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X-2 MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

Abstract.  We analyzed 20 years of AVISO data set to detect and char-
acterize long-lived eddies, which stay coherent more than six months, in the
Eastern Mediterranean Sea. In order to process the coarse gridded (1/8°) AVISO
geostrophic velocity fields, we optimized a geometrical eddy detection algo-
rithm. Our main contribution was to implement a new procedure based on
the computation of the Local and Normalized Angular Momentum (LNAM)
to identify the positions of the eddy centers and to follow their Lagrangian
trajectories. We verify on two meso-scale anticyclones, sampled during the
EGYPT campaign in 2006, that our methodology provides a correct estima-
tion of the eddy centers and their characteristic radius corresponding to the
maximal tangential velocity. Our analysis reveals the dominance of anticy-
clones among the long-lived eddies. This cyclone-anticyclone asymmetry ap-
pears to be much more pronounced in Eastern Mediterranean Sea than in

the global ocean. Then we focus our study on the formation areas of long-
lived eddies. We confirm that the generations of the Ierapetra and the Pelops
anticyclones are recurrent and correlated to the Etesian wind-forcing. We
also provide some evidence that the smaller cyclonic eddies formed at the
southwest of Crete may also be induced by the same wind forcing. On the
other hand, the generation of long-lived eddies along the Libyo-Egyptian coast
are not correlated to the local wind-stress curl but surprinsingly, their ini-
tial formation points follow the Herodotus Trough bathymetry. Moreover,

we identify a new formation area, not discussed before, along the curved shelf

off Benghazi.
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MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA X-3

1. Introduction

The improved spatial resolution of sea surface fields in the AVISO altimetry merged
data revealed the prevalence of meso scale eddies throughout most of the oceans [Isern-
Fontanet et al., 2003, 2006b; Morrow et al., 2004; Chelton et al., 2007, 2011; Chaigneau
et al., 2008, 2009]. Among the various methods used to detect and sample surface oceanic
eddies from field measurements, the use of sea surface altimetry, which is not affected
by cloud coverage, is among the most efficient ways to track long-lived eddies. The
recent progress in automated eddy detection algorithms [Sadarjoen et al., 1998; Isern-
Fontanet et al., 2003; Nencioli et al., 2010; Chelton et al., 2011] enables to identify the
positions of coherent structures and to follow their Lagrangian trajectories during several
months. Among the thousands eddies that could be identified at any given time a small
but significant number of long-lived eddies, lasting more than six months, were detected
in specific regions such as the southeastern Atlantic Ocean [Schonten et al., 2000], the
eastern South-Pacific [Chaigneau et al., 2008] or the northeastern subtropical Atlantic
[Sangra et al., 2009]. Moreover, Chelton et al. [2011] detected, over 16 years of data record
of the global ocean, more than 600 surface eddies with lifetime that exceed two years.
The presence of such long-lived eddies could strongly impact the surface circulation at
both local and regional scale. Indeed, these coherent structures trap and transport heat,
mass, momentum, and biogeochemical properties from their regions of formation to remote
areas.

In many closed or semi-closed seas the circulation is dominated by gyres and coastal

eddies and the kinetic energy of the instantaneous eddy field is larger than the kinetic en-
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X-4 MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

ergy of the long-term average circulation. This is the case of the Mediterranean sea which
exhibits a complex circulation system [Millot and Taupier-Letage, 2005; Isern-Fontanet
et al., 2006; Sorgente et al., 2011; Menna et al., 2012]. The excess of evaporation in the
Mediterranean sea is mainly compensated by the entrance of fresh Atlantic waters (AW)
through the Strait of Gibraltar. Part of this AW crosses the Sicilian channel and drives
the surface circulation of the eastern Mediterranean Sea, i.e. the Ionian and Levantine
sub-basin (Fig.1a). As expected for a density-driven surface current, the light AW in-
duces a mean cyclonic circulation in the closed basin. The twenty year average of the
AVISO surface geostrophic velocities (Fig.1b) exhibit a mean eastward flow along the
Libyo-Egyptian coast and a mean westward flow south of Crete. However, such temporal
averaging smooth out the spatio-temporal variability of coherent structures and therefore
oversimplified the basin circulation. As pointed out by Isern-Fontanet et al. [2006] a large
number of studies on the mediteranean circulation are focused on mean Eulerian statistics
or long-term averaged circulation [Robinson et al., 1991; Larnicol et al., 2002; Rio et al.,
2007; Poulain et al., 2012; Menna et al., 2012] rather than on the formation and the tra-
jectories of coherent and long-lived vortices. Indeed, the instabilities of the surface flow,
the interactions with the complex bathymetry (Fig. 1a) and the local wind stress generate
numerous vortices in several parts of the basin. Hence, the surface circulation exhibit a
strong spatio-temporal variability induced by a turbulent eddy field or highly variable
currents. This is especially true in the eastern basin where the unsteady path of the AW
is under debate [Millot and Taupier-Letage, 2005; Gerin et al., 2009; Millot and Gerin,

2010] and the mechanism of formation of coherent eddies along the Libyo-Egyptian coast
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MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA X-5

poorly known. Our study focuses on the sub-basin area [17°E - 30°E, 30°N - 36.3°N], the
black rectangle in Fig.1la, where in-situ measurements are scarce.

Several long-lived meso scale features have been pointed out by observations in the east-
ern Mediterranean Sea [Pinardi et al., 2003]. Two well documented eddies, the Ierapetra
(IE) and the Pelops (PE) anticyclones which are respectively located at the northwest
and the southwest corner of Crete [Theocharis et al., 1993; Matteoda and Glenn, 1996]
are recurrently generated in summer. Some large-scale anticyclonic gyres are visible, in
these areas, on the long-term average of the surface circulation (Fig.1b). However, these
eddies are not steady or permanent features even if they were observed during several
months and could sometimes survive more than a year. For instance, during the fall 1997
an old IE merged with a new IE leading to a robust anticyclonic eddy which trapped the
summertime warm water in its core for almost two years [Hamad et al., 2006]. Other
meso scale anticyclones such as one Lybio-Egyptian eddy (called LE) [Hamad et al., 2006;
Sutyrin et al., 2009] or the Mesra-Matruh eddies [Hamad et al., 2006; Gerin et al., 2009;
Amitai et al., 2010; Menna et al., 2012] were documented from surface observation or
in-situ measurements in the area. However, both their life time and their formation areas
remain unclear. Besides, the recurrent or the sporadic nature of the various meso scale
anticyclones, who are detected in this area, are still under discussion.

The main goals of this work are to identify the sub-regions where long-lived eddies
are generated recurrently in the eastern Mediterranean sea, to characterize their size and
intensity, and to follow their trajectories. In the present paper, our study focuses on
coastal eddies (i.e. generated close to the shelf) which are able to trap and transport

coastal waters in the center of the basin of the eastern Mediterranean Sea and to impact
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significantly the sub-basin circulation in the [17°E - 30°E, 30°N - 36.3°N] area. We use
the geostrophic velocities derived from the absolute dynamical topography of the 20-year
AVISO data set covering the period 1993 to 2012. In order to efficiently detect and follow
long-lived eddies using this relatively coarse resolution data set we adapt and optimized
the geometrical algorithm of Nencioli et al. [2010]. The optimized algorithm is detailed
and the accuracy of our method is tested through an intercomparison of this optimized
algorithm with few in-situ measurements in section 2. A twenty-year climatology of long-
lived coastal eddies in the eastern Mediteranean Sea is then presented in section 3. We
performed here a thourough analysis of the cyclone-anticyclone asymmetry. We identify
the main formation areas of long-lived eddies, we study their seasonal variability and
suggest possible formation mechanisms. Finally, in section 4, we discuss these results and

their impacts on the sub-basin circulation.

