal and few instances of Weibull.

SWT lognormal distribution is valid for 10m in three seasons, 50m in two seasons,
100m in two seasons and for all seasons at 500m, 1000 and 2000m layers.
Meanwhile, SWS beta distribution is applicable for 10m in two seasons, 25m in three
seasons, 50m for two seasons, 100m for three seasons and 200m for three seasons.

The 500 and lower layers for SWS are non-parametric.

The previous results are expected as SWS is measured a ration between 0 and 1,
which are expected to display a beta distribution mostly. SWT is a value theoretically
unbound, and such a spread conforms to a lognormal distribution. As seen in the
distribution plots in appendix A, SWT and SWT show a non-monotonic distribution.
Apart from a lognormal distribution, every other model we test has monotonic

variants, but in our case, they are in a non-monotonic form.

122



6.2 REGRESSION ANALYSIS

The seasonal theoretical model of the data at different depth levels have been
established in Section 5.6.6. Knowing that SWT has a lognormal distribution while
SWS appears to be a beta distribution, we attempted to build a regression model
using those two parameters generated using predicted values to evaluate the impact
of latitude, longitude and the effects of SWT on SWS and vice versa. Boxplots for

SWT and SWS seasonally per depth and outlier values per season are presented from
Figure 86 to Figure 93.
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Figure 86 Winter SWT boxplot per depth
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Salinity by depth
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Salinity by depth
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Salinity by depth
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Salinity by depth
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Figure 93 Fall SWS boxplot per depth

The boxplots show interestingly higher SWT values at 25m and 50m in winter
(Figure 84) compared to the surface, most likely a result of the faster cooling due to
the interaction with the colder atmospheric temperature in winter. SWT otherwise
follows the expected pattern of dropping the deeper we go. Due to the nature of
SWS, noticing minute changes is difficult, but during the transitional seasons of
summer and winter, there is more variability compared to the relatively stable results

obtained in spring.

During the computing process, some aspects of the data became apparent, making it
impossible to do regression analysis using exogenous (i.e. predicted) variables for
SWT and SWS. The way the data is sampled creates clusters that are densely
condensed both in time and space compared to the total area we are working with.
This clustering results in very similar groups of values, especially for SWS.
Moreover, due to the nature of beta distribution using all the available data combined
with the property mentioned above makes the regression not converge during
computation resulting in a crash. We needed to take only a portion of the data
available at all depth ranges analysed to look at the results, and we noticed an
increase in conversion rates if the total number of data is higher, yet even at the
maximum sample size selected, 15,000, the model does not converge for around 50%

of the regression attempts. By extension, as predicted, if SWS values cannot be
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obtained, it is not possible to acquire lognormal regression results for SWT. All the
factors mentioned above give us a clear picture that we have data that is ill-suited,
meaning that the sampling process is exceptionally uneven. We had identified this
phenomenon while examining our sub-regions and confirmed in our attempt to
conduct a regression analysis using exogenous variables taking advantage of the beta

and lognormal models.

Fortunately, due to the size of our dataset, the distributions can both be taken as
normal meaning that we can attempt a linear regression. We first did a regression
analysis using empirical SWT and SWS values. Using ordinary least squared
method, we can obtain predicted SWT and SWS values to mitigate the endogeneity
and accomplish and exogenous linear regression by replacing SWT and SWS values
with the predicted ones. We compare the evolution of SWT for latitude, longitude
and depth for SWT in Table 35 while Table 36 summarises the results for latitude,
longitude and depth for SWS.

- - e 4t - - - - -

Winter +

Spring +

Summer A
Fall A

Table 35 Linear regression for SWT using empirical data in LS from 1960 to 2017

Per our knowledge, LS becomes warmer as longitude increases, meaning we go
further east which is not the case for our results. Meanwhile, higher latitude results in
lower SWT values, which is equivalent to going east. These are in direct opposition
of your knowledge of the area and are likely the result of our the two spatial
variables do not take into account depth. The deeper we go, the more SWT drops
except for winter, which is most likely the result of the interaction between the sea
surface and the cooler atmosphere, leaving the intermediary region between 25m and
50m at a higher SWT than the rest of the water mass.
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+ + + + = - - - -

Winter i
Spring - + + + + + + - - -
Summer + + + - - - - - - -
Fall + + i - - - - - = =

Table 36 Linear regression for SWS using empirical data in LS from 1960 to 2017

SWS increases as we go further north except for spring when most of the LS show
similar temperature values as seen in our climatological maps in Section 5.1.2. An
interesting point is the higher values for SWS as we go east, which was an expected
result. The latitude does not account for depth, so this might be the result of
interactions in LIW and EMDW. The sinking of the LSW and MAW to form the
LIW during the colder winter and spring seasons explains the higher SWS in 25m to
200m range.

