N

N

Characterization of the Eastern Mediterranean surface
dynamics: Insights from drifter assimilation and
machine learning techniques
Georges Baaklini

» To cite this version:

Georges Baaklini. Characterization of the Eastern Mediterranean surface dynamics: Insights from
drifter assimilation and machine learning techniques. Atmospheric and Oceanic Physics [physics.ao-
ph]. Sorbonne Université, 2022. English. NNT: 2022SORUS186 . tel-03828273

HAL Id: tel-03828273
https://theses.hal.science/tel-03828273

Submitted on 25 Oct 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03828273
https://hal.archives-ouvertes.fr

S

SORBONNE
UNIVERSITE

CREATEURS DE FUTURS
DEPUIS 1257

ACNRS

National Council for Scientific Research

Characterization of the Eastern
Mediterranean surface dynamics:
Insights from drifter assimilation and

machine learning techniques

by
Georges BAAKLINI

A thesis submitted for the
degree of Doctor of Oceanography

in the
Faculté des Sciences et Ingénierie
ED129

June 2022

Jury members

Pascale BOURUET-AUBERTOT President
Anne MOLCARD Reviewer

Joaquim BALLABRERA Reviewer
Julien BRAJARD Co-director
Leila, ISSA Co-director
Milad FAKHRI Director

Laurent MORTIER, Dsirector


Georges_baaklini1@hotmail.com
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)




Acknowledgements

I would like to express my sincere appreciation to my two supervisors: Laurent Mortier
and Milad Fakhri, for their guidance and encouragement throughout the thesis work.
Without their trust, this project could not have seen the light. Deep and sincere grat-
itude goes to my co-directors, Julien Brajard and Leila Issa, for their professionalism

and your dedication, dynamism, vision, and motivational research.

I would also like to acknowledge the jury members: Anne Molcard, Joaquim Ballabrera
and Pascale Bouruet-Aubertot, for evaluating our modest work. They raised many
precious points that have led me to the completion of this thesis. This research was
made possible by a grant from the National Council for Scientific Research of Lebanon
(CNRS-L). This work was also partially funded by ALTILEV (in the framework of the
PHC-CEDRE project).

The assimilation part would not have been possible without the collaboration with
Milena Menna and Pierre-Marie Poulain from the National Institute of Oceanography

and Applied Geophysics (OGS), who provided the necessary in-situ data.

I was fortunate to have the chance to work with Roy El Hourany, who taught me the
machine learning method used in the thesis; I greatly benefited from his keen scien-
tific insight. I am also grateful for the valuable conversations with Ananda Pascual,
Alexandre Stegner, Dan Hayes, Jean-Luc Duvenon, Pierre Testor, Christophe Herbaut
and Marie-Noelle Houssais. Their suggestions and constructive comments guided and

helped us to improve the work.

I am indebted to Jean-Benoit Charrassin, Dany Thomas, Céline Le Helley, Nathalie
Ortlieb, Bilal Amiri, Migueline Guillaume, and Eric Fourlon; for providing the admin-
istrative help throughout the thesis journey. I am also particularly grateful to Carlos
Mejia, Julien Vincent, and Micheal Fields, who assured me of the necessary technical

support during the Ph.D.

Special thanks go to all the members of the Laboratoire d’Océanographie et du Climat:
Expérimentations et Approches Numériques (LOCEAN) and those of the Centre Na-
tional des Sciences Marines (NCSM) for making my working days fun and enjoyable.
Big thanks are due to Sara Sergi and Alberto Baudena for helping me, especially in my
first steps at the start of the Ph.D.

Lastly, a warm expression of thanks is due to my parents, Sami and Rima, and all my
family members for their unconditional love, encouragement, and prayers. Last but not
least, I would like to thank my loving and patient Gina Fifani for her unconditional

support during the Ph.D. journey.

iii



iv




To my grandmother, in loving memory.






Abstract

An accurate estimation of the surface circulation is crucial because of its direct impact
on physical and bio-geochemical water properties. However, currents estimation remains
challenging because the stream field is affected by quickly changing flows. This problem
increases in the Eastern Mediterranean Sea, where in-situ observations are relatively
scarce and the inaccuracies of altimetric observations increase. Therefore, some of the

mesoscale features are still debated or unknown, especially in the Levantine Basin.

The thesis goal is to characterize these highly-evolving mesoscale features in the Mediter-
ranean sea. In the first part of the thesis, we present a variational assimilation method
that merges satellite altimetry with drifter observations to improve the surface circula-
tion representation along and around the assimilated drifters’ trajectories. We assess
the method’s efficiency by comparing the velocities resulting from assimilation with in-
dependent in-situ observations and ocean color images. We use the corrected velocities

to characterize short-term and local events occurring in the Levantine Basin.

However, because of the significant spatio-temporal gaps in drifters’ coverage, the assim-
ilation does not allow a continuous investigation of all the mesoscale patterns and their
long-term variabilities in the basin. In the second part of the thesis, we use machine
learning techniques to build a catalog of the several circulation regimes in the Levantine
Basin, providing a long-term characterization of these features. We also try to explain
the possible reasons behind previous contradictory assessments about some features,

such as the Mid-Mediterranean Jet.

The obtained results in the thesis improve the knowledge of the main mesoscale features’
characteristics, behaviors, and tendencies. The thesis applications could take advantage
of other in-situ observations and of future altimetric missions like SWO'T, promising to

mitigate some of the actual altimetric shortcomings.



Résumé

Une estimation précise de la circulation de surface est cruciale en raison de son impact
direct sur les propriétés physiques et bio-géochimiques du du milieu marin. Cependant,
I’estimation des courants reste un défi car le champ de circulation est affecté par des
flux qui changent rapidement. Ce probléeme s’accentue en Méditerranée orientale, ou
les observations in-situ sont relativement rares et ou les imprécisions des observations
altimétriques augmentent. Par conséquent, certaines des caractéristiques de méso-échelle

sont encore débattues ou inconnues, en particulier dans le bassin levantin.

L’objectif de la these est de caractériser ces strucutres méso-échelles hautement évolutives
dans la mer Méditerranée. Dans la premiere partie de la these, nous présentons une
méthode d’assimilation variationnelle qui fusionne l’altimétrie satellitaire avec les ob-
servations des bouées pour améliorer la représentation de la circulation de surface le
long et autour des trajectoires des bouées assimilées. Nous évaluons l'efficacité de la
méthode en comparant les vitesses résultant de ’assimilation avec des observations in-
situ indépendantes et des images couleur de 'océan. Nous utilisons ensuite les vitesses
corrigées pour caractériser les événements locaux et a court terme qui se produisent dans

le bassin du Levant.

Cependant, en raison des lacunes spatio-temporelles importantes dans la couverture des
bouées, 'assimilation ne permet pas une investigation continue de toutes les structures
mésoéchelles et de leurs variabilitées a long terme dans le bassin. Dans la deuxieme
partie de la these, nous présentons des techniques de “machine learning” qui seront
utilisées pour construire un catalogue des différents régimes de circulation dans le bassin
levantin, permettant ainsi la caractérisation a long terme de ces structures. Nous es-
sayons également d’expliquer les raisons possibles derriére les évaluations contradictoires

précédentes de certaines structures, comme par exemple, le “Mid-Mediterranean Jet”.

Les résultats obtenus dans cette these améliorent la connaissance des caractéristiques,
des comportements et des tendances des principales structures méso-échelle. Les ap-
plications de la these pourraient tirer profit d’autres observations in-situ et de futures
missions altimétriques comme SWOT, promettant ainsi de pallier certaines des lacunes

actuelles de 'altimétrie.
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1.1 Importance of surface ocean circulation

Surface currents have a continuous and direct impact on the distribution of physical
and biogeochemical water properties. For example, the surface circulation can transport
terrigenous material or chemicals from the industry originating from rivers and nutrient-
rich coastal waters into the more oligotrophic open sea (Escudier et al., 2016; Lehahn
et al., 2007; Levy and Martin, 2013; Taupier-Letage et al., 2003). This surface circulation
is perturbed by loop-like patterns with nearly closed streamlines that are the so-called
oceanic eddies. FEddies whose horizontal scales exceed the local deformation radius
belong to the mesoscale. Inside such eddies, physical and biogeochemical properties like
temperature, salinity, and carbon, can differ from those in the surrounding waters. The
water inside the eddy can be, therefore, transported by the eddy drift without significant
mixing over large distances (Bonaduce et al., 2021; Chelton et al., 2011, 2007; Zhao et al.,
2018). Moreover, mesoscale dynamics are associated with vertical exchanges that are
important for the transport of heat from the atmosphere to the deep ocean and for the

primary production (Escudier et al., 2013; Griffies et al., 2015; Pascual et al., 2004).

Understanding and monitoring mesoscale surface circulation is thus crucial and faces
significant challenges. Contrary to large scales that are today accurately monitored using
satellites altimetry with nadir-pointing radar instruments, the study of the mesoscale
is still not adequately resolved by altimetry which could lack accuracy in small-scale
areas and near the coasts. The Mediterranean Sea is one example where the mesoscale
dynamics and the shape of the surface circulation are poorly resolved by present satellite

altimetry.

1.2 The Mediterranean Sea

The Mediterranean sea, or Mare medi terraneum in Latin, is a quasi-enclosed basin
surrounded by the Middle East and Asia Minor in the east, north Africa in the South,
and the European continent in the North. The sea is divided into two parts, the Eastern
and Western Mediterranean, connected by the Sicily channel. It is a strait of around
150 km width and 600 m depth that plays a crucial role in connecting and regulating
the exchanges between the Western and Eastern Mediterranean Basins (Menna et al.,

2019). It is characterized by an anti-estuarine circulation, with a surface inflow and
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FIGURE 1.1: The upper panel shows the vertical distribution of the different water
masses and their average temperature and salinity in the Mediterranean sea. The lower
panel presents a schematic representation of the Mediterranean overturning circulation.
When flowing in the upper layer of the Mediterranean, the Atlantic Water (AW) changes
its physical properties. It’s therefore called the Modified Atlantic Water (MAW), cir-
culating throughout the Mediterranean and forming a gyre in each of the Eastern and
the Western Mediterranean. In the Eastern Mediterranean, the Levantine Intermedi-
ate Water (LIW) is formed by convection events occurring in the Rhodes gyres, while
convections in the Agean and Adriatic seas form the Eastern Mediterranean Deep Wa-
ter (EMDW). In the Western Mediterranean, the deep water (WMDW) is formed by
convection processes occurring in the Gulf of Lion.

deep outflow system at the Gibraltar Strait (Bergamasco and Malanotte-Rizzoli, 2010).
This circulation is driven by the evaporation rate that exceeds the precipitation (Tanhua
et al., 2013), and it is thus directly affected by global warming. Although representing
only 0.82 % of the world ocean, it harbors between 4 % to 18 % of marine species. It
is considered a ”biodiversity and climate warming hot-spot” (Bianchi and Morri, 2000),
which is highly exposed to many threats in particular because of the highly populated

coasts. Indeed, besides the warming affecting its hydrographic properties (temperature
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and salinity), the Mediterranean is also subjected to human-induced marine pollution,
transported and mixed by the currents over large distances. Hydrographic measurements
showed three main water masses permanently present in the whole Mediterranean (see
fig. 1.1). The first layer is the Modified Atlantic Water (MAW), formed by the Atlantic
Water entering the basin and occupies the subsurface between 30 and 200 m in-depth,
with a salinity of 38.6 PSU. In the Western Mediterranean, the deep water is known
as the Western Mediterranean Deep Water (WMDW), characterized by a temperature
of 12,7 °C and salinity of 38.4 PSU. It is mainly formed in the Gulf of Lions and
particularly triggered by the atmosphere with strong local winds (Rixen et al., 2005).
In the Eastern Mediterranean, the deepest water mass below 800 m is the so-called
Eastern Mediterranean Deep Water (EMDW). It is relatively cold ( 13.6 °C), and its
salinity is around 38.7 PSU. EMDW is mainly formed by the strong cooling in the
Adriatic and the Aegean Seas. The water masses separating AW and the two deep
water masses are the Levantine Intermediate Water (LIW). The latter is present in the
two Basins and represents ~ 26 % of the total water. It has the highest salinity (38.8-
39.0 PSU) and is formed by the intense evaporation that increases the salinity of the
MAW in summer in the Levantine Basin. LIW constitutes an important fraction of
the Mediterranean outflow into the Atlantic Ocean at the Gibraltar Strait (Alhammoud
et al., 2005; Lascaratos et al., 1999; Ovchinnikov, 1984).

1.3 Mediterranean surface circulation and main mesoscale

eddies in the Levantine

More particularly, the negative water balance, with evaporation exceeding precipitations,
induces a continuous inflow of the Atlantic Water (AW) through the Gibraltar Strait to
compensate for the water loss. While flowing through the Gibraltar Strait eastward in
the Western Basin and the Eastern Basin after crossing the Sicily Channel, this inflow
of AW becomes saltier and denser. Because of the Coriolis effect, the AW circulates
anticlockwise along the continental slope, forming a large basin-scale cyclonic gyre, sub-
divided into two sub-gyres in the Western and the Eastern Basin interconnected by
the Sicily Channel. The AW inflow in the Western Basin along the North African
coast forms the Algerian current, which bifurcates into two branches while reaching

the Tunisian coasts. One branch enters the Tyrrhenian Sea and progresses along the
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coasts forming the Westen gyre. The other branch progresses into the Sicily channel
(Jouini et al., 2016), and flows into the Eastern Basin along the Libyo-Egyptian coast

and further on, forming the Eastern Gyre.