2. Optimized algorithm for detection of coastal eddies

In order to characterize the eddy field, we chose to use the surface velocity instead
of the sea surface height for several reasons. The first one is that the main dynamical
properties of surface intensified vortices, namely their drifting speed [Stegner and Zeitlin,
1996; Sutyrin et al., 2009] and their stability caracteristics [Stegner and Dritschel, 2000;
Teinturier et al., 2010; Lazar et al., 2013a, b|, are driven by the vortex Rossby number
R0 = Va2 /(f Rimaz) and the Burger number Bu = (Ry/Ryaz)?, where V4, is the maxi-
mal azimuthal velocity, R,,., the corresponding radius, R, the internal deformation radius
and f the Coriolis parameter. Therefore, working directly with the velocities provides a
direct quantification of the Rossby number Ro. Besides, in order to quantify accurately

the eddy size and therefore the Burger number Bu, the radius R,,,. corresponding to
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the maximum tangential velocity is a simple and well defined length. Moreover, the ac-
curate quantification of the vortex size R,,., and intensity V,,., from the velocity field,
provided by the AVISO data set or numerical models, will allow a direct comparison with
in-situ measurements such as ADCP transects or surface velocities derived from drifters
trajectories.

Among the wide variety of identification methods based on the velocity field [Sadarjoen
et al., 1998; Isern-Fontanet et al., 2003; Nencioli et al., 2010] we chose to use the approach
proposed by Nencioli et al. [2010] which identify, for every center of rotation detected,
a closed streamline corresponding to the maximal velocity ring. However, when we first
applied this algorithm to the geostrophic velocities provided by AVISO (with an optimal
tuning of the parameters) we were able to detect only a low number of meso scale eddies.
Hence, in order to improve the eddy detection and the eddy tracking it was needed to
significantly modify the initial algorithm. We detail below the caracteristics of the data
set, the main optimizations we performed on the algorithm and the comparisons of this

optimized method with in-situ drifters and SST patterns.

2.1. AVISO gesotrophic velocities

The domain of the present study corresponds to a large fraction of the eastern
mediterranean basin, between the meridians of 17°E and 30°E and the parallels of 30°N
and 37°N. For this region we used the geostrophic velocity fields provided by AVISO
(http://www.aviso.oceanobs.com) which are derived from the Absolute Dynamical To-
pography (ADT). The distributed regional product combines, for the years 1993— 2012,
satellite altimetry data from the Topex/ Poseidon, ERS, Jason—1, and Envisat missions.

This merged satellite product is projected on a 1/8° horizontal resolution Mercator grid,
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in time intervals of 7 days. This horizontal resolution is, in the Mediterannean sea, at the
order of the internal deformation radius (R; = 10 — 12km). Hence, only large meso scale
eddies, with a typical radius R,,,, larger than the deformation radius, could be identified
from this data set. Besides, the accuracy of the eddy center identification could be affected

by the limited numbers of vectors in the vortex core (AVISO 1/8° resolution).

2.2. Optimized algorithm for the detection of coastal eddies

2.2.1. Angular momentum method for eddy center detection

The first step of the method proposed by Nencioli et al. [2010] is to identify the centers
of rotation in the velocity field. The algorithm looks for all pairs of points in the domain
where there is a zonal and meridional velocity shear. At that stage, too many couple of
points are selected and most of them should be excluded. Hence, the algorithm of Nencioli
et al. [2010] searches for the local velocity minimum inside a small square domain centered
on the selected points. However the search for a velocity minima, may lead to systematic
detection errors when hyperbolic and elliptic points of the velocity field are too close to
each other. Such configuration is shown in 2a. In this case, two vortices are next to
each other and the algorithm will select the velocity minima at the hyperbolic point H of
intersection between the two vortices instead of the two grid points E; and Fy which are
close to the vortex centers (elliptical points). Similar configuration occurs when a coastal
current form a large meander and a vortex is detached. When the current meander starts
to have a close streamline the elliptical point (i.e. the vortex center) will also be very
close to the hyperbolic point.

To correct this problem and optimize the automatic eddy detection, we totally changed

the second procedure. Instead of searching for a velocity minima, a local quantity sensi-
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tive to the velocity errors at the grid scale, we decided to quantify an integral quantity
proportional to the local angular momentum. For each grid point X;, we quantify a Local

and Normalized Angular Momentum (LNAM) according to the formula:

LNAM(X;) = — = ST BL (1)
S XX Vi + 5 | XX || S+ BL

where X; and V; are respectively the position and the velocity vector of a grid point
neighbor of X;. The sum is made over the n x n neighbors points, inside a square domain
centered on X;. We chose here a typical size n = 5. This LNAM parameter is propor-
tional to the local angular momentum L; = 37; X;X; x V; at the grid point X; and it is
renormalized by BL; = 3; ’ﬁ ’ ‘&‘ an upper bound for the angular momentum (i.e.
—BL; < L; < BL;). Besides, we add S; = > % E in the renormalization term. The
sum of the scalar products S; will reach a large value for hyperbolic points and be equal
to zero for elliptical points. For a symmetric vortex if X; is the vortex center, S; = 0 and
the LNAM parameter will reach an extremal value 1 (—1) for a cyclonic (anticyclonic)
eddy. Hence, this parameter does not depend on the vortex intensity and is build to make
a net distinction between hyperbolic and elliptical points. According to the Fig.2b, when
this new LNAM parameter is used to detect the eddy centers on the same velocity field as
in Fig.2a only the two elliptical points F; and E, are identifed. Nevertheless, this param-
eter will also select the centers of current meanders even if there is no closed streamlines,
in other words the extrema of the LNAM parameter do not guarantee a coherent eddy
structure able to trap water masses in its core. Hence, we need to add a third validation
step. We chose to keep the selected centers if we can find at least one closed streamline

in its vicinity. The streamlines calculations are detailed below.
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2.2.2. Eddy size and intensity

In order to define the eddy size and its intensity we used, as Nencioli et al. [2010], the
contours lines of the streamfunction field. Once the possible locations of vortex centers are
identified the local streamfunction is computed around each selected point. An iterative
process select an increasing set of rectangular domain until a closed streamline having
the highest mean velocity V... (averaged along the streamline) is found. This closed
streamline is registered as the characteristic vortex contour. Inside this contour, the
velocity magnitude increases radially from the vortex center. The eddy radius is then
defined as the equivalent radius of a circle with the same area A as the one delimited by

the closed characteristic contour:

A
Rz =\~ (2)

This procedure quantifies precisely for every detected eddy a characteristic size R,z
and intensity V... Then, we can directly compute the vortex Rossby number Ro =
Vinaz/ (f Rmae) and the Burger number Bu = (Ryq/Rnae)?. At that stage we also interpo-
late the characteristic vortex contour by an ellipse and estimate an equivalent ellipiticty

e=1-2
a

(also called the flattening parameter) where b is the semi- minor axis and a
is the semi- major axis. The ellipticity of the characteristic contour could then be used
to remove highly distorted structures in statistical analysis. Moreover, we ignored eddies
with a radius R,,,, smaller than 15km. In fact, real eddies smaller than this threshold
are not correctly resolved in the AVISO grid.

Fig.3 shows the 27 eddies detected by this optimized algorithm from the geostrophic

velocity field (AVISO ADT data set) for the week 20 — 27 September 2006 in the domain
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under study. The eddy centers identified by the LNAM field are marked with a black star
and the solid lines (dashed lines) correspond to the characteristic vortex contours plotted
for each anticyclones (cyclones).

The comparison with the widely used eddy detection algorithm based on the Okubo-
Weiss (OW) parameter [Isern-Fontanet et al., 2003, 2004, 2006; Morrow et al., 2004;
Chelton et al., 2007] is given in appendix A. The OW method, applied on the same
surface velocity field, induces a strong excess of detection. More than 55 eddies were
detected (Fig.18) in comparison to the 27 eddies identified with our optimized algorithm
(Fig.3). This systematic over detection induced by the OW method was also highlighted
in the previous studies [Isern-Fontanet et al., 2006; Chaigneau et al., 2008; Nencioli et al.,
2010]. Specific filters could be used to reduce the small-scale noise and the number of
eddy detected [Chelton et al., 2007; Souza et al., 2011] but nevertheless, unlike the LNAM
parameter we used, the OW method is highly sensitive to the variance of the flow field
and therefore the threshold parameter.