Using our predicted values to eliminate endogeneity, we obtained the following
results for our linear regression analysis using predicted SWT and SWS. The results
are summarised in Table 37 and 38.

- +

Winter A
Spring + - +
Summer + - +
Fall - - -

Table 37 Exogenous seasonal linear regression for SWT using predicted SWS in LS from 1960 to 2017

Except for fall, the latitude corresponds to those found in the second-stage linear
regression with an increase in temperature when moving eastward. In the case of the
fall seasons, the higher average temperature during this period across the entire LS
renders the impact of latitude less significant. Longitude shows the same result as
first stage regression. Higher predicted SWS, most likely resulting from more

significant evaporation, can be directly linked to SWT.
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+ +

Winter -
Spring = i +
Summer + + +
Fall + + +

Table 38 Exogenous seasonal linear regression for SWS using predicted SWT in LS from 1960 to 2017

As we go east, SWS increases during summer and fall as expected, during spring and
winter SWS normalises across the LS as shown in our climatological maps in Section
5.1.2. Going north SWS increases, and it should be noted that the regression is for all
data points and not only the surface, so further study is required to give a conclusive
explanation to this phenomenon. It might be due to the properties of the LIW and
EMDW, but this is only a speculative hypothesis. Increased predicted SWT
automatically results in higher SWS, which is entirely within our expectations,
knowing that evaporation plays a part in the SWS.
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CHAPTERYY

THESIS CONCLUSION

This thesis investigated the in-situ data available in LS between 1960 and 2017, for a
total number of 81,317 stations and 10,590,891 individual entries. We gave a three-
dimensional spatial definition for the LS and sub-regions accompanied by their
distinctive quality and significance to the larger Mediterranean Sea. The traditional
methods for both in-situ and remote data collection are described to establish the
origin of our data and the distribution infrastructure available to researchers. The
"Mediterranean Sea - Temperature and Salinity Historical Data Collection
SeaDataCloud V1" aggregated dataset is presented, and we elaborated upon the taken
steps to transform it into an appropriate format allowing a better descriptive analysis.
QC procedures and international standards for data quality and health followed for

are summarised.

The boundaries of our sub-regions are delimited with climatological maps for SWT
and SWS obtained in ODV with DIVA algorithm using our primary dataset and
supported by isothermal SST temperature maps employing WOA18 data for LS.
Moreover, the resulting maps provided more insights into the water properties of the
region, demonstrating certain distinct constants of the EM such as the markedly
cooler RG in almost all months and the west-east gradient of SWT and SWS.
Clustering using the CLARA algorithm is applied to justify our study area by
comparing the clusters with the selected sub-basins spatial coordinates, further
demonstrating common seawater properties shared regionally at the sea surface and
the amorphous shape of the sub-regions. There are overlaps between LB, CND and

CB, an expected outcome considering their adjacent locations.
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We examined the histograms for the three time ranges to determine the peak points
in data collection activities. Certain events are noticeable by sudden drops, such as
the Cyprus conflict in 1974, or increase as in the case of the POEM and GOIN
research projects between 1985 and 1995. The ratio of missing data before and after
1980 shows a significant difference, rising from 0% to 7% for SWT and 7% to 27%
for SWS. The absent entries are completed applying chained equation, and the
resulting analysis did not demonstrate any significant differences, even in the case of
SWS at 27%, through descriptive analysis except for smoother plots. Comparing the
monthly mean SWT and SWS values prior and post 1980 it is discernible that
average values are higher in the later period, sometimes as much as 5°C difference in
peak SWT in August at the surface layer. The lower mean values get drowned in the

combined 1960-2017 dataset, representing less than 1% of the total volume of data.

According to our descriptive analysis, the most studied region is LS, followed by
RG. Meanwhile, the least explored areas are the CB and CND. The CB and LB show
consistently higher SWT, especially at the surface layers with substantial seasonal
variability and overall higher SWS compared to LS. On the other hand, the RG in
almost all seasons is considerably colder than LS and displays presumably the EMT
phenomenon. Across the board, SWT normalises at the 500m mark for all sub-
regions and no longer show any seasonality. In all regions at a glance, the yearly
plots seem to indicate an upward trend in both SWT and SWS. The distribution
pattern of the data for SWT and SWS obtained using density plots is bimodal at the
surface before taking a mounded appearance around 200m to 500m. SWS density is
also bimodal at the 2000m layer, most likely an outcome of the EMT creating denser

waters resulting in a bias in the density plot.