The southern part of the two gyres is perturbed by eddies, such as in the Algerian Basin,
where instabilities of the coastal Algerian Current over the steep bathymetry generate
such eddies with increasing kinetic energy (Sutyrin et al., 2009; Testor et al., 2005). The
formed eddies can reach a diameter of 50-100 km and extend to thousands of meters
down to the bottom (Taupier-Letage et al., 2003). They can perturb the along-slope
flow by blocking and spreading the coastal AW further offshore.

In the eastern part, the coastal AW current continues its anticlockwise flow, and similarly
the West, it is unstable. Indeed, the AW interacts with several semi-permanent mesoscale
features characterized by their high eddy kinetic energy (more than 700 cm?/s? )(Gerin
et al., 2009; Poulain et al., 2013; Pujol and Larnicol, 2005). These features have been de-
scribed as separate building blocks: the anticyclonic Ierapetra eddy (southeast of Crete),
Mersa-Matruh eddies off the Egyptian coasts, the Shikmona eddies, and Cyprus eddy,
and the cyclonic Rhodes gyre (Matteoda and Glenn, 1996; Rio et al., 2007) (see fig. 1.2).
Unlike the Western Basin, which does not exhibit such semi-permanent structures, these
features have a prominent role in shaping the surface circulation in the Eastern Basin.
However, these authors were aiming to characterize these features as independant sepa-
rate blocks and put little focus on their variability and interactions, including with the
AW inflow, which may have led to some controversies about the general circulation and,

in particular, the so-called Mid-Mediterranean Jet (MM.J).

1.3.1 Ierapetra eddy (IE)

The Ierapetra eddy (IE), located in the southeast corner of Crete, is one of the largest and
longest-lived mesoscale eddies of the Eastern Mediterranean Sea. IE is mainly generated
by the Etesian wind stress curl (Larnicol et al., 2002). It is formed and intensified in late
summer till early autumn and can persist for several months or last the whole year before
merging with the new anticyclone formed in the following summer. Consequently, this
merging may increase the IE lifetime, which can exceed two years (such as the IE formed
in 2005). We note that during 20 years of monitoring, IE formation was not observed

in three years only (Ioannou et al., 2017; Mkhinini et al., 2014). IE can either remain
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FIGURE 1.2: A schematic representation of the main structures present in the Levantine
Basin (AW: Atlantic Water, RG: Rhodes gyre, IE: Ierapetra eddy, EE: Egyptian eddies,
LEE: Libyo-Egyptian eddies, MME: Mersa-Matruh eddies (also known as Herodotus
trough eddies), MMJ: Mid-Mediterranean Jet, CE: Cyprus eddy, NSE: North Shikmona
eddies, SSE: South Shikmona eddies). All is overlayed on a bathymetry map.

stationary or drift towards the Libyan slope (Hamad et al., 2005). Due to its robust
and coherent structure and the significant temperature and sea surface height signals,
IE can be identified using different observational tools, including satellite altimetry,
in-situ measurements, and sea surface temperature images. It can also be rather well

reproduced by high-resolution models (Alhammoud et al., 2005).

1.3.2 Mersa-Matruh eddies (MME)

Mersa-Matruh eddies (MME), also known as Herodotus Trough Eddies (HTE), are
formed offshore the Libyan and Egyptian coasts. The coastal current in this area is
unstable, generating Mersa-Matruh large eddies that perturb the along-slope circulation
and sometimes feed the IE (Hamad et al., 2005). These eddies are mainly formed in
spring and summer and can reach large diameters (up to ~ 100-250 km). MME drifts
seawards while the 3000 m Herodotus plain traps and prevents the coastal vertically-
extended eddies from propagating further to the east, thus causing an accumulation of
these eddies in this area (Alhammoud et al., 2005; Elsharkawy et al., 2017). We note
that MME and IE are the most dominant semi-permanent mesoscale features in the

Eastern Mediterranean (Menna et al., 2012).
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1.3.3 Shikmona eddies (Shke)

Shikmona eddies (Shke) represents a complex system composed of several cyclonic and
anticyclonic eddies with varying size, position, and intensity (Gertman et al., 2007; Mauri
et al., 2019; Menna et al., 2012). Similar to MME, Shke is not an area of eddy formation
but an area where previously formed eddies tend to accumulate and/or merge (Hamad
et al., 2005). The near-shore instabilities can spread the MAW seaward to feed the Shke
or generate small eddies that can detach from the coast and propagate westward toward
the center of the Levantine Basin (Alhammoud et al., 2005; Millot and Taupier-Letage,
2005). The continuous appearance and disappearance of such small eddies can largely
influence the dominance of Shke. However, monitoring these eddies remains challenging
because of their fast-evolving nature and the warm surface layer that can cover their

thermal signature.

1.3.4 Cyprus eddy (CE)

The Cyprus eddy (CE) is another remarkable feature governing the circulation in the
Eastern Levantine Basin. Its influence extends to about 400 m of depth. CE is one of
the most intense dynamic features of the open sea. Unlike the MME and Shke, it is
not an area of eddies accumulation (Zodiatis et al., 2005). CE could extend eastward,
engendering a large anticyclonic structure with ~ 100 km of diameter (Menna et al.,
2012). CE formation could be related to the interaction between the surface currents

and the topography in the region of the Eratosthenes seamount (Gerin et al., 2009).

We should note that other mesoscale structures exist in the Eastern Levantine but are
less frequently observed. Among these, we mention the Lattakia Eddy (LE) taking
place between Cyprus and Syria. LE is a cyclonic eddy generated by the interaction
of the northward coastal current along the Lebanese and Syrian coasts with a mid-
Mediterranean jet (Zodiatis et al., 2003), and/or between Shke and the coastline (Hamad
et al., 2005), and/or by the topography (Gerin et al., 2009).

1.3.5 Mid-Mediterranean jet (MM.J)

The Mid-Mediterranean jet (MM.J) is a cross-basin flow of the MAW in the Eastern Basin

(see fig. 1.2). Its existence is somewhat controversial. Some authors consider the MM.J
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as an artifact caused by the deviation of the coastal MAW, driven from one offshore
eddy to another. In other terms, it is the result of the ”paddle-wheel” effect due to
the high mesoscale activity across the Eastern Levantine (Millot and Gerin, 2010). As a
matter of fact, no remarkable jet is present in the Mediterranean Forecast System (MF'S)
simulations (Manzella et al., 2001) or in XBT campaigns (Horton et al., 1994; Zervakis
et al., 2003) or by the sizeable drifter data set released during the EGYPT/EGITTO
program between September 2005 and July 2007 (Millot and Gerin, 2010), or even when

using high-resolution numerical models (Alhammoud et al., 2005).

Nevertheless, other observations have been interpreted as a flow in the middle of the basin
with an average speed ranging between 10-19 ¢m/s (Amitai et al., 2010; Poulain et al.,
2012). More recently, SST anomaly images, drifter tracks, and the geostrophic currents
computed from the ADT fields showed an occasional MMJ flowing toward the north of
the Lebanese coasts between 2016 and 2017 (Mauri et al., 2019). The investigation of
SST and altimetry images between 2000 and 2015 considered that the MMJ is triggered
by the surface cold water pushed by northerly winds, reaching the northern periphery
of the Lybio-Egyptian coasts and the high vorticity off the LEE that pushes the MMJ
toward the middle of the Eastern Basin (Ciappa, 2021).

Current estimations remain challenging because the velocity field is affected by rapid
changes and small-scale flows. Moreover, the above-listed eddies are energetic structures
that can interact, split or merge and induce smaller-scale structures (shear-eddies and
filaments) (d’Ovidio et al., 2004; Laxenaire et al., 2018; Le Vu et al., 2018; Taupier-
Letage et al., 2003), which makes the estimation of a well-defined current crossing the
basin rather challenging. Historically, Nielsen (1912) was a pioneer in describing the
surface circulation in the Mediterranean as a simple basin-wide cyclonic gyre in which the
strongest current is close to the coast. And despite the massive increase of observations
with modern observational tools that has allowed improving the description of the surface
circulation and the understanding of the mechanisms generating the mesoscale features,

Nielsen’s schemata should still be considered inspirational.
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1.4 Tools used for observing the surface circulation

1.4.1 In-situ observations
1.4.1.1 Moorings

Moorings are a collection of devices attached to a wire, anchored on the seafloor with
an acoustic release allowing an Fulerian way of measuring physical, chemical properties
and ocean currents. Glass balls and syntactic foam floats are used to hold the mooring
line stretched. They are equipped with attached instrumentation that often includes
CTD (conductivity, temperature, depth sensors), optical sensors to measure various
parameters such as Oxygen or fluorescence, and current meters. Usually, moorings
are not reaching the surface, which forbids real-time data transmission, and data are

recovered only when the mooring itself is recovered.

1.4.1.2 Drifters

Ficure 1.3: Different types of drifters that were deployed in the Eastern Mediterranean
(CODE, SVP and CMOD) (Menna et al., 2017)
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Surface drifters are simple in-situ autonomous platforms. They are sometimes called
Lagrangian drifters since the location of the measurements they make moves with the
flow. They are used to investigate surface ocean currents and other parameters like
temperature or salinity. Once they are released, they follow almost langrangianly the
surface ocean layer velocity current thanks to a so-called ’drogue’. Due to their pos-
itive buoyancy, these Lagrangian tools restrain them along with the two-dimensional
flow at the surface or near-surface of the ocean (Poulain et al., 2012). Drifters have
the advantage of providing an accurate description of the current circulation. In the

Mediterranean sea, there were many types of deployed drifters (see fig. 1.3):

CODE drifter: It consists of a vertical, 1-m-long tube with four drag-producing vanes
extending radially from the tube over its entire length and four small spherical surface
floats attached to the upper extremities of the vanes to provide buoyancy. A small
antenna for satellite tracking and data transmission is attached to the top of the tube

and extends about 37 cm above sea level (Poulain, 1999).

Surface Velocity Program (SVP) Drifter: The hull has a diameter of 35 ¢m and is
attached to a drogue consisting of a cylindrical tube connected to the surface buoy. It

measures ocean currents at 15 m depth.

The CMOD drifter: The Compact Meteorological and Oceanographic Drifter (CMOD)

is a 60-cm-long cylindrical hull with a floatation collar.

The drifter type used in the thesis is Surface Velocity Program (SVP) drifters, which
are the standard design of the Global Drifter Program (Lumpkin and Pazos, 2007).
Although being accurate, all the drifters are affected in one way or another by the
wind. The wind impact on the drifter is mainly due to the emergence of the antenna
that transfers data above sea level. The SVP design minimizes the wind impact on the
drifter because the surface buoy is tethered to the drogue at 15 m depth, reducing thus
the wind drag on the buoy itself (Poulain et al., 2012).

1.4.1.3 Argo-floats

Firstly introduced in 1999, the Argo-floats are autonomous drifting profilers capable
of rising and descending in the ocean according to a pre-programmed schedule. By

changing its buoyancy, the Argo drifter dives to its targeted depth, the parking depth,
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where it follows the current for several days (see fig. 1.4). The profiler then ascends
to the surface by increasing its volume while measuring temperature, conductivity, and
pressure. Once the float reaches the surface, the data are transmitted to the shore
via satellite before returning to the parking depth (Della Penna and Gaube, 2019).
A typical Argo cycle is ten days (nine days at parking level, and one day descend to
the profiling depth and ascend to the surface). In the Mediterranean, MedArgo is the
official Argo Regional Centre (MED-ARC) for the Mediterranean and Black Seas, with
around 80 operating floats deployed in the frame of the program. Due to the shallow
bathymetry and the LIW core between 300 and 400 m in most of the Mediterranean
Basin, MedArgo profilers executed cycles of 5 days with a parking depth near 350 m
and maximum profiling depths of 700 m. They provide deeper profiling by diving to
2000 m every ten cycles (Poulain et al., 2007; Sdnchez-Roman et al., 2017).

T
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FI1GURE 1.4: Schematic representation of the typical profiling mission that Argo floats
repeats every 10 days. In the Mediterranean, the MedArgo profilers execute cycles of
5 days (Jayne et al., 2017).

1.4.1.4 Gliders

Gliders are robotic underwater vehicles that perform saw-tooth trajectories (Testor et al.,
2019). In some way, gliders behave like Argo-floats having wings and controlling their
attitude by moving internal weights, which allowing to have their velocities. The lift
generated by the wings moving through the water converts vertical force into forwarding

motion. It has the advantage of little human remote control while traveling. These robots



Chapter 1. Introduction 12

are uniquely suited for collecting data in remote locations and perfect for long-range and
long-duration missions with high spatial and temporal resolution along their trajectory.
Gliders can provide unique persistent fine resolution observations in the coastal and open

ocean with a deployment duration that can last for almost one year.
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FI1GURE 1.5: Schematic representation of a glider operation. The subsurface trajectory

of the glider is presented in dark red, while the line in bright red represents its projection

to the surface. The yellow vectors are the average current during each dive (Bosse,
2015).

Typically, gliders’ profile from the surface to 200 or 1,000 m depth takes from 0.5 to
6 h to complete a cycle from the surface to this depth and back (see fig. 1.5). During
this cycle, it travels a distance of 0.5 to 6 km at a speed of about 1 km/h, making
measurements of pressure, temperatures, conductivity (to calculate salinity), vertically
averaged currents, chlorophyll fluorescence, optical back-scatter, and sometimes more
complex measurements such as micro-structure or acoustic ambient noise. Like Argo-
floats, they send the data to the shore by satellite transmission, but unlike Argo-floats,
they can receive command back from the shore for a possible reprogramming of their
mission. The glider was imagined by Henry Stommel in 1989 and became available in
early 2000. There are three main types of gliders commercially available: Two developed
in the USA (the Slocum and the Seaglider) and one in France (the Seaexplorer). Each

one has its technical characteristics but works quite the same way.

