
HAL Id: tel-04501978
https://theses.hal.science/tel-04501978

Submitted on 13 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Surface and sub-surface dynamics of long-lived
mesoscale eddies in the Mediterranean Sea under

atmospheric forcing
Alexandre Barboni

To cite this version:
Alexandre Barboni. Surface and sub-surface dynamics of long-lived mesoscale eddies in the Mediter-
ranean Sea under atmospheric forcing. Ocean, Atmosphere. Institut Polytechnique de Paris, 2023.
English. �NNT : 2023IPPAX103�. �tel-04501978�

https://theses.hal.science/tel-04501978
https://hal.archives-ouvertes.fr


626

N
N

T
:2

02
3I

P
PA

X
10

3

Evolution de surface et de subsurface
des tourbillons de méso-échelle sous
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Professeur chargé de cours, Ecole Polytechnique
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lointain et presque inatteignable. Pourtant chemin faisant, gravissant lentement des piles d’articles bibli-
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1L’aternative aurait été d’étudier la Physique statistique avec des Smarties. Calorique mais peu gastronomique. On y aurait
perdu au change car tout le monde sait qu’on mange mieux sur les navires de la flotte océanographique.
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Abstract

Mesoscale eddies are ubiquitous turbulent structures in the oceans, in thermal wind balance with a signature
in density. Anticyclones with negative vorticity are associated with a negative density anomaly translating
in a sea surface height (SSH) elevation, and conversely for cyclones. Statistical studies really began with
eddy automated detections based on gridded altimetry products. The first quantitative studies were done in
a composite approach: many observations are collocated with eddy contours and gathered into a single mean
eddy picture. This approach combined with remote-sensing and Argo profiling floats provided eddy average
signature in sea surface temperature (SST), salinity, chlorophyll but also air-sea fluxes. Previous studies did
not significantly investigate eddy temporal evolution, apart from trajectory statistics. Eddies interact with
heat and momentum air-sea fluxes interact over both short and long timescale, but their evolution remains
unknown. We then investigate the mesoscale evolution submitted to atmospheric interactions, in both surface
and at depth. Mediterranean eddies provide an ideal case study with extensive in situ measurements and
occurrence of long-lived anticyclones. In a first part, we define a Lagrangian method tracking eddies in
altimetric data at 1/8°. Eddy observation are collocated with in situ vertical profiles to measure eddy
subsurface physical properties, and an outside-eddy reference background is defined to retrieve the eddy-
induced anomalies. In a second part, evolution of eddy SST anomalies reveals a strong seasonal signal.
Anticyclonic cold and cyclonic warm surface signatures shift from very rare in winter to predominant in
early summer. This seasonal oscillation also recovered tracking individual structures. Collocated vertical
profiles reveals this summer shift to occur only in near-surface. Hence an eddy-modulated vertical mixing
is hypothesized to drive this evolution, with increased mixing in anticyclones. Getting to the mixed layer
depth (MLD) in a third part, anticyclones are observed to enhance winter mixed layer deepening (up to
350m anomaly) and significantly delay spring restratification (up to 2 months). Eddy MLD anomalies do not
scale with relationship from previous composite studies, and are rather impacted by the subsurface density
profile. In a fourth part, we assess the accuracy of eddy evolution in a high resolution numerical experiment
with the CROCO model. Eddy seasonal variations in both SST and MLD are retrieved. Increased mixing
in anticyclone is confirmed and found to be sensitive to grid resolution. Near-inertial waves triggered by
high frequency winds propagate more into the anticyclonic negative relative vorticity and enhancing mixing,
in a remarkable example of scales interaction. Last, remaining interactions are discussed, in particular the
role of Ekman pumping, atmospheric retroactions and importance of salinity. This study highlights the rich
evolution occurring in mesoscale eddies with atmospheric interactions, blurred in composite approach but
observable using Lagrangian tracking, and not yet properly retrieved nor studied in global models.
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Résumé

Les tourbillons méso-échelle sont des structures turbulentes omniprésentes dans l’océan, en équilibre ther-
mique avec une signature en densité. Les anticyclones ont une vorticité négative associée à une anomalie
de densité négative, et inversement pour les cyclones. Des descriptions quantitatives n’ont réellement com-
mencé qu’avec les détections automatiques de tourbillons à partir sur des produits altimétriques maillés. Les
premières études ont été réalisées avec une approche composite : de nombreuses observations colocalisées
avec les contours de tourbillons dessinent une image moyenne. Cette approche combinée à la télédétection et
aux profileurs Argo a permis de dévoiler la signature moyenne des tourbillons en température de surface de la
mer (SST), en salinité, en chlorophylle mais aussi sur les flux air-mer. Ces études antérieures n’ont pas étudié
de manière significative l’évolution temporelle des tourbillons, en dehors des statistiques de trajectoire. Les
tourbillons interagissent avec l’atmosphère, à la fois en chaleur et en quantité de mouvement, aux courtes et
aux longues échelles de temps, mais leur évolution demeure pourtant méconnue. Nous étudions ici l’évolution
de structures méso-échelle sous l’effet des interactions air-mer, à la fois en surface et en profondeur. Les
tourbillons méditerranéens constituent un cas d’étude idéal, avec une couverture dense en mesures in situ et
la présence d’anticyclones à longue durée de vie. Dans une première partie, nous définissons la méthode de
suivi lagrangien des tourbillons grâce à l’altimétrie au 1/8°. Les observations de tourbillons sont colocalisées
avec des profils verticaux in situ pour mesurer les propriétés physiques, et un profil extérieur de référence
est défini afin de mesurer les anomalies induites. Dans une deuxième partie, nous analysons l’évolution des
anomalies de SST des tourbillon qui révèle un fort signal saisonnier. Les signatures de surface anticycloniques
froides et cycloniques chaudes passant de très rares en hiver à prédominantes au début de l’été, ce qui est
également vrai pour une structure individuelle. La colocalisation avec les profils verticaux révèlent que ce
changement saisonnier ne se produit que proche de la surface, d’où l’hypothèse d’une modulation du mélange
vertical par les tourbillons à l’origine de cette évolution saisonnière, avec un mélange accru dans les anti-
cyclones. Une troisième partie étudie ensuite l’influence des tourbillons sur la couche de mélange (MLD).
Les observations dans les anticyclones mettent en évidence un approfondissement considérablement de la
couche de mélange hivernale (jusqu’à 350m plus profond) et une restratification estivale fortement retardée
(jusqu’à 2 mois). Les anomalies de profondeur de couche de mélange ne correspondent pas aux relations
des études composites antérieures, et sont plutôt influencées par l’interaction avec le profil de densité en
subsurface. Dans une quatrième partie, nous simulons à haute résolution l’évolution des tourbillons avec le
modèle numérique CROCO, retrouvant les variations saisonnières des tourbillons dans la SST et la couche
de mélange. L’hypothèse d’un mélange accru dans les anticyclones est confirmée. Les ondes quasi-inertielles
excitées par le forçage haute-fréquence se propagent davantage dans l’anticyclone et y augmentent le mélange,
produisant un exemple remarquable d’interaction d’échelles. Enfin d’autres interactions sont discutées, en
particulier le pompage d’Ekman, les rétroactions atmosphériques et le rôle de la salinité. Cette étude met
en évidence la complexité de l’évolution des tourbillons de méso-échelle avec des interactions air-mer. Cette
dynamique est gommée dans une vision composite mais s’observe par un suivi lagrangien, et elle reste peu
étudiée dans les modèles globaux.
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Chapter 1

Introduction

1.1 A history of eddy observation in oceanography

1.1.1 In situ oceanographic surveys

Before satellite observation, oceanic structures could only be surveyed through in situ measurements, with
vertical profiles and currentmeters. Using steamers opportunity measurements across the North Atlantic,
Church (1932) already identified eddies detachments from the Gulf Stream as warm core rings. We have to
wait until the end of the Second World War to have observations of a strong correlation between temperature
spatial gradients (and assumed density, but at that time most measurements were only provided through
bathythermographs) and surface currents, in one of the first description of the Gulf Stream variability by
Fuglister and Worthington (1951) (reproduced in Fig.1.1a). Numerous surveys on these ocean density lenses
were programmed in the 60’s and 70’s. One can list Soviet navy POLYGON experiments in 1967 in the Ara-
bian sea (Stockman et al., 1969) and in 1970 in the Tropical Northern Atlantic (Brekhovskikh et al., 1971),
the American Mid-Ocean Dynamics Experiment (MODE Group, 1978), the joint US-Soviet POLYMODE ex-
periment, the French-British Tourbillon experiment in the Gulf of Biscay in 1979 (Tourbillon Group, 1983),
and at the end of the 80’s some significant review were already available, e.g. McWilliams (1979), Monin
and Zhikharev (1990), Koshlyakov and Belokopytov (2020). These first eddy oceanographic surveys already
confirmed at their time ubiquity of oceanic eddies, with velocities in balanced flows around density anomalies
over wavelengths about 200km (in the mid-latitude North Atlantic, hence radius four times smaller about
50km), characterizing the mesoscale. They also showed the baroclinic nature of oceanic eddies, with surface
and bottom currents being largely uncorrelated. Eddies were already understood as contributing for a signif-
icant part of the ocean kinetic energy budget and to have temporal scale evolution ranging from few weeks
to months (Richardson et al., 1989). But these surveys also brushed a zoology of various other dynamical
structures. Analysis of ocean fronts at finer scale also revealed smaller dynamical scales in the upper ocean,
largely unbalanced with density gradients (Pollard and Regier, 1992; Rudnick and Ferrari, 1999), what can
then be labeled as ”submesoscale”. Observations from the POLYMODE experiment also revealed smaller
scale features to be not uncommon at depth with no surface signature, referred to as ”submesoscale coherent
vortices” (McWilliams, 1985).

New oceanographic instruments offered new ways to observe eddies, such as mooring. The long term
Bermuda Atlantic Time series (BATS) allowed similar in situ eddy measurements of density anomalies corre-
lated with sea surface height variations (Siegel et al., 1999). McGillicuddy et al. (1999) identified a distinct
type of eddy constituted by a very homogeneous core with isopycnals displacement above and below the eddy
core. These homogeneous density lenses are referred to as ”mode-water eddies”. McGillicuddy et al. (1999,
2007) hypothesized they play a significant role in biological production through nutrient input by isopycnal
displacement, the ”eddy-upwelling” theory. Nutrients uptake and biological production appeared however
in more recent studies to be mostly driven by submesoscale (Lévy et al., 2001, 2018). The deployment of
long term mooring sites in the Labrador Sea also allowed to make repeated observation of eddies (Lilly and
Rhines, 2002). Lilly et al. (2003) provided a method for objective eddy detections from a mooring site.
Their method looked at mooring hodographs to identify rotating structures, assuming a slowly varying drift.
They also distinguish between ”apparent eddies” and ”apparent non-eddies” by ensuring there is a distinct
temperature and salinity anomaly in the first case, of which 33 events were recorded from 1994 to 1999 (21
cases for ”non-eddies”). This highlights the double nature of mesoscale eddies signing in the velocity field as

9
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Figure 1.1: (a) Superposition of surface current velocities with 200m isotherms (in °F) showing the detachment of a
cold core Gulf Stream ring, reproduced from Fuglister and Worthington (1951). (b) SOFAR floats trapped in Meddies
revealing their pathway and rotation from Lagrangian trajectories, reproduced from Richardson et al. (1989). (c)
Swirling filaments shaping hand-labeled anticyclones in sea surface temperature from Advanced Very High Resolution
Radiometer weekly composite, reproduced from Hamad et al. (2006). (d) Automated eddy detection in the Ionian Sea
on 2021-01-07 with AMEDA algorithm (contours) applied on AVISO 1/8°SSH (arrows) with Ultra-High Resolution
SST (1/120°, colors, Nardelli et al. (2013)).
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a swirling structure, but also driven by a physical anomaly at depth on temperature and salinity. Lilly et al.
(2003) made an interesting distinction between ”convective lenses” and ”Irminger rings”. Their origins were
deduced from watermasses properties at their core: the first ones are intrathermocline lenses assumed to be
formed by winter heat loss and deep convection at the center of the Labrador Sea (13 occurrences), and can
be identified by a very homogenized core, then falling into the mode-water eddies definition. The second ones
(12 occurrences) are formed by detachment of the Irminger coastal current. They reported for both eddy
types the occurrence of composite core anticyclones vertically aligned, with less stratified layers separated
by stronger stratification inside the eddy. They suggested these vertical structures to be formed by vertical
alignment of previously formed mono-core structures, but could not assert it because the full eddy evolution
was not measured. McGillicuddy (2015) theorized another mechanism than heat loss for mode-water eddies
as a result of isopycnal doming or thinning from wind interaction, but in situ observations were still lacking.

In situ measurements indeed provided in-depth vision of mesoscale structures, but in most cases does not
allow to study evolution because instruments only measure an instantaneous snapshot. Temporal evolution
at depth requires numerous in situ campaigns, which was still attempted in some early studies. An early
example dates back from Nilsson and Cresswell (1980) in a Tasman sea with repeated XBT transects reveal-
ing a seasonal evolution of an East Australian Current anticyclone. A remarkable Eastern Mediterranean
example is Brenner (1993), studying from April 1988 to October 1990 the evolution of an anticyclone located
south of Cyprus (see Mediterranean eddy climatology in Sect.1.5) locating its center through extensive CTD
casts and computing the kinetic and available potential energy over time. More recently the increasingly
cheaper cost of glider deployment allowed frequent surveys targeting eddy structure. In the same Cyprus
eddy, Hayes et al. (2011) measured repeated sections from 2009 to 2011. Another anticyclone studied in the
literature is the Loop Current Eddy in the Gulf of Mexico, which evolution on the vertical structure between
2 seasons was surveyed by Meunier et al. (2018). A last recurrent anticyclonic eddy further North to mention
is the Lofoten Basin eddy, sampled through numerous glider surveys by Bosse et al. (2019).

1.1.2 Eddies from drifting floats

Eddying structures should advect particles around their core to form orbital trajectories. As early as the
80’s this method was used to track Mediterranean eddies (”Meddies”). Meddies were discovered offshore
from Bahamas island (McDowell and Rossby, 1978). These isolated anticyclonic lenses tend to spread salty
Mediterranean waters at depth around 1000m in the Atlantic interior. Their observational need led to the
development of the first eddy Lagrangian tracking, using SOFAR ballasting floats with 1000m parking depth.
This technique revealed Meddies pathways, drifting speed and even record merging events or interaction
with seamounts (Richardson et al., 1989, 2000). Several of these Meddies trajectories with SOFAR floats are
reproduced from Richardson et al. (1989) in Fig.1.1b.

Later in the 90’s, the large drifter deployment in part of the World Ocean Circulation Experiment (WOCE)
(Sybrandy, 1991) provided a large cover of the global ocean with Lagrangian drifting trajectories. Veneziani
et al. (2004) and Griffa et al. (2008) showed that most trajectories could be fitted with a simple Lagrangian
stochastic model, and looping drifters identified with a finite rotation speed. Lumpkin (2016) updated the
method to provide a global database of looping trajectories completing at least two orbits. This method
ensures a geometrical reality of an eddy with a coherent rotating core, but it is however greatly limited by
the drifter coverage, and provides only a surface current estimation.

This second limit was partly resolved with development of the Argo program. Argo profiling floats were
developed at the end the 90’s to ”provide an enhanced real-time capability for measurement of temperature
and salinity” (Argo Steering Team, 1998). Standard floats have a temperature, salinity and pressure sensors,
staying at a parking depth of usually 1000m and measuring vertical profiles from 2000m to the surface every
10 days (Roemmich and Argo Steering Team, 2009). Although originally deployed for climatological studies,
Argo floats trajectories provide useful estimation of Lagrangian pathways at depth, with small errors due to
its vertical displacement (Park et al., 2005) and collected for instance in the ANDRO dataset (Ollitrault and
Rannou, 2013). Looping Argo floats can then describe an eddy at depth. Better than surface drifters, they
can also provide temperature and density section of the structure, as computed by L’Hégaret et al. (2013)
(Gulf of Oman) or Nencioli et al. (2018) (Agulhas ring). This method was however often used in combination
with remote-sensing to provide a in situ validation of a rotating eddy. To our knowledge Argo floats were
never used alone to define an eddy from Lagrangian trajectories because of the long time step between two
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profiles (usually 10 days).

1.1.3 Mesoscale through remote-sensing

As in any part of oceanography, large progress was achieved with the availability of remote-sensing obser-
vation, first of all sea surface temperature (SST). Eddies could be identified as swirling structure shaping
circular temperature fronts in surface. This method identifying eddies in SST was possible in powerful eddying
regions or with strong meridional gradients, where these turbulent structures produce visible stirring. This is
the case in Western boundaries current extension regions, such as the Gulf Stream rings (Richardson, 1980),
the Agulhas current retroflexion (Olson and Evans, 1986), or the Kuroshio extension (Yasuda et al., 1992). It
confirmed the ubiquitous presence of eddies throughout the world ocean. Due to smaller deformation radius
in the Mediterranean Sea (see Fig.1.2 later), this method of eddy tracking only in SST proved to be very useful
(e.g. Philippe and Harang (1982) or Matteoda and Glenn (1996) for the Eastern Basin). SST was primarily
used until the mid-2000’s in the Mediterranean Sea by Millot and Taupier-Letage (2005) and Hamad et al.
(2006) to identify eddies accumulation areas. An example of such SST eddy tracking is reproduced in Fig.1.1c.

The availability of altimetric products since the launch of ERS1 in July 1991 and TOPEX/Poseidon (T/P)
in August 1992 opened a new area to study ocean currents, and most particularly for eddies. Altimetric data
indeed provide an almost global measurement coverage free from cloud effect. Eddies were first seen in an Eu-
lerian point of view as current variability (Wilkin and Morrow, 1994; Stammer, 1997) (see Sect.1.2.3). Later
the improvement of sea surface height (SSH) mapping in gridded maps every 10 days (Le Traon et al., 1998),
then every day (Dibarboure et al., 2011) allowed to follow eddies as propagating waves of Sea Level Anomaly
(SLA) (Chaigneau and Pizarro, 2005; Amitai et al., 2010). The study of mesoscale eddies radically changed
with the development of detection and tracking algorithms. They allow to study eddies as coherent oceanic
structures to be followed in time, what we will later describe as the ”Lagrangian” approach. First merely
tracking SLA extrema (Fang and Morrow, 2003), these algorithms soon became more complex in identifying
effectively rotating structures in SSH. First physical algorithms relied on the Okubo-Weiss criterion to detect
regions dominated by vorticity (Isern-Fontanet et al., 2003; Penven et al., 2005), but then numerous other
geometrical or hybrid (geometrical and physical) methods were proposed. A review of algorithms available
in the literature is proposed in Sect.1.2.5. An example of automated eddy detection in the Ionian Sea using
AMEDA algorithm applied on AVISO 1/8°SSH is shown in Fig.1.1d, together with geostrophic velocities (see
Eq.1.5) and SST.

The primary physical measurement used for most early eddy detection algorithm was SLA (Fang and
Morrow, 2003; Morrow et al., 2004; Chaigneau et al., 2009; Chelton et al., 2011b; Mason et al., 2014; Fagh-
mous et al., 2015). Typical error on SSH is about 2cm since the late 90’s (Le Traon et al., 1998; Pujol et al.,
2016), but uncertainty on the mean sea level, i.e. the Mean Dynamic Topography (MDT), required more
than another decade to study current variability on Absolute Dynamic Topography (ADT) (Rio et al., 2014).
Recent comparison confirmed that eddy detections are more reliable on ADT than SLA alone, recurrent
eddies providing a mean SSH bias giving spurious detections (Pegliasco et al., 2021). Nowadays eddy atlases
start to be available in delayed and near-real-time, providing eddy trajectories at global scale (Pegliasco
et al., 2022).

The Argo floats array was not designed to be eddy-resolving, with only about 3000 floats worldwide
and 100 profiles expected on average every 10°square of ocean (Roemmich and Argo Steering Team, 2009).
Nonetheless the collocation between Argo profiles and eddies detected from remote-sensing greatly improved
our ability to observe them. A pioneering example is Chaigneau et al. (2011) with collocated Argo floats
in the Peru-Chile upwelling system. They composed an eddy mean picture by reporting Argo profiles as a
function of normalized distance to the eddy center. This so-called composite method could also reveal eddy
influence with other physical or environmental variable, in particular air-sea interactions (Chelton et al.,
2011a; Frenger et al., 2013; Gaube et al., 2014; Dufois et al., 2016). However the eddy evolution received
little attention, nor their atmospheric retroactions. The context of a mean water transport through Meddies
lead to early attempt of eddy Lagrangian tracking, as presented above. Only in recent years a similar issue
emerged with the Indian ocean watermasses tranport into the Atlantic, known as ”Agulhas leakage”. This
issue lead to the development of a proper Lagrangian approach combining Argo profiles and remote-sensing
to study and track eddies in time (Laxenaire et al., 2018, 2019). These composite and Lagrangian methods
are further detailed in Sect.1.3.
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1.2 What is a mesoscale eddy? Theoretical and practical defini-
tions

As presented in the above section, eddies were studied since at least the end of Second World War, with
various platforms and above all through various observed variables: temperature, density, velocities or tra-
jectories, in surface or at depth. These different variables entail different definitions of mesoscale eddies, with
different assumptions depending on the object of interest.

1.2.1 Hydrological definition

As introduced above, several early oceanographic surveys already showed that current variability is often
linked with a perturbation of the density field. Considering a background density stratification ρback(z),
a density anomaly σ(x, y, z) of sufficiently large scale is in geostrophic equilibrium: the induced pressure
gradients is countered by the Coriolis force. The induced velocities can then be described as a ”balanced
flow”, and the 3D flow structure is given by the thermal wind balance. Its zonal (northward) component
being noted u and the meridional (eastward) noted v, with Coriolis parameter f and gravitational acceleration
g = 9.81m.s−2:

ρ = ρback + σ (1.1)

{
u(z) =

∫ z

ref
g

fρ0
∂xσ(z̃)dz̃

v(z) = −
∫ z

ref
g

fρ0
∂yσ(z̃)dz̃

(1.2)

The Coriolis parameter (or planetary vorticity) f is related to the latitude λ and Earth rotation period Te:
f = 4πsin(λ)/Te. f going to zero at the Equator leads to the geostrophic equilibrium being only valid away
from the Equator (in practice it is often considered |λ| > 5°). A density anomaly in thermal wind balance
then provides a first hydrological definition of a mesoscale eddy. Equations 1.2 show that a negative density
anomaly will create a clockwise rotating structure - called an anticyclone - a positive one a counter-clockwise
rotating structure - a cyclone - in the Northern Hemisphere (positive f). Direction of rotation is opposite in
the Southern Hemisphere but a negative density anomaly remains an anticyclone by definition. Spatial scales
associated with these density anomalies are related to a deformation of the mean stratification, defined with
the Brunt-Vaisala frequency (BVF) N(z) :

N(z) =

√
−g

ρ

∂ρ

∂z
(1.3)

Following equation(5.204) in Vallis (2006), considering wave motion in a quasi-geostrophic system with
Boussinescq approximation and streamfunction Ψ, we obtained for its vertical shape the following equation :

∂z

(
f2

N(z)2
∂zΨ

)
= − 1

R2
Ψ (1.4)

The largest solution R with boundary conditions Ψ(z = 0, H) = 0 is the first baroclinic deformation
radius (Rd hereafter). Rd is the mesoscale, the characteristic horizontal scale of baroclinic quasi-geostrophic
motion. In other words, Rd is the scale at which stratification can support baroclinic density fronts in
geostrophic equilibrium. It is then a spatial scale intrinsic of the ocean, and eddy real scale L can be larger
or smaller than Rd. The Burger number R2

d/L
2 then defines the non-dimensional eddy size. Mesoscale

should be distinguished from two other important spatial scales, which are larger wind-driven gyres at the
basin scale (Stommel, 1948) (L ∼ 1000km) and submesoscale structures smaller than the deformation radius
(McWilliams, 1985) (L ∼ 1km).

A map of the first baroclinic deformation radius is shown in Fig.1.2 for the Mediterranean Sea, computed
as integration of the ordinary differential equation Eq.1.4 (referred to as ODE method). It should be no-
ticed that Rd computation is usually done with the Wentzel-Kramers-Brillouin (WKB) approximation, which
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Figure 1.2: Rossby deformation radius map based on outside-eddy vertical profiles (collocation method in Sect.2.3)
with ordered differential equation integration (Eq. 1.4).

translates in considering N(z) as a constant in Eq.1.4 (Chelton et al., 1998). Additionally in Fig.1.2, vertical
data for N(z) come only from profiles outside-eddy due to avoid the mean effect of eddies on the stratification
(further discussed in Appendix A). The deformation radius depends on latitude but is roughly about 50 to
100km in the global ocean (Chelton et al., 1998). It should then be highlighted that due to weaker mean
stratification, Rd is a lot smaller in the Mediterranean Sea, only about 11km. Spatial scales discussed in this
study has to be rescaled accordingly to be compared with other regions.

On the other hand to fulfil the geostrophic equilibrium the eddy temporal scale (called orbital period
L/Vmax) has to be large compared to the Earth rotation, defined by the inertial period 2π/f . The ra-
tio of these two temporal scales is the Rossby number (discarding 2π) Ro = Vmax/Lf , quantifying the
eddy non-dimensional strength. Laboratory and numerical experiments showed that anticyclone remain sta-
ble when being larger than Rd (low Burger number) (Perret et al., 2006; Dong et al., 2007). Studies on
cyclone-anticyclone asymmetry further showed that anticyclones are more resistant to external shear (Arai
and Yamagata, 1994; Graves et al., 2006).

This hydrological definition is conceptually interesting to study eddy evolution, because it relies on an
eddy description through its watermasses. However measuring eddy physical properties continuously or at
least repeatedly is very difficult with ship campaigns. Apart from those specific campaigns previously intro-
duced (Nilsson and Cresswell, 1980; Brenner, 1993; Meunier et al., 2018; Bosse et al., 2019), in-situ studies
offer only snapshots of dynamical structures evolving over few weeks. They additionally focus on specific
recurrent structures easy to sample, often powerful anticyclone. This hydrological definition must then be
adapted to more permanent observation platforms, which is offered by satellite remote-sensing.

1.2.2 Geometrical definition

The hydrological definition presented in the above section relies on the geostrophic equilibrium (Eq.1.2) to
describe the flow velocities. On the opposite, an eddy can be defined as a rotating flow structure, trapping
water parcels in its core (Haller, 2005). This definition takes into account the true Lagrangian pathways of
water parcels. We will refer to this second definition as a ”geometrical” - or kinematic - definition, to distin-
guish it from the eddy Lagrangian tracking (introduced later in Sect.1.3), and in consistence with geometrical
eddy detection algorithms (see Sect.1.2.5).

This definition can very easily be applied with in situ instruments recording drifting trajectories. As
previously introduced (Sect.1.1.2), this could be done for Meddies with SOFAR floats (Richardson et al.,
1989) (see Fig.1.1), or even computing a looping trajectories database describing eddies (Lumpkin, 2016)
with buoys from the WOCE program. Other new oceanographic measurement techniques allow to apply this
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geometrical definition through instruments mounted on a ship or anchored. Fixed moorings allow to observe
an eddy signature, in both density field and with hodographs from currentmeters, but assuming an almost
constant drifting speed (Lilly and Rhines, 2002; Stramma et al., 2014). Vessel-mounted acoustic Doppler
currentmeter profilers (ADCP) allows to measure the true and instantaneous speed section of a swirling
eddy, without slow drift assumption (Castelão and Johns, 2011). Repeated sections in different directions
can also show some elliptical deviation from a circular shape.

Despite relying on in situ velocity measurement (and density profile if adding Argo profiles) and being
more accurate to describe oceanic flows, the geometrical definition is difficult to maintain in operational
conditions. Looping Argo floats or surface drifters only measure an eddy for a few orbital periods, with some
exceptions for SOFAR drifters maintained trapped in Meddies for months. Measuring an eddy temporal
evolution then involves to use continuously available data, which is offered by satellite remote-sensing.

1.2.3 An Eulerian approach from Eddy kinetic energy

Due to their signature on density and thanks to the isostatic equilibrium, mesoscale have a signature in sea
surface height. An anticyclonic negative density anomaly will then sign as a high in SSH and conversely a
cyclone as a low. With the availability of altimetry detection, eddy velocities can then be estimated from
SLA h′:

u′ = − g

f
∂yh

′ ; v′ =
g

f
∂xh

′ (1.5)

A more statistical description of eddy activity can be estimated through the Eddy Kinetic Energy (EKE,
see Mediterranean map later in Fig.1.7). This approach allows to compute statistics on gridded fields, and
is therefore often referred to as ”Eulerian”, but it does not allow to track individual structures:

EKE =
1

2
(u′2 + v′2) (1.6)

In the Mediterranean Sea, the first eddy studies were based on EKE estimation with sea level standard
deviation (Iudicone et al., 1998; Ayoub et al., 1998; Larnicol et al., 2002; Amitai et al., 2010). Some collocation
with SST could be studied on a case by case basis, comparing directly SSH measured at the satellite nadir
and SST (Iudicone et al., 1998). Mapping error and resolution were at that time limiting factors with more
than 1°between successive tracks and a SSH root-mean-square error about 3cm (Le Traon et al., 1998) while
SSH deviation in the Mediterranean Sea was measured to range between 1 and 8 cm by Iudicone et al. (1998).

1.2.4 β drift and non-linearity criterion

Another way to consider mesoscale eddies is to see them as circular Rossby waves. They then experience
westward drift due to meridional variations of the Coriolis parameter, the β-effect. This β-drift was theorized
by Rossby (1948) for atmospheric vortices, then by Nof (1981) for baroclinic ocean vortices assuming they
are circular and steady, and later generalized by Cushman-Roisin et al. (1990). They showed the drift to be
westwards and scaling as :

vβ = βR2
d where β = ∂yf =

4πcos(λ)

TeRe
(1.7)

For the Mediterranean Sea at mid-latitude (λ ≈ 35°) and Earth radius Re = 6371km, β ≈ 2 ×
10−11m−1.s−1, a median value. The β-drift is nonetheless very weak due to the small deformation ra-
dius: vβ ≈ 0.5km.d−1. For large open basins this westward drift is significant (Chelton et al., 1998), and
eddies are indeed observed to flow mostly westwards (Chelton et al., 2007). For intense eddies with Rossby
number reaching values of order unity, a meridional drift correction has to be added. A correction computed
by Killworth (1983) and confirmed in observations by (Morrow et al., 2004): intense cyclones move also
polewards and anticyclones equatorwards.

Translation in time of what is physically detected as an eddy raised the question whether water parcels
remained trapped in the eddy core. A simple criterion theorized by Flierl (1981) is that if the eddy rotational
speed is higher than the eddy drifting speed, then water parcels can be trapped in a so-called ”non-linear”
Rossby wave. This criterion is more difficult to satisfy close to the Equator, where the deformation radius gets
very large. In this region, β-drift is faster than rotational speed, leading to ”linear” Rossby waves. Observing
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that eddy drifting speed follows approximately the phase speed of baroclinic Rossby waves, Chelton et al.
(2007) then defined a non-linearity parameter with eddy maximal rotational speed Vmax:

γ =
Vmax

vβ
(1.8)

This non-linearity criterion allows us to conciliate the hydrological and geometrical definitions of an eddy:
A mesoscale eddy is then defined by two criteria: it has a density anomaly σ in thermal wind balance (Eq.1.2),
and it satisfies the non-linearity criterion (γ > 1). The first condition ensures that it has a geostrophic
signature in sea surface height (SSH), allowing to detect it through remote-sensing altimetry. The second
condition ensures that it is a distinct hydrological structure, allowing to consider it as an individual structure.
The non-linearity criterion γ alone is of course not sufficient to consider that a SSH contour is indeed a
transport barrier. Beron-Vera et al. (2013) showed that defining an eddy only on SSH contours leads to a
strong underestimation of eddy transport trough trapped water parcels, compared to a geometrical contour
based on least sheared streamline. Nonetheless this non-linear hydrological definition was routinely applied
for eddy detection and tracking, and proved to be quite robust for eddy transport across ocean basins: e.g.
Meddies in the North Atlantic with SOFAR floats (Robinson, 1983), or Agulhas rings in the South Atlantic
(Laxenaire et al., 2020). As our focus is the eddy temporal evolution, we will keep this definition and apply
it from a Lagrangian perspective to automatic eddy detections.

1.2.5 Eddy automated algorithms and atlases: towards a Lagrangian approach

Eddy detection

To study eddy individual structures, early studies simply looked at temporal propagation of sea level anoma-
lies without eddy automatic detections (Chaigneau and Pizarro, 2005). But in the beginning of the 2000’s
several studies attempted to provide automated detections of individual eddies based on the altimetric field.
Three different types of eddy detection algorithm should be distinguished, whether they rely 1) on a phys-
ical property of the flow, 2) on a geometrical property, or 3) hybrid. Fang and Morrow (2003) proposed a
detection based on peaks larger than ±10cm- in gridded SLA fields. They used merged Topex/Poseidon and
ERS2 satellite altimetric data every 10 days, and focused on intense warm-core anticyclones detached from
the Leeuwin current. This gives SLA maxima between 20 and 70cm they had to track manually from one time
step to another. They also observed a high correlation between steric height integrated from CTD casts and
satellite SLA added to hydrological climatology, confirming the link between sea level and density anomaly at
depth. Chaigneau and Pizarro (2005) used a similar method in the Southeastern Pacific with ±6cm threshold
on SLA, and confirmed eddy characteristics (rotation period and velocity) with looping drifting buoys. They
noticed an overall good agreement, despite slight underestimation of swirling speed from altimetry.

Okubo-Weiss methods SSH mapping was not very efficient until the 2010’s, then other studies proposed
a physical approach based on the Okubo-Weiss parameter (Okubo, 1970; Weiss, 1991):

W = s2n + s2s − ω2 (1.9)

Where sn = ∂xu−∂yv and ss = ∂xv+∂yu are the normal and shear components of the strain, ω = ∂xv−∂yu
the relative vorticity. The Okubo-Weiss parameter then gives information of the relative dominance of strain
compared to vorticity. McWilliams (1984) proposed to classify the flow into three regions between elliptic
(W < −W0), hyperbolic (W > W0) and background regions (|W | < W0). W0 is a threshold to be deter-
mined, and it then defines an eddy as a connected region dominated by vorticity and hence negative W .
Isern-Fontanet et al. (2006) proposed an eddy detection method with threshold W0 = 0.2σW , where σW is
W spatial deviation. They produced with this method the first automated detections and trajectories in the
Mediterranean Sea. It was also successfully applied in the global ocean by Morrow et al. (2004) and then
Chelton et al. (2007) but with a constant W0 parameter. Penven et al. (2005) resolved this issue on W0

threshold by smoothing with a Hanning filter and selecting W minima. Kurian et al. (2011) also improved
the method by discarding ”banana shape” eddies, introducing a shape parameter as a ratio of the eddy
contour over the best fitted circle.
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Winding-angle method The main problem with the Okubo-Weiss parameter is that it based on flow
derivative and is then quite sensitive to altimetry errors, still on the order of 3cm for AVISO product. This
leads to an overestimated number of eddy observation (Chaigneau et al., 2008). The threshold determination
W0 remained a problem to determine eddy edge, i.e. where to end the eddy extent (Souza et al., 2011). To
resolve these problems of the Okubo-Weiss criterion, the geometric ”winding-angle” method was developed
by Sadarjoen and Post (2000). Chaigneau et al. (2008) applied it to altimetric maps in the Peru-Chile up-
welling system and proved this method to be more accurate than the Okubo-Weiss criterion. They detected
eddy centers as SLA extrema (the method is then hybrid as it starts from a physical variable) and computed
streamlines by releasing particles in the geostrophic flow. Computational cost of this method was improved
in Chaigneau et al. (2009) by looking at surrounding SLA contours instead of streamlines, as it is parallel to
SLA in the geostrophic approximation. Laxenaire et al. (2018) later adapted Chaigneau et al. (2009) hybrid
method for the TOEddies algorithm.

SLA hybrid method Chelton et al. (2011b) used a SLA-only approach to detect eddies, but the method
still relies somehow on a threshold on SLA. This method was also adapted in other successive algorithms.
Mason et al. (2014) and Faghmous et al. (2015) improved it by considering only eddies having a single SLA
extrema within a closed SLA contour, avoiding spurious detections. Proposing a more objective eddy detec-
tion method without sensitivity to chosen parameters, Mkhinini et al. (2014) extended Nencioli’s method to
introduce a new physical index based on a locally integrated quantity: the local normalized angular momen-
tum (LNAM). The normalization makes it independent from the vortex intensity, giving a net distinction
between elliptical and hyperbolic flow points and removing the threshold problem. Contours are also searched
as surrounding closed SSH, making also a hybrid method.

Other altimetric methods Several other methods were proposed to overcome Okubo-Weiss limitations.
Some of them are physical: Doglioli et al. (2007) method is based on wavelet analysis decomposing the
vorticity field to find coherent structures. d’Ovidio et al. (2009) proposed to introduce information from
the temporal variability through an eddy identification based on Lyapunov exponent. Halo et al. (2014)
combined Okubo-Weiss and SLA approaches by keeping only eddies detected in both methods, achieving
similar results on both models and remote-sensing SSH despite different resolution. Last, one should list the
recent development of numerous neural networks algorithms using primarly altimetry (Lguensat et al., 2018;
Franz et al., 2018; Duo et al., 2019).

Geometrical methods Other methods are based purely on the flow geometry, consistent with the geomet-
rical definition of an eddy (see Sect.1.2.2) proposed by Nencioli et al. (2010), looking for center of rotation
in velocity field. Haller and Beron-Vera (2012) proposed another geometrical method (called ”geodesic”
method) totally based on an eddy ability to trap water parcels. This method looks for flow transport barriers
in least sheared streamlines. Last, one can also list among geometrical eddy detection using sea surface
temperature. This approach was recently refreshed in artificial intelligence methods to provide automated
detections (Moschos et al., 2023; Liu and Li, 2023). SST is considered as a quasi passive tracer, enabling to
detect transport barriers and then consider an eddy through its geometrical definition.

Doglioli et al. (2007) wavelet method, Chaigneau et al. (2009) improved ”winding-angle” method and
Chelton et al. (2007) Okubo-Weiss method (with constant W0 threshold) were compared in Souza et al.
(2011). Okubo-Weiss and wavelet methods appeared to be less efficient in regions of high SLA variance, and
Okubo-Weiss method underestimates eddy diameter. Geometric ”winding-angle” approach appeared to be
the most efficient in terms of computational cost. Nonetheless it still relies on some threshold choices.

Except some recent deep learning algorithms using only SST, most algorithms are based on SSH, whether
they primarily have a geometrical, physical or hybrid use of the SSH, and they measure geostrophic speed
based on SSH gradient. This eddy velocity associated with maximal SSH gradient is often considered as the
characteristic speed Vmax. However due to the Gaussian interpolation scheme in time and space to recon-
struct altimetric maps (Le Traon et al., 1998), SSH gradients are somehow smoothed and hence geostrophic
velocities and EKE underestimated. This effect is even more pronounced in the Mediterranean Sea due to
the small deformation radius (Amores et al., 2018; Stegner et al., 2021). Additionally for intense eddies with
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finite Rossby number, the geostrophic approximation becomes inaccurate. Centrifugal acceleration of the ro-
tating eddy has to be taken into account to correct azimuthal geostrophic velocity Vg in a cyclo-geostrophic
equilibrium velocity Vc (Penven et al., 2014):

Vc +
V 2
c

fRmax
= Vg (1.10)

In the Mediterranean Sea, Ioannou et al. (2019) showed the cyclo-geostrophic correction to be as high as
0.5m.s−1 in specific areas, such as the Ierapetra eddy or Western Alborán gyre. Despite these uncertain-
ties on the velocity field, from early Okubo-Weiss methods to hybrid algorithms, eddy detection algorithms
proved over the past decade to be nonetheless relatively efficient to detect structures. To access information
on eddy evolution, we then need to track eddies in time through successive detections.

Temporal tracking

Linking observations trough different time steps allows to reconstruct an eddy trajectory. It then enables
to define a Lagrangian approach of an eddy, in a similar way to water parcel. But eddy tracking is a sec-
ond challenge for eddy algorithms, the first studies addressing this issue relied on handmade attribution
(Morrow et al., 2004; Hamad et al., 2006), which was then subjective. Various algorithms were proposed
to resolve it. Isern-Fontanet et al. (2006) only had access to altimetric maps every ∆t = 10d, and their
tracking method only implied for each eddy to look for the next available observation closer than cmax∆t,
with cmax = 10km.d−1. They considered an eddy merged (or split) if two distinct eddies get closer (further
away) than 20km at the next time step. Looking for the closest most likely next attribution in time was also
the method used for more recent eddy atlases (Chelton et al., 2011b; Faghmous et al., 2015). Chelton et al.
(2011b) however modify the method to take into account the westwards drift, looking for next observation
in an elliptical region more elongated westwards.

Several tracking algorithm rely instead on a cost function minimization. Penven et al. (2005) proposed a
cost function between two possible observations i and j of the same eddy at different time steps, based on
distance (∆X), vorticity (∆ω) and radius (∆R) changes:

Xi,j =

√(
∆X

X0

)2

+

(
∆R

R0

)2

+

(
∆ω

ω0

)2

(1.11)

It however has to rely on some characteristic scales: X0, ω0 and R0. In the Peru-Chile upwelling system,
Penven et al. (2005) chose X0 = 100km, ω0 = 10−6s−1 and R0 = 50km, but these parameters have to be
tuned for each studied regions, e.g. Souza et al. (2011) in the South Atlantic or Raj et al. (2016) in the Lo-
foten Basin. Chaigneau et al. (2008) tracking method is a modification from Eq.1.11 but considering a fourth
term for EKE variation, with same scales as Penven et al. (2005) and choosing an EKE characteristic scale
EKE0 = 100cm2.s−2. At last Pegliasco et al. (2015) and Laxenaire et al. (2018) proposed a simpler method
to track eddies by looking at overlapping areas from one time step to another. They also both analyzed
merging and splitting events when more than one allocation at next time step was possible, determining the
main track by a cost function.

Tracking efficiency strongly relies on detection efficiency. Souza et al. (2011) compared eddy detection
algorithms but applied for all the same tracking method from Penven et al. (2005). It revealed that Okubo-
Weiss and wavelet decomposition methods strongly underestimate eddy lifetime and drifting speed, because
some detections are often missed, leading to fragmented tracks. This ”missing eddy” problem, notably due
to large error between satellite tracks, lead to various solutions: Mkhinini et al. (2014) and Chelton et al.
(2011b) proposed to simply extend the research circle to look for the eddy next apparition. Le Vu et al.
(2018) consider instead an additional term in the tracking cost function, allowing to lose an eddy for several
days (see Sect.2.2). They also improved detection of merging and splitting events, defined as outcome of an
eddy interaction. They defined such interaction as two distinct LNAM maxima sharing a closed SSH contour
for several time steps.

Over the past decade, the improved performance in mesoscale eddy detection and tracking, together with
the availability of daily AVISO SSH product, enables the development of global or regional eddy atlases.
The pioneering eddy atlas was produced by Chelton et al. (2007), with improved method in Chelton et al.



1.3. EDDY COMPOSITE VERSUS LAGRANGIAN TRACKING 19

(2011b). These atlases provided global statistics on eddy behavior, notably on the non-linearity criterion
and westward drift(see Sect.1.2.4). Some eddy atlases are now available at the global scale on an operational
basis, such as the META3 atlas based on Mason et al. (2014) Py-Eddy-Tracker algorithm (Pegliasco et al.,
2022). Using the LNAM-based method from Le Vu et al. (2018), the DYNED Atlas provides similar eddy
detections for the Mediterranean Sea, and is presented with more details in Sect.2.2. The development of
these eddy atlases with centers, contours and trajectories paved the way to study eddy temporal evolution.
However the correlation between eddy tracking in time, its evolution in a Lagrangian way, and other physical
variables has been very little investigated so far.

1.3 Eddy composite versus Lagrangian tracking

The availability of reliable eddy detections allowed numerous possible collocation with other measurements,
both in situ and remote-sensing. Most of the previous studies focused on a composite approach: numerous
measurements are collocated with eddy detection and normalized by the radius, giving an average eddy sig-
nature. Hausmann and Czaja (2012) then estimated the average SST anomaly for cyclones and anticyclones
in the Gulf Stream region, confirming that anticyclones (cyclones) are predominantly warm (cold) at the
surface. Other physical properties were remotely measured at scale smaller or comparable to the mesoscale,
such as chlorophyll from SeaWIFS, surface wind from QuickSCAT, or sea surface salinity (SSS) from SMOS
or SMAP missions. Chelton et al. (2011a) and Gaube et al. (2014) looked at the average imprint of mesoscale
eddies on chlorophyll. Using wind stress from QuickSCAT sensor, Gaube et al. (2015) produced an eddy
Ekman pumping estimate. In another interesting study, Delcroix et al. (2019) tracked eddy-induced salinity
anomalies in the Equatorial Pacific. Changes in eddy-induced SSS anomaly pattern, with the help of salinity
vertical structure from collocated Argo floats, lead them to diagnose a salt transport mostly driven by hori-
zontal advection in the Central Equatorial Pacific and by vertical advection in the Eastern Equatorial Pacific.

To study the eddy vertical structure, Chaigneau et al. (2011) adapted the composite method to collocate
eddy detections with in situ data, and in particular Argo floats. Chaigneau et al. (2011) showed the average
vertical anomalies of cyclones and anticyclones in the Peru-Chile upwelling system. They could then derived
the vertical velocity profile from the thermal wind balance. Given that eddy velocity profile slows down at
depth, they extended the non-linearity parameter at depth and were then able to measure the depth above
which water can be trapped in the eddy core. With this method they could estimate the cross-shore heat and
volume transport associated to individual eddies. Interestingly the main error source they discussed was the
Argo float deviation while moving vertically (estimated to be smaller than 5km), but they did not estimate
the uncertainty of the eddy contour position although acknowledging it might be larger. This method was
extended to various regions of the world ocean, such as the Kuroshio extension (Sun et al., 2017), the Arabian
Sea (de Marez et al., 2019) or the South China Sea (Zhang et al., 2016). A novelty in Sun et al. (2017) was
to look at seasonal variability making seasonal composite, giving a first insight of the eddy seasonal cycle. It
revealed an eddy-modulation of the mixed layer depth (MLD) cycle, anticyclones deepening the mixed layer,
and cyclones making it shallower. This was confirmed in a global composite picture by Gaube et al. (2019),
also proposing a scaling law as a function of the eddy SLA.

Interestingly, no regional study using the composite method was attempted at the scale of the Mediter-
ranean Sea, likely because of the great variability of structure encountered in terms of dynamics and water-
masses. Eddy studies in the Mediterranean Sea has been so far mostly a collection of specific local campaigns.
An interesting comparison is the BOUM campaign in 2008, where 3 different anticyclones (an Algerian an-
ticyclone, a Ionian anticyclone and a Cyprus eddy) were sampled and compared (Moutin and Prieur, 2012).
Before the beginning of this thesis and already using the DYNED Atlas (see Sect.2.2), Stegner et al. (2019)
provided a figure on the depth of Mediterranean anticyclones and cyclones, confirming that maximal density
anomalies get deeper eastwards in the basin.

The drawback of the composite method lies in its temporal and spatial averaging. The spatial distribution
of different mesoscale structures is reduced in a simple mean picture. Everett et al. (2012) produced a more
statistical description of eddies in the Tasman Sea, revealing that the commonly accepted warm (cold) surface
signature for anticyclone (cyclone) is not universal. Warm-core cyclones and cold-core anticyclones, referred
to as ”inverse” SST signatures in the literature gained lots of attention over the past four years. Trott et al.
(2019); Sun et al. (2019) and Ni et al. (2021) revealed that they are very common features in various regions
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of the world ocean. Sun et al. (2019) first showed that there is a seasonal cycle, inverse SST being always
more predominant in summer. Several mechanisms were proposed to explain this variability and discussed
in our study (see Sect.5 and Sect.6), from lateral exchanges (Itoh and Yasuda, 2010a; Sun et al., 2022),
differential effect of heat and salinity fluxes (He et al., 2020), and eddy-induced Ekman pumping due to wind
work interaction with surface currents - the so-called current feedback - (McGillicuddy, 2015; Ni et al., 2023).

Averaging in a composite also prevents to investigate any temporal evolution. Recently, some Lagrangian
tracking methods were developed to fill this gap. The main idea is to follow an eddy over several time steps
from its first to its last detection, to study its temporal evolution. In the context of Indian ocean leakage into
the Atlantic, Laxenaire et al. (2019, 2020) developed a Lagrangian method to track heat and salt anomalies
transported by Agulhas rings. With collocated Argo profiles, they also measured a seasonal evolution in
the upper thermocline due to spring restratification and a westwards subduction of the anticyclonic density
anomalies. In the Mediterranean Sea, some other studies attempted to adopt a similar viewpoint. In the Gulf
of Lion, the LATEX program surveyed for 5 years the formation and fate of coastal eddies formed with wind
curl interaction, combining ship surveys and remote-sensing tracking Petrenko et al. (2017). Pessini et al.
(2018) studied Algerian eddies characteristics per bin (dividing the Algerian basin in 9 bins) as a function of
their origin region. Lagrangian tracking is then a very promising tool to study eddy temporal evolution, but
so far no investigation of the physical processes underlying this evolution was attempted.

1.4 Eddy interaction with atmosphere

Interactions between ocean mesoscale eddies and the atmosphere have been theorized and observed almost
since the beginning of eddy observations. With a buoyancy anomaly and swirling velocity, eddies can interact
both on heat and momentum fluxes but also through the wind stress curl.

Wind curl Eddy rotating structure submitted to uniform wind arises as a circular case of the Ekman
transport phenomenon, the so-called ”Ekman pumping”. Stern (1965) already described how a rotating cy-
clone can experience surface downwelling due to positive surface current vorticity. Conversely an anticyclone
should experience upwelling. In oceanic basins, the large wind stress curl at scales about 5× 103km between
mid-latitudes westerlies and tropical easterlies drives convergence and hence downwelling in the subtropical
gyres (Stommel, 1948). Ekman pumping in mesoscale eddies was detailed in Gaube et al. (2015) and esti-
mated in composite eddies using remote-sensing wind stress observations. They revealed the vertical velocity
pattern to be either mono-polar or bipolar, depending on the relative strength of the wind speed compared
to the eddy velocity. They also observed the additional pumping caused by flux divergence above eddies due
to SST anomaly to be secondary.