Cullen & Frey plots are used to identify the most fitting theoretical distribution
models are performed. Also, empirical and theoretical CDF plots are created to
visualise potential distribution models. Moreover, AD test supported by AIC
measurements to determine the robustness of our theoretical model selections are
computed. We identified lognormal distribution as the most significantly compliant
with the empirical distribution of SWT data. We concluded that the beta distribution
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is the best fit for SWS at the surface layers, but once we descend into the lower
layers, the distribution becomes non-parametric, indicating that further analysis
should be conducted in those depths. SWT and SWS are identified as definitely non-
monotonic comparing our theoretical results with the empirical density plots rather
than monotonic at all depth levels.

Furthermore, we applied a regression analysis to our dataset. Bearing in mind that
SWT follows a lognormal distribution and SWS a beta distribution, regression using
the two methods were attempted. To eliminate bias, predicted values were used for
SWT and SWS. The analysis showcased that our data were ill-suited due to the
distribution bias, with the sampling of the seawater resulting in clusters of very
similar data preventing the conversion of the regression analysis, especially
concerning SWS. It should be noted that increasing the number of tested values at
each layer increase the probability of conversion slightly, but the limit was
approximately 50% at 15,000 entries per depth level. Fortunately, the size of the data
allowed us to treat it as if it follows a normal distribution. Once again, to prevent bias
due to the similar values, which are consequences of temporally sparse and spatially
limited sampling pattern, predicted SWT and SWS were used instead of the
empirical observations to reduce bias. The results were within our expectation except
for SWT decreasing the further east we moved, potentially an outcome of the fact
that the analysis does not account for the depth indicating that the LIW and EMDW
might have variable SWT at deeper layers compared to the assumed more
homogenous distribution and require further study, it can also be the result of the

more numerous data points in the lower layers.

In the future, we suggest that additional investigations should be conducted based on
our descriptive statistical analysis and regression analysis to forecast and model the
evolution of SWT and SWS in the region. The expected changes in the freshwater
input due to the GERD on the Nile and increased water use in the rivers flowing to
CB will most likely result in a change in the water properties and the ecosystem of
the EM and by extension the entire Mediterranean Sea. Moreover, the controversial

Akkuyu Nuclear Power Plant project presents unforeseen threats for the region. The
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lack of data in particular sub-regions, such as CB and CND and the clustered nature
of the data which is spatially restricted and temporally sparse, indicate the necessity
for additional scientific expeditions from research institutions to accurately document
and predict the upcoming changes in the physical properties of LS. Additionally,
other variables than SWT and SWS should be studied and quantified for a better
picture of the region. Such an undertaking requires the parties having a stake in the
region to look past their differences to achieve sustainable development in this

coveted and troubled geography.
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APPENDIX B

ISOTHERM TEMPERATURE MAPS

Appendix B 1 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOA18, January

Appendix B 2 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAL18, February
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Appendix B 3 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOA18, March

Appendix B 4 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAI18, April
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Appendix B 5 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAL18, May

Appendix B 6 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAI18, June
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Appendix B 7 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAI18, July

Appendix B 8 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOA18, August
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Appendix B 9 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAI18, September

Appendix B 10 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAI18, October
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Appendix B 11 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOA18, November

Appendix B 12 Sea Surface Temperature and resulting Isotherms according to the data provided by the
WOAL18, December
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from 1960 to 2017

Winter Temperature

1w

16

1000

=
o

)

[ Depth (m)
=4

=1 == 200
2

fud

5 —— 500
o

=

o

i

1965
1968
1969
97
1976
97|
1987
1988
1999
2001
2002
2003
2004
2009

2014

Yea

]

S

Appendix C 18 Annual winter temperature means in the 200m to the 1000m range, the Cilician Basin from
1960 to 2017

176



Winter Salinity

N

: _ / N
Depth (m)
- - 10
—— 25
== 50
100
385

Salinity (PSU)

o = @ = @ ~ = @ o @ - o~ o - @ @

) 2 = = = = = = = = 5 2 s S = = = =

& = & & 5 & 5 ] & ] = = =] =] 2 =] 2 =

z 2 2z z 2 z 2 z 2 8 2 2 = 2 8
Years

Appendix C 19 Annual winter salinity means in the surface to the 100m range, the Cilician Basin from
1960 to 2017