1.4.2 Numerical models

Numerical models are mathematical equations used to estimate surface currents. They
can produce an estimation of different depths and/or provide high-resolution products.
In the Mediterranean, there is the Mediterranean Monitoring and Forecasting Center

that provides several regional numerical models to analyze and forecast physical and
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biogeochemical variables (Tintoré et al., 2019). Although numerical models are efficient
methods widely used in the physical ocean sciences, the simulation of the ocean currents
in full detail remains very challenging. The dynamics are nonlinear, highly variable in
space and time, and coupled to other complex systems such as the atmosphere. More-
over, the ocean models depend on the parameterizations of unresolved processes. For
these reasons, models could still provide an inaccurate estimation of the surface flow

(Haine, 2008).

1.4.3 Satellite observations

1.4.3.1 Ocean color

The ocean color observations are based on the detection of spectral variations in the
water of the sunlight back-scattered out of the ocean. The reflectance varies after in-
teracting with the water constituents because water contains photosynthetic pigments,
primarily chlorophyll-a (chl-a), and an assemblage of other pigments (Groom et al.,
2019). High-resolution chlorophyll images have shown that satellite color imagery can
reveal very small swirling and filamentary patterns (see fig. 1.6). High-resolution ocean
color images could therefore be an efficient tool for mesoscale features monitoring be-
cause they can detect their shape and location, leading to a good description of their
evolution and possibly a better understanding of the physical processes driving their

behaviors (Sarangi, 2012).

1.4.3.2 Altimetry

Satellite altimetry is a radar technique that measures the distance from the satellite
to the ocean surface using a radar signal. The altimeter is placed on a satellite and
emits a radar wave (signal) at the nadir to the earth’s surface. Earth’s surface reflects
the emitted signal, and the satellite receives the reflected signal. The time elapsed
between the emitting and receiving the radar signal is proportional to the satellite height.
The distance with the instantaneous ocean’s surface is determined by complex data
processing. With a precisely determined orbit, the computed distances give the sea

surface height (SSH) relative to a reference ellipsoid.
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FI1GURE 1.6: Satellite spectral reflectance image of the Eastern Levantine. It shows two
mesoscale eddies offshore, interacting with the Lebanese coastal waters by a filament.

Satellite altimetry is considered revolutionary for the global ocean observing system
and is used for several applications. One of the main satellite altimetry targets is to
monitor the sea surface height (SSH) and (see below) the ocean surface current velocity,
with a continuous accurate record of the global ocean surface topography and current
velocity since the TOPEX/Poseidon mission in 1992 which the accuracy reached 2-3
cm. Indeed, the uninterrupted spatio-temporal coverage provided by altimetry satellites
since the early ’90s allows oceanographers to study the sea-level change from meso
to global scales for more than 25 years (Bosch et al., 2014; Fu and Cazenave, 2000;
Hamlington et al., 2013; Willis, 2010). While a radar altimeter measures SSH along
the satellite’s ground tracks, it produces a one-dimensional SSH profile. This profile
has relatively high-resolution along-track sampling (6-7 km) but leaves large cross-track
gaps (200-300 km). Data from several satellites are merged to produce two-dimensional
maps at moderate resolution. Their spatial resolution after two-dimensional gridding
is limited to wavelengths larger than about 150 km, resolving relatively large eddies

and focusing on large and mesoscale activity (Ducet et al., 2000). Detecting large-scale



Chapter 1. Introduction 15

and mesoscale activity by altimetry is very important because they dominate the ocean
circulation signal, and monitoring them helps not only in analyzing their dynamics but
also in understanding their role in redistributing heat, nutrients, and oxygen (Wunsch,

1999).

Altimetry limitations

Although merging the data from several altimetry missions helps to improve the repre-
sentation of the mesoscale features (Pascual et al., 2007), their present resolution remains
insufficient for addressing small-scale ocean circulation. Moreover, further errors and in-
accuracies are additional limiting factors, especially in the coastal areas where satellite
information is degraded (within 20-50 km from land, Cipollini et al. (2010)). Many
factors cause these inaccuracies, such as land contamination, but also inaccurate tidal
and geophysical corrections, inaccurate Mean Dynamic Topography (MDT) (see section
.1.4.4), and incorrect removal of high-frequency atmospheric effects at the sea surface
(Caballero et al., 2013). The problem is accentuated in the Mediterranean Sea, where
precise knowledge of MDT is still an issue, due to the presence of narrow straits, a high
number of islands, and the small Rossby radius of deformation in the Mediterranean
(around 10 km), which, overall, makes altimetry unable to capture some important
small features of the Mediterranean surface circulation (Rio et al., 2014). As a conse-
quence of the coarse resolution in both space and time of the altimeters, the relatively
poor MDT, and the fact that mesoscale structures are moving, eddies can be missed,

misplaced, or even created (Mkhinini et al. (2014), Ioannou et al. (2017)).

1.4.4 How does satellite works

The altimeter measurement allows to retrieve the SSH, which is the height from the

reference ellipsoid to the instantaneous sea surface.

SSH = (Satellite altitude — h — corrections) (1.1)
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F1cURE 1.7: A schematic representation of the altimetry measuring system and the
different notions for the sea level.

In the fig. 1.7, the reference ellipsoid is an algebraic reference surface close to the Earth
shape, while the geoid is an equipotential reference surface for the Earth gravity field.
In other words, the marine part of the geoid is the shape the ocean surface would take
if it was at rest under the influence of the gravity and rotation of Earth alone in the

complete absence of other forces.

The Mean Sea Surface (MSS) is a reference surface representing the SSH level averaged
over several years. Subtracting the geoid from the MSS allows for obtaining the Mean

Dynamic Topography (MDT).

MDT = MSS — geoid (1.2)

Unlike the MSS, the MDT is not computed using altimetry only. Altimetric data are
combined with other data (in-situ, gravimetric satellites) to determine the geoid precisely
and to subtract it from the MSS. The Absolute Dynamic Topography (ADT) is obtained
either by subtracting the geoid from the altimetric Sea Surface height (SSH) above the
reference ellipsoid or by adding the MDT and adding it to the altimetric Sea Level
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Anomalies (SLA).
ADT = SSH — geoid (1.3)

SLA also called (Sea Surface Height Anomalies) is the sea surface height (SSH) with
respect to a Mean Sea Surface (MSS).

SLA = SSH — MSS (1.4)

1.4.5 Geostrophic current equations

The Navier-Stokes equations are non-linear differential equations that describe fluid
movement. It is based on the second law of Newton applied to a continuous medium,
stating that the acceleration of an object is related to the net force and inversely related

to its mass (see eq.1.5).

p(;j - (ﬁ.vw) = VP + F +u.V30 (1.5)
where the first term represents the variation of the velocity with time. The second
term is convective acceleration, which is the velocity variation rate due to the change
of position of the fluid particle in the fluid flow field. The third term is the pressure
gradient, where the direction of the force is from higher to lower pressure. F' represents
the external forces applied to the fluid, such as gravity and Coriolis. The last term
represents viscosity, which is the internal stress acting on the fluid. The left side of the
equation describes the acceleration, while the right side describes all the forces acting on
the fluid. The geostrophic current exists when the Coriolis and Pressure gradient are the
only two dominating forces. It occurs on a large scale and outside turbulent boundaries
where the acceleration and the viscosity forces can be neglected. The resulting current
is orthogonal and on the right (left) of the pressure gradient in the northern hemisphere

(southern).

The zonal (u) and meridional (v) components of the geostrophic current are easily ob-

tained from the altimetry (see fig. 1.8) by the following equations:
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v = %a—;’ (1.6)
0

w— _%9; (1.7)

where g is gravity, f is the Coriolis parameter, and n is the height of the sea surface

above a level surface obtained from altimetry.

Zonal component Meridional component m/s

0.4

0.2

-0.2

-0.4

FIGURE 1.8: ADT-derived geostrophic current in 31%¢ of December 2020. The upper

panel is a map of ADT measurements provided bycthe satellite altimetry. The ADT

was used to derive the zonal and meridional components of the geostrophic current
mapped in the lower panel.
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1.5 Data assimilation

As previously mentioned in section 1.4.3.2, the use of altimetry to study the surface
currents is efficient, but sometimes there is still some lack of accuracy. On the other hand,
in-situ observations from surface drifters or other platforms do not provide continuous
spatio-temporal coverage. Different approaches can be used to improve the Eulerian
velocities (obtained from altimetry) with other observations like Lagrangian ones (Isern-
Fontanet et al., 2017). One of the widely used methods is the statistical approach,
which is conditioned by the availability of large data sets. Combining altimetry with
large drifters observations has been successfully done previously :e.g. in the Gulf of
Mexico Berta et al. (2015); Carrier et al. (2014); Muscarella et al. (2015), the Black
Sea Kubryakov and Stanichny (2011); Stanichny et al. (2016), the North Pacific Uchida
and Imawaki (2003). In the Mediterranean sea, Poulain et al. (2012), Menna et al.
(2012) applied Pseudo-Eulerian statistics using regression models to improve its surface

circulation representation.

Another common method is to use in-situ observation positions to modify the state of a
dynamical model. In this context, there are two main approaches to data assimilation:
Variational assimilation, based on optimal control theory, or statistical ones, based on
optimal statistical estimation. Sequential methods relying on optimal interpolation have
been tested successfully in blending in-situ position data and several types of operational
models, such as General Circulation Models with simplified stratification (Molcard et al.,
2005, 2003). In the variational assimilation approach, velocity corrections are obtained
by minimizing an objective function measuring the difference between observations and
their corresponding model variables. The gradient of this objective function is com-
puted by the integration of the adjoint model. Variational methods relying on adjoint
computations and that take into account the temporal variation of the observations are
called 4D-Var. (Kamachi and O’Brien, 1995; Mead, 2005; Nodet, 2006). Other methods
assimilate the drifters’ velocities instead of their positions, such as (Carrier et al., 2014;

Muscarella et al., 2015).

In the Mediterranean sea, Taillandier et al. (2006b) used an advection model to obtain
drifter positions assuming that velocities were time-independent. This method has al-
lowed the development of the Lagrangian Variational Analysis (LAVA) algorithm. It

was applied to correct model velocity fields using drifter trajectories (Taillandier et al.,
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2006a, 2008) and later customized to several other applications such as model assimila-
tion (Chang et al., 2011; Taillandier et al., 2010). It was also applied to estimate surface
currents in the Gulf of Mexico (Berta et al., 2015).

More recently, Issa et al. (2016) used variational assimilation that blends altimetry
with drifters’ observations. It proved its efficiency in the Eastern Levantine region,
specifically between Lebanon and Cyprus. It was based on matching observed drifters’
positions with those predicted by a simple advection model, taking into account the
wind effect and imposing a divergence-free constraint on the velocity correction. The
velocity correction was done in a time-continuous manner by assimilating at once an
entire trajectory of drifters using a sliding time window. Sensitivity analyses showed
that the velocity improved significantly even with only a few drifters, and it needed very

few computational resources and converged quickly.

1.6 Machine learning technique in oceanography

Because altimetry provides such extended datasets, besides basic statistical analysis,
advanced statistical methods can be applied to characterize the surface circulation from
these datasets. One of these methods is the Self Organizing Map (SOM), a high-
performance clustering method (Kohonen, 2013). It is an efficient tool to classify and
extract features previously applied in different fields. In the oceanographic field, the
SOM is relatively new. It has already been applied to characterize the inter-annual,
seasonal, and event-scale variability of surface wind and Sea Surface Temperature pat-
terns (Richardson et al., 2003), and to analyze phytoplankton pigments concentrations
(El Hourany et al., 2019). The tool was also efficient for the characterization of the
coastal areas by combining high-resolution numerical models with radars observations
(Ren et al., 2020), or radar with ADCP data set, such as in the West Florida Shelf
Liu et al. (2007), and the Long Island Sound tidal estuary (Mau et al., 2007). In the
Mediterranean, SOM was applied in the Adriatic sea using HF radar measurements (Mi-
hanovi¢ et al., 2011). SOM was also able to provide a prediction of the surface current in
the shallow coastal area (Kalini¢ et al., 2017) and to identify phytoplankton functional
types in the Mediterranean Sea using a bioregionlization approach (Basterretxea et al.,
2018; El Hourany et al., 2019). By using a 46 years long high-resolution model simula-

tion (Jouini et al., 2016), SOM allowed decomposing the surface circulation in the Sicily
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Channel into modes reflecting the variability of the surface circulation in space and time

at seasonal and inter-annual scales. This work has been inspirational for our own work.

1.7 Thesis motivation and objectives

Lebanon is a small country of 10452 km? with a 220 km long coastline located in the heart
of the Middle East at the eastern edge of the Levantine Basin. Urbanism, demographic
explosion, and industries along its coast are menacing its whole marine environment,
its ecosystems, and its populations. Like in many other Mediterranean countries, the
Lebanese coastal waters are threatened permanently by land-based sources of pollution
with strong concern about the impact of industry, domestic sewage, agricultural runoffs,
and tourism. The presence of various outflows inside the same coastal zone, with their
complex interactions and the large influence of the large-scale circulation, enhances the
difficulties to discriminate the sources to assess an efficient environmental policy (Fakhri

et al., 2011).

Key information for reducing marine pollution and, hence, prioritizing political actions
against land-based sources is the knowledge about surface circulation. Ocean currents do
not simply act to dilute and disperse harmful material released into the sea but can also
connect pollution sources to vulnerable sites (fragile ecosystems, fishing grounds, desali-
nation plants, recreation sites). The established European Copernicus Marine Environ-
ment Monitoring Services (CMEMS, http://marine.copernicus.eu/), which provide
data access to the observations of the Sentinel satellite constellation and other marine
data-based products, bring a new opportunity for environmental studies. Similarly, re-
cent developments in “big data” mathematical techniques like modern assimilation,
Lagrangian methods (Van Sebille et al., 2018), and clustering methods allow now to

merge several types of observations and analyze large and complex datasets.