2.2.3. Eddy tracking and trajectory

An eddy track consists of the trajectory of an eddy during its lifetime. The method
proposed for eddy tracking [Nencioli et al., 2010] is relatively simple and well-established.
Once the eddy centers are detected, eddy tracks are identified by comparing the centers
at successive time steps. The trajectory of a given eddy at the week n is updated by
searching the next week n + 1 the closest eddy of the same type (cyclone/anticyclone) in
a restricted area around the position of the eddy at the week n. In the present study, the
radius of the search area is 45km, in other words the drifting speed of the eddy center

cannot exceed 6.5 km/day (i.e. 7.5cm.s™1). This value was chosen according to previous
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studies [Hamad et al., 2006; Sutyrin et al., 2009] which shows that typical drifting speed
of meso scale eddies in the eastern Mediterranean basin are around 1 — 3 km/day.
Vortices signature may also disappear (or be strongly smoothed) between consecutive
maps, especially if their centers are located into the gaps between the satellites ground-
tracks. To reduce these errors, we searched for the same eddy for two weeks after its
disappearance and increased the search area up to 67km. Nevertheless, we cannot guar-
antee erroneous spliting of eddy tracks induced by measurements errors of the AVISO

altimetric data set and the geostrophic velocity field derivation.

2.3. Comparison/validation of the optimized method with in-situ drifters and

SST patterns

In order to estimate the accuracy of this optimized eddy detection algorithm we compare
the trajectories, the size and the intensity of two vortices which were sampled during the
EGYPT/EGITTO program [Taupier-Letage, 2007]. About 100 surface velocity drifters
(SVP) drogued at 15m were released between fall 2005 to summer 2007 [Gerin et al.,
2009]. A few of them, were launched in the core of the lerapetra anticyclone and inside
one Lybio-Egyptian eddy and they remained trapped several months inside their core.
The drifter trajectories enable to reconstruct the tracks of the eddies and to quantify
their surface velocities. Besides, several CTD transects were performed at the same time
across these two anticyclones. A careful comparison of the eddies characteristics deduced
from these in-situ measurements with the ones obtained from our optimized method is
detailed below. Moreover, we checked on several SST fields the agreement of the detected
eddies with the surface temperature patterns.

2.3.1. Eddies trajectories
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Among the hundred of SVP drifters launched during the EGYPT/EGITTO program,
from 2005 to 2007, only a few of them get trapped inside eddies more than two months.
Two surface drifters were trapped in the ITerapetra eddy generated in 2005 (IE05) and
three other ones in the Lybio-Egyptian eddy (LE1). We use here the same notation as in
Gerin et al. [2009] to label specific eddies. The kriging method [Poulain and Zambianchi,
2007] was used to filter the dataset and extract the position (X, Y;) and the instantaneous
speed vector V; of the drifters every six hours. When they are trapped, the drifters looped
inside the eddy with a typical period of three to five days. Hence, when we filter out these
rapid oscillations on both the latitude and the longitude dataset for these drifters, we can
extract the slow evolution of the eddy center. The trajectory of the eddy center is then
interpolated from all the trapped buoys for both anticyclones.

Among the five drifters launched in April 2006 inside the LE1 anticyclone, three drifters
(b57312, b59774 and b59777) remained trapped in the eddy core for several months from
April 2006 to September 2006. The westward drift of this anticyclone follows the Libyan
shelf and keeps a constant distance (L = 55 — 65km) between the vortex center and
the 200m bathymetry [Sutyrin et al., 2009], as shown in Fig.4. The trajectory deduced
from the in-situ drifters during this period is in very good agreement with the eddy
track obtained from the AVISO data set. Even if after six months the surface drifters
escape from the eddy core, the automated eddy detection procedure we used allows us
to follow the LE1 trajectory for twenty months. The date of the first detection of this
vortex corresponds to early May 2006 when the algorithm identifies a new Lybio-Egyptian
anticyclone detached from a pre-existing one. According to the AVISO velocity fields, this

splitting event occurred along the Libyo-Egyptian coast in late April 2006. The further

DRAFT September 5, 2014, 10:14am DRAFT



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

X -14 MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

evolution of the eddy is in agreement with the sea surface temperature field which showed
that the LE1 anticyclone drifted westward along the Libyan shelf for more than one year
[ Taupier-Letage, 2008]. We confirm here that this eddy is long-lived and remains coherent
for a quite long period: almost two years !

At the end of April 2006, four drifters were launched in the Ierapetra anticylone TE05,
two of them (b59748 and b59751) remained trapped inside the eddy core for almost three
months until mid-July. At that time the IE05 merged with the young IE06, which appears
at the end of June 2006 in the southeast corner of Crete. This merging, documented by
Taupier-Letage [2008], is probably responsible of the ejection of the two surface drifters
out of the core of IE05 in July 2006. During the three months period (April-July) the
[E05 anticyclone slowly loops towards the North-East and the South-East Fig.5a). As
for the previous case, a very good agreement is found between the trajectories deduced
respectively from the in-situ drifters and our automated eddy track applied to the AVISO
data set (Fig.5b ). Here again, the use of the geostrophic velocity fields deduced from
the ADT enables us to follow the dynamical evolution of this coherent eddy along all its
lifetime: from August 2005 to September 2007. These two intercomparisons show that our
optimized method provides, for large meso-scale eddies, a correct localisation of the eddy
center (i.e. the center of rotation) and therefore their trajectories at the grid accuracy
(1/8° for the AVISO velocity field).

2.3.2. Eddies characteristics

When they are trapped several weeks or months inside an eddy, the in-situ drifters

may also provide quantitative estimations on the vortex size and its maximal velocity.

Indeed, when the vortex center is accurately located we could calculate for each successive
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position (X(t),Y(t)) the radial distance R(t) from the drifter to the eddy center. Specific
time intervals where the drifters trajectories remain almost circular were considered: the
ellipticity e = 1—0b/a should be less than ¢y = 0.3 where b and a are respectively the semi-
minor and the semi-major axis. For all these circular loops ¢ we calculate the time averaged
radius R; and the mean tangential velocity V;. Fig.6 shows the data pair (R;, V;) measured
for both the IE (left panel) and the LE (right panel) anticyclones. The intermittency of
the local wind stresses or the small-scale wave activity induces dispersion in the drifter
dynamics and a wide range of R; values are explored while the drifters loop inside the
eddy. Hence, assuming that the eddy profile remains almost the same during this three-
four months period, with only a few drifters we can estimate the core velocity profiles of
these two anticyclones. As a first guess we fit these tangential velocities with Gaussian
velocity profiles (dashed lines) as a function of the radius r at each point of the eddy

contour:

V(T) = Vma;th 61']?(1/2_7"2/21%%“” (3)

According to these in-situ measurements the maximal tangential velocities V.. =~
35c¢m.s™! of the Ierapetra anticyclone is reached when R,,.. ~ 35km while for the
Lybio-Egyptian eddy we get a larger velocity V.. =~ 45cm.s™! for a larger radius
Rpae =~ 40 —50km. These typical radii are much larger than the local deformation radius
Rq = 8 — 12km in the area and the corresponding Burger number Bu = (Rg/Rmaz)?
is therefore quite small Bu ~ 0.04 — 0.08. Then, taking into account the local Corio-

lis parameter f at the eddy center latitude we can estimate the typical vortex Rossby
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numbers

Vma:p

R pu—
¢ f Rinaz

(4)

Even if these two anticyclones have different size and intensity they have almost the same
Rossby number Ro ~ 0.12 —0.13. These moderate values of Ro show that the centrifugal
force is relatively small in comparison with the Coriolis force and that these circular eddies
comply with the geostrophic balance assumptions. Moreover, we can also estimate the

core vorticity ¢(0) of these anticyclones according to the relation:

V
C(r) =0,V + — (5)
For these Gaussian velocity profiles we get
0
|$R‘:2&ﬂRozo4—0% (6)

For such range of parameters (Ro ~ 0.12, ((0) ~ —0.4, Bu ~ 0.06), these meso scale
anticyclones cannot be affected by unstable inertial perturbations [Kloosterziel and van
Heijst, 2006; Carnevale et al., 2011; Lazar et al., 2013a, b] and could therefore remain
stable and coherent for several months.