Conversely if the wind stress curl happens to be at the ocean mesoscale, it can also force eddy generation.
This mechanism was first proposed by Patzert (1969) as a formation mechanism for the eddies in the lee of
Hawaii. Several occurrence of eddies formed by channeled orographic jets were observed in diverse regions,
such as Southern California (Caldeira and Marchesiello, 2002), Western Mexican coast (McCreary et al.,
1989), or in the lee of islands: Madeira (Caldeira et al., 2014) and Gran Canaria (Barton et al., 2000).
The rough topography of the Mediterranean coast gives several examples of wind forced gyres in anticyclone-
cyclone pairs. The most studied structures being the Ierapetra anticyclone (Horton et al., 1994; Ioannou et al.,
2020a) and cyclonic Rhodes gyre, but also the Bonifacio anticyclone and the Southwestern Corsican cyclone
(Moen, 1984; Ciuffardi et al., 2016). These wind-forced dipoles often develop a strong cyclone-anticyclone
asymmetry with only the anticyclone remaining stable, as shown in both observation and model by Ioannou
et al. (2020a) and Kersale et al. (2013).

Wind stress The eddy velocity field can also directly influence the wind stress drag, the eddy side opposing
the wind experiencing higher wind stress than the other. Dewar and Flierl (1987) showed this differential
effect to trigger a bipolar Ekman pumping (one of the Ekman pumping contributions studied by Gaube et al.
(2015)), and also to lead to faster eddy decay. This current feedback (CFB) mechanism was shown to play a
significant role in air-sea momentum exchanges, acting as an eddy killing mechanism by decreasing the EKE,
but also reflecting part of the eddy energy to the atmosphere. The differential stress on the wind itself acts
as producing a wind curl of opposite sign, then dampening the eddy by Ekman pumping described above



1.5. THE MEDITERRANEAN SEA AND ITS EDDY CLIMATOLOGY 21

(Renault et al., 2016b). Even if they track eddies to measure their decay, Renault et al. (2016b) were still in
a composite approach.

Thermal feedback The thermal feedback of eddy SST patterns on heat fluxes focused also numerous stud-
ies. Chelton et al. (2004) showed a strong correlation between wind divergence and curl and both crosswind
and downwind SST in energetic eddying regions. In the Agulhas retroflexion region, O’Neill et al. (2005)
also noticed this effect to be twice higher during winter. Frenger et al. (2013) completed the picture with
eddy composite over the Southern ocean, showing enhanced surface winds, wind divergence, precipitations
and rainfalls above anticyclones (respectively reduced above cyclones). Collocating remote-sensing turbulent
heat flux measurements above eddies also showed significant impact of the mesoscale. In the Agulhas and
Brazil-Malvinas Confluence regions, Villas Bôas et al. (2015) measured the eddies to account for up to 20% of
heat flux variations. Cyclones (anticyclones) tend to increase turbulent heat flux above their core. However
most of these studies focused on very energetic eddies with strong and marked signature on SST. They do not
go into analyzed temporal variations, and rely on a static vision of cold-core cyclone (warm-core anticyclone).

Individual eddy evolution Few studies were done however on the influence of atmospheric forcing on
the long-term temporal evolution of an individual mesoscale eddy. Among numerical studies, Renault et al.
(2016b) studied current feedback tracking individual structures. They show that eddy decay faster, but did
not detailed the variability for different structures. A more detailed study can be found in Braby et al.
(2020), where the impact on current feedback is investigated between altimetry and numerical simulation in
the Agulhas region. This comparison is performed not only on Eulerian variables, such as EKE or Mean
Kinetic Energy (MKE), but also on eddies Lagrangian variables: eddy life time, radius, SSH amplitude and
maximal speed, retrieved through Halo et al. (2014) algorithm. However while adding current feedback in
the model, they did not notice a significant reduction of the model deviation to observed eddies, except
for anticyclones amplitude and maximal speed. For wind curl impact, Ioannou et al. (2020b) studied the
generation process of the specific Ierapetra anticyclone in a 3D model over several years to assess the bottom
and coastal dissipation effect.

Some examples of mesoscale individual evolution can also be found from in situ observation studies. An
important study by Meunier et al. (2018) showed the vertical structure of the Loop current eddy to evolve
at 4 months intervals between two gliders transects because of diapycnal transformation driven by heat and
freshwater fluxes. Studying the Lofoten Basin eddy, Bosse et al. (2019) suggested an anticyclonic subsurface
anomaly being maintained through successive merging from smaller anticyclones detached from the coast.
But merging processes is likely eased by winter cooling reducing the stratification barrier. Such mechanism
was a numerically proven by de Marez et al. (2021) for another long-lived subsurface anticyclone, the Rock-
wall Trough eddy.

Despite numerous studies documenting air-sea fluxes interacting with mesoscale, very few studies assessed
the impacts of these interactions on mesoscale evolution. Eddies are then mostly understood as a hetero-
geneous field forcing the atmosphere rather than truly having coupled interactions, even though seasonal
variability at mesoscale is attested in both surface (Sun et al., 2019) and subsurface (Sun et al., 2017; Gaube
et al., 2019). As shown by glider surveys (Meunier et al., 2018; Bosse et al., 2019), an observational challenge
is to maintain in situ measurement at depth for several months while following the mesoscale structure,
which is then not possible with a usual mooring. The Mediterranean Sea then appears as a promising case
study for mesoscale eddy evolution because of the extensive data coverage and various eddying structures
well described by the literature.

1.5 The Mediterranean Sea and its eddy climatology

With important maritime traffic, numerous coastal countries and important economic activities, the Mediter-
ranean Sea has always been an important case study for oceanography. It is then not surprising that it offers
a very dense in situ data coverage allowing to study mesoscale in details. We aim to describe in the present
section a brief vision of the Mediterranean Sea general circulation, its atmospheric forcing and eddy climatol-
ogy. The oceanographic surveys in the 60’s already shaped the circulation of the Mediterranean Sea as being
overall anti-estuarine (Ovchinnikov, 1966) and greatly shaped by the rough topography of the Mediterranean
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Figure 1.3: Bathymetric map of the Mediterranean Sea, data from ETOPO1 (Smith and Sandwell, 1997). 0m
isobath is black line, 500 and 1000m isobaths in red lines. Al.S refers to Alborán Sea, AB: Algerian Basin, LPB:
Liguro-Provencal Basin, TS; Tyrrhenian Sea, Ad.S: Adriatic Sea, IS: Ionian Sea, ES: Aegean Sea, LB: Levantine
Basin.

Basin, shown in Fig.1.3.

The classical divide is the Western Basin from Gibraltar to the Straits of Sicily and Messina and east-
wards the Eastern Basin. The eastern part is further divided in the Ionian Sea from Sicily to Crete and
the Levantine Basin from Crete to the Levantine coast. The main regional circulation is an entrance of
Atlantic surface waters through the Gibraltar strait, following the Southern coast in the Algerian current.
This flow is partly deflected in the Tyrrhenian Sea in the Northern Ligurian current, shaping the border of
the cyclonic gyres in the Gulf of Lion and Ligurian sea. Due to the influence of Mistral wind blows (Schott
et al., 1988) and the preconditioning of cyclonic activity (Grignon et al., 2010), deep convection regularly
occurs in this gyre. Part of the Atlantic waters flow continues in the Eastern Basin following the Southern
Mediterranean coast in the Libyo-Egyptian current progressively transformed into saltier and denser waters.
It reaches the Rhodes cyclonic gyre south of Rhodes island, where it convects in winter at depth to form
the salty Levantine intermediate waters (LIW), the LIW flowing westwards following the Northern coast.
Watermasses transformed in the Mediterranean sea eventually flow out at the Gibraltar Strait below 200m
and spread in the Atlantic Ocean at mid-depth. This surface circulation, established at the beginning of the
2000’s thanks to SST measurement (Millot and Taupier-Letage, 2005), is also clearly visible in the MDT map
shown in Fig.1.4. The lighter Atlantic waters flow signs in an enhanced MDT vein along the Southern coast,
the cyclonic Rhodes gyre and Ligurian Sea being the areas at lowest MDT.

The atmospheric forcing in the Mediterranean Sea is specific, first for the freshwater fluxes because it
is an evaporation basin with very marked seasonal cycle (Peixoto et al., 1982). Precipitation has seasonal
variation about 0.7m.y−1 and an annual mean about 0.33 to 0.47 m.y−1 following Pettenuzzo et al. (2010)
(ERA40 data from 1958 to 2001). Evaporation has similar or even larger seasonal amplitude anti-correlated
in time, with annual average about −1.0m.y−1. Total freshwater flux is the addition of evaporation, pre-
cipitation and river contributions. River discharge being significantly weaker (about 0.1m.y−1 see details in
Jordà et al. (2017)), consequently the total net freshwater fluxes is always negative for the Mediterranean
Sea: about −0.5m.y−1 (Mariotti et al., 2002) to −0.9± 0.2m.y−1 from 2005 to 2010 in Jordà et al. (2017).
Freshwater fluxes retrieved from ARPEGE operational weather forecast model (Courtier et al., 1991) are
shown in Fig.1.5a for the spatial distribution (2012-2019 average) and in Fig.1.6a for the temporal variability
(spatial average). A consequence of this negative freshwater budget is the overall heat loss by evaporation,
compensated by a net influx at Gibraltar Strait. Mediterranean annually averaged total heat flux shows a
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Figure 1.4: Mean dynamic topography (MDT) from 2000 to 2018, gray lines are 2cm isolines. Insets remind main
cyclonic (red) and anticyclonic (blue) structures identified in the literature. Alternative names are put in parentheses
when necessary.

net loss, ranging between −7W.m−2 (Pettenuzzo et al., 2010) to −3 ± 8W.m−2 (Jordà et al., 2017). Sec-
ondly the wind forcing is also specific because of its marked temporal and spatial variability. The rough
topography of the Mediterranean coastline shapes strong wind speed gradients and curl, with blocking island
effect (Kotroni et al., 2001) (see wind speed in Fig.1.5c). This results in the creation of several wind-forced
anticyclone-cyclone pairs (introduced earlier in Sect. 1.4). Temporal variability is also marked and wind
blows are noticeably powerful even in summer, in particular in the Eastern Basin due to Etesian winds
(Kotroni et al., 2001) (see wind speed time series in Fig.1.6c).

In the Mediterranean Sea we have to wait until the beginning of the 80’s to have eddy surveys similar to
the MODE experiment in the Atlantic Ocean, such as the Marine Climate experiment (1979-1985) and Phys-
ical Oceanography of the Eastern Mediterranean (POEM, 1985-1989) studies in the Eastern Basin (Robinson
et al., 1991). These Mediterranean campaigns were at first mostly focused on the regional circulation, on sur-
face and intermediate waters pathways. Most of the early eddy literature focused on recurrent cruises, often
understanding eddies as standing meanders (Robinson et al., 1987, 1991). The persistence and recurrence of
several anticyclones in the Eastern Basin enabled some studies to look at their temporal variability tracking
eddies (mostly anticyclones) as warm spots in SST (Matteoda and Glenn, 1996; Hamad et al., 2006). Later
with altimetry other numerous studies adopted an Eulerian point of view (Iudicone et al., 1998; Ayoub et al.,
1998; Larnicol et al., 2002; Pujol and Larnicol, 2005; Amitai et al., 2010), or temporal average of surface
drifters trajectories (Poulain and Zambianchi, 2007; Menna et al., 2012). A challenge in the Mediterranean
Sea is a small Rossby deformation radius from 8 to 15 km (see Sect.1.2.1 and Fig.1.2 above) compared to
other open ocean basins (Chelton et al., 1998). Consequently the β-drift is very weak and virtually all eddies
satisfy the non-linearity criterion (see Sect.1.2.4, Mkhinini et al. (2014)). Some eddy displacement intensi-
fication near the coast reaching 1 − 3 km.d−1 can be observed due to mirror effect (Sutyrin et al., 2009).
Altimetry map has been available at 1/8 °resolution for about two decades (Pujol and Larnicol, 2005), but
the small deformation radius makes eddy detection from altimetry still challenging (Stegner et al., 2021),
involving less reliable cyclonic detections. Several studies were nonetheless dedicated to eddy detection and
tracking in the Mediterranean Sea, among the pioneering studies from Isern-Fontanet et al. (2003, 2006),
Mkhinini et al. (2014) or Le Vu et al. (2018).

This extensive oceanographic literature already described well mesoscale structures across the basin. In
the Western basin, the most notable eddies are instability detachments of the Algerian current forming Alge-
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Figure 1.5: 2012-2019 average (a) net heat flux, (b) freshwater flux, and (c) wind speed (root mean square) over
the Mediterranean Sea from ARPEGE weather forecast operational output. The rectangle in the Levantine Basin
indicates the area where regional time series in Fig.1.6 is extracted.
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Figure 1.6: (a) Freshwater, (b) heat fluxes and (c) wind speed (root mean square) daily average over the Mediter-
ranean Sea from ARPEGE weather forecast operational output from September 2015 to September 2016. Colored
lines are averages over the Levantine Basin (rectangle in Fig.1.5).
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Figure 1.7: Eddy kinetic energy (EKE) from 2000 to 2015 using altimetry in geostrophic approximation, gray lines
are 50cm2.s−2 isolines.

rian anticyclones, drifting northwards up to the Balearic front - southern limit of the Ligurian gyre - and then
westwards (Puillat et al., 2002). In the Eastern Basin recurrent anticyclonic structures Northwest of the Nile
delta - Mersa-Matruh anticyclone - and South of Cyprus island - Eratosthenes anticyclone - (Robinson et al.,
1991; Malanotte-Rizzoli et al., 1997). These structures were identified as areas of anticyclones accumulation
in the Levantine Basin for numerous eddies are formed as instabilities of the coastal current (Hamad et al.,
2006). The rough topography of the Mediterranean coasts can create strong wind stress curls and hence
anticyclone-cyclone dipoles (see Sect. 1.4). Several Mediterranean eddies are formed through this process.
In the Gulf of Lion this mechanism and the evolution of the anticyclone formed on the shelf was reviewed
by Petrenko et al. (2017). In the Tyrrhenian Sea one can list the Bonifacio anticyclone and South Corsican
gyre (Philippe and Harang, 1982; Moen, 1984; Artale et al., 1994). In the Eastern Basin, at the outcome
of Antikythera strait there are the Pelops anticyclone and Southwestern Cretean gyre (Horton et al., 1994;
Matteoda and Glenn, 1996). At the outcome of the Kasos strait there is the recurrent Ierapetra eddy, very
powerful structure formed each year at the end of summer, with its cyclonic counter-part the Rhodes gyre
(Theocharis et al., 1993). Bonifacio, Algerian, Pelops, Ierapetra and Mersa-Matruh anticyclones all sign in
EKE as regions of active eddying field (Fig.1.7), but they also produce a mean signal on the mean dynamic
topography. Main structures identified in the literature are reported on the MDT map in Fig.1.4. In the
central Ionian Sea and Levantine Basin, a turbulent jet also flows eastwards in surface due to the velocity
contribution of numerous eddies, called the Middle-Mediterranean Jet (MMJ) which existence is debated
(Millot and Taupier-Letage, 2005; Millot and Gerin, 2010). Not clearly visible in SSH or SST instantaneous
view, it was ultimately identified through SLA propagation by Amitai et al. (2010). Several sub-basins are
distinct: the Adriatic Sea, separated by the Otrante strait, and the Aegean Sea, separated by the Kos and
Antikythera straits. These sub-basins host a dynamical mesoscale activity, but mostly shaped by topography,
notably the large cyclonic gyre in the South Adriatic pit. Evidence of atmospheric interactions are numerous,
but uncertainty with altimetric product and too strong topographic control make these structures out of the
scope of our study. Some last powerful anticyclonic structures to list are the Alborán eddies just East of
Gibraltar Strait, also contributing to higher EKE. But they are mostly under direct control of the Atlantic
waters inflow (Vazquez-Cuervo et al., 1996) and are then very particular cases out of the scope of our study.

In the present introduction, we detailed how a compromise between hydrological and geometrical defi-
nitions of an eddy can be met considering non-linear mesoscale structures signing in SSH (in the sense of
Eq.1.8). This would result in approximations for water transport trapped in eddy core (Beron-Vera et al.,
2013) and close to the equatorial band (Chelton et al., 2011b), but we will consider it as accurate for our study.
This definition is also extremely practical and easy to adapt to automatically detect and track eddies through
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remote-sensing altimetry. As detailed above, numerous studies documented a mesoscale eddy influence on
air-sea interactions in both individual cases and at global scale (Chelton et al., 2011a; Frenger et al., 2013).
Composite studies were important to shape a first picture of eddies, but studies from Sun et al. (2017) for the
mixed layer depth and Sun et al. (2019) for the eddy-induced SST signatures revealed both the contributions
and limits of this method. They indeed clearly showed that mesoscale eddies experience variability at the
seasonal scale or shorter. Despite numerous researches at global or regional scale considering eddy statistical
description, very few studies tackle the subject of eddies evolution after their formation. Imprint of mesoscale
eddies on ocean physical, biological and chemical properties but also fluxes was diagnosed, but always as-
suming a stationary eddy field and the retroaction on eddy themselves has not yet been addressed. Several
studies from both remote-sensing and in situ measurements observed eddy variability in ocean-atmosphere
interactions, in particular at the seasonal time scale. But only few studies in very specific in situ cases (the
Loop Current eddy for Meunier et al. (2018), the Lofoten eddy for Bosse et al. (2019), an Agulhas ring
for Laxenaire et al. (2019)) attempted to accurately describe mesoscale eddies individual evolution over the
vertical and their interaction with atmosphere. No study of the surface and subsurface evolution of mesoscale
structures submitted to atmosphere forcing was then attempted so far, and it will then be the focus of our
study. The Mediterranean Sea is a small but eddy-rich basin, presenting an ocean-like circulation, with
numerous and extensive oceanographic surveys. Various mesoscale structures are described in the literature
throughout the Mediterranean Basin, which makes it an ideal site to study mesoscale evolution. In a first
chapter we will present the DYNED Atlas, gathering eddy tracks in the Mediterranean Sea over 20 years
and the collocation method with in situ data to accurately measure eddy-induced anomalies. In a second
chapter we assess the seasonal variability of eddy-induced SST anomalies and briefly present a new driving
mechanism through eddy-modulated vertical mixing. In a third chapter we describe in detail the evolution
of mixed layer inside Mediterranean anticyclones compared to the outside-eddy background and assess the
interaction between mixed layer depth anomaly and eddy vertical structure. In a fourth chapter we confirm
the eddy-modulated vertical mixing hypothesis in numerical simulations. We additionally investigate the role
of high frequency wind forcing and SST retroaction on air-sea fluxes in shaping eddy SST signatures. Last,
in a fifth chapter we discuss the remaining mechanisms, in particular other proposed drivers for inverse eddy
SST signatures.
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Chapter 2

Eddy Lagrangian observation in
surface and subsurface

2.1 AMEDA eddy observation from altimetry

Eddy detections are provided through the Angular Momentum Eddy Detection and Tracking Algorithm
(AMEDA). AMEDA is a mixed velocity-altimetry approach, relying on using primarily streamlines from a
velocity field and identifying possible eddy centers computed as maxima of local normalized angular momen-
tum (Le Vu et al., 2018). It was successfully used in several regions of the world ocean in altimetric data
(Aroucha et al., 2020; Ayouche et al., 2021; Barboni et al., 2021), high-frequency radar data (Liu et al., 2020)
or numerical simulations (de Marez et al., 2021).

In each eddy single observation (one eddy observed one day), AMEDA detects a center and two contours.
The ”maximal speed” contour is the enclosed streamline with maximal speed Vmax, i.e. in the geostrophic ap-
proximation, the contour of maximal SSH gradient. It is assumed to be the limit of the eddy core region where
water parcels are trapped. The ”end” contour is the outermost closed SSH contour surrounding the eddy
center and the maximal speed contour; it is assumed to be the area of the eddy footprint, larger than just its
core but still influenced by the eddy shear (Le Vu et al., 2018). Example of eddy detections in the Levantine
Basin with both contours are shown with 2 days timestep in Fig.2.1, using SSH near-real-time (NRT) product
(Pujol, 2021). These detections were used for the BHO Beautemps-Beaupré transect in spring 2021 survey-
ing the Mersa-Matruh anticyclone (see Table 1 in Barboni et al. (2023a), MM6 event). The maximal speed
radius Rmax is defined as the radius of the circle having the same area Amax than the maximal speed contour:

Rmax =

√
Amax

π
(2.1)

Eddy occurrence in the Mediterranean Sea is shown for anticyclones and cyclones in Fig.2.2. Eddy detec-
tions are performed using AMEDA applied on AVISO (Archiving, Validation and Interpretation of Satellite
Oceanographic data) delayed-time ADT at 1/8 °from 2000 to 2019. Occurrence is computed as time per-
centage spend by each (1/8°x 1/8°) pixel inside the maximal speed radius of an eddy of the given polarity.
The first important result is the striking location difference between anticyclonic and cyclonic occurrences in
particular in the Eastern Basin. Eddy occurence hotspots are indeed observed for each polarity but clearly
separate. Some well-known structures already described in the literature can be observed (see Sect.1.5):
Algerian anticyclones offshore Algerian coast, Bonifacio and Central Tyrrhenian anticyclone in the Tyrrhe-
nian Sea. In the Eastern Basin, the Pelops anticyclone has a marked signature south of the Peloponnese
peninsula, Ierapetra anticyclone South-East of the Crete island, Mersa-Matruh anticyclone North-West of
the Nile delta, Eratosthenes anticyclone (also called Cyprus or Shikmonah) South of Cyprus. Regions of
intense cyclonic activity also coincide with known structures, such as the Ligurian and Adriatic seas, Cretean
gyre South-West of Crete and Rhodes gyre East of Rhodes island. At the global scale, heterogeneous eddy
repartition was recently also highlighted in the global META3.1 Atlas (Pegliasco et al., 2022), with very
different probability of occurrence in coastal areas.

29
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Figure 2.1: AMEDA eddy detections using AVISO NRT product at day+6 during the BHO Beautemps-Beaupré
transect (purple thin line), with maximal speed (continuous line) and SSH end contours (dashed line). This survey
aimed to sample the Mersa-Matruh anticyclone (∼ 33°30′N ; 29°30′E). Argo floats are in pink diamonds with past
positions over 15 days. Courtesy of Briac Le Vu (LMD/Amphitrite).

The other noticeable feature is the difference between this eddy occurrence map, which can be considered
as an average Lagrangian vision, and the average Eulerian vision represented in the mean EKE (see Fig.1.7).
An interesting example is the Ierapetra anticyclone with Rossby number reaching 0.25 (Ioannou et al., 2017),
giving a marked signature in both mean EKE and MDT as introduced earlier. It is however not significantly
present in eddy occurrence time, reaching maximum 30% in a small hotspot. Neighboring Mersa-Matruh
and Eratosthenes anticyclones have a larger footprint (actually reaching 50% of the time, but colorbar was
reduced to spot other structures). Even smaller anticyclones of the Tyrrhenian Sea have a more marked
occurrence, which is consistent with observations from repeated XBT transects (Ciuffardi et al., 2016). The
Ierapetra anticyclone is indeed a very strong structure at it is formation site but often drifts away and slowly
decays to less significant Rossby number (about 0.1). It sometimes stays at the same location and can be
re-intensified by Etesians winds the next summer (Ioannou et al., 2017). Amitai et al. (2010) also showed
in an Eulerian view that the Ierapetra eddy was clearly the first mode of variability in the Levantine Basin,
despite Mersa-Matruh and Eratosthenes anticyclones being significant on average. This particular example
shows that EKE might not be the most appropriate metric, as it focuses on the most variable and intense
structure.

2.2 Tracking eddies in the Mediterranean Sea: the DYNED Atlas

To study eddy temporal evolution, we then need to accurately link eddy observations in time, gathering
them in eddy tracks. AMEDA tracking is similar to Penven et al. (2005) method (Eq.1.11): a cost function
ϵ between 2 observations i and j minimize change in position dij , size δRm and strength δRo. Compared to
previous studies with similar approaches, a fourth term is added to take into account the possibility to miss a
detection at each successive time step. Due to altimetric tracks scarcity in the Mediterranean Sea compared
to the deformation radius (Amores et al., 2018), an eddy can indeed be temporarily lost for several days
dtij , Tc = 10 days at most. Tc defines the eddy correlation time, and distance changes are then reported to
distance at maximal correlation time Dij(Tc) (Eq.12 from Le Vu et al. (2018)):

ϵij =

√(
dij

Dij(Tc)

)2

+

(
δRm

Rm,i +Rm,j

)2

+

(
δRo

Roi +Roj

)2

+

(
dtij
2Tc

)2

(2.2)
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a)

b)

Figure 2.2: Time occurrence of (a) anticyclonic and (b) cyclonic eddies, defined as the time percentage spent inside
an eddy maximal speed radius observation. Eddies observations are AMEDA output applied on AVISO delayed-time
1/8 °SSH from 2000 to 2019.
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In practice, an eddy next observation can then be looked for up to 10 days ahead. Eddy tracks shorter
than two orbital periods are also discarded as they are not considered as reliable detections. Last, a key
AMEDA feature is to detect eddy merging and splitting events as output of eddy interactions, detected as a
time period when two eddies of the same polarity share a closed velocity contour (Le Vu et al., 2018). Fig.2.3
shows as example the temporal evolution of a Pelops anticyclone formed in autumn 2013 and drifting across
the Ionian Sea. Multiple splitting events were recorded (Fig.2.3a), with smaller detached anticyclone drifting
away from the main tracked structure (Fig.2.3c).

The eddy tracks collection in the whole Mediterranean Sea constitutes the DYNED Atlas database (Steg-
ner et al., 2020), and is available online for the years 2000 to 2019 at: https://www1.lmd.polytechnique.
fr/dyned/. From 2000 to 2019, AMEDA is applied on AVISO SSH delayed-time product at a resolution of
1/8°with daily output. To allow comparison with most recent oceanographic surveys in the Levantine Basin
(see Table 1 in Barboni et al. (2023a) ), the DYNED Atlas is extended in 2020 and 2021, using AVISO
near-real-time SSH (Pujol, 2021) at the same spatial and temporal resolution, using day+6 product (deliv-
ered 6 days after observation date). From 2000 to 2021, a total of 7038 (respectively 8890 ) anticyclonic
(cyclonic) eddy tracks were retrieved. The asymmetry in eddy numbers is driven by a lifetime difference,
anticyclones living noticeably longer in the Mediterranean. Figure 2.4 shows the difference in cumulative
lifetime for eddies between 2000 and 2018, i.e. the fraction of eddy tracked living more than a given time,
on a logarithmic scale. Anticyclones live significantly longer: 105 anticyclones (out of 5770) compared with
70 cyclones (out of 7159) are found to live longer than 400 days. In the Levantine Basin the asymmetry is
even more marked: 39 anticyclones (out of 1210) compared with 17 cyclones (out of 1630) live longer than
400 days. Long-lived anticyclones are common in this area, the 0.5% living longer than 3 years (1095 days)
actually represents 18 tracks. This asymmetry is expected for theoretical reasons, cyclones being less stable
when greater than the deformation radius and more subject to external shear (Arai and Yamagata, 1994;
Graves et al., 2006). Despite the higher resolution of the 1/8 °SSH product (∼ 12km), it is still on the order
of average Mediterranean deformation radius (Fig.1.2), not allowing to accurately detect eddies below 20 to
30km radius (Amores et al., 2018). Anticyclone-cyclone size asymmetry leads to an observational bias, and
observing simulation system experiments confirmed that small eddy detections below 20 km are not reli-
able, hence anticyclonic detections are more reliable (Stegner et al., 2021). It is then difficult to distinguish
whether cyclone tracks are shorter because they have indeed shorter lifetime or whether their detections are
less reliable. Considering the results from Stegner et al. (2021), we will assume that anticyclone detections
and tracks are correct, but will assume some uncertainty for in situ data collocation.

2.3 In situ vertical profiles collocation with eddies

A climatological database is created collecting in-situ vertical profiles from the Coriolis Reanalysis (CORA)
dataset. CORA delayed-time (DT) (Szekely et al., 2019) profiles are recovered from 2000 to 2019, and Coper-
nicus near-real-time (NRT) (Copernicus, 2021) profiles are recovered from 2020 to 2021, using the history
release. Over the 2000-2019 period, some profiles were available only in NRT mode, and were kept after
careful check. In both DT and NRT dataset we gathered in situ data coming from XBT, CTD, glider and
profiling floats, which means selecting files with respective data codes XB, CT, GL, PF. A first selec-
tion was done collecting only profiles reaching 400m deep, having a first valid value above 50m and more
than 40 measurements in-between. When available, ”ADJUSTED” properties are collected, and successive
quality checks are processed, described in Appendix A of Barboni et al. (2023a). Density is computed on
temperature and salinity profiles using the Thermodynamic Equation of Seawater 2010 (McDougall et al.,
2009) implemented in the gsw Python package https://teos-10.github.io/GSW-Python/ (Delahoyde and
Hyland, 2017).

Figure 2.5a shows the profiles spatial distribution. Oversampling of some areas is obvious, such as the
Gulf of Lion, offshore Crete and south of Cyprus, whereas some other areas are very poorly sampled, in
particular the southern part of the Ionian Sea. This heterogeneous sampling of the Mediterranean Sea was
already discussed in previous in-situ studies (d’Ortenzio et al., 2005b; Houpert et al., 2015). Figure 2.5b is the
histogram of available data from 2000 to 2022, distinguishing profiles coming from DT and NRT datasets.
Measurement frequency considerably increased after 2010 due to more frequent floats deployments of the
Argo program, whereas most of the data prior to 2010 are XBT transects and sparse glider missions.

https://www1.lmd.polytechnique.fr/dyned/
https://www1.lmd.polytechnique.fr/dyned/
https://teos-10.github.io/GSW-Python/
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Figure 2.3: Example of AMEDA tracking for the Pelops anticyclone formed in autumn 2013. (a) Radius Rmax time
series, with splitting (yellow dots) and merging events (cyan dots), numbers refer to DYNED Atlas tracks numbers.
(b) Maximal speed Vmax time series. (c) Map of the Ionian Sea with the anticyclone trajectory, with split (respectively
merged) eddy trajectories in yellow (cyan) dashed line. Thin black lines are 100, 500, 1000 and 2000m isobaths from
ETOPO1 bathymetry (Smith and Sandwell, 1997).
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Figure 2.4: Cumulative eddy lifetime as a percentage on a logarithmic scale, separated for cyclones and anticyclones
and for the Levantine Basin and the whole Mediterranean Sea.

To study eddy vertical evolution, profiles have to be collocated with eddy detections. However, eddy con-
tours provided by AMEDA suffer errors and variations in time due to SSH product inaccuracy. As shown in
Fig.2.1, the Mersa-Matruh anticyclone sampled with two Argo floats (∼ 33°30′N ; 29°30′E) has great contour
distortions and changes size over few days. On the opposite, Argo floats Lagrangian trajectories consistently
loop inside the structure with negligible radial distortion over 2 weeks. Note that for this particular survey,
floats were ARVOR floats programmed to sample at a rate of 1 profile per day, and with parking depth at
300m to stay trapped inside the anticyclone velocity core.

To compensate those eddy contours inaccuracies, an eddy tag is defined. The position of a cast profile
is compared to eddy observation at ±2 days. If persistence shows that the profile stays inside the maximal
speed contour of an eddy at ±2 days, it is labeled as ”inside-eddy”. On the other hand a profile is labeled as
”outside-eddy” only if it stays outside any SSH end contour at ±2 days. Consequently, profiles not meeting
these criteria, i.e. changing from inside an eddy to outside, are labeled as ”ambiguous”. From 2000 to 2021,
out of 157 053 profiles retrieved in the Mediterranean Sea, 104 787 are labeled outside-eddy (tag 0), 7939 are
inside anticyclones (tag -2), 14 919 are inside cyclones (tag +2) and the remaining 29 410 one are labeled as
ambiguous (tag ±1). Illustration of the collocation method is given in Fig.2 in Barboni et al. (2023a). As
shown in Fig.2.5a, in situ sampling is very heterogeneous. The cyclonic gyre in the Gulf of Lion was frequently
surveyed with gliders (Coppola et al., 2019), while the southern side of the Mediterranean Sea (Southern
Ionian Sea and the Algerian coast) was poorly sampled. Despite cyclones having twice less eddy observa-
tions in the DYNED Atlas, this leads to twice more profiles collocated inside cyclones than inside anticyclone.

A collocation example is shown in Fig.2.6 for a Biogeochemistry (BGC) Argo float in the Ionian Sea.
This figure is a courtesy from Vincent Taillandier (LOV), as part of prospective study on Pelops anticyclones
influence on Levantine Intermediate waters in the PROTEION project. The eddy tag (Fig.2.6b and 2.6d)
temporal evolution shows this profiling float being detected several time inside both anticyclonic (blue) and
cyclonic (red) structures. Comparison with vertical profile time series reveals that almost all isopycnals
thickening and deepening events (Fig.2.6e) coincide with anticyclonic collocation (August 2015, September
2016, July 2017, January and April 2018). Conversely almost all isopycnal shoaling events are detected
inside cyclones (March 2016, December 2016 to March 2017 and February 2018). The only unexplained
event is the 29.1 kg.m−3 isopycnal reaching 600m in March 2017. The collocation method presented above
then showed to be quite robust to identify eddy signature on the vertical structure, even for a single Argo float.
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Figure 2.5: (a) Number of available measurements per 0.5°bins; (b) number of years with available measurements
per 0.5°bins; (c) yearly histogram of in situ profiles distinguishing different data types.
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Figure 2.6: Argo float collocation example in the Ionian Sea with BGC-Argo 6901768. (a) Timeline evolution. (b)
Eddy tag positions ranging from -2 (inside-anticyclone, blue) to 0 (outside-eddy, green) then +2 (inside-cyclone,red).
(c) Deep chlorophyll maximum (DCM, green), mixed layer depth (MLD, red) and nitracline (purple) time series. (d)
Eddy tag time series with same color code as in panel (b). (e) Potential density σ isopycnals time series, with only
σ = 28.6, 28.8, 28.9, 29.0, 29.05 and 29.1 kg.m−3. This figure is a courtesy from Vincent Taillandier (LOV).
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2.4 Eddy anomaly compared to an outside-eddy background

In situ vertical profiles having been collocated with eddies, we can compute the eddy-induced anomaly X ′

for a given property X by comparing it to a reference state Xback:

X ′ = X −Xback (2.3)

Once resolved the collocation issue (which profiles are outside, which ones are inside), the main issue is
to define Xback. The first studies on eddy vertical structure used climatological database, for instance CARS
with monthly fields for Chaigneau et al. (2011). Castelao (2014) improved the method in the North Atlantic
by computing for each Argo profile a climatological background composed by all profiles within 100 km ra-
dius and separated by less than 30 days from the cast date of profile, including profiles from any year. This
method enables to remove spurious variability in the upper layers due to seasonal cycle. It was successfully
generalized by Pegliasco et al. (2015) for major eastern boundaries upwelling systems with a 200 km radius.
However this method assumes that averaging in time and space, even locally, is enough to entirely remove the
eddy-induced signature to have a clean reference state. The eddy mean effect on climatology is then entirely
neglected. A striking illustration is Chaigneau et al. (2011) who already considered an ”outside-eddy” profile
category. They revealed a weak but still not negligible temperature and salinity anomalies outside-eddy
compared to the CARS climatology. This accounted for up to −2 × 10−3kg.m−3 at 200m, then about 15%
of the average density anomalies inside eddies.

This assumption of eddy anomalies vanishing in temporal and spatial average actually relies on the vi-
sion of eddies as transient structure, cyclones and anticyclones compensating each other on long time scales.
Three main arguments should be opposed. At first cyclones and anticyclones occurrence distributions are not
homogeneous, as presented earlier in Fig.2.2. Secondly, cyclones and anticyclones can only partly compensate
each other as their density anomalies usually do not have the same depth. A clear example can once again be
found in Chaigneau et al. (2011) in the Southeastern Pacific, anticyclones being predominantly subsurface-
intensified and cyclones surface-intensified. Consequently anticyclones and cyclones both contribute to a
negative density anomaly in the upper 200m in the considered region. This consideration is less a problem
in energetic regions with cyclones and anticyclones having very similar depth extension. See for instance the
Gulf Stream region in Castelao (2014) and Kuroshio extension region in Sun et al. (2017). A last and third
argument to list is that climatology assumes that data sampling is not totally heterogeneous. This assump-
tion is likely true in the North Atlantic or Pacific oceans but should be reconsidered in the Mediterranean
Sea. As discussed earlier in Sect.2.3 and shown in Fig.2.5a, most of the available profiles are concentrated
on the northern side of the Mediterranean hosting mostly cyclonic gyres, while the southern part is poorly
sampled.

Discarding the profiles inside eddies from a climatological background would have tremendous conse-
quences on the climatology itself, likely more important in the Mediterranean Sea than elsewhere because
of the heterogeneous eddy repartition between semi-enclosed basins. This climatological eddy-induced ef-
fect is not the core of our study, but we provide a discussion for interested reader in Appendix A. We will
only stress here that computing a classical climatology encompassing all profiles whether they are inside- or
outside-eddy induces a mean bias compared to an ”outside-eddy” climatology. Due to the strong remanence
of several anticyclonic structures in the Mediterranean Sea, this bias could be estimated in temperature to
be up to +0.5°C even at 500m depth locally in the Eastern Basin. The bias on salinity could be locally down
to −0.2PSU in the Tyrrhenian and Ionian Sea mostly in the upper 200m, up to +0.2PSU in the Eastern
Basin (see Fig.A.1). The effect on mixed layer depth is however less pronounced (see Fig.A.3), likely because
submesoscale instabilities explain more proportion of the MLD variability.

Considering all the drawbacks of computing an eddy anomaly compared to an averaged climatological
state, we first followed Laxenaire et al. (2019) approach computing a reference state using only profiles iden-
tified as ”outside-eddy”. Their background defined per eddy gathers profiles within a 2.5°x 2.5°box and
cast within ∆day = ±30 days of the eddy observation but independently of the year. Using this method
Laxenaire et al. (2019) quantitatively measured the stratification evolution inside an Agulhas ring compared
to the background stratification throughout the South Atlantic. Adapting this background method to the
Mediterranean Sea, the DYNED Atlas originally computed for each profile a background composed by all
”outside-eddy” profiles within Dc = 150km of the considered profile and with cast date separated by less
than ∆day = ±30 days independently of the year.
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Figure 2.7: Various methods to compute background reference state Xback used in Eq.2.3.

Applying the Lagrangian tracking method to reconstitute the eddy network in the Southeastern Levantine
Basin revealed the Eratosthenes anticyclonic attractor structure, a study published in Barboni et al. (2021)
and included in Appendix B. Although not entirely centered on our subject, this study is a good example of
the advantages of using both a Lagrangian tracking method on the temporal dimension, and an outside-eddy
background on the vertical dimension. It is also an interesting example on anticyclone temporal evolution
through successive merging events, an issue that is not addressed in this study. Also note that the DYNED
Atlas in situ database originally only included Argo floats, to which additional profiles were added to study
the Levantine Basin (see 2.3 in Barboni et al. (2021) for details).

2.5 Background interannual variability

A limit of the original DYNED Atlas background method as previously presented in Sect.2.4 and specific to
the Mediterranean Sea is a marked interannual variability. The occurrence of Mediterranean transient events
affecting intermediate waters production (Malanotte-Rizzoli et al., 1999; Schroeder et al., 2006), strong in-
terannual warming trend (Mariotti, 2010) in particular in the Eastern Basin (Ozer et al., 2017), and overall
faster climate change effects (Giorgi and Lionello, 2008; Pastor et al., 2020) led to more uncertainty regarding
an interannual background. Moreover the vertical in situ sampling is sparse but also heterogeneous in time
(see Fig.2.5c), with often less than 1000 profiles per year from 2000-2005 and more than 5000 per year since
2010 thanks to the massive glider and Argo floats deployments. Consequently using a reference background
compiling outside-eddy profiles from any year will over-represent the ocean state in the best-sampled years,
which might be a strong issue in the case of strong interannual variability.

A more representative background is then computed using only outside-eddy profiles less than ∆year =
±1y apart, keeping Dc = 150km and ∆day = ±30days. For instance, considering a profile cast on 15 Febru-
ary 2018, this new background will encompass all outside-eddy profiles cast within 150km between 15 January
and 15 March in 2017, 2018 or 2019. This is eventually the method retained to compute the background for
compute our eddy-induced anomalies in Sect.4. Note that these Dc and ∆day parameters have to be tuned
to the spatio-temporal variability of the studied object. MLD having more temporal variability than eddy
temperature anomaly, background MLD in Sect.4 is computed with Dc = 250km and ∆day = ±10 days.
But the major conceptual change between Laxenaire et al. (2019) and Barboni et al. (2023a) is to reduce
interannual variability. The differences between the various background methods are summarized in figure
2.7 below, and the in situ database collocated with remote-sensing eddies and eddy-induced anomalies was
made publicly available on SEANOE with reference: Barboni et al. (2023c).

An example of the Lagrangian eddy tracking together with collocated in situ vertical profiles is shown
in Fig.2.8, for the same Pelops anticyclone which track was previously shown in Fig.2.3. MLD is computed
as in Houpert et al. (2015) with a 0.1° difference threshold from 10m depth temperature. It is shown in
Fig.2.8b with the background MLD for comparison. Background MLD is defined as median MLD among the
background profiles, its spread as the difference between the 20th and 80th percentiles. Using MLD standard
deviation to have an estimate of MLD spread is inappropriate, as the deviation is of the same order than
the mean MLD (Houpert et al., 2015). This would lead to an upper bound of background MLD sometimes
above surface. This issue is further discussed in Appendix A. Inside-eddy stratification (Fig.2.8c). It shows
a clear seasonal evolution with stratification in spring in the upper layer, followed by the winter mixed layer
deepening and letting an homogenized layer in the upper 250m. A strong MLD anomaly can be measured
between maximal MLD reaching 250m inside-eddy, and not deeper than 100m in the background. This winter



2.5. BACKGROUND INTERANNUAL VARIABILITY 39

Figure 2.8: Example of inside-eddy vertical structure, for the Pelops anticyclone shown in Fig.2.3. (a) Maximal
speed radius, showing profiles collocation as pink dots. Pink dots displacements show their distance to the eddy center.
(b) MLD inside-eddy (orange dots), inside-eddy closest to eddy center per 10 days (red dots) and background MLD
(black line), with its spread in gray shades. (c) Inside-eddy stratification with Brunt-Vaisala frequency (BVF, Eq.1.3)
with scale factor 100, inside-eddy MLD being reminded as black dots. (d) Density anomaly using for background only
profiles outside eddies with ∆year = ±1y, Dc = 150km, ∆day = ±30d.

mixed layer deepening event is later analyzed in Barboni et al. (2023a) as event PEL1. Density anomaly
(Fig.2.8d) shows that this Pelops anticyclone has a negative density anomaly about −0.2 kg.m−3, mostly
between 100 and 300m but extending also at least to 500m. Such isopycnals displacements are consistent
with anticyclone encountered in the Ionian Sea (see Fig.2.6e). The eddy is clearly in subsurface as density
anomaly gets positive in the upper 50m following Assassi et al. (2016). The subsurface anticyclonic density
anomaly gets connected with surface in winter 2014-2015 and is recapped by stratification in summer 2015.

A specificity of the Eastern Mediterranean Sea is the persistence of long-lived anticyclones attracting and
merging with smaller anticyclones. Barboni et al. (2021) studied the particular case of the Eratosthenes an-
ticyclones. Even though it is not always the same eddy occupying the central place of anticyclonic attractor,
there is always one anticyclone present. By defining what was referred to as ”order 0” anticyclones and gath-
ering collocated profiles inside these order 0 anticyclones, we were able in this study to show the annually
averaged vertical properties of this attractor with interannual variability from 2000 to 2018. Background
definition would then be at stake when considering such long time series, and we aim here to show the effect
of heterogeneous sampling in time. Figure 11 from Barboni et al. (2021) is reproduced here in Fig.2.9 with an
update until 2021, and using background with ∆year = ±1y. Other recurrent structures (e.g. Mersa-Matruh
or Pelops) could also be studied, but the Eratosthenes anticyclones have the opportunity of a very extensive
data coverage, with in situ measurements available 20 years out of 22.

Background sensitivity is then evaluated on the vertically integrated anomalies in Fig.2.10, comparing the
all-years background (red dots, Laxenaire et al. (2019)’s method), background with ∆year = ±1y (yellow
dots), and the classical all-profiles background not separating outside- and inside-eddy profiles (black dots,
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Figure 2.9: Annually averaged anomalies using profiles collocated inside Eratosthenes order 0 anticyclones defined
as in Barboni et al. (2021), for (a) temperature, (b) salinity, (c) density. Only profiles closer than 30km to the
center are used. Anomalies are computed using a background with only outside-eddy profiles with ∆year = ±1y,
Dc = 150km,∆day = ±30d.

Chaigneau et al. (2011)’s method with Dc = 150km). Yellow dots in Fig.2.10 then correspond to the
vertical integration of Fig.2.9. Only anomalies between 100 and 900m depth are considered to avoid seasonal
variations in the upper column. Heat content is computed from temperature anomaly T ′ using a mean density
ρ0 = 1026 kg.m−3 and heat capacity cp = 4185J.kg−1:

H =

∫ 900

100

ρ0cpT
′dz (2.4)

As expected, a significant cold and constant bias is observed using the all-profiles background (−0.56GJ.m−2

compared to all-year background, −0.68GJ.m−2 compared to ±1 year background, see Fig.2.10a). This bias
also affects salt and density anomalies (fresher and denser bias) but this is more difficult to assess as the
2000-2010 decade gathers mostly XBT with no density information. This confirms that not separating
inside- and outside-eddy profiles leads to artificially measure a warmer background due to the eddy mean
warm anomaly, and decrease the observed heat content. Secondly, using an all-years background leads to
under-estimate anomalies when fewer in situ data are available. In the Eratosthenes case in 2003 to 2005,
the anticyclone heat anomaly is 1GJ.m2 warmer using a ±1 year background compared to the all-years one.
More recent years after 2010 being warmer and more sampled, eddy-induced anomalies in the later decade
are then artificially decreased. In the case of Eratosthenes anticyclones, the years 2009 to 2015 have very
weak disagreements between the all-years and ±1 year background, likely because extensive glider surveys
were conducted between 2009 and 2012 (Hayes et al., 2011).
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Figure 2.10: Vertical integration of annual averaged anomalies for (a) heat, (b) salt and (c) density. Anomalies
computed related to three different backgrounds are compared: All-profiles (Chaigneau et al. (2011)’s method with
Dc = 150km, black dots), outside-eddy profiles from all years (Laxenaire et al. (2019)’s method, red dots) and outside-
eddy profiles with ∆year = ±1y (yellow dots). To enhance readability yellow dots are displaced 2 months earlier, red
dots 2 months later.
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Chapter 3

Seasonal evolution of eddy-induced
surface signature

Lagrangian tracking method detailed above (Sect.2) can be applied to SST measurements to study the eddy-
induced SST anomalies and track them in time. This work was done in the whole Mediterranean basin
using Ultra-High resolution (1/120 °) SST product collocated with eddy detection from the DYNED Atlas.
It allows to study the occurrence of warm-core cyclones and cold-core anticyclones, referred to as ”inverse”
eddy SST signatures. These inverse signatures were known since a long time: Hamad et al. (2006) al-
ready mentioned them in Mediterranean anticyclones (see an example reproduced in Fig.1.1c). They were
recently showcased by an increasing number of studies revealing a important fraction of inverse eddy SST
signatures in any region of the world ocean (Sun et al., 2019; Ni et al., 2021). Several mechanisms were
proposed, but none was ascertained. Here we describe an observed strong seasonal shift of SST signatures in
the Mediterranean Sea, and an eddy-modulated vertical mixing model is proposed as explanatory mechanism.

This work in collaboration with Evangelos Moschos (LMD/Amphitrite) was published in Remote Sensing
and is included below. The SST observations are from Evangelos Moschos, and the vertical mixing model
and simulations are from myself.

3.1 Moschos et al. (2022). Why do inverse eddy surface temper-
ature anomalies emerge? The case of the Mediterranean Sea.
Remote Sensing
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Abstract: It is widely accepted that the signature of anticyclonic (cyclonic) eddies on the sea surface
temperature corresponds to a warm (cold) core anomaly. Nevertheless, this statement has been put
to question by recent regional studies showing the existence of inverse eddy SST anomalies: Cold
Core anticyclones and, respectively, Warm Core cyclones. This study shows that the emergence of
these inverse anomalies is a seasonal phenomenon that affects the life cycle of mesoscale eddies in the
Mediterranean Sea. We use remote sensing observations and in situ data to analyse the eddy-induced
SST anomaly over a 3-year period (2016–2018). We build an eddy core SST anomaly index to quantify
the amount of Cold Core anticyclones and Warm Core cyclones all over the year and especially
during the spring re-stratification period. We find that 70% of eddy anomalies are inverse in May and
June both for cyclones and anticyclones. Regular temperature anomalies could reach 1.5 ◦C, while
inverse ones are only present in the first 50 m of the oceanic layer and hardly exceed 1 ◦C. In order to
understand the underlying dynamical processes, we construct a simple vertical column model to
study the impact of the seasonal air–sea fluxes on the surface stratification inside and outside eddies.
It is only by taking into account a differential diapycnal eddy mixing—increased in anticyclones
and reduced in cyclones—that we reproduce correctly, in agreement with the observations, the
surface temperature inversion in the eddy core. This simplified model suggests that vertical mixing
modulation by mesoscale eddies might be the key mechanism that leads to the eddy–SSTA seasonal
inversion in the ocean.

Keywords: ocean mesoscale eddies; sea surface temperature; vertical mixing

1. Introduction

Mesoscale eddies are coherent structures with typical radii of the order of tens up to a
hundred kilometres and timescales on the order of a month. These eddies can be sometimes
long-lived, surviving several months or even years. Significant advances in the resolution of
both satellite altimetry measurements [1] and high-resolution oceanic numerical models [2]
have revealed the predominance of these mesoscale eddies in the global oceanic circulation.
They are able to trap and transport heat, salt, pollutants and various biogeochemical
components from their regions of formation to remote areas [3,4]. Eddies are formed
through shear and meander instability of boundary currents [5], baroclinic instability [6],
the effect of wind on the sea surface [7] and other mechanisms. Their dynamics can impact
significantly the biological productivity at the ocean surface [8–10], modify the depth of
the mixed layer [11], influence clouds and rainfall within their vicinity [12], amplify locally
the vertical motions [13], attract pelagic species [14–16] or concentrate and transport micro-
plastics [17]. Long-lived mesoscale eddies are ubiquitous in the global ocean and play a
major role in its circulation differentiating from mean patterns. In the Mediterranean Sea,
the domain of this study, mesoscale eddies have been identified, tracked and analysed,
both on their surface and subsurface structure in many studies [7,18–24].

