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Surface dispersion properties give an immediate characterization of the spreading
of passive and active tracers in the ocean, like pollutant and marine species. The
Mediterranean sub-basins (Tyrrhenian, Adriatic, Ionian, Levantine and Aegean) are
known as complex dynamic regions due to the presence of coherent structures on
different motion scales. This paper focus on dispersion of the surface Mediterranean
flow using the surface current data derived from two different drifter designs: the Coastal
Ocean Dynamics Experiment (CODE) and the Surface Velocity Program (SVP) drifters.
The absolute dispersion for small time scales (<2 days) shows similar anisotropic quasi-
ballistic regimes in the five sub-basins. For intermediate time scales (2–15 days), the
absolute dispersion shows the occurrence of an elliptic regime in all the Mediterranean
sub-basins except in the Adriatic Sea, where the dominance of a hyperbolic regime is
observed. The relative dispersion statistics show the presence of a non-local exponential
regime in the Tyrrhenian sub-basin, with spatial scale smaller than the internal Rossby
Radius of deformation DI. For spatial scales close to DI, two local relative dispersion
regimes are found due to the influence of sub-basin scale structures: a Richardson
regime in the Tyrrhenian and Aegean sub-basins and a shear/ballistic regime in other
sub-basins. Furthermore, for large time scale (>15 days) and spatial scale larger than
DI, our results emphasize a similarity in all the sub-basins with the presence of a
quasi Random-walk regime and a quasi diffusive regime for the absolute and relative
dispersion, respectively.

Keywords: Mediterranean sub-basins, eddies, drifters, absolute dispersion, relative dispersion

INTRODUCTION

The Mediterranean sub-basins (Tyrrhenian, Adriatic, Ionian, Levantine and Aegean, see Figure 1A
for geographical references) are characterized by different dynamics and high variability of surface
currents. The chaotic nature of each sub-basin lead to the generation of numerous submesoscale
(∼1 km) and mesoscale (>10 km) structures (D’Ovidio et al., 2004, 2008). The Mediterranean
coherent structures driven by wind and/or topography and located in a fixed geographical area
are called gyres, whereas the structures driven by the instability of strong coastal currents that
frequently changes their location and lifetime are named eddies (Poulain et al., 2012b).

The westernmost part of the western Mediterranean (WWM, see the Figure 1A for geographical
limits) is characterized by strong coastal currents and mesoscale and basin-scale eddies and gyres
(Figure 1; Zambianchi et al., 2017; Bouzaiene et al., 2018; Aulicino et al., 2019). The surface mean
basin-scale circulation of the WWM is cyclonic with the dominance of zonal and meridional
motions in the Algerian and the Liguro–Provençal sub-basins, respectively (Poulain et al., 2012a;
Renault et al., 2012). In the northern Tyrrhenian sub-basin the Mistral wind blowing into the Strait
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of Bonifacio creates the northern tyrrhenian gyre (NTG) with
the presence of a strong coastal cyclonic current along the
Italian coasts which is a branch of the algerian current (AC)
that forming cyclonic mesoscale eddies (see for details, Poulain
et al., 2013; Figure 1A). In the southern part of the Tyrrhenian
Sea, a part of the AC enters in the Sicily Channel and formed
the Atlantic Ionian Stream (AIS). The surface circulation of
the Sicily Channel is characterized by numerous mesoscale
permanent features (Menna et al., 2019a), well represented in
Figure 1B. East of Malta Island, a first branch of the AC
feeds into a basin wide anticyclonic circulation named Mid-
Ionian Jet (MIJ), while a second branch approaches the Lybian
coast in a anticyclonic circulation (Poulain et al., 2013) (see
for details Figure 1A). This area is characterized by wind-
driven currents, upwelling events off Sicily and inter annual
variability of numerous mesoscale structures (Menna et al.,
2019b). The mean circulation of the Ionian Sea is characterized
by two anticyclonic sub-basin scale structures located in the
northern and southern Ionian sub-basin. The Levantine basin-
scale circulation is cyclonic with the presence of persistent surface
currents; the Libyo-Egyptian Current (LEC), the Cilician Current
(CC), the Asia Minor Current (AMC) and a central eastward
current named Mid-Mediterranean Jet (MMJ). This region is
dominated by eddies and gyres formed by the instability of
along-slope and offshore currents or by the wind and can be
controlled by bathymetry (Menna et al., 2012). Sub-basin and
mesoscale eddies are mainly anticyclonic. The mean western
Levantine eddies are referred as follow; the Pelops Gyre (PG),
the Western Cretan Gyre (WCG) and the Ierapetra Gyre (IG).
The mean eastern Levantine eddies are presented as follow;
the Cyprus Eddy (CE), Shikmona Eddy (ShE) and the Mersa-
Matruh Eddy (MME) (see Mauri et al., 2019). Between the
Cyprus and east of Rhodes Islands a large cyclonic gyre named
Rhodes Gyre (RG) dominates as a result of the interaction of
the wind driven basin circulation with the MMJ and AMC
(Menna et al., 2012; Figure 1A). The Adriatic and Aegean
sub-basin circulations are characterized by basin wide cyclonic
patterns (Poulain, 2001). In the Adriatic Sea, the instability of
the currents generates three cyclonic recirculation cells with the
presence of a cyclonic gyre named the Southern Adriatic Gyre
(SAG) and a western coastal cyclonic current called the Western
Adriatic Current (WAC) (Poulain et al., 2013; Figure 1A). In
the Aegean sub-basin, low-salinity water enters through the
Dardanelles straits from the Black Sea which is mixed with the
Aegean waters and forms a semi-permanent large anticyclone in
the eastern part of the sub-basin (Olson et al., 2007; Politikos
et al., 2017). The southern Aegean sub-basin is characterized by
anticyclonic mesoscale features which are variables in time and
space (Theocharis et al., 1999). The Mediterranean submesoscale
and mesoscale structures can be identified by the Finite Scale
Lyapunov Exponent (FSLE). Using the spatial distribution of the
FSLE, D’Ovidio et al. (2004) describe the mean currents and
features of the surface Mediterranean. They showed that low
dispersion rates are localized in the eddies core and a stretching
of the fluid parcels are in their outer part. Nevertheless, the effect
of the coherent structures and currents in turbulent dispersion
regimes are still an open question in each Mediterranean

