a

remote sensing

Article

Connectivity Analysis Applied to Mesoscale Eddies in the
Western Mediterranean Basin

Yuri Cotroneo *, Paolo Celentano 2, Giuseppe Aulicino !, Angelo Perilli 3, Antonio Olita ¢, Pierpaolo Falco 5,
Roberto Sorgente 3, Alberto Ribotti 3, Giorgio Budillon !, Giannetta Fusco ! and Federica Pessini 3

Citation: Cotroneo, Y.; Celentano, P.;
Aulicino, G.; Perilli, A.; Olita, A.;
Falco, P.; Sorgente, R.; Ribotti, A_;
Budillon, G.; Fusco, G.; et al.
Connectivity Analysis Applied to
Mesoscale Eddies in the Western
Mediterranean Basin. Remote Sens.
2021, 13, 4228. https://doi.org/
10.3390/rs13214228

Academic Editors: Milena Menna

and Miroslav Gacic

Received: 17 September 2021
Accepted: 20 October 2021
Published: 21 October 2021

Publisher's Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license

(http://creativecommons.org/licenses

[oy/4.0/).

1 Department of Science and Technology, University of Naples “Parthenope”, 80143 Naples, Italy;
giuseppe.aulicino@uniparthenope.it (G.A.); giorgio.budillon@uniparthenope.it (G.B.);
giannetta.fusco@uniparthenope.it (G.F.)

2 Institute of Marine Sciences, National Research Council (ISMAR-CNR), 19100 La Spezia, Italy;
paolo.celentano@sp.ismar.cnr.it

3 Institute for the Study of Anthropogenic Impacts and Sustainability in the Marine Environment, National
Research Council (IAS-CNR), 09170 Oristano, Italy; angelo.perilli@cnr.it (A.P.);
roberto.sorgente@cnr.it (R.S.); alberto.ribotti@cnr.it (A.R.); federica.pessini@ias.cnr.it (F.P.)

¢ Institute of Atmospheric Sciences and Climate, National Research Council, (ISAC-CNR), 09042 Monserrato,
CA, Italy; antonio.olita@cnr.it

5 Department of Life and Environmental Sciences, Marche Polytechnic University, 60121 Ancona, Italy;

pierpaolo.falco@staff.univpm.it

Correspondence: yuri.cotroneo@uniparthenope.it

Abstract: The Western Mediterranean basin (WMED) is characterized by the presence of energetic
and dynamic mesoscale cyclonic and anticyclonic eddies. They mainly originate along the Algeri-
an and the Northern currents and have a large influence on the basin circulation. Eddies can last
for months, with longer lifetimes associated with the anticyclones, which can move far from their
areas of origin. As they partially isolate and transfer water masses, they also have an impact on
water properties (physical, chemical and biological), pollutant’s dispersion and transport of eggs,
larvae and planktonic organisms. In this study, a connectivity analysis method is applied to the
anticyclonic eddies (AEs) identified by an automated hybrid detection and tracking algorithm
south of 42° N in the WMED. The same methodology is also applied to the trajectories of Lagran-
gian surface drifters available in the study area. The purpose is to highlight the connections be-
tween different areas of the basin linked to eddy activities in addition to the connectivity due to
the mean surface circulation. Drifter data analysis showed that all the WMED sub-basins are
strongly interconnected, with the mean surface circulation allowing a shortcut connection among
many areas of the basin. The connectivity analysis of the AEs tracks shows that although AEs are
ubiquitous in the WMED, their connectivity is limited to well-defined regions, depending on their
origin location. Three main regions: the south-western, the south-eastern and the northern parts of
the basin are characterized by AEs recirculation, with sporadic export of eddies to the other
WMED zones.

Keywords: Western Mediterranean; mesoscale activity; connectivity analysis; basin circulation;
anticyclonic eddies

1. Introduction

The Mediterranean Sea is a mid-latitude semi-enclosed evaporation basin, charac-
terized by an outstanding thermohaline circulation [1]. Its circulation and properties are
usually represented according to its division between an Eastern (EMED) and a Western
(WMED) basin, separated by the Sicily Strait.

The surface layer of the WMED is occupied by the relatively fresher and colder At-
lantic Water (AW) entering the Alboran Sea through the Strait of Gibraltar. After cross-
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ing the strait, the AW flows eastward through the Albordn Sea and the Algerian Basin
(AB) along the northern coast of Africa, originating the Algerian Current (AC; Figure 1;
[2,3]).