The Levantine marine science suffers from chronically weak multilateral cooperation,
which translated into a much poorer understanding of the circulation than in the Western
Basin. The knowledge gap on such a basic issue is worrying in terms of science but also
for societal applications, as it hinders our capacity of mapping the connectivity patterns
and, in turn, to deploy an effective strategy for reducing pollution at its sources and more

generally for managing the marine space. The National Centre for Marine Sciences, or
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the Centre National de la Recherche Scientifique du Liban (NCMR/CNRS-L), has set up
collaborations with French universities to train doctoral students in the physical sciences
of the ocean to address the major environmental issues for which it is responsible. In
particular, it is about having the capacity to analyze the large datasets produced by

CMEMS to better analyze and understand water quality data.

The addressed research questions in this thesis are summarized as follows: Is it possible
to improve the representation of the Levantine Sea? Are we able to detect new events of
mesoscale activity missed by the actual observations (altimetry, models) by improving
the sea surface circulation representation? What are the reasons behind the contra-
dictory assessments about the MMJ’s existence? Does the complex bathymetry of the
Levantine Sea impact surface circulation? Is there any seasonal, inter-annual variability
or trends of the mesoscale features? To answer those questions, we will use variational
assimilation and machine learning techniques. As a first step, the altimetric and in-situ
data will be merged using data assimilation techniques to produce improved estimations
of surface currents. The assimilation assessment will be done by comparing with other
in-situ observations. This approach will allow more precise characterization of local
events occurring in the Levantine Basin showing again the small-scale variability impor-
tance. However, this data merging allows the investigation of only some intermittent and
short-term mesoscale activity because of the significant spatio-temporal gaps in drifters
coverage in the Mediterranean (Tintoré et al., 2019). Indeed, for several years, no drifters
were deployed in all of the Eastern Mediterranean, and when deployed, the covered area
was limited compared to the total area (see fig. 1.9). To analyze the long-term variability
of the surface dynamics, an extended altimetry dataset will be decomposed into clusters
using a machine learning technique, the self-organizing map (SOM). A catalog of the
several circulation regimes allows us to improve the understanding of the mechanisms

driving the surface dynamics in the Levantine Sea.
The thesis is structured as follows:

In chapter 1, we have presented a general overview of the study framework and this

thesis objectives and motivations.

In chapter 2, we present the variational assimilation method used for the short-time
scale analysis and the data used. We then show the sensitivity tests conducted to tune

the hyperparameters included in the assimilation algorithm.
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FIGURE 1.9: The upper panel presents the trajectories of the total drifters released
in the Eastern Mediterranean between 2000 and late 2018, overlaid on the altimetric
grid points represented in dark dots. The daily variation of the available drifters is
presented in panel B, while panel C shows the percentage of the grid covered by those

drifters compared to the total grid points.
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In chapter 3, we provide an objective validation of the assimilation algorithm. The

assessment of the validation impact is done based on the comparison with available in-

situ data (current meters, gliders, and independent drifters) and satellite ocean color

images.

In chapter 4, we assimilate the full drifters’ dataset provided by the EGITTO/EGYPT

campaign in 2006. The resulting corrected velocity fields allow analyzing the mesoscale

activity of the Western Levantine by tracking the two strongest eddies present: the

Terapetra eddy and Libyio-Egyptian eddies.

In chapter 5, we assimilate drifters from NEMED and CINEL campaigns in 2009 and

2017, respectively, to characterize the activity of the Cyprus eddy, the so-called North

Shikmona and South Shikmona eddies present in the Eastern Levantine.
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In chapter 6, we present the machine learning self-organizing map (SOM) and Hierarcihal
Ascendant Classification (HAC) method that will be used for the decomposition of the

surface circulation and the sensitivity tests conducted for its optimization.

In chapter 7, we use the developed machine learning method to analyze the long-term
variability of the Levantine surface circulation by decomposing 26 years of altimetric
data into five clusters that reflect the different circulation patterns. By analyzing the
spatio-temporal variation frequencies of these clusters, we build a catalog of the several
regimes of circulation in the main mesoscale features in the Levantine Basin and analyze

some physical factors that are controlling these regimes.

The thesis limitations and perspectives are drawn in chapter 8.
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In the first part of the thesis, we use the variational assimilation to improve the char-
acterization of short-term events occurring in the Levantine Sea. In this chapter, we
will detail the assimilation method. It is a variational approach (Issa et al., 2016) that
minimizes a cost function J, which measures the distances between the observations po-
sitions (drifter) and those predicted by an advection model. The assimilation algorithm
blends altimetry, wind, and drifter positions to obtain a corrected surface velocity field.
First, we present the data used in the algorithm, and then we will detail the method

itself and its calibration.

2.1 Data

2.1.1 Altimetry data

Geostrophic surface velocity fields are processed by the DUACS (Data Unification and
Altimeter Combination System) multi-mission altimeter data processing system and
distributed by E.U. Copernicus Marine Service Information (CMEMS). The SLA com-
putation provides the Absolute Dynamic Topography (ADT) and geostrophic currents.
The gridded products are estimated by an optimal Interpolation that merges measure-
ments from altimeter missions: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2,
Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2. The interpolation provides a consis-
tent and homogeneous database. Data were daily mapped at a resolution of 1/8°. In this
part of the thesis, we used altimetry data corresponding to the periods of continuous
drifters deployment in the Eastern Mediterranean, more precisely in 2006, 2009, and
2017.

2.1.2 Wind data

Six-hourly wind data were obtained from ECMWF ERA-Interim products (Dee et al.,
2011) at 10 m above the surface. Data was re-sampled on a half an hour time step. Wind
velocities were interpolated at a resolution of 1/8° at the same grid point as the AVISO
background data. The wind component is added to the geostrophic current provided
by altimetry to bring the corrected velocity field obtained after assimilation closer to

reality.
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2.1.3 Drifters data

We present the EGYPT/EGITTO, CINEL, and NEMED campaigns, from which we
used the deployed drifters for assimilation. All drifters were low-pass filtered using a
Hamming filter with a cut-off period at 36 h to eliminate tidal and inertial variability.
EGITTO/EGYPT drifters were interpolated at 0.5 h, compared to 6h for NEMED and
CINEL drifters (doi:data/10.6092/7a8499bc-cbee-472c-b8b5-03523d1e73e9).

EGYPT/EGITTO program

The EGYPT/EGITTO program (Eddies and Gyres Paths Tracking, (Taupier-Letage
et al., 2007)) focused on the EM southern part spanning the period 2005-2007. It pro-
vided an extensive deployment of satellite-tracked drifters. Between 2005 and until 2007,
97 drifters were tracked by the global Argos System. Their time series were interpolated
at 0.5 h (Poulain et al., 2013). Data were then low-pass filtered using a Hamming fil-
ter with a cut-off period at 36 h to eliminate high-frequency current components (tidal
and inertial currents). (See the ~ 2-years trajectories animation on SOUTHEASTERN
MEDITERRANEAN SURFACE DRIFTER DATABASE: nettuno.ogs.trieste.it/

doga/sire/egitto/database_egitto/movies/sep05-oct07.avi).

NEMED

The Surface Circulation in the Northeastern Mediterranean (NEMED) project from
2009 to 2010 was an observational program releasing drifters between Cyprus and the
Middle East. A total of 31 drifters SVP were released between summer 2009 to spring
2010, using low-cost satellite-tracked drifters. Drifters time series were interpolated at

6 hours.

CINEL

The Circulation and water mass properties in the North Eastern Levantine project
(CINEL), is a project in which drifters and gliders were operating in the eastern part of

the Levantine sea starting from September 2016 lasting for more than one year. A total
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of 16 drifters were released in the area between Cyprus and Lebanon. Two drifters were
deployed each season in the coastal waters of Lebanon. In addition, another group of

drifters was released along a meridional transect south of Cyprus.

From this data set, we will select the drifters that were stuck in eddies for several weeks

(see table 2.1) to better inverstigate their activity in the chapters 4 and 5.

Targeted eddies Id Argos Lifetime
Terapetra eddy 50748/59751 24/04/2006 - 20/08,/2006
Libyo-Egyptian eddy 57312/59774/59777 | 01/04/2006 - 31/08,/2006
South-Shikmona eddy 92058/92063 | 05/08/2009 - 30/09/2009
Cyprus eddy/ North-Shikmona eddy No id available 01/03/2017 - 26/10/2017

TABLE 2.1: List of the eddies trapping drifters for several weeks in the Levantine Sea.

Mediterranean Forecasting System

The Mediterranean Forecasting System is a coupled hydrodynamic (from NEMO v3.6)
and wave (provided by WaveWatch-11I) model with data assimilation components imple-
mented over the Mediterranean Basin. In-situ vertical temperature and salinity profiles
(from XBT, CTD, Argo floats) are assimilated with satellite Sea Level Anomaly along-
track data (from Jasonl&2, Cryosat, Envisat, Altika). The product quality assessment
is done by comparing with quasi-independent satellite and in-situ observations. The
model spatial resolution is 1/16°, and the product is computed on 72 unevenly-spaced
vertical levels. The depths levels are unevenly spaced, and the thickness varies from 3
m at the surface to 300 m at the bottom. The first level depth is at 1.5 m while the
deepest one is at 5000 m (Tonani et al., 2008). The model will be used to evaluate
the comparability between the currents at different depths in chapter 3. Afterward, the
MF'S velocity field at drifters depth (15 m) will be compared to the velocities before and

after assimilation by characterizing mesoscale features in chapters 4 and 5.

2.2 Methodology

The correction is based on a variational assimilation method described in Issa et al.

(2016). Observations of drifter’s positions are available every At (At=6 hours for drifters
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in the eastern Levantine and 0.5 hours for those in the western Levantine). The back-
ground surface velocity field, which will be assimilated with drifters, is prepared using

the altimetry and the wind components. It is denoted by:

o

=u’(mAt), m=1,2,--- M, (2.1)

where this field is two dimensional u?, = (u?,,v% ), and where m is the integer time index.

This field is corrected by matching observed drifter’s positions with those predicted by

an advection model.

The background velocity field (ub,) used is the sum of a geostrophic component provided

by altimetry (uf,”)

by the wind (uWi"d)

and an ageostrophic component accounting for the effect induced

ui’n =uf”® + um‘nd. (2.2)

This wind-induced velocity is computed by a regression model with parameters found

by beta fitting (Poulain et al., 2009) (for drifters that are attached with a drogue).

Uvind — (0.007 exp(—27%) x UL (2.3)

ind _ ,wind | wind ; : : : 10 _
where UP" =y + qoy"¢ is the drifter velocity due to the wind effect, and U, =
ulV 4 ivl0 represents the wind velocity at 10 m above the surface. Both are expressed as
complex numbers. The wind speed above the sea surface varies considerably at a very

short time scale.

An incremental approach (Talagrand and Courtier, 1987) is used so that the minimiza-
tion is done for the incremental corrections du invariant in time within the time window

of size T,,. The objective function to be minimized is:

| Tow /At
Z Z ||rP(up,) + ors(Su) — rfs||?
+ o |0ul[p + a2 Y (V- 6u)?, (2.4)

Jk

where Ny is the number of drifters, 7 is the index of the drifter, and At is the sampling

S

time of the observations. I’Ob represents the observed position of drifter ¢ at time mAt.
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b

The term r; (resp. or;) is the position of the drifter ¢ estimated by an advection model
calculated from the background field u’, (resp. from the incremental correction du).
The first term measures the misfit between the observations and the positions of drifters
simulated considering the advection by the surface velocity field. The second component
requires the corrected field to stay close to the background velocity. Here the B-norm is
defined as |[¢||4 = 1»TB ™4, where B is the background error covariance matrix. The
error covariance matrix B is obtained using the diffusion filter method of Weaver and
Courtier (2001). The choice of the length scale R of the correction that enters in the
error covariance matrix can be done in the context of the sensitivity analyses. The last
component is a constraint on the geostrophic part of the velocity required to stay close
to divergence-free. This term is added to ensure a physical correction, avoiding artifacts,
especially near the coasts. The weights oy and ao correspond to the confidence given to
the respective terms of the cost function, relative to the observation error term. Because
the cost function is defined within a multiplicative constant, it is safe to set a standard
confidence of one to the observation error term, assuming the standard deviation of
the observation error distribution is the same and de-correlated from the other. The
relative confidence in the background «; and the non-divergent constraint ay cannot be

prescribed a priori. So they are determined empirically using sensitivity analyses. After

the minimization, we compute a corrected velocity field:

us = ub + fu (2.5)

Because du is constant inside a time window, a sliding window of time shift o, is used
to obtain smooth time-dependent velocity duy in [ko, ko + Ty, k=0, 1,2, ---.
The obtained corrected velocities are thus the results of the a superposition of the time

dependent background field and the weighted corrections

Ni—1

ur(t) = uP(t) + Y wpduy. (2.6)
k=0

The weight w is inversely proportional to the distance between time ¢; and the window

position:
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Hyperparameter Definition
Tw Temporal window size in which the incremental correction is constant
Q9 Divergence coeflicient to keep the geostrophic velocity close to divergence-free
R Length scale of the correction that enters in the error covariance matrix

TABLE 2.2: Presentation of the hyperparameters that will be tuned in each of the
Eastern and Western Levantine by the sensitivity tests.

1

TR e

(2.7)

where k* corresponds to the window centered at t; . Note here that the weights are

normalized to add to one.