sub-basin. In the last decades, it has become fundamental to
understand how eddies or gyres can influence the dispersion.
Furthermore, the deep coherent structures play an important role
in the transport of ocean water mass and dispersion processes.
In the Western Mediterranean Sea numerical simulations show
a decrease of the intermediate dispersion range with depth,
due to the weaker influence of the vortices (Elhmaidi et al.,
2010; Nefzi et al., 2014), but there are no specific studies on
the deep layers of the Mediterranean. The dispersion analysis
allows us to define the complex physical phenomenon (e.g.,
chaotic advection, turbulence, and diffusion) for different scales
of motion in specific regions (Dräger-Dietel et al., 2018).
The absolute dispersion indicates the representative (squared)
separation of particles with respect to their initial positions.
Absolute dispersion is an appropriate measure of how far
individual particles move away from their original positions,
while absolute diffusion indicates how fast the tracers are
dispersed (Sansón, 2015). In contrast to absolute dispersion,
relative dispersion measures the separation of two particles or,
equivalently, the spread of a cloud of passive tracers. We study
here both absolute and relative dispersion to discuss the transport
and the dispersion at small and large scales in the Mediterranean
Sea. The Mediterranean coherent structures for each sub-basin
can affect the local transport of passive and active tracers
(pollutant, phytoplankton, fish eggs and larvae). Measuring
pair separations provides an immediate characterization on the
spreading of pollutant patches (e.g., oil) in the Mediterranean
surface. In this study, we present a Lagrangian data analysis
based on the computation of absolute and relative dispersion
in the sub-basins of the Mediterranean Sea, using the available
historical surface drifter data. This method offers an overview
of the dispersion characteristics in the upper layer of the whole
Mediterranean basin, allowing understanding how the main
circulation features can affect the dispersion regimes. The method
presented in this work could also be applied in the future
to Lagrangian data collected in sub-surface and intermediate
layers, e.g., using Argo float data. Dispersion and turbulent
anomalous regimes that occur in different Mediterranean sub-
basins are described and eventually connected with the local
circulation characteristics.

MATERIALS AND METHODS

Data
Drifters
Mediterranean surface drifters used in this work are in total
1977 instruments deployed during the period 1986–2019. Two
types of drifter design are used in the Mediterranean dataset; the
Coastal Ocean Dynamics Experiment (CODE) drifter developed
to measure the currents in the first meter (Poulain, 1999; Poulain
and Gerin, 2019), and the Surface Velocity Program (SVP) drifter
(Sybrandy and Niiler, 1991; Lumpkin and Pazos, 2007) that
measures the currents in the surface layer at 15 m depth. The
drifters were equipped by the Global Positioning System (GPS)
and transmit their data to the Argos Data Collection and Location
System (DCLS) or via the Iridium satellite system. The drifter
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FIGURE 1 | (A) The mean surface circulation and the major circulation features in the Mediterranean Sea in bin of 0.25 × 0.25◦ using the available historical drifter
dataset adapted from Poulain et al. (2012b) and Menna et al. (2013). The black dashed rectangle shows the geographic limits of the WWM discussed in Bouzaiene
et al. (2018). The major circulation features are listed in the inset. (B) Snapshots of the FSLE in the Mediterranean sub-basins: in July 2012 and 2018 for the WWM;
in January 2019 for the Tyrrhenian, Ionian, and Levantine sub-basins; in January 2015 for the Adriatic and in January 2018 for the Aegean sub-basin. The polygons
show the geographical locations of the Mediterranean sub-basins considered in this paper.

data were first edited from spike and outliers and interpolated
using the kriging method at regular 2-h intervals (Hansen and
Poulain, 1996). In order to remove higher frequency current
components (tidal and inertial current) the drifter positions were
filtered by a Hamming filter with a cut-off period at 36-h and

finally were sub-sampled at 6-h intervals. Drifter velocities were
estimated from finite differences and sub-sampled at 6-h intervals
(Menna et al., 2012, 2017).