The use of infrared images, which measure the Sea Surface Temperature (SST), has
allowed the detection of many oceanic eddies and a better understanding of regional cir-
culations [18,25,26]. These detections were performed visually by expert oceanographers.
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However, due to the scarcity of in situ observations, it was not until the intensive develop-
ment of satellite altimetry and the development of automatic vortex detection algorithms
on Sea Surface Height (SSH) [1] that a statistical link between Eddy-induced Sea Surface
Temperature Anomalies (eddy-SSTA) and SSH anomalies was established.

Several studies working on SST composites of eddies detected on the SSH associate
Warm Core eddies (positive eddy-SSTA) with anticyclones and Cold Core eddies (negative
eddy-SSTA) with cyclones [12,27,28]. However, through the individual analysis of eddies,
various regional studies have shown the existence of inverse temperature anomalies, i.e.,
anticyclones (respectively cyclones) with a Cold (Warm) core anomaly. In a study of
Mediterranean circulation using SST data, Ref. [18] performed observations of some Cold
Core anticyclones on the summer period in the Eastern Mediterranean sea. In the Tasman
Sea, Ref. [29] observed the existence of an important fraction (70%) of inverse anomalies. In
the southwestern Atlantic Ocean, [30] found cyclones with a warm eddy-SSTA, which are
explained through their (warm) region of formation. In the Arabian Sea, Ref. [31] showed
the existence of inverse anomalies while searching for a link between the SST and Mixed
Layer Depth (MLD) anomaly. In the North Pacific Ocean, Ref. [32] performed similar
observations of inverse anomalies and also showed a seasonal variability in the regional
eddy temperature anomaly distribution, noting that these inverse anomalies appear for
shorter times than the regular ones. In the same fashion, Ref. [33] analysed the inverse
eddy-SSTA in the South China Sea and noted a slight dependence on both seasonal effects
and eddy amplitude. The last two studies both link inverse anomalies with the summer
re-stratification at the ocean surface. Furthermore, Ref. [34] build an index based on the
SST anomaly of an eddy to distinguish between surface and subsurface structure.

The presence of Cold Core anticyclonic and Warm Core cyclonic eddies on a global
scale has also been documented by two recent studies. Through a Deep Learning eddy
identification method, Ref. [33] detected and classified eddies and their surface temperature
anomaly. An important fraction of inverse anomalies is revealed around the globe, reaching
up to 40%. The authors also showcase the seasonal variation of this fraction as well as an
inter-annual trend of diminishing inverse anomalies. In the same manner, [35] showcases
that inverse anomaly eddies have lower absolute eddy-SSTA values than their regular
counterparts. Exhibiting strong seasonal variation, inverse anomalies cover according to
this paper 15% of anticyclones (10% cyclones) in the summer period. Finally, the authors
show a correlation of this seasonal variation of eddy SST anomalies with the mixed layer
modulation, along with the inversion of wind-stress and heat-flux patterns over these
eddies. It should be noted that the percentages of inverse anomalies differs significantly
between the aforementioned studies (regional and global) based on the method used to
quantify them.

However, correlation does not imply causation, and even if some of the aforemen-
tioned articles create a strong observational link, regionally or globally, between the mixed
layer modulation and the inversion of eddy-SSTA, none of them demonstrates an underly-
ing mechanism for this phenomenon.

The goal of this work is to perform a comprehensive study on the formation of inverse
sea surface temperature anomaly of mesoscale eddies and propose an underlying physical
mechanism. As a case study, observations in the Mediterranean Sea are examined, although
our results can be expanded to other regions of the globe. Here, we attempt to answer
four questions:

• How does the eddy-SSTA distribution vary seasonally? We first define an eddy core surface
temperature anomaly index to quantify the intensity of the eddy-SSTA for a large num-
ber of anticyclonic and cyclonic eddies in the Mediterranean Sea. This index allows us
to perform a statistical analysis of the seasonal variations of the temperature anomaly
inside coherent eddies and study its correlation with the evolution of the MLD.

• How does the SST signature and anomaly of an individual mesoscale structure evolve? We
investigate a few long-lived eddies to follow the temporal evolution of their SST
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anomaly with respect to their dynamical parameters and the seasonal stratification of
the ocean surface.

• Is the surface temperature anomaly linked with the subsurface structure ? We quantify more
precisely the evolution of the surface stratification inside and outside these selected
eddies using ARGO profiles to estimate the eddy vertical temperature structure and
compare it with the surface temperature anomaly.

• Why do inverse SST anomalies emerge? We propose a mechanism based on differential
vertical mixing between the eddy core and its periphery under atmospheric fluxes,
which is illustrated with idealised single-column numerical simulations. The relevance
of this physical model to explain the inverse emergence of inverse eddy-SSTA and
its agreement with the remote-sensing and in situ observations are discussed in the
conclusion.

2. Materials and Methods
2.1. Satellite and In Situ Data

This study focuses on the mesoscale oceanic eddies of the Mediterranean Sea, during
the three-year period 2016–2018. To perform our analysis, we combine satellite and in situ
data to characterise both the ocean surface and the subsurface stratification. The infrared
satellite imagery provides the SST maps which are the core data of this study. We use the
DYNED-Atlas database to obtain the dynamical parameters and the contours of mesoscale
eddies detected on standard satellite altimetry products. The three-dimensional structures
of the studied eddies as well as the surface stratification and the MLD were derived from
the in situ Argo floats measurements.

2.1.1. Satellite Data

Daily, high-resolution (1/120◦) super-collated SST maps of the Mediterranean Sea
are received from the Copernicus—Marine Environment Monitoring Service (CMEMS),
Ultra High Resolution L3S SST Dataset (https://doi.org/10.48670/moi-00171, accessed
on 28 June 2022), produced by the CNR—Italy and distributed by CMEMS. The process of
supercollation uses SST measurements derived from multiple sensors, representative of
nighttime SST values [36]. Sea Surface Height (SSH) and geostrophic velocity fields, used
for the detections of eddies in this study, are L4 AVISO/CMEMS altimetric products at
1/8° resolution retrieved from the CMEMS L4 Sea Level dataset. (https://doi.org/10.48670
/moi-00141, accessed on 28 June 2022)

2.1.2. Eddy Contours, Centers and Tracks

The dynamical evolution of eddies and their individual tracks are retrieved from
the DYNED-Atlas database for the three year period 2016–2018. The DYNED-Atlas
(https://www1.lmd.polytechnique.fr/dyned/, accessed on 28 June 2022) project con-
taining eddy tracks and their physical properties is publicly accessible. The tracking of
these eddies is performed by the AMEDA eddy detection algorithm [37] applied on daily
geostrophic velocity fields derived from the AVISO/CMEMS SSH maps. A cyclostrophic
correction is applied on these geostrophic velocities to accurately quantify eddy dynamical
properties [38]. Unlike standard eddy detection and tracking algorithms, the main advan-
tage of the AMEDA algorithm is that it detects the merging and the splitting events and
allows thus for a dynamical tracking of eddies [37].

The identification of potential eddy centers by AMEDA is performed by computing
the Local Normalised Angular Momentum (LNAM) [21] of the geostrophic velocity field.
Only eddy centers with at least one closed contour of the stream function of the velocity
field are retained. A radial profile of the velocity for each detected eddy center is calculated
by computing the average velocity and radius at each closed streamline around it:

〈
V
〉
=

1
Lp

∮
~V d~l (1)
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where V is the local geostrophic velocity field and Lp is the streamline perimeter. The
maximum velocity, obtained through Equation (1), will be hereby noted as Vmax and the
radius corresponding to the characteristic contour. The radius Rmax of the characteristic
contour is obtained by considering a circular contour of an equivalent area A:

〈
R
〉
=

√
A
π

(2)

The eddy centers and their characteristic radius Rmax are important parameters used to
retrieve SST patches for each eddy detection.

2.1.3. Argo Floats

Hydrographic profiles of Argo floats are received through the CORIOLIS program
database (http://www.coriolis.eu.org/, accessed on 28 June 2022). Potential temperature
and salinity profiles are received from Argo floats through which the potential density
profiles are derived. A co-localisation is performed between the position of Argo floats and
the detected eddies of the DYNED-Atlas database. Argo profiles are marked as inside an
eddy if their distance r from any eddy center is r < Rmax and outside an eddy if the above
condition is false for every eddy detection of the same day.

To calculate the MLD of each Argo observation, we use its potential density profile
and search for the maximum depth at which a threshold of δρ = 0.03 kg/m3 is reached [39].

2.2. A Method to Quantify Eddy-Induced SST Anomalies

Mesoscale eddies often have a visible signature on SST images, with a temperature
difference between the waters in the eddy core and the waters in its periphery. This
difference is defined as the eddy-induced surface temperature anomaly (eddy-SSTA) of an
eddy, and it can be quantified through our proposed methods.

A procedure to retrieve a large dataset of SST image patches containing eddy sig-
natures is proposed, following [40,41]. The Eddy-Core Surface Temperature Anomaly
Index (δT), a simple and heuristic method for quantifying the eddy-induced temperature
anomaly represented in each image, is then defined. The proposed methodology, applied
here to observations in the Mediterranean Sea, is generic enough to provide results in every
oceanic domain.

2.2.1. Eddy SST Patches Dataset

A thorough statistical analysis of eddy-induced SST anomalies requires a large dataset
of SST image patches in the Mediterranean Sea. The characteristic contours (highest mean
velocity) of the mesoscale eddies contained in the DYNED-Atlas are used to crop patches
from SST maps, which are centred on the detected eddies. These contours can either
represent Anticyclonic Eddies (AE) or Cyclonic Eddies (CE) rotating clockwise and anti-
clockwise, respectively, in the northern hemisphere. For each eddy, a square patch of size
(5Rmax × 5Rmax) is cropped and centred on the contour barycenter. Cloud coverage creates
missing values on satellite SST images and can corrupt the signature of the cropped image
patches. Thus, only patches with less than 50% of cloudy pixels are retained.

The eddy SST signatures can be distinguished either as Warm Core or Cold Core
anomalies, as discussed earlier. Four such cases are depicted in Figure 1 in which both
positive and negative SSH anomalies can correspond to a Warm or a Cold SST anomaly. The
characteristic contours of each eddy (in black) are superimposed on the Absolute Dynamic
Topography (ADT), derived from the SSH, and the corresponding SST patch.
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Figure 1. Samples of eddy-induced SST anomalies for a (a) Warm Core Anticyclone, (b) Cold Core
Anticyclone, (c) Warm Core Cyclone, (d) Cold Core Cyclone. On the leftmost panels numbered
with (1), the velocity vectors and the characteristic contour, computed by the AMEDA algorithm
(black line), are superimposed on the Absolute Dynamic Topography. On the rightmost panels
numbered with (2), the characteristic contour (black line) is superimposed on the patches of Sea
Surface Temperature field centred on the detected eddy. Image patches are of side 5Rmax, which are
chosen in order to include the temperature of waters.

2.2.2. The Eddy-Core Surface Temperature Anomaly Index [δT]

The Eddy-Core Surface Temperature Anomaly Index (hereby δT) is a simple and
heuristic metric of the temperature difference between the core (centre) of the eddy and
its periphery. We define the core of the eddy as the region enclosed by the maximum
velocity contour [37]. The value of δT is calculated as the difference between the mean of
the temperature values inside a core-mean frame and a periphery-mean frame in a given patch,
with units in ◦C. These two square frames, which share a common centre, have sides of
Rmax and 5Rmax, respectively. For the calculation of the mean value in the periphery-mean
frame, the values contained in the core-mean frame are ignored. A positive δT value
denotes a larger core-mean temperature than its periphery-mean temperature and thus
a Warm Core Eddy, while a negative δT denotes, respectively, a Cold Core Eddy. The
calculation of the δT variable by use of the core-mean and periphery-mean frames is shown
in Figure 2. Examples (a) and (b) show the two centred anomalies, which are shown also in
Figure 1a.2,b.2. The δT values are 0.75 ◦C for the Warm Core example (a) and −0.27 ◦C for
the Cold Core example (b).
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Figure 2. Examples of the eddy-core surface temperature anomaly computation and offset method.
Snapshots represent Sea Surface Temperature in degrees. Black lines are superimposed altimetric
detection contours. Small squares represent the core-mean and large ones represent the periphery-
mean frames. Core-periphery values are coloured red-blue or blue-red based on the sign of δT.
Examples (a–d) illustrate the correction by offset: A white cross marks the centre of the image. A
yellow cross marks the center of the core-mean and periphery-mean frames, if it differs from the
centre of the image. Examples (a,b) are centred while (c,d) are offset.

However, the barycenter of the velocity contour can differ from the centre of the eddy
SST anomaly core, due to bias or errors of altimetric maps [42,43]. Therefore, an offset of
both frames is considered in order to locate the exact position of the maximum eddy-SSTA
and correct the index value.

This correction is computed as follows: First, the value of δT is calculated through
squares centred on the image, as described above. The sign of the eddy-induced SST
anomaly is thus defined. Then, if δT is positive (negative), the warmest (coldest) core-mean
value is searched for by offsetting the core-mean frame in all directions with a stride of 1

9 R
and a maximum offset of 2

3 R. Finally, the periphery-mean frame is centred along the shifted
core-mean frame, and the corrected δT value is computed. In the rest of this manuscript,
δT represents the final values calculated by applying the offset correction.

Examples of off-centred eddy detections are shown in Figure 2c,d. The core and
periphery have been shifted in order to maximise the eddy-core surface temperature
anomaly index. The geometric centre of the image is shown with a white cross, while
the shifted centre of the core-mean frame is shown with a yellow cross. The δT values
are 0.68 ◦C corrected to 0.86 ◦C by offseting for the Warm Core example (c) and −0.46 ◦C
corrected to −0.55 ◦C by offseting for the Cold Core example (d).

Nevertheless, even with this correction, a significant amount of noisy and/or corrupted
SST signatures remain. This could be due to the combination of erroneous eddy detections
on gridded AVISO/CMEMS altimetry products, large-scale air–sea interactions that mask
the mesoscale eddy signature or the presence of clouds [41].

In order to exclude these images with unclear SST signatures, two thresholds are
considered. The Cloud Coverage threshold, described above, is used to retain only images
that have a Cloud Coverage Percentage (CCP) lower than 50%. The CCP is defined as the
percentage of pixels covered by clouds on a given area. This criterion is applied twice: on
the whole image patch (CCPpatch) as well as the core-mean frame (CCPf rame). The threshold
is chosen so that the eddy SST signature is not corrupted, which could produce errors in
the calculated δT value [41].

An illustration of the application of the Cloud Coverage threshold is provided in
Figure 3a–d, where snapshots of the SST signature of the same eddy (Ierapetra) are provided
at different days of December 2016 along with core-mean and periphery-mean frames.
Example (a) on 19/12 shows a patch with an overly clear eddy signature (CCPpatch = 8%,
CCPf rame = 0%) retained in the dataset. Example (b) on 20/12 shows a patch with an eddy
signature covered by clouds (CCPpatch = 40%, CCPf rame = 48%), which however does not
surpass the 50% threshold and is retained in the dataset. Examples (c) on 29/12 (CCPpatch =
48%, CCPf rame = 90%) and (d) on 30/12 (CCPpatch = 72%, CCPf rame = 76%) show patches
exceeding the Cloud Coverage threshold and therefore filtered from the dataset.
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Figure 3. Examples with different Cloud Coverage. Snapshots represent Sea Surface Temperature
in degrees. Contours and squares are the same as Figure 2. Snapshots of the same eddy (Ierapetra)
on different days of December 2016 (a) 19/12, (b) 20/12, (c) 29/12, and (d) 30/12. Cloud coverage
percentage is increasingly high. Examples (a,b) are retained, while (c,d) are not retained

Finally, a filter on weak δT values is also applied. We have noticed by visual inspection
that unclear SST signatures often induce a weak value of the δT. Hence, to filter out these
noisy images, we retain only SST patches if |δT| > 0.1.

3. Results
3.1. Seasonal Variability of the Eddy-Induced Temperature Anomaly

The seasonal variability of the eddy-induced temperature anomaly, and more gener-
ally the signature of eddies on the SST, is analysed in this section through two different
perspectives: first, a statistical analysis is carried out on the δT values calculated on every
retained eddy detection. Furthermore, the change of the surface temperature anomaly is
examined over the lifetime of several long-lived eddies in the Mediterranean Sea while
particularly focusing on the subsurface structure of one of them.

3.1.1. Statistical Analysis

Composite averages are often employed in the bibliography to represent the SST
anomaly of mesoscale eddies [12,27,28]. This averaging leads frequently to the association
of a Warm Core anomaly to anticyclonic eddies and a Cold Core anomaly to cyclonic eddies.

To examine these average temperature anomalies, we calculate here the composites of
all eddy SST patches retained after first performing a normalisation per patch. To receive
the Normalised SST Anomaly, we subtract from each pixel the mean value of all the SST
values of the entire patch and divide the result by the standard deviation of all the SST
values of the entire patch. In Figure 4, composites of Anticyclonic and Cyclonic Normalised
SST Anomaly are plotted for all eddies and those observed on the Winter (December–
January–February) and Summer (May–June–July) period. These two oceanic seasons are
chosen on the three-month period when the mean value of the MLD, computed outside the
detected eddies, reaches its largest or smallest value .
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Figure 4. Composite averages of normalised SST anomaly for (a) Anticyclonic and (b) Cyclonic
eddies for (1) all, (2) winter (DJF), and (3) summer (MJJ) observations. Each value in an eddy SST
patch is normalised by subtracting the mean value and dividing by the standard deviation of all
values. Composites are retained by averaging between patches.

From the composites of Figure 4, it can be seen that the average SST anomaly of all
anticyclonic (cyclonic) observations indeed corresponds to a Warm (Cold) Core structure,
or else the regular eddy anomaly. Nevertheless, a strong seasonal variation of this average
anomaly is revealed by plotting the winter and summer composites. In winter, the regular
anomaly is even more pronounced with double to triple normalised anomaly values. How-
ever, summer composites show an inverse average anomaly, i.e., Cold Core Anticyclones
and Warm Core Cyclones on average, while also having weaker normalised anomaly values.
The latter is coherent with the findings of other studies, showing that the SST signatures on
the vicinity of eddies on summer tend to be more spatially uniform [35,44].

While composites suffice to portray the seasonal inversion of eddy temperature anoma-
lies, averaging out patch values does not retain the variance in eddy anomalies on the SST.
To quantify the latter, we perform a statistical analysis of the δT index values computed for
all the patches retained.

The histograms of the δT index are shown in Figure 5, separately for anticyclonic and
cyclonic eddies, in winter (DJF) and summer (MJJ). On the histograms, red bins represent
Warm Core observations, while blue bins represent Cold Core observations. Grey bins
represent observations where |δT| < 0.1. These bins correspond to outlier values linked
with the noise on the SST data as well as errors on the sensors observation and our method.
A threshold of |δT| > 0.1 is fixed to filter out these observations in the analysis/figures
that follow.

If we consider a year-long statistical distribution, AE are predominantly Warm Core
and CE are predominantly Cold Core; in other words, AE and CE, exhibit on average an
regular anomaly on the SST. However, the distribution of δT values in the histograms of
Figure 5 suggest that the eddy-core temperature anomaly exhibits strong seasonal variation,
altering between Warm Core and Cold Core anomaly regimes. Specifically, during winter,
the regular anomalies are preponderant: 93% of AE observations correspond to Warm Core
eddy, while 92% of CE observations are Cold Core. However, during summer, Cold Core
AE and Warm Core CE observations become dominant with, respectively, 69% and 66% of
the observations. It is due to this seasonal inversion of the regular anomaly that we name
the Cold Core AE and Warm Core CE as inverse SST anomaly.
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Figure 5. Seasonal histograms of δT values. (a) AE in the winter mixing period (DJF), (b) AE in
the summer restratification period (MJJ), (c) CE in the winter mixing period (DJF) and (d) CE in the
summer restratification period (MJJ). Red bins represent positive δT Warm Core observations, while
blue bins represent negative δT Cold Core observations. Grey bins represent observations where
|δT| < 0.1.

The seasonal cycle of the eddy-SSTA of both AE and CE, in the Mediterranean Sea,
coincides with the seasonal variation of the MLD. This is portrayed in Figure 6, where the
monthly variation of the percentage of inverse eddy core anomalies is plotted along with
the monthly variation of the MLD. The later is calculated as the mean of all Argo profiles
that are located outside eddies. The winter mixing period (DJF), when the mean MLD is at
its largest extent, coincides with the period when eddy anomaly are dominantly regular,
with only 5–15% of inverse anomalies (i.e., 95–85% regular anomalies) for both AE and CE.
Conversely, the end of the spring re-stratification period (MJJ) when the mean MLD is at its
shallowest coincides with the period where most eddies have an inverse anomaly, reaching
a peak of 70% of Cold Core AE and Warm Core CE observations for the months of May
and June.
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Figure 6. Seasonal variation of the mean MLD with inverse eddy anomaly percentage. For each
month, the mean percentage of Cold Core AE observations is plotted with a blue line, the mean
percentage of Warm Core CE observations is plotted with a red line, and the mean MLD of all Argo
profiles located outside eddies with a dashed purple line.

The seasonal variation of the core anomalies and their summer inversion, seen on
Figures 4–6, is also analysed spatially. In Figure 7, we plot the δT values of all anticy-
clonic/cyclonic eddy detections in the Mediterranean Sea for one winter (DJF) and one
summer (MJJ) season. The predominance of regular anomalies (Warm Core AE, Cold Core
CE) in winter (panels a and c) and inverse anomalies (Cold Core AE, Warm Core CE) in
summer (panels b and d) is spatially homogeneous over the Mediterranean Sea. Regular
temperature anomalies reach higher absolute values, as can be seen by the intense red dots
(i.e., Warm Core anticyclones on panels a and b) and blue dots (Cold Core cyclones on
panels c and d). The inverse anomalies have lower absolute values, as portrayed in the
histograms of Figure 5. Finally, Figure 7 also portrays a spatial homogeneity, with the emer-
gence of inverse eddy anomalies on summer happening all over the Mediterranean Sea.

Figure 7. Spatial variation of δT values in the Mediterranean Sea for (a) Anticyclones in winter,
(b) Anticyclones in summer, (c) Cyclones in winter, and (d) Cyclones in summer. Red (Blue) dots
correspond to warm (cold) anomalies. The colour intensity depicts the absolute value of the anomaly.



Remote Sens. 2022, 14, 3807 11 of 23

3.1.2. Individual Eddy Analysis

To better investigate how the seasonal evolution of the surface stratification inside
mesoscale eddies impacts their surface temperature signature, we track four long-lived
eddies and follow the temporal evolution of their dynamical parameters, the surrounding
MLD and their surface SST anomaly. One of them, an Ierapetra Anticyclone, formed south
of the island of Crete, was sampled for over a year by Argo floats trapped inside its core.
Three more eddies are considered: a Cyprus anticyclone located among and around the
Eratosthenes seamount, an Algeria Anticyclone drifting along the Algerian coast and an
elongated cyclone located in the Ligurian sea. The timeline of the Ierapetra eddy is shown
in Figure 8, while those of the Algeria, Cyprus and Liguria eddies are shown, respectively,
in Figures A1–A3 of the Appendix A.

Figure 8. Timeline of the Ierapetra anticyclone with DYNED ID #11099. Four characteristic SST
patches are shown in panels (a–d) which correspond to different regimes of the evolution of the eddy
SST anomaly. In panel (e), the δT index values are plotted for every retained observation with red
(blue) dots for positive (negative) values. The Monthly Mean Average of these values is plotted with
a red (blue) line showing the regime change between a Warm Core and a Cold Core eddy. On panel
(f), the depth of the mixed layer (MLD) is plotted with pink dots for values outside the eddy and
black dots inside the Ierapetra eddy. A Monthly Mean Average of the MLD evolution outside the
eddy is plotted with a pink line. On panel (g), the surface maximal velocities (Vmax) for each timestep
in the DYNED-Atlas eddy track are plotted with dots and their Monthly Mean Average is plotted
with a line. Velocities are plotted with magenta (cyan) when they are higher (lower) than the mean
velocity in the eddy lifetime.
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For each of these four eddies, we create an Eddy Timeline that contains the δT index,
the evolution of the MLD in the eddy area, the eddy intensity and a few characteristic
snapshots of the eddy SST signature. Moreover, to highlight the seasonal variations, a
Monthly Mean Average is calculated for each parameter. The daily values of the Core
Temperature Anomaly Index (δT) are plotted when the cloud coverage is not too high and
the temperature anomaly is not too small (i.e., |δT| > 0.1). The calculated (δT) (dots) as
well as the corresponding Monthly Mean Average (line) are coloured in red (blue), when
their value is positive (negative), denoting a warm (cold) core regime.

To construct the MLD time series (pink dots), we use all the Argo profiles that were
measured outside eddy contours in a surrounding area, which are defined as a rectangular
box of one degree of latitude and longitude and centred on the eddy. More than one MLD
observation might exist for a certain day, causing a spread of values, especially for the
winter mixing period. When in situ measurements are available inside the eddy contour,
the MLD is plotted with black dots. The variations of the eddy intensity, quantified here by
Vmax, are plotted during the same period. In order to highlight the seasonal variations, we
use distinct colours for the velocity above (magenta) and below (cyan) the mean velocity
value averaged over the whole period.

Our analysis is focused on the evolution of an Ierapetra Anticyclone from September
2016 to September 2018. According to Figure 8, this anticyclone changes regimes twice
from a regular to an inverse anomaly. The inverse Sea Surface Temperature anomaly begins
in spring, when the re-stratification sets in, and continues until fall.

As can be seen in panel (f) of Figure 8, in winter months, while the eddy is in a
Warm Core regime in panel (e), the MLD is two or three times deeper inside the Ierapetra
anticyclone than in its surroundings, reaching 300 m of depth while being shallower than
120 m in its surroundings. The Warm Core surface anomaly of the eddy (panels (a) and
(c)) can be linked therefore with its subsurface heat content. On the other hand, during
the spring re-stratification period and a Cold Core regime, the MLD is rather shallow, not
exceeding a few tens of meters both inside and outside the anticyclone. The Cold Core
surface anomaly (panels (b) and (d)) is disconnected from the warm subsurface heat content.
It should also be noted that it is during the winter months, when the MLD is deeper in the
eddy core, that the anticyclone passes an intensification phase shown in the evolution of
the surface velocity Vmax.

Similar regime transitions from a regular to an inverse sea surface temperature
anomaly are visualised in Appendix A of this article for two other anticyclones in Figures A1
and A2 as well as a cyclone in Figure A3. For all these eddies, the inverse Sea Surface Tem-
perature anomaly is directly correlated to a small MLD in the area surrounding the eddy.
This indicates a strong surface stratification on the same period, leading to a disconnection
of the inverse surface anomaly with the subsurface heat content.

To investigate if the change in the surface core temperature anomaly is linked with the
subsurface anomaly of the Ierapetra anticyclone, two profiles from an ARGO float released
inside the core of the eddy are examined. From a series of observations, the profiles are
chosen on two dates where the SST signature of the eddy is not corrupted by clouds and
the in situ profile samples well the eddy core. In winter, a regular Warm Core observation
on 26 February 2017 can be seen in panel (a.2) of Figure 9, corresponding to panel (a) of
Figure 8. In summer, on 26 June 2017, we retain an inverse Cold Core observation of the
same eddy that can be seen in panel (b.2) of Figure 9, corresponding to panel (b) of Figure 8.
On these panels, a white star corresponds to the location of the eddy-sampling ARGO float.
On panels (a.1) and (b.1) of Figure 8, the location of the eddy-sampling floats are shown
with a star in a wider map, where we also plot the region (dashed rectangle) where we
search for background sampling ARGO floats. We consider a ± 1 week period from the
observation date and search for ARGO profiles in that region that fall outside of eddies.
The temperature measurements of these background outside-eddy profiles is plotted with
dashed grey lines on panels (c) and (d) of Figure 8 while their mean is plotted with a
thick black line. The eddy-sampling profile is plotted on panels (c) and (d) of Figure 8,
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corresponding to the winter and summer periods, respectively. When the eddy-sampling
profile is warmer (cooler) than the mean outside-eddy profile, it is plotted with a thick red
(blue) line.

Figure 9. Seasonal evolution of the vertical structure of the Ierapetra eddy. Panels (a,c) correspond to
a Warm Core SST observation of the eddy on 26/02/2017. Panels (b–e) correspond to a Cold Core
SST observation on 26/07/2017. Maps (a.1,a.2) show the maximum velocity contour and outermost
contour of the eddy, the eddy-sampling ARGO profile with a star and the outside-eddy profiles with
diamonds, which are retained in a region outlined by the dashed rectangle. Patches (b.1,b.2) show
the SST anomaly of the eddy along with the location of the eddy-sampling profile, which is plotted
with a star. Vertical plots (c–e) show the outside-eddy profiles plotted with dashed gray lines and
their mean outside-eddy profile with a thick black line. The eddy-sampling profile is plotted with a
thick red (blue) line when it is warmer (colder) than the mean outside-eddy profile. Profile (c) shows
the winter regular surface anomaly, with a warm structure, profile (d) shows the summer inverse
surface anomaly with a cold surface and a warm subsurface structure, while panel (e) zooms into the
100 first meters of (d) to portray the SST inversion.

Due to the deep winter mixed layer, the Warm Core SST anomaly extends down to
250 m (Figure 9c). On this winter profile, the core of the anticyclone is always warmer that
its surrounding down to 1000 m. An inversion of the eddy-SSTA is visible on the summer
profile (Figure 9d). However, this Cold Core temperature anomaly does not extend below
a few tens of meters (Figure 9e). Below the strong summer stratification, at −100 m for
instance, the core temperature of the anticyclone is warmer than its surrounding waters
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whose temperature is portrayed by the mean outside-eddy profile (black line in Figure 9d).
The subsurface temperature anomaly reaches a positive value of +1 ◦C at 500 m, which
is coherent with other observations of long-lived anticyclonic eddies in the region [24,45].
Hence, these unique in situ measurements indicate that the inverse eddy-SSTA remains
confined to a few dozen meters below the ocean surface and does not correspond to the
deep subsurface heat content of the anticyclone.

3.2. A Mechanism of SST Anomaly Inversion: Single Column Simulations

The analysis from the perspective of the regime change of individual eddies between
Warm and Cold Core portrays that the winter mixed layer varies significantly inside long-
lived mesoscale eddies, particularly in the core of anticyclones. However, is this MLD
difference between the core of the eddy and its vicinity sufficient enough to explain the
inverse eddy-SSTA that occurs during the spring re-stratification?

To answer this question and investigate other hypotheses, we use a simplified 1D
model of the vertical advection–diffusion of heat in a stratified water column inside and
outside mesoscale eddies. The seasonal forcing of the atmosphere is simulated with a
sinusoidal surface temperature flux as Q = Q0sin(2πt/365.25) (Q0 > 0, positive for
ocean heat gain), so that the simulation starts with a temperature flux increasing from
zero (corresponding to spring). A value of Q0 = 150 W/m2 is chosen as an accurate
Mediterranean average of total surface heat flux seasonal cycle, following [46], with a
negative (positive) maximum heat flux approximately in December (July). As salinity
effects are neglected, the temperature flux is equivalent to the buoyancy flux.

An equal surface heat flux is applied for different temperature profiles corresponding
to water columns inside a cyclone, anticyclone and a profile outside an eddy, respectively.
The simulation starts on the end of the winter period when the MLD is at its deepest. The
initial profiles are described analytically in Equation (3), whose parameters are chosen so
that the simulated profiles represent average temperature profiles in the Mediterranean sea.
These stand for a homogeneous MLD of ZMLD = 50 m at T0 = 16 ◦C for a cyclone core,
200 m at 18 ◦C for an anticyclone core and 100 m at 17 ◦C for the outside-eddy profile. Below
the mixed layer, we introduce an exponential decrease (typical thickness ZT = 150 m) to
a deep ocean value of Tb = 13.5 ◦C. The T(z) profiles are plotted on panels (b) and (d) of
Figure 10, with a blue, red and black line for the anticyclone, cyclone and outside-eddy
profiles, respectively.

T(z) = T0 ; ifz > ZMLD

T(z) = Tb + (T0 − Tb)exp
(

z− ZMLD
ZT

)
; if z < ZMLD

(3)

Vertical profiles are forced by the surface heat flux, and in a one-dimensional space,
the temperature temporal evolution follows a simple diffusion equation:

∂T
∂t

=
∂

∂z

(
A(z)

∂T
∂z

)
(4)

We assume a steady turbulent mixing coefficient A(z) which depends only on depth.
This vertical mixing profile is set by the Equation (5), starting from a surface value A0
down to a deep ocean value Aback with a Gaussian vertical shape, with ZT = 150 m. The
static instability (i.e., ∂zT < 0) is inhibited by simply boosting the mixing coefficient A(z)
to 1 m2/s.

A(z) = Aback + A0e−(z/ZT)
2

(5)

We first assume that the vertical mixing profile remains the same in the cyclone, the
anticyclone and the outside-eddy. The surface value A0 of 10−4 m2s−1 is chosen as a typical
value for turbulent mixing in the upper ocean, while in the deep ocean, the mixing is
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reduced by two orders of magnitude down to Aback = 1.0× 10−6 m2s−1, which is the water
kinematic viscosity.

The uniform vertical mixing profile, common for both three water columns, is plotted
in panel (a) of Figure 10, while the response of the three water columns (anticyclone,
cyclone, outside-eddy) is plotted in panel (b). The simulation starts from a deep-MLD
profile at the end of the winter mixing period (dashed line). During spring re-stratification,
the positive surface is transferred downwards at the same rate for all water columns. As
a consequence, the surface temperature difference between the three winter profiles is
also maintained in summer (continuous line). This effect is also observed in panel (b) of
Figure 11 where the seasonal evolution of the SST of the three water columns is plotted on
a 18-month period. The anticyclonic (cyclonic) profile is constantly warmer (colder) than
the outside-eddy profile. A two-month lag between the surface flux of Figure 11 panel (a)
and the SST of panel (b) is explained through the delay needed for the water column to
integrate the radiative forcing.

Figure 10. One-dimensional (1D) single column experiments: vertical structure. With a uniform
vertical mixing: (a) vertical diffusivity A(z) from Equation (5) and (b) temperature profiles in winter
(dashed line) and summer (continuous line), corresponding time of the year being reported on
Figure 11b . Initial winter profiles are set in Equation (3). With eddy-modulated vertical mixing: (c)
vertical diffusivity and (d) temperature profiles.
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Figure 11. One-dimensional (1D) single column experiments: surface temperature. (a) Surface heat
flux forcing the simulation, (b) Surface temperature evolution for anticyclone, cyclone and outside-
eddy profiles with a uniform vertical mixing and (c) same as (b) but with an eddy-modulated vertical
mixing, as shown in Figure 10c.

The initial differences of temperature profiles and winter MLD are not sufficient to
reproduce observed eddy-SSTA inversion, suggesting that an additional physical process is
missing. To explore such a mechanism, we assume that the vertical mixing coefficient is, on
the one hand, enhanced in the core of anticyclonic eddies and, on the other hand, reduced
in the core of cyclonic eddies. To test this hypothesis, we perform another set of heat
vertical diffusion experiments with the same vertical profiles (Equation (3)) and diffusion
process (Equations (4) and (5)) but with a varying surface vertical diffusivity value. A0
stays outside-eddy at 1.0× 10−4 m2s−1 but is divided by a factor of 2 to 5.0× 10−5 m2s−1

in the cyclone profile and multiplied by 2 to 2.0 × 10−4 m2s−1 in the anticyclone one.
These eddy-modulated vertical mixing profiles are plotted in panel (c) of Figure 10 with a
blue/red/black colour representing the anticyclone/cyclone/outside-eddy profile.

Through the seasonal evolution results of the eddy-modulated vertical mixing model,
as shown in panel (d) of Figure 10, it is observed that heat penetrates deeper in the vertical
structure of the anticyclone, resulting in a less stratified profile in summer (blue continuous
line). Vice versa, the heat reaches a shallower depth of the cyclone, resulting in a more
stratified summer profile (red continuous line). The vertical diffusivity difference is strong
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enough that the anticyclone (respectively cyclone) profile becomes cooler (warmer) than
the outside-eddy profile, resulting in an isotherm crossing similar to what was observed in
the Ierapetra anticyclone, which is seen at panel (e) of Figure 9.

The evolution of surface temperature given by the eddy modulated vertical mixing
model, shown in panel (c) of Figure 11 for more than a year and a half, reproduces the same
SST anomaly summer inversion in cyclones and anticyclones. The column representative
of an AE (CE) core is indeed warmer (colder) in winter at the surface than a column
representative of an outside-eddy profile stratification while turning colder (warmer) in
summer, implying that an inverse SST anomaly has emerged.

These simplified 1D model simulations show that despite initial differences in vertical
stratification or MLD, a differential mixing coefficient between the core and the periphery
of oceanic eddies is needed to explain the inverse sea surface temperature anomalies which
emerge during the spring re-stratification period.

4. Discussion

The emergence of inverse eddy SST anomalies during the summer season, in the global
ocean as well as in regional seas, has been well documented by recent studies [30–33,35].
Some of them also link this inversion of the eddy surface anomaly with the spring re-
stratification of the ocean surface. This study confirms that such seasonal correlation is
also valid for the Mediterranean Sea (Figure 6). Nevertheless, we showcase here that the
difference in the MLD alone is a necessary but not sufficient condition for the emergence
of an inverse eddy SST anomaly. We consider the hypothesis that eddies modulate the
diapycnal mixing in their interior, creating a vertical spacing (tightening) of isopycnals in
anticyclones (cyclones). Our 1D single column modelling experiment (Figures 10 and 11)
shows that a modulation of vertical mixing A(z) inside eddies is needed to reproduce the
inversion of the eddy-induced SST anomalies during summer. The origin of this vertical
mixing modulation might stem from 3D dynamical processes that cannot be reproduced
explicitly in the 1D vertical model.

Some hypotheses exist in the bibliography, and several papers studied the trapping of
Near-Inertial Oscillations (NIO) in anticyclones either through a theoretical formulation [47,48]
or through modelling experiments [49–51] and observations [52]. Enhanced turbulent
mixing at depth was also reported when NIO were trapped inside anticyclones [53,54].
Nevertheless, we are not aware of a theoretical study that provides a direct link between
the trapping of NIO and enhanced vertical mixing in the thermocline layer. The opposite
trend for cyclones is still under discussion. However, due to the Coriolis effect fe f f = f + ζ,
which is higher for positive vorticity area (ζ > 0), the spectrum of NIO is expected to
be reduced in the core of cyclonic eddies [47,48]. This impact of NIO within the eddies
is a very plausible explanation of the differential vertical mixing and the observed eddy-
SSTA asymmetry between cyclone and anticyclones. Nevertheless, other mechanisms
could also be responsible for inverse eddy SST anomalies such as nonlinear wind-induced
Ekman pumping.

Motivated by the impact of eddies on biological productivity, several studies investi-
gate the self-induced Ekman pumping in the core of mesoscale cyclones and anticyclones.
Local currents induced by coherent eddies generate a curl to the surface stress from the
relative motion between surface air and water, even if the wind stress is uniform. Hence,
a uniform wind applied to an anticyclonic eddy can lead to a divergence and upwelling
in its core [9,28,55]. A local upwelling could therefore induce a Cold Core anomaly for
anticyclones. However, such a mechanism depends directly on the eddy intensity, and we
did not find on the data of this study any correlation between the amplitude of the temper-
ature anomaly in the core of the eddy and its intensity. Nevertheless, to investigate in more
details the impacts of the wind-induced Ekman pumping on the emergence of inverse eddy
SST anomalies, a full 3D numerical simulation will be performed in a future work.
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5. Summary and Conclusions

The emergence of inverse eddy SST anomalies in the Mediterranean Sea is a seasonal
phenomenon that affects all mesoscale eddies. Remote sensing and in situ observations
were used to detect and quantify the eddy-induced SST anomaly over a 2-year period
(2016–2018). We build an eddy core SST anomaly index to quantify the amount of Cold
Core Anticyclones and Warm Core Cyclones all over the year and especially during the
spring re-stratification period. We find that these inverse eddy anomalies could reach a
peak of 70% in May and June. This seasonal cycle coincides with the seasonal variation of
the MLD both through a statistical analysis, on a basin scale, and through an individual
analysis for long-lived eddies. By tracking these eddies, we find that some of them alternate
several times, from one season to another, between a Warm Core and a Cold Core SST
anomaly. However, the inverse eddy anomalies are constrained to the upper layer of the
ocean. For instance, co-localising ARGO profiles in Cold Core anticyclonic eddies reveals
that their cold temperature anomaly inversion is limited to the first 50 m of the ocean, while
a warm subsurface anomaly persists deeper.

We propose a simple dynamical mechanism, based on a differential mixing between
the eddy core and its surroundings, that leads to reproducing Cold Core (Warm Core)
anticyclones (cyclones) during the spring re-stratification period. To do so, we construct a
simple vertical column model to compute the impact of the seasonal air–sea flux on the
vertical stratification inside and outside eddies. We start off by a winter stratification setup
with a deep mixed layer and investigate how the spring re-stratification of the ocean surface
differs between the eddy core and its surrounding. By considering only the MLD difference,
we were not able to reproduce the inverse eddy-SSTA that are observed during the spring
re-stratification period in satellite data. It is only by taking into account a differential
diapycnal eddy mixing—increased in anticyclones and diminished in cyclones—that we
reproduce correctly the surface temperature inversion in the eddy core with respect to
an outside-eddy profile. This simplified model suggests that vertical mixing modulation
by mesoscale eddies might be the key mechanism that leads to the eddy-SSTA seasonal
inversion in the ocean. Even if our study focuses on the Mediterranean Sea, the mechanism
proposed here is, a priori, independent of the oceanic region.

Several theoretical studies on near inertial oscillations and corresponding in situ
observations could explain the modulation of the vertical mixing induced by oceanic
eddies and the cyclone/anticyclone asymmetry. However, full 3-dimensional modelling
is necessary to further investigate these dynamical modes in combination with the wind-
induced Ekman pumping inside the eddy core. Such high-resolution simulations are
beyond the scope of this study and will be the perspectives of a future work.

Lastly, this study showcases that a detailed analysis of remote sensing observations of
the complex eddy signature at the ocean surface could reveal its subsurface structure in the
first tens of metres. This would provide valuable information on the vertical extension of
the mixing layer or the bio-geochemical activity in the euphotic layer.
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Appendix A. Eddy Timelines

We provide three additional eddy timelines of long-lived eddies: an Algeria anticy-
clone (Figure A1), a Cyprus (Eratosthenes) anticyclone (Figure A2) and a Liguria cyclone
(Figure A3). The reader is referred to Figure 8 (timeline of the Ierapetra long-lived eddy) in
the main corpus of the text for a detailed description of the timelines as individual eddy
analysis of the sea surface temperature anomaly evolution.

We note several particularities compared with the Ierapetra anticyclone: The Algeria
anticyclone in the western Mediterranean shows the same swift between Cold Core anomaly
(summer) to Warm Core anomaly (winter) while having a smaller local MLD than the
Ierapetra eddy. The Cyprus anticyclone in the eastern Mediterranean shows a persistent
inverse Cold Core anomaly ranging from May to December, while the regular Warm Core
anomaly appears only for a few winter months. Finally, the Liguria cyclone shows that
the shift between regular and inverse anomalies can also emerge for long-lived cyclones,
corresponding also with the MLD seasonal cycle.

Figure A1. Timeline of the Algeria anticyclone with DYNED ID #11411. Panels (a–c) show four
characteristic SST patches corresponding with the δT evolution in panel (d). Panel (e) shows the
evolution of the MLD outside the eddy. Panel (f) shows the evolution of the maximal velocity. Lines
represent the Monthly Mean Average of each variable. For more information, the reader is referred to
Figure 8.
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Figure A2. Timeline of the Cyprus (Eratosthenes) anticyclone with DYNED ID #10754. Panels (a–e)
show four characteristic SST patches corresponding with the δT evolution in panel (f). Panel (g)
shows the evolution of the MLD outside the eddy. Panel (h) shows the evolution of the maximal
velocity. Lines represent the Monthly Mean Average of each variable. For more information, the
reader is referred to Figure 8.
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Figure A3. Timeline of the Liguria cyclone with DYNED ID #9784. Panels (a–d) show four character-
istic SST patches corresponding with the δT evolution in panel (e). Panel (f) shows the evolution of
the MLD outside the eddy. Panel (g) shows the evolution of the maximal velocity. Lines represent the
Monthly Mean Average of each variable. For more information, the reader is referred to Figure 8.
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Chapter 4

Eddy-induced mixed layer and
interaction with subsurface anomalies

The mixed layer is the uppermost layer of the ocean, defined as the homogeneous layer extending from the
surface to the first stratified layer. In practice the surface is often replaced by 10m in order to avoid the
thin stratification in the last meter due to diurnal cycle (de Boyer Montégut et al., 2004). The mixed layer
is then the ocean layer in contact with the atmosphere and driving air-ocean interactions. To have a first
estimation of the eddy-induced effect on the mixed layer depth (MLD), the collocated in situ database pre-
sented in Sect.2.3 is used to compute the MLD, and anomalies are presented separetely for cyclones and
anticyclones in Fig.4.1. The MLD is computed as the depth where the temperature at 10m is exceeded by
a threshold ∆T = ±0.1°C, following Houpert et al. (2015). To compare MLD anomalies induced by eddies,
a background MLD is defined for each vertical profile as the median MLD among profiles constituting the
reference background defined in Sect.2.5, with convention positive anomalies for deeper MLD. Winter MLD
anomalies reveal extremely large values for both cyclones and anticyclones, winter being defined here at
first from DeJanuary to March. As indicated in Fig.4.1b, anticyclonic MLD anomalies are largely positive,
reaching +200m, and the largest observed values coincide with strong and recurrent anticyclonic structures
already presented above and in Fig.2.2. On the opposite, winter eddy-induced MLD anomalies in cyclones
are weaker (note the different colorbar range) and mostly negative despite some variability. We recover the
composite vision from Sun et al. (2017) and Gaube et al. (2019) of anticyclones deepening the winter MLD
and cyclones shallowing it, with a marked cyclone-anticyclone asymmetry similarly to eddy lifetime (Fig.2.4).
The observed variability in cyclonic MLD anomalies could be due to different factors. The first is obviously
as detailed in Sect.2.1 that cyclonic detections are a lot less reliable, then a significant part of profiles col-
located inside cyclones are actually not inside the mesoscale structure but most likely in a patch of smaller
cyclonic submesoscale structures (Stegner et al., 2021). A second effect is geometric: as cyclones tend to
shoal isopycnals, MLD is shallower; but if the stratification is entirely mixed then deep convection conditions
are met and then MLD values get very large. This deep convection preconditioning in cyclonic gyres has
been extensively studied in the literature (Legg and Marshall, 1998). The cyclonic gyres in the Gulf of Lion
(MEDOC Group, 1970; Send et al., 1995; Margirier et al., 2020) and the Southern Adriatic sea (Gačić et al.,
2002) regularly host deep convection events explaining the large positive MLD anomalies labeled as inside
cyclones.

Figure 4.1 should then be considered as the climatological vision of eddy-induced MLD anomalies, to
be compared with classical MLD climatologies not labeling eddies (d’Ortenzio et al., 2005a; Houpert et al.,
2015). But using the Lagrangian tracking from the DYNED Atlas, we can further investigate what is the
detailed MLD temporal evolution inside each anticyclone, and link it to its vertical structure. This study
published in Ocean Science journal (Barboni et al., 2023a) is included below and was conducted together
with Solange Coadou-Chaventon (LMD, at that time WAPE Master 2 student). Following MLD evolution at
short temporal scale on the order of the week led to reconsider the MLD method (gradient method instead
of threshold method) and the background definition (see Sect.2.5). Details are given in Sect.3.2 of the study
below, but the main difference is that profiles constituting the background are at a maximal distance of
Dc = 250km and ∆day = ±10d, compared to Dc = 150km and ∆day = ±10d in Sect.2.5. ∆y is kept to
±1y and threshold number to compute background to 10. These changes allow to study more accurately the
MLD evolving on shorter timescales while keeping enough profiles to define a background. Sensitivity of the
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Figure 4.1: MLD anomalies from January to March shown as dots, for (a) cyclones and (b) anticyclones (2008-
2021). Colorbar are scaled differently due to cyclone-anticyclone asymmetry in MLD anomalies. Main anticyclonic
structures are reminded in blue squares.
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∆day and ∆y parameters is discussed in Appendix A of Barboni et al. (2023a).

4.1 Barboni et al. (2023a). How subsurface and double-core an-
ticyclones intensify the winter mixed-layer deepening in the
Mediterranean Sea. Ocean Science.
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Abstract. The mixed layer is the uppermost layer of the
ocean, connecting the atmosphere to the subsurface ocean
through atmospheric fluxes. It is subject to pronounced sea-
sonal variations: it deepens in winter due to buoyancy loss
and shallows in spring while heat flux increases and restrat-
ifies the water column. A mixed-layer depth (MLD) mod-
ulation over this seasonal cycle has been observed within
mesoscale eddies. Taking advantage of the numerous Argo
floats deployed and trapped within large Mediterranean an-
ticyclones over the last decades, we reveal for the first time
this modulation at a 10 d temporal scale, free of the smooth-
ing effect of composite approaches. The analysis of 16 con-
tinuous MLD time series inside 13 long-lived anticyclones
at a fine temporal scale brings to light the importance of the
eddy pre-existing vertical structure in setting the MLD mod-
ulation by mesoscale eddies. Extreme MLD anomalies of up
to 330 m are observed when the winter mixed layer connects
with a pre-existing subsurface anticyclonic core, greatly ac-
celerating mixed-layer deepening. The winter MLD some-
times does not achieve such connection but homogenizes an-
other subsurface layer, then forming a multi-core anticyclone
with spring restratification. An MLD restratification delay is
always observed, reaching more than 2 months in 3 out the
16 MLD time series. The water column starts to restratify
outside anticyclones, while the mixed layer keeps deepen-
ing and cooling at the eddy core for a longer time. These
new elements provide new keys for understanding anticy-
clone vertical-structure formation and evolution.