Due to the complex hydrodynamical processes and the high density gradients be-
tween the AC and the surrounding waters, the AC becomes unstable then meandering
and generating mesoscale eddies (e.g., [4,5]). These features can last for months, with
longer lifetimes associated with the anticyclones, which move far from their areas of
origin [6,7] and with characteristics associated with their spawning area.
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Figure 1. Mean dynamic topography (MDT) of the Western Mediterranean Sea map of the study
area (adapted from [7]). Northern Current (NC), Algerian Current (AC), Western Sardinia Current
(WSC), Western Mid-Mediterranean Current (WMMC), North Balearic Front (NBF) and mean po-
sition of Western Algerian gyre (WAG) and Eastern Algerian gyre (EAG) are labeled. Color scale
showing MDT values [m].

In the northern part of the WMED, the surface circulation is characterized by the
presence of the Northern Current (NC), mainly constituted by AW flowing along the
slope from the Ligurian Sea to the Balearic Sea [8,9].

Between the AC and the NC, lies the North Balearic Front (NBF), a thermal front
separating the northern Liguro-Provencal Basin from the southern AB. The NBF dynam-
ics is strongly connected with the mesoscale and sub-mesoscale structures crossing the
area and with their seasonal variability [10] also impacting on biological response [11].

In the central part of the AB, at around 39.5° N, the Western Mid-Mediterranean
Current (WMMC) appears in the surface layer after multi-year averaging [12]. This wide
eastward meandering jet has also been detected in the hindcast and historical experi-
ments yet it has never been well documented in observational datasets [13].

Further east, the southward Western Sardinian Current (WSC) is identified at the
boundary of the WMED as a longshore current reinforced by the action of the eddies
approaching the continental slope. [14].

Mesoscale eddies are detected everywhere in the ocean [15,16] and dominate the
kinetic energy [17,18]. They can influence the global ocean circulation at all the scales,
the mixing processes as well as the transport of water masses, heat, salt, and substances
at great distance from the formation area. Additionally, eddies can disperse pollutants
(e.g., marine litter [19]) or have a significant impact on marine ecosystem, through the
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vertical displacement of nutrients and biomass. At global scale, eddies may also have an
impact on global climate change and on air-sea interaction [20].

The formation, propagation and properties of the mesoscale eddies in the AB were
largely studied in the past to describe surface properties like sea surface temperatures
(SST), ocean colour observations, altimetry data and sea surface salinity (SSS). On the
other hand, in situ data [21-23] and numerical models [24] provided a description of
their vertical structure. More recently, merging data from different platforms has proven
to be efficient in describing the 3D eddy structure ([25-33] Poulain et al. this issue).

Pessini et al. [7] showed that anticyclonic eddies (AEs) have remarkably longer life-
time than the cyclonic ones in the study area and their Eddy Kinetic Energy (EKE) is
generally larger than for cyclones. Furthermore, due to their shorter lifetime, cyclonic
eddies do not move far from their origin area and do not considerably influence the
connection between different areas of the basin. The same study shows that the lifetime
limit of 90 days is a suitable boundary between short and long-living AEs. Accordingly,
we argue that only long-living AEs generate a stronger impact on the mesoscale circula-
tion of the basin and can realize significant connections among different regions of the
WMED.

For these reasons, only long-life AEs south of 42° N formed in the AB and in the
Balearic Sea and with a lifespan longer than 90 days were considered in this work and
connections realized through them was compared to the mean surface circulation de-
picted by drifter data.

To reach this aim, a combination of satellite and drifter data were used to estimate
the mean transit time (MTT), connectivity percentage and number of drifters and AEs
moving across the WMED. Even if the metrics are based on the same mathematical pro-
cedures, the two datasets describe different dynamical processes: AEs describe the con-
nectivity realized only through mesoscale anticyclonic eddies, while drifter-based con-
nectivity is associated to the effects of the mean surface currents in the area.

The paper is organized as follows: data and methods used to compute the statistical
connectivity analysis are described in Section 2; results and discussions are presented in
Section 3; the concluding remarks are summarized in Section 4.

2. Data and Methods
2.1. Drifter Data and Pseudo-Eulerian Analysis of Drifter Velocities

Lagrangian drifter data were used to investigate the large-scale circulation of the
WMED basin and the connection between the different areas of the basin at different
spatial scales, following the methodology described in previously published papers (e.g.:
[19,34-37]).

The database containing the drifter data is accessible through the Mediterranean
Surface Velocity Programme website [38]. All data are managed and pre-processed by
the National Institute of Geophysics and Oceanography in Trieste, Italy (OGS). In this
work, all the drifter data available in the WMED study area for the period 1985-2016
were used to ensure reliable statistics and spatial coverage for each bin of the WMED.