The two drifter designs have been merged to compute the
absolute and relative dispersion statistics, adopting the method of
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Bouzaiene et al. (2018). The absolute dispersion is estimated from
the pairs of individual drifter segments of 30 days length available
in the Tyrrhenian, the Adriatic, the Ionian, the Levantine and
the Aegean sub-basins (Figure 2). The range selected for the
initial separation distance between the particles that forms a pair
is of 0–50 km (Figure 2). This choice guarantees a consistent
number of segments for the calculation and thus ensures a high
statistical robustness. The geographical limits of each sub-basin
are depicted in Figure 1B.

Two kinds of drifter pairs are used to estimate the dispersion:
the original pairs, derived from drifters deployed together in the
same area; the chance pairs, derived from drifters not deployed
together but that are occasionally in the same area at the same
time (LaCasce and Bower, 2000; Koszalka et al., 2009; Bouzaiene
et al., 2018). Original and chance drifter pairs are selected in
each sub-basin with the corresponding 30 days segments. The
drifter pairs are taken every 5 days (time period larger than the
Lagrangian time-scale) (Bouzaiene et al., 2018) and for initial
separation distances smaller than 2 km to estimate the relative
dispersion (Figure 3). The number of segments and drifter pairs
in the Tyrrhenian and the Adriatic sub-basins is larger than in
other regions and decreased dramatically with time (Figures 2F,
3F). It is possible to study the relative dispersion statistics in each
region, when more than 10 pairs are detected in the first thirty
days (see Figure3F) (Poje et al., 2014).

Absolute and relative dispersion properties described in this
study represent a mean estimation over the period 1986–2019,
mainly ascribable to the Mediterranean coherent circulation
structures described by the 30 days drifter pairs and segments
selected. An overview of the mean circulation field is presented
in Figure 1A.

Satellite Altimetry
The Finite Scale Lyapunov Exponent (FSLE) presented in this
study is an altimetric product derived from the Archiving,
Validation and Interpretation of Satellite Oceanographic data
(AVISO). It is used to identify the coherent structures
in Mediterranean sub-basins. The FSLE is backward-in-time
advection and based on the largest eigenvalues of the Cauchy-
Green strain tensor of the flow map; the spatial resolution is
0.04 × 0.04◦1. The FSLE is defined as the exponential rate of
separation, averaged over infinite time, of fluid parcels initially
separated infinitesimally (D’Ovidio et al., 2004). It has been firstly
introduced by Aurell et al. (1997) and Artale et al. (1997) to study
the transport in closed areas. Hereafter, it was used to analyze
dispersion processes, detect Lagrangian structures (e.g., eddies
and gyres) and visualize eddies core regions (elliptic regions) or
their surrounding (hyperbolic regions) (Lacorata et al., 2001; Koh
and Legras, 2002; D’Ovidio et al., 2004, 2008).

In this paper we select more representative snapshots of the
FSLE, which give an idea of the distribution of the mean sub-
basin and mesoscale features in the different Mediterranean
sub-basins (Figure 1B) and help to visualize the distributions
of drifter pairs and drifter segments versus the coherent
structures (Figures 2, 3). The FSLE is represented in the whole
Mediterranean Sea by representing snapshots for predefined

1www.aviso.altimetry.fr

months which appear similar to the surface Mediterranean
circulations in the literature.

Methods
The dispersion statistics, can be obtained both by measuring the
mean squared displacement of single drifters and drifter pair
separations (LaCasce, 2008; Bouzaiene et al., 2018). We consider
the single drifter displacements defined by Poulain and Niiler
(1989) as follow:

A2
=
〈
[X (i, t)− X (i0, t0)− < u > (t − t0)]2〉 (1)

Where X (i, t) and X (i0, t0) are, respectively, vector positions of
drifters at times to and t; index i is the i-direction of position
vectors (in case of 2-D turbulence i = 1, 2), < u > is the
mean velocity derived from pseudo-Eulerian statistics in bin of
0.25 × 0.25◦ performed over the whole Mediterranean drifter
dataset (for more details see Menna et al., 2019a,b). The mean
zonal and meridional velocities are of 3.3 and −1.4 cm.s−1,
respectively. We defined the absolute diffusivity as the derivative
of the absolute dispersion as a function of time derived by
Babiano et al. (1985) as follow:

k (t)(1)
=

1
2

dA2 (t)
dt

(2)

In case of homogenous and isotropic flow, for small and
large times the two classical absolute dispersion regimes are,
respectively, the ballistic regime (A2

∼ t2, k(1)
∼ t) and the

Random-walk regime (A2
∼ t, k(1)

∼ constant) (Babiano et al.,
1985; Poulain and Niiler, 1989).

At intermediate time scale, anomalous (elliptic and
hyperbolic) absolute dispersion regimes are observed. The elliptic
regime A2

∼ t5/3 is related to the region where the rotation is
more relevant than the deformation, whereas the hyperbolic
regime A2

∼ t5/4 is related to domains where the deformation
is more relevant than the rotation (Elhmaidi et al., 1993). The
classical asymptotic and anomalous absolute dispersion regimes
are summarized in the Table 1 (Babiano et al., 1990; Elhmaidi
et al., 1993).