To compare these in-situ measurements to the ones obtained by the optimized algorithm
applied to the AVISO data-set, the temporal evolution of the typical radius R, and the
maximum velocity V,,., of the characteristic eddy contours for the IE05 (left panels) and
the LE1 (right panels) anticyclones are plotted in Fig.7 . Among the large dispersion of
data, we could observe a decay of the size and the intensity of the Ireapetra eddy from
the end of winter 2005 to the summer 2006. Then, the strong increase of the vortex
intensity from august to October 2006 appears to be correlated to the merging of the

old and weak IE05 with a new one formed and intensified by the Etesian winds during
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this period. The merging event was clearly visible in July 2006 from consecutive SST
images | Taupier-Letage, 2008]. On the other hand it is difficult to see in the Fig.7 any
seasonal fluctuations for the LE anticyclone. The temporal variability of the R,,,, and the
Vinaz values is strong but there is no clear dynamical or meteorological reasons which could
explain such variability which seems to be due to the intrinsic errors of the remote-sensing
altimetry or the eddy detection algorithm. In order to make a relevant comparison between
the automated detection algorithm and the surface drifters measurements we consider the
temporal average of the vortex size and intensities during the weeks when surface drifters
were trapped inside the eddies (grey areas in Fig.7). Moreover, two CTD transects were
performed during the EGYPT-1 campaign (between April 19" to 21t 2006) across the
diameter of both the IE05 and the LE1 anticyclones ([ Taupier-Letage, 2007; Sutyrin et al.,
2009]. Vertical sections of the geostrophic velocities were estimated from these CTD
transects and we can then extract another independent estimation of R, and V,,4, from
in-situ measurements. The table 1 summarize this quantitative intercomparison. The
characteristic eddy radius R,,., of these large meso-scale eddies is correctly estimated by
our optimized method. Nevertheless, we can notice that the geostrophic surface velocities,
computed here from the 1/8° AVISO ADT, tend to underestimate the vortex intensity
even if the vortex Rossby numbers are small. Similar underestimation of the intensity
of large meso scale eddies, using the AVISO geostrophic velocities, was also observed for
a wind-induced anticyclone in the wake of Madeira island [Caldeira et al., 2014]. It is
expected that the coarse resolution AVISO data tend to smooth down the intensity of
vortices having a radius (Ru.. = 30 — 40km) too close to the AVISO grid (Az ~ 14km

for the present case). According to the recent analysis of Chelton et al. [2011], the SSH
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fields of the AVISO Reference Series, have been filtered to attenuate Gaussian-like features
with e-folding radii shorter than roughly 40km.

These two examples show that satellite altimetry provides the most useful data set
to follow, with an efficient eddy tracking algorithm, the trajectories of long-lived eddies
at the ocean surface. If, the typical radius R,,.. of these two large meso-scale vortices
are correctly estimated by the characteristic contours provided by the algorithm, their
intensities V., along this contour tend to be underestimated. Hence, the quantitative
characterization of more intense (larger Rosbby number) or smaller vortices (Rpu <
15 — 25km) from coarse gridded satellite-based measurements will be much less accurate
and should be considered with care.

2.3.3. Comparison with SST patterns

Unlike standard altimetry products, the sea surface temperature or the sea color data
sets could exhibit the signatures of surface oceanic structures (currents, eddies and fila-
ments) at high resolution. Indeed, when the wind stress is weak the surface temperature
will be advected by the surface oceanic circulation as a passive tracer. Hence, the local
temperature gradients may reveal the presence of coherent structures at both meso and
submeso scale due to the 1km resolution of the NOAA-AVHRR SST images. Fig.8 shows
the SST image taken the 18" of June 2006. Among the large number of images we down-
loaded from the Cyprius Oceanographic Center, we select this one because it exhibits a
wide number of patterns with a high contrast. During that day and the preceeding ones
the wind forcing was weak and the cloud coverage negligible in the area under study.
Hence, we were able to follow the temporal evolution of the SST patterns during four

consecutives days (from the 16 to the 19 June) and identify qualitatively the location of
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many cyclonic (open triangle) and anticyclonic (filled circle) circulations (Fig. 8a). We
consider here only the centers where a significant rotation of the SST patterns was identi-
fied during the four days. For comparison we superimposed, in Fig.8b the same SST map
and the characteristic eddy contours detected by our method applied to the geostrophic
velocities provided by AVISO for the week 15—21 june 2006. We plot here all the detected
eddies even those with short lifetime or with contour of high ellipticity.

We should first mention that the various patterns visible on this SST map reveal a tur-
bulent surface circulation governed by several coherent vortices in a wide range of scales.
Among this turbulent field few large-scale anticyclones, labeled IE (25.5°E, 34.25°N), PE
(25.5°E,34.25°N), LE (22.5°E, 33.75°N) and HTE (29°F, 33.5°N) in the Fig.8b, are iden-
tified both from the SST patterns and from the AVISO velocities. For these four long-lived
eddies the area delimited by the characteristic contour are in correct agreement with the
SST patterns even if their shape and the center locations may differ. On the other hand,
the large scale cyclonic contour (detected during several weeks in the AVISO field) located
at the west of the IE anticyclone Fig.8b overestimate the size of the cyclonic SST pattern
located in the same area Fig.8a. We should mention that the SST patterns are mainly
due to the Lagragian advection of temperature gradients and therefore, there is no direct
correlation with the closed contours shown in Fig.8b which correspond to instantaneous
streamlines. Besides, we observe that anticyclonic (cyclonic) vortex could correpond to a
cold (warm) core SST signature. These surprising observations confirm that the surface
temperature is advected here as a passive tracer and is not correlated to the deeper ther-
mocline structure of these geostrophic eddies. We should also note that smaller eddies,

especially those along the Libyo-Egyptian coast, are not detected or correctly located by

DRAFT September 5, 2014, 10:14am DRAFT



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

X -20 MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

the characteristic contours we computed. This is mainly due to the limited resolution
and the systematic measurements errors along the coast of altimetry data sets. These
latter do not enable to resolve accuratly small meso scale vortices (R < 15 — 25km)
close to the coastlines or to detect submeso scale structures below the deformation radius
Ry. This example, clearly shows the limits of any eddy detection algorithm applied to a
coarse gridded velocity field. Hence, the main limitation of our analysis comes from the
1/8° resolution of the AVISO data set. Nevertheless, these few intercomparisons (even if
they do not provide any statistical proofs) show that our optimized eddy detection algo-
rithm could provide relevant detection and tracking for sufficiently large and long-lived

meso-scale eddies.

3. Generations and dynamics of long-lived eddies from 1993 to 2012

We present in this section a statistical analysis of the eddies detected by the automated
procedure from 1993 to 2012. We consider, in what follows, coherent structures having
closed streamlines that were tracked for at least 8 weeks. This minimal life time guarantee
the coherence and the robustness of the detected structures. Among them we discarded
the vortices which are, on average, too small (R, < 15 km) or too ellongated (e > 0.3)
and we get a first list of 908 detected eddies for the 20 years period. Then, we perform a
regional analysis on 270 long-lived eddies, which live more than six months and are able

to trap and transport heat, salt and biogeochemical species over a long distance.

3.1. Cyclone - anticyclone asymmetry
According to Fig.9 a large majority of the detected eddies having a lifetime that exceeds

8 weeks are cyclonic. Indeed, among these 908 eddies 62% are cyclonic and 38% are
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anticyclonic. Nevertheless, this ratio is reversed if we only consider long-lived eddies.
Indeed, when the lifetime exceeds six months the anticyclones become dominant. More
than 80% of the eddies which were tracked for more than a year are anticyclonic. This
dominance of anticyclones among the long lived eddies was observed throughout most of
the Ocean [Chelton et al., 2011]. However, this asymetry appears to be more pronounced
in eastern mediterranean basin. According to the statistical analysis of Chelton et al.
[2011] the dominance of anticyclones in World Ocean occurs only when their lifetime
exceeds 9 — 10 months, see Fig. 2 of Chelton et al. [2011].