Winter Salinity

302
390
Depth (m)
== 200
4 —— 500
1000
N //

Salinity (PSU)

w w o™ w - o (=] — o™ o) = =] uw

2 2 2 by e Z = 2 2 s g g = = =

= 2 2 = = = 3 3 A 2 2 2 = = =

z z z 2z z z 2z 8 8 8 S 8 8
Years
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Appendix C 21 Annual spring temperature means in the surface to the 100m range, the Cilician Basin
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Appendix C 27 Annual summer salinity means in the surface to the 100m range, the Cilician Basin from
1960 to 2017
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Appendix C 29 Annual fall temperature means in the surface to the 100m range, the Cilician Basin from
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Appendix C 33 Annual winter temperature means in the surface to the 100m range, the Levantine Basin
from 1960 to 2017
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Appendix C 34 Annual winter temperature means in the 200m to the 2000m range, the Levantine Basin
from 1960 to 2017
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Appendix C 35 Annual winter salinity means in the surface to the 100m range, the Levantine Basin from
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Appendix C 36 Annual winter salinity means for in the 200m to the 2000m range, the Levantine Basin
from 1960 to 2017
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Appendix C 37 Annual spring temperature means in the surface to the 100m range, the Levantine Basin
from 1960 to 2017
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Appendix C 38 Annual spring temperature means in the 200m to the 2000m range, the Levantine Basin
from 1960 to 2017
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Appendix C 39 Annual spring salinity means in the surface to the 100m range, the Levantine Basin from
1960 to 2017
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Appendix C 40 Annual spring salinity means in the 200m to the 2000m range, the Levantine Basin from
1960 to 2017
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Appendix C 41 Annual summer temperature means in the surface to the 100m range, the Levantine Basin
from 1960 to 2017
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Appendix C 42 Annual summer temperature means in the 200m to the 2000m range, the Levantine Basin
from 1960 to 2017
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Appendix C 43 Annual summer salinity means in the surface to the 100m range, the Levantine Basin from
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Appendix C 44 Annual summer salinity means in the 200m to the 2000m range, the Levantine Basin from
1960 to 2017
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Appendix C 57 Annual summer temperature means in the surface to the 100m range, the Coastal Nile
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Appendix C 65 Annual winter temperature means in the surface to the 100m range, the Rhodes Gyre from
1960 to 2017
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Appendix C 66 Annual winter temperature means in the 200m to the 2000m range, the Rhodes Gyre from
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Appendix C 67 Annual winter salinity means in the surface to the 100m range, the Rhodes Gyre from 1960
to 2017
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Appendix C 69 Annual spring temperature means in the surface to the 100m range, the Rhodes Gyre from
1960 to 2017
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Appendix C 71 Annual spring salinity means in the surface to the 100m range, the Rhodes Gyre from 1960
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Appendix C 73 Annual summer temperature means in the surface to the 100m range, the Rhodes Gyre
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Appendix C 75 Annual summer salinity means in the surface to the 100m range, the Rhodes Gyre from
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1960 to 2017

205



24

Temperature ("C)

Fall Temperature

200

2003
2004
2005

Depth (m)
—— 10
= 25
—— 50

100

Appendix C 77 Annual fall temperature means in the surface to the 100m range, the Rhodes Gyre from

16.0

155

o
m
=)

Temperature ("C)

-
r-
tn

140

(

1969

1970

1971

1972

19749

1980

1983

19846

1986

1987

1988

1989

1960 to 2017

Fall Temperature

1990

\\/\ "\/A\/\/

1991
1994
1995
1996
1997

Years

1998

1999

2000

2001

2003

2004

2008

2011

2012

2014

2014

2016

Depth (m)
—— 200
= 500
== 1000
2000

Appendix C 78 Annual fall temperature means in the 200m to the 2000m range, the Rhodes Gyre from

1960 to 2017

206



396

303

390

Salinity (PSU)

387

Fall Salinity

2001

Depth (m)
—— 10
= 25
—— 50

100

2003
2004
2008
2007
1
1
1
1
1

Appendix C 79 Annual fall salinity means in the surface to the 100m range, the Rhodes Gyre from 1960 to

392

300

Salinity (PSU)

388

Appendix C 80 Annual fall salinity means in the 200m to the 2000m range,

=
o
@

1970

1971

1972

19749

1980

1983

1985

1986

1987

1988

1989

1990

2017

Fall Salinity

1991

1994
1995
1996

Years

2017

207

1997

1998

1999

2000

2001

2003

Depth (m)
—— 200
=~ 500
== 1000
2000

2004
2008
2011
2012
2014
2014
2016

the Rhodes Gyre from 1960 to



APPENDIX D

R & PACKAGES

The R Project for Statistical Computing (https://www.r-project.org/), abbreviated to