The relative separation of drifter pairs is defined by
(Poje et al., 2014):

D2 (t, D0) =

〈[
r(1) (t)− r(2) (t)

]2
〉
= δ2 (3)

Where δ is the distance between two trajectories, the average
is overall the available trajectory pairs and r(1) and r(2) are the
Lagrangian positions of the two drifters forming the pair.

In the ocean, the growth of distance between pairs δ is
compared to the internal Rossby Radius of deformation DI
for characterizing the effect of submesoscale and mesoscale
structures on relative dispersion regimes. Different parameters
deduced from relative dispersion and depending on δ which are
highlighted below:

The classical relative diffusivity is defined as the derivative of
relative dispersion in time by Babiano et al. (1990) as:

Y (t) =
1
2

dD2

dt
(4)

Frontiers in Marine Science | www.frontiersin.org 4 June 2020 | Volume 7 | Article 486

http://www.aviso.altimetry.fr
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00486 June 24, 2020 Time: 19:38 # 5

Bouzaiene et al. Analysis of the Surface Dispersion

FIGURE 2 | The spatial distribution of the FSLE superposed with the initial positions of drifter segments (individual drifters, black dots inside the black circles) (A) in
the Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine, and (E) the Aegean sub-basins. The number of segments as a function of time is shown in (F).

The second-order structure function measures the evolution of
pair velocities growing in a distance δ. It is defined as follows
(Berti and dos Santos, 2016):

S2 (δ) =
〈
[1V(δ)]2〉

=

〈[
V(1) (t)− V(2) (t)

]2
〉

(5)

Where V(1) and V(2) are the Lagrangian velocities of two
particles separated with a predefined distance δ and the average
is overall the available velocity pairs.

The relative diffusivity can be deduced from the second-
order structure function and it is presented as follows
(Berti and dos Santos, 2016):

K (δ) =
1
2
δ.
√

S2(δ) (6)

And the Lagrangian Energy spectrum is:

E
(
k
)
=

S2(k)
k

(7)

Where k = 2π/δ is the wave number
(Berti and dos Santos, 2016).

Classical relative dispersion regimes are summarized
in the Table 2 (Babiano et al., 1990; LaCasce and Bower,
2000; LaCasce and Ohlmann, 2003; Koszalka et al.,
2009; LaCasce, 2010; Poje et al., 2014; Berti and dos
Santos, 2016; Corrado et al., 2017; Bouzaiene et al., 2018;
Dräger-Dietel et al., 2018; Callies et al., 2019).

The mean objective of this paper is to study the spreading
of surface drifters in the Mediterranean sub-basins (Tyrrhenian,
Adriatic, Ionian, Levantine and Aegean) in order to compare
the different dispersion regimes and define the parameters
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FIGURE 3 | The spatial distribution of the FSLE superposed with the initial pair positions (gray dots) and their trajectories (black lines) during 30 days (A) in the
Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine, and (E) the Aegean sub-basins. The number of drifter pairs as a function of time is shown in (F).

common to all ocean sub-basins by calculating one and
two-particle statistics from large drifter data set deployed in the
Mediterranean sea between 1986–2019.

RESULTS

In this work we will not address the results of the WWM because
this region of the Mediterranean Sea was already examined in
Bouzaiene et al. (2018). The spatial distribution of the FSLE
in the Tyrrhenian, Adriatic, Ionian, Levantine and Aegean
sub-basins shows the presence of the well-known mesoscale
structures in each sub-basin (Figure 1B). For each sub-basin we
have selected monthly snapshots that better highlight the main
coherent structures. The FSLE shows transport barriers, higher
absolute values surrounding eddies (red, dark yellow and cyan
colors) and lower absolute values in their cores (blue color). In
the Ionian and the Levantine sub-basins, numerous mesoscale

structures (eddies and gyres) are observed (Figure 1B) due to
the strong currents variability in these regions (Menna et al.,
2012, 2019a,b; Mauri et al., 2019). In the Aegean sub-basin
the number of mesoscale structures is reduced in agreement
with the results of Politikos et al. (2017). In the Adriatic sub-
basin the FSLE outlines the edges of the Southern Adriatic
Gyre (SAG) and of another cyclonic gyre located in the central
part of the basin (Poulain et al., 2012b). In the northern part
of the Tyrrhenian sub-basin, the Northern Tyrrhenian Gyre
(NTG) is well detected as well as other eddies in the central
part of the basin. The main basin, sub-basin and mesoscale
structures detected in the five Mediterranean sub-basins are in
accordance with the results presented by Menna et al. (2013)
and Tintoré et al. (2019).

The 30-day drifter trajectories and their initial positions
displayed in Figures 2, 3 show that many drifters are located
in the coherent structures and move inside or around the
gyres and eddies, as well as the NTG, the central Tyrrhenian
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TABLE 1 | Classical absolute dispersion regimes.

Quantities Ballistic
regime

Elliptic regime Hyperbolic
regime

Random-walk
regime

A2 (t) ∼ t2 ∼ t5/3
∼ t5/4

∼ t

k(t)(1)
∼ t – – constant

TABLE 2 | Classical relative dispersion regimes. Where the parameters T and β

are calculated from the data.