2.2.1 Determination of hyperparameters through sensitivity studies

Sensitivity tests allow tuning the following hyperparameters: Ty, s and R (see ta-
ble 2.2). The length scale R variation does not affect the correction around the drifter
but the length of the corrections around the assimilated drifter. Thus an independent
drifter that was not assimilated (if possible) but was closely circulating is used for sen-
sitivity studies. The determination of hyperparameters is based on the lowest distances
(d) obtained after correction between the simulated drifter positions (r) and the real ob-
servations (r°*®) (see eq.2.8). Sensitivity tests were done for each part of the Levantine:
the western (Chapters 3 and 4) and the eastern part (Chapter 5), where for each case,

the hyperparameters are tuned based on minimizing d:

Ny

Z [l (8) = x5 ()], (2.8)

where N,, is the number of windows used during the simulation.

Western Levantine

Three drifters were circulating closely off the Libyan coasts between 8" and the 27" of
May 2006 (1% drifter: longitude 22.545 and latitude 33.3; 2"¢ drifter: longitude 23.733
and latitude 33.263; 3"¢ drifter: longitude 23.479 latitude 33.339). The positions of

two drifters were assimilated (Argo number: 59777 and 59774) to simulate the position
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evolution of the third one (57312) based on the surrounding velocity field. During all
the sensitivity tests, the simulated drifter positions were reinitialized every three days

to the position of the real drifter.

We opted for ¢ of a half-day to have a smoother correction. In the first experiment, to
optimize Ty,, the corrected velocity fields were obtained after assimilation with 7Tz, of one,
two, and three days. The other two parameters were constant and selected heuristically
with as=0 and R= 20 km. From 8" to 27" of May 2006, the averaged-distances
variations reveal that for T;, of two days, the simulated trajectories were the closest
to the real observations. The improvement reached around ~ 70% compared to the
background, 5% and 9% more when compared to T, of one and three days respectively

(see fig. 2.1A).

After optimizing T, with a selected temporal size of 2 days, the second parameter to
tune is the divergence coefficient s (fig. 2.1B). Like the previous experiments, R=20 km
was heuristically selected. As a result, as of 5 x 10° or null, the solution was modified
by only ~ 0.7%. Thus ay had a negligible effect on the resulting velocity field for the

selected values.

In the last experiment, R was varied from 20 to 30 km with optimized T, of 2 days
and as of 5 x 10%. After simulating the trajectories of the independent drifter based on
the resulting velocity field, R of 30 km gave the closest simulations to the observations,

especially at the end of the window (see fig. 2.1C).

Eastern Levantine

The same approach was applied for the data set of the drifters in the Eastern Levan-
tine, more precisely in the area between Cyprus and Lebanon. The drifters released
were lower compared to the EGITTO/EGYPT campaign. Thus it was not possible to
simulate the trajectory of an independent drifter because they were no multiple drifters
circulating close to each other as in the previous experiment. Consequently, we selected
only one drifter (OGS drifter identification number: 5310) that was trapped in a high
vorticity area, the Cyprus eddy, to assimilate its trajectory from 18 until 26* March
2009 (see fig. 2.2). The distances between the simulated positions obtained based on the

surrounding corrected velocities and the observations of the same drifter were computed.
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FIGURE 2.1: Temporal evolution of the distances between the simulated trajectories
and the real drifter positions depending on the variation of the window size (A), the
divergence coefficient (B) and the length scale of the correction (C).

Hyperparameter | Western Levantine | Eastern Levantine
Tw Two days Two days
s 5 x 10° 5 x 106
R 30 km 20 km

TABLE 2.3: Summary of the tuned hyperparameters values in each of the Eastern and
Western Levantine.

In all cases, we opted for a moving window (o) that is equal to the previous experiment.
Fig. 2.3A shows the distances resulting from the window size (T},) of one and two days.
For both cases, the maximum distance was less than 0.6 km. The variation of T}, size
did not have a major impact on the assimilation. There was an improvement of 95 %
compared to the background (95 % and 96 % for T,, of 2 and 3 days, respectively). The
same results were obtained when comparing the divergence coefficient a in fig. 2.3B.
The variations were homogeneous in all of the three cases with an improvement of 96
% (o= 5 x 10°, 5 x 10%, and 0). On the other hand, the tuning of the length scale

of the correction (R) was not possible (they were no multiple drifters to simulate an
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FIGURE 2.2: The trajectory of the simulated positions before (blue) and after correction
(red), compared to the real observations.They are overlaid on the average velocity field
of the background (blue) and assimilation (red).

independent one). Thus we opted for the same length R as in Issa et al. (2016) because
it corresponds to the same area. Velocity fields of the Eastern Levantine, in 2009 and
2017, were thus assimilated with the following parameters: T, of two days, R=20 km,
and a=5 x 105 (see table 2.3).
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The previous chapter showed that the hyperparameters need to be tuned according to
the studied area. After the sensitivity tests, we present an objective validation of the
variational assimilation method when applied in the Levantine Basin. The assessment
is done by comparing the corrected velocity fields with other independent observations.
These observations are in-situ data (current meter, glider, and independent drifter) and

ocean color images.

The metrics used for validation proved that the algorithm was able to improve the
representation of the surface circulation even in a high vorticity area. Fig. 3.1 shows
that after assimilating drifter positions trapped in an eddy detected at the same time
from high-resolution chlorophyll images, the resulting streamlines from the corrected
velocity field are more consistent with the eddy shape and location as revealed by the

ocean color image.

A detailed presentation of these validations is presented in Baaklini et al. (2021) in

Appendix A.

Degrees North

28.5 29 29.5
Degrees East

Degrees North

28.5 29 29.5
Degrees East

FIGURE 3.1: Velocity field streamlines after correction (upper panel) compared with
the background (lower panel) overlaid on chlorophyll-a image of 20 May 2006.
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In this chapter, we applied the assimilation, presented and validated in the previous
chapters, to characterize two of the most dominant features in the Eastern Mediter-
ranean: the Ierapetra eddy (IE) and the Libyo-Egyptian eddies (LEE). In chapter 3,
we used only a subset of the data from the EGYPT/EGITTO campaign (Eddies and
Gyres Paths Tracking) for validation. Here we took advantage of all the drifters released
to assimilate them. The corrected velocities obtained after assimilation will be used
to characterize IE and LEE based on the diagnostics of Mean kinetic energy (MKE),
eddy kinetic energy (EKE), and relative vorticity (). These results will be compared
with the background (altimetry only) and the geostrophic current retrieved from the Sea
Surface Height of the Mediterranean Forecasting system MFS model. This comparison
will allow evaluating the assimilation contribution in the characterization of short-time
scale eddies activities compared to the conventional observational tools (altimetry and

models).

Nbr of drifters

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

FI1GURE 4.1: The number of drifters assimilated in each month of 2006. These drifters
were released during the EGYPT/EGITTO campaign and circulating between Crete
and off the Libyo-Egyptian coasts.

Fig. 4.1 shows the monthly variation of the number of drifters in the area between the
Libyo-Egyptian coasts and Crete during 2006. The density of drifters was higher during
the first months and reached a maximum of 14 per month in April and May, while
only two drifters were available during October 2006. A detailed representation of the
spatial distribution is presented in fig. 4.2. The studied area was divided according to
the number of times a drifter circulated in each bin during 2006. It showed that the
deployed drifter trajectories covered most parts of the area between the Libyo-Egyptian

coast and Crete Island. The highest densities were observed off the Libyan coasts and in
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the Ierapetra eddy area, with more than 600 observations. After assimilating all these

available drifters, a new velocity field was obtained for 2006.
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FIGURE 4.2: The observations density in each bin of the area between the Libyo-
Egyptian coasts and Crete in 2006.

4.1 Metrics

Mesoscale eddies capture almost 80% of the total global kinetic energy, thus Mean
Kinetic energy (MKE) and Eddy Kinetic Energy (EKE) are commonly used to analyze
the mesoscale eddies (Ding et al., 2020):

4.1.1 Mean Kinetic Energy (MKE)

The kinetic energy per unit of mass of the mean flow (MKE, cm?/s?) is computed for the
corrected, background, and MF'S velocity fields. If u and v are the zonal and meridional

velocity, respectively, MKE is:

1
MKE = 5(W + |v\2) (4.1)

where | | is the time averaging of the component in a given bin.

Nbre of observation per bin
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4.1.2 Eddy Kinetic Energy (EKE)

The kinetic energy per unit of mass of the fluctuating flow knows as the Eddy Kinetic

Energy (EKE, em?/s?), is obtained from the following equation:

1
EKE:§<M2+M2) (4.2)

where the prime indicates the residual velocity in a given bin (u = |u| + «’ and v = |v]

+ o).

4.1.3 Relative vorticity (¢)

The relative vorticity (¢) is the vorticity of the fluid relative to Earth, describing thus

the local spinning motion of the fluid:

_Ov  Ou

4_%_8@ (4.3)

where positive (negative) ¢ reveals cyclonic (anticyclonic) structures. It should be men-

tioned that the vorticity measured relative to absolute space is called absolute vorticity

(n):
n=C+f (4.4)

where f is the Coriolis force.

4.2 Results

In this section, after assimilating all the available drifters, we used the resulting corrected
velocities to characterize the activity of two main features in 2006, the lerapetra eddy

(IE) and Libyo-Egyptian eddies (LEE):
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4.2.1 lerapetra eddy
4.2.1.1 Mean Kinetic Energy

The MKE during 2006 of the area between the Libyo-Egytoian coasts and Crete, ob-
tained after assimilation, is presented and compared to the background and the geostrophic
velocities derived from the Sea Surface Height (SSH) of the Mediterranean forecasting
system (MFS) in fig. 4.3. The Ierapetra eddy (IE) was present in all three velocity fields,
showing high intensities during 2006. However, after assimilation, these intensities in-
creased significantly in parts of IE. Consequently, the ring shape was distinctly present
compared to other mesoscale structures in the area. To quantify the difference of IE
intensity between the three products, we showed the MKE value in each bin of IE area
as seen in fig. 4.4. For the MFS, more than 60% of the bins were less than 200 cm?/s?,

and the local maxima did not exceed 500 cm?/s?.

The assimilation mainly increased
the density of pixels whose MKE exceeded 500 ¢m?/s? from ~ 8%, in the background
velocities, to ~ 20%. The maximum of MKE registered by the MFS was 329 c¢m?/s?,
compared to 634 cm?/s? for the background and 762 em?/s? after assimilation. The
MKE of 2006 obtained from the drifter’s velocities of the EGYPT/EGITTO showed
that the IE was the dominant mesoscale feature with values more than 600 cm?/s?
(Gerin et al., 2009). The higher values obtained after assimilation were in agreement
with the previous studies mentioning that altimetry tends to underestimate the MKE
of the mesoscale structures in the Mediterranean (Poulain et al., 2012). These results

show that the IE is the most intense structure in the Eastern Mediterranean, and still

is underestimated by the previously used observations.

Seasonal comparison

Because IE is an eddy that mainly appears in late summer or autumn, we divided
the corrected mean flow into two extended seasons: winter (from 1% January to 30"
June 2006) and summer (from 1%¢ of July until 31%¢ of December 2006). Fig. 4.5 shows
that the IE summer intensification was observed in all of the three velocity fields. The
saturation and the spatial extension of all IE parts were seen by the MFS, corrected,
and background velocities, with values exceeding 500 ¢m?/s2. Oppositely, during the

winter, IE was not the most intense structure, but it was the MME further to the east
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FIGURE 4.3: The annual Mean Kinetic Energy (saturated at 500 cm?/s?) in 2006
resulting from the background (A), corrected by assimilation (B), and geostrophic ve-
locities derived from MFS (C).

(fig. 4.6). In both seasons, MF'S (C) revealed smaller structures not observed in the other
velocities, such as close to the west of Crete. It could be due to the higher resolution
capable of detecting jets, meanders, or filaments that could be missed or smoothed by the
altimetry or the corrected velocity fields. Indeed, the absence or the lack of observations
to assimilate in these zones did not allow the assimilation to detect these structures (see

fig. 4.2).

The seasonal comparison of the MKE value in each bin of IE revealed significant dif-
ferences between summer and winter (see fig. 4.7). During the winter, most bins were
weak, with more than 70% being less than 200 em?/s2. Overall, the MKE values were

similar in all the three compared, and the values of maximum MKE observed were also



Chapter 4. Characterization of local events in the Western Levantine 47

W [*¥] W [
M ("] £~ w

Degrees North

W
[

25 26 27 28 29 30

Degrees East
I vFs
I Background
I Assimilated

| I

100 200 300 400 500 600 700
2
)

Mean Kinetic energy (cm?/s

FIGURE 4.4: The area of Ierapetra eddy location (upper panel) overlayed on MKE
derived from corrected velocities. Bin values of MKE are plotted in histograms (lower
panel) for the three experimented velocity fields (corrected, background and MFS).

close (358 ecm?/s?, 365 em?/s?, and 385 ¢m?/s? for corrected, background, and MFS

velocities, respectively).

The summer intensification of IE was markedly noticed in fig. 4.7, where the number of
bins with values more than 200 ¢m?/s? increased significantly. The highest MKE values
exceeded 1000 em?/s? in MFS, corrected and background velocities, meaning that the

flow intensity grew more than three times in a time scale of a few months.