The analysis of drifters’ trajectories provides an overview of the surface transport
during last 30 years. The observations include the effects of the oceanic processes from
basin scale to the sub-mesoscale [19,32,36]. This large drifter dataset has been used to
provide a quantitative and statistically robust representation of the basin-scale circula-
tion, like previously realized for the whole Mediterranean Sea [39] and its two main sub
basins [40—43].

To reach this aim, a characterization in Eulerian terms is thus needed [33]. The
pseudo-Eulerian analysis of Lagrangian data consists of averaging Lagrangian quantities
over regularly sized spatial bins (for a review on methods for processing Lagrangian da-
ta in the ocean see [44]). The mean surface flow can be then estimated when bins are
large enough to guarantee the statistics and small enough to have a sufficient spatial
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resolution [45]. In order to study the mean velocities obtained by the pseudo-Eulerian
analysis, a regular grid of bins having dimensions of 0.5° x 0.5° (about 55 km in latitude
and 40 km in longitude) was designed (Figure 2) to obtain a good compromise between
spatial resolution and statistical accuracy [46].
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Figure 2. Data coverage of the drifters within the area of study for the period 1985-2016.

Furthermore, to obtain a correct representation of the mean surface flow, bins with
less of 20 drifter data were removed [47,48].

The data coverage is obtained computing the number of the trajectories through
each bin. Results show some inhomogeneity in the data distribution, with peaks of about
100 drifters north of the Balearic Archipelago, and about 80 drifters along the AC. Nev-
ertheless, some under-sampled areas are present. Despite this inhomogeneity, the total
number of observations in the period 1985-2016 in each bin is large enough to guarantee
the reliability of the results on several scales ([46] and references therein).

When calculating pseudo-Eulerian velocity statistics from drifter data, the robust-
ness and accuracy of the statistics have to be assessed due to the possible scarcity and
inhomogeneity (both in space and time) in the data distribution over the study area.
However, Poulain et al. [46] showed that with the exclusion of some areas characterized
by strong currents and strong variability, the mean surface circulation over the Mediter-
ranean Sea for the period 1992-2011 can be well represented by means of the drifter da-
ta.

The classical method followed to obtain the mean current field using drifter data
assumes that the velocity field “U” obtained from the drifter positions can be decom-
posed in a mean flow “U” representative of the mean advection and in a turbulent
mesoscale flow “u”. The former describes spatial scales of 50-100 km and the latter from
the mesoscale (10-100 km) down to the sub-mesoscale (<10 km). Generally, the turbulent
part is parameterized in various ways [49], while the mean current “U” is determined by
averaging the velocity components over each drifter trajectory crossing a bin. The pro-
cedure then consists in the computation of the average U of the nk values of velocity Uk
measured by all the drifters passing through the k-th bin [50].

Figure 3 represents the mean velocity “U” resulting from the pseudo-Eulerian anal-
ysis of the drifter trajectories available in the Mediterranean Surface Velocity Pro-
gramme (medSVP) database. The red arrows indicate mean surface current field. The
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main flow calculated through the drifter dataset well represents the mean surface circu-
lation in the study area. Higher velocities are found in correspondence of the AC and of
the Liguro-Provengal current along the basin boundaries.

Here, the signal of the WMMC, described by Pinardi et al. [12] as a residual current
after multi-year averaging and of the WSC [14], is observed.
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Figure 3. Mean surface velocities obtained by the pseudo-Eulerian analysis of all the drifter trajec-
tories crossing the area of study from 1985 to 2016. The dimension of the bins is 0.5° x 0.5°.

2.2. Eddy Detection and Tracking Routines Outputs

The tracks of the AEs formed and moving in the WMED south of 42° N are ob-
tained through a hybrid eddy detection and tracking method [51], adapted to the area
and applied to 24 years of altimetry data from 1993 to 2016 [7].

The methodology consists in the detection of the largest closed Sea Level Anomaly
(SLA) contours through a geometric criterion [52] and in the computation of the Okubo-
Weiss parameter through a traditional physical method [53] within the closed contours.

Furthermore, an eddy continuity routine was designed and applied to the tracking
algorithm, to avoid any fragmentation of the eddy-trajectories due to the temporal het-
erogeneity of the altimetric tracks as observed by Le Vu et al. [54].