Quantities Exponential
regime

Shear/ballistic
regime

Richardson
regime

Diffusive
regime

D2 (t) ∼ D2
0e8t/T

∼ t2 ∼ 5.2675β3t3 ∼ t

Y (δ) ∼ δ2/T ∼ δ3/2
∼ βδ4/3 constant

K (δ) ∼ δ2
∼ δ3/2

∼ δ4/3 –

S2 (δ) ∼ δ2
∼ δ ∼ δ2/3 constant

E (k) ∼ k−3
∼ k−2

∼ k−5/3 –

eddies (Figures 2A, 3A), the SAG, and numerous particles are
advected along the boundary Adriatic currents (Figures 2B,
3B). In the Ionian sub-basin (Figures 2C, 3C) the drifters
are mainly located in the Sicily Channel and in the northern
and southern Ionian sub-basin; whereas in the Levantine
sub-basin they are advected along the LEC and the CC
currents, some drifters are located in WCG, IG, MME,
CE, and ShE (Figures 2D, 3D). In the Aegean sub-basin
the drifters are homogeneously dispersed in the sub-basin
and numerous drifters are dispersed in the Aegean coherent
structures (Figures 2E, 3E).

Absolute dispersion curves displayed in Figure 4 show
the occurrence of quasi-ballistic (t2) and quasi-random walk
(t) regimes, respectively, for small (t < 2 days) and large
(t > 15 days) time scales in all sub-basins. The absolute
dispersion is larger for the zonal component in all the sub-
basins (Figure 4) and is mainly anisotropic, except in the Aegean
sub-basin where it is isotropic during the last twenty days
(the evolution of zonal and meridional components overlaps;
Figure 4E). The largest value of the zonal dispersion are related
to the presence of zonal gyres or eddies trapping drifters during
few days or weeks and to the influence of zonal currents
on the observed zonal split (mean zonal velocity larger than
the meridional one). At intermediate time scales (between 2
and 15 days approximately), the absolute dispersion curves
emphasize the occurrence of the hyperbolic regime (t5/4) in the
Adriatic (Figure 4B), suggesting that in this sub-basin prevails
the effect of the coastal jets and the WAC (stretching) on
the particles advection than the effect of gyre cores. In the
other sub-basins (Tyrrhenian, Ionian, Levantine and Aegean),
the elliptic regime (t5/3) prevails the effect of the inner part
of coherent structures on the particles transport than their
outer part (Figures 4A,C,D,E). These results are supported by
normalizing the absolute dispersion by t5/4 for the hyperbolic
and t5/3 the elliptic regimes as shown in the Figure 5. Quasi
short plateau is detected approximately in range of 3–5 days in
the Tyrrhenian (Figure 5A), 3–6 days in the Ionian (Figure 5C),
2.5–4 days in the Levantine (Figure 5D) and Aegean (Figure 5E)

sub-basins related to the elliptic regions (eddy cores) where the
rotation is more relevant than the stretching. Another quasi
plateau is observed between 9 and 15 days, approximately in
the Adriatic sub-basin (Figure 5B) connected to the hyperbolic
regions (surrounding eddies). The absolute diffusivity k(t)(1)

as a function of time is approximately constant at large time
scale implies the presence of the quasi-random walk regime
(t > 15 days), while the quasi-ballistic regime at small time
(t < 2 days, k(t)(1)

∼t) is detected (Figure 6). During the
occurrence of the quasi-random walk regime the k(t)(1) is
of ∼100 km2.days−1 in the Tyrrhenian, the Adriatic and
Aegean sub-basins (Figures 6A,B,E). It reaches larger values of
∼500 km2.days−1 in the Ionian (Figure 6C) and 250 km2.days−1

in the Levantine (Figure 6D), connected to the large sub-basin
sizes where the drifter pairs are dispersed for large separation
distances. The absolute diffusivity depends explicitly on the
mean velocity being the zonal diffusivity component is greater
than the meridional one according to the largest mean zonal
velocity (Figure 6).

The temporal evolution of the mean squared distance between
drifter pairs (relative dispersion) as a function of time shows
the occurrence of an exponential growth with D2(t) ∼ D2

0e8t/Tat
short time scale (less than 4 days) in the Tyrrhenian sub-
basin (Figure 7A); no exponential growths are observed in
the other sub-basins (Figures 7B–E). The relative dispersion
evolves as ∼ 5.2675β3t3 in the Tyrrhenian and the Aegean
sub-basins for intermediate time (Richardson-like dispersion;
2 < t < 10 days) (Figures 7A,E), while it evolves as t2