1 Introduction

The mixed layer corresponds to the ocean surface layer
over which water properties are kept uniform through ac-
tive mixing. It connects the atmosphere to the subsurface
ocean through air–sea fluxes of heat, fresh water or other
chemical components such as carbon (Takahashi et al., 2009;
Large and Yeager, 2012). The mixed-layer depth (MLD)
controls how deep the mixing acts, bringing water proper-
ties from below to the surface and the other way around.
This depth is subject to pronounced seasonal variations, the
mixed layer deepening with winter heat loss, while spring
surface heating restratifies the column and the mixed layer
gets shallower. Due to its importance for both ocean physics
and biogeochemistry, global MLD climatologies were com-
puted (de Boyer Montégut et al., 2004; Holte et al., 2017).
Several MLD climatologies were also computed for the
Mediterranean Sea (D’Ortenzio et al., 2005; Houpert et al.,
2015), showing specific dynamics in winter convective re-
gions such as the Gulf of Lion, the Aegean and the Adriatic
seas, or the Rhodes gyre, with biological impacts on plank-
ton bloom (D’Ortenzio and Ribera d’Alcalà, 2009; Lavigne
et al., 2013). However large spread in MLD was also ob-
served in regions hosting intense anticyclones such as the
Algerian, Ionian and Levantine basins (Houpert et al., 2015),
highlighting the need to take into account the local impact of
mesoscale eddies.
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Recent development of automatic eddy-tracking algo-
rithms and eddy atlases (at a global scale, see for exam-
ple Chelton et al., 2011, and Pegliasco et al., 2022; in the
Mediterranean, see Stegner and Le Vu, 2019), combined
with an increase of in situ measurements thanks to the de-
velopment of autonomous platforms (Le Traon, 2013), re-
cently allowed the influence of mesoscale oceanic eddies on
the MLD to be studied. It is now well known that anticy-
clonic (respectively cyclonic) eddies tend to deepen (shoal)
the MLD (Dufois et al., 2016; Hausmann et al., 2017; Gaube
et al., 2019). Eddies actually amplify the MLD seasonal cy-
cle, the deepest MLD anomaly being reached during winter
(Hausmann et al., 2017; Gaube et al., 2019). A first mech-
anism was proposed by Williams (1988), the eddy modula-
tion of the MLD being related to their induced sea surface
temperature anomaly (SSTA). Indeed, as shown by Haus-
mann and Czaja (2012), anticyclonic (cyclonic) eddies are
usually associated with positive (negative) SSTAs, and this
is at least true in winter in the Mediterranean Sea (Moschos
et al., 2022). It leads to stronger (weaker) heat loss during the
winter and the triggering of enhanced (reduced) ocean con-
vection and therefore deeper (shallower) MLD. In addition,
Hausmann et al. (2017) and Gaube et al. (2019) found out
that, for the Southern Ocean and global ocean respectively,
the eddy MLD anomaly, computed from eddy composites,
scales with the eddy sea surface height (SSH) amplitude.
Gaube et al. (2019) proposed the same linear trend at the
global scale ±1 m MLD anomaly for each 1 cm SSH for both
cyclones and anticyclones. Physical drivers controlling the
eddy-induced MLD are supported by other studies showing
an eddy modulation of air–sea exchanges. Villas Bôas et al.
(2015) found that ocean heat loss was enhanced (respectively
reduced) in anticyclones (cyclones) in energetic regions of
the South Atlantic Ocean, once again scaling with eddy am-
plitude, for both sensible and latent heat flux. Frenger et al.
(2013) showed enhanced rainfall and cloud cover above an-
ticyclones in the Southern Ocean as a consequence of en-
hanced turbulent heat fluxes but suggested a scaling with the
eddy SSTA. Such a relation should remain coherent, as Haus-
mann and Czaja (2012) also found anticyclonic warm (cy-
clonic cold) eddy SSTAs to scale with the eddy amplitude
in the Gulf Stream region. Altogether, eddy MLD anomalies
are expected to be easily inferred provided that background
measurements outside eddies are available, a promising link
for remote sensing application.

However, all these studies were at a coarse monthly tem-
poral resolution, whereas the mixed layer is driven by air–
ocean fluxes and thus is expected to react at a timescale close
to the inertial period (D’Asaro, 1985; Lévy et al., 2012). If
several studies showed the MLD and upper-ocean stratifica-
tion to vary over timescales of a week at regional scales (La-
cour et al., 2019 in the North Atlantic or D’Ortenzio et al.
(2021) in the Rhodes gyre), no studies are yet available on
the temporal evolution of eddy MLD anomalies. A second
limit in previous studies is the use of composite datasets that

smooth out the non-linearities induced by eddies. If the com-
posite analysis can provide a first-order trend, this is likely
not sufficient to quantify accurately the various impacts of
the wide diversity of individual eddies varying in size and
intensity. A third but linked limit – explicitly pointed out by
Villas Bôas et al. (2015) and Hausmann et al. (2017) – is
their focus on surface-intensified eddies with the most co-
herent surface signature. Indeed, the relation between eddy
SSTAs and SSH amplitude strongly relies on the hypothesis
of a surface-intensified structure, and Assassi et al. (2016)
showed that it should not be the case for subsurface anticy-
clones. Subsurface eddies are of a mesoscale structure where
the density anomaly (compared to the outside-eddy density
profile) is overlaid by an anomaly of opposite sign. For in-
stance, a subsurface anticyclone has a lighter core at depth
overlaid by a negative density anomaly near the surface. Fol-
lowing the thermal-wind equation, the depth of the maximal
geostrophic speed is below the surface. The isopycnals and
isotherms doming above a subsurface anticyclone core could
greatly impact the upper-layer stratification and subsequently
the inside-eddy mixed-layer dynamics. In the South China
Sea and still using the composite method, He et al. (2018)
found the anticyclones to be predominantly subsurface ed-
dies. They also observed a linear trend between the subsur-
face temperature anomaly and SSH on an annual average
and an eddy-induced MLD anomaly, but based on monthly
climatology, and did not find a relationship with MLD. A
more detailed comparison with more observational data and,
in particular, a better temporal resolution is then lacking.

The Mediterranean Sea is an interesting region to study
eddy influence on MLD. At first, due to repeated oceano-
graphic campaigns, the density of in situ measurements is rel-
atively high, and in particular, several campaigns specifically
targeted long-lived mesoscale anticyclones in both western
and eastern basins. Without aiming for exhaustiveness, one
can list the following in particular: EGYPT (Taupier-Letage
et al., 2010), BOUM (Moutin and Prieur, 2012), “Eye of the
Levantine” (Hayes et al., 2011), PROTEVS (Garreau et al.,
2018) and PERLE (Ioannou et al., 2019). Additionally, sev-
eral Argo profiling floats were launched inside eddies and
remained trapped for a long time (Ioannou et al., 2020),
altogether allowing one to accurately follow particular ed-
dies and to go beyond the averaged composite vision in the
Mediterranean Sea. Moreover, data from these programmes
were often only analysed in the scope of the campaigns, and
an eddy study with a larger statistical focus is still lacking. A
second relevance for Mediterranean eddies is the variety of
mesoscale structures in terms of dynamics, from intense Al-
gerian and Ierapetra anticyclones needing cyclogeostrophic
corrections (Ioannou et al., 2019) to subsurface eddies with
strong density anomalies but weak SSH signatures (Hayes
et al., 2011). Moutin and Prieur (2012) also showed the ver-
tical structure, in temperature and salinity, of mesoscale ed-
dies to be very different from one basin to another. Barboni
et al. (2021) showed the marked subsurface difference be-
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tween a new anticyclone detached from the coast compared
to an offshore structure having been tracked for more than a
year. All these structures should provide different examples
of eddy–MLD interactions.

In the Mediterranean Sea, there is additionally a strong
asymmetry between cyclones and anticyclones, remarkable
in terms of lifetime difference (Mkhinini et al., 2014). The
deformation radius in the Mediterranean Sea is indeed about
8 to 12 km (Kurkin et al., 2020), and cyclones are less sta-
ble when greater than the deformation radius and more sub-
ject to external shear (Arai and Yamagata, 1994; Graves
et al., 2006). This leads to cyclones being predominantly
below the effective resolution of SSH products by about
20 km (Stegner et al., 2021). As a consequence, anticyclones
are coherent larger vortices, while cyclones in the Mediter-
ranean Sea, as detected by altimetry, are instead cyclonic
gyres bounded by topography or hydrographic fronts such
as the Ligurian, southwestern Crete or Rhodes gyre (Steg-
ner et al., 2021). MLD evolution inside these cyclonic gyres
was already surveyed because of their importance for biolog-
ical production, in particular with the development of BGC-
Argo (D’Ortenzio et al., 2021; Taillandier et al., 2022). Apart
from specific campaigns, Mediterranean anticyclones remain
poorly analysed despite being more coherent, and statisti-
cal comparison based on vertical profiles is lacking, with the
noticeable exception of the Biogeochemistry from the Olig-
otrophic to the Ultraoligotrophic Mediterranean (BOUM)
campaign surveying three anticyclones across the Mediter-
ranean in 2008 (Moutin and Prieur, 2012).

This paper aims to study the temporal evolution of the
mixed layer inside a wide diversity of long-lived anticyclones
in the Mediterranean Sea compared to the evolution of the
background MLD. The goal is to quantify more precisely the
local impacts of individual eddies on the winter mixed-layer
deepening. The paper is organized as follows. Section 2 de-
scribes the eddy detection and tracking algorithm and the in
situ profile database. Section 3 details the methodology used
to compute the MLD and to colocalize profiles and eddies in
order to quantify accurately the MLD anomalies induced by
individual eddies. In Sect. 4, we analyse the MLD evolution
at anticyclone cores, provide statistical analysis over the vari-
ety of structures surveyed and discuss the impact of complex
vertical eddy structures on winter mixed-layer deepening. Fi-
nally, in Sect. 5, we discuss the possible physical drivers and
implications of these MLD anomalies.

2 Data

2.1 Anticyclone detections: the DYNED-Atlas

Eddy detections are provided through the angular momentum
eddy detection and tracking algorithm (AMEDA). AMEDA
is a mixed velocity–altimetry approach; it relies on using pri-
marily streamlines from a velocity field and identifying pos-

sible eddy centres computed as maxima of local normalized
angular momentum (Le Vu et al., 2018). It was successfully
used in several regions of the world ocean using altimetric
data (Aroucha et al., 2020; Ayouche et al., 2021; Barboni
et al., 2021), high-frequency radar data (Liu et al., 2020) or
numerical simulations (de Marez et al., 2021). From 1 Jan-
uary 2000 to 31 December 2019, AMEDA was applied on the
Archiving, Validation and Interpretation of Satellite Oceano-
graphic data (AVISO) sea surface height (SSH) delayed-time
product at a resolution of 1/8◦ with daily output. From 1 Jan-
uary 2020 to 31 December 2021, AMEDA was applied on
the AVISO SSH near-real-time day+ 6 product (Pujol, 2021)
at the same spatial and temporal resolutions. In each eddy
single observation (one eddy observed one day), AMEDA
gives a centre and two contours. The “maximal speed” con-
tour is the enclosed streamline with maximal speed (i.e. in
the geostrophic approximation, with maximal SSH gradient);
it is assumed to be the limit of the eddy core region where
water parcels are trapped. The “end” contour is the outer-
most closed SSH contour surrounding the eddy centre and
the maximal speed contour; it is assumed to be the area of
the eddy footprint, larger than just its core but still influenced
by the eddy shear (Le Vu et al., 2018). AMEDA gathers
eddy observations in eddy tracks, allowing the same struc-
ture to be followed in time and space, sometimes over sev-
eral months. The eddy track collection in the whole Mediter-
ranean Sea constitutes the DYNED-Atlas database (Stegner
and Le Vu, 2019), which is available online (for the years
2000 to 2019) at https://www1.lmd.polytechnique.fr/dyned/,
last access: 21 February 2023. From 2000 to 2021, a total of
7038 (respectively 8890) anticyclonic (cyclonic) eddy tracks
were retrieved. The asymmetry in eddy numbers is driven
by a lifetime difference, with anticyclones living noticeably
longer, an asymmetry even more marked in the Levantine
Basin (Barboni et al., 2021).

2.2 In situ profiles

A climatological database is created collecting in situ profiles
from the Coriolis Ocean Dataset for Reanalysis (CORA).
Delayed-time (CORA-DT; Szekely et al., 2019b) profiles are
recovered from 2000 to 2019 (113 486 profiles), and near-
real-time (Copernicus-NRT; Copernicus, 2021) profiles are
recovered from 2020 to 2021, included using the “history”
release (22 821 profiles). These datasets are multi-platform,
gathering in situ vertical measurements from conductivity–
temperature–depth (CTD) casts, expendable bathythermo-
graph (XBT) measurements (mostly before 2008), Argo
floats (mostly after 2005, with a strong increase after 2012)
and gliders (mostly after 2008), enabling an average of
10 000 profiles available per year from 2011 onwards. In
addition, some profiles prior to 2020 have not yet been re-
leased in CORA-DT but are available in Copernicus-NRT.
This happens in particular when the salinity sensor of an
Argo float has abnormal values but the temperature is still
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correct (by visual inspection and correct quality flag). As
the MLD computation can be performed on a temperature
profile alone, profiles were also retrieved in NRT mode af-
ter careful checking, as described in Appendix A. This pro-
vides an extra 20 746 profiles from 2000 to 2019. Spotted
duplicates between CORA-DT and Copernicus-NRT are re-
trieved only from CORA-DT. The complete database then
accounts for 157 053 profiles in total, with the following plat-
form distribution: 8596 CTDs, 11375 XBTs, 60 019 Argo,
76 967 glider profiles and 96 unspecified and is available at
https://doi.org/10.17882/93077 (Barboni et al., 2023).

3 Methods

3.1 MLD computation

The global analysis conducted by de Boyer Montégut et al.
(2004) led to MLD being detected by threshold values of
0.03 kg m−3 for density and 0.2 ◦C for temperature, based
on a reference depth of 10 m to avoid diurnal heating at the
surface. In the Mediterranean Sea, D’Ortenzio et al. (2005)
used this methodology for a 0.5◦-resolution MLD clima-
tology. Houpert et al. (2015) updated it with 8 supplemen-
tary years of data but opted for a 0.1 ◦C temperature thresh-
old. This more restrictive criterion enables the reduction of
the difference between the MLD computed on temperature
profiles and the one computed on density profiles. Gradient
methods look in a similar way for critical gradients as an
indicator of the mixed-layer base. Typical gradient thresh-
old values in use are 2.5×10−2 ◦C m−1 for temperature pro-
files and range from 5× 10−4 to 5× 10−2 kg m−4 for poten-
tial density profiles (Dong et al., 2008). Mixed gradient and
threshold methods were also developed (Holte and Talley,
2009). Here, we aim to capture as accurately as possible the
MLD evolution, which can vary on timescales shorter than a
month. More specifically, we observed in several cases that
the threshold method (with criteria 1σ = 0.03 kg m−3 and
1T = 0.1 ◦C) can miss the mixed layer and return the main
thermocline instead (see Fig. 1a). The main thermocline is
indeed characterized by a small jump in potential density (or
in temperature) but a significant peak in the gradient pro-
file, and it happens mostly in the spring, probably due to a
start of restratification that quickly becomes mixed. To cap-
ture such small-scale restratification events, we built the fol-
lowing methodology, combining both threshold and gradi-
ent approaches. Using the thresholds 1σ = 0.03 kg m−3 and
1T = 0.1 ◦C, we derive a first estimate of the MLD. If it is
shallower than 20 m, we take it as our estimate of the MLD.
Otherwise, we apply a three-point running average to remove
small spikes and to compute the gradient using a second-
order centred difference. From the subsurface (20 m) up to
the first MLD estimate, we apply a gradient method with
the given gradient thresholds: |∂zσ |> 5× 10−4 kg m−4 or
|∂zT |> 2.5×10−3 ◦C m−1. If the gradient fails to exceed the

threshold within the given depth range, then the first MLD
estimate is kept.

Threshold and gradient methods are limited by their de-
pendence on the criterion values which can have strong in-
fluence on the MLD estimate. The relatively low gradient
thresholds chosen here appeared to be necessary to catch the
MLD in some of our profiles, as higher thresholds would re-
turn the main thermocline (see Fig. 1a). A sample of 400 ran-
domly picked profiles collocated inside eddies was used for
validation. We chose this validation dataset with profiles in-
side eddies because it is our main focus. Wrong detection on
double-gradient profiles inside eddies was found to be quite
large, sometimes exceeding 100 m. On these 400 profiles,
22 (5.5 %) of them were identified as double-gradient pro-
files, resulting in an overestimated MLD when derived with
the threshold method. Moving to our methodology, this issue
is now only encountered for two profiles (0.5 %). However,
with the gradient method comes some issues for profiles with
small residual spikes despite the applied smoothing. For two
profiles, the gradient method returned wrong MLD detection
where the threshold method was correct. However, the gra-
dient method was found overall to be more accurate for esti-
mating the MLD.

Moreover, the chosen thresholds should return similar es-
timates between an MLD obtained from a temperature pro-
file (MLDT) and one obtained from a potential-density pro-
file (MLDσ ). Potential density is a better estimate of the
stability of a layer, and thus MLDσ should give a more re-
liable value. However, salinity (and hence density) suffers
from data holes, representing about 15 % in our dataset. Tem-
perature profiles then offer a good alternative in evaluat-
ing the MLD, providing MLDT gives a estimate to that of
MLDσ . An MLDT and MLDσ difference histogram is shown
in Fig. 1b: the gradient method appears to reduce this differ-
ence slightly, with 64 % of the profiles leading to the same
estimate and 94 % to less than a 30 m difference compared to
62 % and 93 % respectively for the threshold method. MLD
is then computed on the density profile or, if no density is
available, on the temperature profile.

3.2 Eddy colocalization and background estimate

In order to characterize the impact of anticyclonic eddies on
the MLD seasonal evolution and spatial gradient, we need
to accurately colocalize in situ profiles with eddy observa-
tions. However, due to altimetric product interpolation and
disparate satellite tracks, SSH-based contours can vary a lot
in size and position, making a single eddy observation less
reliable in the Mediterranean Sea (Amores et al., 2019; Steg-
ner et al., 2021). Therefore, we colocalize eddy observations
and in situ profiles at±2 d. Assuming a profile position fixed
at cast date D, it is then labelled as “inside-eddy” if it remains
inside the maximal speed contours of the same eddy atD−2,
D−1,D,D+1 andD+2 (at least four contours out of five).
This four-out-of-five threshold avoids the neglect of a collo-
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Figure 1. (a) MLD detection on one potential density profile with our gradient method (blue dot) and threshold method (black dot); (b) frac-
tion of the profiles as a function of 1MLD for the threshold (black line) and gradient (blue line) method.

Figure 2. Profile colocalization with eddy contours for an “inside-anticyclone” profile (a–e), an “ambiguous” profile (f–j) and an “outside-
eddy” profile (k–o). Profile cast position is assumed to be fixed and is compared to eddy contours at D− 2, D− 1, D, D+ 1 and D+ 2, D
being the profile cast date.

cated profile when the eddy contour is not available for just
one day (see Fig. 2b). For the same purpose, hereafter, the
eddy centre and the distance of a profile to the eddy centre
are averaged at ±2 d.

AMEDA also gives, for each observation, the last closed
SSH contour (see Sect. 2.1), inside which there is still an
impact by the eddy shear, but outside of the maximal speed
contour, the water particles are not assumed to be trapped.
The area between the maximal speed and last closed SSH
contours is then considered to be an intermediate zone to

be discarded. Consistently with the “inside-eddy” definition,
we label as “outside-eddy” only the profiles that stay out-
side any eddy contours at ±2 d of its cast date. Any profile
being neither “inside-” nor “outside-eddy” is considered to
be ambiguous and is discarded. From 2000 to 2021, out of
157 053 profiles retrieved in the Mediterranean Sea, 104 787
are labelled “outside-eddy”, 7939 are “inside-anticyclone”
and 14 919 are “inside-cyclone”; the remaining 29 410 “am-
biguous” profiles are removed from this analysis. This asym-
metry between anticyclones and cyclones sampling is also
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due to heterogeneous oceanographic surveys (Houpert et al.,
2015), particularly the numerous glider missions in the Gulf
of Lion, a cyclonic gyre with no large anticyclones (Mil-
lot and Taupier-Letage, 2005). Figure 2 illustrates the colo-
calization method detailed above with three examples: an
“inside-anticyclone” profile (Fig. 2a–e), an “ambiguous” one
(Fig. 2f–j) and an “outside-eddy” one (Fig. 2k–o). For this
particular “inside-anticyclone” profile, the maximal speed
contour was missing at day D− 1 but was available for the
other days, and the profile was indeed cast close to the eddy
centre.

To follow the accurate evolution of the MLD inside an-
ticyclones, we need a reference for comparison: an unper-
turbed, local and time-coincident ocean state without ed-
dies, hereafter called “background”. This outside-eddy back-
ground differs from a classical climatology used in previous
studies (Gaube et al., 2019) by the removal of the eddy mean
effect and by avoiding time averaging as much as possible.
The background of an eddy, at a given time t and centre po-
sition C(t), is then constituted by the mean of all profiles
labelled as outside-eddy that are closer than 250 km to C(t),
cast within1day=±10 d of the same year or of the previous
or the following year (1y =±1 year). For example, when
computing the corresponding background of an eddy around
15 February 2018, the background encompasses profiles that
are labelled as outside-eddy, are closer than 250 km, and are
cast from 5 to 25 February 2017, 2018 and 2019. A threshold
on the number of profiles is required: if fewer than 10 profiles
meet the distance, time and outside-eddy requirements, then
no background is computed. At last, we define the “back-
ground MLD” to be the median MLD of the profiles consti-
tuting the background. Computing the median is preferred to
the mean, as the MLD distribution is not centred but skewed
downwards. This computation is performed for each time
step with a temporal resolution of 5 d. As shown in Appendix
(Fig. A1), with the test case of the Ierapetra anticyclone tak-
ing place over 2 years (corresponding events “IER1–2” on
Table 1 and Fig. 10), the background MLD is not highly sen-
sitive to the choice of 1day and 1y. The background MLD
evolution is indeed similar, with 1day= 10, 15 or 20 d and
1y = 0,1 or 2 years. It is, however, important not to take
all years, as interannual variability then starts to smooth the
background MLD evolution. On the other hand, taking only
profiles of the same year (1y = 0) sometimes translates into
not having enough profiles to have a background estimate
(see Fig. A1a). We therefore chose 1day= 10 d and 1y = 1
year as day and year intervals in order to capture MLD varia-
tions that are as short as possible, which is crucial for param-
eters that vary quickly, such as the MLD. For the two earliest
recorded events (Mersa Matruh 1 and 2 in 2006 and in 2008;
see Table 1), 1y is set to 2 years because no background
MLD was available otherwise. Choosing 1y = 1 allows one
to have accurate eddy-induced anomalies without them be-
ing corrupted by interannual variability of temperature and
salinity fields, which can be marked in the Mediterranean,

Figure 3. Detail of winter deepening event Pelops (PEL) 2 in 2016
(see Table 1 for details). Anticyclonic core MLD data are shown as
red dots, and background MLDs are shown as black dots, with time
steps of 5 d. MLD fit is shown as a red line for the anticyclonic core
(see Eq. 2) and as a black line for background MLD (see Eq. 1).

particularly in the eastern basin (Ozer et al., 2017). A signif-
icant warming trend is also observed (Parras-Berrocal et al.,
2020).

3.3 MLD evolution function fit

To describe more objectively the MLD seasonal evolution in
the background, we performed a function fit using the Python
optimization routine scipy.optimize.curve_fit.
MLD data points are selected according to 5 d time steps.
Background MLD is fitted by a skewed Gaussian, tback

max be-
ing the time when the deepest MLD (MLDback

max ) is reached;
σ and τ are respectively the restratification and deepening
timescales:

f (t)=MLDback
max exp

(
−

(
t−tback

max
)2

2τ 2

)
if t < tback

max ,

f (t)=MLDback
max exp

(
−

(
t−tback

max
)2

2σ 2

)
otherwise.

(1)

This fit captures the background MLD evolution, some-
how smooth, typically with a sharper restratification than
deepening (τ < σ ). However, this is not sufficient for the
anticyclonic core MLD evolution that can have more abrupt
variations, then calling for a more complex fit with two deep-
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ening timescales τ1 and τ2:

f (t) =
(
MLDAE

max−B
)

exp
(
t−tAE

max
τ1

)
,

+ B exp
(
t−tAE

max
τ2

)
if t < tAE

max

f (t) = MLDAE
max exp

(
−

(
t−tAE

max
)2

2σ 2

)
otherwise.

(2)

To fit the MLD evolution accurately, and particularly to
have the maximal depth reached, data are fitted with weights
proportional to their depth. Because it is difficult to have
long and continuous time series, data are often missing for
the previous or next summers. To ensure physical behaviour,
fit is forced back to 10 m on the edges, miming summer
stratification. The MLD anomaly (MLDanom) is defined as
the difference between the fitted background and anticy-
clonic core MLD. MLDanom is a function of time but reaches
its maximum (1MLD) at almost the same time as the ab-
solute anticyclonic core MLD, as the latter has more am-
plitude than the background one. At last, an advantage of
the scipy.optimize.curve_fit routine is that it pro-
vides the parameter covariance matrix and hence an error es-
timate, taking the square root of the covariance matrix diag-
onal (Bevington et al., 1993). It can happen that the covari-
ance matrix has very large values – in this case, we used an
upper uncertainty of ±30 m for 1MLD and ±20 d for tAE

max.
A fit illustration is provided in Fig. 3 for the Pelops 2 event
in 2016 (see Table 1), with the real MLD as dot data and the
fits as continuous lines and with the background in black and
the anticyclonic core in red. Using the fit routine, maximal
MLD anomaly is then estimated as1MLD= 127±13 m for
this event. One can also notice an absence of coincidence be-
tween the deepest inside-eddy and background MLDs. Fol-
lowing previous notation, we can then define a restratification
delay of the anticyclonic core MLD, which is used through-
out this study: 1τ = tAE

max− t
back
max . In the example shown in

Fig. 3, 1τ = 26± 11 d.

4 Results

Several long-lived anticyclones are tracked for several
months, recording up to 16 winter mixed-layer deepening
events at their core. In order to investigate the relation be-
tween the MLD evolution and the vertical eddy structure,
we plot together the time series of MLD and vertical tem-
perature gradients inside the eddy core. Two different MLD
temporal patterns are observed, depending on whether or not
the current winter mixed layer reaches the subsurface anticy-
clone core. This core is constituted by a pre-existing homo-
geneous layer, and in the following, we define as “homoge-
nized” a layer with a temperature gradient constantly below
2.5× 10−3 ◦C m−1 in absolute value.

4.1 Winter deepening connecting pre-existing
subsurface core

A very deep mixed layer can be observed in several anti-
cyclones when the MLD erodes the inside-eddy stratifica-
tion and abruptly connects with a subsurface homogenized
core, an event hereafter called a “connecting” MLD. An ex-
ample of this evolution is described below with a long-lived
Eratosthenes anticyclone during winter 2008–2009. Its tem-
poral evolution from August 2007 to April 2009 is shown
in Fig. 4 and is listed hereafter and in Table 1 with the
name “Eratosthenes (ERA) 1”. This kind of anticyclone,
also called “Cyprus eddy” or even “Shikmonah gyre”, are
large mesoscale structures with an almost stationary position
south of the island of Cyprus in the Levantine Basin, ex-
tensively studied with several CTDs (Brenner, 1993; Krom
et al., 1992; Moutin and Prieur, 2012), gliders and Argo
float deployments (Hayes et al., 2011). The anticyclonic den-
sity anomaly is characterized, on average, by a deep (about
400 m) and extremely warm temperature anomaly (up to
+2 ◦C at 400 m) (Moutin and Prieur, 2012; Barboni et al.,
2021), sometimes with a strong salt anomaly (Hayes et al.,
2011). Thus temperature profiles are considered to be a good
estimate for the relative density and temperature gradient for
stratification.

An Argo float remained trapped inside this anticyclone
from mid-2008 to the death of this eddy in early 2009, al-
lowing an MLD deepening event during winter 2008–2009
to be captured well. An inside-anticyclone profile is shown
at the beginning (12 January 2009; Fig. 4c) and the end
(1 March 2009; Fig. 4e) of the winter. First, one can no-
tice that the anticyclone vertical structure in January 2009
is constituted by a subsurface homogenized layer from 100
to 300 m, which can be tracked from July 2008 on the strat-
ification time series (Fig. 4b) and was likely formed by con-
vection in the previous winter. The anticyclone core profile in
Fig. 4c indeed has a marked temperature anomaly on the or-
der of +2 ◦C at 450 m compared to the background, proving
they indeed sample the eddy core. Some profiles with a very
warm temperature at 400 m deep are misleadingly considered
to be outside-eddy but do not corrupt the mean background
(thick grey line). MLD is also deeper inside the Eratosthenes
anticyclone: the anticyclonic core MLD is 90 m deep, while it
is around 60 m in the background. The deeper homogenized
core remains unmixed below a seasonal thermocline: +1 ◦C
temperature jump at 100 m in Fig. 4c. Later, the winter cool-
ing and subsequent MLD deepening eroded this stratification
inside the anticyclone, as shown by the temperature gradient
vanishing in the upper 100 m, and the winter MLD connected
with the primitive core and mixed with it in February 2009
(Fig. 4b). Then on 1 March 2009 (Fig. 4e), the anticyclone
core profile measured an MLD reaching 350 m.

Inside- and outside-eddy MLD temporal evolutions no-
ticeably do not coincide: on MLD time series (Fig. 4a),
background MLD shoaled from the end of January,
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Figure 4. In-depth evolution of an Eratosthenes anticyclone, listed as “ERA1” in Table 1. (a) MLD evolution, with continuous black line
for background MLD (and dashed line for associated spread between 20th and 80th percentiles) and red dots for the anticyclonic core MLD
closest to eddy centre. (b) Time series of inside-eddy temperature gradient, blue showing homogeneous and red showing stratified layers;
(c) (respectively e) shows vertical profiles around 12 January 2009 (1 March 2009) with background profiles in thin grey lines, background
mean as thick grey line, inside-eddy profile as red line, a red dot highlighting anticyclonic core MLD and a green bar indicating homogenized
layers (temperature gradient below 2.5× 10−3 ◦C m−1). Horizontal continuous and dashed black line refer back to background MLD and
spread from panel (a); (d) (respectively f) shows profiles’ corresponding position on a map with same colour code together with the eddy
maximal-speed contour (dark green shape) and eddy footprint (outermost closed SSH contour, light green shape). Bathymetric data are from
ETOPO1 (Smith and Sandwell, 1997).

whereas inside-eddy MLD continued to deepen. Then on
1 March 2009, most background profiles started to restrat-
ify, with temperature gradients in the upper 100 m (thin grey
lines in Fig. 4e), while anticyclonic core MLD rose back to
about 20 m only in late March 2009 (Fig. 4a). This restratifi-
cation, occurring at a different time outside- and inside-eddy,
with a delay of about 2 months, leads to the noticeable situa-
tion measured on 1 March 2009: the inside-anticyclone pro-
file is warmer than its environment at depth (100 to 350 m
deep) but is homogenized in its upper part, whereas back-
ground profiles are stratified with positive temperature gradi-
ents. Such geometrical configuration leads to an anticyclone
negative temperature (and hence positive density) anomaly
from 50 m to the surface compared to the stratified outside-

eddy profile. Such a positive density anomaly above the eddy
core is then a clear signature of a subsurface anticyclone (As-
sassi et al., 2016).

Over the whole 2008–2009 winter, background MLD
barely reached 60 m, whereas the anticyclonic core MLD
went down to 350 m. This intense deepening at the anticy-
clone core is due to the pre-existing subsurface eddy, made of
a well-mixed layer at a depth of a few hundred metres below
the summer stratification. When the winter mixed layer deep-
ens, it reconnects to this deep subsurface core and leads to a
rapid and strong MLD increase in comparison to the eddy
background. This MLD temporal pattern is characteristic of
a “connecting” event, observed 10 times in our analysis and
throughout the Mediterranean Sea (see Sect. 4.3).
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Figure 5. Same colour codes and legend as in Fig. 4. In panels (a), (c) and (e), orange lines and dots show additional inside-eddy profiles
and corresponding MLD, but these are further away from the eddy centre than the selected one shown in red.

4.2 Winter deepening not connecting pre-existing
subsurface core

Conversely, for some other anticyclones, it can clearly be
seen that the subsurface temperature anomaly does not con-
nect with the winter mixed layer and remains unperturbed
and homogenized at depth. Such an event is hereafter called
a “non-connecting” MLD. Figure 5 shows the evolution of
another Eratosthenes anticyclone living from 2009 to early
2012, with two recorded anticyclonic core MLD deepenings
in 2010 and 2012 (respectively listed in Table 1 as“ERA2”
and “ERA3”), with same colour codes as in Fig. 4, with pro-
files on 20 March 2010 and 15 June 2010. As several profiles
were located at the same time inside the anticyclone, they are
shown with the orange line in Fig. 5c and e (respectively or-
ange dot for MLD in Fig. 5a). The red line highlights only the
profile with the closest distance to the eddy centre, assumed
to be more representative of the eddy core.

Similarly to the “ERA1” event in 2009 described above,
a thick and deep subsurface anomaly forms a primitive eddy

core in late 2009 as a homogeneous layer from 250 to 400 m
deep (green bar on Fig. 5c), reaching an anomaly of about
+2.5 ◦C at 400 m. However, the anticyclonic-core MLD did
not deepen below 150 m in the winter 2009–2010, only form-
ing a second homogeneous layer above. This constitutes a
second surface core, still separated from the primitive core by
a temperature stratification, revealed by a temperature gradi-
ent continuous in time (Fig. 5b). On the vertical profile on
20 March 2010 (Fig. 5c), a temperature jump of about 1 ◦C
remains between the two cores, forming a double-core anti-
cyclone. In June 2010 (Fig. 5e), this second homogeneous
layer is itself covered by the spring restratification, then
forming what is also referred to as “thermostad” or “mode-
water eddy” in the literature (Dugan et al., 1982). Thanks
to the trapped Argo floats remaining near the eddy core for
months, both cores could be tracked until August 2010 as
separated in the subsurface.

Such “non-connecting” winter MLD inside anticyclone
reveals the possibility of a persisting separation between a
primitive subsurface anticyclone core and the new homoge-
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neous layer formed by the current winter mixing, then con-
stituting a double-core anticyclone. The example showed in
Fig. 5 occurred on an Eratosthenes anticyclone, in the same
region as the anticyclone in which a “connecting” MLD ex-
ample was previously shown in Fig. 4. This MLD pattern
is not limited to this example and was also observed five
times in other regions, as detailed in the next section. Con-
sequences of the formation of a double-core anticyclone are
discussed in Sect. 5.2 hereafter, with another remarkable ex-
ample in Fig. 10.

4.3 Inside-anticyclone MLD statistics

From 2000 to 2021, thanks to extensive Argo deployments
sampling eddies, 16 winter MLD deepening events were
accurately recorded with vertical profiles in 13 mesoscale
eddies, 10 being “connecting” events and 6 being “non-
connecting” ones. Several structures were surveyed over
two winters (see Figs. 5 and 10). For each event, the fit-
ting method detailed in Sect. 3.3 was applied, and param-
eters are reported in Table 1 together with eddy character-
istics: eddy SSH amplitude, maximal speed Vmax and max-
imal speed radius Rmax. Eddy measurements are estimated
by the mean from November to March of the corresponding
winter. Figure 6 shows the location of each structure, which
actually corresponds to types of long-lived structures al-
ready identified in the literature (Millot and Taupier-Letage,
2005; Hamad et al., 2006; Budillon et al., 2009; Barboni
et al., 2021); these are listed from west to east as follows:
Central Tyrrhenian anticyclone (abbreviated TYR), Pelops
(PEL), Ierapetra (IER), Mersa Matruh (MM) and Eratos-
thenes (ERA). Position is computed as the mean position
during the corresponding winter, even though eddies do not
drift a lot in the Mediterranean Sea (Mkhinini et al., 2014).
Despite regional differences and limited data availability,
both types can occur in each region and provide an obser-
vation database allowing statistical comparison. Inside-eddy
maximal MLD time tAE

max and hence 1τ could not be com-
puted for events MM4 and PEL3, as gaps in the time se-
ries do not allow one to accurately measure them. However,
1MLD could always be computed, as in worst cases there
are still inside-eddy profiles later in the year, allowing one to
check that maximal MLD was indeed reached (in a similar
way to Moutin and Prieur, 2012, for previous winter MLD
retrieved in April). Both types of events entail interaction
(or lack thereof) with a deep subsurface homogeneous layer
(layer with temperature gradient below 2.5×10−3 ◦C m−1 in
absolute value), either a pre-existing one (see Figs. 4c, 5c
and 10c) or a new one (see Figs. 5e and 10d). In all winter
deepening events listed in Table 1, such homogeneous lay-
ers of least 50 m thick were indeed visible on vertical pro-
files. For Tyrrhenian Sea anticyclones (TYR1 and 2) with
stronger salinity influence (Budillon et al., 2009), homoge-
neous layers with a density gradient below 5.0×10−4 kg m−4

were also visible. One can also notice that “non-connecting”’

events are quite common, but double-core structures should
be even more frequent. Indeed, a “connecting” event can oc-
cur inside a double-core structure and reconnect only the
homogeneous core formed in the previous winter but not
the deepest anomaly, as shown later in Fig. 10b–e. In other
words, the proportion of “non-connecting” events in Table 1
and Fig. 6 should be considered as a lower bound for double-
core structures, revealing their high occurrence.

Hausmann et al. (2017) and Gaube et al. (2019) proposed a
linear relation between the anticyclonic core MLD anomaly
and its SSH amplitude, using regional average and monthly
climatology. We previously showed that MLD anomaly vary-
ing over very short timescales can produce sharp MLD gradi-
ents and anomalies reaching several hundreds metres, which
is not captured by smoothed composites. The relation be-
tween MLD anomaly and eddy amplitude is tested in Fig. 7a,
distinguishing “connecting” (red dots) and “non-connecting”
(green dots) events, together with the relation of Gaube et al.
(2019) in the dashed line (1 m MLD anomaly for 1 cm eddy
amplitude). This proposed relation is obviously not verified,
the deep MLD observed in Mediterranean anticyclones ex-
ceeding by far the relation. On the opposite end, the deepest
MLD anomalies seem to be observed in the eddies with the
weakest SSH signature. Although surprising at first sight, this
trend might be explained by the fact that the deepest MLD
can be observed when the mixed layer abruptly connects to
an anticyclonic deep homogeneous core in the subsurface,
hidden by a strong seasonal thermocline. This is particularly
the case for “ERA1” shown in Fig. 4, which has an extreme
1MLD deeper than 300 m but the lowest SSH signature in
Table 1.

The relation between the MLD anomaly and the eddy
Rossby and Burger numbers is also tested in Fig. 7b and
c. Rossby number, defined as Ro= Vmax/fRmax, where f
is the Coriolis frequency, is a non-dimensional measure-
ment of the eddy intensity. The Burger number, defined as
Bu= (Rd/Rmax)

2, with Rd being the deformation radius (8
to 12 km in the Mediterranean Sea), is a non-dimensional
eddy size. Similarly to eddy SSH amplitude, no clear rela-
tion can be retrieved; deep and shallow MLD anomalies ap-
pear for various eddy intensities and sizes and for both “con-
necting” and “non-connecting” events. One can only notice
that “connecting” events pull MLD deeper in general and that
these events are slightly more observed in large structures
(small Bu). Remote sensing measurements are then hard to
link with observed eddy-induced MLD anomalies. On the
opposite end, the diversity of vertical structures shown in this
study (Figs. 4, 5 and 10) suggests that eddy vertical structure
might have more influence, and previously proposed linear
relations seem to apply mostly for surface-intensified struc-
tures.
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Figure 6. Map of well-sampled winter mixed-layer deepening events inside anticyclones listed in Table 1. Big dots show “connecting”
events, while crosses show “non-connecting” ones. Colour depends on the region: Central Tyrrhenian (TYR), Pelops (PEL), Ierapetra (IER),
Mersa Matruh (MM) and Eratosthenes (ERA, also called “Cyprus”). Isobaths shown on the maps are at 100, 500, 1000 and 1500 m depth;
topographic data from ETOPO1 (Smith and Sandwell, 1997).

Table 1. Main characteristics of the 16 anticyclonic core mixed-layer deepening events studied; fitting method and uncertainties are detailed
in Sect. 3.3. Eddy ID refers to track number in the DYNED-Atlas. Event types are “C” for “connecting” and “N” for “non-connecting”.
Year “2018” corresponds to winter 2017–2018. Regions codes, ordered from west to east, stand for central Tyrrhenian (TYR), Pelops (PEL),
Ierapetra (IER), Mersa Matruh (MM) and Eratosthenes (ERA). 1MLD, tAE

max and 1τ are illustrated in Fig. 3. Note that sometimes two
different winters are recorded in the same anticyclone (for example: “IER 1–2”) and that one eddy tracking (“MM 6”) stopped because the
dataset finished in December 2021.

Event Eddy Type Year Position 1MLD tAE
max 1τ Amplitude Rmax Vmax Eddy

ID (◦ N; ◦ E) (m) (days since (d) (cm) (km) (m s−1) lifetime
1 January) (d)

TYR1 11780 C 2018 40.6; 11.3 255± 15 50± 3 17± 4 5.5± 0.9 38.3± 4.3 0.24± 0.02 498
TYR2 12976 N 2020 39.4; 12.0 49± 4 28± 4 4± 5 7.2± 3.4 33.4± 2.6 0.18± 0.02 541

PEL1 8886 N 2015 35.7; 19.9 196± 7 79± 4 62± 5 4.2± 0.9 42.0± 8.7 0.19± 0.04 756
PEL2 10054 N 2016 35.8; 21.7 127± 13 61± 10 26± 11 6.3± 1.7 38.1± 8.7 0.31± 0.07 578
PEL3 11649 C 2019 35.9; 21.5 79± 23 – – 7.8± 0.9 39.3± 6.6 0.36± 0.04 1010

IER1 11099 N 2017 34.0; 26.0 175± 41 67± 20 46± 20 7.7± 1.1 37.3± 4.3 0.41± 0.05 780
IER2 11099 C 2018 34.2; 25.2 211± 12 51± 4 16± 6 7.4± 1.6 40.9± 6.9 0.35± 0.07 780

MM1 3556 C 2006 33.1; 28.7 197± 30 40± 20 13± 20 9.3± 1.2 45.4± 7.5 0.41± 0.06 345
MM2 4125 C 2008 33.5; 29.4 325± 12 47± 2 36± 8 3.7± 0.7 37.7± 5.7 0.20± 0.04 790
MM3 7656 C 2015 33.2; 28.8 236± 7 38± 2 42± 5 8.6± 2.2 47.8± 9.3 0.35± 0.04 1229
MM4 11544 C 2018 33.2; 29.0 187± 30 – – 11.4± 1.6 61.0± 10.0 0.38± 0.04 1045
MM5 11544 C 2019 33.0; 28.4 215± 30 29± 20 13± 20 8.7± 0.9 43.0± 4.6 0.41± 0.05 1045
MM6 14400 N 2021 33.5; 29.4 151± 12 80± 5 74± 7 3.1± 1.1 35.9± 7.0 0.18± 0.03 476+

ERA1 4914 C 2009 33.8; 32.4 338± 30 62± 5 39± 7 2.1± 1.0 34.9± 7.8 0.12± 0.04 616
ERA2 5906 N 2010 33.8; 33.1 136± 7 76± 4 67± 8 3.2± 2.0 40.1± 13.6 0.16± 0.08 1110
ERA3 5906 C 2012 33.3; 33.6 180± 30 37± 20 13± 20 4.6± 1.0 41.8± 5.8 0.22± 0.04 1110

4.4 Inside-anticyclone restratification delay

A new and important observation is that MLD inside anticy-
clones tends, on average, to clearly restratify later than the
neighbouring background. It was shown for two individual
events in Fig. 4 (ERA1, “connecting”) and Fig. 5 (ERA2,

“non-connecting”), but it is statistically robust in Table 1:
average tback

max is 22 d, and average tAE
max is 49 d, meaning re-

stratification usually begins in the second half of February
in anticyclones, on average 1 month later than outside-eddy.
Restratification delay 1τ can reach 2 months in some cases:
67 d for ERA2 or 74 d for MM6 (see Fig. 9b). Figure 8a
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Figure 7. Relationship between maximal MLD anomaly (1MLD) and eddy parameters possibly measured through remote sensing: (a) eddy
SSH amplitude, compared with proposed 1 m MLD for 1 cm SSH relation (Gaube et al., 2019); (b) Rossby number (eddy intensity); and
(c) Burger number (non-dimensional eddy size).

Figure 8. Scaling between the maximal MLD anomaly (1MLD)
and restratification delay 1τ (see scheme in Fig. 3), distinguishing
“connecting” (red) and “non-connecting” (green) events. Linear fit
is applied separately, and correlation coefficient is put in the legend.
Data and uncertainty are from Table 1.

shows the relation between 1τ and 1MLD and reveals that
no clear trend can be identified alone: deep MLD anomalies
are observed when the anticyclone MLD restratified early
(low 1τ ) or later (large 1τ ). However, when distinguishing
“connecting” and “non-connecting” events, a linear trend ap-
pears separately: MLD anomalies go deeper as1τ increases,
and for similar 1τ values, “connecting” events go deeper.
Linear fit is performed separately for both types, shown by
the dashed line in Fig. 8: for each day of continued MLD
deepening inside anticyclones, a “connecting” (respectively
“non-connecting”) MLD gets about 3 m deeper, with a cor-
relation coefficient of 0.766 (1 m deeper, with a correlation
coefficient of 0.604). This trend is logical, as a later restrat-
ification (large 1τ ) lets the MLD deepen longer and hence
leads to larger 1MLD.

In order to analyse the MLD evolution together with the
mixed-layer cooling, Fig. 9 shows in the upper panels the
MLD fits (see Sect. 3.3) and in the lower panels the corre-
sponding mixed-layer temperature for the PEL2 and MM6
events. Both events are representative of the observed evolu-
tion where the temperature can be followed over the whole
winter. Maximal background MLD is reached for PEL2 (re-
spectively MM6) around 30 January 2016 (10 January 2021),
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Figure 9. MLD data and fit for inside- and outside-eddy, illustrated for event PEL2 (a) and MM6 (b) (see Table 1). In the lower panel,
corresponding mixed-layer temperature evolution for PEL2 (c) and MM6 (d) is shown. A dashed black (red) line marks the time of maximal
background (inside-eddy) MLD.

marking the end of background mixed-layer cooling with
a plateau temperature of about 16 ◦C, maintained for about
1.5 months (about 16.5 ◦C for about 3 months) before warm-
ing up. In early 2016 (2021), the anticyclone core is indeed
about +1 ◦C warmer than its background, and it continues to
cool for a while. The inside-eddy maximal MLD is reached
around 1 March 2016 (20 March 2021) or +60 (+80) d in
Fig. 9c (respectively Fig. 9d). A few weeks after, both back-
ground and anticyclonic core mixed layers started to warm
again around 1 April (in both PEL2 and MM6), but back-
ground MLD started to restratify 1 month earlier in PEL2 (2
months earlier in MM6). Although it is hard to infer a mech-
anism from a few observations, it seems that the beginning
of outside-eddy restratification does not mean that the mixed
layer is warmed up again; rather, the outside-eddy mixed
layer remains cold. The restratification delay seems to be the
consequence of a maintained cooling of the initially warmer
anticyclone core. Summer heating seems, on the other hand,
to begin at the same time inside- and outside-eddy. Possible
mechanisms driving this sustained mixing at the anticyclone
core are discussed later in Sect. 5.3. An important observa-
tion is also that temperature difference between anticyclone
core and the background is on the order of+1 ◦C while MLD
deepens but almost vanishes (or even becomes slightly neg-

ative) when the mixed layer warms again. Although sparse,
these in situ observation are in total agreement with the ob-
served eddy SSTA switch (Moschos et al., 2022) from win-
ter warm-core anticyclones to predominant cold-core anticy-
clones with spring restratification in the Mediterranean Sea.

5 Discussion on physical drivers and perspectives

5.1 MLD anomaly scaling

We clearly identified the distinction between “connecting”
and “non-connecting” events as a more important driver than
other eddy parameters such as eddy amplitude, surface in-
tensity or size (see Figs. 7–8), and this might explain the dif-
ficulty in finding a general law for any eddy-induced MLD
anomaly. Indeed, “connecting” deepening mixed layers seem
limited by the bottom of the pre-existing subsurface homo-
geneous core to which they connect (example in Fig. 4e),
whereas “non-connecting” ones by definition do not go deep
enough, are then expected to be limited by the heat loss, and
are likely also influenced by the eddy. The other important
parameter is the restratification delay (1τ ), measuring how
long the anticyclone continues to deepen the MLD or not and
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which eventually scales with the maximal MLD anomaly.
From a remote sensing perspective, both parameters seem
very hard to assess without in situ profiles inside the ed-
dies. Examples shown in this study (Figs. 4, 5 and 10 be-
low) showed the complexity induced by possible connection
with previous subsurface anomalies and, more generally, the
key role of the anticyclone vertical structure that was totally
smoothed in previous composite studies. The relationship be-
tween eddy-induced MLD anomalies and satellite measure-
ments are definitely more complex. However, as theorized
by Assassi et al. (2016), detecting remotely information on
the eddy vertical structure could be possible, particularly dis-
tinguishing the subsurface- or surface-intensified nature by
comparing eddy signatures in SSH and SST. For instance,
the ERA1 event in Fig. 4 is an almost textbook case of a
subsurface anticyclone with isopycnals doming, leading to a
cold eddy SSTA.