Fig.10 analyses the size distribution as a function of the eddy lifetime. Large vortices
(Rimaz > 32km) which lived more than 21 weeks were predominantly anticylonic while
smaller eddies (Ry..: < 32km) which lived shorter are mainly cyclonic (Fig.10). To
explain the predominance of anticyclones among large-scale eddies, when the eddy radius
becomes larger than the deformation radius, several studies were devoted to the specific
stability of anticyclonic vortices in rotating shallow-water flows [Arai and Yamagata, 1994;
Stegner and Dritschel, 2000; Baey and Carton, 2002]. Moreover, stable anticyclones tend
to remain coherent within a turbulent flow [Polvani et al., 1994; Arai and Yamagata, 1994;
Linden et al., 1995] and they were found to be more robust to external strain perturbations
than cyclonic eddies [Graves et al., 2006]. Idealized laboratory experiments [Perret et al.,
2006a, b] and numerical simulations Perret et al. [2006a, b|; Dong et al. [2007], have
shown that when the ratio of the vortex Rossby number Ro over the Burger number Bu =
(Rg/Romaz)? becomes large, anticyclones remain coherent and circular, whereas cyclones
tend to be elongated and distorted. Besides, if we take into account the weak beta effect,

which may affect large-scale oceanic eddies, several studies [ Matsuura and Yamagata, 1982;
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Nycander and Sutyrin, 1992; Stegner and Zeitlin, 1995, 1996] reveal that cyclonic eddies
are strongly affected by the Rossby wave dispersion while anticyclones remain robust and
coherent for a much longer time. Hence, both the vortex stability, the nonlinear vortex-
vortex interactions and the Rossby wave dispersion lead to the predominance of large-scale

anticylones among the long-lived eddies of the eastern Mediterannean sea.

3.2. Generation areas of long-lived eddies

In order to detect the formation areas of long-lived eddies along the coasts we plot in
Fig.11 the first detection points of the eddies which were tracked more than six months
during the 20 years of analysis. Once they are formed, vortices could travel a long distance,
up to several hundreds of kilometers (see Fig.4), over the whole basin. If the full trajectory
of all these 96 long-lived eddies were plotted, all the Eastern Mediterranean Basin would be
filled by the eddy tracks. But if we plot only the initial formation points, the distribution
is not uniform and specific areas could be identified. For instance, Fig.11a shows a higher
density of these first detection points in the well-known areas of the lerapetra (IE) or the
Pelops (PE) eddies. The formations of large meso-scale anticyclones in these two areas
were already observed and discussed in previous studies [Hamad et al., 2005; Gerin et al.,
2009; Amitai et al., 2010; Menna et al., 2012]. It confirms that the first detection point
computed by our tracking algorithm can identify the generation area of long-lived eddies.

Note that such type of analysis differs from the previous ones [Isern-Fontanet et al.,
2006; Amitai et al., 2010; Menna et al., 2012] which focused on areas of intense Eddy
Kinetic Energy (EKE). Indeed, the kinetic energy fluctuations could be induced by the
variabilities of strong currents, a large number of intense vortices having a short lifetime

or by the drift of long-lived vortices which were formed elsewhere. On the other hand,
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the region where long-lived eddies are formed and detached regularly from the coast will
necessarily be a region of strong EKE. Hence, the following analysis which focuses on the
first detection points (i.e. possible generation areas) of long-lived structures will be more
selective and will contain only a fraction of the intense EKE areas.

The figure Fig.11 clearly shows the predominance of anticyclonic vortices (59 anticy-
clones and 41 cyclones) and that a large majority of these meso-scale eddies tend to appear
in the northern part of the basin (above 33.5°N). Only a few long-lived anticyclones are
first detected in the southern part along the Lybio-Egyptian coast. If the orographic wind
forcing or the instabilities of surface current are standard mechanisms for the generation
of coherent vortices we should mention that a vortex splitting that may occur in the (tur-
bulent) open sea will lead to the formation (i.e. first detection) of a new vortex. Indeed,
we observed on the high resolution SST field few episodes of such vortex splitting in the
middle of the basin. Hence, to refine the analysis and identify possible mechanisms of
eddy formation, we study in the next sub-section how the detection/formation points of

these long-lived eddies are related to the seasonal variability.

3.3. Seasonal variability, possible formation mechanisms and eddies

trajectories

We plot in figures Fig.12 and Fig.13 the first detection points of anticyclones and cy-
clones, during the 20 years of analysis, for the four seasons. We take into account the
coherent eddies which were tracked more than two months (open circles) and the long-
lived eddies that survive more than six months (filled circles). As in Fig.11, we can see in

some specific areas a higher density of points. We focus in what follows on theses areas,
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delimited by dashed contours, which may correspond to formation regions for coherent
and long-lived eddies.

Ierapetra Eddies (IE)

The intense anticyclonic eddy located southeast of Crete, i.e. the Ierapetra eddy, is one
of the most extensively studied vortex in this area. Several works [Larnicol et al., 1995;
Hamad et al., 2006; Amitai et al., 2010; Menna et al., 2012] have observed or quantified
its annual variability. The anticyclone is generated in summer, becomes fully developed in
late summer or early fall and often disappears in the following spring. The Fig.12 confirms
that the first detection of the IE eddies occurs mainly during the summer period (June
215 - Septembre 20™"). Nevertheless, in few cases, 3 among the 20 years, the formation of
the lerapetra anticyclone was not detected. Several times, it survived the whole year and
merged with a new anticyclone at the summer period leading to a longer lifetime for our
detection algorithm. Such case is visible, for instance, in Fig.7c where the intensity of the
IE anticyclone decayed from December to June 2006 and increased again in July 2006.
The detection stops in July 2007, almost two years after the first detection in August 2005.
A careful analysis of the eddy tracking shows that a merging event occurs, mid-July 2006,
between the IE05 anticyclone and the TE06 which emerges and grows in the southeast
tip of Crete in early July 2006. These various scenarios and dynamical evolutions may
explain the past discussions and controversy on the permanent or the recurrent nature of
this large and intense anticyclone.

The high density of first detection point during the summer period is in agreement
with the Horton et al. [1994] hypothesis that the lerapetra eddy is mainly forced by the

Etesian winds. In order to quantify the seasonal variability of the wind forcing in the
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sub-basin under study, we used the ALADIN data set [Tramblay et al., 2013] and we
compute the monthly winds climate over the 1993 — 2012 period. Each of these months
corresponds to the arithmetic mean of the twenty monthly average wind data. We plot
in Fig.14a the wind stress vectors and the wind stress curl amplitude for the mean June
which is the month having the highest wind-stress curl induced in the south of Crete by
the Etesian winds. The strong wind-shears found in this area are in agreement with the
previous analysis of Bakun and Agostini [2001] and Amitai et al. [2010]. Moreover, we
select a circular domain (IE_area in Fig.14a) centered at (26.750 F, 34.750 N ) with a 45km
radius where a large number of IE eddies were initially detected. The Fig.14c shows that
the mean wind stress curl in this [E_area start to increases in spring an reaches its highest
values in June and July. The persistence of an anticyclonic wind-shear (i.e. negative
wind-stress curl) is expected to induce a local Ekman downwelling and therefore favor the
formation of anticyclones. Therefore, the spatial and temporal correlation between the
maximum of south-east Etesian winds which occurs in late spring and early summer (Fig.
14) and the first detection of the Ierapetra eddies in summer (Fig. 12) confirms that the
anticyclonic wind-shear is a major forcing. The role of local wind-stress as a driver for
oceanic eddies was also studied in the lee of oceanic mountainous islands such as Hawai
[Calil et al., 2008; Jia et al., 2011] or Madeira [Couvelard et al., 2012; Caldeira et al.,
2014].