The eddy detection and tracking routines are coded in MATLAB and are freely
available for download thanks to Penven [55]. The outputs consist of a large dataset de-
scribing the daily position of the barycentre and of the surface properties of the eddies
calculated through altimetry data. As both the geometrical and physical criteria are ap-
plied, the method can identify all the mesoscale AEs in the study area and provides data
needed for a statistical analysis of their properties [7].

The tracking method was applied covering the same period of 24 years of delayed-
time gridded maps of optimally interpolated SLA, with a horizontal resolution of 0.125°
x 0.125° (about 14 km), distributed by the Copernicus Marine Environment Monitoring
Service (CMEMS). Details on data, products and processing procedures are available on
the SSALTO/DUACS User Handbook [56].

According to Pessini et al. [7], cyclonic eddies are characterized by lifespan shorter
than 90 days in the 98% of cases with a lifespan close to the drifter life cycle, while anti-
cyclonic eddies can last up to 3 years [6]. As this work aims at highlighting the larger
spatial scale of the eddy driven connections, between non-adjacent areas of the WMED
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and according to the comparable speed of cyclones and anticyclones (a few km per day),
it focuses on long-living AEs as they are expected to propagate for longer distances
within the basin.

Furthermore, the EKE of anticyclones is generally larger than for cyclones, therefore
they can have a stronger impact on the mesoscale circulation of the Algerian Basin and
consequently on the WMED.

The diameter of AEs is around 60-100 km and their origin is mainly associated with
the baroclinic/barotropic instabilities of the AC, of the NC and, probably, of the NBF.

2.3. Connectivity Analysis

An innovative aspect of this study is the computation of the connectivity analysis
based on both drifter and AE tracks. The connectivity is estimated through the computa-
tion of the number, percentage and transit time of eddies/drifters connecting a set of
previously defined boxes (Figure 4).
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Figure 4. The division of the Western Mediterranean basin into 7 homogeneous sectors and the
regular 1° x 1° box grid used for the connectivity analysis. Color scale highlights the different sec-
tors.

To this end, the WMED study area has been divided into 7 sectors (colored areas in
Figure 4) characterized by similar dynamics and water properties, based on existent lit-
erature. Then each sector has been split into a variable number (3 to 12) of boxes of 1° x
1°, used for the connectivity analysis (Figure 4).

The dimension of the boxes was defined to be larger than the expected dimension
of mesoscale eddies in the area and to allow a significant drifter data density in each
box.

For each dataset, we analyze and discuss the number of drifters/AEs connecting the
different boxes. This variable is defined as the number of drifters/eddies moving from a
specific i-th source box toward a j-th specific destination box.

Then, the percentage of drifters/AEs connecting the different boxes was computed
as the ratio between the number of drifters/AEs that reach a j-th specific destination box
and the total number of drifters/AEs leaving a specific i-th box.

Finally, we calculated the transit time of the drifters/AEs among the N resulting
boxes.
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Holzer and Hall [57] defined the transit time as that when the particles of a generic
substance are transported from a region to another one in a three-dimensional domain.
In this case, considering that the available data only provide surface positions of drifters
and eddies, the transport takes place in a two-dimensional domain. For this reason, the
approach proposed by Carlson et al. [37] and Celentano et al. [58] to compute the transit
time statistics was adopted. It identifies a series of source boxes from which each drift-
er/eddy begins its track and a series of destination boxes where the track can finish (for
earlier exit/discrete time approaches see also [59,60]). The time to follow this path repre-
sents the transit time of the eddy or the drifter to reach a specific destination box. Fur-
thermore, it is worth noticing that a drifter and/or an eddy can cross a box several times,
entering and exiting the source and destination boxes. In such cases, the transit time has
been computed as the time from the first exit from a source box to the time of first entry
into the destination box according to Carlson et al. [37] and Celentano et al. [58].

The MTT is then calculated following Berline et al. [61] through the formula:

1 m
MITG,)) = — ) tty () (1)

1”2

to box ”j”, and “m” is the number of eddies

20
1

where tta(i,f) is the transit time from box

or drifters moving from “i” to “j”.
According to this formula, the MTT calculated for adjacent boxes is 0 (zero), as the

exit from the source box occurs exactly at the same time as the drifter/AE enters the ad-

jacent box.

3. Results

The results of the connectivity analysis on the drifters and AE tracks are presented
in the following figures in the form of square matrices (Figures 5-7). The 1° x 1° boxes
that represent the source areas are reported on the y-axis, the destination ones on the x-
axis.

In each panel, the colour code describes the number, the percentage, or the transit
time of drifters/AEs from an origin box on the y-axis to the destination box on the x-axis.