(shear-ballistic dispersion) in the other sub-basins (insets of
Figures 6B–D). The Richardson-like dispersion is related to
pairs spreading driven by eddies with scales comparable to
the separation distance and to the Rossby radius (Corrado
et al., 2017; Bouzaiene et al., 2018). The shear-ballistic regime
is usually associated in the ocean to the dominant action
of a strong and well organized current system, i.e., the Gulf
Stream (Corrado et al., 2017). This regime is clearly detected in
the Adriatic, Ionian and Levantine sub-basins normalizing the
relative dispersion by the squared time t2 (horizontal plateau
in the insects of Figure 7) and is connected to the WAC,
AIS/MIJ, and LEC, respectively. For large time scale (more
than 15 days), the relative dispersion curves follow a quasi-
linear growth as a function of time (Figure 7). Figure 8 shows
the difference between the four time eddy kinetic energy 4E
and the second-order structure function S2 as a function of
time in the five sub-basins useful to estimate the uncorrelated
pair velocities. When the pair velocities become decorrelated,
the parameter (4E–S2) shows a value of zero (LaCasce and
Bower, 2000; LaCasce and Ohlmann, 2003). The pair velocities
are decorrelated very fast in the Aegean sub-basin (after the
sixth day; Figure 8E), alter ∼25 days in the Tyrrhenian Sea
and after 10–15 days in the Ionian and Levantine sub-basins
(Figures 8C,D); in the Adriatic Sea the pair velocities are
still correlated during the last 30 days (Figure 8B) due to
the coastal and semi-enclosed nature of this sub-basin. In this
case the dispersion is blocked to the Adriatic coasts and the
pairs are not transported for separation distances as large to
become uncorrelated.
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FIGURE 4 | Absolute dispersion for the zonal and meridional components as a function of time in loglog plot (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian,
(D) the Levantine, and (E) the Aegean sub-basins. The ballistic (black line) random-walk (gray line), the elliptic (dashed magenta line) and the hyperbolic (magenta full
line) laws. The dashed cyan lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

The relative diffusivities are calculated as a function of
separation distances in two different ways: from the derivative
of the relative dispersion (classical diffusivity) (Figure 9)

and from the second-order structure function (Figure 10) as
reported in Eqs.4 and 6, respectively. For scales <10 km, below
the internal Rossby Radius of deformation (DI ∼10-20 km)
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FIGURE 5 | Absolute dispersion for the zonal and meridional components normalized by t5/3 as a function of time in loglog plot (A) in the Tyrrhenian, (C) the Ionian,
(D) the Levantine (E) the Aegean and by t5/4 (B) the Adriatic sub-basins. The horizontal magenta lines show the presence of plateau for the occurrence of the elliptic
(dashed magenta line) and hyperbolic (magenta full line) regimes. The vertical dashed black lines show the time period of the anomalous regimes. The dashed cyan
lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

(Schroeder et al., 2011; Beuvier et al., 2012), the diffusivities
confirm the occurrence of the exponential regime in the
Tyrrhenian sub-basin evolving as ∼ δ2/T (Figure 9A). On the

other hand, the diffusivities growth as ∼ δ3/2 in the Adriatic, the
Ionian and the Levantine regions (Figures 9B–D) and evolve
as ∼ βδ4/3 in the Tyrrhenian and in the Aegean sub-basins for
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FIGURE 6 | Absolute diffusivity for the zonal and meridional components as a function of time in loglog plot (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian,
(D) the Levantine, and (E) the Aegean sub-basins. The diffusive random-walk is shown with the thin black line and the horizontal dashed gray lines show the
constant absolute diffusivity values. The dashed cyan lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for
the statistics.

scales comparables to the DI (Figures 9A,E). For spatial scales
larger than DI the classical diffusivity shows approximately
a constant value for all regions Y∼2k(t)(1), while it shows a

lower value in the Adriatic sub-basin for a maximum distance
between pairs is about 20 km because the majority pair velocities
are still correlated at this maximum distance. The relative
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FIGURE 7 | Relative dispersion as a function of time in loglog plot (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine and (E) the Aegean
sub-basins. The exponential and the Richardson regimes are shown with the dashed gray and black lines, respectively. The diffusive regime is shown with the thin
black line. In the insets we show the relative dispersion normalized by the squared time t2 would have a plateau (horizontal blue lines) for the occurrence of the
shear/ballistic regime. The dashed cyan lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

diffusivity curves displayed in the (Figure 10) are in good
accordance with the theoretical relative dispersion laws given
by the Table 2. The Exponential and Richardson fits presented

in the Figures 7, 9 are calculated with the corresponding T
and β values given by the following theoretical expressions
D2 (t) = D2

0e8t/T (Exponential) and D2 (t) = 5.2675β3t3
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FIGURE 8 | The difference between the four time eddy kinetic energy 4E and the second-order structure function S2 as a function of time (4E–S2)(t) (A) in the
Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine, and (E) the Aegean sub-basins. The uncorrelated pair velocities would have a (4E—S2) of zero
(horizontal red lines). The dashed cyan lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

(Richardson) as displayed in the Table 2, i.e., at fixed
time t = 3 days,T = [8.20, 9.04, 4.92, 7.30, 5.30] days
and β = [0.51, 0.57, 1.18, 0.63, 0.83] km2/3day−1 in the

Tyrrhenian, Adriatic, Ionian, Levantine and Aegean sub-
basins, respectively, as suggested in LaCasce (2010) and
Sansón et al., 2017.
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FIGURE 9 | Relative diffusivity as a function of separation distance derived from the relative dispersion in Eq. 4 (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian,
(D) the Levantine, and (E) the Aegean sub-basins. The exponential, the Richardson and the shear/ballistic regimes are shown with the dashed gray, dashed black
and black lines, respectively. The diffusive regime is shown with the horizontal thick black line. The dashed cyan lines indicate the 90% confidence intervals from
bootstrap resampling, give a rough idea of the uncertainties for the statistics.