The typical radius of the detected IE is on average (R4 ~ 35 — 40km) much larger
than the local deformation radius. They are the most intense eddies in the basin with a
mean Rossby number Ro =~ 0.15. We plot in Fig.15 few caracteristic trajectories of these

IE anticyclones. Once the eddy is formed it may escape from the coast and stays relatively
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close to it with an irregular motion or travel towards the south. The slow southwestward
drift is the most frequent trajectory (about 60%) but in a few cases we also observed a
slow eastward drift.

Pelops Eddies (PE)

As for the Ierapetra eddy, there is a general agreement that the Pelops anticyclone (PE),
located southwest of the Peloponnese [Matteoda and Glenn, 1996, is mainly triggered by
the wind-stress curl [Ayoub et al., 1998]. Some authors [Marullo et al., 1999] also con-
sider the meandering of the Atlantic lonian stream (AIS) as a complementary mechanism
for the generation of the PE anticyclone. Our analysis exhibits, in Autumn (Fig.12),
a strong density of first detection points located in an area of significant anticyclonic
wind-stress curl (PE_area in Fig.14).In the late summer, the Etesian winds turns from
south-east (Fig.14a) to south (Fig.14b). This new direction amplifies the wind accelera-
tion and therefore the wind-shear in the Peloponnese-Cretan strait. The monthly winds
evolution in this specific area (PE_area delimited by dashed circle in Fig.14b) shows that
the maximum wind-stress curl is reached in September. The previous analysis of Bakun
and Agostini [2001], also shows that the maximum intensity of the Ekman downwelling,
located in the same area, occurs in Autumn, mainly in October or November according to
their Fig.4f. Therefore, the fact that the Pelops anticyclone tend to be detected later than
the lerapetra eddy, is well correlated to the increases of the local wind-shear in the respec-
tive formation areas. This spatio-temporal correlation gives a new evidence that the wind
is one of the major mechanism which drives the generation of the Pelops anticyclones.

As for the IE eddy, we observe from the eddy tracking algorithm that the PE anticyclone

may survive more than a year and merge with another anticyclone formed in the same
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area. Hence, many authors mention a permanent eddy [Robinson et al., 1991; Theocharis
et al., 1993; Matteoda and Glenn, 1996] or large scale gyre subject to seasonal variability
[Larnicol et al., 2002].

Herodotus Trough Eddies (HTE)

Another area with a high concentration of first detection points is located along the
Herodotus Trough (Fig.11). Surprisingly, all these points stand along the 3000m isobath of
this mediterranean trough. A large number of meso scale anticyclones, often called Mersa
Matruh Eddies, were observed in this area [Horton et al., 1994; Ayoub et al., 1998; Larnicol
et al., 1995; Hamad et al., 2006; Amitai et al., 2010; Menna et al., 2012]. Following the
classification proposed by Gerin et al. [2009] we called the eddies the Herodotus Trough
Eddies (HTE) to emphasize the fact that they were initially detected along the Herodotus
Trough. Several mechanisms of formation were proposed in previous studies. Brenner
[1989] detected and surveyed a long-lived warm core eddy which appears to have formed
off the coast of Egypt as a meander of the Libyo Egyptian Current (LEC). Hence, he
first suggested that the coastal current instability could be the main source of HTE.
According to other studies [Robinson et al., 1991; Malanotte-Rizzoli and Bergamasco,
1991; Theocharis et al., 1993] the “Mersa-Matruh Gyre” is a permanent feature. It was
also described as a system of several eddies [Horton et al., 1994; Ayoub et al., 1998] or
due to the meander of the MMJ [Larnicol et al., 2002].

According to our analysis of 20 years of AVISO velocity fields, the HTE seems to be
mainly formed in spring and summer. We have checked that,even if the wind stress could
be strong, the wind-stress curl is always negligible in this area (Fig.14). Hence, the HTE

eddies cannot be wind-induced and we should look for other formation mechanism. The

DRAFT September 5, 2014, 10:14am DRAFT



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

565

566

567

568

569

X -28 MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

typical trajectories of the anticyclones which were formed close to the Egyptian coast
are plotted in Fig.16. All these anticyclones emerged from a coastal meander and once
they escape from the coast they propagate northeastward and transport coastal waters
towards the basin center, as the warm core eddy observed by Brenner [1989]. Hence,
the instabilities of the LEC or the local changes of the mean shelf slope could explain the
formation of large meanders or meso-scale eddies in this area. Some laboratory experiment
have shown that when a buoyant coastal current flow from a steep to a gentle slope, the
widening of the isobaths may serve as an accumulation point for the meanders generated on
the steep slope [ Wolfe and Cenedese, 2006]. On average, the typical size and vortex Rossby
number of the detected HTE were about R,,,, = 40 — 45km and Ro ~ 0.1. Nevertheless,
several merging or splitting events were also observed leading to a complex eddy dynamics
and a significant variability of the eddy radius. Most of the HTE anticyclones formed (i.e.
first detection point) above 33°N result from the splitting of a pre existing anticyclone.
A splitting event occured in the HTE area in june 2005, according to the analyses of
successive SST images. This intercomparison confirms that vortex splitting occurs (it is
not an eddy detection artefact) and could be one of the recurrent mechanisms, for the
formation of coherent structures in the area. Hence, the Herodotus Trough bathymetry
seems to impact both the detachment point of large meanders of the LEC and the splitting
of the meso scale HTE which travel northeastward off the Egyptian coast.

Benghazi Eddies (BE)

Along the Libyan coast, one area centered at 20°F,32.5°N along the Benghazi shelf
focused our attention. We noticed in this area (hereafter refered to as BE) several fo-

mation points of long-lived anticylones (Fig.12). We noticed from a thorough analysis of
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the geostrophic surface circulation (AVISO ADT data set) that meanders of a transient
alongshore current often form in that area. The first detection points identified in the BE
area correspond to the detachment of finite amplitude meanders generating meso-scale
anticyclones. On average, the typical size and vortex Rossby number of the detected BE
were about R, ~ 30 — 35km and Ro ~ 0.07. The size, the intensity and also the
mean life time (7 ~ 35 weeks) of the anticyclonic BE are slightly smaller than the other
large-scale anticyclones formed in the basin, especially the IE, the PE and the HTE. Their
smaller size and their reduced lifetime may explain why these eddies were not discussed
or identified in previous studies. The analysis of the characteristic BE trajectories shows
that some eddies may stay at the same location for several months (Fig.17b and Fig.17d).
These specific events seem to indicate that the shelf bathymetry of the BE area could
favor the formation or the accumulation of anticyclonic vortices. Moreover, as for the
Herodotus Trough area, there is no significant and recurrent wind stress curl along the
Libyo-Egyptian coast that may trigger the formation of large scale vortices. Hence, the
formation of long-lived anticyclones in the BE area may find a plausible explanation in
some instability process or the impact of the coastal bathymetry on the surface circulation.

According to Fig.17c), when a Benghazi eddy is formed slightly away from the shelf
slope, , this long-lived eddy propagates in the middle of the basin with an average westward
drift speed of V; ~ 0.4—0.45km/day. In order to estimate the maximum phase speed Vj of
Rossby waves associated to the first baroclinic mode we should take into account the local
deformation radius g = 10—12km. The standard Rossby wave phase speed is about Vz =
BR% ~ 0.15 — 0.2 km/day where 3 is the beta parameter at the eddy latitude 6 ~ 33°N.

If we consider the westward drift of an isolated anticyclone in a reduced-gravity shallow-
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water model [Nycander and Sutyrin, 1992; Stegner and Zeitlin, 1995, 1996], nonlinear
effects induced by the finite isopycnal deviation may lead to a supercritical drift speed of
Vi = V3 [1 4 a(Bu/Ro)|, where a is a geometrical factor that depends on the eddy shape.
If we take a ~ 1 in the first approximation, we get V; ~ 0.35 — 0.45km/day when the
vortex Rossby number Ro ~ 0.07 and (Rgq/Rmnaz) = VBu ~ 0.3. Hence, in that case
the westward drift speed of the BE anticyclone is in good agreement with the theoretical
speed of a long-lived and coherent anticyclone driven only by the beta effect.