The density of bins with values exceeding 1000 em?/s? was around ~ 1% for the MFS
but increased significantly, reaching ~ 16% for the background and ~ 20% for the

assimilation. Similarly, the MKE local maxima was the highest in the corrected velocity
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FIGURE 4.5: The Mean Kinetic Energy (saturated at 500 cm?/s?) for the extended
summer resulting from the background (A), corrected (B), and geostrophic velocities
derived from MFS (C).

field with ~ 2140 ecm?/s?, exceeding by more than 400 ecm?/s? (~ 1700 em?/s?) the
background, and 950 cm?/s? for the MFS (~ 1170 em?/s? ). Previous studies have
shown that MFS could underestimate the current velocities (De Dominicis et al., 2012;
Lacorata et al., 2014), thus possibly explaining this weak flow observed in IE during the
summer. Moreover, the maximum of MKE after correction exceeded those observed in
Gerin et al. (2009), although using the same drifters (see table. 4.1). Indeed an eddy
is characterized by velocity contours that vary depending on their distance from the
eddy center. The contour flow intensifies with the increasing radius until reaching a
maximum velocity Vmax before progressively decreasing. Accordingly, the drifters used
in Gerin et al. (2009) could be circulating in the contours of relatively weaker intensity
than V42, while assimilating those drifters could increase the velocity field occurring
30 km around a drifter (including V,,q,) which explains the lowest values observed by

the drifters compared to those of background and assimilation.
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FIGURE 4.6: The Mean Kinetic Energy for the extended winter resulting from the
background (A), corrected (B), and geostrophic velocities derived from MFS (C).

4.2.1.2 Eddy Kinetic Energy

The annual EKE average revealed high variations in the IE area (see fig. 4.8 (upper
panel)). Additionally, high EKE was observed off the Libyan coasts and in the Mersa-
Matruh area. The bins histogram in IE (lower panel) showed that no values exceeded
500 em?/s? in the MFS. On the other hand, the assimilation increased the frequency of

bins with values exceeding 500 ¢m?/s% when compared to the background.
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Time | Corrected | Background | MFS | Gerin et al. (2009)
Summer 2140 1700 1170 1529
Winter 358 365 385 >250
All year 762 634 329 >600

TABLE 4.1: The MKE (cm?/s?) local maxima according to the compared velocities
and the observations of Gerin et al. (2009) in the year 2006, the summer-autumn, and
the winter-spring.
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FIGURE 4.7: MKE binning for the corrected (by assimilation), background, and MFS
velocity fields for the winter-spring (upper panel) and the summer-autumn (lower
panel).

4.2.1.3 Relative vorticity

Starting from the 24" of April and until 20" of August 2006, two drifters were trapped in
the Ierapetra eddy (IE) (Argo number: 59748, 59751), flowing in continuous circular tra-
jectories. After assimilation, the resulting corrected velocities around the drifters’ paths

differed from the background even when averaging on for three months (see fig. 4.9).
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FIGURE 4.8: The area of Ierapetra eddy location (upper panel) overlayed on EKE

derived from the corrected velocities. Bin values of EKE are plotted in histograms

(lower panel) for the three experimented velocity fields (corrected, background and
MFS).

Fig. 4.10 shows the resulting average relative vorticity (¢) of the background (A), the
corrected (B), and MFS (C) in the IE area. The corrected and background velocities
revealed a clear anticyclonic feature with negative (. Oppositely, MFS showed a weak

and spatially limited structure.

To better analyze the temporal evolution of IE, a Hovmoller diagram was shown in
fig. 4.11, representing the temporal evolution of { after assimilation, compared to the
background. The reference position (latitude 26.47° N longitude 34.07° E) of the
Hovmollers was identified from fig. 4.10, referring to the area of the lowest ( values.
Both Hovmollers showed an active anticyclonic eddy from late April until the end of Oc-
tober, although some periods of weakening at the end of June. IE intensification started
from the half of July until the end of October. To quantify this intensification, the local

minima of ¢ in each day was computed for the corrected velocities and compared to the
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FIGURE 4.9: Average velocity field resulting from the background (blue) and the as-

similation (red) in the Ierapetra eddy area between the 24" of April and the 20"

of August 2006. The drifters’ trajectories (Argo number: 59748, 59751) used in the
assimilation are represented by the grey lines.

background (see fig. 4.12). At the start, IE had a local minimum of ~ -3x107°s~! in
both velocities. The difference was noticed starting from May, where after assimilation
¢ fluctuated around -4x107°s~! while it varied around -3x107°s~! for the background.
On the 17*" of July, ¢ computed from the corrected velocities reached record values
exceeding -7.5x107°s~! for around one month, from half July until half of August. This
intensification was not observed for ¢ computed from the background, where the lowest
value reached was -4.3x107°s~!, meaning that the assimilation almost doubled ¢. Ac-
cording to Ioannou et al. (2017), Coriolis is a standard threshold where ( rarely reaches
values lower than f. In a total of 22 years, ¢ exceeded this threshold only three times,
in 1995, 1999, and 2004. Fig. 4.12 shows that it was also exceeded at the end of July
until the start of August. Thus the absolute vorticity n of IE changes from positive to
negative when |(| > f. A geostrophic current is symmetrically unstable when its absolute
vorticity takes the opposite sign of the Coriolis parameter (where f is positive in the
Northern Hemisphere) (Stone, 1966; Thomas et al., 2013). Consequently, such inten-
sification of the vortex rotation could cause some symmetric instabilities, which could
induce small scale and three-dimensional perturbations of IE borders (Kloosterziel and

Van Heijst, 1991; Lazar et al., 2013; Teinturier et al., 2010).
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FIGURE 4.10: Relative vorticity (¢) in the Ierapetra area obtained from the background
(A) and corrected velocities (B) and MFS (C). The dark star in B represents the
reference position of the Hovmoller diagram.

Ioannou et al. (2017) mentioned that the comparisons with in-situ observations showed
an underestimation of the IE maximal velocity amplitude. Thus its real core vorticity
is more intense. Our results confirm this underestimation of IE by altimetry, especially
during the summer. Consequently, according to the corrected velocities, IE is more

intense, and the -f threshold is more frequently exceeded by its real core vorticity.

Our previous results showed the temporal evolution of IE core, but it did not highlight
its position evolution. In fig. 4.13, we tracked IE core by showing the daily lowest ( po-
sition, starting from 16" (start of intensification) until 27** of July. Eddy core positions
resulting from the background and assimilation are overlaid on the daily average velocity

field. On the 16" of July, there was no difference between the compared core positions
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FIGURE 4.12: Temporal variation of the relative vorticity local minima in Ierapetra
eddy computed from the background (dashed) and corrected (thick) velocity fields. The
red line represents the threshold standard (-f) which is equal to the Coriolis force.

longitude ~ 26.1° E-latitude 33.8° N). But on the 19*", the assimilation showed the
(long

formation of a new high vorticity zone off the Cretan east coasts. Thus on this date,
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the location of the local minimum ¢ has changed after assimilation further towards the
northeast (longitude ~ 27° E -latitude 34.6° N). Afterward, the newly formed eddy con-
tinued its intensification with a southwestward drift until merging with the previously
existing eddy starting from the 25" of July. Thus the intensification with values ex-
ceeding -7.5x 1079571, detected by the assimilation in fig. 4.12 corresponded to a newly

formed eddy that drifted and merged with the previously existing one.
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FIGURE 4.13: Eddy core represented by ( local minima, tracked in the Ierapetra eddy
area between 16" and until 27" of July 2006. The red (blue) star represents the local
minima obtained from the assimilated (background) velocity field.

The apparition and merging phenomena showed by the assimilation were further in-
vestigated by comparing with contemporary chlorophyll images(see fig. 4.14). On the
16" July, the daily chlorophyll image showed a big eddy (denoted E1) and a smaller

one located more to the north, close to the Cretan coast (E2). These observations were
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FIGURE 4.14: Daily average relative vorticity (¢) of the corrected velocities (right)
compared with contemporary ocean color chlorophyll images (left). E1 represents the
old eddy, while E2 represents the eddy that appeared after 16" of July 2006.

compatible with the daily average (, showing two similar eddies in terms of shape and
position. On the 19" of July, the chlorophyll image showed that E1 was stable, while
E2 extended and drifted toward the south, similarly to the observations of (. Afterward,
the merging between the two eddies was also observed by the chlorophyll image of the

25t July, showing one spatially extended eddy. Thus, we proved that the corrected
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velocities, in agreement with chlorophyll observations, were capable of precisely track-
ing the newly formed eddy and its merging with the previously existing one causing an

increase of its vorticity to values exceeding the standard threshold -f.

The corrected velocities allowed us to accurately analyze the mesoscale activity in a
highly evolving area in the Southeast of Crete, where the Ierapetra eddy is present. In
this area, intense vortices that cold be smoothed or missed by altimetry can appear and
then drift and merge with other eddies in a short time scale. Consequently, this par-
ticular mesoscale activity increases the dominance of the Ierapetra eddy in the Western

Mediterranean, and therefore, its MKE can reach record values exceeding 2000 cm? /s

4.2.2 Libyo-Egyptian eddy

4.2.2.1 Mean Kinetic Energy

Starting from the 1% of April (denoted as D) and until 31%¢ August 2006 (denoted as
Deng), three drifters were stuck in a high vorticity area off the Libyo-Egyptian coasts
(Argo numbers: 59777, 59774, 57312). In fig. 4.15, drifters trajectories during this period
were overlaid on the average velocity field before (blue) and after assimilation (red). It
could be noticed that in addition to the circular trajectories, the drifters moved zonally
(from ~ 21° to 23° E) during these five months. The MKE resulting from the corrected
and the background velocities were compared to the geostrophic current derived from
MFS. In fig. 4.16, the upper panel represents MKE values over all the year 2006, while
the lower panel represents MKE during the days of the experiment (from Dy to Depg)-
The MKE of 2006 shows that only the MFS-derived geostrophic velocities had values

2 compared to a maximum of 207 em?/s? for the background and

exceeding 300 em?/s
199 e¢m?/s? for the corrected velocity field. During the days of the experiment, the
density of bins with values exceeding 50 cm?/s? increased after assimilation. For the
MFS, around 80% of the bins were 50 cm?/s? or less, while it decreased to less than 60%
after correction. The impact of the assimilation was mainly seen by the amplification
of bins number with values > 250 em?/s?. The maximum value was recorded by MFS

with 379, compared to 316 and 286 cm?/s? for the assimilated and background velocities,

respectively.
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For all the three velocity fields, the MKE was higher during the period of the eddy
activity. However, the assimilation increased the MKE where the density of bins with
values > 50 ¢m?/s? increased compared to the background. On the other hand, MFS

recorded the highest maxima during all year and the experiment days.
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FIGURE 4.15: The three drifters trajectories that were stuck in the coastal eddy off
the Libyan coasts. They are overlaid on the average velocity fields from Dy until Dg,q
for the background and assimilation.

4.2.2.2 Eddy Kinetic Energy

Fig. 4.17 shows the EKE over the year 2006 (upper panel) and during the assimilation
period (lower panel) off the Libyo-Egyptian coast. For both cases, MF'S and assimilation
show the highest EKE values.

During the year 2006, the number of bins with values more than 250 cm?/s? was less
than ~ 7 % for the background, compared to ~ 24 % after assimilation and ~ 38 %
for the MFS (upper panel). The same tendencies were also seen during the experiment
days (lower panel), where only ~ 6 % of the bins had values of 300 ¢m?/s2. The number
increased to ~ 20 % for the assimilated and ~ 26 % for the MFS. The MFS showed the
highest EKE values with 451 em?/s?, followed by the assimilation of 374 em?/s?, while
the background only registered 248 ¢m?/s?. During the experiment days, the corrected
velocities recorded the highest values with 570 c¢m?/s?, compared to 505 cm?/s? for

MFS and 299 cm?/s? for the background.
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FIGURE 4.16: Histogram of the MKE for the bins off the Libyan coasts (from 22° to
24.1° E, and from 32° to 34° N) resulting from the average velocity field for all the year
(upper panel), and from Dy until D.,4 (lower panel).

EKE was higher off the Libyo-Egyptian coasts, with values reaching 505 cm?/s? for the
corrected velocities. It exceeded the MKE during all the year and the assimilation period

with a maximum of 286 ¢cm?/s? and 316 cm?/s?

, respectively. This relative dominance
of EKE, contrary to IE, means that the Libyo-Egyptian coasts are a highly variable

area, where the mesoscale features are weaker and more unstable compared to IE.

4.2.2.3 Relative vorticity

Fig. 4.18 shows the monthly average variation of  in the Libyo-Egyptian coasts during
between April and August based on the corrected (left), background (middle), and MFS
(right) velocities. The background and corrected velocity fields showed a clear anticy-
clonic eddy, although it was more intense and extended after correction. Oppositely, the

MFS was not able to detect any coherent eddy structure.
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FIGURE 4.17: Histogram of the EKE for the bins off the Libyan coasts (from 22° to
24.1° E, and from 32° to 34° N) resulting from the average velocity field for all the year
(upper panel), and from Dy until De,q (lower panel).

To quantify the difference of { before and after correction, we tracked the temporal
evolution of the eddy core vorticity. Fig. 4.19 (lower panel) shows that the values of
¢ after assimilation exceeded those of the background. ( of the background showed
that the eddy core vorticity was fluctuating around -2.5x107°s~!. The assimilation
showed similar values at the start before progressively increasing to values exceeding
-4x107°s~! at some periods at the end of May and the start of June. Afterward,
¢ decreased progressively, reaching values close to the background at the end of the

experiment.