All the values along the main diagonal of these matrices, represented in white, are
zeros as they refer to the same area.

Results are discussed for each one of the 7 homogeneous sectors into which we di-
vided the WMED study area.

It is worth remembering that all the variables are calculated considering each
source box individually. Therefore, for each couple of boxes, the results obtained for a
drifter/eddy moving from the first to the second box are different from the results asso-
ciated with drifter/eddy moving from the second box to the first.

Moreover, as already introduced, the MTT calculation describes different dynam-
ical processes: associated to AEs (eddy tracking method) or the mean surface currents in
the area (drifter data).

3.1. Drifter Connectivity Analysis

The connectivity matrix shows the existence of many connections among the differ-
ent areas (Figure 5). Sectors of the Western Algerian Basin (A, B) and of the Balearic Sea
(G) can export drifters toward all the WMED areas. The same happens for the C9 and
C10 areas. Only few areas are not connected: for instance, most of the boxes included in
the south-eastern C sector; the D3, E1 and E2 areas that do not export toward the west-
ern Algerian Basin (A,B) and in many boxes of the Balearic Sea (G). These results agree
with the mean circulation of the basin showed in Figure 3 and described in previous
studies (e.g., [62]).
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Box (to)
A1 A2 A3 Ad A5 AGB1B2 B3 B4 B5B6 C1C2C3C4C5 C6 C7 €8 C9C10D1 D2D3 E1 E2E3 F1 F2 F3 F4 F5 F6 G1G2G3G4 G5G6G7 G8 n° of drifter
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(2]
OEOOOOCATTITITTMMMOCOT 0

0o~ YU

Figure 5. Number of drifters connecting the 42 boxes of the Western Mediterranean basin (WMED). Each box extends
over a 1° x 1° cell. Drifter data refer to the 1985-2016 period.

Many drifters are found to move from sector A toward B and C along the AC path;
here, the coastal boxes are characterized by high numbers and high percentages, up to
100%, of drifters moving eastward. Additionally, MTT (Figure 6) are short to indicate a
high-speed eastward drift direction as supported by the mean drifter velocities (Figure

Box (to)
A1 A2 A3 A4 A5 A6 B1B2 B3 B4 B5 B6 C1C2C3C4C5 C6 C7 C8 CIC10D1 D2D3 E1 E2 E3 F1 F2 F3 F4 F5 F6 G1G2G3G4 G5 G6 G7 GB Day
A1 ETT 700,
A2
A3
Al
A5

400

Box (from)

00000000111'n'n'nmmmUUU9000090000@0!@0:0:0!)

O~ DU WR = DR LN

= WR = RN 00 ~NOU RGN SO0 RER 23

100

Figure 6. Mean transit time of drifters connecting the 42 boxes of the WMED. Each box extends over a 1° x 1° cell. Drifter
data refer to the 1985-2016 period.

High connectivity is also found inside the south-eastern Algerian Basin macro-areas
(e.g., in the C sector), referring to drifter displacements at sub-basin scale across different
boxes of the same sector. The highest values are detected once again in the eastward di-
rection (i.e., from C1 and C4 to C2 and C5). High drifter percentage values (about 40%)
are also detected from C1, to C5, C6, C10 and vice-versa (Figure 7). This indicates that
while many drifters move eastward, along the Algerian coast, a significant number of
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Box (from)
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them can drift toward the open ocean (i.e., toward C6 and C10). This pattern is probably
due to the strong mesoscale activity in the area, with large, long-life and intense eddies,
that impact and deviate the AC currents from its path [63]. Additionally, the open ocean
boxes of the C sector (C6-C10), show a significant number and percentage of drifters ar-
riving from the northern sector F (i.e., from F4 and F5- to C7 and C8). Even the boxes E1
and D3 are highly connected with boxes C5, C6 with percentage value greater than 50%
(Figure 7). Therefore, the connectivity matrix shows that drifters from the northern box-
es can move eastward or south-eastward, in agreement with the mean current field asso-
ciated with WMMC and WSC.

Box (to)

A1AZA3ZA4ASA6B1B2B3B4B5B6 C1C2C3C4C5C6C7 C8CICI0D1D2D3E1E2E3F1 F2F3F4F5F6 G1G2G3G4G5G6GTG8 o,

— 1 [ 1 T T T T [ T T T 1 1 1 [ T 100

Figure 7. Percentage of drifters connecting the 42 boxes of the WMED. Each area extends over a 1° x 1° cell. Drifter data
refer to the 1985-2016 period.