Western Cretan Eddies (WCE)

The Western Cretan Gyre, a cyclonic circulation located at the southwest of Crete, was
identified in previous studies according to its SST signature and few in-situ data [Matteoda
and Glenn, 1996]. It was often described as a permanent gyre in regional circulation
scheme [Robinson et al., 1991; Theocharis et al., 1993]. The Fig.8 exhibits a cold SST
signal in that area without any clear eddy pattern while a cyclonic eddy was detected
by our analysis of the AVISO data set (the dashed contour centered at (23°E, 34.7°N) in
Fig.8). The SST signature of these cold core eddies could be masked or perturbed by local
warming of the sea surface layer during the summer months and it may explain the lack of
detection from the SST maps. Nevertheless, according to the Fig.13 a high concentration
of first detection points, labeled WCE, are detected during the summer period. The
location of the WCE area coincides with the location of strong cyclonic wind-stress curl
induced by the Etesian winds in June and July (Fig.14). Similar upwelling, induced by
the south-east Etesian winds in the late summer, was also detected in the same this area
by Bakun and Agostini [2001]. The average size and vortex Rossby number of these

cyclonic eddies are about R,,., ~ 25km and Ro ~ 0.07, which is significantly smaller and
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less intense than the anticyclonic IE. Hence, the acceleration of the Etesian winds and
the strong wind-shear induced by the Cretan orography tends to generate cyclonic (the
WCE’s) and anticyclonic (the IE’s) eddies in the near wake of this elongated island. As it
is expected for large island, when the island diameter is larger than the local deformation
radius [Perret et al., 2006b, 2010], the anticyclonic eddies are larger and more intense

than the cyclonic ones for the same wake forcing.

4. Summary and conclusions

This study provides a new statistical analysis of long-lived eddies, which stay coherent
more than six months, in the Eastern Mediterranean Sea. Unlike many other studies
which tend to quantify the long-term mean circulation or the areas of intense eddy kinetic
energy (EKE), we focused on the few specific areas where [ong-lived eddies are gener-
ated recurrently and we try to estimate their size, their intensity and their characteristic
trajectories from the surface geostrophic velocity fields provided by AVISO.

We first optimized the Nencioli et al. [2010] eddy tracking algorithm and implement a
new procedure based on the computation of the Local and Normalized Angular Momentum
(LNAM) to identify the eddy centers. This new procedure appears to be more robust
and more efficient than the initial one for the analysis of coarse gridded velocity fields
such as the 1/8° AVISO data set. Moreover, we checked our method on two meso-scale
anticyclones, the LE and the IE vortices which were sampled with several in-situ drifters
and CTD transects during the EGYPT campaign in 2006. We verified that our new
algorithm provides a correct estimation of the eddy center and its characteristic radius

R, pqx corresponding to the maximal tangential velocity V.-
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The analysis of 20 year of AVISO surface velocities, from 1993 to 2012, reveals a strong
cyclone-anticyclone asymmetry of meso scale vortices. The dominance of anticyclones
among the long-lived eddies was observed through the statistical eddy lifetime histogram
of the global ocean [Chelton et al., 2011] but, this study shows that this asymmetry is
much more pronounced in eastern Mediterranean basin. We found that large vortices
which lived more than six months were predominantly anticyclonic with a characteristic
radius R, exceeding by a factor two or three the local deformation radius Ry while
smaller eddies lived shorter and are mainly cyclonic. The predominance of recurrent or
semi-permanent anticyclones in the Mediterranean sea is often mentioned in previous
studies according to various in-situ observations. But, among the surface drifters which
where launched and trapped several months inside eddy cores most of them were deployed
inside large scale anticyclones. This bias in the drifters deployment may have led to an
overdetection of anticyclones. On the other hand, studies based on altimetric data set
[Isern-Fontanet et al., 2006] show a much larger number of cyclones and only a slight
predominance of anticyclonic structures in the global circulation maps. Our study is the
first one which quantifies precisely this asymmetry as a function of the eddy size and their
lifetime. This significant predominance of long-lived and large-scale anticyclones coud be
explained by theoretical studies on the stability [Arai and Yamagata, 1994; Stegner and
Dritschel, 2000; Baey and Carton, 2002] and the robustness of large-scale anticyclones
on the beta-plane [Nycander and Sutyrin, 1992; Stegner and Zeitlin, 1995, 1996] or in a
turbulent eddy field [Polvani et al., 1994; Arai and Yamagata, 1994; Linden et al., 1995].
Neverthelss, this asymetry could also be induced by the specific mechanisms of eddy

generation in this area.
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In order to estimate the formation areas of long-lived vortices, we provide the seasonal
maps of the first detection points for both cyclones and anticyclones cumulated over
the 20 years of analysis. The regions with higher density of points are considered as
preferential formation areas. The spatial and temporal correlations of these specific areas
with the seasonal wind-stress curl or the bottom bathymetry provides some evidences and
suggest hypothesis on the various dynamical mechanisms which may govern the recurrent
formation of meso scale eddies in the eastern basin. This study confirms that the formation
of both the Ierapetra and the Pelops eddies are strongly correlated to the local Ekman
downwelling induced the accelaration/channeling of the Etesian winds on both side of the
Cretan orography. Besides, we provide some evidence that the smaller cyclonic eddies
formed at the southwest of Crete (Western Cretan Eddies) may also be induced by the
same wind forcing. On the other hand, the meso-scale anticyclones formed along the
Libyan or the Egyptian coasts are not directly correlated to the wind variability. We
noticed that the 3000m isobath of the Herodotus Trough seems to have a strong impact
on the formation of large scale anticyclones along and off the Mersa Matruh coast. Besides,
several eddies formed close to the coast follows this isobath and few of them split in the
central basin. Hence, the strong variation of the shelf slope in this area tends to control
the transport of coastal water to the open sea. Moreover, we indentify a new formation
area, not discussed before, along the curved shelf of the Benghazi coast. The intensity and
also the mean life time of these anticyclonic Benghazi Eddies (BE) are slightly smaller
(Rimaz =~ 30 — 35km) than the other meso-scale anticyclones (R,q, =~ 35 — 40km) formed
in the basin. If we hypothesis that these anticyclones result from the instability of a

coastal current along the shelf, the steepness of the topographic slope in that area will
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tend to reduce the wavelenght of the unstable perturbations [Pennel et al., 2012; Poulin
et al., 2013] and therefore the size of coastal eddies generated from the coastal meanders.
Nevertheless, in the next future, a more detailed analysis of the bathymetric impact on
the coastal circulation should be done in that area to identify the possible formation

mechanism.
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Appendix A: Comparison with the standard Okubo-Weiss method

The Okubo-Weiss parameter W = 02 + 02— (? evaluates the relative amplitude between

the local deformation and the local rotation where o, = 2% — 2

— Ov 4 Ou
Ox Ay’ s = 5z + Oy and

¢ = %:; — %Z are the shearing deformation rate, the straining deformation rate and the

vertical component of vorticity, respectively. The vortex interior is dominated by vorticity

and thus, negative values of W are expected in the vortex core. The pioneering work of
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Isern-Fontanet (2003, 2004, 2006) suggests to use the specific contours corresponding to
the threshold Wy = —0.20,, to identify the vortex cores, where g,, is the standard deviation
of the W distribution among the domain. Another study (Chaigneau et al. 2008) suggests
that the best compromise is a Wy value in the range —0.30, < Wy < —0.20,,.