In fig. 4.19 (upper panel), the track of the variation of the eddy core position with time
(upper panel) showed a clear westward flow with a short phase of northward flow off

the Libyan coast, around 23 °E. These results show that LEE appeared as a coherent
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FI1GURE 4.18: The monthly average variation of ¢ from April until August, based on
the assimilated (left), background (middle) and MFS (right) velocities.

structure, flowing towards the west, in an opposite direction of the along-slope eastward
circulation. The corrected velocities showed an instant eddy intensification starting
from May when the eddies drifted northward. According to Sutyrin et al. (2009), the
shallow bathymetry guides the eddy drift, and its center kept a constant distance of
55-65 km from the 200 m bathymetry. Indeed, the deep flow is shifted offshore when
the bathymetry changes from the steep continental slope to a gentle continental rise
and interacts with the upper layer to provide an additional along-slope vortex drift
proportional to the basic drift speed and the steepness. Accordingly, the eddy drift to
the west was faster than the [ effect, with a mean speed of 1-2 km. Although this
abnormal coastal eddies westward drift was observed twice in 2006, no other drifters

were available in other years for assimilation (Taupier-Letage, 2008).
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intensity before (dashed) and after (thick) assimilation. The upper panel shows the

trajectory of the eddy by following the core position evolution with time between D
and D.,q4.

4.3 Summary of results

In this chapter, we assimilated the full data set of the drifters deployed in the Western
Levantine during the EGYPT/EGITTO campaign to obtain a corrected velocity field in
2006. Then we characterized the two most dominant features in this area; the Ierapetra
eddy (IE) and the Libyo-Egyptian eddies (LEE). Because of their high mesoscale activity,
they trapped drifters for several weeks. Although IE was a spatially extended structure,
we proved that our method is an efficient tool that improves the velocity field of the
IE. The assimilation method extends the correction impact for 30 km around drifters
trajectories, which helps in better representing the velocities in all the areas around the
assimilated drifter, including the maximal velocity contours (V,,a.). This approach is
more efficient than observing IE using only drifters’ observations. The corrected velocity
field showed that the dominance of IE with MKE exceeding 2000 cm?/s2, especially
in the summer, is enhanced by the fast eddy apparition in the IE area, followed by

the merging of the newly formed eddy with the old IE, which drastically increases IE
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vorticity. Although those events are potentially more frequent, the limited drifters’
deployment did not allow correcting the velocities of IE in other years. Further to the
south, the assimilation showed the LEE was active and drifting at a constant distance
from the Libyo-Egyptian shoreline. The complex bathymetry in this area increases
instabilities, which allowed the LEE to last for several months while drifting westward
in an opposite direction of the coastal current. Overall, the assimilation improved the
representation of IE and LEE compared to MFS and the background velocities that

could be missing or underestimating these structures.
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In this chapter, the assimilation algorithm was applied to study the mesoscale activity
in the Eastern Levantine. More specifically, we targeted the most dominant eddies
present in the easternmost part of the basin: the Cyprus eddy (CE), the North Sikmona
(NSE), and the South Shikmona (SSE) eddies. The new corrected velocity field is
used to characterize these eddies based on the diagnostics of the Mean kinetic energy
(MKE), eddy kinetic energy (EKE), and relative vorticity (¢). These results will also
be compared with the background (altimetry only) and the geostrophic current derived

from the Mediterranean Forecasting system MFS model (reanalysis).

5.1 Mesoscale activity in 2009

Starting from the 5" of August (noted D) and until the end of September 2009 (Deyq),
three drifters were circulating off the southern Lebanese coasts (see fig. 5.1), more specif-
ically in SSE. Drifters’ positions were assimilated, and the resulting velocities were com-

pared to those of the background and MFS.

5.1.1 MKE

Fig. 5.2 shows the MKE of the background (A), assimilated (B), and the MFS (C) during
the days between Dy and De,4. The coastal current was more intense according to MF'S,
showing a spatially extended flow from the North of Lebanon until the Cyprus eastern
coasts. This flow was also observed by the corrected and the background velocities, but
it was weaker. This difference between MFS and the background could be related to
the altimetry inaccuracies near the coast. Indeed, the background velocities showed an
absence of flow closer to the eastern coast of Cyprus. On the other hand, even if there is
a slight increase of the MKE after assimilation, the lack of drifters’ observations in this
area limited the assimilation impact. All the compared velocities agreed on the presence
of an along-slope jet in the southern coasts of the basin, perturbed by the mesoscale
activity off the Lebanese coasts. Further to the north, there was the re-apparition of an

intense coastal jet, especially off the Turkish coasts, known as the Asia minor current

(AMC).

MFS shows no clear SSE presence but only meanders instead. After assimilation, the

eddy ring shape was observed, with an eddy core of low intensities surrounded by higher
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FIGURE 5.1: Drifters trajectory evolution between 05" August and until 30" Septem-
ber 2009. Positions are overlayed on the averaged velocity field of the assimilated (red)
and background (blue) velocity fields.

velocities. To quantify the difference between the compared velocities, we display the
MKE value of each bin of SSE as seen in the histogram of fig. 5.3. The assimilation
impact was mainly seen by increasing the MKE compared to the background. MFS
underestimated MKE where ~ 50 % of the bins had values less than 100 ¢m?/s?. This
frequency decreased to ~ 30 % for the background and ~ 24 % for the corrected veloc-
ities. MKE with values > 300 em?/s? were almost absent in the MFS and background
velocity fields, while it increased to ~ 10 % after assimilation. In terms of local max-
imum, the highest MKE value was seen after correction with 369 e¢m?/s?, followed by

the MFS with 333 cm?/s%, and the background (324 cm?/s?).

5.1.2 EKE

Fig. 5.4 shows the EKE average of the background (A), assimilated (B), and the MFS
(C). MFS showed the highest values in the Latakia Basin. The background and corrected
velocities did not reveal high variability in this area. On the other hand, the highest EKE
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FIGURE 5.2: MKE of the background (A), corrected (B), and MFS (C) velocities for
the period of the drifter passage between 05" August until 29** of September 2009.

values in SSE were seen in the corrected velocities. High variations were also observed
in MFS but closer to the Lebanese coasts. The higher resolution of MFS showed the
variabilities of smaller structures such as filaments and meanders that did not exist or

were smoothed in the assimilated and background velocities.

EKE values of SSE are seen in fig. 5.5 (lower panel). Similar to the MKE, the assimilation

had the highest variations, where it reduced the frequency of bins with low values and
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FIGURE 5.3: The area of South Shikmona eddy (SSE) (upper panel) overlayed on MKE

derived from corrected velocities. MKE values in each bin are plotted in histograms

(lower panel) for the three experimented velocity fields (corrected, background and
MFS).

increased those with high values. Moreover, the assimilation increased the maximum

from 164 cm?/s? (background) to 232 em?/s?, compared to 206 for the MFS cm?/s?

5.1.3 Relative vorticity

The average relative vorticity (¢) of the background(A), corrected (B), and MFS (C)
is presented in fig. 5.6. MFS showed a small anticyclonic with a shift in its position

that was closer to the coasts, while the background and corrected velocities showed a
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FIGURE 5.4: EKE of the background (A), assimilated (B), and MFS (C) for the period
of the drifter passage between 05" August until 29*" of September 2009.

larger structure further offshore. Moreover the assimilation increased the intensity of (,
especially in the eddy core, from ~ -1.4 x107°s™! to ~ -2 x107 s~ 1.

On the 06!, 17", 2274 and 30" of August 2009, chlorophyll images showing clear SSE
pattern were available (see fig. 5.7 (left panel)). These observations were compared with

the corresponding daily ¢ (right panel), allowing to track the SSE evolution and to eval-

6th

uate the accuracy of the corrected velocity field. On the 06"" of August, ¢ showed an
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FIGURE 5.5: The area of the Shikmona eddy (upper panel) overlayed on EKE derived
from corrected velocities. EKE values in each bin are plotted in histograms (lower
panel) for the three experimented velocity fields (corrected, background and MFS).

anticyclonic mesoscale feature (E1) off the Southern Lebanese coasts, with values ex-
ceeding -2x107°s~!. Further offshore, there was another anticyclonic eddy (E2), but less
developed than E1. After 11 days, more precisely on the 17" of August, the correspond-
ing ¢ showed that E1 had drifted offshore towards E2, where a merging between those
two eddies occurred. This merging caused the formation of a larger intense mesoscale
structure (E1+E2), as seen on the 22"? of August. This anticyclonic eddy continued its
intensification where ¢ of its core exceeded -3 x107°s~!. The merging between E1 and
E2 was also observed by chlorophyll images showing a coastal eddy, richer in chlorophyll,
interacting by a filament with the eddy offshore on the 06" August. Afterward, on the

17t of August, the chlorophyll image showed the formation of a larger feature resulting
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FIGURE 5.6: Average ¢ obtained from the background (A), assimilated (B), and MFS
(C) velocity fields between the 05" of August and until the 30" September 2009.

from the merging between E2 and E1. The resulting eddy (E1+E2) continued the devel-
opment and the movement across the basin on the 22"¢ and 30" of August 2009. The
coastal eddy acted as a barrier, trapping the coastal water that was richer in chlorophyll
and nutrients. Consequently, the coastal water, richer in chlorophyll flowing along the
coast has deviated offshore. The trajectory of SSE, obtained by tracking the eddy center
based on the corrected velocities, is presented in fig. 5.8 (upper panel). It shows the
pinching-off of SSE from the coast with a westward flow, followed by a merging event

and drifting towards the North-West.
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FIGURE 5.7: Daily average ¢ variation with time in 06", 17t 227 and 30" of
August 2009 (right side panels). The pinch-off and merging events are compared with
contemporary chlorophyll images.

To better quantify the assimilation impact on the representation of SSE activity, we
compared the temporal variation of ¢ in the E1 core, resulting from the corrected and
the background velocities. Fig. 5.8 (lower panel) shows that E1 was stronger after
correction during all the assimilation days. The vorticity of E1 was weakening in the
6th

first few days, but starting from 16"" of August ( intensified continuously, reaching
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values exceeding -4x 107°s~!. This intensification, which was underestimated by the
background, occurred when E1 started to merge with E2. Accordingly, the assimilation
was able to improve SSE representation, especially the merging phase and its impact on

increasing SSE intensity.
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FIGURE 5.8: The upper panel shows the E1 core trajectory after assimilation during

these days. The lower panel represents the daily ¢ variation of E1 eddy core with time

from the 05" of August and until late September 2009, for the background (dashed)

and corrected (thick) velocities. The thick dark line represents the merging day with
E2.

5.1.4 Historical pinching-off

The coastal SSE blocks and traps the AW along-slope circulation. By pinching off and
deviating the coastal water flow offshore, SSE has a direct impact on the coastal wa-

ter properties. To estimate the frequency of this phenomenon occurring in the south
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of Lebanon, we used the DYNED Atlas, a dataset that tracked the intensified eddies
in the Meditteranean for 18 years between 2000-2018. Eddies tracking was done us-
ing the angular momentum eddy detection and tracking algorithm (AMEDA) (available
on https://wwwl.lmd.polytechnique.fr/dyned/), which is an automated method for
eddy detection based on physical parameters and the geometrical properties of the ve-

locity field (Le Vu et al., 2018).

It shows that four pinching-off events occurred in 2000, 2004, 2009, and 2015 (see fig. 5.9).
Two of these eddies lasted less than one month (2004 and 2015), while in 2009, SSE
lasted more than four months. Three of these events occurred during the summer season,
while in 2004, it was observed in winter. In all of these cases, the eddies flowed northward
after the pinching off. The maximum of local speed V42, and radius R,,q; variation
with time for each eddy is observed in fig. 5.10. SSEsggg was the largest and most
intense eddy with V4, reaching a maximum more than 0.33 m/s and Ry, exceeding
35 km during most days of its lifetime. The sharp increase of V4, occurred when Rqz
increased due to the eddy merging with another one on 17¢* of August 2009. The second
most intense eddy was SSEgp15 with a maximum Ry,a ~ 35 km and Viyee of 0.2 m/s.
SSEopo0 and SSEqggq were the less developed with lifetime that did not exceed three
weeks and a maximum of V4, around 0.1 m/s while the size of SSEqg was larger with

Rpqzx reaching ~ 25 km compared to ~ 15 km for the SSEoggy.
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FIGURE 5.9: Trajectory and lifetime of the four eddies that were detected pinching-off
from the Southern Lebanese coast between 2000 and 2018, according to the DYNED-
Atlas.
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FiGURE 5.10: The V4, and R;,q, variations of the four eddies pinching-off from
Southern Lebanese coast between 2000 and 2018, according to the DYNED-Atlas.

Overall, the assimilation was able to show the pinching-off then the merging events

that caused the intensification of SSE, a highly evolving eddy that plays a significant

role in perturbing the coastal currents by deviating the coastal flow towards the shore.

However, although its impact, the Ameda data set shows that this pinching off remains

rare, observed only 4 times in 18 years.
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5.2 Mesoscale activity in 2017

Starting from the 1% of March (denoted as Dg) and until 30" of October 2017 (de-
noted as Dg,q), a total of six drifters were circulating and forming a ring-shape in two
areas: The Cyprus eddy (CE) area (between 32°-34° E and 33°-34.2° N) and the North
Shikmona eddy (NSE) (between 34.2°-35.7° E and 34°-35° N).
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FIGURE 5.11: Trajectories of the drifters mainly circulating in the North Shikmona
and Cyprus eddy area between 15t March and until the 26" of October 2017. They are
overlaid on the average velocity fields of the background (blue) and assimilation (red).

5.2.1 MKE

In fig. 5.11, drifters’ positions are overlaid on the average velocity field between Dy and
De¢pa. The background and the corrected velocities showed differences in NSE and CE.
The MKE, resulting from these velocities, is compared with the MFS in fig. 5.12. The
assimilation impact was seen especially in the CE, where after correction, the borders
of the eddy had a more intense flow that was more similar to those observed by MFS.