R, is a powerful and flexible programming language and software for graphical and
statistical computing based on the architecture and principles of the S language. The
language is well-developed, high level, simple and effective with many of the core
functionality expected from a user such as logical operators, conditionals, loops, and
user-defined recursive functions and input and output facilities. Since its inception in
1993 and the first stable beta version in 2000, it has increased in popularity and ranks

22 in the TIOBE index (https://www.tiobe.com/tiobe-index/) at the time this passage

is written. Despite its name, R is not a language for the sole purpose of statistical
analysis but an environment where statistical techniques are implemented. It is open
source and has excellent support from its community with constant new specialised
libraries about different domains added to its repertoire. R is capable of handling and
storing vast amounts of data and efficiently processes them without overflow issues.
The software is especially suited for the calculations of arrays, in particular, matrices,

with a special suit of operators dedicated to them.

A large amount of integrated collection of intermediate tools for data analysis makes
the R software versatile, even without recourse to subject-specific packages. Another
significant advantage of R is its capacity to produce plots worthy of publication both
on-screen and as hard copies. The totalities of the descriptive and inferential
statistical analysis of this work are computed in R and the various packages available
on the Comprehensive R Archive Network (CRAN, https://cran.r-project.org/).

Packages

The following are the packages employed during our calculations listed to provide

proper credit:
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dataMaid is a data cleaning extension to R, a necessary task before
undertaking any data analysis takes place. It has been applied extensively to
get an overview of the data at hand and to perform data cleaning for any
suspicious outliers after QF check on ODV. Fortunately, from the resulting
information, there is no instance that requires reporting, as the ODV
software’s selection tool and the work performed by its makers proved to be
excellent, knowing that the only data used are the ones with a QF of 1 or 2,

meaning “good” or “probably good”.

ggplot2 is the primary tool for data visualisation and is a well-known
extension to the R working environment based on “The grammar of graphics”
[84], and has been the go-to package for the community for the past ten years.
Nearly every graph, plot and histogram in this work has been constructed

using this package unless noted otherwise in its description.

plyr is a simple package to break down large arrays into its various parts,
apply individual function pieces and recombining the results and to obtain a
summary of data groups in a resource-efficient fashion. The functions in the
plyr package are as fast as or faster than the built-in equivalents of the R
program. It is used in our study to write functions to treat the aggregated

dataset.

e1071 contains miscellaneous functions for various calculations such as fuzzy
clustering, Fourier Transformation, shortest path computation, among others.
Rather than the more complex functions, some of its basic applications such
as kurtosis calculation are employed for creating plots and descriptive

operations.

fBasics is a collection of functions for explorative data analysis and the
investigation of distributional properties, including parameter distribution and
hypothesis testing. It also possesses various utility functions concerning data

management and handling.
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xIsx package is a powerful tool for working, importing and exporting Excel
files in R. In our case it is mainly used to export data analysis results into
excel sheets for better visibility and storage of the descriptive results obtained

during our calculations done mainly with the e1071 and fBasics packages.

cluster, as its name implies, is a package that contains multiple methods for
cluster analysis. It allows the user to create groups showing similar patterns in
their data distribution and values to create sub-groups for a more in-depth

analysis.

VIM is a package for the visualisation and the imputation of missing values
in a dataset. In our case, there are multiple entries with missing SWT and
SWS values, although not to an extent prohibiting us from using an algorithm
to input values derived from existing entries is unfeasible. Accordingly, the

package is used extensively during our analysis.

mice package is used concurrently with the VIM package to accomplish
multivariate imputation for missing variables with chained equations as our
dataset is multivariate. It keeps consistency in the imputation by means of

passive imputation, allowing us to deal with the missing values in the dataset.

fitdistrplus is used for its powerful parametric distribution functions, for
Cullen and Frey graphs, empirical density plots, cumulative distribution
analysis, theoretical density plots and comparison between empirical and
projected distribution (Q-Q plot, P-P plot, CDF etc.).
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APPENDIX E:

TEZz FOTOKOPI IZIN FORMU

PROGRAM
SEES

PSIR

N

ELT

YAZARIN

Soyadi:
Adr:
Boluma:

TEZIN ADI (Ingilizce):

TEZIN TURU: Yiksek Lisans I:I Doktora

1. Tezimin tamamindan kaynak gosterilmek sartiyla fotokopi alinabilir.

2. Tezimin igindekiler sayfasi, 6zet, indeks sayfalarindan ve/veya
bir boliimiinden kaynak gosterilmek sartiyla fotokopi almabilir.

3. Tezimden bir bir (1) yil stireyle fotokopi alinamaz.

TEZIN KUTUPHANEYE TESLIM TARIHi:
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