5.2 Double-core eddy formation

The high occurrence of “non-connecting” events (crosses in
Fig. 6) is very interesting, as they show the formation of
double-core anticyclones through winter deepening of the
surface layer above a pre-existing density anomaly. Double-
core eddies were often surveyed in the world ocean (Lilly
et al., 2003; Belkin et al., 2020), including in the western
Mediterranean Sea (Garreau et al., 2018). Despite various
propositions (see e.g. Belkin et al., 2020, for a list), no clear
formation mechanisms emerged. Several studies focused on
the so-called “vertical alignment” of two eddies with differ-
ent densities in experimental works (Nof and Dewar, 1994),
observations (Lilly et al., 2003) or modelling (Trodahl et al.,
2020). Interestingly, Lilly et al. (2003) observed well in the
Labrador Sea that double-core anticyclones mostly consist
of convective lenses formed in different winters, the heat flux
interannual variability leading to different density anomalies,
but they explained double-core structures with eddies formed
separately and that later aligned. There were nonetheless pre-
vious observations of the generation of a second lighter core
above a pre-existing anticyclone. Thanks to repeated XBT
transects, Nilsson and Cresswell (1980) surveyed such phe-
nomena in an anticyclone detached from the East Australian
Current, caused by winter heat loss. Bosse et al. (2019) sur-
veyed this in the Lofoten Basin eddy with winter convec-
tion but through glider sections spaced in time and then with
a temporal resolution on the order of a month. More re-
cently, Meunier et al. (2018) explained the formation of a
double-core Loop Current eddy by winter diabatic processes.
However, this case is different from the Mediterranean an-
ticyclones, as the Loop Current eddy consists of an advec-
tion of a large structure of Caribbean waters into the Gulf
of Mexico, experiencing different surface fluxes with more
heat loss and precipitation than the area where they origi-
nate. These diabatic processes by surface winter mixing re-
sult in a fresher, shallower core above a saline core of sub-

tropical under-waters. Moreover, Meunier et al. (2018) ex-
plained quantitatively the observed anomaly against the re-
gional average of atmospheric fluxes, whereas in our study,
the differential MLD evolution between the eddy core and
the background (Figs. 4a and 5a) suggested flux variations at
the scale of the eddy.

What drives the formation of double-core structures
should be further investigated, but one could expect the in-
terannual variability of heat fluxes to be the main driver.
This was already suspected by Lilly et al. (2003), although
for them it was for separate eddies, and by Moutin and
Prieur (2012). A winter with strong heat loss is expected
to deepen MLD a lot, including inside-eddy, and a subse-
quently warmer winter would not be able to deepen the MLD
as much. This mechanism drives mode-water formation, and
it was already shown in other regions, mostly the Atlantic
Ocean, that eddies could modulate mode-water formation
(Dugan et al., 1982; Chen et al., 2022). Such a hypothesis
could also explain the high occurrence of “non-connecting”
events in the Mediterranean Sea, this region being known
for a high interannual variability of winter heat loss. Pet-
tenuzzo et al. (2010) found maximal winter heat loss to vary
by 20 % to 30 % (in terms of regional monthly average) and
also found a plausible connection with the North Atlantic Os-
cillation (NAO). This interannual variability of the heat flux
was already shown to influence deep convection in the north-
western Mediterranean Sea (L’Hévéder et al., 2013); thus,
a higher occurrence of double-core anticyclones due to a
stronger Mediterranean Sea stratification in a warming cli-
mate could be expected (Somot et al., 2006).

An important consequence in the formation of this lighter
core in a “non-connecting” winter deepening is that the sec-
ond core is separated from the surface by a thinner seasonal
stratification. The next winter is then likely to connect again
the new mixed layer with the upper core while possibly keep-
ing the primitive deeper core untouched. Such an interac-
tion from one winter to another was observed in the Ierape-
tra eddy and is presented in Fig. 10 (with the same colour
code as in Figs. 4a–f and 5a–f). The Ierapetra eddy is a re-
current long-lived and intense anticyclone formed southeast
of Crete (Theocharis et al., 1993; Lascaratos and Tsantilas,
1997; Ioannou et al., 2017) and recently surveyed by the
PERLE 1 and 2 campaigns (Ioannou et al., 2019; Wimart-
Rousseau, 2021). Similarly to Eratosthenes anticyclones pre-
viously shown, the density anomaly is mostly driven by a
warm core, allowing the temperature profile to be used as
a proxy for stratification (Ioannou et al., 2017). Figure 10
shows the Ierapetra anticyclone formed in autumn 2016. The
first winter 2016–2017 turned out to be a “non-connecting”
event (“IER1” in Table 1). Indeed, in March 2017, a pre-
existing subsurface homogenized layer remained between
350 and 450 m, below the maximal anticyclonic core MLD of
220 m (Fig. 10c) and with about+2 ◦C temperature anomaly.
From April to December 2017, summer heating restratified
the upper layer and left below a second homogeneous layer
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Figure 10. Same colour codes and legend as in Figs. 4 and 5 but for a Ierapetra anticyclone formed in 2016. Three vertical sections show
respectively the mixing in early 2017 not reaching the deep subsurface core (c), the winter in early 2018 with a double core, the shallow core
from winter 2017–2018 and the deep core still untouched (d), and at last the MLD deepening in March 2018 connecting the anomaly formed
in March 2017 with the surface (e).

between∼ 100 and 200 m deep. The primitive core remained
homogenized at depth and was separated by a temperature
gradient throughout the summer (Fig. 10b). In January 2018
(Fig. 10d), the inside-eddy vertical profile showed the mixed-
layer deepening at 120 m, which was already deeper than the
background MLD, and the double-core structure was still re-
trieved. At last, at the end of February 2018 (Fig. 10e), the
MLD completely eroded the seasonal stratification and con-
nected the current MLD with the previous winter’s subsur-
face core, then reaching about 280 m. The winter 2017–2018
is then a “connecting” event (“IER2” in Table 1). The time

series is interrupted inside the anticyclone, but Argo floats are
again colocalized in May 2018, and despite some variability,
a temperature gradient continuously separated the two cores
between 200 and 250 m (see Fig. 10b). IER2 was then a “con-
necting” event on a double-core structure. The primitive an-
ticyclonic core was not mixed but remained homogenized at
depth. These data bring to light a possible formation process
of a double-core anticyclone through winter convection and
also document for the first time the fate of the formed sub-
surface anomaly, which can be tracked up to the next winter
when it gets mixed again.
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5.3 Physical drivers

The observed importance of restratification delay 1τ should
also have underlying physical mechanisms. Prolonged MLD
deepening and cooling inside-eddy (see examples in Fig. 9)
leads to the extreme MLD anomalies sometimes larger than
300 m and hence to marked MLD gradients that occur at
the scale of the eddy radius or shorter. Indeed, Gaube et al.
(2019) found anomalies on the order of the mesoscale (Rm),
but in a composite vision, and for large eddies compared to
the deformation radius (small Burger numbers), MLD gradi-
ents in eddies should occur on shorter scales (Meunier et al.,
2018). Such marked MLD gradients should trigger mixed-
layer instabilities leading to restratification (Boccaletti et al.,
2007; Fox-Kemper et al., 2008), which calls for mechanisms
sustaining the mixing inside-eddy during the restratification
delay. It should be noted that a homogenized layer itself does
not prove active mixing but still reveals the absence of re-
stratification. Interestingly, we also noticed that, in several
cases, Argo floats remained well in the anticyclone core dur-
ing the MLD deepening phase but often left the eddy soon
after, which may be a signature for mixed-layer instabilities
impacting the eddy. The first mechanism explaining longer
mixing in anticyclones could be an eddy modulation of air–
sea fluxes by eddy-induced SSTA. Villas Bôas et al. (2015)
observed such eddy modulation on air–sea sensible and latent
heat fluxes but in regions of energetic surface-intensified ed-
dies with very warm anticyclones (particularly the Agulhas
current retroflexion). For subsurface anticyclones, the eddy-
induced SSTA is, on the opposite end, expected to be weak-
ened (see the example of the cold-core anticyclone shown in
Fig. 4e and the study of Assassi et al., 2016), and this mech-
anism might then not be the most important. MLD deepen-
ing enhanced in anticyclones could be explained by other
eddy retroactions besides the heat fluxes, a possible mech-
anism being the eddy-induced Ekman pumping (Stern, 1965;
Gaube et al., 2015) or enhanced mixing in anticyclones due
to near-inertial wave trapping (Kunze, 1985).

5.4 Impact on eddy dynamics

Connecting events also raise interesting questions on the
consequence of such mixing of deeper subsurface anticy-
clone cores, particularly the role of inside-eddy convection
in relation to the eddy dynamics itself. Studies in the liter-
ature mostly focused on winter convection inside cyclones
because of the preconditioning with isopycnals doming at
their centre (Legg et al., 1998; Legg and McWilliams, 2001).
Such a phenomenon should also applied to subsurface an-
ticyclones due to the surface isopycnals doming and sub-
sequent stratification weakening (Assassi et al., 2016). The
coincidence of observed multiple “connecting” winters in
long-lived anticyclones like the Mersa Matruh and Eratos-
thenes structures suggests a possible mechanism regenerat-
ing these structures, which maybe explains the extremely

marked cyclone–anticyclone lifetime asymmetry in the Lev-
antine Basin (Mkhinini et al., 2014; Barboni et al., 2021).
Interestingly, Brenner (1993) already proposed winter cool-
ing as a possible mechanism explaining the sustained life-
time of the anticyclone surveyed south of Cyprus. The other
structure calling for comparison is the Lofoten eddy in the
Sea of Norway and the Rockwall Trough eddy offshore
Ireland, two long-lived deep anticyclonic structures. Win-
ter convection was observed inside the core of the Lofoten
eddy and was once thought to help regenerate the structure
(Ivanov and Korablev, 1995; Köhl, 2007; Bosse et al., 2019).
Double-core formation was also observed in the Lofoten
eddy (Bosse et al., 2019). Recent numerical studies showed
that this regeneration was primarily driven by the merging of
smaller structures (Köhl, 2007; Trodahl et al., 2020); how-
ever, de Marez et al. (2021) showed that wintertime convec-
tion eased this merging process by deepening of the eddy
core. Merging of eddies detached from the coast towards
an offshore anticyclonic attractor was also observed in the
Levantine Basin (Barboni et al., 2021), which could provide
another explanation for the long-lived Mediterranean anticy-
clones. Cyclone–anticyclone asymmetry might not have just
one mechanism, as other arguments have already proposed.
Anticyclones indeed have a larger radius and are more coher-
ent.

5.5 Biological impacts inside anticyclones

“Connecting”’ the winter mixed layer in the Eratosthenes an-
ticyclone was already observed by Krom et al. (1992) with
a biogeochemical focus in 1989 (there called the “Cyprus
eddy”). They measured a February inside-anticyclone MLD
of 450 m (compared to 200 m) at the eddy boundary, with
later spring restratification in May. Their temperature pro-
file clearly corresponded to a “connecting” event, with even
deeper MLD than in our study. Also comparing nitrates,
phosphates and chlorophyll, they showed that chlorophyll
production was about 30 % more abundant at the eddy core
while being relatively similar to the Levantine Basin aver-
age at its edge. The main nitracline was consistently mea-
sured below the winter mixed layer and also at the eddy core,
then around 450 m. While spring phytoplankton bloom oc-
curred at the surface, they observed a mixed homogeneous
layer that remained aphotic between the euphotic zone (the
upper 120 m) and this deep main nitracline (called the “de-
composition zone” in Krom et al., 1992). Here, they observed
instead that, from February 1989 to January 1990, there was
an increase in both nitrates and phosphates. Consequently,
in the eddy, a second nitracline formed at the bottom of the
euphotic layer at approximately the same level as a sum-
mer deep-chlorophyll maximum. Similarly, in another Er-
atosthenes structure in July 2008, Moutin and Prieur (2012)
also estimated the maximal mixed layer in the previous win-
ter to have reached 396 m and left only a stratified thermo-
cline below, another clear description of a “connecting” win-
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ter mixing. Moutin and Prieur (2012) also observed in the
eddy a main nitracline at roughly 400 m depth and a second
one around 100 m together with a deep-chlorophyll maxi-
mum. The 100–400 m depth zone continued with low miner-
alization and high values of dissolved organic matter (DOC).
From these observations, it seems that a “connecting” deep
MLD induces a strong nutrient input to the euphotic layer
but establishes in summer a homogenized aphotic subsurface
layer with high DOC export at depth.

Neither of the two studies mentioned above observed the
case of a “non-connecting” MLD, as frequently observed in
our study and also in an Eratosthenes anticyclone (see Fig. 5).
However, Moutin and Prieur (2012) discussed this possibil-
ity: if the winter MLD does not reach the main nitracline
and/or phosphacline, it would keep the upper layer away
from the deep nutriment source. The whole system would
then evolve towards an ultra-oligotrophic system because of
nutrients being very weakly injected to the euphotic layer.
This is expected to be the case particularly when a primitive
subsurface core does not connect to the surface for several
winters, such as in the example of the Ierapetra anticyclone
in Fig. 10. The high frequency of “non-connecting” anticy-
clone MLD observed in our study then suggests that anti-
cyclones in the eastern Mediterranean Sea are to be consid-
ered ultra-oligotrophic systems more frequently than previ-
ously thought. Temporal evolution of such “non-connecting”
events with biogeochemical instruments such as BGC-Argo
would be interesting to follow this analysis.

6 Conclusions

In this paper, we were able to analyse, thanks to a combina-
tion of satellite observations and numerous in situ data, sev-
eral time series that finely describe the evolution of the win-
ter mixed layer in the core of Mediterranean anticyclones.
We even succeeded in following, for the same long-lived an-
ticyclone, the evolution of its MLD over 2 consecutive years.
This allowed us to quantify extreme anomalies induced by
mesoscale eddies in the mixed layer, which would have been
smoothed in a standard composite analysis. Indeed, we ob-
served that the winter mixed layer can go down to 380 m in
the core of Levantine Basin anticyclones, while the surround-
ing background MLD does not go deeper than 80 m or 100 m.

We also observed a time lag of several weeks and some-
times of up to 2 months in the spring restratification between
the core of these deep anticyclones and the background sea,
revealing that MLD temporal evolution is not uniform. In-
deed, when the later restratifies due to the rising temperature
of the atmosphere, the core of these mesoscale anticyclones,
which are warmer, continues to deepen and to cool. This time
lag induces very strong spatial heterogeneities of the MLD in
the eastern Mediterranean Sea during the early spring, with
observed maximal MLD ranging from 50 to 330 m.

We showed that this localized deepening of the MLD is
controlled by the vertical structure of these eddies. When
the surface mixing layer connects with the subsurface core
of pre-existing anticyclones, a rapid deepening of the surface
mixed layer is observed. Conversely, when the surface mixed
layer does not connect with the subsurface core, a double-
core eddy is formed. Connection or not with pre-existing
subsurface cores proves to be more relevant to a description
of MLD deepening than other eddy parameters such as SSH
amplitude or size. MLD anomalies were observed to linearly
increase with restratification delay but increased roughly 2
to 3 times faster for “connecting” MLD than for the “non-
connecting” one.

These extreme MLD deepenings in anticyclone cores re-
veal complex and rich interaction between the surface and
subsurface of the eddies. Connection between the mixed
layer and subsurface anomalies provides a way to propagate
heat at depth while mixing in winter, the consequences of
which remain to be investigated. These winter deepenings in-
side anticyclones could also play a role in sustaining the ex-
tremely long-lived anticyclone in the eastern Mediterranean.
MLD anomalies in cyclonic eddies remain to be investigated,
and an open question would be to know if a restratification
delay could also be observed in cyclones.
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Appendix A: In situ profile-checking methodology

In both CORA-DT (Szekely et al., 2019b) and Copernicus-
NRT (Copernicus, 2021) datasets, vertical profiles data com-
ing from XBT, CTD, glider and profiling floats are collected
by selecting files with respective data type codes XB, CT, GL
and PF. When a profile from 2000 to 2019 was available in
both DT and NRT mode, it was retrieved from the CORA-
DT dataset, which performs more quality checks (Szekely
et al., 2019a). Selection was done with the following steps,
separately for temperature and salinity, and when available,
“ADJUSTED” properties were collected:

– Position and date quality control (QC) flags equal to 1,
2 or 5 and position not on land.

– Select the first valid value (QC= 1,2 or 5) above 50 m,
the last valid value below 400 m, and at least 40 mea-
surements between 50 and 400 m.

– Temperature data below 12 ◦C or above 35 ◦C are dis-
carded, and salinity data below 30 PSU or above 42 PSU
are discarded. These parameters are specific to the
Mediterranean Sea.

Figure A1. Sensitivity of the background MLD on the different parameters for events IER1–2 (see Table 1 and Fig. 10a): (a) 1y (year
interval) and (b) 1day (day interval). (c) Sensitivity to the MLD computation method. The background MLD method used throughout this
study is 1day = 10 d, 1y = 1 year and the gradient method (common navy blue line on panels a–c).

– When both temperature and salinity are available,
density is computed using the TEOS-10 equation
(McDougall et al., 2013) from the Python package
gsw (https://teos-10.github.io/GSW-Python/, last ac-
cess: 21 February 2023).

– Profiles are linearly interpolated on the same vertical
grid, with 5 m grid steps from 5 to 300 m depth and
10 m grid steps from 300 to 2000 m. The maximal gap
allowed is 20 m, and profiles with gaps are discarded.

– Profiles with temperature jumps higher than +6 ◦C or
−2 ◦C (positive upwards) between two grid points are
discarded, as they are assumed to be unrealistic. This is
required particularly to filter out noisy XBT profiles.

– After these steps, only profiles with more than 40 data
on the interpolated grid between 50 and 400 m are kept.
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freely available on CMEMS under product name IN-
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available at https://doi.org/10.14768/2019130201.2 (Stegner
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AMEDA eddy-tracking algorithm is open source and available
at https://doi.org/10.5281/zenodo.7673442 (Le Vu, 2023). The
complete used in-situ dataset colocalized with eddy detections
(Barboni et al., 2023) is available at SEANOE and through the link:
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Chapter 5

Anticyclone evolution in numerical
simulation

Temporal evolution of mesoscale eddies in the Mediterranean Sea can be accurately observed using eddy La-
grangian tracking and collocation methods (Sect.2). In both surface through remote-sensing SST (Moschos
et al., 2022) and in the subsurface on the mixed layer (Barboni et al., 2023a) it revealed a marked seasonal
cycle. This mesoscale seasonal evolution in a Lagrangian point of view has not been studied so far in ocean
models, whether they are idealized, regional or operational. We then aim to retrieve eddy SST evolution
and MLD anomalies in models, and investigate what are the key parameters needed to have an accurate
anticyclone temporal evolution. In particular we aim to test the eddy vertical mixing modulation proposed
by Moschos et al. (2022) and its link with NIW trapping due to negative relative vorticity (Kunze, 1985).
This idealized numerical study included below was submitted to Journal of Advanced in Modeling Earth
Systems.

Additional investigations of the numerical set-up are detailed later. Stratification stability towards at-
mospheric forcing is assessed in Sect.5.2.1, and initial mesoscale anticyclone stability in Sect.5.2.2. A last
further investigation further includes an experiment with eddy current feedback on the wind stress (Sect.5.3).

5.1 Barboni et al. (2023b). How atmospheric forcing frequency,
horizontal and vertical grid resolutions impact mesoscale eddy
evolution in a numerical model. submitted to JAMES.
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Abstract14

Seasonal evolution of both surface signature and subsurface structure of a Mediterranean15

mesoscale anticyclones is assessed using the CROCO high-resolution numerical model16

with realistic background stratification and fluxes. In good agreement with remote-sensing17

and in-situ observations, our numerical simulations capture the seasonal cycle of the anoma-18

lies induced by the anticyclone, both in the sea surface temperature (SST) and in the19

mixed layer depth (MLD). The eddy signature on the SST shifts from warm-core in win-20

ter to cold-core in summer, while the MLD deepens significantly in the core of the an-21

ticyclone in late winter. Our sensitivity analysis shows that the eddy SST anomaly can22

be accurately reproduced only if the vertical resolution is high enough (∼ 4m in near23

surface) and if the atmospheric forcing contains high-frequency. In summer with this con-24

figuration, the vertical mixing parameterized by the k−ϵ closure scheme is three times25

higher inside the eddy than outside the eddy, and leads to an anticyclonic cold core SST26

anomaly. This differential mixing is explained by near-inertial waves, triggered by the27

high-frequency atmospheric forcing. Near-inertial waves propagate more energy inside28

the eddy because of the lower effective Coriolis parameter in the anticyclone core. On29

the other hand, eddy MLD anomaly appears more sensitive to horizontal resolution, and30

requires SST retroaction on air-sea fluxes. These results detail the need of high frequency31

forcing, high vertical and horizontal resolutions to accurately reproduce the evolution32

of a mesoscale eddy.33

Plain Language Summary34

Mesoscale eddies are turbulent structures present in every regions of the world ocean,35

and accounting for a significant part of its kinetic energy budget. These structures can36

be tracked in time and recently revealed a seasonal cycle from in situ data. An anticy-37

clone (clockwise rotating eddy in the northern hemisphere) is observed in the Mediter-38

ranean to be predominantly warm at the surface and to deepen the mixed layer in win-39

ter, but shifts to a cold-core summer signature. This seasonal signal is not yet under-40

stood and studied in ocean models. In this study we assess the realism of an anticyclone41

seasonal evolution in high resolution numerical simulations. Eddy surface temperature42

seasonal shift is retrieved and is linked to an increased mixing at the eddy core sponta-43

neously appearing at high vertical resolution (vertical grid size smaller than 4m) in the44

presence of high frequency atmospheric forcing. This increased mixed is due to the pre-45

ferred propagation of near-inertial waves in the anticyclone due to its negative relative46

vorticity. Eddy-induced mixed layer depth anomalies also appear to be triggered by sea47

surface temperature retroaction on air-sea fluxes. These results suggest that present-day48

operational ocean forecasting models are too coarse to accurately retrieve mesoscale evo-49

lution.50

1 Introduction51

Mesoscale eddies are ubiquitous turbulent structures in the oceans, in thermal wind52

balance with a signature in density : positive density anomaly for an anticyclone, respec-53

tively negative for a cyclone. Eddies statistical descriptions really began with the avail-54

ability of eddy automated detections based on gridded altimetry products (Doglioli et55

al., 2007; Chaigneau et al., 2009; Nencioli et al., 2010; Chelton, Schlax, & Samelson, 2011;56

Mason et al., 2014; Le Vu et al., 2018; Laxenaire et al., 2018). The first quantitative stud-57

ies were done in a composite approach : many daily snapshots detections are colocated58

with eddy contours and gathered into a single annual mean eddy signature (Hausmann59

& Czaja, 2012; Everett et al., 2012). This approach combined with remote-sensing mea-60

surements provides an extensive view of eddies in various regions of the global ocean,61

with SST, sea surface salinity (Trott et al., 2019), chlorophyll (Chelton, Gaube, et al.,62

2011) and also meteorological variables (Frenger et al., 2013). Composite approach also63
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allowed to reveal a modulation of air-sea fluxes at the eddy scale : in the Agulhas retroflex-64

ion region, (Villas Bôas et al., 2015) showed the total heat flux to the atmosphere to be65

enhanced over very strong and warm anticyclones. Similarly for the eddy vertical struc-66

ture, gathering Argo profiles as a function of normalized distance to the eddy center, ed-67

dies were found to influence the mixed layer depth (MLD) (Sun et al., 2017; Gaube et68

al., 2019). Anticyclones have deeper MLD in their core, cyclones shallower MLD, with69

larger mixed layer anomalies in winter. Eddies were also observed to incorporate a sig-70

nificant seasonal cycle in their radius variations (Zhai et al., 2008) and their SST signa-71

ture (Sun et al., 2019; Y. Liu et al., 2021). Anticyclones (respectively cyclones) usually72

identified as warm in surface, actually shift to cold (warm) signatures in summer in sev-73

eral regions of the world ocean (Sun et al., 2019; Moschos et al., 2022). This phenomenon74

is then referred to as ’inverse’ SST signatures. (Moschos et al., 2022) showed that these75

’inverse’ signatures actually become predominant in summer in the Mediterranean Sea,76

a seasonal shift yet not properly understood.77

The composite approach is nonetheless ill-suited to study eddy temporal variabil-78

ity due to the stacking of numerous observations in time. Recently Lagrangian approaches79

were developed to study eddies enabling to better track their temporal variability (Pessini80

et al., 2018; Laxenaire et al., 2020; Barboni et al., 2021). Using a Lagrangian approach,81

Moschos et al. (2022) showed that the same individual anticyclones shift from a warm82

winter SST anomaly to a cold one in summer (and conversely for cyclone). With the ad-83

ditional Argo floats trapped in anticyclones, they further noticed that anticyclonic den-84

sity anomaly remains warmer at depth while becoming colder in surface, leading to a smoother85

density gradient. Hence the hypothesis that this seasonal shift could be explained by a86

modulation of the vertical mixing by mesoscale eddies, anticyclones (cyclones) likely en-87

hancing (decreasing) mixing in surface. Recent observations in the Mediterranean Sea88

of inside-anticyclone properties temporal evolution further revealed eddy mixed layer anoma-89

lies to be much larger than the composite approach mean value, reaching sometimes 300m90

(Barboni, Coadou-Chaventon, et al., 2023). MLD anomalies evolution was also shown91

to have evolution much faster than the month, with delayed restratification inside an-92

ticyclones. Mechanisms driving these MLD anomalies are also unexplained, but Barboni,93

Coadou-Chaventon, et al. (2023) found it to be impacted by interactions with the an-94

ticyclone vertical structure.95

An eddy modulation of vertical mixing was recently investigated to be linked with96

a modulation of near-inertial waves (NIW) propagation. NIW can not propagate at fre-97

quencies lower than the inertial frequency f due to Earth rotation (Garrett & Munk, 1972).98

However in the presence of a balanced flow, anticyclones (cyclones) with negative (pos-99

itive) relative vorticity ζ locally shift this cut-off to an effective inertial frequency fe =100

f + ζ/2 (Kunze, 1985). Sub-inertial waves (ω ≲ f) can then remained trapped in an-101

ticyclones and supra-inertial waves (ω ≳ f) can be expelled from cyclones. Consequently,102

NIW propagate more inside anticyclones, what was experimentally (D’Asaro, 1995) and103

numerically (Danioux et al., 2008, 2015; Asselin & Young, 2020) proven. This NIW trap-104

ping potential partly explains the interest in anticyclones rather than in cyclones, the105

other reason likely being that anticyclones are more stable in time (Arai & Yamagata,106

1994; Graves et al., 2006), in particular for large structures (Perret et al., 2006), then107

more easily detected and trapping more often profilers (thus easing field campaigns). Sev-108

eral recent observations (Mart́ınez-Marrero et al., 2019; Fernández-Castro et al., 2020)109

showed that mixing at depth is enhanced below anticyclones due to this more energetic110

NIW propagation. On the other hand numerical studies assumed extremely simplified111

set-up with constant wind (Danioux et al., 2008) or an idealized wind burst (Asselin &112

Young, 2020). They also looked at NIW propagation in an eddying field at short time113

scales, then without significant evolution of the eddies and stratification. Eddy-NIW in-114

teraction on longer time scales - eddy evolving time scales like months - in a varying strat-115

ification due to seasonal cycle has never been assessed so far. In particular the effect of116
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this differential NIW propagation on eddies remains unknown and a gap remains to link117

wave propagation and enhanced mixing.118

Some recent studies started to assess eddy temporal evolution in high resolution119

regional models. In the Mediterranean Sea, Escudier et al. (2016) compared eddy size,120

drift and lifetime compared to eddies in altimetric observations. Mason et al. (2019) in-121

vestigated these variables in assimilated operational models and additionally looked at122

MLD anomalies, but both were in a composite approach and did not look at eddy SST123

variations. More recently Stegner et al. (2021) performed an observation system simu-124

lation experiment on a 1/60°simulation of the Mediterranean sea and found great bias125

on size and strength for small eddy detections, but did not look at SST variations. Us-126

ing the same simulation, an interesting method was developed by Ioannou et al. (2021),127

investigating differences in both trajectories, size and stratification of the Ierapetra an-128

ticyclonic eddy, but restricted to this particular case.129

Eddy SST anomalies seasonal shift and mixed layer depth anomalies remain poorly130

investigated so far in ocean models. If NIW propagation and eddy vertical structure are131

considered, grid resolution - both horizontal and vertical - and atmospheric forcing are132

likely key aspects to take into account. Air-sea fluxes and near-inertia-gravity waves in-133

volve much shorter temporal and spatial scales, not reproduced even in eddy-permitting134

models at present stage. We then aim to assess the realism of an anticyclone seasonal135

signal, in both surface and mixed layer, using an idealized but high-resolution simula-136

tion and investigating driving physical processes. The goal is to assess the realism of the137

eddy temporal evolution compared to similar observations, in particular the retrieval of138

the surface signature seasonal cycle. In a first part we conduct a sensitivity analysis on139

horizontal grid cell. In a second part we study the sensitivity to atmospheric forcing fre-140

quency. Last, the effect of SST retroaction on air-sea fluxes is discussed.141

2 Methods142

2.1 Model set-up143

Idealized numerical experiments are performed using the Coastal and Regional Ocean144

Community (CROCO) model. CROCO is based on the Regional Ocean Modeling Sys-145

tem (ROMS) kernel (Shchepetkin & McWilliams, 2005). It uses a time splitting method146

between the fast barotropic mode and the slow baroclinic ones. Advection schemes are147

UP3 for horizontal and Akima-Splines for the vertical. Trying to conciliate realistic and148

idealized approach, we use double periodic conditions in a realistic stratification and on149

long timescale. The atmospheric forcing has realistic temporal variations but is spatially150

homogeneous. The only active tracer used is temperature. As a consequence, a linear151

state equation links density ρ and temperature T , with thermal expansion Tc = 0.28kg.m−3.K−1
152

and linear approximation close to T0 = 25°C and ρ0 = 1026kg.m−3 :153

ρ = ρ0 + Tc(T − T0) (1)

Discarding salinity effects is justified by the very weak salinity seasonal cycle in the154

Mediterranean Sea. The heat flux seasonal cycle is roughly ±150W.m−2 (Pettenuzzo et155

al., 2010), whereas salinity fluxes are mostly driven by the evaporation minus precipi-156

tation balance, with a mean of roughly 103mm/y, a seasonal cycle maximal amplitude157

of ∆F = 4 × 102mm/y and river input being negligible (Mariotti, 2010). Consider-158

ing a haline contraction coefficient of Sc = 0.78kg.m−3.PSU−1, a ∆F freshwater in-159

put would have a seasonal equivalent effect on buoyancy Qeq = ρ0cp
Sc

Tc
S0∆F ≈ 5W.m−2,160

indeed almost two orders of magnitude lower than Qtot.161
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Grid162

Simulation domain is double periodic, on the f -plane, with a flat bottom Hbot =163

3000m. Horizontal extent is 200km in both directions, with horizontal resolution rang-164

ing between 4km and 500m, with 25 to 150 vertical levels. Coriolis parameter is f =165

9.0×10−5s−1. CROCO uses a σ terrain-following coordinate, the N vertical levels be-166

ing modulated in time between bottom and sea surface height η. Constant depth level167

z0 are stretched over thickness hc with surface coefficient θs :168

z = η + (η +Hbot)z0 (2)

z0 =
hcσ +HbotCs(σ)

hc +Hbot
with Cs(σ) =

1− cosh
(
θs

σ−N
N

)

cosh(θs)− 1
(3)

With N = 100 levels, hc = 400m and θs = 8, vertical grid step dz is then 3.5m169

in the upper 200m. 200m being the vertical scale of the thermocline, it ensures a max-170

imal resolution in the upper ocean where seasonal variations occur (Houpert et al., 2015).171

This configuration has then a higher vertical resolution than previous similar studies (N =172

32, hc = 250m and θs = 6.5 for Escudier et al. (2016) ) or operational models (Juza173

et al., 2016).174

Turbulent closure175

Mixing is parameterized through k−ϵ closure scheme (Rodi, 1987) using the generic176

length scale approach (Umlauf & Burchard, 2003). Turbulent kinetic energy k dissipates177

with rate ϵ and stability function cv into an effective viscosity ν (respectively cT and κ178

for diffusivity). No additional explicit mixing is added.179

ν =
cvk

2

ϵ
and κ =

cT k
2

ϵ
(4)

A minimal k input is parameterized. Given that the minimal dissipation rate ϵ is180

set to 10−12W.kg−1, the minimal k has to be set to 10−9m2.s−2 in order to retrieve a181

minimal diffusivity of 10−6m2.s−1 with a stability function of order unity. This diffu-182

sivity value is close to kinematic viscosity and thermal diffusivity for water (respectively183

1×10−6 and 1×10−7 m2.s−1). This issue was also discussed by Perfect et al. (2020).184
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2.2 Background stratification and initial mesoscale anticyclone185

Figure 1. (a) Map showing the region of high long-lived anticyclones occurrence in the Levan-

tine basin. The atmospheric fields used as input are averaged over the area delimited by the red

frame. Red dots are the cast position of 242 selected in situ profiles identified as outside-eddy.

Bathymetry is ETOPO1 data (Smith & Sandwell, 1997) with 0, 500, 1000 and 1500m isobaths.

(b) Selected density profiles (orange thin lines), mean profile (red thick line) and fitted profile

using Eq.5 (blue dashed).

A realistic background stratification is set from a climatological database gather-186

ing in situ data from Copernicus Marine Environment Monitoring Service (Barboni, Steg-187

ner, et al., 2023). A region of interest is considered at the center of the Levantine Basin188

(25 to 34 °E and 32 to 35 °N, shown in Fig.1a). For background stratification we used189

only profiles in the region of interest, detected as outside-eddy using the DYNED eddy190

atlas dataset (see Barboni, Coadou-Chaventon, et al. (2023) for details), from 2012 to191

2018 and for each year in September. Considering these criteria, 242 profiles are aver-192

aged into a mean stratification ρb(z) fitted over the first 1000m with a linear slope S added193

to an upper ocean thermocline with exponential shape and vertical scale ZT (Eq.5, see194

Fig.1b). September is chosen as the end of summer when the thermocline is marked and195

stratification gradient the strongest, allowing a better fit with exponential slope.196

ρb(z) = ρ1 + (ρs − ρ1)exp

(
− z

ZT

)
+ Sz (5)

Regression fit gave ρ1 = 1029.03kg.m−3, ρs = 1025.3kg.m−3, ZT = 55m, S =197

1.8 × 10−4kg.m−4. Corresponding baroclinic deformation radius Rd is approximately198

11km. An initial density anomaly σ in geostrophic equilibrium is added to the background199

stratification. σ(r, z) is azimuthally symmetric and has a Gaussian shape in the verti-200

cal direction and pseudo-Gaussian in the radial one, with radius Rmax and vertical ex-201

tent H :202

σ(r, z) = σ0
z

H
exp

(
− 1

α

(
r

Rmax

)α)
exp

(
−1

2

( z

H

)2
)

with σ0 =
ρ0fVmaxRmaxe

1/α

gH
(6)

–6–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

The initial maximal speed radius Rmax is 25 km, slightly more than twice the de-203

formation radius but still smaller than the large long-lived Eastern Mediterranean an-204

ticyclones (Barboni, Coadou-Chaventon, et al., 2023), giving a Burger number (Bu =205

R2
d/R

2
max) close to 0.2. Maximal speed is initially set to Vmax = 0.4m.s−1 giving a Rossby206

number (Ro = Vmax/Rmaxf) of 0.16, but later decays around 0.1. Ro = 0.1 is a stan-207

dard value in the Mediterranean Sea (Ioannou et al., 2019). H is set to 100m on the same208

order as thermocline extent ZT , and shape parameter α = 1.6 ensures barotropic sta-209

bility (Carton et al., 1989; Stegner & Dritschel, 2000). Cyclogeostrophic correction is added210

following Penven et al. (2014).211

2.3 Atmospheric heat forcing212

ERA5 reanalysis input is used for atmospheric forcing. Fields are available with213

a 1 hour temporal resolution and 1/4°horizontal resolution (Hersbach et al., 2020). Re-214

trieved variables are surface short wave Qsurf
SW , downward long wave flux Q↓

LW , sea level215

pressure PSL, h2m and T2m relative humidity and temperature at 2m above surface, and216

last u and v 10m neutral zonal and meridional wind components. To focus on the tem-217

poral variability, these time series are spatially averaged over the Levantine basin (Fig.1a).218

Air-sea fluxes are then computed with the Coupled Ocean–Atmosphere Response Ex-219

periment (COARE) 3.0 parametrization (Fairall et al., 2003), with improved accuracy220

for large wind speeds (> 10m.s−1) encountered in high frequency forcing. Net heat flux221

Qtot is defined as the sum of surface short wave, long wave (upward Q↑
LW and downward222

Q↓
LW components), latent (QLat) and sensible (QSen) fluxes, convention positive fluxes223

downwards :224

Qtot = Qsurf
SW +Q↑

LW +Q↓
LW +QLat +QSen (7)

Qtot−Qsurf
SW is applied directly at the surface, while short wave heat flux QSW (z)225

is distributed on the vertical following Paulson and Simpson (1977) transparency model226

with Jerlov water type I , consistent with very clear Mediterranean waters (R = 0.58,227

ζ1 = 0.35m, ζ2 = 23m):228

QSW (z) = Qsurf
SW

(
Rexp

(
− z

ζ1

)
+ (1−R)exp

(
− z

ζ2

))
(8)

Upward long-wave heat flux Q↑
LW computes the ocean SST (Ts) thermal loss us-229

ing Stefan-Boltzmann black body law, with emissivity ϵsb = 98.5% and σsb = 5.6697×230

10−8 W.m−2.K−4 :231

Q↑
LW = −ϵsbσsbT

4
s (9)

Latent heat flux QLat and sensible heat flux QSen also involves a direct SST retroac-232

tion:233

QLat = −ρaLECE |V |(qs − qa) ; QSen = −ρacpCS |V |(Ts − T2m) (10)

With ρa air density, cp air thermal capacity, LE evaporation enthalpy, |V | 10m wind234

speed. qs and qa are specific humidity for ocean and atmosphere at 2m respectively. qs235

is saturated at Ts and PSL : qs = 0.98 × 0.622 × Psat(Ts)/PSL. Factor 0.98 accounts236

for water vapor reduction caused by salinity (Sverdrup et al., 1942). qa is related to sat-237

urated water pressure Psat : qa = 0.622h2mPsat(T2m)/PSL. Last, wind stress is com-238

puted from u and v) :239
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τx =
ρa
ρ0

CD|u|u and τy =
ρa
ρ0

CD|v|v (11)

In equations 10-11, CE , CS and CD are corresponding transfer coefficients consid-240

ering the stability of the atmospheric boundary layer based on the Monin-Obukhov sim-241

ilarity theory. They are all on the order of 1× 10−3 (Fairall et al., 2003).242

Figure 2. Net heat flux and wind speed from ERA5, for the 4 input time series, shown sep-

arately as diurnal cycle gives larger variations. (a) Net heat flux and (b) corrected wind speed

(see Eq.12) for the 1-day (magenta line), 3-day (green) and 1-week (orange) time series over one

year. To enhance readability, 3-day and 1-week net heat fluxes are lowered by 20 and 40W.m−2

respectively, and 3-day and 1-week wind speeds are heightened by 1 and 2m.s−1 respectively. (c)

1-hour (black) and 1-day (magenta) net heat flux (respectively (d) for wind speed) in a winter

week of 2016. (e) and (f) : same as (c) and (d) in a summer 2017 week.

To study the impact of temporal variability, four forcing inputs with different tem-243

poral scales are tested : 1-hour, 1-day, 3-day and 1-week. The 1-hour forcing is the orig-244

inal ERA5 time series, the three later ones are Gaussian smoothing of the 1-hour time245
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series with window size (two standard deviations) of 1, 3 and 7 days respectively, shown246

in Fig.2. One year of forcing from 15 September 2016 to 15 September 2017 runs cycli-247

cally for 2 years as forcing input, with mean wind speed magnitude Vrms = 5.0m.s−1.248

10m neutral wind from ERA5 is used for wind stress in Eq.11. To keep the same wind249

speed magnitude with varying wind frequency, smoothed time series for zonal and merid-250

ional winds ([u] and [v]) have to be re-scaled. The correction factor λ being ≳ 1.1 for251

1-day time series, and 1.1 < λ < 2 for 3-day and 1-week :252

ũ = λ[u] ; ṽ = λ[v] with λ =
[
√
u2 + v2]√
[u]2 + [v]2

(12)

The same year is kept to avoid disturbance with interannual variations, which are253

strong for heat fluxes over the Mediterranean Sea (Mariotti, 2010; Pettenuzzo et al., 2010),254

but no significant variations were observed when selecting another year.255

Forcing without surface temperature retroaction256

A comparison experiment is run without SST retroaction on ocean-atmosphere fluxes.257

In this configuration, the net heat flux Qtot from ERA5 directly forces the upper ocean258

layer, the short wave part QSW (z) being still distributed on the vertical ( Eq.8). Mo-259

mentum fluxes are computed from Eq.11 with constant drag coefficient CD = 1.6×10−3.260

The net heat flux Qtot time series in ERA5 has daily amplitudes around ±150W.m−2
261

and an annual average of −3.0W.m−2, consistent with the net evaporation of the Mediter-262

ranean Sea (Mariotti, 2010). Qtot is then corrected by linearly decreasing the negative263

values to achieve a zero annual average, avoiding a drift of the mean stratification.264

2.4 Eddy tracking indicators265

Eddy shape, radius and intensity266

Eddy detections are provided through the Angular Momentum Eddy Detection and267

Tracking Algorithm (AMEDA). AMEDA is a mixed velocity-altimetry approach, its re-268

lies on using primarily streamlines from a velocity field and identifying possible eddy cen-269

ters computed as maxima of local normalized angular momentum (Le Vu et al., 2018).270

It was successfully used in several regions of the world ocean in altimetric data (Aroucha271

et al., 2020; Ayouche et al., 2021; Barboni et al., 2021), high frequency radar data (F. Liu272

et al., 2020) or numerical simulations (de Marez et al., 2021). In each eddy single ob-273

servation (one eddy observed one day), AMEDA gives a center (which position is noted274

Xe hereafter), a maximal rotation speed Vmax and two contours. The ’maximal speed’275

contour is the enclosed streamline with maximal speed (i.e. in the geostrophic approx-276

imation, with maximal SSH gradient) ; it is assumed to be the limit of the eddy core re-277

gion where water parcels are trapped. The ’end’ contour is the outermost closed SSH278

contour surrounding the eddy center and the maximal speed contour ; it is assumed to279

be the area of the eddy footprint, larger than just its core but still influenced by the eddy280

shear (Le Vu et al., 2018). The observed maximal speed radius Rmax is defined as the281

radius of the circle having an area equal to the maximal speed contour. Eddy detection282

in real interpolated SSH observations leads to imperfections. It typically smooths gra-283

dients and then reduces observed geostrophic velocities (Amores et al., 2018; Stegner et284

al., 2021). To mimic those imperfections in the numerical simulations, AMEDA detec-285

tions are performed on the 48h-averaged SSH field at model grid resolution, or interpo-286

lated at 2km if grid resolution is smaller.287
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Eddy SST signature δT , heat flux δQ, differential mixing ratio ξ and mixed288

layer anomaly289

The anticyclone-induced SST signature δT is defined as the difference of SST be-290

tween the eddy core SSTin and its periphery SSTperi. Adapting Moschos et al. (2022),291

SSTin is the average of the area centered on Xe(t) with radius 2/3Rmax(t) ; SSTperi is292

the average on an annular area centered on Xe with radius between 2/3Rmax(t) and 2Rmax(t).293

Positive (negative) δT then indicates a warm-core (cold-core) signature. Similarly the294

induced signature on total net heat flux is defined as δQ, with positive δQ for increased295

warming at the eddy core. Thermal heat flux feedback (THFF) is then defined as the296

linear regression of δQ as a function of δT over the second year of simulation (from 365297

to 730 days, see Sect.3.3).298

Differential mixing between the eddy core and outside-eddy are measured through299

the index ξ. Temperature vertical diffusivity κ computed by k−ϵ mixing closure from300

instantaneous history record is spatially averaged in the eddy core (κAE) and outside-301

eddy (κOut). The eddy core region corresponds here to the area around the eddy cen-302

ter with radius 2/3Rmax(t). The outside-eddy region is defined as the area outside any303

’end’ contours detected by the tracking algorithm. Diffusivity spanning several orders304

of magnitude, differential mixing ξ is then evaluated as a vertical average of the ratio305

of these two quantities, typically using a depth h = 20m to focus on the upper layers306

stratified in summer :307

ξ =
1

h

∫ surf

−h

κAE

κOut
dz (13)

Summer eddy SST signature magnitude δT is defined as the 30th δT percentile over308

the summer, and its spread as the difference between the 30th and the 10th percentiles309

(see results in Table 1). Similarly ξ is defined as the median of the ξ distribution over310

the summer, and its spread as the difference between the median and the 30th percentile.311

First and second summers are defined as 230 to 340 days and 590 to 700 days respec-312

tively, corresponding to the May to August period when a significant number of warm-313

core anticyclones are observed (Moschos et al., 2022).314

Last, the MLD anomaly ∆MLD is defined as the maximal difference reached be-315

tween the MLD outside- and inside-eddy, with a 1-day Gaussian smoothing to remove316

peaks. In the following numerical experiments running for 2 years, the first winter is con-317

sidered as a transient period not retained for analysis. ∆MLD is then computed only318

for the second winter, defined as 450 to 590 days, corresponding to the December to April319

period, when maximal MLD are reached in the Mediterranean Sea (Houpert et al., 2015).320

3 Idealized simulations compared to observations321

The temporal evolution of mesoscale eddies in the Levantine basin can be retrieved322

for several anticyclones where Argo floats remained trapped several months, as exten-323

sively studied in Barboni, Coadou-Chaventon, et al. (2023). A marked seasonal signal324

is detected in both SST and vertical structure. An example is shown in Fig.3 with a Ier-325

apetra anticyclone, a strong recurrent anticyclonic structure formed each year in the lee326

of Crete island (Ioannou et al., 2020). In the example shown below, δT index has a marked327

oscillation between a winter warm core and summer cold core. The weekly smoothed sig-328

nature can be measured to about δT ≈ +0.7°C in both winters 2016-2017 and 2017-329

2018, and about −0.3°C in summer 2017 ( about −0.2°C in summer 2018). The verti-330

cal structure could also be measured thanks to large Argo deployments (Fig.3h) ; due331

to errors in the salinity sensors, density in 2018 is estimated from temperature apply-332

ing a linear regression using 2017 data. One can also notice the seasonal variations of333

the anticyclone maximal speed, with two maxima in late winter. This is consistent with334
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kinetic energy inverse cascade maximal peak from submesoscale to mesoscale in kinetic335

energy distributions (Zhai et al., 2008; Steinberg et al., 2022), but it is still noticeable336

to have the same phenomenon tracking a single individual structure. In this study the337

physical processes driving these observed seasonal variations are studied with numeri-338

cal experiments, investigating sensitivity to horizontal and vertical resolutions, forcing339

frequency and SST retroaction on air-sea fluxes. Simulations are summarized in Table340

1, the reference considered being 1km resolution with 1-hour forcing, 100 vertical lev-341

els with SST retroaction (run 1K100-1H in Table 1 below).342

Figure 3. Temporal evolution of the Ierapetra anticyclone formed South-East of Crete in late

summer 2016. Upper panels are high-resolution SST snapshots in (a) January 2017, (b) June

2017, (c) December 2017 and (d) July 2018, the maximal speed contour (see Sect.2.4) is in black

line. (e) Eddy SST anomaly δT , cold-core in blue and warm-core in red, with black dashed line

showing the 5 days smoothed evolution. (f) Maximal speed Vmax (dashed blue) and radius Rmax

(continuous blue) with 10 days smoothing. (g) MLD evolution inside the the anticyclone (dots,

with red ones highlighting the closest to center), with outside-eddy background MLD in contin-

uous black line (spread as 20-80 percentiles interval shown in gray shades). (h) Brunt-Vaisala

frequency (BVF) Hovmöller diagram, with selected 0.001, 0.002, 0.01 and 0.01 s−1 stratification

contours (using slight 2D smoothing for the contours only).
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3.1 Horizontal and vertical resolution sensitivity343

The numerical simulation at 4km resolution and 25 vertical levels (run 4K25-1H344

in Table 1) reveals several discrepancies with real observations. A horizontal resolution345

of 4km is close to operational oceanography models in the Mediterranean Sea (Juza et346

al., 2016). At the surface, despite seasonal variations of the eddy SST signatures (Fig.4a-347

c) and in the δT index (Fig.4f), summer ’inverse’ signatures are not retrieved, with no348

cold-core anticyclone. An erosion of the eddy strength is also noticeable, with Vmaxdecreasing349

from 0.4m.s−1 to 0.15m.s−1 in 2 years, while its radius remains constant (≈ 25km, Fig.350

4e). At depth, the mixed layer anomaly is significant, on the order of 50m (Fig.4g). Some351

bursts of differential mixing are observed in late winter from December to March when352

mixed layer instabilities and restratification processes can occur, with ξ reaching a few353

times values higher than 2 (Fig. 4h). However no differential mixing is retrieved in sum-354

mer. In the eddy interior, the winter MLD cooling forms a homogeneous layer between355

100 and 150m (Fig. 4i). These winter waters formed by convection do not accurately re-356

produce the homogeneous subsurface anticyclone cores, separated by persistent density357

jump or sharp temperature gradient (see continuous stratified layer in Fig.3h around 200m358

depth or other examples in Fig.4-5 from Barboni, Coadou-Chaventon, et al. (2023)). The359

inability to reproduce this mesoscale subsurface lens is not surprising given the low ver-360

tical resolution, the vertical steps being on the order of 20m at 100m depth.361
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Figure 4. Simulation 4K25-1H from Table 1. (a) SST snapshot in the first summer, (b) in the

second winter, (c) in the second summer, contours are AMEDA eddy detetions. The initial anti-

cyclone is highlighted by a thicker line. (d) Net heat flux (red) and wind speed (blue). (e) Rmax

(red) and Vmax (blue) from AMEDA. (f) SST anomaly index δT (red) and heat flux anomaly δQ

(blue). (g) Mixed layer inside-eddy (dashed red) and outside-eddy (continuous red), mixed layer

anomaly is in continuous blue. (h) Differential mixing ratio ξ defined in Eq.13 with h = 20m

(solid) and h = 50m (dashed line). (i) Inside-eddy stratification evolution shown with Brunt-

Vaisala frequency (scale factor 100) ; contours are overlaid with 0.001s−1 intervals and negative

values are blanked. On panels d-h, summer periods are indicated by light red shades, winter by a

light blue shade.
–14–
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The same numerical set-up with a finer resolution (run 1K100-1H in Table 1) shows362

a net contrast with the previous coarser simulation. This simulation has a 1km horizon-363

tal grid size and 100 levels with same stretching parameters giving vertical grid steps close364

to 3m in the upper 200m. A summer ’inverse’ eddy surface temperature is clearly retrieved365

with 1-hour frequency heat and momentum forcing. In this configuration, a clear anti-366

cyclonic cold-core SST signature is observed in summer (Fig.5a), switching back to a win-367

ter warm-core SST the next winter (Fig.5b) and appearing again in the second summer368

(Fig.5c). This anticyclone surface seasonal oscillation can clearly be tracked by δT (Fig.5f).369

δT reached about −0.2°C in the both summers (see Table 1) with spikes of δT ≈ −0.5°C370

and maximal value around +0.4°C in winter. Considering anticyclonic cold-core signa-371

tures statistics in the Mediterranean Sea (Moschos et al., 2022) in particular their Fig.5b)372

δT ≈ −0.2°C is a low but standard value, anticyclone SST anomalies typically not be-373

ing colder than −0.5°C. This cold-core summer signature goes along with a mixing in-374

crease in the upper layers at the eddy core, measured by a diffusivity in summer more375

than twice stronger inside the eddy core than outside. Sensibility of the ξ indicator is376

shown on Fig.5h, with ξ averaged over the upper 20m or 50m, the first case leading to377

ξ values higher than 4 in summer despite some variability. This enhanced mixing seems378

to be confined in the upper layers, as ξ decreases to approximately 1 as soon as the mixed379

layer deepens, but it increases again to similar values during the second summer.380

At depth, after the first transient winter, the maximal mixed layer anomaly reaches381

about 50m (Fig.5g), very close to the value of the simulation at 4km resolution. How-382

ever the vertical structure is better reproduced at 1km, and in particular between 100383

and 150m deep the 5×10−3s−1 stratification isoline closes in December, 4 months later384

than in the 4km simulation (in August, see Fig.4i). This means that homogeneous wa-385

ters formed at depth in the first winter restratify more slowly. Eddy decay in time is also386

slower on maximal speed : after 2 years the anticyclone velocity is about 0.3m.s−1 with387

1km resolution compared to 0.15m.s−1 with 4km (Fig.4e). Sharp density gradients are388

smoothed in a coarser simulation, leading to unrealistic temporal evolution of the an-389

ticyclones vertical structure. Surface (SST) or depth-integrated (maximal geostrophic390

speed) measurements are then not accurately reproduced at a spatial resolution of 4km.391
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Figure 5. Simulation 1K100-1H from Table1. Same as in Fig.4 but with a 1km horizontal

resolution.