Oppositely, the MKE of the three velocities did not detect NSE.
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A relatively strong coastal jet was observed in the southeasternmost part of the Lev-
antine. However, MFS revealed weaker currents, where the maximum MKE value did

2 compared to values exceeding 350 ¢m?/s? in the background

not exceed 250 cm?/s
and corrected velocities. The coastal jet weakened near the Lebanese coasts, where all
the velocities showed that MKE decreased to less than 100 ¢cm?/s?. This weakening
observed in all the velocities could be related to the presence of the mesoscale eddies in

this area, especially the NSE occurring closer to the shore that perturbs and interacts

with the coastal flow.

The frequency distribution of the MKE values in CE and NSE bins is seen in fig. 5.13.
The lower panel represents the MKE values distribution in CE according to the three
compared velocities (assimilated, background, and MFS). The assimilation increased
the MKE compared to the background. The frequency of bins with values less than
250 cm?/s? was reduced from ~ 96 % to ~ 75 %, while values exceeding 250 cm?/s?
increased from ~ 4 % to ~ 25 %. The MKE distribution of the MF'S was more similar to
the assimilation than the background, although values exceeding 250 cm?/s? were less
frequent. The maximum of MKE was registered by the assimilation with 324 ¢m?/s?,
followed by the (MFS 308 cm?/s?), and the background (227 em?/s?). In the NSE, more
than 95% of all the bins had values lower than 150 ¢m?/s? in all the velocities. The
maximum of MKE was registered by MFS (200 e¢m?/s?), followed by the assimilation

(112 em?/s?) and the background (85 cm?/s?).

5.2.2 EKE

The EKE average from Dy to D.,g is seen in fig. 5.14. In all the velocities, EKE of CE
was low. It was the NSE that registered the highest values in the Eastern Levantine
during this period. The histograms of EKE in the NSE and CE areas are presented
in fig. 5.15. Although the assimilation increased EKE compared to the background,
MF'S registered the highest values. In NSE the highest EKE recorded for MFS was 260
em?/s?, followed by the assimilation (172 ¢m?/s?) and the background (146 em?/s?)
respectively. In CE, the maximum of EKE did not exceed 140 ¢m?/s? in all of the
three velocities (140 cm?/s? assimilation, 102 ¢m?/s?> MFS and 521 c¢m?/s? for the

background).
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FIGURE 5.12: MKE of the background (A), assimilated (B), and MFS (C) velocities
for the period of the drifter passage between 1% March and until the 26! of October
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It can be deduced from all the previous results that the CE was a more stable structure

with more intense velocities. Thus it was characterized by low EKE and high MKE.

On the other hand, NSE was a highly variable eddy that was weak but not stable (low

MKE and high EKE).
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FIGURE 5.13: The middle panel represents the areas of Cyprus eddy (CE) and North

Shikmona eddy (NSE) overlayed on MKE derived from corrected velocities. MKE

values in NSE (CE) area are plotted in upper (lower) panel histograms for the three
experimented velocity fields (corrected, background and MFS).

5.2.3 Relative vorticity

Fig. 5.16, shows the average ¢ between Dg to D.,g4, resulting from the corrected, back-
ground and MFS velocity fields. The corrected velocities show a clear CE with negative
(. Oppositely, the average ¢ of the background showed a weaker and less spatially ex-
tended pattern, while the MFS was not able to show CE. Closer to the coast, the NSE

was not observed by the average ( in all the three compared velocities.
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FIGURE 5.14: EKE of the background (A), assimilated (B), and MFS (C) velocities
for the period of the drifter passage between 1% March and until the 26" of October
2017.

To quantify the assimilation impact on the representation of CE and NSE, we tracked
the temporal variation of ¢ in the core of NSE and CE based on the corrected and the
background velocities. Fig. 5.17 shows that in CE, ¢ was exceeding -3x 10~°s~! starting
from the first day. Eddy core was stable until the end of September when there was a

decrease of ¢ intensity continuously before reaching values of -1.5x 107°s~! late August.
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FIGURE 5.15: The areas of Cyprus eddy (CE) and North Shikmona eddy (NSE) over-

layed on EKE derived from corrected velocities (middle panel). EKE values in NSE

(CE) area are plotted in upper (lower) panel histograms for the three experimented
velocity fields (corrected, background and MFS).

On the other hand, the background highly underestimated (, as the eddy was weak and
barely existed. According to the background, CE exceeded -2x 107°s~! for few days
only. The apparition and intensification of NSE occurred when CE started to weaken,
more precisely in late July when there was a shift of the local minimum from -1x 10755~}
to -3x 107°s~!. Afterward, NSE preserved its activity, although the slight weakening

until October. The background velocities also underestimated NSE intensity, where
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FIGURE 5.16: Average ¢ obtained from the background (A), assimilated (B), and MFS
(C) velocity fields between 15 March and until the 26!" of October 2017.

after assimilation, there was a shift of ¢ from -2x 107557 to -3x 1072571, especially in

the first days of August.

These results show that CE could affect the activity of NSE. According to Menna et al.

(2012), the MMJ could feed the eddies existing in the Levantine Basin, such as NSE.

The presence of an intense CE blocks the MMJ and prevents it from interacting with the

coastal eddies, which could explain NSE intensification when CE weakened, as observed

by the corrected velocities (Mauri et al., 2019).

5.2.4 The impact of satellites tracks

When CE trapped drifters from March to late July, the difference of ( between the back-

ground and assimilation was not consistent. There were periods where the assimilation
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FIGURE 5.17: Temporal variation of the lowest ¢ in the Eastern Levantine obtained
from the background (dashed) and assimilated (thick) velocity fields.

doubled the intensity of CE compared to the background, such as on the 10*" of April
(denoted as Dg;f¢), while there were some other periods where ¢ after the correction
was similar to the background, such as on 25t of April (denoted as Dygjy,). The satel-
lite along-track orbits corresponding to these days are shown in fig. 5.18. On Dy,
the satellites did not cross CE, and the closet nadir position was more than 40 km far
from the eddy border (lower panel). While on Dy;,,, the orbit of one of the satellites
crossed the CE core, and another one crossed the border (upper panel). The along-track
sampling provides an accurate estimation of the SSH from which the surface circulation
is derived. The interpolation of the large gaps (such as in Dg;sf) could underestimate
eddies intensities (Ducet et al., 2000), and it is in these cases where there is a maxi-
mum of correction by the assimilation. In other terms, when there was a passage of
satellite orbits across CE, there was a more accurate description of its intensity and no
significant differences between background and assimilation. When there was no satel-
lite passage close to CE, the interpolations tended to underestimate CE activity, and
there were high differences between the compared velocities. These observations are
consistent with previous studies mentioning that to correctly represent the eddy field,
an increase of the satellite tracks number in both time and space is needed, at least
for those regions where Rossby radius of deformation is smaller than the global ocean
(Amores et al., 2019). These results prove that our method can help to reduce the

inaccuracies observed in the altimetric data when interpolating the gaps.
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5.3 Summary of results

In this chapter, we characterized the activity of three eddies present between Cyprus
and Lebanon: In 2017, the Cyprus eddy (CE) and the so-called North Shikmona eddy
(NSE), while in 2009, the South Shikmona eddy (SSE). We found that SSE was a highly
evolving structure that could appear close to the coast, pinch-off, drift offshore, and
merge with other eddies in a time scale of a few weeks. The Cyprus eddy (CE) was
more stable, characterized by relatively lower Eddy Kinetic Energy (EKE) and higher
Mean Kinetic energy (MKE) compared to NSE. CE could affect NSE, where we showed
that it was during the weakening of CE when NSE intensified. Indeed, a strong CE
could block the Mid-Mediterranean Jet, which prevents the latter from interacting and
feeding the NSE. We showed that the corrected velocities improved the representation of
the coastal eddies, such as SSE, especially its intensification when merging with another
eddy. The highest corrections of altimetric data were observed when the satellite nadir
position was more than 40 km far from the eddy border. Accordingly, assimilation
helps in efficiently reducing the inaccuracies when interpolating the gaps. From here,

it is crucial to increase the drifters’ deployment in the Eastern Levantine, especially in
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the coastal area where the eddies quickly evolve and the satellite altimetry inaccuracies

increases, and models could completely miss these eddies.

The results in chapters 4 and 5 show that the actual altimetric and model observations
could be underestimating the eddies in the Levantine Sea. The corrected velocities
revealed more intense structures with higher kinetic energy and vorticity. Moreover, the
assimilation allowed detecting some quick eddies apparition and merging events that
enhance the dominance of these structures. These events were missed by altimetry and

models.
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In the first part of the thesis, the velocities obtained from the variational assimila-
tion highlighted short-term eddies activities lasting several weeks in the Levantine while
drifting, merging, or interacting with other eddies. However, the assimilation remains
highly dependent on drifters, so we were capable of characterizing only short-term events.
Therefore, to analyze the long-term variability of the mesoscale features in the Levantine
Sea, we decompose 26 years of altimetric data into clusters reflecting the different cir-
culation patterns. The decomposing of the surface circulation was done using machine
learning methods, the self-organizing map (SOM) and the Hierarchical Ascendant Clas-
sification (HAC). In this chapter, we present the altimetric data, the machine learning

method, and its calibration.

6.1 Data

6.1.1 Altimetry data

The Altimeter satellite gridded Sea Level Anomalies (SLA) is estimated by Optimal
Interpolation, merging the measurement from the different altimeter missions avail-
able. This product is processed by the DUACS (Data Unification and Altimeter Com-
bination System) multimission altimeter data processing system. It processes data
from all altimeter missions: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2,
Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2. To produce reprocessed maps in
delayed time, the system uses the along-track altimeter missions from products called
SEALEVEL*PHY _L3_MY _008*. The SLA computation provides the Absolute Dy-

namic Topography (ADT) and the surface geostrophic currents.

6.1.2 Input layer of the SOM

The geostrophic surface velocity fields between 1993 and 2018, from the Herodotus
abyssal plain and until the easternmost part of the Levantine sea, form the input layer
of the SOM. In addition to the zonal and meridional components of the geostrophic
velocities, the fluid parameter of Okubo-Weiss (OW) is included in the input layer
(see fig. 6.1). OW measures the relative importance of deformation and rotation at a

given point. Positive OW values indicate strain-dominated regions, while negative OW
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indicates vortex-dominated. Accordingly, OW is a physical criterion widely used in the

methods of eddies detection:

OW = 82 + 52 — w?, (6.1)

where s,, and sg; are the normal and the shear components of strain and the relative

vorticity of the flow defined respectively by

_ou _ov., _ov_ ou.,  _ oV __ oU.
Sn = Bz 8y’85_8x+8y’w_8a: oy’

6.2 SOM

The Self-Organizing Map (SOM) is an unsupervised neural network method used for
data visualization. It projects higher dimensional data into lower dimensional space
leveraging topological similarity properties. By this method, multidimensional data are
clustered into neurons clusters automatically associated in orderly fashioned order, where
similar neurons are adjacent, and the less similar neurons are situated far from each other
in the grid. This way allows obtaining an insight into the topographic relationships of

data (Kohonen, 2013).

The SOM is structured in two layers: the input layer (in our case, a 3-D input layer
composed of the zonal and meridional components and the Okubo-Weiss parameter)
and the resulting neuron grid. Each neuron, representing a cluster with data presenting
common characteristics, is associated with a referent vector obtained from a learning
data set. Each vector of the input layer will be attributed to the neuron with the
closest Euclidean distance with the referent vector. This referent vector is called the
best matching unit (BMU), and its associated neuron is the ”called” winning neuron.
The determination of the referent vectors and the topological order of the SOM maps is

done by minimizing the cost function:

Tdom(X W) =" > K6, X()))l|zi — wel (6.2)

zi€D ceSOM
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FIGURE 6.1: In the upper panel, the red dots represent the coordinates of the grids
providing the input data for the SOM. Each red dot (p) is composed of U and V compo-
nents and the Okubo-Weiss parameter. The lower panel is a schematic representation of
the self-organizing map method: the input layer obtained from the input data and the
adaptation layer composed of n neurons automatically associated in orderly fashioned
order. Each neuron represents a set of U, V, and OW that represents similarities

where ¢ € SOM represents the neuron index in the SOM, X'(z;) represents the allocation
function that assigns each element z; of the input D to the corresponding referent vector
Wx(z)- 0(c, X(2;)) represents the discrete distance on the SOM between a neuron ¢ and
the neuron allocated to observation z;. K” is a kernel function parameterized by T that
weights the discrete distance on the map and decreases during the minimization process.

During the minimization of the cost function, the topological order is preserved, thus the
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more similar neurons are adjacent and the less similar neurons are situated far from each
other. To provide an equal weights distribution of the input parameters, the variables

were normalized with their variances.

It should be mentioned that the SOM algorithm was applied on Matlab, using the
software library SOM Toolbox 2.0 Copyright (C) 1999 by Esa Alhoniemi, Johan Him-
berg, Jukka Parviainen, and Juha Vesanto and accessible at https://github.com/

ilarinieminen/SOMToolbox.

Sensivity tests

Several tests were conducted to precise the SOM size (m) that gives the best represen-
tation by repeating the training phase with different sizes m (350, 700, 1050, 1400, and
1750 neurons). For each m value, we show the corresponding mean quantization errors
(qe), where ge is the Euclidean distance between input data D and their corresponding

Best matching unit (BMU):

N
ge =1/N Y ||D@ — BMUg)| (6.3)
=1

The results in fig. 6.2 show that expanding the SOM size decreases qe sharply when
shifting m from 350 to 700 neurons. Afterward, the decreases in the error become
progressively less intense with increasing m. Accordingly, we opted for a SOM size of

1400.

350 700 1050 1400 1750
SOM size

FIGURE 6.2: Variation of the mean quantization errors (qe) with varying SOM size.
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