The Balearic sector (G) has an almost internal symmetry, respect to the diagonal.
This is probably due to the mesoscale activity. Anyway, the highest number of drifters
and percentage are detected approximately along the NC (from G1, G2 to G5, G6).

Despite most of these results being expected and easily explained through the gen-
eral circulation of the basin, the connectivity analysis highlights and quantifies some
links not explained by the mean circulation pattern. In fact, drifter trajectories include
contributions at spatial scales different from the mean flow scale. This happens, for ex-
ample, in A6 area that exports about 40 drifters from the Algerian Basin toward the
northern G6 and G7 boxes, or from G1 and F3 that are highly connected to F3 and F6
boxes respectively. Some authors [64-66] associated this path with the strong mesoscale
circulation of the AB, characterized by high level of EKE and turbulence, that deviates
the southern Algerian water northward through the Ibiza or Mallorca Channel.

The MTT matrix (Figure 6) describes relatively quick connection between most of
the WMED areas. Most of the connections last less than 200 days. Longer MTT (about
400 days) are only found for drifters moving from sector A to G or from F to A. MTT ma-
trix is directly linked to the mean surface flow as represented by the drifter velocities.

The AC flowing along and through the sectors A, B and C provides a relatively
high-speed current connecting the three sectors and the nearby areas.

In the northern part of the basin, a similar connection, even if characterized by low-
er speed and longer MTT, is provided by the NC transporting the drifters from the east-
ern areas (sector F) westward and even toward the A sector.
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3.2. Anticyclonic Eddies Connectivity Analysis

The comparison between drifter and eddy connectivity matrices, points out signifi-
cant differences.

Although AEs are ubiquitous in the WMED, AE-connectivity analysis shows that
their connectivity is limited to well-defined regions (Figures 8-10).

Box (to)

A1A2A3A4A5A6B1B2B3B4B5B6C1C2C3C4C5C6C7C8C9C10D1 D2D3E1E2 E3 F1F2 F3 F4 F5 F6 G1G2G3 G4 G5G6 G7 G8 n° eddy
T T T T T T T T T T T 30

N <

Box (from)
PEREEAEE T TIMIMITIS000000000UNHHNER BB P>

CO~IOD

Figure 8. Number of anticyclonic eddies connecting the 42 boxes of the WMED. Each box extends over a 1° x 1°cell. An-
ticyclonic eddy tracks data refer to the 1993-2016 period.

Box (to)
A1A2A3A4A5A6B1B2B3B4B5B6C1C2C3C4C5C6C7C8CIC10D1D2D3E1 E2 E3 F1 F2 F3 F4 F5 F6 G1G2G3G4G5G6G7G8 %
T 11

Box (from)
mmwnmm‘}mmm>>>>>

Figure 9. Percentage of anticyclonic eddies connecting the 42 areas of the WMED. Each area extends over a 1° x 1° bin.
Anticyclonic eddy tracks data refer to the 1993-2016 period.
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Figure 10. Mean transit time of anticyclonic eddies connecting the 42 boxes of the WMED. Each box extends over a 1° x
1° cell. Anticyclonic eddy tracks data refer to the 1993-2016 period.

Results suggest that WMED sectors can be grouped into three independent macro-
regions (i.e., the southern, the south-eastern and the northern parts of the study area),
which are internally connected through eddies but isolated from the others. They are
characterized by AEs recirculation, with sporadic export of eddies to the other WMED
zones.

In particular, the sectors A and B, located in the southern Algerian Basin, are con-
nected to each other with limited exchanges with adjacent C, D and F areas. This agrees
with the presence of the Algerian Current in these sectors that mainly connects the areas
in the West-East direction. Additionally, in these sectors of the western AB, the large
number of eddies circulating in the AB in the eastward and westward direction gener-
ates high internal connectivity values. This is again in accordance with the expected cy-
clonic path of the eddies in this area, mainly corresponding to the Western Algerian
Gyre (WAG).

Sectors C and D, together with areas E1 and E2 form a second macro-region, located
in the South-Eastern Algerian Basin. In these sectors, some of the boxes are the destina-
tion boxes for AEs coming from several areas belonging to the other sectors. The highest
number of connections realized through eddies is found here. Results show up to 25 AEs
connecting different areas of the C sector and creating one of the highest connected re-
gions of the WMED. This is the area between the Balearic Islands and Sardinia, where
recirculation of eddies is well known to exist e.g., [5,6,22,41,46,64].