An experimental series with the same numerical set-up is performed, increasing hor-392

izontal resolution from 4km to 500m and also vertical resolution, listed in Table 1. In393

runs 05K150-1H, 1K100-1H, 2K50-1H and 4K25-1H, horizontal to vertical resolutions394

ratio is kept similar to the ratio of Brunt-Vaisala frequency over Coriolis parameter, about395
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1000/3 (vertical grid step is then about 3m near surface in run 1K100-1H). In runs 2K80-396

1H horizontal resolution (2km) is coarser but vertical grid step smaller (about 4.5m in397

the upper layers), while in run 1K40-1H horizontal resolution (1km) is refined but ver-398

tical grid step larger (about 9m in the upper layers). Comparison of SST signatures and399

differential mixing (Fig.6c) reveals that summer anticyclonic cold-core signature δT and400

differential mixing ξ both continuously increase when decreasing the vertical grid cell.401

Summer eddy SST inversions are also consistently correlated with an increased mixing.402

In addition a convergence behavior is observed for more than 80 vertical levels to ξ ≈403

3, as no further mixing is obtained increasing the resolution to 150 levels. On the other404

hand very similar δT are retrieved in winter at all resolution, with a maximum around405

+0.4°C (Fig.6a) and similar THFF suggesting that winter thermal loss is less affected406

by grid resolution. THFF slightly decreases for lower horizontal resolution, likely due407

to smoothing effect of strong SST patterns.408

Significant differential mixing in run 2K80-1H with only 2km horizontal resolution409

but refined vertical grid implies that explicit resolution of vertical gradients are at stake,410

which is expected to resolve near-inertial waves. 2km horizontal resolution with a baro-411

clinic first deformation radius around 11km entails that deformation radius is only partly412

resolved, as noticed in other numerical studies (Marchesiello et al., 2011; Soufflet et al.,413

2016). This further highlights the key role of vertical resolution in accurately resolving414

eddy SST anomalies.415
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Figure 6. (a) δT and (b) ξ time series for experiments 1K100-1H, 2K50-1H, 4K25-1H,

05K150-1H listed in Table 1 with SST retroaction on air-sea fluxes and varying horizontal res-

olution frequency. 2-days Gaussian smoothing is applied and summer periods are shaded in light

red, winter in light blue. Due to computer memory issues, the first transient winter at 500m

resolution was not recorded. (c) Summer-averaged eddy-induced SST anomalies (δT ) and mix-

ing ratio (ξ), with stars for the first summer and diamonds for the second one. Errorbars are ξ

spread (30th percentile) over the same period.

For the eddy-induced mixed layer anomaly, similar values are obtained from 4km416

to 1km horizontal resolution (∆MLD ≈ 50m), but a larger ∆MLD = 91m is retrieved417

at 500m resolution. This effect could be due to the partial resolution of sub-mesoscale418

processes such as mixed layer instabilities (Boccaletti et al., 2007; Capet et al., 2008).419

Maximal background mixed layer deepens when resolution gets finer down to 1km res-420

olution (see Fig.4g and 5g), in consistence with previous experiments (Couvelard et al.,421

2015). At 500m resolution, a closer look at the MLD evolution inside- and outside-eddy422

shows that the outside-eddy MLD restratified earlier in run 05K150-1H (in March) than423

in run 1K100-1H (in April) due to restratification beginning at submesoscale with mixed424

layer instabilities (Fig.7b). But in both cases inside-eddy MLD reached the same depth425

(about 190m, see Fig.7e-f). This suggests that maximal mixed layer inside-eddy indeed426

reached a maximum driven by air-sea cooling, while restratification outside-eddy occurred427

too late in run 1K100-1H because vertical buoyancy fluxes are too weak (Capet et al.,428

2008). Compared to Mediterranean MLD climatology, a restratification in April is in-429

deed quite late (Houpert et al., 2015).430
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Figure 7. (a) SST with anticyclones and cyclones as in Fig.4 (the initial anticyclone has

thicker contour) for the 05K150-1H simulation. (b) MLD in 05K150-1H. (c) and (d) : same as

(a) and (b) but for the 1K100-1H simulation. (e) MLD time series inside-anticyclone (dashed

red), outside-eddy (continous red) and ∆MLD (blue) for the 05K150-1H simulation, a black line

indicates the time step shown in panels (a)-(d). Due to memory issues, the first transient winter

was not recorded. (f) Same as (e) in 1K100-1H simulation.

Mixing patterns over the vertical in the high resolution simulations are also con-431

sistent with observations. Anticyclones were recently observed to enhance mixing at depth432

through the propagation of trapped near-inertial internal waves in their core. In stud-433

ies from Mart́ınez-Marrero et al. (2019) and Fernández-Castro et al. (2020), in situ mea-434

surements revealed lower dissipation rate ϵ in anticyclonic homogeneous core than in the435

neighboring background, and enhanced ϵ below at depth. In our numerical experiments,436

both diffusivity κ (Fig.8c) and dissipation rate ϵ (Fig.8e for run 1K100-1H) match this437
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feature, with enhanced mixing in summer below the anticyclone, up to one order of mag-438

nitude larger from 200 to 300m depth. The anticyclone subsurface core revealed by thick439

isopycnal displacement on Fig.8e, also shows locally reduced ϵ between 100 and 200m.440

Fig.8e is then a striking reproduction of dissipation rate section obtained by Fernández-441

Castro et al. (2020) (see in particular their Fig.5f). However those in situ measurements442

could not compare outside- and inside-eddy mixing close to the surface, because the value443

range for ϵ would be too large with surface processes a lot more powerful than deep ocean444

ones. Numerical simulation enables to reveal that anticyclones also enhance mixing in445

near surface, with higher ϵ and κ just above the homogeneous core, in the upper 50 me-446

ters. The differential mixing ratio ξ previously shown in anticyclone time series then ac-447

curately measures a surface-enhanced mixing.448

The seasonal cycle of eddy SST signature is then effectively reproduced at 1km hor-449

izontal resolution, close to observed value for the example shown above (Fig.3e). eddy450

SST seasonal shift correlates with increased mixing at the anticyclone core, in consis-451

tence with Moschos et al. (2022) hypothesis. This differential mixing is absent at low ver-452

tical resolution. But it appears through k−ϵ mixing parametrization and converges with453

a sufficiently high number of vertical levels, with vertical grid step smaller equal or smaller454

than 4m in near surface.455

Figure 8. Snapshot at t = 243 d for the 1K100-1H simulation (see Fig.5). (a) SST and (c) sur-

face vorticity normalized by f with eddy detections as in Fig.4 (initial anticyclone has a thicker

contour). (b) κ and (d) ϵ vertical sections along black lines in panels (a)-(c) in the upper 300m

with logarithmic color scales ; in both case the colorbar lower bound is the minimal possible

value (see Sect.2.1). Isopycnals are added in black lines.

3.2 Forcing frequency sensitivity456

Sensitivity of the eddy SST signature δT and differential mixing ξ to temporal res-457

olution of the forcing is investigated by progressively removing high frequencies from the458

atmospheric inputs. These experiences are summarized as 1K100-1D to 1K100-1W in459

Table 1, using 1-day, 3-day and 1-week atmospheric time series respectively. δT and dif-460
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ferential mixing ξ time series for these experiments are shown in Fig.9a-b. Significantly461

cold SST signatures (δT ≲ −0.2°C) are obtained together with strong mixing ratio (ξ ≈462

3) for 1-hour and 1-day frequency, but no significant differential mixing is retrieved (1 <463

ξ < 1.5) for all lower forcing frequencies (Fig.9c). This threshold behavior is a strong464

result and shows that spontaneous appearance of differential mixing is driven by small465

scale and high frequency features. With a Coriolis parameter f = 9.0 × 10−5s−1 =466

1.24cpd (count per day), the inertial period is about 19h, the 1-day forcing can then partly467

trigger near-inertial waves.468

The relationship between δT and ξ is however less clear than for the resolution sen-469

sitivity analysis (Fig.6). No differential mixing is observed for forcing frequencies lower470

than 1 day, but summer cold-core signatures are still found (−0.12 < δT < −0.03°C,471

see Table1), even for the 1-week forcing. δT time series clearly show for all frequencies472

a marked seasonal signal (Fig.9a). In particular a significant warm winter signature is473

always observed, with stable maximal value at δT ≈ +0.4°C. In the same context a sur-474

prising result is the summer averaged δT being colder on average at 1-day than 1-hour475

forcing, despite similar differential mixing. Temporal evolution of eddy SST anomalies476

reveals this effect to be caused by a larger oscillation of the eddy surface signature (Fig.9a)477

about ±0.2°C, hence larger errorbars at 1-day on Fig.9c. This suggests that other mech-478

anisms not triggered by high frequency winds also contribute to the eddy SST seasonal479

cycle. If no differential vertical mixing is observed but if seasonal variations of the an-480

ticyclone SST (and hence surface density) is found, one can only hypothesize the role481

of lateral exchanges. Despite some tries, we were unsuccessful in quantifying eddy lat-482

eral exchanges following a varying Rmax(t) contour. No particular asymmetric wave modes483

was observed on SST snapshots, discarding the hypothesis of vortex Rossby waves (Guinn484

& Schubert, 1993; Montgomery & Kallenbach, 1997).485
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Figure 9. (a) δT and (b) ξ time series for experiments 1K100-1H, 1K100-1D, 1K100-3D and

1K100-1W listed in Table 1 with SST retroaction on air-sea fluxes and varying forcing frequency.

Gaussian smoothing with 1-day standard deviation is applied, summer periods are shaded in light

red, winter in light blue. (c) Summer-averaged eddy-induced SST anomalies (δT ) and mixing

ratio (ξ), with stars for the first summer and diamonds for the second one.

Near-inertial internal waves are investigated using Fourier transforms on vertical486

speed anomalies in run 1K100-1H. We focus on a single vertical level at 20m in near-surface487

where the enhanced mixing occurs (see Fig.8c). Transforms are computed only in the488

second summer (590 to 700 simulated days) with a 1-hour sampling frequency. Follow-489

ing Babiano et al. (1987), inside-eddy spectrum is performed keeping only the eddy core490

area (around the eddy center with radius 2/3Rmax(t)) and the remaining area is set to491

0 before performing the Fourier transform. Similarly outside-eddy spectrum is performed492

blanking all value inside any eddy contours. The results clearly show a differential ef-493

fect inside-eddy vertical kinetic energy density revealing a second powerful peak at the494

effective inertial frequency fe = f + ζ/2 ≈ 1.0cpd, lower than the inertia frequency495

(Fig.10a). Outside-eddy spectrum (Fig.10b) shows only one peak at the inertial frequency,496

and internal waves cannot propagate at lower frequencies due to the f -cut-off (Garrett497

& Munk, 1972). Normalizing by the investigated area, total vertical kinetic energy per498

unit surface is indeed higher inside the anticyclone (4.19×10−14m2.s−2/m2) than outside-499

eddy (1.64×10−14m2.s−2/m2) due to these powerful sub-inertial internal waves. Fur-500

ther investigation confirmed that sub-inertial waves are absent inside-eddy with the 1-501

week forcing (Fig.13). An assumption of this method is however to assume that both inside-502

and outside-eddy areas roughly keep the same area, which is verified. This result is con-503

sistent with (Kunze, 1985) theory and recent numerical works (Danioux et al., 2015; As-504
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selin & Young, 2020) sub-inertial waves (ω ≲ f) can be trapped in the anticyclone due505

to the locally lower absolute vorticity, and enhance mixing while breaking as proposed506

by Fernández-Castro et al. (2020).507

Figure 10. (a) Inside-eddy and (b) outside-eddy vertical kinetic energy density spectrum at

20m depth. For comparison, spectrum are normalized by the area of interest. Analysis performed

on simulation 1K100-1H with 1-hour sampling. Normal (respectively effective) inertial frequencies

f = 1.24cpd (fe ≈ 1.0cpd) are highlighted by a white dashed (dotted) line.

3.3 Air-sea fluxes sensitivity508

Sensitivity of the anticyclone temporal evolution to air-sea fluxes components is509

further investigated. A 1km resolution simulation experiment is run similarly as the 1K100-510

1H simulation without applying SST retroaction on air-sea fluxes (see Sect.2.3, run 1K100-511

1H-NoSST in Table 1). Although quite unrealistic, this experiment enables to check if512

the eddy SST anomaly seasonal shift and differential mixing observed in previous sim-513

ulations are triggered by air-sea fluxes retroaction. Time series for SST reveals that eddy514

SST anomalies seasonal oscillation is retrieved without SST retroaction (Fig.11a-c), and515

summer cold-core signatures are even stronger : deltaT ≈ −0.5°C for both summers516

(Fig.11f). Simultaneously, differential mixing reaches ξ ≈ 3, approximately the same517

value as run 1K100-1H (Fig.11h). This confirms that differential eddy mixing trigger-518

ing the eddy SST variations is not linked to air-sea fluxes retroaction. However this feed-519

back can modulate and dampen the δT seasonal cycle leading to reduced anomalies.520
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Figure 11. Simulation 1K100-1H-NoSST from Table 1. Same as in Fig.4 but without SST

retroaction on air-sea fluxes. Discontinuities in Rmax and Vmax in panel (e) are due to the anti-

cyclone crossing twice the grid borders.

SST retroaction acting as a negative feedback on SST anomalies can be analyti-521

cally expected as linear. The derivative of each heat component with respect to Ts is in-522

deed approximately constant (Ts being in Kelvin in Eq.14). Transfer coefficients CE and523

CS are indeed much more dependent on wind speed than on temperature, varying roughly524

about 0.2 with a Ts change of 1K. The most sensitive case is a low air-sea temperature525

difference with weak wind, in which the boundary layer can switch from stable to un-526

stable conditions (see for instance Fig.A1b from Pettenuzzo et al. (2010)). Assuming CE527

and CS are roughly constant with respect to temperature one gets :528

∂Q↑
LW

∂Ts
= −4ϵsbσsbT

3
s ≈ −6W.m−2.K−1 (14)
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529

∂QLat

∂Ts
≈ −ρaLECE |V |0.610

PSL

dPsat

dTs
≈ −30W.m−2.K−1 (15)

∂QSen

∂Ts
= −ρacpCS |V | ≈ −10W.m−2.K−1 (16)

These estimations are in agreement with recent statistical observations from Aguedjou530

et al. (2023) who found contributions about −25W.m−2.K−1 and −8W.m−2.K−1 for531

latent and sensible heat fluxes respectively in the Tropical Atlantic Ocean. Altogether532

a thermal feedback on the order of ∂Qtot

∂Ts
≈ −45W.m−2.K−1 is then expected, mostly533

driven by latent heat flux. THFF in Table 1 is computed only on the whole simulated534

year (from 365 to 730 days) and a value of ≈ −40W.m−2.K−1 is retrieved with a sim-535

ple SST retroaction, in consistence with Eq.14 to 16. This value is relatively constant536

in our simulations, slightly decreasing for coarser resolution and lower forcing frequen-537

cies (see Table 1). ∂CE/∂Ts and ∂CS/∂Ts being also positive, taking this into account538

in Eq.15 would lead to a even higher THFF estimate. THFF for the 1K100-1H simula-539

tion, defined here as δQ as a function of δT is shown in Fig.12. The obtained thermal540

feedback is consistent with previous estimates in coupled climate model : Ma et al. (2016)541

found a higher THFF ranging between 40 and 56W.m−2.K−1 but in the specific area542

of very warm eddies of the Kuroshio extension region. Moreton et al. (2021) found THFF543

ranging between 35 and 45W.m−2.K−1 over mesoscale eddies. They however used a com-544

posite approach in a model coupled with atmosphere and maximal oceanic resolution of545

1/12°, for effective radius about 40km. A coupled atmosphere layer is expected to fur-546

ther dampen the total THFF, taking into account other feedbacks than SST, in partic-547

ular evaporation. Humidity is expected to increase over warm eddy, consequently decreas-548

ing the latent heat flux driving evaporation, whereas we applied a uniform h2m field. Sim-549

ilar THFF in our simulations compared to coupled ocean-atmosphere models suggests550

that our results would not change significantly with more complex heat flux retroaction.551
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Figure 12. Thermal heat flux feedback in run 1K100-1H on the 2nd simulated year, with

linear regression as dashed black line, δQ and δT are from Fig.5f. Regression coefficient and pa-

rameters are indicated in the legend.

Without SST retroaction on air-sea fluxes, the most important difference from run552

1K100-1H is the MLD anomaly variations. Outside-eddy, mixed layer evolution is very553

similar in runs 1K100-1H and 1K100-1H-NoSST reaching about 120m at its winter max-554

imum, but the eddy MLD anomaly is about 5 times smaller (∆MLD = 18m, see Fig.11h).555

With no THFF, the MLD deepens at the same rate outside- and inside-eddy. Winter MLD556

deepening can be computed estimating the thermal loss ∆T , assuming a linear thermal557

linear stratification ∂zT :558

MLD =
∆T

∂zT
(17)

The thermal loss is the integration of the heat flux over winter duration D. Assum-559

ing stratification is at first order the same outside- and inside-eddy, MLD anomaly would560

then be driven only by heat flux lateral gradients :561

∆MLD =
D

ρ0cp∂zT
δQ (18)

In the 1K100-1H run with SST retroaction on air-sea fluxes, δQ is positive in win-562

ter reaching about +15W.m−2 over 4 months. This leads to an estimate ∆MLD ≈ 20m.563

This is the estimated contribution on eddy MLD anomaly from THFF alone, but ∆MLD =564

18m is still retrieved in run 1K100-1H-NoSST. It shows that difference between inside-565

and outside-eddy stratification also contribute to MLD anomaly in the absence of THFF.566

Assuming that ∂zT is roughly the same inside- and outside-eddy is valid in the upper567
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layers where stratification is mostly the seasonal thermocline. At depth lower than 100m568

however, the anticyclone constitutes a more homogenized layer and this assumption should569

not hold. MLD is then expected to deepen faster inside-eddy even with no SST retroac-570

tion. An example in observations is shown in Fig.3g : the inside-eddy MLD connects in571

February 2018 with the layer homogenized the previous winter and reaching quickly about572

300m. Such mixed layer deepening acceleration is partly retrieved in run 1K100-1H around573

500 days, when the mixed layer reaches the subsurface homogenized layer formed in the574

first winter (Fig.5g). To sum up, ∆MLD is about 2 to 3 times smaller in run 1K100-575

1H-NoSST than in run 1K100-1H. This gives an estimate of the relative contribution of576

THFF and stratification difference on MLD anomalies.577

In all simulations ∆MLD is anyway still relatively weak compared to the 200 to578

300m MLD anomalies observed in Mediterranean anticyclones (Barboni, Coadou-Chaventon,579

et al., 2023). Two main hypotheses can be proposed, the first being that some interan-580

nual variability is needed. The second hypothesis is that layers homogenized by winter581

MLD progressively restratify at depth in summer due to numerical diffusion (stratifica-582

tion isolines progressively closing, Fig. 5i). MLD in the following winter will then have583

to break this artificial stratification. This second hypothesis entails that the vertical grid584

is not enough refined yet to correctly preserve homogenized layers from one winter to585

another. The comparison between runs 1K100-1H and 1K100-1H-NoSST shows that SST586

retroaction on air-sea fluxes is necessary to obtained eddy MLD anomalies, but quan-587

titative description deserves further research and ∆MLD is not only driven by fluxes588

gradients at the eddy scale.589

Conclusions590

Idealized numerical experiments at high horizontal resolution and high frequency591

atmospheric forcing are able to qualitatively and quantitatively retrieve SST signature592

seasonal cycle for a mesoscale anticyclone. Starting from a surface intensified mesoscale593

anticyclone at Ro ≈ 0.16, seasonal oscillations of the eddy SST anomalies are recov-594

ered with a 1km horizontal resolution, 100 vertical levels, hourly atmospheric forcing and595

SST retroaction on air-sea fluxes. Retrieved eddy anomalies are a warm winter SST fea-596

ture at δT ≈ +0.5°C and a cold summer SST at δT ≈ −0.2°C, in consistence with597

observations. The shift from warm winter SST signature to summer cold one is explained598

by an increased vertical mixing in the anticyclone upper layers. This differential mix-599

ing is due to higher NIW energy propagation well captured through the κ − ϵ mixing600

parametrization.601

A sensitivity analysis reveals that this differential mixing depends on the grid ver-602

tical resolution. Model diffusivity near the surface is then consistently 3 times higher in603

summer inside-eddy than outside for vertical grid step about 4m or less in near surface.604

On the other hand horizontal resolution appears less critical to accurately resolve eddy605

differential mixing. Sensitivity to the forcing frequency is investigated by progressively606

removing high frequencies from the atmospheric input fields. A threshold behavior is ob-607

served when forcing frequency is lower than a day, then differential mixing dramatically608

vanishes with no significant summer cold-core anticyclonic SST. With high frequency forc-609

ing, vertical kinetic energy indeed reveals a second powerful peak only inside the anti-610

cyclone in near-surface, corresponding to internal waves at the effective inertial frequency.611

Such an analysis suggests a significant impact of the eddy vorticity as cut-off frequency612

in allowing or not the selective NIW propagation. Weaker eddy SST seasonal oscillations613

are also retrieved in the absence of high frequently forcing and consequently without dif-614

ferential mixing (3-day and 1-week experiments). This highlights that other contribu-615

tions might participate to these eddy SST signatures, in particular lateral exchanges. A616

new question for future research opened by this eddy-modulated mixing is how it depends617

on the eddy vorticity and size.618
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SST retroaction on air-sea fluxes is not found to be responsible of eddy SST sig-619

natures seasonal shift, as the seasonal oscillation is retrieved with and without air-sea620

fluxes parametrization. However this retroaction is logically found to dampen the SST621

anomalies, and then reduces eddy anomalies magnitude in both summer and winter. The622

average thermal heat flux feedback of our mesoscale anticyclone is approximately 40W.m−2.K−1,623

in consistence with analytical derivation and previous studies.624

Significant eddy-induced mixed layer anomaly ∆MLD ≈ 50m are found at 1km625

horizontal resolution, only in the presence of SST retroaction on fluxes. Linear MLD anomaly626

analysis suggests that the thermal feedback is only responsible for about half of the MLD627

anomaly. Further analysis should then investigate how SST retroaction impacts inside-628

eddy stratification. MLD anomalies do not completely converge at 1km as larger anoma-629

lies are obtained with a 500m resolution due to restratification beginning outside-eddy630

driven by submesoscale instabilities, despite similar maximal mixed-layer at the anticy-631

clone core. No restratification delay is clearly observed, but it could occur at even higher632

horizontal resolution inside the anticyclone because the balanced density gradients in-633

hibits mixed layer instabilities there. This hypothesis is consistent with observations (Barboni,634

Coadou-Chaventon, et al., 2023) but would deserve more investigation in the future. This635

result is also important as the mixed layer is a significant driver of atmospheric and bio-636

geochemical exchanges, and the explicit resolution of submesoscale processes might be637

needed to accurately reproduce their interaction with eddies (Capet et al., 2008; Lévy638

et al., 2018).639

This is the first time that sub-inertial waves concentration in anticyclones is linked640

in a numerical study to an increased mixing in near surface, spontaneously retrieved through641

the k−ϵ mixing closure. Mixing modulation by eddies suggests a strong scale interac-642

tions between sub-inertial internal waves (ω ≲ f) and the mesoscale (ω ≪ f). Differ-643

ential mixing triggered by high frequency winds is an important result highlighting the644

need of both fine vertical resolution and atmospheric forcing at sufficiently high frequency645

to correctly reproduce mesoscale eddies evolution. At present stage, global operational646

models do not have the resolution to capture these phenomena. According to this study647

vertical grid step about 4m in the upper thermocline would then be necessary to accu-648

rately reproduce mesoscale temporal evolution, or parameterize a differential mixing ra-649

tio ξ ≈ 3 in near surface.650
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A. (2019). New insight into 3-d mesoscale eddy properties from cmems opera-818

tional models in the western mediterranean. Ocean Science, 15 (4), 1111–1131.819

Montgomery, M. T., & Kallenbach, R. J. (1997). A theory for vortex rossby-waves820

and its application to spiral bands and intensity changes in hurricanes. Quar-821

terly Journal of the Royal Meteorological Society , 123 (538), 435–465.822

Moreton, S., Ferreira, D., Roberts, M., & Hewitt, H. (2021). Air-sea turbulent heat823

flux feedback over mesoscale eddies. Geophysical Research Letters, 48 (20),824

e2021GL095407.825

Moschos, E., Barboni, A., & Stegner, A. (2022). Why do inverse eddy surface tem-826

perature anomalies emerge? the case of the mediterranean sea. Remote Sens-827

ing , 14 (15), 3807.828

Nencioli, F., Dong, C., Dickey, T., Washburn, L., & McWilliams, J. C. (2010).829

A vector geometry–based eddy detection algorithm and its application to a830

high-resolution numerical model product and high-frequency radar surface831

–31–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

velocities in the southern california bight. Journal of atmospheric and oceanic832

technology , 27 (3), 564–579.833

Paulson, C. A., & Simpson, J. J. (1977). Irradiance measurements in the upper834

ocean. Journal of Physical Oceanography , 7 (6), 952–956.835
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Figure 5.1: Stratification error testing sensitivity to (a) vertical resolution, ranging from 25 to 150 streched levels,
and (b) water transparency with Jerlov water types 1 (J1, high transparency) to 5 (J5, low transparency) and 1-hour
(1h) versus 1-day (1d) fluxes inputs.

5.2 Stability analysis

5.2.1 Stratification stability

The accurate reproduction of the ocean stratification seasonal cycle is important to simulate the eddy by
comparison. Stability of the background stratification presented in the above study (Rd ≈ 11km) under
ERA5 atmospheric forcing is assessed by running stratification experiments without significant eddy. A
small (40km x 40km) grid with 2km horizontal resolution with varying vertical resolution is forced by the
ERA5 atmospheric time series for 3 years. An initial kinetic energy input is given by a small anticyclone
(Vmax = 0.2m.s−1, Rmax = 10km, H = 40m, α = 2, cf Eq.5.2). This eddy is assumed to be smaller than the
effective resolution of the AVISO product in the Mediterranean Sea (Stegner et al., 2021). Such set-up allows
to see the 3D effects of mixing due to eddies in addition to κ − ϵ parameterized vertical mixing. Simulated
stratification Nsimu(z) is compared to observed stratification Nobs(z) on the third simulated year. Nobs(z)
and its spread σobs(z), is computed using outside-eddy profile (see Sect.2.3) available per 15 days time steps
in the Levantine Basin (see map in Barboni et al. (2023b), Fig.1a). An integrated stratification error ϵN is
computed, from surface to h = 150m, setting a minimum stratification uncertainty to 1.0× 10−4s−1:

ϵN =
1

h

∫ surf

h

(Nsimu(z)−Nobs(z))
2

σobs(z)2
dz (5.1)

An error in simulated stratification is then less important when a higher variability is observed, which is
the case at the surface. Stratification error is evaluated for different forcing and vertical resolution set-ups on
Fig.5.1. On Fig.5.1a, the same forcing with 1h atmospheric flux and no short wave solar flux penetration is
applied on a varying vertical resolution: the number of vertical levels ranges from 25 to 150 with unchanged
stretching parameters (θs = 8;hc = 400m). It reveals that stratification is not very sensitive to vertical reso-
lution throughout the year, maximal ϵN decreasing from 11 with 25 levels to 7 with 150 levels. No significant
improvement is noticed with more than 75 levels. On Fig.5.1b, atmospheric forcing is applied differently on
the same vertical grid with 75 levels, with 1-hour or 1-day inputs (see Barboni et al. (2023b) Sect.2.3), and by
increasing the penetration depth of solar short wave radiation. Water transparency has an exponential decay
on 2 wavelengths (proportion of short wave heat flux on the first wavelength in parentheses) which extent
is set using Jerlov water types with Paulson and Simpson (1977) parameters: 7.9m/1.4m (78%) for Jerlov
water type 5 (opaque) to 23m/0.35m (58%) for Jerlov water type 1 (very clear). Stratification happens to
be very sensitive to water transparency, and is in the range of observation uncertainty for Jerlov type 1, in
consistence with very clear waters of the Levantine Basin. Once the correct transparency is set, there is a
slight increase to give fluxes with 1-hour inputs instead of 1-day.

Following this sensitivity analysis, our reference simulation in Barboni et al. (2023b) at 1km resolution has
100 vertical levels using hourly inputs with Jerlov type 1 transparency. Figure 5.2 shows the corresponding
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simulated stratification (black lines on Fig.5.2a-d) compared with observations (red line with spread) at four
different times of the third simulated year. Figure 5.2e shows the corresponding heat and wind fluxes time
series. Figure 5.2f (respectively 5.2g) are Hövmoller diagrams for density (stratification) and MLD over three
years. All these vertical properties are well reproduced from one year to another without significant drift.

5.2.2 Anticyclone stability analysis

Our numerical work uses an idealized anticyclonic mesoscale density anomaly with Gaussian shape in the
vertical direction and pseudo-Gaussian in the radial one with shape parameter α. It is reminded below with
radius Rmax and vertical extent H, and further illustrated in Fig.5.3a-b:

σ(r, z) = σ0
z

H
exp

(
− 1

α

(
r

Rmax

)α)
exp

(
−1

2

( z

H

)2
)

with σ0 =
ρ0fVmaxRmaxe1/α

gH
(5.2)

Following Carton et al. (1989) and Stegner and Dritschel (2000), the shape parameter α turns out to be a
crucial parameters to keep eddy as a stable monopole. However previous studies were either 2D (Carton et al.,
1989; Stegner and Dritschel, 2000) or 3D (Smyth and McWilliams, 1998) but always assumed a barotropic
eddy. Stability was studied for a baroclinic eddy by Yim et al. (2019) but with a Gaussian-Gaussian eddy,
i.e. with α = 2, and with linear stratification. In the horizontally non-Gaussian case, no analytical solution

can be found due to the impossibility to radially integrate the thermal wind equation with exp
(
− 1

α
rα

Rα
max

)

when α is not equal to 2, and no numerical study was neither performed so far.

Stability analysis is then performed as a reference to ensure the absence of growing perturbation with-
out atmospheric forcing, in particular the fastest barotropic mode 2 (large scale) instabilities (Stegner and
Dritschel, 2000). A reference simulation is run for 3 years at 4km resolution with initial anticyclonic density
anomaly from Eq.5.2, perturbed by small radial perturbations accounting for about 10% of the initial kinetic
energy. Figure 5.3c shows the evolution of azimuthal modes (for initial parameters α = 1.8 and H = 40m) as
a function of time, ensuring no slow instabilities are growing. A more detailed analysis on eddy stability is
worth additional investigation, notably sensibility to the eddy characteristic vertical scale H. We only report
here that baroclinic instabilities were not triggered and static equilibrium of the initial profile is reached
when the vertical extent is on the order of the thermocline depth (H ∼ ZT ).

5.3 Current feedback and Ekman pumping

An obvious limit in Barboni et al. (2023b) is the unexplored sensitivity of air-sea fluxes to ocean currents and
not only SST. Eddy swirling velocities provide a differential current feedback on the wind stress applied on
the ocean surface, giving a local wind stress curl and then an eddy-induced Ekman pumping (Gaube et al.,
2015). McGillicuddy (2015) proposed this mechanism to explain the formation of mode-water eddies, in par-
ticular subsurface anticyclones with isopycnals doming in the upper layers. Schütte et al. (2016) interestingly
observed mode-water anticyclones as being persistently cold-core in SST, whereas normal surface-intensified
anticyclones are warm in the Northeastern tropical Atlantic. A recent study from Ni et al. (2023) also explored
this mechanism and proposed it as the main driver of cold-core anticyclone and warm-core cyclone formation.

The same numerical set-up as in Barboni et al. (2023b) is run at 1km horizontal resolution with 100
vertical levels and 1-hour atmospheric forcing. Current feedback (CBF) is implemented as in Renault et al.

(2016a) in an additional wind stress term τ⃗ ′, with U⃗o ocean surface velocity and |UA| 10m wind speed:

τ⃗ ′ = sτ U⃗o with sτ = −2.20× 10−3N.m−4.s2|UA| (5.3)

Similar temporal tracking as in Barboni et al. (2023b) with δT and ξ indicators recovers again eddy SST
anomaly seasonal variations. But the cold-core SST signature extents after the summer until early winter
(from t = 200 to about 500d) without marked winter warm signature again (Fig.5.4c). Consequently, eddy
SST anomaly is almost continuously cold. Significant differential mixing is also recovered with ξ > 2 in early
summer, roughly from t = 200d to 350d. But in late summer until early winter ξ gets below one which means
weaker mixing inside-eddy, roughly from t = 350d to t = 500d. At the same time MLD starts deepening with
buoyancy loss, and unlike previous experiment ∆MLD is negative (shallower MLD inside-eddy) until MLD
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Figure 5.2: Testing stratification in a (40km x 40km) 3D simulation 75 vertical levels with water transparency type
Jerlov 1 and 1-hour ERA5 fluxes. (a-d) Simulated stratification N(z) at four different time of the third simulated
year. (e) Fluxes time series for heat (red line) and wind (cyan) fluxes; data are shown per day to enhance readability.
Corresponding Hövmoller diagram for (f) density and (g) stratification.
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Figure 5.3: (a) Initial vertical density profile in the background (red line, see Eq.5 in Barboni et al. (2023b)) and
at the anticyclone core (blue line, Eq.6 in Barboni et al. (2023b)); (b) section of the initial density field; (c) evolution
of vorticity azimuthal modes m, with a small initial radial disturbance. m = 0 is the axisymmetric vortex rotation
decreasing over time due to diffusivity. m = 1 does not decrease fast because of the mismatch between grid cell to
define the vortex center.
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reaches about 80m (Fig.5.4d). Another significant difference is the stronger eddy decay from Vmax ≈ 0.4 to
≈ 0.1m.s−1 in 2 years, consistent with CFB acting as energy sink at the mesoscale (Renault et al., 2016a).

A density and vorticity section helps to understand this counter-intuitive situation in fall when SST is
kept colder inside-eddy while there is less vertical mixing, shown in Fig.5.5 at t = 420d. MLD and SST map
(Fig.5.5b-c) confirm respectively the shallower MLD inside-eddy with consistent cold SST anomaly despite
the total heat flux being negative for about 2 months. Vertical section reveals the anticyclonic vorticity core
to be actually in subsurface, between about 50 to 150m (Fig.5.5d). It is capped by seasonal thermocline
progressively removed with winter cooling, but isopycnals are domed above the core which is consequently in
subsurface. Doming produces isopycnals outcropping, then positive density and hence negative temperature
anomaly above the anticyclone. MLD above the anticyclone is also logically shallower because isopycnals are
moved upwards. This behavior could be expected to persist as long as the MLD is under Ekman pumping
influence, which would mean until the Ekman layer is shallower than the MLD.

Persistence of anticyclonic cold-core SST anomalies until winter is not uncommon. Moschos et al. (2022)
gave an example in their Figure A2: an Eratosthenes anticyclone staying cold-core in surface from May 2017
to January 2018, then warm-core again from February to May 2018, then cold-core again until December
2018. Shallower MLD in anticyclone in autumn are also observed in long-lived anticyclone. Figure 5.6 shows
the evolution of another Eratosthenes anticyclone in the Levantine Basin from 2012, with δT index and MLD
computed as in Barboni et al. (2023a). δT is computed on the same Ultra-High resolution (1/120°) SST
product (Nardelli et al., 2013), which since the study from Moschos et al. (2022) was extended from 2008
onward. Profiles in early winter (Fig.5.6e) clearly shows domed isopycnals above the lighter anticyclonic
subsurface anomaly. In the upper layers the density anomaly is positive (denser) with shallower MLD coin-
ciding with δT ≈ −0.1°C. The later subsurface evolution is reported in Barboni et al. (2023a) as event ERA1.

Numerical simulation retrieving a persistent anticyclonic cold-core SST signature then seems in agreement
with observations for subsurface eddies. This result suggests a transition between 2 mechanisms contributing
to eddy SST cold anomalies. At spring restratification it seems that enhanced mixing inside anticyclone
smooths temperature gradient, then producing cold-core signatures. Later in fall, MLD starts to deepen, then
letting space for isopycnals doming above the anticyclone core. In this configuration current feedback above
the anticyclonic negative vorticity produces an upward Ekman pumping, outcropping isopycnals as visible on
section in Fig.5.5d, as argued by Ni et al. (2023). This isopycnal doming mechanism is to be compared with the
index proposed by Schütte et al. (2016) and Assassi et al. (2016) using SST signature as an index to distinguish
surface- and subsurface-intensified mesoscale anticyclones (the latter case being defined as a negative density
anomaly below a positive one). They proposed cold-core anticyclone to occur above subsurface anticyclone
because of isopycnal doming, as opposed to the eddy-modulated vertical mixing hypothesis (Moschos et al.,
2022). Assassi’s criterion however only applies in a stratified ocean without mixed layer (hence without
atmospheric interaction). They also considered a static vision without investigating temporal variations.
Our simulation results suggest that both vertical mixing modulation and Ekman pumping mechanisms are
efficient in producing cold-cor anticyclones but at different time of the summer. Cold-core signature could
appear first through enhanced-mixing inside anticyclones, an could be continued because of isopycnal doming.
Ni et al. (2023) also showed the Ekman pumping mechanism to be likely efficient, but their study uses idealized
but unrealistic constant heat and wind stress fluxes over several months in a linear stratification. Our findings
of this section shows that Ekman pumping is indeed efficient but does not explain the timing of SST inverse
signatures. More importantly, it suggests that the subsurface or mode-water anticyclone distinction criteria
from Schütte et al. (2016) and Assassi et al. (2016) - positive SLA with negative SST - could be improved
by not looking at the occurrence of the cold-core SST signature, but rather at its persistence in time, and
also by implying mixed layer interaction. Other mechanisms were proposed to contribute to these eddy SST
anomalies, in particular lateral advection which is discussed later in Sect.6.1.
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Figure 5.4: Same as run 1K100-1H in Barboni et al. (2023b) but with current feedback (CFB). (a) Heat flux (red)
and wind speed (blue) time series. (b) Rmax (red) and Vmax (blue) time series. (c) SST δT anomaly (red) and heat
flux δQ (blue) anomaly. (d) Inside-eddy MLD (dashed red), background MLD (continuous red) and MLD anomaly
(blue) time series. 2-day smoothing is applied for MLD anomaly. (e) Differential mixing ratio ξ. (f) Inside-eddy
Brunt-Vaisala frequency time series (scale factor 100). δT , δQ, ξ, summer and winter time periods (orange and blue
shades) are defined as in Barboni et al. (2023b).
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Figure 5.5: Same as run 1K100-1H in Barboni et al. (2023b) but with CFB, at t = 420d. (a) Heat flux (red) and
wind speed (blue) time series, with a red line indicating time moment of the section. (b) MLD and (c) SST maps,
with cyclones detections in red and anticyclones in blue (initial anticyclone with a thicker line). (d) Vorticity section
normalized by f , with isopycnals in black lines. A black thick line in panel (b) indicates the section location.
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Figure 5.6: (a) δT index as in Moschos et al. (2022). (b) Maximal speed (dashed blue) and maximal speed radius
(continuous blue). (c) MLD inside anticyclone (red dots) with background MLD (continuous black line) and spread
(dashed black lines) as in Barboni et al. (2023a). (d) Map showing Eratosthenes anticyclone drift along its lifetime.
(e) Density profiles in winter, inside-eddy is in red (its MLD is highlighted by a red dot), background profiles as thin
gray lines and mean background in black line.



Chapter 6

Discussion

In addition to eddy-modulated vertical mixing (Moschos et al., 2022) and eddy-induced Ekman pumping
(McGillicuddy, 2015; Ni et al., 2023), eddy lateral exchanges (in various forms) were also proposed to explain
eddy inverse SST signatures (Yasuda et al., 2000; Sun et al., 2022). A fourth mechanism was proposed
by He et al. (2020) in the case of strong freshwater flux creating a salt barrier layer, then possibly driving
negative mixed layer anomalies in anticyclones and cold-core signatures. All theses processes are summarized
in Fig.6.1. Eddy-modulated mixing and Ekman pumping were addressed in the above chapter, and we aim
here to discuss the two remaining processes. Also note that influence of differential heat flux alone was
also investigated through SST retroaction in the above chapter. Not yet introduced, the effect of interannual
variability is also discussed. As our work focused mostly on anticyclone, some comments on cyclone evolution
are presented in a last section.

6.1 Advective terms to explain inverse SST signatures

Horizontal watermasses exchanges were also proposed as a possible mechanism to explain eddy inverse SST
signatures, in particular near boundary currents. Indeed watermasses with distinct density and tempera-
ture close to each other because of topography (straits, boundary currents) or upwelling can interact and
change eddy properties. Lateral exchanges are suggested by the observational evidence of abundant inverse
signatures close to ocean basin boundaries. Earlier study from Chaigneau et al. (2011) already measured
composite anticyclonic eddy to be warm at depth but cold in surface for anticyclones detached from the
Peru-Chile upwelling system. Ni et al. (2021) measured high occurrence in the Northwestern Pacific and in
the Hudson Bay. Similar results were obtained in numerical simulations by (Sun et al., 2022) and in the
South China Sea by (Sun et al., 2021) where most inverse signatures are concentrated near the Luzon Strait
where warm Kuroshio intrusions are possible.

A first category of lateral exchanges is the vertical alignment theory. Some cold-core anticyclones were
observed earlier in the Northwestern Pacific near the Bussol Strait, but these eddies were anticyclones directly
formed from a cold and fresh low-vorticity water input from the Okhotsk Sea. These ”Bussol” eddies are
then a different type of cold-core anticyclones because their core is already cold in subsurface, with negative
density anomaly driven by salinity (Yasuda et al., 2000; Rabinovich et al., 2002). They do not present this
characteristic temperature anomaly inversion between a warmer core and a colder surface (as in the Ierapetra
eddy in Fig.9 from Moschos et al. (2022)). Yasuda et al. (2000) also observed modification of a warm and
salty anticyclone detached from the Kuroshio, drifted northwards at the Bussol Strait and influenced by
cold and fresh Okhotsk waters in surface, but not leading to cold surface signature and warmer subsurface
core. In their observed 1995 Bussol anticyclone, both watermasses seems to coexist at similar depth. Yasuda
et al. (2000) interestingly also noticed a seasonality in cold-core ”Bussol” anticyclones growth, but this is
more likely due to a seasonal variation of the Okhotsk Sea cold and fresh outflow. Itoh and Yasuda (2010b)
conducted more investigation and found that cold-core Bussol eddies could get vertically aligned with warm
Kuroshio rings. Due to the density difference, the cold and fresh core tends to be deeper than the warm and
saline one, leading to double core anticyclones formation as warmer in surface. No anticyclone formation
as cold in surface with a warmer subsurface core was reported so far from this mechanism. But cold-core
anticyclones detached from boundary currents are also observed in the Beaufort gyres and could experience
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Figure 6.1: Summary of various proposed mechanisms to explain eddy-induced inverse SST signatures.

similar interactions (Pickart et al., 2005). This mechanism could then partly explain the high occurrence
of inverse eddy SST anomalies at high latitudes (Ni et al., 2021), where density is much more affected by
salinity gradients.

A second lateral exchange mechanism is proposed by Sun et al. (2021) at the Luzon Strait. Warm fila-
ments sheared from Kuroshio intrusions can wind over an already existing warm core anticyclone, but still
cooler than tropical waters advected by the Kuroshio. Their study only used numerical simulations and de-
serve observational confirmation. But in many regions anticyclones coexist with a nearby warm current from
which filaments can be expelled (e.g. anticyclones in the Levantine Basin shown in Fig.1.1c, reproduced from
Hamad et al. (2006)). This mechanism is then more likely to happen at global scale than vertical alignment
of cold-fresh and warm-saline cores.

Lateral advection terms in simulation were investigated in Ni et al. (2023) but in extremely idealized
cases where eddies conserve their circular shape. This is not the case at all with realistic heat fluxes and
wind stress generating strong submesoscale instabilities, as shown in our seasonal evolution study in Sect.5.1.
The contour chosen to study eddy evolution in our numerical study is the AMEDA contour based on 48h
average SSH map. Such method allows comparison with remote-sensing eddy observations, but does not
allow to quantify lateral exchanges with varying eddy boundaries. As already discussed in the introduction,
the non-linear hydrological definition we chose based on a SSH contour is not perfect when considering wa-
ter transport issues (Beron-Vera et al., 2013). A better definition for eddy boundaries is then needed, and
promising methods are coherent Lagrangian boundaries (Haller, 2005) or eddy boundaries based on Ertel
potential vorticity contours (Hoskins, 1974), the latter being likely more easy to implement.

6.2 Interannual variability

The Mediterranean Sea has a marked seasonal cycle in both heat and freshwater fluxes, discussed in Sect.1.5
and presented on Fig.1.5. The interannual variability is however also significant, on atmospheric fluxes (Mar-
iotti, 2010) but also physical properties (Ozer et al., 2017) with long-term warming and higher evaporation
trends. We built our background method to minize bias due to interannual variability by selecting only closer
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years (∆year = ±1) in our reference background, as discussed in Sect.2.5 ( see Fig.2.10 for heat and salt
anomalies, Fig.A1 in Barboni et al. (2023a) for MLD). This enabled us to focus on the drivers of the seasonal
variability, but the difference from one year to another was not really addressed. We showed that maximal
winter MLD in anticyclones greatly depends on its vertical profile, whether the current winter MLD connects
and mixes the density anomaly at depth or not. As already discussed in Sect.5.2 in Barboni et al. (2023a),
this MLD interannual variability is likely driven by winter heat loss variability. Heat fluxes time series in the
Mediterranean Sea indeed showed that most of the interannual variability comes in winter, basin-wide and
monthly averages reaching for some winters Qtot ≈ −250W.m−2 and barely reaching Qtot ≈ −150W.m−2

for other winters (Pettenuzzo et al., 2010). The proposed mechanism for a double-core anticyclone would
be that a second winter is less cold than the first one, as schematically depicted in Fig.6.2a (|Q1| > |Q2|).
If on the opposite the second winter is colder than the first one, the maximal winter mixed layer will only
get deeper but no double-core anticyclone is formed (Fig.6.2b with |Q1| < |Q2|). Also note that in Fig.6.2,
the first winter forms a mode-water core from an originally anticyclonic stratified density anomaly. But in
practice, and as shown in our MLD study (Sect4), subsurface density anomaly are still homogenized even
before the first winter (homogenized being defined as |∂zT | < 2.5 × 10−3°C.m−1). Hence our concept of
”connecting”/”non-connecting” winter can be applied even on the first winter of an eddy lifetime (e.g. IER1
event in Fig.10 from Barboni et al. (2023a)). Further development of our MLD evolution study could then
look at the correlation with winter heat loss variability. Would the proposed mechanism in Fig.6.2 be con-
firmed, it could have important consequence on anticyclone vertical structure and biological productivity in
a warming climate. Winters are indeed projected to be warmer in the Mediterranean Sea, even with limited
anthropogenic CO2 production (Giorgi and Lionello, 2008). As already discussed in Sect.5.2 in Barboni et al.
(2023a), warmer winters could then lead to more often double-core anticyclone formation, then limiting the
nutrient input for phytoplankton bloom at the eddy center.

Another question is the signature in SST of these mixed layer deepening events and whether they sign
differently between ”connecting” or ”non-connecting” events. The mixed layer temperature signature was
shown in Fig.9 in Barboni et al. (2023a), however this was for two ”non-connecting” MLD events, and corre-
lation with remote-sensing SST was not attempted. An interesting link to try is to test whether stratification
removal by heat loss can be monitored from SST. Indeed it is buoyancy flux which drives isopycnals out-
cropping and hence SST variations, as sketched in Fig.6.2. This is not true in the general case outside-eddy
because it neglects lateral fluxes from submesoscale instabilities. However continuous winter mixed layer
deepening inside anticyclone is observed in Barboni et al. (2023a) and in high resolution numerical simu-
lation the anticyclone core appeared to be shielded from submesoscale instabilities (Fig.7 in Barboni et al.
(2023b)). Lateral exchanges could then be assumed as negligible compared to winter heat loss at the eddy
core. This suggests new possibilities to unveil mesoscale eddy subsurface evolution tracking only SST varia-
tion at its center.

Interannual variability is also a limit of the numerical study in Sect.5.1, where the same heat and wind
time series from September 2015 to September 2016 runs cyclically as input atmospheric forcing. Choosing
2014-2015 instead of 2015-2016 as forcing time series did not change the results, but this should be checked
numerically in a more systematic way. It should also be noted that eddy MLD anomalies are not retrieved in
our numerical simulations with the same magnitude as in observations. this might be caused to inaccurate
background MLD due to unresolved mixed layer instabilities outside-eddy (see Sect.3.1 in Barboni et al.
(2023b)).