Interestingly to represent more relative dispersion statistics
in order to support the presence of the relative dispersion
regimes discussed above. The second order structure function

as a function of separation distance (Figure 11) and the energy
spectra (versus wave number; Figure 12) are in good accordance
with the classical relative dispersion regimes displayed in the
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FIGURE 10 | Relative diffusivity as a function of separation distance derived from the second-order structure function in Eq. 6 (A) in the Tyrrhenian, (B) the Adriatic,
(C) the Ionian, (D) the Levantine and (E) the Aegean sub-basins. The exponential, the Richardson and the shear/ballistic regimes are shown with the dashed gray,
dashed black and black lines, respectively. The dashed cyan lines indicate the 90% confidence limits from bootstrap resampling, give a rough idea of the
uncertainties for the statistics.

Table 2. Both of them emphasize the occurrence of the
non-local regime for small scales in the Tyrrhenian sub-
basin, the two local (Richardson) regimes in the Tyrrhenian

and Aegean sub-basins and (shear/ballistic) in the Adriatic,
the Ionian and Levantine sub-basins for scales comparable
to DI. Different mixing properties in the five Mediterranean
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FIGURE 11 | Second-order structure function versus separation distance (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine, and (E) the Aegean
sub-basins. The exponential, the Richardson and the shear/ballistic regimes are shown with the dashed gray, dashed black and black lines, respectively. The dashed
cyan lines indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

sub-basins are ascribable to the total diffusivity pattern related
to the eddies and to the mean flow characteristics in each
regions as suggested in Ferrari and Nikurashin (2010) and
Chen et al. (2014).

DISCUSSION

In this study we highlighted the occurrence of surface absolute
and relative dispersion regimes related to the presence of
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FIGURE 12 | Energy spectra in function of wave number (A) in the Tyrrhenian, (B) the Adriatic, (C) the Ionian, (D) the Levantine, and (E) the Aegean sub-basins. The
exponential, the Richardson and the shear/ballistic regimes are shown with the dashed gray, dashed black and black lines, respectively. The dashed cyan lines
indicate the 90% confidence intervals from bootstrap resampling, give a rough idea of the uncertainties for the statistics.

coherent Mediterranean structures and currents. The absolute
dispersion curves show anisotropic surface flow where the zonal
motion is dominant in all Mediterranean sub-basins and an

isotropic Aegean surface flow over the last 20 days, indicating
that the flow is more homogeneous in this region than in the
other sub-basins. The occurrence of anomalous elliptic (5/3) and
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FIGURE 13 | Occurrence of different relative dispersion regimes in the Tyrrhenian, the Adriatic, the Ionian, the Levantine and the Aegean sub-basins as a function of
the time scale (A) and space scale (B). The colors are referred to relative dispersion regimes as follow: pink = exponential regime, blue-gray = Richardson regime,
yellow = shear/ballistic regime and pale-blue = diffusive regime. The light green and gray colors indicate the integral time scale and the internal Rossby radius of
deformation, respectively.

hyperbolic (5/4) regimes is observed due to the influence of the
coherent structures. The occurrence of these anomalous regimes
was studied and detected in the WWM by Bouzaiene et al. (2018).
Anomalous regimes were never studied before in Mediterranean
sub-basins from Lagrangian drifters. Hence, we analyze the
presence of these anomalous regimes in five Mediterranean sub-
basins (Tyrrhenian, Adriatic, Ionian, Levantine and Aegean).
The absolute dispersion curves show the hyperbolic regime in
the Adriatic sub-basin and outline the dominance of elliptic
regime in the other regions. The (5/4) regime is detected only
in the Adriatic sub-basins because the majority of particles were
advected along the WAC and the outer part of the Adriatic
gyres for a strong stretching (deformation) as presented in the
(Figure 2B), while the (5/3) regime is observed in the other
sub-basins when numerous particles are located in the domains
characterized by strong rotation (eddies and gyres) as is evident
in the (Figures 2A,C,D,E).

The main relative dispersion results are summarized in
Figure 13. The initial pair separation (D0 < 2 km) is smaller than
the internal Rossby radius of deformation, giving information
on the Coriolis Effect on the relative dispersion regimes. The
non-local exponential regime is confirmed from all the relative
dispersion statistics (relative dispersion, relative diffusivity,
second-order structure function and energy spectra). This non-
local regime is observed only in the Tyrrhenian sub-basin for
scales comparable or less than 5 km (Figure 13B) because
the majority of drifter pairs are located in the Tyrrhenian
coherent structures (see Figure 3A). This result denotes the
advection of particles by eddies with scales larger than their
separation distances in the Tyrrhenian Sea. On the other hand,
this regime is absent in the Ionian, the Adriatic and the Aegean
sub-basins. The absence of the non-local regime in the other
sub-basins can be related to methodological reasons, i.e., the
potential inhomogeneous sampling of chance pairs as discussed
in Lumpkin and Elipot (2010), and/or to a qualitatively different
dispersion regimes at the submesoscale (Sansón, 2015) among

the Mediterranean sub-basins. Not all these submesoscale flows
are accurately resolved by the drifter dataset (Sansón, 2015).
In the Adriatic Sea the presence of strong boundary currents
induce the occurrence of local shear/ballistic regime, confirmed
with all relative dispersion statistics, for scales ∼DI according
to the results of Poulain et al. (2013). The shear/ballistic regime
is observed also in the Ionian and Levantine regions, where the
drifter pairs was advected from the boundary currents along the
northern Ionian, Sicily Channel and the eastern Levantine coasts
(Figures 2C,D, 13). The Richardson regime takes place for space
scale comparable to the Internal Rossby radius in the Tyrrhenian
and the Aegean sub-basins (Figure 13B) and the pair separation
distances are comparable to the scales of dominated eddies.