Fig.18 shows the eddy detection using the OW method on the same surface velocity field
used in Fig.3. The grayscale colorbar represents the intensity of the dimensionless W/ f?
parameter and the black solid line the standard threshold W, = —0.20,,. The lerapetra
(26.5° E - 34.3° N) and the Pelops (21.8° E - 35.6° N) eddies, are clearly identified on the
Fig.18. However, in comparison with Fig.3, the OW method induces a strong excess of
eddy detection. The curvature of the flow field, due to current meanders for instance, may
induces a strong and localized vorticity which do not correspond to any coherent vortex
with closed streamlines as detected by our optimized algorithm (Fig.3). Hence, the OW

method induces a strong excess of detection.
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Figure 1. Bathymetry of the Fastern Mediterranean Sea (a) and the twenty years average
(1993-2012) of the surface geostrophic velocities computed from AVISO ADT products (b), in

the sub-basin area [17°E - 30°E, 30°N - 36°N].
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Figure 2. Example of surface geostrophic velocity fields, provided by AVSIO, with two close
vortices. The upper panel (a) shows the three grid points (H, E; and Es) corresponding to local
velocity minima. In this case the lowest velocity value is found in the hyperbolic point H and
not in the points £} or Ey which are close to the eddy centers (elliptical points). The magnitude
of the LNAM parameter is shown, for the same velocity field, in the lower panel (b). In this

case, the two elliptical centers (E; and Es) coincides with the highest values of |[LNAM|.
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Figure 3. Eddies detected by the optimized algorithm on the AVISO geostrophic velocity field
(September 27" 2006) derived from the ADT altimetry data set. The black stars corresponds

to the eddy centers identified with the LNAM parameter while the solid lines (dashed lines)

corresponds to the anticyclonic (cyclonic) vortex contours.
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Figure 4. Trajectories of the Libyo-Egyptian eddy LE1, from April 2006 to January 2008,

according to the analysis of surface drifter dataset (solid line) and according to the eddy tracking

algorithm applied to the AVISO dataset (dashed line). The initial (final) position of the detected

eddy center is plotted with a filled (open) mark. The -200 m, -500m, -1000m and -3000m isobaths

of the shelf bathymetry are drawn (grey lines).
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Figure 5. Trajectories of the lerapetra eddy according to the analysis of surface drifter dataset

(solid line) and according to the eddy tracking algorithm applied to the AVISO dataset (dashed

line). The initial (final) position of the detected eddy center is plotted with a filled (open)

mark. The right panel (b) compares the two trajectories only during the three months period

(April-July 2006) when surface drifters get trapped inside the eddy core.
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Figure 6. Mean tangential velocities V; of the surface drifters, trapped in the IE eddy (left
panel) or the LE eddy(right panel), plotted as a function of the average radius R; for several
circular loops i. The dashed line correponds to a Gaussian profile fit according to the equation

(3). The numbers B — 59748, B — 59751 coresponds to the drifters ID.
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Figure 7. Temporal evolution of the radius R,,., and the tangential velocity V,,.. of the
lerapetra eddies (a, ¢) and the Libyo-Egyptian eddy (b, d) according to the characteristic eddy
contours given by the optimized algorithm. The grey areas represent the time period when the

surface drifters were trapped inside each anticyclone.
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Figure 8.
(triangle) motion identified on the SST field of the June 18 2006 provided by the Cyprius
Oceanographic Center. The lower panel (b) superimposed on the same SST field the contours

of the anticyclonic (solid lines) and cyclonic (dashed lines) eddies detected by the optimized
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Figure 9. The upper-tail cumulative histograms (the number of eddies with lifetimes greater
than or equal to each particular value along the abscissa) is plotted in the upper panel. The
upper-tail cumulative histograms of the ratio cyclones/anticyclones is plotted in the lower panel.
Note: for instance eddies with lifetimes > 8 weeks (> 35 weeks) the ratio cyclones/anticyclones

is 1.6 (0.5).
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Mean eddy radius as a function of the eddy lifetime. The R,,,, value is here

an averaged value over the whole lifetime of the eddies. Filled circle are used to represent the

anticyclones while the open triangles represent the cyclones. The horizontal (vertical) dashed

line corresponds to the threshold radius R,,.. = 32km (threshold lifetime 7 = 21 weeks) where

the ratio of cyclonic over anticyclonic eddies is equal to unity.
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Figure 11. First detection points of long-lived anticyclones (a) and cyclones (b) during the
1993-2012 period. The dot sizes and colors correspond to the eddy lifetime : 7, = 6 — 12 months
(small grey circle), 7, = 12 — 18 months (small black circle), more than 18 months (big black

dots). The grey lines represent the —200m, —500m, —1000m, —2000m and the —3000m isobaths

respectively.
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First detection points of long-lived anticyclones for the four seasons: winter (a),

spring (b), summer (c) and autumn (d). The dot sizes and colors correspond to the eddy lifetime

: 7, = 2 — 6 months (open circle), 7, = 6 — 12 months (small grey circle), 7, = 12 — 18 months

(small black circle), more than 18 months (big black dots). The grey lines represent the —200m,

—500m, —1000m, —2000m and the —3000m isobaths respectivley. Dashed contours indicates

possible formation area.
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Figure 13. First detection points of long-lived cyclones for the four seasons: winter (a), spring

(b), summer (c) and autumn (d).

The dot sizes and colors correspond to the eddy lifetime :

7, = 2 — 6 months (open circle), 7, = 6 — 12 months (small grey circle), 7, = 12 — 18 months

(small black circle), more than 18 months (big black dots). The grey lines represent the —200m,

—500m, —1000m, —2000m and the —3000m isobaths respectivley. Dashed contours indicates

possible formation area.
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Figure 14.  Wind-stress (black arrows) and wind stress-curl amplitude (colors) for the cli-

matologic month of June (a) and September (b). These climatologic datas are averaged during
the whole month for the twenty years period (1993 — 2012). Three areas (dashed circles labeled
IE_area, PE_area and WCE_area) were selected for the coincidence of a strong wind-stress curl
with reccurent eddy formation. The seasonnal cycles of the mean amplitude of the wind-stress
curl, spatially averaged in each area, are plotted in (¢) and (d). Note: the high pixels values
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visible along the coastlines are due to systematic derivative errors between the sea and the land

gridded data.
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Figure 15. Trajectories of long-lived lerapetra anticyclones (IE). The eddy trajectories (dashed
lines) are plotted from the first detection point (filled circle) to the last detection point (open
circle). The thin grey lines represent the —200m, —500m, —1000m, —2000m and the —3000m

isobaths respectivley.
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Figure 16.  Trajectories of long-lived anticyclones along the Herodotus Trough. The eddy

trajectories (dashed lines) are plotted from the first detection point (filled circle) to the last
detection point (open circle). We add on panel (b) the “second trajectory” of the same HTE
anticyclone after a strong stretching of the structure which occurs from the first to the 15 of

June 2005. The thin grey lines represent the —200m, —500m, —1000m and the —2000m isobaths

respectively.
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Figure 17. Trajectories of long-lived anticyclonic BE detached from the Bengahzi coast. The

eddy trajectories (dashed lines) are plotted from the first detection point (filled circle) to the

last detection point (open circle).

We add on panel (c) the “second trajectory” of the same

BE anticyclone after a strong stretching of the structure which occurs from october 19 to 26"

2005. The thin grey lines represent the —200 m, —500 m, -1000 m and the —2000 m isobaths

respectively.
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Figure 18. Same velocity field as in figure 3. The black solid (dashed) lines correspond to the

Wy = —0.20,, threshold of the Okubo-Weiss field around anticyclonic (cyclonic) core vortices.
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Table 1.

MKHININI ET AL.: LONG-LIVED EDDIES IN THE EASTERN MEDITERRANEAN SEA

Surface drifters  AVISO  CTD transects
LE1 anticyclone

Ronae (km) 35 — 45 28 — 32 35
Vinaz (cm/s) 45 16 — 28 35 — 45
Ro 0.12 0.06 — 0.14 0.12
[E05 anticyclone
Rpnae(km) 25 — 35 35 30
Vinaz(cm/s) 35 20 — 30 35 — 45
Ro 0.13 0.07 —0.11 0.15

Characteristics of the Libyo-Egyptian (LE1) and the Ierapetra (IE05) eddies. The

characteristic radius R,,.., the maximal tangential velocity V., and the vortex Rossby numbers

of the LE1 and the TE05 eddies are deduced from surface drifters measurements (drogued at

15m), CTD geostrophic currents section (April 19 to 21 2006) and the automated eddy detection

applied to the AVISO ADT geostrophic velocities.
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