SST signature Interannual variability is also a limit of the eddy-induced SST anomaly study in Sect.3,
because at that time the Ultra-High resolution SST product was only available from 2016 to 2018. Now that
it is available from 2008 onward, this limit could also be checked. in their global study with deep learning
approach, Liu et al. (2021) very interestingly observed a significant decrease for both warm-core cyclones
and cold-core anticyclones, with a linear trend for global fraction at −0.26%.y−1 (respectively −0.27%.y−1)
from 1996 to 2015. In absolute number they observed both an increase of normal signatures and a decrease
in inverse one, with no convincing mechanism. If this strong interannual trend is a climate change signal,
then it is likely to be also recovered in the Mediterranean Sea where surface temperature is warming fast,
in particular in the Levantine Basin (Pastor et al., 2020). A possible explanation would be that if SST
is warmer while heat accumulates only at slower rate at depth, surface stratification is stronger. Stronger
stratification reduces the efficiency of differential effects (vertical mixing modulation and Ekman pumping),
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Figure 6.2: Proposed mechanism to explain different anticyclone MLD anomalies from interannual flux variability.
(a) A second winter is less cold than the first, MLD then does not deepen as much and forms a second mode water
core. A double-core anticyclone is formed with new summer restratification. (b) The second winter is colder than the
first one, then the whole anticyclone core is mixed and no double-core anticyclone is formed.

then decreasing the appearance of inverse SST anomalies. Last, looking at inverse SST signatures interan-
nual variability with wind could be a way to determine the main driving mechanism. Eddy vertical mixing
modulation should indeed be more sensitive wind spectral content for NIW generation, whereas eddy Ekman
pumping should be more sensitive to wind speed average.

6.3 Coupled atmospheric response

In all physical mechanisms listed so far and presented in Fig.6.1, we mostly consider the eddy response to
an atmospheric forcing, assumed constant, except for thermal heat flux feedback (Barboni et al., 2023b) and
possibly freshwater fluxes (He et al., 2020). We then took the opposite viewpoint from numerous studies
investigating the atmospheric response to an heterogeneous ocean, for SST (O’Neill et al., 2005; Frenger
et al., 2013) and wind stress (Chelton et al., 2004). Considering a full atmospheric retroaction entails differ-
ent mechanisms, gathered here in two main part: the effect of surface currents on boundary layer stability -
referred to as thermal current feedback - and surface waves current interactions with mesoscale eddies.

6.3.1 Thermal current feedback

An atmospheric retroaction not discussed in this study is the crossed effect of ocean currents on turbulent
heat fluxes, and of SST on wind stress, from which observational evidences are numerous (Chelton et al.,
2004; Frenger et al., 2013). In our set-up SST and velocity sensitivities of CD (drag), CS (sensible heat) and
CE (latent heat) exchange coefficients were assumed to be very weak compared to the linear thermal heat
flux feedback (Eq.13-15 in Barboni et al. (2023b)) and wind stress. If eddy SST anomaly has a large impact
on marine atmospheric boundary layer stability, one can expect this thermal current feedback to increase the
total thermal heat flux feedback, and hence only further dampen eddy SST anomalies and reduce δT seasonal
cycle. As discussed in Sect.3.3 from Barboni et al. (2023b), this is due to ∂CE/∂Ts

being positive. The eddy-
averaged thermal feedback being already on the order of what is found in ocean simulations coupled with
atmosphere, this effect seems at second order. Thermal feedback on wind stress however could have more
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influence. As detailed in Gaube et al. (2015), SST anomaly will drive a differential wind stress at the eddy
scale, hence wind stress curl and Ekman pumping dipole. But this effect is also diagnosed by Gaube et al.
(2015) as secondary. All these atmospheric processes could be further investigated with a new atmospheric
boundary layer module developed for CROCO (Lemarié et al., 2021).

6.3.2 Eddy interactions with surface waves

At the ocean interface between atmosphere and ocean mixed layer, there are surface waves, greatly impacting
air-sea fluxes through the surface roughness, taken into account via the Charnock parameter. In COARE
parametrization, the wave height is assumed to response directly to the 10m wind speed (Fairall et al., 2003).
Yet several recent observational works (Romero et al., 2017) and numerical simulations (Ardhuin et al., 2017)
showed a significant modulation of wave height by ocean currents, thermal fronts and mesoscale eddy field.
Ongoing research on numerical simulations coupling ocean currents, surface waves and atmospheric boundary
layers are promising for a better representation of submesoscale processes in models. But the implications of
these wave-eddy interaction for mesoscale evolution are yet unknown. In an idealized study comparable to
our eddy-modulated vertical mixing (Sect.5.1), Marechal and de Marez (2021) investigated the impact of an
individual cyclone on a surface wave field with three different frequencies. In addition to the already known
wave rays refraction effect and wavelength modulation (Mapp et al., 1985), they showed that the eddy branch
following (opposing) wave direction resulted in elongated (shortened) wave period and decreased (increased)
wave height. All these processes contribute to decrease (enhance) surface slope, hence weaker (stronger) heat
and momentum fluxes in the following (opposing) part of the eddy. The effect should then have a bipolar
shape, acting as a corrective dampening of the monopolar heat flux feedback and Ekman pumping, in a
similar way to the SST-induced Ekman pumping described by Gaube et al. (2015). But this theory should
be further developed and numerically assessed in numerical simulations on mesoscale evolution timescales.

6.4 Salinity and freshwater fluxes

Freshwater fluxes were assumed in our study to be negligible compared to heat fluxes in the buoyancy forcing
at the seasonal scale in the Mediterranean Sea (see Sect.1.5). This neglects in particular the role of river
plumes, assumed to be also negligible following Mariotti et al. (2002). The role of salinity on the anticy-
clone density anomaly is however far from being null, as anticyclonic structure across the Mediterranean
basin have negative buoyancy anomalies strengthened by fresher core in the Western Basin (Garreau et al.,
2018; Budillon et al., 2009) but reduced by a saltier core in the Levantine Basin (Hayes et al., 2011), which
was also measured by the BOUM cruise (Moutin and Prieur, 2012). When freshwater fluxes also starts to
be non negligible on buoyancy, some studies showed that the average behavior in terms of MLD anomalies
can be different than heat fluxes, as shown in the Bengal Bay by He et al. (2020), unveiling another complexity.

Salinity then needs to be added to have a more realistic buoyancy forcing. It also offers another hypoth-
esis to explain the shift from ”non-connecting” winter MLD to ”connecting” ones, different from scheme in
Fig.6.2. Despite similar heat loss in consecutive winter, the advection of fresher water at the anticyclone core
could increase the stratification barrier for winter convection, resulting in a ”non-connecting” mixed layer.
This hypothesis could be considered as likely as our long-lived anticyclones see frequent mergings from smaller
structures detached from the Libyo-Egyptian current near the coast (Barboni et al., 2021), with modified
Atlantic waters slightly fresher (Millot and Taupier-Letage, 2005). This was investigated in various ”non-
connecting” events reported in Barboni et al. (2023a), however no strong stratification barrier due to salt was
recorded. Even in the Tyrrhenian Sea, where salt accounts for a significant part of the anticyclone density
anomaly, this was not observed. An example in Fig.6.3 shows the temperature, salt and density profiles at
the mixed layer deepening maximum in the Central Tyrrhenian anticyclone included in our study (Barboni
et al., 2023a) as event TYR2. The residual stratification barrier is indeed driven by warm (+1.5°C) rather
than fresh (+0PSU) anomaly. The case of Algerian anticyclones was not investigated in our study, however
an Algerian eddy with a fresher shallower core was surveyed by Garreau et al. (2018), revealing a marked
density difference due to salinity. This salinity variability might be specific to Algerian eddies because they
are fed by detachment of fresher Atlantic waters along the Algerian coast. It could explain why no larger
anticyclonic MLD anomalies are observed in this region (see Fig.4.1b). Salinity fluxes variability impacting
Mediterranean eddies is worth additional investigation. But salinity fluxes in the Mediterranean Sea are
for an unknown part driven by lateral exchanges with filaments and eddies from the coastal current, mak-
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Figure 6.3: (a) Temperature, (b) density and (c) salt profiles collocated inside anticyclone in event TYR2 at the
moment of maximal MLD anomaly (see Table 1 in Barboni et al. (2023a)). Colored line is the profile inside-eddy
closest to eddy center, thin gray lines are profiles constituting the background and thick gray lines is the average
background. Red dot is inside-eddy MLD, black continuous line is background MLD and spread in dashed black line.
(d) Bathymetric map showing the eddy footprint, inside-eddy and background profiles.

ing it very difficult to constrain if one wants to remain in an idealized perspective as in Barboni et al. (2023b).

An insight into Arabian Sea eddies

Due to the small deformation radius in the Mediterranean Sea and the overall small salinity range compared
to tropical seas, it is not possible to measure eddy Sea Surface Salinity (SSS) anomaly. Available remote-
sensing SSS products are indeed at best at a 1/4°resolution resolution (Boutin et al., 2018). In the Arabian
Sea, the deformation radius spans between roughly 200km at 5°N and 100km at 25°N. The Arabian Sea
offers a very different range of processes compared to the Mediterranean Sea. β-drift is significant and faster
near the Equator, about 4km.d−1, leading to an overall westwards drift of mesoscale eddies. Most eddies
on the Omani coast are then at lot older than eddies on the eastern boundary. The monsoon regime, with
strong Southwest winds in summer and Northeast winds in winter (Bruce, 1983), leads to a reversal of the
mean surface circulation from anticyclonic in summer to cyclonic in winter (Shetye et al., 1994). Summer
monsoon also gives strong Western boundary upwelling off the Somali coast (Schott and Quadfasel, 1982)
and the seasonal formation the large anticyclonic Great Whirl (Vic et al., 2014). Strong low salinity input
comes from the Bay of Bengal current, forming large anticyclonic eddy near the Lakshadweep islands drifting
westwards (Ernst et al., 2022). Last, there is seasonally a strong atmospheric freshwater flux zonal gradient
between the large precipitation over the Indian subcontinent and the dry Arabia. Eddy SST, SSS and MLD
variability was so far only assessed by a composite approach (Trott et al., 2019). We then aim to investigate
the variability of eddy SST and SSS anomalies in the Arabian context, from a Lagrangian viewpoint. This
project is ongoing with a Physical Oceanography master student from University of Western Brittany, Florian
Barge. Some analyses are shown here as examples of different eddy behavior with different physical processes
as the Mediterranean Sea.

We were able to compute eddy-induced SST and SSS anomalies in the Arabian Sea from 2010 to 2015.
Thanks to a project with CLS, an AVISO product at 1/8°resolution was produced from 2000 to 2015, together
with an equivalent version of the DYNED Atlas with AMEDA eddy detections. This dataset was already
used to investigate the vertical structure of eddies in the Arabian Sea (de Marez et al., 2019). Applying the
δT method from Moschos et al. (2022), we computed an SST anomaly index using the daily ODYSSEA SST
with 0.1°resolution (Piolle et al., 2010). An SSS anomaly index is computed using SMOS L3 SSS version 5
gridded at 1/4 °with 4-days output Gaussian smoothed over 9 days (Boutin et al., 2018). Effective spatial
resolution is about 45km and standard error when compared to ship data is 0.2 PSU. A threshold for eddy
observations of 4cm was applied on eddy sea level elevation (SSH maxima between the eddy center and the
outermost closed SSH contour) to discard weak detections with unreliable SSH contours. 4cm is up to three
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Figure 6.4: Eddy SST anomaly in the Arabian Sea from ODYSSEA SST. (a) Anticyclones and (b) cyclones in
the Southwestern monsoon (January to September). (c) Anticyclones and (d) cyclones in the Northeastern monsoon
(December to February). Figures are from Florian Barge.

times the usual SSH mapping error (Pujol et al., 2016). This dataset ensures SSS and SST coverage from
October 2010 to December 2015, but could be even improved with more recent SSS data (SMOS L3 version
7) or OSTIA SST at 0.05°resolution (Donlon et al., 2012).

The variability of SST and SSS anomalies is shown here in Fig.6.4 and 6.5 respectively. For δT , the most
important feature is the strong zonal gradient between weak signatures on the eastern side and marked ones
on the western side. The eddy heterogeneous repartition can also be noted, many eddy detections in the
Central Arabian Sea being removed due to our 4cm threshold. Very warm anticyclones δT > 1°C and very
cold cyclones δT < −1°C are found in summer only along the Omani coast, with no inverse signatures, except
further North than 21°N. During the winter monsoon, anticyclones are overall also warm and cyclones cold
but with weaker signatures |δT | < 1°C. But few cold-core anticyclones near the Somali coast are observed
and both warm-core cyclones and cold-core anticyclones near the Lakshadweep archipelago. For δSSS,
the picture is very different with fresher anticyclones and saltier cyclones in the Southwestern part of the
Arabian sea, in particular during the summer monsoon. The SSS anomaly is however extremely strong near
the Indian coast during the winter monsoon with |δSSS| > 1PSU . Eddy SSS anomaly are more variable in
the Northern Arabian Sea. Simply with statistics, this shows us that eddy seasonal surface anomalies are
driven by different water properties.
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Figure 6.5: Same as Fig.6.4 but for SMOS SSS. Figures are from Florian Barge.
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6.5 About cyclones

6.5.1 Cyclonic SST anomaly

Eddy SST evolution with a realistic atmospheric forcing was focused in our study (Sect.5.1) on an anticyclonic
case. However in remote-sensing SST, cyclones have very similar trend of predominant warm-core signatures
from May to July (Fig.6 in Moschos et al. (2022)). Despite local slight variations, no cyclone-anticyclone
asymmetry was detected in global studies (Sun et al., 2019; Ni et al., 2021). The same numerical set-up could
be used to determine if inverse SST signature also appear for cyclones in high-resolution numerical simulation.

Considering NIIW waves propagation, the linear theory from Kunze (1985) predict waves being expelled
from cyclones. But it is however not straightforward that this eddy-waves interaction would result linearly in
a decreased mixing as proposed by Moschos et al. (2022). Observational (D’Asaro, 1995; Fernández-Castro
et al., 2020) and numerical studies (Asselin and Young, 2020) mostly focused on NIIW concentration in anti-
cyclones. Then even if the mixing parametrization computes a decreased mixing in cyclone as a consequence
of higher effective Coriolis frequency, comparison with observation will remain an issue.

The main alternative mechanism to explain eddy SST inverse signatures is Ekman pumping, and is sym-
metric between cyclone and anticyclones in theory (McGillicuddy, 2015; Gaube et al., 2015). Interaction
between a subsurface cyclone should result in an isopycnal thinning at depth and then surface isopycnals
deflected downwards with downwelling (McGillicuddy, 2015; Ni et al., 2023). However isopycnals outcropping
with Ekman pumping in anticyclones automatically brings colder waters upwards. But in cyclones the isopy-
cnals deflection could be less efficient because it requires surface heat flux to warm up waters. Ni et al. (2023)
recovered a slight cyclone-anticyclone asymmetry in SST anomalies with anticyclonic anomaly stronger than
cyclonic one despite identical heat flux and symmetric velocity field. The isopycnal thinning in the cyclone
core might also have a different dynamical impact than on an anticyclone.

Interestingly, if no asymmetry is observed with remote-sensing, several studies which used vertical profiles
to collocate eddy SST with subsurface signatures noticed that anticyclones can be very often subsurface-
intensified but with cold SST signatures. Chaigneau et al. (2011) observed this for the mean anticyclone
signature, Schütte et al. (2016) observed this as a separate mode-waters anticyclone eddy category. But geo-
metrically, no equivalent of mode water cyclone can be defined, strong heat loss with isopycnals outcropping
in cyclones ending in deep convection (Legg and Marshall, 1998). Submesoscale coherent vortices however
can be observed (de Marez et al., 2020), but their are not formed from atmospheric interactions. This lack of
mode water eddy cyclonic counterpart suggests that if Ekman pumping is an efficient mechanism, this does
not apply for cyclones.

Last, another clear source of cyclone-anticyclone asymmetrical evolution is that cyclones tend to be
smaller, typically smaller than the deformation radius to be stable (Arai and Yamagata, 1994; Stegner et al.,
2021). This translates in much shorter lifetimes, few cyclones living longer than a year in the Mediterranean
Sea (see Fig.2.4), but this is likely also biased by less reliable cyclonic detections and hence structures being
more difficult to track. But a strong consequence for our topic is that in smaller structures, ratio of lateral
compared to vertical exchanges is more important. Lateral advective terms at the eddy boundary can then be
less negligible for cyclones than for anticyclone. This hypothesis is strengthened by the tendency for cyclones
to be more sensible to external shear (Graves et al., 2006).

As detailed above, a paradox of eddy inverse SST signatures is then that despite being symmetrically
observed between cyclones and anticyclones, no explanatory mechanism is asserted to be symmetric. Inves-
tigating cyclones SST signatures is then an interesting way to unveil the determining driving processes for
inverse SST anomalies.

6.5.2 Winter mixed layer anomaly in cyclones

Barboni et al. (2023a) focused on long-lived anticyclone MLD, but a similar analysis is still lacking for cy-
clones evolution, and several questions remain. First of all, is the MLD indeed shallower inside long-lived
cyclones than outside-eddy? This issue was addressed so far only through composites by Sun et al. (2017)
and Gaube et al. (2019) (see also point-wise map in Fig.4.1). And secondly, does a similar MLD stratification
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delay or advance occurs in mesoscale cyclones? As explained in Sect.1.5, cyclones are often smaller than
the effective resolution of altimetry product and consequently cyclone observations are less reliable (Stegner
et al., 2021). The availability of long time series of Argo floats trapped inside cyclones enabling comparison
to Fig.4 or 5 in Sect.4 is then not possible.

If no subsurface time series are available, Fig.4.1a previously presented offers a first point-wise vision
of cyclone MLD anomalies. MLD anomalies computed as difference from the outside-eddy background are
simply shown as colored dots were the profile was cast. Only profiles identified inside the maximal speed
radius of a cyclone at ± 2 days (as in section 2.3) are shown, only from January to March.This method
allows to show MLD anomalies without composites but also without temporal variability. Despite more noise
for cyclones, shallower MLD is the dominant signal. Some discrepancies occur in larger cyclonic Ligurian,
Adriatic and Rhodes gyres with extremely deep MLD anomalies. This signal is very likely due to deep or
intermediate winter convection in these regions due to stratification preconditioning because of the cyclonic
circulation. The difference between a gyre (larger than Rd, bounded by topography) and a mesoscale eddy
(scaling with Rd) needs to be taken into account to improve this analysis, but cyclonic eddies seems to have
indeed shallower MLD on the order of several dozens of meters. As expected cyclonic MLD anomalies are not
as large upwards as anticyclonic ones downwards because MLD can not be shallower than the sea surface,
and we recover here another aspect of cyclone-anticyclone asymmetry. Numerical simulations will be of great
help to test MLD and eddy-induced SST signatures in cyclones.



Chapter 7

Conclusions and perspectives

In this study, we investigated mesoscale eddy surface and subsurface evolution. We adopted a non-linear
hydrological definition: an eddy is defined as a density anomaly in thermal wind balance at scale close to
or larger than the baroclinic deformation radius, and slowly drifting compared to Rossby wave phase speed.
This definition ensures a compromise between hydrological and geometrical realities of an eddy. It can be
easily adapted to altimetry remote-sensing to detect and track eddies in time through the AMEDA algorithm,
following eddies in a Lagrangian approach. Eddy tracks in the Mediterranean Sea using 1/8 °AVISO altime-
try are gathered in the DYNED Atlas. A collocation method between in situ measurements and SSH-based
eddy contours was developed to accurately classify inside- and outside-eddy data. A reference outside-eddy
background allows to accurately measure the eddy-induced anomalies.

Application of Lagrangian tracking collocated with sea surface temperature data revealed a marked sea-
sonal signal in eddy surface signatures. Anticyclones are predominantly warm in surface in winter, but shift
to predominantly cold in early summer with mixed layer restratification. Conversely cyclones are generally
cold in winter but warm in summer. This could be observed through SST signatures statistics but also track-
ing individual structure. Collocated Argo profile inside-eddy also revealed these ”inverse” SST signature to
occur only in near-surface, in the upper 50m. Anticyclone cores then remain warmer at depth, and it is
only the upper temperature gradient of summer restratification which is less pronounced. From these obser-
vations, a driving mechanism in proposed based on eddy-modulated vertical mixing, anticyclones (cyclone)
being assumed to enhance (decrease) mixing in near-surface due to near-inertial waves modulation by the
geostrophic eddy field. This mechanism was numerically proven in an idealized anticyclone submitted to
realistic atmospheric forcing. Summer cold-core signature is recovered in similar way for two years, together
with an mixing enhanced by a factor 3 in the upper layers of an anticyclone. Removing high frequency content
from forcing input confirmed the importance of high frequency forcing. Differential mixing vanishes when the
inertial frequency is not triggered anymore. Sensitivity to grid cell resolution also showed that the differential
mixing and eddy SST signature variations are greatly diminished when resolution is coarser than and 3m in
the vertical. Thermal heat flux feedback driven by eddy SST anomaly appears on the opposite to dampen
the eddy SST variations. Among other driving mechanisms proposed in the literature, eddy-induced Ekman
pumping also appears to control SST variations. It creates an isopycnals doming responsible for summer
cold-core SST anomaly lasting until early winter above a subsurface anticyclone. The eddy vertical mixing
modulation and Ekman pumping both seem to match qualitatively observations. Further investigation should
then focus on examining quantitative agreement of observed inverse SST anomalies, eddy vertical structures
and atmospheric forcing. In particular future work could be dedicated to SST anomalies sensibility to eddy
strength, size and cyclone-anticyclone asymmetry. Both phenomenon are interesting in suggesting a way to
deduce information on eddy vertical structures from its SST signature temporal remanence.

Below the surface, vertical evolution of collocated profiles inside long-lived Mediterranean anticyclones
revealed a different mixed layer evolution compared to outside-eddy background. Winter mixed layer deep-
ening is prolonged by one to two months, letting time for warm surface temperature in the anticyclone to cool
down. Fluxes differences between the eddy and the exterior seem at stake and would need further investiga-
tion. Winter mixed layer in anticyclones can connect or not with a preexisting subsurface anomaly. In the
first case, this leads to extreme MLD down to 350m; in the latter case, a double-core anticyclone is formed
during spring restratification. Such mechanisms show the possibility of complex interaction between air-sea
fluxes and subsurface density anomaly, and also suggest a pathway for mode waters inside anticyclone in the
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formation of multi-layer eddies. This mechanism is interesting in suggesting a more frequent way to form
double-core anticyclone than the vertical alignment process often spotlighted in the literature. What drives
the shift from a ”connecting” winter to a ”non-connecting” one would need further investigation. Their dif-
ferent consequences on the anticyclone fate, energy budget, and in a later step its biogeochemistry influence
are also at stake. The segmentation between these two different MLD evolution patterns is however thought
to be linked with winter heat loss variability. Variability of salinity fluxes, more difficult to estimate, could
also be a differential mechanism to increase and reduce buoyancy loss, and deserves additional investigation.
The relationship between differential mixed layer deepening with SST variations remains to be clarify, but it
provides a promising clue for anticyclone vertical structure estimation with remote-sensing. MLD anomalies
and restratification delay are not recovered yet in simulation, but our numerical results show an important
role of submesoscale. Mixed layer anomalies could trigger an earlier restratification outside-eddy, letting
mixed deepen further inside anticyclones. This interesting mechanism also suggests a sensitivity to horizon-
tal grid resolution.

These results show that far from being only unperturbed structures modulating heat fluxes and wind
stress, eddies also response to this atmospheric forcing on longer seasonal timescale. There is then a signifi-
cant impact of air-sea heat and momentum fluxes on mesoscale eddies, in both surface signature and at depth
on their density anomalies. Fluxes modulation by eddies involve various physical processes investigated in
this study, among which thermal heat flux feedback, mixed layer restratification, vertical mixing, near-inertial
waves focalisation and Ekman pumping. Other mechanisms were proposed deserve further investigation, such
as lateral exchanges, then likely requiring an eddy definition more accurate for water transport. Salinity fluxes
was not discussed in our study and could be an important mechanism in modulating the seasonal density
variations. It appears that eddy surface signature evolution strongly couples air-sea fluxes with the eddy den-
sity anomaly through the mixed layer, in both summer and winter. This suggests several path for research
to retrieve information on the ocean interior using remote-sensing measurements. Recent research efforts
in coupled simulations with surface waves and atmospheric boundary layers are also promising to describe
more accurately eddy retroactions with atmosphere. An interesting outcome of these various interactions is
that mesoscale eddies not only integrate atmospheric fluxes variations - typically seasons - but also act on
forcing derivatives - typically after a wind blow - with near-inertial waves trapping. The implication for more
accurate eddy resolution in numerical simulations entails to consider eddies as evolving entities instead of
Eulerian statistics, but also to resolve a very wide range of spatial and temporal scales, from near-inertial
periods to seasons.
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Malanotte-Rizzoli, P., Manca, B. B., d’Alcalà, M. R., Theocharis, A., Bergamasco, A., Bregant, D., Budillon,
G., Civitarese, G., Georgopoulos, D., Michelato, A., et al.: A synthesis of the Ionian Sea hydrography,
circulation and water mass pathways during POEM-Phase I, Progress in Oceanography, 39, 153–204, 1997.

Malanotte-Rizzoli, P., Manca, B. B., d’Alcala, M. R., Theocharis, A., Brenner, S., Budillon, G., and Ozsoy,
E.: The Eastern Mediterranean in the 80s and in the 90s: the big transition in the intermediate and deep
circulations, Dynamics of Atmospheres and Oceans, 29, 365–395, 1999.

Mapp, G. R., Welch, C. S., and Munday, J. C.: Wave refraction by warm core rings, Journal of Geophysical
Research: Oceans, 90, 7153–7162, 1985.



154 BIBLIOGRAPHY

Marechal, G. and de Marez, C.: Variability of wind wave field by realistic mesoscale and submesoscale eddy
field, Ocean Sci. Discuss, 53, 1–18, 2021.

Margirier, F., Testor, P., Heslop, E., Mallil, K., Bosse, A., Houpert, L., Mortier, L., Bouin, M.-N., Coppola,
L., D’ortenzio, F., et al.: Abrupt warming and salinification of intermediate waters interplays with decline
of deep convection in the Northwestern Mediterranean Sea, Scientific Reports, 10, 20 923, 2020.

Mariotti, A.: Recent changes in the Mediterranean water cycle: a pathway toward long-term regional hydro-
climatic change?, Journal of Climate, 23, 1513–1525, 2010.

Mariotti, A., Struglia, M. V., Zeng, N., and Lau, K.: The hydrological cycle in the Mediterranean region and
implications for the water budget of the Mediterranean Sea, Journal of climate, 15, 1674–1690, 2002.

Mason, E., Pascual, A., and McWilliams, J. C.: A new sea surface height–based code for oceanic mesoscale
eddy tracking, Journal of Atmospheric and Oceanic Technology, 31, 1181–1188, 2014.

Matteoda, A. M. and Glenn, S. M.: Observations of recurrent mesoscale eddies in the eastern Mediterranean,
Journal of Geophysical Research: Oceans, 101, 20 687–20 709, 1996.

McCreary, J. P., Lee, H. S., and Enfield, D. B.: The response of the coastal ocean to strong offshore winds:
With application to circulations in the Gulfs of Tehuantepec and Papagayo, Journal of Marine Research,
47, 81–109, 1989.

McDougall, T., Feistel, R., Millero, F., Jackett, D., Wright, D., King, B., Marion, G., Chen, C., Spitzer, P.,
and Seitz, S.: The international thermodynamic equation of seawater 2010 (TEOS-10): Calculation and
use of thermodynamic properties, Global ship-based repeat hydrography manual, IOCCP report no, 14,
2009.

McDowell, S. E. and Rossby, H. T.: Mediterranean water: An intense mesoscale eddy off the Bahamas,
Science, 202, 1085–1087, 1978.

McGillicuddy, D. J.: Formation of intrathermocline lenses by eddy–wind interaction, Journal of Physical
Oceanography, 45, 606–612, 2015.

McGillicuddy, D. J., Johnson, R., Siegel, D., Michaels, A., Bates, N., and Knap, A.: Mesoscale variations
of biogeochemical properties in the Sargasso Sea, Journal of Geophysical Research: Oceans, 104, 13 381–
13 394, 1999.

McGillicuddy, D. J., Anderson, L. A., Bates, N. R., Bibby, T., Buesseler, K. O., Carlson, C. A., Davis, C. S.,
Ewart, C., Falkowski, P. G., Goldthwait, S. A., et al.: Eddy/wind interactions stimulate extraordinary
mid-ocean plankton blooms, Science, 316, 1021–1026, 2007.

McWilliams, J. C.: A review of research on mesoscale ocean currents, Reviews of Geophysics, 17, 1548–1558,
1979.

McWilliams, J. C.: The emergence of isolated coherent vortices in turbulent flow, Journal of Fluid Mechanics,
146, 21–43, 1984.

McWilliams, J. C.: Submesoscale, coherent vortices in the ocean, Reviews of Geophysics, 23, 165–182, 1985.

MEDOC Group: Observation of formation of deep water in the Mediterranean Sea, 1969, Nature, 227,
1037–1040, 1970.

Menna, M., Poulain, P.-M., Zodiatis, G., and Gertman, I.: On the surface circulation of the Levantine sub-
basin derived from Lagrangian drifters and satellite altimetry data, Deep Sea Research Part I: Oceano-
graphic Research Papers, 65, 46–58, 2012.

Meunier, T., Pallás-Sanz, E., Tenreiro, M., Portela, E., Ochoa, J., Ruiz-Angulo, A., and Cuśı, S.: The vertical
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Villas Bôas, A., Sato, O., Chaigneau, A., and Castelão, G.: The signature of mesoscale eddies on the air-sea
turbulent heat fluxes in the South Atlantic Ocean, Geophysical Research Letters, 42, 1856–1862, 2015.

Weiss, J.: The dynamics of enstrophy transfer in two-dimensional hydrodynamics, Physica D: Nonlinear
Phenomena, 48, 273–294, 1991.

Wilkin, J. L. and Morrow, R. A.: Eddy kinetic energy and momentum flux in the Southern Ocean: Compari-
son of a global eddy-resolving model with altimeter, drifter, and current-meter data, Journal of Geophysical
Research: Oceans, 99, 7903–7916, 1994.

Yasuda, I., Okuda, K., and Hirai, M.: Evolution of a Kuroshio warm-core ring—Variability of the hydro-
graphic structure, Deep Sea Research Part A. Oceanographic Research Papers, 39, S131–S161, 1992.

Yasuda, I., Ito, S.-I., Shimizu, Y., Ichikawa, K., Ueda, K.-I., Honma, T., Uchiyama, M., Watanabe, K.,
Sunou, N., Tanaka, K., et al.: Cold-core anticyclonic eddies south of the Bussol’Strait in the northwestern
subarctic Pacific, Journal of Physical Oceanography, 30, 1137–1157, 2000.



160 BIBLIOGRAPHY

Yim, E., Stegner, A., and Billant, P.: Stability criterion for the centrifugal instability of surface intensified
anticyclones, Journal of Physical Oceanography, 49, 827–849, 2019.

Zhang, Z., Tian, J., Qiu, B., Zhao, W., Chang, P., Wu, D., and Wan, X.: Observed 3D structure, generation,
and dissipation of oceanic mesoscale eddies in the South China Sea, Scientific Reports, 6, 24 349, 2016.



Appendix A

Eddy-induced impact on climatology

Various background methods were discussed in Sect.2.4. The most important difference we aim to discuss
here the difference between an ”All-profiles” climatology (Chaigneau et al. (2011)’s method) and a ”Without-
eddy” climatology (Laxenaire et al. (2019)’s method, adapted to the Mediterranean Sea with Dc = 150km
in Barboni et al. (2021)). The preferred locations for mesoscale eddies shown in Fig.2.2 translate in a mean
signature on the temperature and salinity climatological field. Persistent eddies at a given location can then
not be considered as transient structures. These two methods were previously summarized in Fig.2.7, and
are computed for the present discussion per (0.5°x 0.5°) bins. It should be noted that profiles collocated as
”ambiguous” (see Sect.2.3) are also discarded from the Without-eddies climatology because they correspond
to the eddy margins, with variations due to altimetric tracks interpolation, where the eddy can still influence
physical properties. To reduce bias of interannual variability, bins with less than 4 years available are
discarded throughout this analysis, still covering a very large part of the Mediterranean Sea (see Fig.2.5).
We first assess the climatological impact for temperature and salinity, then later for mixed layer depth.

Temperature and salinity

Figure A.1 shows the difference between the two climatologies, defined as All-profiles minus Without-eddies,
in temperature (Fig.A.1a-c) and salinity (b-d), at 200m (a-b) and 500m (c-d) depth, from 2010 to 2019.
Following previous upper layer Mediterranean climatology from Houpert et al. (2015), 200m is inside the
thermocline and then should be affected by mesoscale eddies. It is however below the mixed layer in any
season (apart from convective regions: Gulf of Lion, Adriatic and Aegean seas and Rhodes gyres), thus
preventing a bias from data temporal heterogeneity. 500m is on the other hand well below the thermocline
and should be only affected by the deepest eddy modulation of isopycnals. This figure shows then the map
of the physical bias induced by the eddies without seasonal bias.

In the Eastern Mediterranean the signal on temperature is strong, localized and deep, more particularly
in the Levantine Basin. Strong temperature bias on the order of +0.5°C or higher accurately coincides with
known recurrent anticyclonic structures: the Pelops eddy south-east of the Peloponnese peninsula (36°N ;
22°E), Ierapetra eddy south-west of Crete (34°N ; 26°E), Mersa-Matruh eddy north-west of the Nile delta
(33°N ; 29°E) and Eratosthenes eddy south of Cyprus (33°N ; 33°E). More importantly this eddy bias is
persistent at depth, where warmer temperatures are computed in the All-profiles climatology at the same
locations even at 500m deep, which is consistent with the observed deep and warm temperature anomalies
reported in previous studies (Ioannou et al., 2020b; Barboni et al., 2021). On salinity the eddy-induced bias
seems quite low in the Eastern Mediterranean, with an exception south of Cyprus where the Eratosthenes
eddy induces a bias about +0.2 PSU, already reported by Hayes et al. (2011). The southern part of the
Ionian Sea in the gulf of Sidra exhibits another exception with warm but very fresh anomalies at 200m,
about +0.2°C and -0.2 PSU. This could be due to eddies formed by instability of the coastal Lybian current
fed by modified Atlantic waters (Millot and Taupier-Letage, 2005), however such values should be considered
with caution given the low amount of data (see Fig.2.5) and the lack of studies in this region. One can still
notice the sampling of an anticyclone in this region by Moutin and Prieur (2012), which indeed revealed a
warm and fresh density anomaly in the upper 250m but warm and salty below, in agreement with Fig.A.1b-d.

In the Western Mediterranean, the eddy impact on climatology is on the opposite mostly non-existent
at depth, slight on temperature but marked on salinity with negative values, reaching about +0.1°C and
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Figure A.1: Difference between the All-profiles and Without-eddies climatological approaches, showing the bias
when not removing eddies from the climatology, on temperature (a,c) and salinity (b,d), at 200m (a,b) and 500m
(c,d).

-0.2 PSU at 200m. In the Algerian basin there is bias of around +0.1°C and -0.1 PSU at 200m which can
be explained by the influence of the warm and fresh Algerian anticyclones (Garreau et al., 2018) formed by
instability of the coastal current (e.g, Millot (1985), already reporting eddy depths on the order of 200m). In
the Tyrrhenian Sea the eddy signature is stronger on salinity with the influence of the Bonifacio and Central
Tyrrhenian anticyclones. These anticyclones often exhibit warm anomalies in the upper 150m Ciuffardi et al.
(2016) but fresher salinity anomalies up -0.2 to -0.3 PSU below 150m (Budillon et al., 2009), very consistent
with Fig.A.1b (see also Fig.6.3).

At the regional Mediterranean scale, a strong eddy-induced bias can then exist when profiles inside ed-
dies are not removed from the climatology. It is a direct impact of the eddy vertical structures, and more
particularly anticyclones. It also follows the general trend of eddies in the Mediterranean Sea: eastwards,
eddy anomalies tend to be warmer, switch from fresher to saltier and also tend to be deeper. This evolution
can be seen at the scale of a single eddy campaign (Moutin and Prieur, 2012) or more statistically on collo-
cated Argo profiles inside long-lived anticyclones (Stegner et al., 2019). Impact of cyclonic eddies does not
seems to be significant, at least below 200m. This is not very surprising as cyclones tends to shoal isopycnals,
then moving up deeper water, with less physical properties differences as gradients are at lot weaker at depth.

Mixed layer depth

Eddies also have a pronounced impact on MLD, as studied in Sect.4. We then aim to quantify the differences
in term of climatological MLD between the All-profiles and Without-eddies climatologies. MLD median and
spread is measured in the whole Mediterranean Sea and in three energetic eddying regions, the Algerian basin,
Tyrrhenian Sea and Levantine Basin, highlighted in the map in Fig.A.2, then climatological differences are
investigated in Fig.A.3. Two variables are considered: change in median MLD and MLD spread, with a tem-
poral resolution of two weeks. As MLD distribution is skewed toward the bottom, the median is assumed more
objective than the average. MLD standard deviation is also very high in the Mediterranean Sea, and often on
the same order of magnitude than the MLD itself (Houpert et al., 2015). As a consequence defining the MLD
spread by its standard deviation would be inaccurate, as the upper bound could then be above surface. We
then consider MLD spread as the range between 20th and 80th MLD distribution percentile at each time step.

For most of the year, little deviation is observed between the All-profile and Without-eddy climatologies.
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Figure A.2: Mean Eddy Kinetic Energy map of the Mediterranean Sea, showing the three eddying regions chosen
to investigate climatological eddy impact on MLD.

MLD bias on the median (Fig.A.3, panels .1) is close to zero, MLD spread difference (Fig.A.3, panels .2) is
very weak, and MLD distribution (Fig.A.3, panels .3) stay very close to each other. However in late winter,
in February and March, significant differences are observed: in the Levantine region, the median MLD is
10 to 20m shallower, in the Tyrrhenian region it is about 10m shallower and in the Algerian region about
5m shallower. MLD spread is also significantly reduced, about 20 to 30% relative decrease in Levantine,
Tyrrhenian and Algerian regions. In Levantine and Tyrrhenian regions, a significant decrease in MLD spread
is also observed in late autumn, between October or November: MLD is about 20 less spread (up to 40%
less spread in the Levantine region in October). This difference between both climatologies is not observed
in autumn in the Algerian region, and not significantly at any time of the year when considering the Whole
Mediterranean (Fig.A.3d). Some difference suggesting increased MLD spread in summer in the Without-eddy
climatology are also recovered, but MLD being very shallow at this time, this is not significant. MLD dis-
tribution compared between the two climatologies revealed that despite having very little effect at the scale
of the whole Mediterranean Basin, removing inside-eddy profiles from the climatology can locally slightly
reduced the maximal winter MLD in eddying regions. Effect on MLD median is slight, but more interesting is
the reduced MLD spread in those regions, revealing impact of eddy-induced anomalies. MLD spread remains
however very high in winter (up to 100m in the Algerian and Tyrrhenian regions, up to 200m in the Levantine
region). This suggests that MLD variability driven by mesoscale eddies is less important than other physical
processes such as deep convection events or submesoscale instabilities. Using the Without-eddy MLD clima-
tology instead of Houpert et al. (2015) will then mostly change spatial distribution of MLD deviations.
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Figure A.3: MLD differences between the All-profiles and Without-eddy climatologies, for regions shown in Fig.A.2,
and considering the whole basin (panel d). Subpanels .1: difference in median MLD. Subpanels .2: MLD spread in
All-profiles (black continuous line) and in Without-eddy (colored continuous line) and relative difference (dashed
line). Subpanels .3: MLD median (thick line) and spread (shades) in All-profiles (black) and in Without-eddy (color)
climatologies.
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Abstract. Statistics of anticyclonic eddy activity and eddy
trajectories in the Levantine Basin over the 2000–2018 pe-
riod are analyzed using the DYNED-Atlas database, which
links automated mesoscale eddy detection by the Angu-
lar Momentum Eddy Detection and Tracking Algorithm
(AMEDA) algorithm to in situ oceanographic observations.
This easternmost region of the Mediterranean Sea, delim-
ited by the Levantine coast and Cyprus, has a complex ed-
dying activity, which has not yet been fully characterized.
In this paper, we use Lagrangian tracking to investigate the
eddy fluxes and interactions between different subregions in
this area. The anticyclonic structure above the Eratosthenes
Seamount is identified as hosting an anticyclone attractor,
constituted by a succession of long-lived anticyclones. It has
a larger radius and is more persistent (staying in the same po-
sition for up to 4 years with successive merging events) than
other eddies in this region. Quantification of anticyclone flux
shows that anticyclones that drift towards the Eratosthenes
Seamount are mainly formed along the Israeli coast or in
a neighboring area west of the seamount. The southeastern
Levantine area is isolated, with no anticyclone transfers to or
from the western part of the basin, defining the effective at-
traction basin for the Eratosthenes anticyclone attractor. Co-
localized in situ profiles inside eddies provide quantitative
information on their subsurface physical anomaly signature,
whose intensity can vary greatly with respect to the dynam-
ical surface signature intensity. Despite interannual variabil-
ity, the so-called Eratosthenes anticyclone attractor stores a
larger amount of heat and salt than neighboring anticyclones,
in a deeper subsurface anomaly that usually extends down to
500 m. This suggests that this attractor could concentrate heat

and salt from this subbasin, which will impact the properties
of intermediate water masses created there.

1 Introduction

The circulation in the eastern part of the Mediterranean Sea
has not been investigated as extensively as the western part,
and some aspects of its circulation are still the subject of
scientific debate. Different pathways for the mean flow have
been proposed with notable differences in the Gulf of Sidra
and the Levantine Basin (LB) (Robinson et al., 1991; Hamad
et al., 2006). Since the satellite sea surface temperature (SST)
images in the 1990s, there has been overall agreement re-
garding the mean counterclockwise surface circulation in the
eastern Mediterranean Basin, with the Atlantic waters (AWs)
coming through the Strait of Sicily, following the Libyo-
Egyptian coast, and then continuing along the Levantine and
Turkish coasts (Hamad et al., 2006).

The Levantine Basin, defined as the part of the eastern
Mediterranean, south of 37◦ N and east of 23◦ E (Hamad
et al., 2006), appears to have a rather complex and turbu-
lent circulation, particularly in its southeastern part, bound
by the topography of Cyprus and the Egyptian and Levan-
tine coasts. Extensive in situ oceanographic surveys have
been performed in previous decades (Robinson et al., 1991;
Brenner, 1993; Hayes et al., 2011); of note is the work of
the Physical Oceanography of the Eastern Mediterranean
(POEM) group, which detected some recurrent large long-
lived (lasting longer than a year) anticyclonic structures in
the 1980s: Ierapetra southeast of Crete and Marsa Matruh
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offshore of Egypt above the Herodotus Trench, at approxi-
mately 33.2◦ N, 32.3◦ E (see scheme from Robinson et al.,
1991). South of Cyprus, different authors proposed a multi-
pole structure named “Shikmona”, and they named the most
active feature of this structure the “Cyprus eddy” (Brenner,
1993; Zodiatis et al., 2010). However, due to their limited
time coverage, these studies had a static perspective. Zodi-
atis et al. (2010) probably presents the most advanced vision
from this approach, displaying a hint of interannual variabil-
ity. In the more recent hydrographic regionalization review of
Ayata et al. (2018), the anticyclonic structure south of Cyprus
is called the “Eratosthenes anticyclone”, which is the name
used hereafter.

In the 1990s, the development of satellite observation,
initially undertaken using SST, already enabled the identi-
fication of some of these long-lived anticyclonic structures
as accumulation areas for mesoscale eddies detached from
the coast (Millot and Taupier-Letage, 2005; Hamad et al.,
2006). Later altimetry products of sea surface height (SSH)
such as Archiving, Validation, and Interpretation of Satellite
Oceanographic Data (AVISO)/Copernicus Marine Environ-
ment Monitoring Service (CMEMS) with a grid resolution
on the order of the deformation radius helped to investigate
the unsteady dynamics of mesoscale structures in the region.
Although not detected in instantaneous views, a constant and
strong AW flux also exists in the center of the eastern basin
in a turbulent Mid-Mediterranean Jet (MMJ) (Amitai et al.,
2010). However, studies such as Amitai et al. (2010) used
sea level anomalies fields (SLAs) and an Eulerian approach
of turbulence instead of focusing on individual eddy behav-
ior. Thus, eddy climatology in the LB remains unknown, and
impact on water masses transport performed by such tran-
sient eddies has not yet been studied. Figure 1 presents the
topography of the LB, overlaid with mean dynamic topogra-
phy (MDT) from 2000 to 2018 retrieved from CMEMS at a
1/8◦ resolution. The Eratosthenes Seamount, whose summit
is about 700 m deep at approximately 33.7◦ N, 32.7◦ E, ap-
pears to be a prominent topographic feature in the basin and
indeed displays a mean anticyclonic circulation with a closed
contour of higher MDT, coherent with recent campaigns
sampling the Eratosthenes anticyclone (previously named
the “Cyprus eddy”) (Hayes et al., 2011; Moutin and Prieur,
2012). However, some differences from previous studies also
appear, as this eddy is shifted westwards from its former
reported location closer to the Levantine coast, at approxi-
mately 33.5◦ N, 33.5◦ E (Brenner, 1993; Amitai et al., 2010).
Although there have been improvements in the SSH prod-
ucts since Amitai et al. (2010) (Taburet et al., 2019), this
westward trend seems to be a physical displacement of the
Eratosthenes anticyclone (Zodiatis et al., 2010).

Intense eddy activity in a basin with strong topographic
constraints may lead to numerous eddy–eddy interactions,
and highlights the need to take merging and splitting events
between mesoscale structures into account. Initially, eddy au-
tomated detection and tracking algorithms were mostly based

on SSH fields and did not detect such interactions (Chelton
et al., 2011; Mason et al., 2014). Over the past decades, nu-
merous algorithms have been further developed to take merg-
ing and splitting events into account, based on SSH (Mat-
suoka et al., 2016; Cui et al., 2019; Laxenaire et al., 2018) or
a mixed velocity field–SSH approach (Yi et al., 2014; Le Vu
et al., 2018).

The Angular Momentum Eddy Detection and Tracking Al-
gorithm (AMEDA) developed by Le Vu et al. (2018) is used
in this study. It detects eddy centers by computing the lo-
cal normalized angular momentum (LNAM) introduced by
Mkhinini et al. (2014) – as opposed to using the Okubo–
Weiss parameter, as in Yi et al. (2014) – and computes
the maximal tangential speed within the largest surrounding
closed SSH contours to find eddy contours. Eddy observa-
tions at different time steps are gathered in tracks by min-
imizing a cost function, which considers the spatial prox-
imity, as well as changes in eddy size and intensity. Merg-
ing and splitting events are next detected as the outcome
of eddy interactions – when two eddies share a closed SSH
contour with an averaged velocity higher than that for each
eddy taken separately. The AMEDA algorithm has been used
successfully in various case studies, notably in the Algerian
Basin by Garreau et al. (2018) and in the Arabian Sea by
de Marez et al. (2019). The detection of merging and split-
ting events enables one to reconstruct the eddy network, with
mesoscale structures not being independent but often inter-
acting with each other. Following this idea, Laxenaire et al.
(2018) was able to show the connection between the In-
dian and Atlantic oceans through Agulhas rings crossing the
Southern Atlantic. However, while several studies have de-
veloped algorithms to detect eddy interactions, we are not
aware of any studies that have quantified or analyzed the
additional information from merging and splitting events in
terms of eddy behavior, apart from Laxenaire et al. (2018).

Nevertheless, satellite analysis alone cannot reveal the
subsurface structure. Moutin and Prieur (2012), for instance,
studied three anticyclones in the Mediterranean Sea with
similar SLA signatures but discovered extremely different
heat and salt integrated anomalies. In the LB, Gertman et al.
(2010) discovered smaller-scale eddies detaching from the
Israeli coast through SST and drifters data, and Hayes et al.
(2011) discovered a huge salt anomaly in the Eratosthenes
anticyclone despite a weak SSH signature. These studies
show the importance of in situ observations in addition to
satellite data, but they were campaign-specific instantaneous
observations. Before eddy automated detection, Menna et al.
(2012) conducted a statistical study of mesoscale interac-
tions in the LB by adding in situ drifter velocities to SSH-
derived velocities, but sampling was sparse and without ver-
tical information. The large-scale deployment of autonomous
drifters in the global ocean (such as the Argo or MEOP pro-
grams), as well as the centralization of collected data (such as
CMEMS products), enables one to bridge the gap in the tem-
poral scale between satellite and in situ data. Argo is a global
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Figure 1. Mean dynamic topography (MDT) map of the LB and several toponyms used in this study. Thin black lines are the −100, −500,
−1000,−1500, −2000 and −2500 m isobaths, and the thick black line is the 0 m isobath. Bathymetry is retrieved from GEBCO (2020). The
same isobaths are shown on all maps.

array of more than 3000 floats measuring temperature and
salinity down to 2000 m (ARGO, 2020). Using Argo data,
Laxenaire et al. (2019) captured the subsurface evolution of
one single Agulhas ring over 1.5 years in the South Atlantic
with the conjunction of Argo profiles and SSH data. This
demonstrates that long-lived anticyclones can transport warm
water masses over very long distances isolated in their thick
core. Recently, in the Algerian Basin, Pessini et al. (2018)
attempted to link eddy observations to in situ measurements
and to compute eddy regional statistics, although they uti-
lized an algorithm that did account for merging and splitting
events. Mason et al. (2019) also attempted to study the verti-
cal eddy structure with regional variation in the Alboran Sea,
although they used data from assimilated models. Thus far,
no such regional characterization of eddy systematic detec-
tion has been attempted in the eastern Mediterranean.

This approach of both eddy tracking, detected by altimetry
that takes merging and splitting events into account, and co-
localization with in situ observations can be generalized into
an eddy atlas. The DYNED-Atlas database combines over
19 years of subsurface observations from Argo floats of iden-
tified eddies, tracked in time and space by the AMEDA algo-
rithm (DYNED-Atlas-Med, 2019). The DYNED-Atlas is the
perfect tool for the study of eddy dynamics and the associ-
ated transport of water masses in their cores, as it combines
eddy detection and physical properties. It has not been ex-
ploited in the LB yet, although Stegner et al. (2019) already
demonstrated very deep subsurface eddy signatures in this
area.