A third macro-region is composed of the F and G sectors which are mostly isolated
from the rest of the basin, except for the areas from F4 to F6 that connect the southern
and northern part of the WMED and are the destination boxes for many AEs. In this con-
text, a key role is played by the F5 area that can represent a boundary between the
northern (G) and southern (D) sectors of the basin.

Furthermore, it is worth mentioning that long-living anticyclonic eddies never
crossed the areas E3 and F1 over all the 24 years analyzed.

Drifter data are used often in literature to study mesoscale [45] and sub-mesoscale
dynamics [46]. Drifter data can be used efficiently to determine mean EKE distributions
in the ocean (e.g., [62,67]) but, due to the limited lifetime (the longer drifter lifetime is
around 570 days [46]) and to the superposition of motion at different time/spatial scales
on drifters’ trajectories, drifters cannot track continuously AEs that are known to last up
to 3 years [6]. Even if drifters can be captured by an eddy, following and describing its
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path from spawning to decay, this happens in a limited number of cases, and cannot
provide a description of all the eddy trajectories in the study area.

On the other hand, thanks to 25 years of satellite progresses [68], altimetry data
provide a continuous record in both space and time to observe and identify mesoscale
structures and the eddy tracking algorithm can follow the mesoscale AEs from their
spawning to their decay.

The percentage of AEs shows that the destination of eddies from each box is, in
most of cases, a precise and defined area (Figure 9). Eddies formed in sectors A and B
generally move along the Algerian coast, sometimes reaching C3, and recirculate in A
and B, following the path of the WAG [69]. Eddies formed at the eastern part of the AC,
i.e., inside the boxes from C1 to C5, reach the northern areas of the C sector, and recircu-
late toward the African coast (from C4 to C7 and C8 and from C7 and C8 toward C1, C2
and C3) following the clockwise Eastern Algerian Gyre (EAG). A similar result was re-
ported by Pessini et al. [7], who analyzed the track of mesoscale structures in the Algeri-
an Basin. Connections realized by AEs can be identified also in sector G, north of the
Balearic Archipelago.

According to the connectivity results AEs, originated in one of the three macro-
regions, never cross the boundaries of these regions with direct implication on the
spreading of physical and biochemical properties of the water masses, that cannot thus
be transported across different sub-regions by the eddies.

As for the MTT of AEs, Figure 10 shows values up to 700 days in agreement with
the lifetime of the long-living anticyclones in the basin [7]. The higher values are found
for the AEs originating in sectors A and B and travelling to E and F. Differently from
what observed through the drifter connectivity analysis, the northern part of the WMED
is characterized by shorter MTT associated with the AEs. This can be once again a con-
sequence of the different spatial scales described by drifters and AEs tracking. The long-
er MTT values showed in the drifter-connectivity results for the F to A transit may sug-
gest that drifters spend some time trapped in mesoscale or sub-mesoscale structures be-
fore entering the destination box or that a drifter can follow a faster (i.e., along the coast)
or slower (i.e., on the western side of the Balearic Archipelago) according to the variabil-
ity of velocities shown in this area (Figure 3).

The eddy-connectivity analysis also allowed the realization of an exporting and im-
porting ranking of the areas (Table 1 and Figure 11) over the 24-year study period (1993-
2016).

160 -
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Figure 11. Number of anticyclonic eddies exported (A) and imported (B) by each 1° x 1° box.
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Table 1. Number of anticyclonic eddies exported and imported for each 1° x 1° cell of the WMED.
The number of bins connected to each cell are also indicated both for the exported and imported
eddies. Areas are color coded according to Figure 4.

BOX EXPORT IMPORT
Eddies AREAS Eddies AREAS
Al 13 4 3 1
A2 49 7 27 11
A3 28 6 56 11
A4 65 19 32 4
A5 58 10 102 12
A6 20 7 27 7

C2 100 14 142 18
C3 106 15 138 18
C4 134 15 82 12
C5 96 13 38 7
Cé6 56 15 30 7
C7 132 17 102 10
C8 139 17 158 19
C9 123 17 151 19
C10 91 20 84 19
D1 15 9 17 10
D2 57 18 78 20
D3 95 15 115 19
E1 42 12 51 19
E2 11 7 16 9
E3 0 0 0 0
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C and B sectors are the most connected (both in export and import) areas with max-
imum values registered in the C8 box (139 AEs exported and 158 AEs imported). Groups
F and G are characterized by the lowest numbers of AEs exported (four eddies for F2
and G6) and imported (three eddies for G6 and F4), even if the lowest value of imported
AEs is found in the boundary Al box (1 eddy).