The relative diffusivities are calculated in two ways. In the
first way, it is deduced from the derivative of relative dispersion
in time (Figure 9) as suggested by Bouzaiene et al. (2018). It
shows the presence of diffusive regime for large scales (when
the pair velocities become uncorrelated) ∼50–100 km in four
Mediterranean sub-basins (Tyrrhenian, Ionian, Levantine and
Aegean), with the exception of the Adriatic Sea where the
maximum pair separation distance after thirty days Dmax is
about 20 km. The lower diffusivity value is related to the
limited size of the Adriatic basin where the pair velocities
are still correlated (Figure 8B). The relative diffusivity in the
last case fluctuates around of a constant value but it was not
equivalent to twice of the absolute diffusivity 2k(t)(1) because the
majority of the pair velocities are correlated (Figures 8B, 9B),
the relative diffusivity would enter in the diffusive regime for
scales comparable or larger than DI (Figure 9B). The relative
diffusivity presented in the second way is calculated from the
second-order structure function and it appears less noisy than the
first one (Figure 10). The two semi enclosed sub-basins (Adriatic
and Aegean) show different behaviors related to the difference in
the dynamics and eddy properties in each regions. Furthermore,
the coastal Adriatic jets close to the large boundaries influence
strongly the dispersion.

Frontiers in Marine Science | www.frontiersin.org 17 June 2020 | Volume 7 | Article 486

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00486 June 24, 2020 Time: 19:38 # 18

Bouzaiene et al. Analysis of the Surface Dispersion

CONCLUSION

In this paper we present the dispersion analysis carried out
in five Mediterranean sub-basins (Tyrrhenian, Adriatic, Ionian,
Levantine and Aegean sub-basins). The analysis reveals the
differences and similarities in term of surface dispersion regimes
between the different sub-basins.

Quasi-ballistic and quasi-random walk regimes are observed
at small and large time scales, respectively. A discrepancy between
these two regimes and the two theoretical turbulent laws is
observed, due to the non-uniform and non-stationary nature of
the drifter dataset. The absolute dispersion shows that the surface
Mediterranean flow is anisotropic in the five sub-basins while it
seems to be isotropic in the Aegean sub-basin during the random-
walk regime. The anomalous regimes (hyperbolic 5/4 and elliptic
5/3) are observed at intermediate time scales (2–15 days).

The surface relative dispersion shows the presence of an
exponential relative dispersion regime for time scale smaller
than the integral time scale (3 < TL < 5) days and for space
scales below the internal Rossby Radius of deformation DI in
the Tyrrhenian sub-basin (see, Figures 13A,B) with the presence
of an enstrophy cascade range. For scales comparable to TL
and DI, the relative dispersion implies the occurrence of the
Richardson regime in the Tyrrhenian and Aegean sub-basins for
the presence of an inverse cascade range (Figures 13A,B), while
the shear/ballistic regime is observed in the other sub-basins
(Figures 13A,B). For large time and space scales, the relative
dispersion follows the diffusive regime (Figures 13A,B).

The results of this work improve our understanding of the
surface dispersion mechanisms in the Mediterranean sub-basins
and support the utility of Lagrangian data in the dispersion
analysis of the ocean upper layer. Nowadays, there are still few
dispersion studies in the intermediate and deep layers of the
ocean. In the Western Mediterranean Sea numerical simulations
have showed a decrease of the intermediate dispersion range with
depth, due to the weaker influence of the vortices (Elhmaidi
et al., 2010; Nefzi et al., 2014), but there are no specific
studies on different types of regimes or comparisons between
the different sub-basins. Previous analysis using in situ data
for dispersion studies in the intermediate layer are reported in
Price et al. (1987), LaCasce and Bower (2000), and Rudnickas
et al. (2019). These authors use data of SOFAR and/or RAFOS

floats in the Gulf Stream and North Atlantic. Roach et al. (2016,
2018) demonstrated that a two-particle analysis of Argo float
trajectories produces robust estimates of horizontal mixing in
the Southern Ocean and in the global ocean at float parking
depth (nominally 1000 m). The method proposed here can
also be applied to the Argo float trajectories available in the
Mediterranean Sea (parking depth of 750 m). It would be hoped
in the future to study dispersion phenomena at different depths
in the Mediterranean Sea, with the help of models but also with
in situ data acquired in specific experiments (e.g., using RAFOS
floats and Argo floats or SVP drifters with drogue depths below
the mixing layer). Such studies could help to understand the
influence of deep processes on dispersion phenomena along the
water column and their interaction with the surface layer. In
this context, the method proposed in the present paper could be
adapted to dispersion analysis even in deeper layers and/or to the
comparison between different layers.
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