Using eddy contours, tracks and co-localized profiles
from the DYNED-Atlas database, extended with avail-

able expendable bathythermograph (XBT) and conductivity–
temperature–density (CTD) profiles to compensate for the
sparsity of observations, this study will investigate additional
information from Lagrangian anticyclone tracking and statis-
tically significant drift patterns and structures in the south-
eastern LB – east of 28◦ E and south of Cyprus. After intro-
ducing the datasets in Sect. 2, we present our methodology of
a Lagrangian convergence framework and the regions studied
in Sect. 3. Analysis of this method with DYNED-Atlas data
is detailed in Sect. 4. Vertical structure oceanographic obser-
vations co-localized inside eddies are used to study the eddy
vertical signatures (Sect. 5). Possible mechanisms at work
and hydrographic effects are discussed in Sect. 6.

2 Data

2.1 Eddy contours, centers and tracks

The dynamical evolution of eddies and their individual tracks
are retrieved from the DYNED-Atlas database (DYNED-
Atlas-Med, 2019) for the 2000–2018 period. The DYNED-
Atlas project, with eddy tracks and physical property signa-
tures, is accessible online: https://www1.lmd.polytechnique.
fr/dyned/ (last access: 18 August 2021). The dynamical
characteristics of the eddies contained in the DYNED-Atlas
database were computed by the AMEDA eddy detection al-
gorithm (Le Vu et al., 2018) applied on daily surface ve-
locity fields. The latter were derived from the absolute dy-
namic topography (ADT) maps produced by Salto/Duacs and
distributed by the Copernicus Marine Environment Moni-
toring Service (CMEMS) with a spatial resolution of 1/8◦,
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which is on the order of the internal deformation radius in
the Mediterranean Sea (10–12 km; Mkhinini et al., 2014).
A cyclostrophic correction is applied on these geostrophic
velocities to accurately quantify eddy dynamical properties
(Ioannou et al., 2019). Unlike standard eddy detection and
tracking algorithms, the main advantage of the AMEDA al-
gorithm is that it detects the merging and the splitting events
(Le Vu et al., 2018), which allows one to build a network
of trajectories associated with each eddy. In other words, we
can reconstruct the eddy’s “genealogy”.

2.2 Remote sensing measurements

To compute the MDT over the 2000–2018 period,
we use the daily high-resolution (1/8◦) AVISO
ADT delayed-time product provided by CMEMS
(SEALEVEL_MED_PHY_L4_REP_OBSERVATIONS_008
_051). This altimetry gridded product is also used to
locate the in situ CTD or glider measurements associ-
ated with the characteristic eddy contours in Sect. 5.
Otherwise, to more precisely confirm the location of
eddies and their size on specific days, we use the
high-resolution (1/120◦) merged-multisensor SST data
representative of nighttime values provided by CMEMS
(SST_MED_SST_L3S_NRT_OBSERVATIONS_010_012).

2.3 In situ oceanographic observations

About 34 406 Argo profiles are available from the DYNED-
Atlas database in the whole Mediterranean Sea over this
19-year period. However, due to sparser campaigns, only
9384 were available in the LB, mostly after 2014. To
complete these in situ measurements, we added 2311
CTD and 3860 XBT casts downloaded from the Sea-
DataNet portal (https://www.seadatanet.org/Data-Access,
last access: 15 June 2020, data in unrestricted ac-
cess) as well as 7020 additional profiles from the
CORA (Coriolis Ocean database ReAnalysis) database,
which is also available on the CMEMS catalogue: IN-
SITU_GLO_TS_REP_OBSERVATIONS_013_001_b
(https://resources.marine.copernicus.eu/?option=com_
csw&view=details&product_id=INSITU_GLO_TS_REP_
OBSERVATIONS_013_001_b, last access: 15 June 2020).
Finally, glider measurements carried out in October 2018
by the Israel Oceanographic and Limnological Research
(IOLR) in one transect offshore of Israel provided 370
profiles that were added to the database. The data sources
listed above add up to 22 945 profiles from 2000 to 2018 in
the LB. All of the hydrological profiles are then co-localized
with detected eddies following the standard procedure used
in the DYNED-Atlas database. Profiles are considered to be
inside an eddy if they are inside its maximal speed contour.

3 Methodology

As opposed to previous studies that either considered eddy
activity from “building-block” structures (Robinson et al.,
1991) or eddy kinetic energy (EKE) fields derived from SLA
compared to a MDT (Amitai et al., 2010), we follow eddies
as daily, individual detections gathered in tracks. Eddies are
not only active as individuals but also as a network of turbu-
lent structures interacting with each other. Hence, the impor-
tance of taking merging and splitting events into account to
reconstruct this network. This approach then aims to quantify
eddy transfers between different subregions. This is similar
to and greatly inspired by the previous work done by Laxe-
naire et al. (2018) for Agulhas rings in the South Atlantic.

3.1 Lagrangian convergence framework

Here, we define a framework to count eddy transfers im-
ported to and exported from a study region, whose successive
steps are shown in Fig. 2. The Eratosthenes Seamount region,
studied as an example in Fig. 2, is bordered by a green line
(coordinates in Table A1).

We consider importing eddies to be the eddies that are part
of the family tree coming into a region. The order 0 eddies are
defined as those converging directly to the region (the trajec-
tories shown using blue lines in Fig. 2a). This order 0 label
mainly encompasses eddies dying within the study region;
however, some eddies can remain stationary for a very long
period in the same area, later moving and dying in another
place. In order to take the latter into account, the definition
of an order 0 eddy is an eddy dying or spending more than
half of its lifetime inside the perimeter of the study region.
The sensitivity of this 50 % lifetime criterion is detailed in
Fig. A1 in the Appendix, and this definition does not lead
to inaccurately counting eddies that are just transiting the re-
gion as importing eddies. Indeed, eddies labeled as order 0
always disappear from the immediate vicinity when leaving
the study region (see Fig. A2 for an example). Next, we label
the eddies that merge with an order 0 eddy as order 1 (Fig. 2b,
cyan lines). Recursively, we label the eddies that merge with
an order 1 eddy as order 2 (not shown in Fig. 2 but displayed
in Fig. 6a). Hereafter, we will discard orders higher than 2
from the discussion, as their quantity was found to be negli-
gible.

In contrast, an exporting eddy flux moves some eddies out-
side of the region. We distinguish two categories of exporting
eddies: (1) if two eddies undergo a splitting event and one of
the split eddies spends more than half of its lifetime outside
the region, it is considered an exporting split eddy; (2) if an
order 0 eddy dies while merging with external eddies which
themselves drift away from the region, this external eddy is
considered an exporting merging eddy. Exporting split (yel-
low dashed lines) and merging (red dashed lines) eddies are
shown in the example in Fig. 2c; however, none of the latter
were detected for this particular region.
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Figure 2. Lagrangian convergence framework applied to anticyclones in the Eratosthenes Seamount region and detailed in several steps:
(a) order 0 – eddies converging directly; (b) order 1 – eddies merging with an order 0 eddy; (c) exporting split and merging eddies (no cases
of the latter detected here). Locations of eddy appearance (a, b) and eddy disappearance (c) are shown using black dots and colored squares,
respectively, the size of which is proportional to the eddy lifetime. (d) The black dashed line is the attraction basin introduced in Sect. 4.3.

It should be noted that, in this framework, the order 0 la-
bel prevails over other labels defined: if an eddy meets the
criteria for both order 0 and order 1, it is labeled as order 0
only. Additionally, exporting (split and merging) eddies are
labeled as such only if they are not already labeled as an im-
porting eddy. It should also be noted that eddies labeled as
order 0 can be born within or outside of the given region.
Lastly, a label is relative to a region: an eddy spending more
than half of its lifetime in a region but drifting and dying in
another is labeled as importing order 0 for both regions (see
the discussion about Table A2 in Sect. 4.2). In this frame-
work and in the figures hereafter, importing eddies are plot-
ted at their appearance location using black dots with sizes
proportional to the eddy lifetime to show the origin of the
water masses. Exporting split and merging eddies are plot-
ted at their disappearance location as squares, also scaled ac-
cording to their lifetime. Trajectories are smoothed through a

(10 km× 10 km) window. The color chart is summarized in
Fig. 2d and used throughout this study.

Finally, attractiveness of a region with respect to eddies –
for a given polarity – is estimated in the “net eddy gain”. This
is the total number of importing eddies – the sum of orders
0–1–2 and possibly higher – minus the number of eddies al-
ready born in the region of interest. This gain is later shown
in Table A2 and discussed in Sect. 4.2.

3.2 Definition of anticyclonic and cyclonic regions

To further study the exchanges between eddying structures in
the southeastern part of the LB, eight regions of interest are
considered and shown in the MDT in Fig. 3. These regions
are defined as closely as possible to nonoverlapping rectan-
gular shapes, tiling as much of the southeastern corner of the
LB as possible (≈ 78 % of the attraction basin discussed in
Sect. 4.3 is covered) and with a similar size (areas and co-
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ordinates provided in Table A1 in the Appendix). Each box
is defined to correspond to a structure in the MDT. Average
cyclonic or anticyclonic activity can be inferred if it encom-
passes a depression or a hill in the MDT, respectively; here-
after, we refer to these regions as cyclonic (CY) or anticy-
clonic (AC) regions, respectively: Beirut (AC), Haifa (CY),
Tel Aviv (AC), Port Said (CY), Herodotus (AC), Nile (AC)
and Eratosthenes (AC, already shown in Fig. 2). Although
not in our focus region, a comparison focused on the “Marsa
Matruh” (AC) region is also carried out in Sect. 4.5. The eight
distinct regions are presented on Fig. 3 with red or green solid
borders denoting CY or AC regions, respectively. The attrac-
tion basin of the Eratosthenes region (see Sect. 4.3) is shown
with a dashed line.

3.3 Eddy-induced physical property anomalies

The DYNED-Atlas database establishes a method to esti-
mate the physical property anomalies induced by an eddy
(DYNED-Atlas-Med, 2019). This method is followed in this
study, only extending the database with profiles from sources
other than Argo and using in situ temperature instead of
potential temperature to match up with XBT profiles. Each
oceanographic measurement is compared to the AMEDA ob-
servations. If it falls within the contour of an eddy on the
same day that it is cast, the profile is co-localized with the
eddy and then considered as sampling its physical proper-
ties. If it falls outside any eddy observation, it is considered
an “outside-eddy” profile. Estimation of the eddy-induced
physical property anomalies (temperature, salinity, density)
is next done by comparison with a reference background. For
each observation, a climatological background is then com-
puted by averaging all outside-eddy profiles from 2000 to
2018, at a distance smaller than 150 km from the its cast po-
sition and in the same season (in any year, but within a±30 d
period from the day of the cast). It is intended to be more sta-
tistically significant than estimates performed during a single
campaign, usually through one profile inside an eddy and an-
other one outside (e.g., Moutin and Prieur, 2012).

4 Lagrangian tracking results

4.1 Eddy activity from a Lagrangian framework

Figure 4 presents eddy occurrence and drift in the LB for
anticyclones and cyclones, with the designated regions from
Fig. 3. Time occurrence percentage (shown using color) is
computed as the time spent inside the maximal speed contour
of a detected eddy, whereas the drift (shown with arrows) is
the mean speed of eddy centers passing through the pixel.
The pixel size is 1/8◦× 1/8◦. Gaussian smoothing is per-
formed using a 5 pixel× 5 pixel kernel size, and data from
pixels crossed by less than five eddy centers are discarded.
This picture can be seen as an eddy Lagrangian approach
equivalent to the MDT shown in Figs. 1 and 3, adding new

information. Firstly, the spatial distribution of cyclonic and
anticyclonic eddies is extremely inhomogeneous: almost no
anticyclones are present in the northern part of the LB. The
prevalence of the Marsa Matruh and Eratosthenes structures
as persistent anticyclones is confirmed, with coherent spots
hosting anticyclones for more than 50 % of the 2000–2018
time period. Cyclones are present in the southeastern part
of the LB, in particular in the Haifa region. All anticyclonic
(cyclonic) regions have on average a higher presence of an-
ticyclones (cyclones), confirming (through a Lagrangian ap-
proach) the regions defined in Sect. 3.2. The comparison with
the Ierapetra eddies southeast of Crete in Fig. 4 highlights the
difference between Lagrangian and Eulerian visions. The Ier-
apetra eddies show up very clearly in SLA maps and are the
most intense eddies in the region (Amitai et al., 2010). How-
ever, as they do not have fixed stable position and can drift far
away after their formation (Ioannou et al., 2017), they form a
less concentrated spot in Fig. 4. The Lagrangian vision then
shows more persistent, although maybe less intense, struc-
tures.

Additionally, Fig. 5 shows eddy lifetime statistics in the
LB, with a comparison of the normalized cumulative eddy
lifetime (i.e., the probability for an eddy to live longer than a
given time period). In the Mediterranean Sea, the lifetime for
cyclones is on average far shorter than for anticyclones, as
already shown by Mkhinini et al. (2014). However, this dise-
quilibrium is even more pronounced in the LB: the cyclones
lifetime distribution is very similar to the rest of the Mediter-
ranean, whereas anticyclones clearly tend to live longer. As
an example, in absolute units of detected eddies, 105 an-
ticyclones (out of 5770) compared with 70 cyclones (out
of 7159) are found to live longer than 400 d in the whole
Mediterranean, whereas in the LB, 39 anticyclones (out of
1210) compared with 17 cyclones (out of 1630) live longer
than 400 d. The intense Ierapetra anticyclones have been
shown to often live more than 3 years (Ioannou et al., 2017);
however, as no more than one of these eddies is formed each
year, they can not explain the trend of longer anticyclone life-
times. These statistics suggest the existence of mechanisms
prolonging anticyclone lifetimes in the LB. Hence, this study
specifically focuses on anticyclones, whose longer lifetimes
also lead them to capture water masses in their core for an
extended period and have higher hydrologic impact.

4.2 Inter-region anticyclone transfers

The Lagrangian convergence framework detailed in Sect. 3.1
is applied to the seven regions of the southeastern LB (Er-
atosthenes, Beirut, Haifa, Tel Aviv, Port Said, Herodotus and
Nile, with Marsa Matruh being studied later in Sect. 4.5) in
Fig. 6, only considering anticyclones (statistics also shown
in Table A2). The color code is the same as in Fig. 2 and
Fig. 6h. For each panel in Fig. 6, all other regions are shown,
with green (red) borders for AC (CY) regions. The region to
which each panel title refers is outlined using a thicker line.
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Figure 3. Mean dynamic topography (MDT) map of the southeastern LB labeled with borders and names of the study regions. Anticyclonic
regions (AC) have a green border, cyclonic regions (CY) have a red border, and boxes are based on the coordinates indicated in the Appendix
(Table A1). The black dashed line is the attraction basin introduced in Sect. 4.3.

For all AC regions (Fig. 6a, b, d, f, g), anticyclones trajec-
tories form a rather concentrated bulk at the center of the re-
gion, whereas CY regions (Fig. 6c, e) only have a very sparse
and random anticyclone occurrence. The mean dynamical ac-
tivity from Sect. 3.2 is confirmed, as only AC regions host a
preference spot for anticyclones, whereas CY regions tend to
be avoided by anticyclones.

Important differences can, however, be noted between AC
regions. In the Beirut region, anticyclones meander a lot but
have few interactions (only two merging events and two split-
ting events in 19 years) and eddies have a moderate lifetime
(126 d). In the Tel Aviv region, anticyclones are more short-
lived (97 d on average), spend less time in the region with
few meanders and four merging exports were recorded for
the benefit of the Eratosthenes region; this characterizes the
Tel Aviv region as an anticyclone formation region. Char-
acterizing the Herodotus region is more difficult, as some
eddies stem from the Nile region and some others eventu-
ally merge with Eratosthenes region long-lived anticyclones;
thus, the Herodotus region seems to act as an anticyclone
formation region (42 anticyclones born there) but also as a
transitory region with respect to the Eratosthenes zone, with
which it interacts a lot (eight merging exports). On the con-
trary, the Nile region is a strong and preferred anticyclonic
spot, but eddies there interact very little with neighboring
regions; the Nile region rather acts as a termination region
for anticyclones formed to the west and following the Libyo-
Egyptian coast.

Nonetheless, some anticyclones are formed inside CY re-
gions, notably in the Haifa region. In this region anticyclones
are generally short-lived (average lifetime of 94 d) and often
disappear while being exported to the Eratosthenes region
(six merging events recorded); the role of the Haifa region
is then similar to the Tel Aviv region, acting as a region of
anticyclone formation. The case of the Port Said region is
more ambiguous, with no clear pattern being visible. Statis-
tics in the Appendix (Table A2) seem to show that it attracts
some anticyclones, but this can be due to the fact that some
long-lived eddies of the Eratosthenes region sometimes ven-
ture approximately 100 km farther south. This ambiguity also
shows the limits of this Lagrangian approach, as it is sensi-
tive to a singular event for eddies with lifetimes longer than
3 years. As a comparison, Fig. A3 shows the same analysis
as Fig. 6b for the Haifa region but studying cyclone trans-
fers. Patterns for cyclones are less clear than for anticyclones,
likely because cyclones have shorter lifetimes and are, thus,
more numerous. However, it confirmed the Haifa region as a
stable spot for cyclones.

4.3 Eratosthenes anticyclone attractor (EAA)

Figure 7 and Table A2 summarize anticyclone transfers in the
southeastern LB. The attractiveness of each region is mea-
sured through the net eddy gain introduced in Sect. 3.1. The
arrows in Fig. 7 indicate eddy transfers, with the thickness
being proportional to the number of eddies transferred. The
particular case of the Eratosthenes region shows a clear con-
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Figure 4. Eddy occurrence and drift in the LB for (a) anticyclones and (b) cyclones. The pixel size is 1/8◦× 1/8◦. Occurrence is shown as
the time percentage that the pixel center spends inside maximal speed contours of eddies. Eddy drift is the mean Lagrangian drift of the eddy
centers on pixels that more than five eddy centers passed; Gaussian smoothing is carried out with a 5× 5 kernel size. The AC (CY) regions
defined in Sect. 3.2 are drawn using a green (red) solid line, and the attraction basin defined in Sect. 4.3 is drawn using a black dashed line.

vergence with 44 importing anticyclones attracted, whereas
only 14 were initially born in the region surrounding the Er-
atosthenes Seamount, from 2000 to 2018; this results in a
net eddy gain of +30 and an approximate anticyclone flux
of more than one merging per year. Instead of freely drifting
westwards as expected from the β-drift (Chelton et al., 2011),
anticyclone tracks shown in Fig. 2b (or alternatively Fig. 6a)
reveal that eddies meander a lot over the high bathymetry, as
shown by the density of blue tracks, seemingly trapped by
the seamount. On the other hand, few exporting split eddies
escape, and not a single exporting merging eddy is detected;
these split eddies are even more short-lived, as shown by the
small size of the disappearance square (Fig. 2c). This trend

of a high net eddy gain along with few exporting eddies and
the persistent anticyclonic activity in the Eratosthenes region
(Fig. 4) allows for the identification of this region as hosting
an anticyclonic attractor, which is hereafter referred to as the
“Eratosthenes anticyclone attractor” (EAA).

Moreover, this observed convergence toward the Eratos-
thenes Seamount seems to be geographically bound, with
the tracks in Fig. 2a–b showing that anticyclones come from
as far as 300 km away but with a distinct westward limit,
depicted by a black dashed line. This area of anticyclones
converging to the EAA, although constrained by topography,
covers a large part of the southeastern LB and is called the
EAA attraction basin in this study (see Figs. 3, 4, 6 and 7). It
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Figure 5. Cumulative eddy lifetime as a percentage on a logarithmic
scale, separated for cyclones and anticyclones and for the LB and
the whole Mediterranean Sea.

is defined as a straight line ranging from the Egyptian city of
Alexandria (31.0◦ N, 29.6◦ E) to the Cypriot city of Paphos
(34.8◦ N, 30.4◦ E) with a break angle at 33.2◦ N, 30.4◦ E and
a second line closing it between the Greek cape on Cyprus
island (35.0◦ N, 34.1◦ E) and the Lebanese city of Tripoli
(34.4◦ N, 35.8◦ E).

Finally, Fig. 8 analyses the anticyclones constituting the
EAA (i.e., order 0 importing anticyclones for the Eratos-
thenes region, shown using blue lines in Fig. 6a). The upper
panel of Fig. 8 presents their time series, with the color indi-
cating when the center is inside or outside of the region. An
anticyclone is always present inside the region, with relay be-
tween long-lived eddies: each time an anticyclone inside the
region dies, it is replaced by another, leading to only about
1 year out of 19 without an anticyclone over the Eratosthenes
Seamount. Anticyclones in the Eratosthenes region also tend
to be very different from their neighbors. Figure 8b classi-
fies anticyclones in terms of mean maximal speed radius as
a function of lifetime; each dot is an anticyclone labeled as
order 0 for the seven regions studied in Fig. 6, with red color
highlighting Eratosthenes anticyclones. The background is a
density probability plot for all anticyclones in the LB – ex-
cept Eratosthenes anticyclones to enhance comparison. The
scatterplot presents an overall spread, with maximal density
between 15 and 25 km, consistent with the limit of altimet-
ric resolution (1/8◦). However, long-lived Eratosthenes an-
ticyclones form a clear cluster of eddies living longer than
a year with a radius often greater than 40 km, outside the
90 % probability contour. Not all Eratosthenes anticyclones
are encompassed in this category because the order 0 label
also encompasses some short-lived eddies quickly merging,
which unlikely have unusual characteristics – hence some of
the red dots also being scattered. Eratosthenes anticyclones

are the only eddies in the southeastern part of the LB that
present such dynamical characteristics: apart from two out-
liers, this is the only region where the maximal speed radius
can exceed 40 km, more than 3 times the internal deforma-
tion radius of approximately 10–12 km in the Mediterranean
Sea (Mkhinini et al., 2014). This suggests the existence of
different mechanisms acting on the eddy lifetime and radius.

4.4 Anticyclones detachments from the Levantine coast

In Sect. 4.3, the Eratosthenes attraction basin was identi-
fied, notably attracting anticyclones originally formed near
the Levantine coast as seen in altimetric tracks (see Fig. 6a).
However, altimetric eddy detections have important limita-
tions stemming from the large spatiotemporal interpolation
between satellite measurement tracks. This makes the res-
olution of altimetric maps (1/8◦ in the Mediterranean Sea)
insufficient to adequately detect small-scale structures and
introduces uncertainty in the detection, especially as the in-
ternal deformation radius is small (Le Vu et al., 2018). Nev-
ertheless, other sources of satellite images such as SST con-
tain visible eddy signatures on them (Moschos et al., 2020).
On such images, we can observe filament exchanges be-
tween eddies as well as eddies moving too fast to be de-
tected via altimetry, such as the eddies detaching from the
Levantine coast. Gertman et al. (2010) spotted such a detach-
ment in August 2009 by means of in situ data from drifting
buoys. Here, we provide observational evidence from SST
images of a similar event occurring on July 2016: a detached
warm-core anticyclonic ring, part of a cyclone–anticyclone
dipole, rapidly merged with another anticyclonic eddy that
later subsequently merged with the Eratosthenes anticyclone.
Figure 9 portrays this event through four daily SST image
snapshots where the altimetric detection DYNED contours
have been superimposed. An anticyclone not detected by sur-
face altimetry with a particularly warm surface signature can
be spotted on the right-hand side of Fig. 9a (17 July 2016).
A cyclone with which it forms a dipole can be seen from
the SST in its southeast corner and is also detected by the
altimetry somewhat more southwards. In Fig. 9b, 5 d later
(22 July 2016), this anticyclone has moved rapidly towards
the DYNED anticyclone no. 10754, which was first detected
offshore of Haifa on 10 February 2016. The track of DYNED
anticyclone no. 10754 is depicted using a blue line. The
warm-core detached anticyclone will eventually merge with
it 6 d later (28 July 2016; Fig. 9c). A month later (2 Septem-
ber 2016; Fig. 9d), this anticyclone will eventually merge
with the eddy on the Eratosthenes Seamount, having trans-
ferred the warm waters and the momentum of the detached
warm-core eddy.

4.5 Marsa Matruh attractor

Eddy attraction to the other big anticyclonic structure of the
region, called “Marsa Matruh”, can be studied in compari-
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Figure 6. Eddy exchanges framework applied to the (a) Eratosthenes, (b) Beirut, (c) Haifa, (d) Tel Aviv, (e) Port Said, (f) Nile and
(g) Herodotus regions. For each panel, all other regions are shown (green borders for AC regions, and red borders for CY regions); the
thicker line indicates the study region. The color chart used is summarized in panel (h). The Marsa Matruh region is studied later in Fig. 10.
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Figure 7. Scheme summarizing inter-region anticyclone transfers within the Eratosthenes anticyclone attractor (EAA) attraction basin
(dashed line). Transfers encompass order 0–1–2 anticyclones. Within this basin, only transfers higher than or equal to 4 are represented
by arrows (for legibility). All transfers across the basin border are shown. The arrow thickness is proportional to eddy transfers. Red circles
represent CY regions, and blue circles represent AC regions; radii are proportional to the anticyclone mean lifetime in the region. More
details are given in Table A2.

son to the Eratosthenes attractor. In Fig. 10, the Lagrangian
framework defined in Sect. 3.1 is applied to this region.
Firstly, it is notable that this structure clearly also acts as an
attractor, with the total number of importing eddies (sum of
orders 0–1–2) being a lot higher than order 0 alone and ex-
porting eddies. In a similar fashion to the Eratosthenes re-
gion, which acts as a stranding place for anticyclones de-
tached from the Levantine coast, a lot of the anticyclones that
are detached from the Libyo-Egyptian coast (likely as insta-
bility of the Libyo-Egyptian current) end in the Marsa Ma-
truh region, often through one merging event or more. In par-
ticular, a hotspot of anticyclone formation takes place in the
Marsa Matruh gulf at approximately 31.5◦ N, 27.5◦ E, from
which five anticyclones drifted towards the Marsa Matruh
structure. No importing anticyclones come from the north,
as expected given that almost no anticyclones occur in the
Rhodes gyre (see Fig. 4a).

However, in contrast to the Eratosthenes attraction basin
which is isolated with very few anticyclone exchanges out-
side, the Marsa Matruh anticyclone has no clear western
boundaries. For instance, some merging export trajectories
in red are present southwestwards, highlighting that some
eddies escaped from this structure. On the contrary, one Ier-
apetra eddy did end through successive merging events into
the Marsa Matruh area. This individual event seems to be
isolated, as shown in Ioannou et al. (2017), Ierapetra eddies
actually tend to go westwards, riding up the Libyo-Egyptian
current, if they move away, in a similar way to the eddy be-
havior described by Sutyrin et al. (2009). More generally, the
importance of higher-order anticyclones merging in succes-
sive steps to the Marsa Matruh anticyclone suggests that con-

vergence is less straightforward and clear than for the EAA,
likely because topographic constraints are less present.

5 Vertical structure of the Eratosthenes anticyclone
attractor

The DYNED-Atlas co-localization and background method
(see Sect. 3.3) is used to estimate the heat, salt and den-
sity anomalies associated with each eddy. For very persistent
long-lived eddies, such as those constituting the EAA, this
allows one to observe changes in the vertical structure and
the evolution of the associated anomalies. Figure 11 shows
the annual averaged vertical profiles of the Eratosthenes at-
tractor, over all available profiles within each year and closer
than 30 km to the eddy center, for different years during the
2000–2018 period. A histogram below indicates how many
profiles are available for each year. This number varies a lot
due to the inconstant frequency of oceanographic surveys,
with the years from 2008 to 2011 being overrepresented be-
cause of extensive glider sections (Hayes et al., 2011) and
several Argo floats being trapped for a very long time inside
the anticyclone.

In the annual averaged vertical profiles in Fig. 11, the
EAA anticyclones can be characterized by very deep anoma-
lies, both in salt and temperature. For every year, the depth
of maximal density anomaly is below 200 m, and it reaches
450 m some years. The magnitude of the anomalies can also
be extremely marked, higher than+2.5 ◦C and+0.45 PSU in
2010. However, if annually averaged temperature anomalies
always reach +1 ◦C at 200 m or below, Fig. 11 shows that
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Figure 8. Details of the anticyclones constituting the EAA, detected as order 0 for the Eratosthenes region (tracks in Fig. 2a). (a) Time series
with the eddy ID number from the DYNED database. The colored marker indicates when the eddy center is within (red) or outside of (blue)
the region. (b) Scatterplot of the maximum speed radius as a function of lifetime, on a logarithmic scale, for order 0 anticyclones of the
Eratosthenes region (red dots) and the other regions (gray dots); the blue shaded background is the density function for all LB anticyclones
– except the Eratosthenes anticyclones – with contours each 10 % probability step.

there is a strong interannual variability in the vertical struc-
tures of these anticyclones. The year 2010 then appears as an
extreme event, with the formation of a double-core structure
visible on the density profile (Fig. 12c). This event was sur-
veyed by gliders and described by Hayes et al. (2011); how-
ever, with longer time series, it can be seen that eddy-induced
anomalies in 2009–2010 were extreme compared with the
19-year mean vertical structure.

In the BOUM campaign in 2008, Moutin and Prieur (2012)
also compared the vertical structure of an Eratosthenes an-
ticyclone with two other anticyclones in the Mediterranean
Sea: a detached Algerian eddy and an anticyclone in the cen-
tral Ionian Sea. Their comparison showed that the anticy-
clone constituting the EAA had the deepest potential density
maximal anomaly (at 380 m compared with 160 m in the Al-
gerian eddy) and that integrated anomalies were very warm
and salty waters, with respective temperature and salin-
ity anomalies of +2.35 ◦C and +0.388 PSU (+0.75 ◦C and
−0.65 PSU in the Algerian eddy). Such values are consistent

with observations in other years, as shown in Fig. 11b–c, al-
though slightly higher.

The vertical structure of Eratosthenes anticyclones de-
scribed above should be compared with physical properties
of neighboring eddies in the LB. Figure 12 presents the
comparison between a section representative of the Eratos-
thenes anticyclone, using data from the BOUM campaign in
June 2008 (Moutin and Prieur, 2012), and an anticyclone sec-
tion in the Tel Aviv region performed in October 2018 by
a glider from IOLR. Next to each section is an ADT map
representative of the SSH activity at that time (Fig 12b, d).
The glider section lasts for 10 d, with 20 October 2018 being
the median date; a magenta line indicates the glider track,
and the position on the 20 October is shown with a ma-
genta circle. The daily altimetric eddy contours are plotted
on the ADT maps, with cyclones in red and anticyclones in
blue, and a dot with a size proportional to the vortex Rossby
number indicates the center. The upper panel of each sec-
tion (Fig. 12a, c) marks the part of the cross section that is
inside the maximal speed anticyclone contour using a blue

Ocean Sci., 17, 1231–1250, 2021 https://doi.org/10.5194/os-17-1231-2021



A. Barboni et al.: Lagrangian eddy tracking reveals the Eratosthenes anticyclonic attractor 1243

Figure 9. Daily snapshots of SST images showing a quickly moving warm-core anticyclone, part of a dipole that detaches from the Levantine
coast and merges with a future Eratosthenes anticyclone. Superimposed DYNED contours are blue for anticyclones and red for cyclones. The
track of the studied anticyclone is shown in blue line, its current center is shown using a blue circle, its initial detection on 10 February 2016
is shown using a black circle and its last detection on 2 September 2016 is shown using a black square. A blue line approximates the track of
the warm-core anticyclone as seen in the SST sequence.

Figure 10. Convergence structure applied to the Marsa Matruh re-
gion, administered in the same way and using the same color code
as in Fig. 6.

line. Thin black lines in the vertical sections are the abso-
lute temperature isotherms, whereas color indicates the tem-
perature anomaly relative to the climatological background;
the isotherm intervals and the color bar range are the same
in both sections for comparison purposes. An important dif-
ference is that Fig. 12a is an interpolation between the CTD
measurements (indicated by black crosses), whereas Fig. 12b
shows a glider track stacking in which each pixel corresponds
to a measurement.

Although a 10-year period separates the two sections, it
should first be noted that the local eddy activity is similar
in both events and is very close to the mean circulation de-
duced from Fig. 1: anticyclones are found in Eratosthenes,
Herodotus and Tel Aviv regions, whereas a cyclone is found
in the Haifa region. Furthermore, as can be seen in the ADT
maps, both sections crossed the anticyclones close to their
respective center, allowing one to assume that the maximal
anomaly was adequately sampled. Extensive glider sections
were surveyed in the Eratosthenes region in 2009 and 2010,
but as explained above, 2010 appears as an extreme year
where comparison with neighboring eddies will be biased.

The anticyclone constituting the EAA surveyed in Fig. 12a
is a long-lived anticyclone, referenced in the DYNED
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Figure 11. The annually averaged vertical profiles anomalies for (a) in situ temperature, (b) salinity and (c) density, inside Eratosthenes
order 0 anticyclones. Profiles are selected if they are cast within 30 km of the eddy center, and their histogram is shown in panel (d) on a log
scale. Years without any profiles are discarded from the color bar. Some years (e.g., 2005) only present a temperature profile, as only XBT
casts were available.

database as no. 4914, born in the Beirut region before settling
over the Eratosthenes Seamount for more than 6 months.
The Tel Aviv eddy measured in Fig. 12c is a young anti-
cyclone formed close to the shore in August 2018, as de-
tected by AMEDA at approximately 32.0◦ N, 34.0◦ E and
referenced as DYNED no. 12683. It drifted slowly offshore
northwestwards before dying without merging at approxi-
mately 32.5◦ N, 33.0◦ E at the beginning of December 2018.
It is, therefore, very similar to the anticyclones formed in the
Tel Aviv region and drifting offshore, sometimes merging in
the Eratosthenes region, in a similar way to the trajectories
shown in Fig. 6c. In both events, the Tel Aviv anticyclone
appears to be more intense in terms of Rossby number than
the Eratosthenes anticyclone (as shown by a larger dot on the
ADT maps), but the vertical structure shows that the Eratos-
thenes anticyclone, although weak in altimetric signature,
hides a very deep and strong temperature anomaly:+2.35 ◦C

at 380 m compared with+1.3 ◦C at the depth of the maximal
density anomaly of 250 m in the Tel Aviv anticyclone. This
comparison shows that anticyclones in the EAA can also be
differentiated from neighboring eddies by a deeper subsur-
face anomaly, consistent with first observations by Stegner
et al. (2019), who showed that the depth of the maximal den-
sity anomaly over the Eratosthenes Seamount (often below
300 m) is an almost unique specificity in the whole Mediter-
ranean Sea.

6 Discussion

With only 3 years of SST data, Hamad et al. (2006) showed
that along-shore current instabilities create eddies drifting
offshore, and they identified the Eratosthenes Seamount as
an anticyclone accumulation area (see their Fig. 16). In this
study, with the hindsight of 19 years of eddy tracking, we
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Figure 12. Comparison of anticyclone sections. The Eratosthenes (a) and Tel Aviv (c) region anticyclone sections in June 2008 and mid-
October 2018, respectively. The left side is northwards, the horizontal axis (shared) is the distance along the section, black lines are the
absolute temperature isotherms, the temperature anomaly is shown using the colored background and the blue cartridge above the panel
outlines the limits of the eddy contours. Panels (b) and (d) show the respective ADT maps at the corresponding date of cast, presenting
the neighboring eddy activity. Green crosses (a magenta line) show the CTD casts (the glider track). The eddy contours are maximal speed
contours – blue denotes the anticyclones, red denotes cyclones and there is a Rossby number-scaled dot for their center.

add a quantification of the importing eddy flux and confirm
what was previously inferred through a limited time period
of data. We also observe that anticyclones are actually of-
ten formed offshore close to the seamount in the west, in the
region referred to as “Herodotus” in this study.

Another important result of the eddy tracking performed
here is the isolation of anticyclone dynamics from the rest
of the LB: almost no anticyclones come from areas further
west than the Herodotus region and, conversely, almost none
escape this attraction basin (dashed black line on Figs. 3, 4,
6a–g and 7). It can be noted in Fig. 4a that the dashed line co-
incides with anticyclone drift divergence. This observation is
not true for cyclones; however, as they do not have a thick
core of homogeneous water and have significantly shorter
lifetimes than anticyclones (see Fig. 5), they are assumed to
contribute less to water mass transport. This western imper-
meable border could be linked to the presence of the Mid-
Mediterranean Jet (MMJ). Zodiatis et al. (2010) suggested
that this jet could be feeding the Eratosthenes anticyclonic
structure. Nevertheless, the jet could also act as a barrier for
anticyclones, explaining the absence of an anticyclone flux
from the Marsa Matruh area into the Eratosthenes region (see
Fig. 6a).

In older literature, Robinson et al. (1991) discussed the hy-
pothesis of a northern path of Atlantic waters in the LB, iso-
lating its southeastern part but grouping together the Marsa
Matruh and Eratosthenes structures. This analysis was per-
formed with a hydrographic vision using CTD stations. More
recently, Ayata et al. (2018) carried out a review of the
Mediterranean regionalization across eight studies using var-
ious parameters, mainly with a biological or hydrological fo-
cus. A remarkable result from this review is the very good
agreement of these studies with respect to distinguishing a
region of homogeneous properties in the southeastern LB,
called “Levantine”. The region proposed by the authors (see
Fig. 4 in Ayata et al., 2018) matches very well with the bor-
ders of the EAA attraction basin delineated in this study,
apart from the edge along the Egyptian and Levantine coasts.
Thus, these results suggest a real hydrographic significance
of the EAA attraction basin and a possible role of anticy-
clones in homogenizing water masses properties.

Additionally, given the importance of this area for interme-
diate water formation, the fate of water masses in the EAA
core and its dissipation would be of great interest for ex-
tended research. Anticyclones coming from different forma-
tion areas regularly merge with the EAA, and the imported
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water masses should, therefore, be transported. They likely
feed its subsurface anomaly, which was shown to be deeper
than surrounding structures (see Fig. 12), but the final des-
tination of these waters is unknown. Erosion from its deep
anomaly due to intense shear from topographic interaction
with a seamount (Sutyrin et al., 2011) could provide a warm
and salty water flux at depth, leading to the formation of
intermediate water masses. Answering this very important
question requires further simulation work as well as more
in situ oceanographic data forming a consistent and contin-
uous three-dimensional time series to accurately follow its
evolution.

This study reveals the existence of the EAA from the anal-
ysis of eddy tracks, but questions remain regarding the mech-
anisms explaining this anticyclone convergence, whereas
more classical westwards β-drift (Chelton et al., 2011) or
current advection along the coast (Sutyrin et al., 2009) could
be expected. There is controversy regarding whether the
EAA effectively attracts other eddies or, conversely, if ed-
dies detach from the coast and merge with a central and long-
lived structure. In other words, does the EAA pull other an-
ticyclones towards the seamount (in an active way) or is it
acting as the stranding point of anticyclones advected by the
mean flow (in a passive way)? SST images and detachments
observed from the coast, shown in Fig. 9 in this study but
previously observed in the literature by Hamad et al. (2006)
and Gertman et al. (2010), suggest that the second option
is likely happening. On the other hand, the high occurrence
of eddy merging and splitting highlights the importance of
eddy–eddy interactions in this basin. Further studies in this
direction are needed to outline eddy dynamics, although the
small internal deformation radius in the Mediterranean Sea
of 10–12 km (Mkhinini et al., 2014) only allows one to accu-
rately detect large mesoscale structures. Nevertheless, great
improvements are possible via the application of eddy auto-
matic detection at smaller scales than the mesoscale with the
help of SST data (Moschos et al., 2020).

The presence of the EAA over a seamount obviously raises
the question of topographic interactions. Two attractor struc-
tures are observed in the LB, over very different bathymetry:
the Marsa Matruh attractor over the Herodotus Trench deeper
than 2000 m and the EAA over the Eratosthenes Seamount
whose summit is approximately 700 m deep. This similar-
ity suggests that interactions with the seamount do not play a
significant role in anticyclone convergence towards the EAA,
and if significant, the presence of a seamount should actu-
ally destabilize anticyclone dynamics (Sutyrin et al., 2011).
However, some differences between these structures (see
Sect. 4.5), notably the more variable average position or at-
traction basin of Marsa Matruh, could be explained by topo-
graphic interactions.

Last but not least, the background used to estimate eddy
vertical structure in Sect. 5 is considered a climatological
reference at the same approximate location and time of the
year (see Sect. 3.3). However, it is computed as a 2000–2018
average and could then be altered by events of strong inter-
annual variability, reported in the LB by Ozer et al. (2017).
Long-term evolution of the eddy-induced physical property
signature deserves further work.

7 Conclusions

Using the DYNED-Atlas database of eddies in the Mediter-
ranean Sea, a Lagrangian convergence method is defined, and
its application to anticyclone tracking from 2000 to 2018 en-
ables one to quantify anticyclone transfers between subre-
gions of the southeastern LB. At the position of a known area
of anticyclone accumulation, it reveals the existence of anti-
cyclone convergence toward the Eratosthenes Seamount in
a structure that we named the Eratosthenes anticyclone at-
tractor. This attractor proves not to be a single fixed anticy-
clone but is rather constituted by a succession of long-lived
anticyclones sharing dynamical characteristics, distinct from
neighboring eddies: longer lifetime – more than 1 year and up
to 4 years – and a maximal speed radius above 40 km – more
than 3 times the internal deformation radius. Lagrangian
eddy tracking also showed that the convergence towards the
EAA is geographically bound to a clear attraction basin. An-
ticyclones drift towards the Eratosthenes Seamount after de-
taching from the current along the Levantine coast or being
formed westward in the region that we named Herodotus.
The formation of anticyclones with a short lifetime quickly
merging with the EAA are spotted in the regions called Tel
Aviv and Haifa. An effective barrier for anticyclones is then
found between the Eratosthenes and Marsa Matruh regions.
In situ vertical profiles are co-localized with eddies, and cli-
matological backgrounds are computed using the DYNED-
Atlas method, allowing one to estimate the eddy-induced
physical property signatures. The anomalies induced by the
anticyclones constituting the EAA are found to be extremely
deep, with depths of maximal density anomaly always at or
below 200 m, reaching 450 m in some years, but with pro-
nounced interannual variability. Annual averages of the tem-
perature anomaly are found to be always equal to or greater
than +1 ◦C at 300 m, revealing a large heat storage capacity
of the anticyclone.
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Appendix A

Figure A1. Sensitivity of the total number of order 0 anticyclones with the lifetime criterion, for four chosen regions: “100 %” means that
order 0 anticyclones are strictly the ones dying in the study region; “30 %” means that order 0 are dying in the study region as well as
anticyclones that spend 30 % of their lifetime within the borders of this region. A value of 50 % is chosen in this study (see Table A2).

Figure A2. Appearance and disappearance locations for all order 0 anticyclones for the Eratosthenes region. Even if not all of them die
within the region, they disappear very close to it.
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Figure A3. Cyclone transfers for Haifa region. Same as Fig. 6c but with the Lagrangian convergence framework applied to cyclones. Boxes
and dashed line are the same as in Fig. 3.

Table A1. Regions studied in the LB, showing the coordinates and area. Corresponding boxes are shown in Fig. 3.

Region Eratosthenes Beirut Haifa Tel Aviv Port Said Herodotus Nile Marsa Matruh

Box coordinates 33.0, 32.2 33.5, 33.7 32.6, 33.2 31.5, 33.2 31.5, 32.0 32.4, 30.5 31.6, 30.1 32.8, 28.3
(◦ N, ◦ E) 33.0, 33.2 34.5, 33.7 32.6, 34.8 32.6, 33.2 32.4, 32.0 33.2, 30.5 32.4, 30.1 32.8, 30.0

33.5, 33.7 34.5, 35.5 33.5, 35.2 32.6, 34.8 33.0, 32.2 34.2, 32.2 32.4, 32.0 33.9, 30.0
34.4, 33.7 33.5, 35.2 33.5, 33.7 31.5, 34.4 33.0, 33.2 33.0, 32.2 31.6, 32.0 33.9, 28.3
34.4, 32.2 33.0, 33.2 31.5, 33.2 32.4, 32.0

Area (×103 km2) 20.7 17.3 15.7 16.1 18.3 22.6 16.0 19.7

Table A2. Details of importing and exporting anticyclones for the seven regions of the southeastern LB identified in Sect. 3.2. Details are
also shown in Fig. 6a–g, and the net anticyclone gain appears in Fig. 7.

Mean dynamical Regions Anticyclones Importing Net anticyclone Exporting

activity born Order 0 Order 1 Order 2 Total gain Split Merging

AC region Eratosthenes 14 23 19 2 44 30 7 0
Beirut 29 38 1 0 39 10 2 2
Tel Aviv 29 29 0 0 29 0 0 3
Nile 53 52 2 0 54 1 6 1
Herodotus 42 54 2 0 56 14 2 8

CY region Haifa 24 18 1 0 19 −5 0 6
Port Said 11 23 7 1 31 20 1 4
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Titre : Dynamique de surface et de subsurface de tourbillons sous l’influence du forçage atmosphérique : cas
d’étude en mer Méditerranée

Mots clés : tourbillon, flux air-mer, méso-échelle, télédétection, stratification

Résumé : Les tourbillons méso-échelle sont des
structures turbulentes omniprésentes dans l’océan.
Les anticyclones tournent dans le sens horaire dans
l’hémisphère Nord, et les cyclones dans le sens op-
posé. Ils interagissent avec la stratification de l’océan
influencée par les flux air-mer. Nous étudions ici l’im-
pact de ces flux sur leur évolution saisonnière et long
terme, prenant le cas des tourbillons méditerranéens.
Une méthode de suivi lagrangien ainsi qu’un état de
référence hors-tourbillon sont définis, permettant de
suivre les tourbillons par télédétection et dans les
données in situ. Une oscillation saisonnière marquée
est observée dans la température de surface des
tourbillons. Les signatures de surface anticycloniques
froides et cycloniques chaudes passent de très rares
en hiver à prédominantes au début de l’été, une oscil-
lation qui se retrouve pour une structure individuelle.
En profondeur, les anticyclones approfondissent gran-
dement la couche mélangée en hiver par rapport à

l’extérieur, en interaction avec la structure en densité
sous-jacente. Ils retardent également significative-
ment la restratification de printemps dans leur cœur.
Ces phénomènes peuvent être reproduits dans les
simulations numériques. Le forçage atmosphérique
haute fréquence génère des ondes quasi-inertielles
qui se propagent davantage dans les anticyclones,
renforçant ainsi le mélange vertical proche de la
surface et expliquant les variations d’anomalie de
température de surface. Les résultats présentés ici
dévoilent une évolution complexe de la structure 3D
des tourbillons en lien avec les flux atmosphériques.
Ils montrent la nécessité de résoudre une vaste
gamme d’échelles spatiales et temporelles pour re-
produire correctement l’évolution des tourbillons dans
des simulations numériques. Ces résultats ouvrent
également des pistes intéressantes pour récupérer
des informations sur leur structure 3D à partir de
données de surface.
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Abstract : Mesoscale eddies are turbulent structures
present in every regions of the world ocean. Anticy-
clone are clockwise rotating structures in the North
hemisphere, cyclones counter-clockwise ones. Ed-
dies interact with ocean stratification impacted by air-
sea fluxes. We study here their seasonal and long-
term evolution, taking the case of Mediterranean ed-
dies. We design a Lagrangian method allowing to
track eddy signature in both remote-sensing and in
situ data. In sea surface temperature a marked sea-
sonal oscillation is observed. Anticyclonic cold-core
and cyclonic warm-core shift from very rare in win-
ter to predominant in early summer, a oscillation also
retrieved tracking a single structure. At depth anticy-
clones are found to greatly deepen the winter mixed

layer compared to outside eddy state, interacting with
their subsurface density structure. They also signifi-
cantly delay spring restratification in their core. Such
behaviors can be retrieved in numerical simulations.
High frequency forcing generate near-inertial waves
propagating more in anticyclone, thus enhancing ver-
tical mixing and explaining eddy surface temperature
anomalies variations. The results presented here un-
veil a complex evolution of an eddy 3D structure linked
with atmospheric fluxes. They show the need to re-
solve a wide range of both spatial and temporal scales
to accurately reproduce eddies evolution in a numeri-
cal model. These results also open interesting further
investigations to recover information about an eddy
3D structure based on surface remote-sensing data.

Institut Polytechnique de Paris
91120 Palaiseau, France


	Introduction
	A history of eddy observation in oceanography
	In situ oceanographic surveys
	Eddies from drifting floats
	Mesoscale through remote-sensing

	What is a mesoscale eddy? Theoretical and practical definitions
	Hydrological definition
	Geometrical definition
	An Eulerian approach from Eddy kinetic energy
	 drift and non-linearity criterion
	Eddy automated algorithms and atlases: towards a Lagrangian approach

	Eddy composite versus Lagrangian tracking
	Eddy interaction with atmosphere
	The Mediterranean Sea and its eddy climatology

	Eddy Lagrangian observation in surface and subsurface
	AMEDA eddy observation from altimetry
	Tracking eddies in the Mediterranean Sea: the DYNED Atlas
	In situ vertical profiles collocation with eddies
	Eddy anomaly compared to an outside-eddy background
	Background interannual variability

	Seasonal evolution of eddy-induced surface signature
	Moschos et al. (2022). Why do inverse eddy surface temperature anomalies emerge? The case of the Mediterranean Sea. Remote Sensing

	Eddy-induced mixed layer and interaction with subsurface anomalies
	Barboni et al. (2023a). How subsurface and double-core anticyclones intensify the winter mixed-layer deepening in the Mediterranean Sea. Ocean Science.

	Anticyclone evolution in numerical simulation
	Barboni et al. (2023b). How atmospheric forcing frequency, horizontal and vertical grid resolutions impact mesoscale eddy evolution in a numerical model. submitted to JAMES.
	Stability analysis
	Stratification stability
	Anticyclone stability analysis

	Current feedback and Ekman pumping

	Discussion
	Advective terms to explain inverse SST signatures
	Interannual variability
	Coupled atmospheric response
	Thermal current feedback
	Eddy interactions with surface waves

	Salinity and freshwater fluxes
	About cyclones
	Cyclonic SST anomaly
	Winter mixed layer anomaly in cyclones


	Conclusions and perspectives
	Eddy-induced impact on climatology
	Barboni et al. (2021), Lagrangian eddy tracking reveals the Eratosthenes anticyclonic attractor in the eastern Levantine Basin, Ocean Science