Some of the observed outcomes are also summarized in Figure 12 where the num-
ber of areas reached by the eddies originating in a specific box (upper panel) and the
number of areas from which a specific box receives the eddies (lower panel) are report-
ed.
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Figure 12. Number of areas (boxes) connected in export (A) or import (B) through anticyclonic ed-
dies across the 1° x 1° cells over the WMED.

Results show that several areas included in the A, B and C sectors (i.e., A4, B1, B2,
B3 and C10) exported AEs to about 20 different areas during the studied period. At same
time, C, D and E boxes are characterized by imports from a higher number of regions
(e.g.: C8, C9, C10, D2, D3, E1). The effect of the strong zonal signal of the AC over the
basin circulation can be also argued from this information as areas importing a high
number of eddies from a higher number of areas are mainly located downflow of the
high-exporting areas of the AC.

The northern part of the WMED (mainly F and G sectors) is characterized by lower
connection values both in import and export. One exception is represented by the F5 box
that exports AEs to about 15 areas and is also the area that imports more eddies. This
box is located along the boundary between the northern and southern part of the basin,
thus being often close to the NBF, characterized by a strong seasonal variability in its
meridional averaged position [70]. The F5 area is associated with the long-life eddies
coming from the eastern and south-eastern AB (sectors A and B), and to eddies formed
in the Balearic Sea.

4. Summary and Conclusions

The present work combines two different types of data to analyze and describe the
surface connectivity in the WMED, realized through both mean flow and mesoscale
structures. The two sets of data are: (i) drifter observations collected between 1985 and
2016 provided by medSVP; (ii) AEs tracks obtained from the output of a hybrid eddy de-
tection and tracking method [51] adapted to the WMED by Pessini et al. [7] and applied
to altimetry data from 1993 to 2016. In the framework of the connectivity studies, our
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combined analysis of drifter and satellite data (the latter used to retrieve AEs tracks)
provides different and complementary information of the connectivity driven by differ-
ent processes acting at different scales, namely mean and transient currents.

Connectivity analysis performed separately on drifters and anticyclonic eddy trajec-
tories show significantly different results. Drifters’ connectivity depicts a highly inter-
connected WMED where a pivotal role on the connectivity is played by the general sur-
face circulation. This implies that some connection routes among different areas are
dominated by the surface advection. However, drifter data alone do not allow us to es-
timate the evolution in space and time of the AEs. Therefore, the connectivity associated
with these structures has to be analysed by resorting to observations that continuously
trace the AEs, as satellite observations.

When AEs are identified and followed, applying a tracking algorithm to the alti-
metric data, the connectivity analysis points out that three main WMED macro-regions
exist. High values of connectivity were found in these three macro-regions while low
AE-driven connectivity values are found in the remaining macro-regions. This may have
a direct implication on the spreading of physical and biogeochemical properties carried
by eddy dynamics.

The WMED general circulation defines the general pattern of the AEs connectivity
through the AC and the NC forcing. Over the analysed 24 years period, the southern
sectors of the basin are the most active in importing and exporting AEs across the 1°X1°
regular boxes. As expected, areas of strong activity are mostly located along the AC, the
NC and the NBF. Nevertheless, some exceptions, with AE tracks opposed to the general
circulation, exist.

In this scenario, the role of AEs acquires a strategic importance, as they can trap and
transport isolated water masses across different macro-regions. Furthermore, numerical
model studies [71,72], have shown that eddies are responsible for a superdiffusive re-
gime and that they have an impact on the turbulent properties of the study area at
depths between 0 and 100 m.

Eddies also have an impact on the biological activity and fishing stocks distribution
all around the global ocean [73-77]. They also represent a unique and powerful system
for larvae and juvenile dispersal during their early pelagic life stages [78-80] providing
significant opportunities/limitations for habitat expansion, maintenance of sustainable
population sizes, and the exchange of genetic material between geographically distant
populations. Additionally, recent studies assessed that the Mediterranean Sea is very
vulnerable to possible accumulation of floating litter e.g., [81-83], and that a general
tendency of floating matter to collect in the southern portion of the WMED basin is real-
istic [19]. In fact, the calculation of MTT values suggests that the presence/disappearance
of transient litter accumulation in specific WMED locations can be related to AEs dy-
namics and decay.

The connectivity analysis presented here has significantly integrated previous stud-
ies based on drifter data. Our analyses on AEs connectivity can further help us to under-
stand the distribution of physical and bio-geochemical signals, including the fate of ma-
rine litter, the spatial pattern of pelagic larval stages or the shaping of nutrients, and
their transport inside isolated water masses across different macro-regions.
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